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Abstract

This historical review traces key discoveries regarding K* and Na™ ions in skeletal muscle at rest and with exercise, includ-
ing contents and concentrations, Na*, K*-ATPase (NKA) and exercise effects on plasma [K*] in humans. Following initial
measures in 1896 of muscle contents in various species, including humans, electrical stimulation of animal muscle showed
K* loss and gains in Na*, C1~ and H,0, then subsequently bidirectional muscle K* and Na* fluxes. After NKA discovery in
1957, methods were developed to quantify muscle NKA activity via rates of ATP hydrolysis, Na*/K* radioisotope fluxes,
[*H]-ouabain binding and phosphatase activity. Since then, it became clear that NKA plays a central role in Na*/K* homeo-
stasis and that NKA content and activity are regulated by muscle contractions and numerous hormones. During intense exer-
cise in humans, muscle intracellular [K*] falls by 21 mM (range — 13 to — 39 mM), interstitial [K*] increases to 12-13 mM,
and plasma [K™] rises to 6-8 mM, whilst post-exercise plasma [K™*] falls rapidly, reflecting increased muscle NKA activity.
Contractions were shown to increase NKA activity in proportion to activation frequency in animal intact muscle preparations.
In human muscle, [*H]-ouabain-binding content fully quantifies NKA content, whilst the method mainly detects a, isoforms
in rats. Acute or chronic exercise affects human muscle K+, NKA content, activity, isoforms and phospholemman (FXYD1).
Numerous hormones, pharmacological and dietary interventions, altered acid—base or redox states, exercise training and
physical inactivity modulate plasma [K*] during exercise. Finally, historical research approaches largely excluded female
participants and typically used very small sample sizes.
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(x1+/ o, oc2+/ ~  Gene-targeted heterozygous mice lacking
one copy of the «; or the o, isoform

ocz_/ - Gene-targeted mice lacking both copies of
the a, isoform (o, knockout)

sk(xz_/ - Gene-targeted mice lacking both copies
of the a, isoform specifically in skeletal
muscle (skeletal muscle o, knockout)

H* Hydrogen ion

int Interstitial

i Intracellular

p-NPPase K*-activated p-nitrophenyl phosphatase
assay

3-O-MFPase K*-stimulated 3-O-methyl fluorescein
phosphatase assay

E, Membrane potential

mRNA Messenger ribonucleic acid

m. Muscle

NKA Na*, K*-ATPase

oy, Oy, Oy Na*, K*-ATPase alpha subunit 1, 2 and 3
isoforms

By Bas B3 Nat, KT-ATPase beta subunit 1, 2 and 3
isoforms

FXYD1 Phospholemman, member of FXYD family
of proteins associated with NKA

[K1] Potassium concentration

K*, Potassium content

K* Potassium ion

2K Radioactive potassium

%Rb Radioactive rubidium

22Na, **Na Radioactive sodium

Rb* Rubidium ion

SR Sarcoplasmic reticulum

SET Speed-endurance training

[Na*] Sodium concentration

Na™, Sodium content

Na* Sodium ion

sv Superficial venous plasma

t-tubule Transverse tubule

[*H]-ouabain Tritiated ouabain

VO, Vanadate

v Venous plasma from unspecified site

Nav Voltage-gated Na* channel

Introduction and overview of muscle ions,
excitability and contraction

The fundamental importance of K* and Na* for skeletal
muscle activation are now well known, with knowledge of
the intricate regulation of K* and Na* during muscle con-
tractions and exercise developing progressively during the
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past century. In brief, excitation of muscle leads to mem-
brane depolarisation caused by opening of Na' channels
with a concomitant Na* entry. This is followed by K* efflux
via K* channels leading to repolarisation. This sequence
of events is known as the action potential (AP) which
then propagates along the sarcolemma and throughout the
transverse tubular network (t-tubule). These AP-induced
ion movements are countered by activation of the Na™,
K*-ATPase (Na*, K*-pump, NKA), resulting in an active
extrusion of Na* from and uptake of K* into the cell, across
the sarcolemmal and t-tubular membranes. The AP activates
the voltage-sensing dihydropyridine receptor (Cay1.1 or
L-type Ca®* channels) in t-tubules, which then results in the
opening of sarcoplasmic reticulum (SR) ryanodine receptors
(i.e., the SR Ca®* channels). The subsequent Ca>* release
and elevation in cytosolic Ca** concentration activate cross
bridge cycling and enable development of muscle force
and shortening (Fig. 1). Thus, K* and Na* are intricately
involved in membrane excitation which is a prerequisite for
muscle contraction.

This historical review outlines key chronological
advances in three areas in skeletal muscle and exercise
physiology that emerged and coalesced during the preced-
ing century: (i) K* and Na* contents and concentrations in
the intracellular and interstitial spaces in resting and con-
tracting muscle; (ii) NKA activity, content, and isoform
expression in muscle; and (iii) plasma K* concentrations
during and after exercise. This review starts with the initial
measurements of K* and Na* contents in muscle, followed
by changes with induced contractions and exercise, leading
to the discovery of NKA and measurement in muscle, ion
changes in human muscle and finishes with measurement of
K* in plasma with exercise and the interventions applied, as
shown schematically in Fig. 2. This research culminated in
understanding the effects of muscle contraction and exercise
on muscle Nat and K*, NKA and on plasma K* concentra-
tion, now with applications in medicine via chronic disease,
genetic NKA mutations, in muscle, integrative and exercise
physiology and in sport and exercise science. This review
will not discuss the physiological significance of the changes
in Na™, K™ and NKA activity in regard to sarcolemmal excit-
ability (defined as a reduction in AP amplitude or a complete
loss in the capacity of the sarcolemma to generate an AP
compared to AP measured in unfatigued and normal physi-
ological conditions), on force potentiation and depression
as well as the mechanisms of fatigue, as this is extensively
reviewed in our companion review (Renaud et al. 2023).
Furthermore, details on in-vivo and in-vitro regulation of
muscle NKA, K* and plasma [K*] with exercise are detailed
elsewhere (Hostrup et al. 2021; Lindinger and Cairns 2021;
Pirkmajer and Chibalin 2016).
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Fig.1 Schematic overview of ion movements in skeletal muscle dur-
ing excitation contraction coupling. Overview of the sequence of
events in excitation-contraction coupling leading to muscle contrac-
tion, Na* and K™ movements and their regulation. The muscle action
potential (AP) is initiated at the neuromuscular junction and transmit-
ted along the sarcolemmal membrane of the muscle and through the
transverse tubules (t-tubules) into the interior of the muscle fibre. The
t-tubular membrane expresses voltage-gated dihydropyridine recep-
tors (DHPR) which are in close contact with the sarcoplasmic retic-
ulum (SR) Ca?* release channels (RyR). The depolarisation of the
DHPRs results in opening of the RyR receptor with an ensuing SR
Ca®* release, causing a transient increase in intracellular free [Ca®*]
permitting the cycling of cross-bridges which eventually results in
force development, whilst relaxation is caused by an active pumping
of Ca”* back to SR. Ion distribution at rest shows high intracellular
[K*] and low [Na*], with low [K*] and high [Na'] in the extracel-
lular space (interstitium). These steep trans-membrane concentration
gradients for Na* and K* allow for propagation of the AP and con-

tribute to maintenance of membrane potential. The AP is generated
by Na™ influx via opening of voltage-gated Na* channels followed by
K* efflux via voltage sensitive K* channels. During an AP, there is
a net K' efflux into the interstitium and Na™ enters the cell, with K™
returned intracellularly and Na* extruded by the NKA. During con-
tractions, there is a net cellular gain of Na* and loss of Kt from the
fibre, with K* then diffusing from the interstitium into capillaries and
is removed by the venous circulation. Ca’*, calcium; Na*, sodium;
K*, potassium; K*,, K*,, K* and K%, denote arterial plasma,
venous plasma, muscle intracellular and interstitial K*, respectively,
whilst Na*,, Na*,, Na*;, and Na*;,, denote arterial, venous, muscle
intracellular and interstitial Na™, respectively. C17; and Cl7;,, denote
intracellular and interstitial Cl~, respectively. NKA Nat,K™-ATPase,
Nav voltage-gated Na*t channel, t-tubule transverse tubular system, K
channels channels permeable to K*, e.g. voltage gated K* and K, pp
channels, E,, membrane potential, DHPR dihydropyridine receptors,
SR sarcoplasmic reticulum, RyR Ca”" release channels
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Fig.2 Schematic illustration of evolution of research into the effects
of muscle contraction and exercise on skeletal muscle Nat and K*
ions, Nat,K™-ATPase and on plasma K* concentration. Schematic
illustration of flow and connectivity of research from initial criti-
cal measurements (in light yellow boxes) of contents of K* (K*c)
and Na* (Na*,) ions in skeletal muscle (m), serum K* concentra-
tion ([K*]) in humans, and discovery of NKA; following research

Early work on muscle K* and Na* and their
movements, leading to the Na*, K*-pump
discovery

Considerable research from the late nineteenth through the
first half of the twentieth century measured K* and Na* in
skeletal muscle at rest and after contractions, eventually
leading to measurements of ion fluxes into and out of mus-
cle cells.

Early studies determining K* and Na* contents
in resting muscle in various species

A large number of studies are detailed in Table 1, with
their findings briefly summarised. The first K* and Na*
contents’ (K*, and Na*, respectively) measures in skeletal
muscle were in “ashed” muscle from 12 species, includ-
ing humans, with values ranging from~65 to 119 and
from ~20 to 68 mmol-kg™", for K*, and Na*_, respectively
(Katz 1896). During the 1910s—1940s, studies reported
K*, of ~80 to 110 mmol-kg™" in animal muscles and
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paths further investigating skeletal muscle ions and exercise (light
blue boxes), plasma [K*] ([K+]P) in humans and muscle NKA activ-
ity, content and isoforms (light green boxes), all culminating in cur-
rent understanding of the effects of muscle contraction and exercise
on muscle Na* and K* ions, NKA and on plasma [K*]. The result-
ing impacts are shown (in light grey boxes) in the fields of medicine,
physiology and sport and exercise science. H,, human muscle

from 44 to 100 mmol-kg_1 in human muscles, with Na+C
from ~ 6 to 38 mmol-kg™! in animal muscles and from 28 to
143 mmol’kg~! in human muscles. In over 1000 frog sarto-
rius muscles, variations in KJ'C were considerable between
frogs, but small between paired muscles, with a mean K+C
of 83 mmol'kg™! (Fenn and Cobb 1934). During the 1930s,
there was considerable interest in determining whether
abnormal K* homeostasis in heart and skeletal muscle was
an important underlying factor in chronic disease. K*, and
Na*_ were measured in hearts from persons deceased due
to heart failure, pulmonary disease, or traumatic injuries
(Wilkins and Cullen 1933; Calhoun et al. 1930a; Harrison
et al. 1930). Cardiac K*, from patients with heart failure
was abnormally low, with the authors suggesting that K*
loss is one of the predisposing factors to cardiac fatigue and
failure (Calhoun et al. 1930a). Several studies reported lower
K*_ in m. gastrocnemius of patients suffering from cardiac
failure than in non-cardiac patients, with values ranging
from 39 to 44 mmol'kg™' (Harrison et al. 1930; Pilcher et al.
1930), whilst this was normal (83 mmol'kg_') in patients
that had died from a variety of diseases (Cullen et al. 1933).
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Table 1 Early historical findings (1896-1962) on contents of K* (K*,), Na* (Na*,) and CI~ (CI",) in resting skeletal muscle in humans and in

other species

References Species n Muscle(s) K*, Na*t, CI, (mmol-kg ww™)
(mmol-kg ww) (mmol-kg ww)
Katz (1896) Human 2, after suicide nr® 81.9 34.8 19.8
Pig 2 nr? 64.9 67.8 13.7
Beef nr nr? 93.7 28.4 16.0
Deer 1 nr? 85.9 30.6 11.4
Rabbit 2 adults Thigh, back® 101.8 19.9 14.4
Dog 1 young Thigh, back® 83.2 41.0 22.7
Cat 2 adults Thigh, back® 97.9 31.7 16.0
Chicken 1 Chest, thigh? 118.9 41.4 17.0
Frog 50 “Upper tendon 78.8 24.0 114
musculature™
Meigs and Ryan Frog 2 nr 89.5 24.0
(1912)
Mitchell and Wilson Frog 19 m. gastrocnemius, 87.0
(1921) m. sartorius, m.
vastus
Boutiron (1928) Dog nr m. grand oblique, m. 37.3,50.9,41.4 37.9,30.1,334 15.5,1.4,11.8
biceps brachii, m.
diaphragm
Rabbit nr m. biceps brachii, 49.6,47.1,48.3 20.0, 14.8, 6.5 6.2,17.1,2.5
m. diaphragm, m.
grand oblique
Norn (1929) Human 1 (F), deceased after nr 89.3 27.8
severe placental
bleed
Pig 1 nr 102.6 20.0
Rabbit 3 m. psoas, upper 108.2 19.6
extremity exten-
sors and flexors
Horse 1 nr 95.4 23.9
Goat 1 nr 93.6 26.1
Dog 3 Neck, upper and 90.5 28.3
lower extremity,
gluteal, back
Ernst and Scheffer ~ Frog 10 m. gastrocnemius 87.0
(1928)
Lematte et al. (1928) Human nr m. psoas 96.7 143.1
Beef nr 138.2 34.9
Ernst and Cstics Frog 7 m. gastrocnemius 82.1 90.9 43.7
(1930)
Cullen et al. (1933) Human 19 deceased patients m. gastrocnemius 82 40
(4 F/15 M)
Harrison et al. Human 4 deceased heart m. gastrocnemius 49.1
(1930) failure, 2 non-heart m. gastrocnemius 89.0
failure patients
Pilcher et al. (1930) Human 5 patients with m. gastrocnemius 44.2
cardiac disease
Fenn and Cobb Frog 134 83.1
(1934)
Fenn et al. (1934) Frog 10 254 10.9
Fenn and Cobb Frog 6-8 m. sartorius, m. 82.0, 79.0, 76.2 8.2
(1935) semitendinosis,

m. tibialis anticus
longus
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Table 1 (continued)

References Species n Muscle(s) K*, Na*t, CI', (mmol-kg ww )
(mmol-kg ww™!) (mmol-kg ww™!)
Fenn (1936) Frog 83.0 25.4 10.9
Hastings and Eichel- Dog 20 m. rectus femoris 82.1 mmol-kg fat 32.4 mmol-kg fat 21.5 mmol-kg fat
berger (1937) free™! free™! free™!
Fenn et al. (1938) Cat 46 (K*),11 (Na™), m. tibialis, m. EDL, 113.5 21.4 13.5
17 (CI") m. gastrocnemius
Mudge and Vislocky Human Three “normal” m. rectus abdomi- 31.7 mmol-kg fat 39.7 mmol-kg fat 28.4 mmol-kg fat
(1949) patients nalis free™! free™! free™!
Eliel et al. (1951) Human 6 “normal patients” pectoral 100.4 mmol-kg dry  18.1 mmol-kg dry
fat free™! fat free™!
Iseri et al. (1952) Human 16 “control” patients m. pectoralis major 94.2 40.6 29.7
dying from non-
cardiac causes
Talso et al. (1953) Human 16 patients with m. rectus abdominus 94 33.7 19.1
various non-car- (13), m. latissimus
diac disease dorsi (2) and m.
quadratus femoris
(1)
Horvath et al. (1955) Human 4 controls m. quadriceps 103 32.5
Williams et al. Human 5 “normal” patients  m. deltoid, m. gas- 108 32.5
(1957) (no evidence of trocnemius
any muscular
disorder)
Bergstrom (1962) Human 46 healthy par- m. quadriceps 110.9 mmol-kg fat ~ 26.0 mmol-kg fat 19.4 mmol-kg fat free
ticipants (13 femoris free muscle™ free muscle™! muscle™!

women, 33 men,
19-59 years),

Blank cell not measured

nr not reported, ww wet weight, F' female, M male

#20-50 g muscle used in each analysis. The age and sex of animals or humans used in these studies were not reported

From 1949 to 1957, muscle Na*,, K*, and C1~ contents
(CI"p) were measured in human muscle extracted during
surgery or autopsy, with K*_ and Na*, generally compa-
rable to more contemporary measures in resting muscles
(Overgaard et al. 2002). Several studies began to calculate
intracellular ion concentrations in human muscles, by cal-
culating muscle extracellular volume from the Cl~ space
or inulin distribution, to determine the intracellular volume
from the total muscle volume, which then allowed deter-
mination of intracellular ions after subtracting the extra-
cellular ion contents. In various muscles obtained under
general, spinal or local anaesthesia from healthy individu-
als and patients, intracellular K* concentration ([K*],) was
typically around 150-160 mM, whilst the intracellular Na*
concentration ([Na*],) was around 8-15 mM (Mudge and
Vislocky 1949; Mokotoff et al. 1952; Horvath et al. 1955). A
large study involving 46 healthy participants (13 women, 33
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men) reported benchmark values for [K*], of 167 +11.9 mM
(n=35) and [Na'], of 4.4 +3.3 mM (n=46) (mean + SD!
(Bergstrom 1962). This heralded the use of needle biopsies
under local anaesthesia to study human muscle at rest and
after exercise, transforming exercise physiology for the next
half-century. In summary, these studies over 7 decades from
the late 1900s yielded variable results at first, that converged
over time to form consistent findings of Na*_ and K*, in
muscle in humans and other species and also reported that
[K*], was substantially higher than [Na*],.

Early studies demonstrating muscle contraction
effects on muscle K* and Na* contents

There was considerable interest during the first half of the
twentieth century in Na* and K* movements in resting
and contracting muscle. This included understanding the

! In this review, the dispersion of results around a mean uses the
standard deviation (reported or calculated).
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membrane permeability to Na* and K*, whether this per-
meability and whether ion movements were active or pas-
sive. Pioneering experiments to examine ion movements in
muscle, investigating the effects of NaCl, KCI and other salts
on frog muscle excitability, introduced some of the key con-
cepts of ion regulation including that: (i) extracellular NaCl
was essential for excitability, (ii) addition of extracellular
KClI at trace levels had a beneficial effect on muscle con-
tractions, whereas (iii) larger KCI addition caused paralysis,
(iv) Na* penetrates muscle fibres and K* leave them with
every contraction, and (v) a mechanism must exist to prevent
equalisation of these cations between the muscle sarcoplasm
and interstitium (Overton 1902).

A large number of studies are detailed in Table 2 and
their findings are briefly summarised here. The first reported
measures of changes in muscle K*_ with contractions
occurred 2 decades later, with findings that K* diffuses out
of fibres, that as much as half of K* store may be lost in
about 5 h and that there is a “loss of irritability” and con-
siderable muscle swelling when frog m. gastrocnemius was
electrically stimulated beyond physiological limits (Mitchell
and Wilson 1921). Subsequently large K*_ decreases and
Na*, increases were reported in perfused frog m. gastroc-
nemius directly stimulated until fatigue, whereas there were
no changes in K*_ in muscles indirectly stimulated via the
nerve (Ernst and Fricker 1934; Ernst and Scheffer 1928;
Ernst and Cstics 1930). Initially, the K* losses were con-
sidered to result from K* released from bound potassium
within muscle, an increased membrane permeability or from
muscle damage (Ernst and Cstcs 1930). However, the con-
cept that all K* was bound in muscle was then disproven
(Callison 1931). One study reported that stimulation via the
sciatic nerve of dog m. gastrocnemius for 5-8 hand 11-13 h
reduced muscle K*_ by 9.2 and 22.6 mmol-kg™, respectively
(Calhoun et al. 1930b), whilst others found no change in K+C
in stimulated frog muscle (Mond and Netter 1930).

Major progress then occurred during the 1930’s from
Fenn and colleagues (Fenn and Cobb 1934, 1936; Fenn
1936, 1937, 1938, 1939; Fenn et al. 1934, 1938). Collec-
tively, these studies demonstrated: (i) frog m. sartorius incu-
bated for up to 7 h lost more K* and had a more rapid loss of
“irritability” (i.e., excitability) when exposed to high CO,;
(i1) frog muscle directly stimulated via electrodes showed
only a small loss of K* (6.1 mmol.kg™") in severe fatigue,
whilst force declined by 66-75%, but with no loss in K*_
when muscle was indirectly stimulated via the sciatic nerve;
(iii) contrary to frog muscle, rat muscles stimulated via the
sciatic nerve lost K™ (6.1 mmol-kg™'), along with gains
of Na* (8.3 mmol.kg_l), ClI” (2.8 mmol.kg_l) and water
(15-25%), which were all reversible during recovery; (iv)
muscle lost K*, and gained water after “voluntary” swim-
ming in rats, with the greatest muscle K* loss seen in ani-
mals that swam the longest; (v) in stimulated cat muscle,

K™ losses increased with greater contraction intensity and
stimulation duration from 5 to 35 min; (vi) of the K* liber-
ated from stimulated cat muscle, 31% was absorbed by the
liver, little was taken up by resting muscles, with only a
small increase in plasma [K*]. In 1940, Fenn summarised
key perspectives about the physiological importance of K*:
(i) “...the cells are permeable to K* but not to Na*”; (ii) “the
activity of muscle is always accompanied by a loss of K*”’;
(iii) “the loss of K™ is in general proportional to the dura-
tion and the intensity of the contraction”; (iv) “possibly the
progressive loss of K* is one of the factors which causes the
intensity of contraction to decrease” and finally, (v) “in small
concentrations potassium is excitatory and in larger con-
centrations it is inhibitory” (Fenn 1940). These dual physi-
ological roles of K*, excitatory (now known as potentiating)
and depressive (possibly as part of fatigue) are extensively
discussed in our companion review (Renaud et al. 2023).

Early studies demonstrating K* and Na* fluxes
in muscle at rest and after contractions

Two major questions investigated during the 1940s and
1950s where whether the membrane permeability to Na*
and K* were altered by contractions and whether Na* and
K™ movements were active or passive. In 1941, experiments
demonstrated that resting frog m. sartorius accumulated K*
against a concentration gradient, whilst the membrane was
impermeable to Na* (Boyle and Conway 1941), although the
latter conclusions on Na* impermeability were then criti-
cised (Krogh 1946). Concurrently, it was shown that 4K
uptake in m. gastrocnemius of swimming rats was fourfold
greater than in resting rats and it was concluded that there
was a bi-directional movement of K™ into and out of muscle
during work (Hahn and Hevesy 1941). In the same year,
Dean proposed “there must be some sort of pump, possi-
bly located in the fibre membrane, which can pump out the
sodium or, what is equivalent, pump in the potassium” (Dean
1941). The reciprocal nature in muscle that K* leaves the
cells and Na* enters, also with the reverse exchange were
clearly noted under a variety of conditions, including muscle
contractions (Steinbach 1947). He also confirmed in ver-
tebrates that muscle K*, was 10-33 times greater than in
plasma, whereas muscle Na*, was 0.13-0.30 that of plasma
(Steinbach 1947).

All the above studies suggested that membrane per-
meability to various ions differs between resting and
active muscles, which was eventually confirmed. Two
studies demonstrated that at rest, the cell membrane of
frog skeletal muscle was permeable to K* and CI~ but
almost impermeable to Na* (Hodgkin and Horowicz
1959; Hutter and Noble 1960), which was later confirmed
for mammalian muscles (Bryant and Morales-Aguilera
1971). Another study reported that during an AP in giant
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squid axon, Na*t permeability increases via the activation
of voltage-sensitive Na* channels, allowing Na* influx
during the depolarization phase, whilst K* permeability
increases during the repolarization phase allowing K*
efflux (Hodgkin and Huxley 1952). Other studies then
confirmed the same for AP generation in skeletal muscle
(Nastuk and Hodgkin 1950), being a vital step in the acti-
vation of contraction.

In summary, studies up to around 1950 demonstrated
that whilst, at rest, the muscle cell membrane is primarily
permeable to K™ and Cl7, it becomes permeable to Na*
and K* when it generates APs. During muscle activity
where multiple APs are generated, the Na*t influx during
depolarization results in an increased [Na*],, whilst the
K* efflux during repolarization results in an increased
[K*],. Thus, the central mechanisms responsible for the
Na™ influx and K™ efflux during muscle activity were
understood. The next issue was to understand the reverse
flux, i.e., Na® efflux and K% influx.

The coincident inward and outward fluxes of radioac-
tive Na* and K* in muscle provided early evidence that
led to discovery of an active Na*/K™ transport system.
Incubation of frog m. sartorius in low K* solutions fol-
lowed by recovery resulted in an outward Na* extrusion
and inward K* movement, although the K* uptake was
considered at that time to be passive (Steinbach 1951,
1952). After **Na* loading, >*Na* efflux at 18 °C from
m. sartorius had “rapid” (1-3 h) and slow fractions,
with total 2*Na™ flux greatly reduced at 0 °C (Harris and
Burn 1949; Harris 1950) and with similar findings in rat
diaphragm muscle at 38 °C (Creese 1954). Inward and
outward **K* movements were found in frog muscles,
with both *?K influx and efflux increased with elevated
external [K*] ([K*],), concomitantly with greater **Na
(active) efflux, with the latter reduced when the mus-
cles were bathed in K*-free solution (Creese 1954; Carey
and Conway 1954; Keynes 1954). It was concluded that
in amphibian muscles, “there may be a definite linkage
between the inward movement of potassium and the out-
ward movement of sodium” (Keynes 1954). Findings
that the cardiac glycosides, strophanthidin and digitoxin,
caused inhibition of active K* and Na* transport in red
blood cells (Schatzmann 1953) and that ouabain inhibited
the net transport of Na* out of and K* into frog m. sarto-
rius (Johnson 1956) were key for the next major advance
in understanding mechanisms of Na* and K™ movements
in muscle, i.e., the discovery of the NKA.

Identification of NKA by Jens Skou, the Nobel Prize
and the Post-Albers pump cycle

An ATPase enzyme activity was first investigated in crab
isolated leg nerves and found to be dependent upon Na*,

K*, Mg?*, Ca’*" and H* concentrations, deduced as a
Na®™-Mg?*-ATP dependent process, that was also acti-
vated by K* and possibly involved in the active extrusion
of Na* from the nerve fibre (Skou 1957). Inhibitory effects
of g-strophanthin on this Na*-K* activated ATPase activ-
ity were later demonstrated (Skou 1960) and with detailed
evidence later described for the enzymatic, ATP-dependent
active transport of Nat and K* across the cell membrane,
its location in cellular membranes and inhibition by cardiac
glycosides (Skou 1965). Skou received the Nobel Prize for
Chemistry in 1997 “for the first discovery of an ion-trans-
porting enzyme, Nat, K*-ATPase” (Skou 1998; Clausen and
Persson 1998).

This finding led to a global, ongoing explosion of
research into NKA. The NKA is ubiquitously expressed and
is embedded in plasma membranes, which in skeletal mus-
cle comprise the sarcolemma and t-tubules (“Muscle NKA
isoforms, FXYD, localisation, effects of exercise, genetic
manipulations and their functional significance”, Fig. 1).
The NKA functions primarily as a cellular transmembrane
cation active transporter, respectively, extruding 3 Na* and
accumulating 2K* ions against their electrochemical gradi-
ents per cycle (Post et al. 1960, 1967; Post 1989) and also
exerting a small electrogenic effect on the cell membrane
potential (Clausen 1986). This involves phosphorylation by
ATP, the binding and release of Na™ and K*, known as the
Post-Albers model of the pump cycle, with steps blocked by
specific NKA-inhibitors, such as ouabain, digoxin, and other
ouabain-like compounds (Fedosova et al. 2021). The NKA
also functions as an intracellular signal transducing protein,
involved in a number of signalling pathways (Xie and Askari
2002), and is a cellular receptor for endogenous ouabain
and ouabain-like compounds (Schoner 2002; Blaustein et al.
2022). Many key historical developments related to NKA
typically occurred in tissues other than in skeletal muscle
and are therefore not considered in this paper, including
the first determination of the NKA crystal structure (Morth
et al. 2007), subsequent studies on structure and differences
between the NKA isoforms, and identification of impacts of
mutations in NKA structure on pump function and on their
role in various diseases (Clausen et al. 2017; Morth et al.
2009; Heinzen et al. 2014; Biondo et al. 2021; Friedrich
et al. 2016). The acute and/or chronic regulation of NKA in
muscle is extensive, including a highly complex interplay of
neural, humoral, ionic, redox, metabolic and genetic factors,
with these and its implications for K* and Na* homeostasis
described elsewhere (Clausen 1986, 2003, 2010; Clausen
and Everts 1989; Pirkmajer and Chibalin 2016; Ewart and
Klip 1995; McDonough and Youn 2005; Geering 2006;
Hostrup et al. 2021; Lindinger and Cairns 2021). A sche-
matic summarising the complex endocrine and regulatory
factors involved in NKA regulation in muscle, and their
receptors and pathways is shown in Fig. 3.
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Panel A. Endocrine factors
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Fig.3 Receptors and pathways involved in regulation of NKA in
skeletal muscle involving A endocrine factors, including insulin
and catecholamines and B local factors. From Pirkmajer and Chiba-
lin (2016) with permission. Detailed descriptions of regulatory fac-
tors, their receptors, pathways and actions are given in Pirkmajer
and Chibalin (2016). AMP adenosine monophosphate, ATP adeno-
sine triphosphate, AMPK AMP kinase, cCAMP cyclic AMP, Ras Raf,

The focus of following sections is primarily on the effects
of muscle contractions or exercise on NKA in skeletal mus-
cle, with inclusion of related effects induced by elevated insu-
lin and catecholamines. This first addresses the quantitative
measurements of NKA activity and content in muscle, both
critical to understanding NKA regulation, adaptability and
function, especially during and after exercise. This is fol-
lowed by the discovery of NKA subunits, isoforms, accessory
proteins and more recently, by the genetic manipulation of
NKA isoforms to examine their functional significances. The
section concludes with a focus on human muscle, including
the muscle cation changes with exercise in humans and of
NKA. The important physiological roles of NKA in attenuat-
ing the K*-induced force depression and optimising muscle
contraction at the onset of muscle activity are detailed in our
companion review (Renaud et al. 2023). A timeline of key
developments in the measurements of Na* and K™ in skeletal
muscle at rest and with exercise, the discovery of NKA and
the effects of exercise on muscle NKA activity, content, and
isoforms are shown in Fig. 4.
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NKA activity in skeletal muscle
and the effects of muscle contractions
and exercise

Major developments over the past 7 decades of NKA
research included quantification of NKA activity in mus-
cle in animals and humans and investigated the effects of
a plethora of physiological perturbations with implications
for K* and Na* homeostasis. This section briefly outlines
key developments and applications in the measurement of
NKA activity in muscle, culminating with measures of NKA
activity in human muscle samples at rest and with exercise.
Important issues addressed include how NKA activity was
measured, in what type of preparation and the limitations
of these approaches, with details on how NKA activity is
regulated indicated by reference to other reviews.

Activity determined by ATP hydrolysis rates

Mg?*-activated ATPase activity had been observed in rat
hindlimb muscle in 1948 (Kielley and Meyerhof 1948a,
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Fig.4 Timeline of selected key findings on Na* and K* ions, and
of NKA in skeletal muscle at rest and with exercise, with focus on
findings in human muscle. All findings are from measures in mus-
cle obtained from humans (H,,), rats (Rat,,, frogs (Frog,) or mice
(Mouse,,)), except for discovery of NKA in crab nerves. Measures
refer to resting muscle unless specified as following stimulation
(Stim.) or Exercise. Interventions or use of mouse genetic modifi-
cation models are indicated by bold, italicised text. Red horizontal
lines indicate different time-scale after the split. All NKA disease-
related discoveries are omitted from this figure. Na* sodium ion, K*
potassium ion, Na*c sodium ion content, K*C potassium ion content,
[ion] ion concentration, i intracellular, int interstitial, ECW extracel-
lular water determined by (method), NKA Na*, K*-ATPase; NKA
o or /9 modified mouse isoform lacking one or both copies
of the gene encoding for that a isoform; 3-O-MFPase, 3-O-methyl
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1948b) and shortly after Skou’s discovery of NKA, the first
measurements of NKA activity in muscle appeared (Bonting
et al. 1961). They determined NKA activity as the ouabain-
inhibitable component of total ATPase activity in homogen-
ates of various tissues from cats, including skeletal muscle
and stated: “The enzyme has been variously called mem-
brane ATPase, pump ATPase, ouabain-sensitive ATPase,
strophanthidin-sensitive ATPase, magnesium-sodium-
activated ATPase, and sodium-stimulated ATPase. It would
seem more appropriate to label this enzyme sodium—potas-
sium-activated ATPase (Na—K ATPase)...” A key subse-
quent finding was that the ouabain sensitivity of NKA activ-
ity differed between tissues (Bonting et al. 1962), although
the existence of NKA isoforms to account for differing

resonance imaging. References: (1) (Katz 1896); (2) (Overton 1902);
(3) (Mitchell and Wilson 1921); (4) (Norn 1929); (5) (Cullen et al.
1933); (6) Fenn and Cobb 1936); (7) (Fenn et al. 1938); (8) (Dean
1941); (9) (Mudge and Vislocky 1949); (10) (Johnson 1956); (11)
(Skou 1957); (12) (Bonting et al. 1961); (13) (Bergstrom and Hult-
man 1966); (14) (Clausen and Hansen 1974); (14a) (Sahlin et al.
1977); (15) (Sjogaard and Saltin 1983); (16) (Norgaard et al. 1984);
(17) (Lytton et al. 1985); (18) (Everts et al. 1988); (19) (Hundal
et al. 1992); (20) (Benders et al. 1992); (21) (Green et al. 1993);
(22) (McKenna et al. 1993); (23) (Hundal et al. 1994); (24) (Sham-
raj and Lingrel 1994); (25) (Tsakiridis et al. 1996); (26) (Clausen and
Pearson 1998); (26a) (Garvey et al. 1998); (27) (Green et al. 2000),
(28) (Juel et al. 2000); (29) (He et al. 2001); (29a) Nordsborg et al.
2003a); (30) (Murphy et al. 2004); (31) (Nielsen et al. 2004); (32)
(Radzykevich et al. 2013); (33) (Thomassen et al. 2013); (34) (Ham-
mon et al. 2015); (35) (Gast et al. 2022b)

ouabain sensitivities would not be apparent for some dec-
ades (“Muscle NKA isoforms, FXYD, localisation, effects
of exercise, genetic manipulations and their functional
significance”). A strong temperature dependence of NKA
activity was then found in frog m. EDL homogenates, with
activity reduced from values at 37 °C by 89% at 0.5 °C and
a general significance of NKA for repolarisation in excit-
able tissue was suggested (Bonting and Caravaggio 1963).
Purification of NKA enriched preparations then showed
that NKA was highly associated with plasma membranes
and paved the way for detailed biochemical investigations
into the regulation of NKA activity (Jgrgensen 1974). Using
skeletal muscle preparations, the separation of purified mus-
cle plasma membrane fragments or membrane vesicles by
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ultracentrifugation then enabled NKA activity measure-
ment in enriched samples (Narahara et al. 1979; Seiler and
Fleischer 1982). The major advantage of this approach was
the high NKA activity found. Disadvantages, however,
included the large amount of tissue (200 g) and long time
(2 days) required, but critically also the extremely low yield
of only 0.01-0.02 mg protein'g ™!, raising the risk that these
membrane preparations may not be representative of the
full population of NKA in the tissue (Seiler and Fleischer
1982; Mickelson and Louis 1985). The yield of NKA when
using isolated and purified membranes was mostly around
only a few percent (0.2-8.9%) of total NKA (Clausen 1986;
Hansen and Clausen 1988). To avoid the issue of low yield,
measurement of NKA activity in crude homogenates was
suggested, but at that time was rarely undertaken (Hansen
and Clausen 1988). Another problem with the methodol-
ogy was that these in-vitro measures of NKA activity are
undertaken at optimal conditions for the enzyme reaction,
which reflects the enzyme maximal rate and NKA content or
maximal NKA activity, rather than the in-vivo NKA activ-
ity of the muscle. Further methodological development was
needed to assess activity in-vivo and the effects of acute
activation of muscle.

Activity determined by labelled K*, Rb* and Na* ion
fluxes and by rate of ouabain binding

Activity in intact muscles and muscle pieces

An important approach to studying NKA activity was the
use of radio-labelled ion fluxes which could be employed
in intact muscle or muscle pieces. From maximal NKA
activity of 67 pmol g=! h™! in muscle, a Na* efflux of
10.9 pmol‘(cm?)~! s™! and KT influx of 8.8 pmol-(cm?)~! 57!
were calculated, suggesting a large NKA-driven transport
capacity for Na* and K* (Bonting and Caravaggio 1963).
This was confirmed in rat isolated m. soleus where NKA
activity was determined using *’K influx and **Na efflux
rates and which for the first time in muscle also investigated
[*H]-ouabain binding (Clausen and Hansen 1974). Impor-
tant findings included that: (i) [*H]-ouabain bound to the
external surface of the plasma membrane of muscle; (ii)
ouabain markedly reduced muscle 22Na efflux; (iii) at rest,
each ouabain-binding site actively transported around 500
Na* and 325 K* ions per minute, or~2.4% of calculated
maximal activity (Clausen and Hansen 1974). It was later
concluded that in resting muscle, NKA activity represented
only ~ 5 to 6% of the basal metabolic rate (Chinet et al. 1977)
and at 30-35 °C utilised only 2-6% of the total capacity
for active Na*/K* transport (Clausen 1986). This was con-
sistent with later calculations that NKA activity in muscle
consumes only 5-10% of the total ATP turnover in work-
ing fibres (Clausen et al. 1991; @rtenblad et al. 2009).The

@ Springer

calculation of percent total NKA capacity was established by
comparing the resting *’K or 3°Rb uptake (a marker for K*
uptake) with the maximal capacity for 36 Rb™ uptake, which
established that a huge reserve capacity exists for increasing
Na*/K* transport in muscle (Clausen et al. 1987). Validating
the methodology, in non-contracting, isolated rat m. soleus,
the ouabain-suppressible 2>Na efflux was ~ 1.5 times greater
than the ouabain-suppressible “*K influx and thus compat-
ible with the expected 3:2 Na*/K* exchange (Clausen and
Kohn 1977). Furthermore, a strong linear relationship was
found between the ouabain-suppressible *Rb* uptake rate
and the number of available functional NKA units in muscle
(Kjeldsen et al. 1985b).

The next critical investigations explored the maximal
capacity of NKA in muscle, determining NKA activity
in intact m. soleus from rats under conditions designed
to induce maximal activity of the pumps, measuring each
of ’K* and 86Rb* uptake rates, 2*Na* efflux rates, the net
changes in Na*_ and K*; (Clausen et al. 1987). Key find-
ings included that: (i) full activation of all NKA required
very high [Na*]., which was achieved through Na*-loading
to a non-physiological [Na*]; of ~125 mM and [K*], of
100-130 mM; (ii) in these Na*-loaded muscles, the oua-
bain-suppressible net Na* loss and K* gain were 6000 and
5300 nmol g~'min~!, respectively, whilst the corresponding
ouabain-suppressible 2?Na* efflux and %Rb* uptake peak
rates were 6500 and 5800 nmol g~! min~!, respectively; (iii)
a 1:1 relationship existed between “?K* and %Rb* uptake
rates, indicating that 36 Rb™ uptake could adequately reflect
K* influx and (iv) the maximum ouabain-suppressible rates
of active Na*—K™* transport corresponded to levels predicted
by their [*H]-ouabain-binding site content. Hence, all NKA
in muscle were shown to be functional and almost complete
utilisation of all available NKA could be achieved with ensu-
ing very high rates of active Na*/K™* transport.

NKA activity in muscle transverse tubule membranes

Radiolabeled ion tracers were also used to quantify NKA
activity in vesicles from purified membranes from muscle to
enable study of Na*/K™* transport in isolated specific mem-
branes. This included the critical determination of the Na*t/
K* exchange capacity in the t-tubules, using isolated vesicles
comprising membranes from the t-tubular system from rab-
bit m. sacrospinalis (Lau et al. 1979). By measuring rates
of ?Na and %°Rb transport, they demonstrated active Na't/
K* exchange in the t-tubules that was regulated by NKA.

K*-dependent phosphatase activity
During the 1960s—1980s, the K*-dependent phosphatase

activity that is a component of the NKA cycle was utilised
to enable sensitive biochemical measures of NKA activity in
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small tissue samples, without relying on the more complex
measures of radiolabeled ion transport. These biochemical
investigations into NKA properties investigated the reac-
tions that comprise the NKA cycle. These assays used either
p-nitrophenyl phosphate (p-NPP) or the fluorogenic com-
pound 3-O-methyl fluorescein phosphate (3-O-MFP) as
substrates to determine phosphatase activity as a marker of
NKA activity, with maximal rates measured in-vitro, under
optimised conditions. As the use of 3-O-MFP led to later
controversies regarding NKA activity in muscle, including
in humans (“K*-dependent phosphatase activity, Summary
of NKA activity measurements in resting muscle during the
1960s—1980s”), some details of early development of the
assays are included.

The presence of a phosphatase that split p-NPP, was stim-
ulated by K* and inhibited by ouabain was demonstrated in
purified membranes (Judah et al. 1962a, b), that was part
of the ATPase reaction (Ahmed and Judah 1964) and was a
possible final step in NKA, since the K*-activated p-nitro-
phenyl phosphatase (p-NPPase) activity and NKA activity
shared numerous broadly similar characteristics, including
K*-activation and inhibition by ouabain (Albers and Koval
1966). The K*-dependent phosphatase activity was con-
firmed to be a partial reaction of NKA (Askari and Koyal
1968; Uesugi et al. 1971). It was later concluded that the
K*-dependent phosphatase activity associated with NKA,
thought to represent the terminal step in ATP hydrolysis, is
a sensitive measure of NKA activity suitable for use in small
tissue samples (Hansen and Clausen 1988).

The subsequent use of 3-O-MFP enabled measures of
NKA activity in even smaller tissue samples, because this
assay was highly sensitive, requiring only 1-2% the amount
of tissue needed for other NKA activity assays and was spe-
cific for NKA, because it was inhibitable by ouabain (Huang
and Askari 1975). The K*-dependent 3-O-MFPase method
was employed in skeletal muscle and concluded to be a
reliable means of determining numbers of NKA in mus-
cle (Ngrgaard et al. 1984b). Exhibiting NKA-specificity via
ouabain—inhibition and thus being unaffected by the large
abundance of other ATPases in muscle, as well as being
suitable for muscle biopsies, the K*-dependent 3-O-MFPase
assay was subsequently used to study contraction and exer-
cise effects on NKA activity in animal and human muscles
(“Summary of NKA activity measurements in resting mus-
cle during the 1960s—1980s, Increased muscle NKA activity
with muscle contractions).

Summary of NKA activity measurements in resting
muscle during the 1960s-1980s

In summary, studies quantified NKA activity in resting
muscle using intact isolated muscles, isolated membrane

fractions and homogenates, utilising techniques to meas-
ure ATP hydrolysis rates by inorganic phosphate produc-
tion, transport rates of **K*, 86Rb™ and/or 22Na™, p-NPPase
activity and 3-O-MFPase activity, with each preparation
and technique having distinct advantages and disadvan-
tages (Table 3). In general, muscle exhibits low NKA activ-
ity under resting conditions but has a large reserve capacity.
However, further methodological development is required
as none of the mentioned methods allow for direct measure-
ments of NKA activity in exercising humans in vivo.

Increased muscle NKA activity with muscle
contractions

Critical developments during the 1980s and 1990s extended
these measurements of NKA in resting intact muscle by
demonstrating that muscle NKA activity in rat muscles was
rapidly and markedly increased during and following electri-
cally activated contractions. These findings were fundamen-
tal to understanding Na* and K* regulation in muscle and in
blood during exercise and recovery (Sects. “Na* and K* ion
concentrations in human skeletal muscle with exercise—Spe-
cific intervention effects on plasma [K*]with exercise, linked
with perturbations in muscle NKA activity).

Immediate effects of contraction on NKA activity measured
in intact muscles

Excitation via electrical stimulation elicited large activation
of NKA in rat isolated, intact m. soleus and m. EDL that
were directly stimulated at 0.5-20 Hz for 10 s—15 min, with
NKA activity determined immediately after, by ouabain-
suppressible *> K* or **Rb* uptake and *Na* efflux rates
(Everts et al. 1988). In m. soleus, stimulation for 15 min at
2 Hz and 5 Hz increased ouabain-suppressible S’ Rb™ uptake
by 110% and 67% above resting values, respectively, whilst
after 20 Hz stimulation for 10 and 60 s, the increases were
by 65% and 86%, respectively. In support, the ouabain-sup-
pressible ?Na* efflux was increased after 1 Hz and 2 Hz
stimulation by 54% and 68%, respectively. In m. EDL, the
resting ouabain-suppressible *Rb* uptake was 17% larger
than in m. soleus and was also increased after 2 Hz stimula-
tion, but only by ~31%, much less than in m. soleus. All of
these changes occurred without changes in the average mus-
cle intracellular Na* or K* contents, leading to the proposal
that a Na*-independent mechanism of NKA activation was
involved (Everts et al. 1988). As responses to stimulation
and elevated adrenaline were not additive, it was concluded
these likely involved common initial steps in activation
pathway. The greater activation in m. soleus than m. EDL
was also suggested to account for the greater fatigue resist-
ance of slow than fast muscles. At this time, stimulation via
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the nerve of m. soleus in anaesthetised rats for 4 s at 20 Hz
every 5 s for 5 min was shown to induce muscle hyperpo-
larization after the contractions, that could be abolished
by ouabain, cooling or removal of K* and thus support-
ing an excitation-activated, electrogenic NKA in muscle
during the recovery period (Hicks and McComas 1989).
Greater activation of NKA with stimulation was confirmed
in rat m. soleus compared to m. EDL, being due to greater
sensitivity to intracellular Na*, and with NKA rapidly and
dramatically activated by up to 15-fold by excitation (Everts
and Clausen 1994). These effects were further examined
in rat isolated m. soleus, either contracting isometrically,
or allowed to shorten without force when stimulated, with
measures of Na™ fluxes, intracellular Na*_ and **Na* efflux
(Nielsen and Clausen 1997). After stimulation for 30 s at
60 Hz, the intracellular Na+C was initially increased, but
then fell in recovery to undershoot 32% below control, sus-
tained for 30 min. The net Na* extrusion was blocked by
ouabain, indicating that it was due to NKA activity, with
rates of 2*Na* efflux dependent on stimulation duration and
frequency. After high-frequency stimulation, NKA activity
was increased 22-fold in the first 30-50 s after contraction
and reached the maximum theoretical transport capacity.
Thus, during high-frequency stimulation of rat muscles, a
dramatic increase in NKA activity was found, that occurred
with increased intracellular Na™_ but also independently of
Na*_, evidenced by increased activity even without gain
in intracellular Na*, and sustained during the intracellular
Na*_ undershoot in recovery, with NKA phosphorylation
proposed as a possible stimulatory mechanism (Nielsen and
Clausen 1997). These mechanisms were proposed to protect
the muscle from run-down of Na* and K" gradients and
thus also against fatiguability during contractions (Nielsen
and Clausen 1997).

Collectively, these studies demonstrated that in isolated,
intact slow twitch and fast twitch muscles in rats, NKA was
rapidly and substantially activated in an activation-frequency
dependent manner by contractions even as short as 1-10 s,
with elevated activity sustained for a considerable period
post-contraction. Elevated NKA activity has important
implications for muscle function: (i) in the maintenance of
membrane excitability during contractions, by counteracting
the Na' influx and K* efflux associated with AP’s, which
preserves Nat and K* gradients and directly by contribut-
ing electrogenically to resting E,, (Renaud et al. 2023); (ii)
in the post-exercise restoration of excitability and (iii) in
minimising the exercise hyperkalaemia and enabling its sub-
sequent rapid recovery post-exercise, which also accounts
for the hypokalaemia that can occur for several minutes after
high intensity exercise (Sect. Specific intervention effects
on plasma [K*] with exercise, linked with perturbations in
muscle NKA activity).

@ Springer

Effects of muscle contraction on NKA activity, measured
in muscle membrane fractions and homogenates

The above measures were in isolated intact muscles and
represent acute regulation of NKA activity under near-
physiological conditions. However, it was of interest also
to determine whether increased maximal NKA activity (or
NKA capacity) would occur in muscle membrane prepa-
rations or homogenates following contractile activation
and whether this was related to translocation of functional
NKA units within the cells. One early report measured
NKA activity (ATP hydrolysis) in a sarcolemmal prepara-
tion, 24 h after contraction, finding that 15 min stimulation
increased maximal NKA activity by up to 28% above rest
(Brodal et al. 1975). However, later studies that quanti-
fied the effects of exercise or electrical stimulation on
3-0-MFPase activity, in whole muscle homogenates or in
muscle membrane fractions, showed contrasting results.
Thus, exercise (running) or electrical stimulation was sug-
gested to inactivate NKA as measured by reduced maximal
3-0O-MFPase activity in rat muscle (Fowles et al. 2002;
Mishima et al. 2008), whereas no change in 3-O-MFPase
activity was found in m. EDL after stimulation (Goodman
et al. 2009). In contrast, however, electrical stimulation
of rat m. soleus increased 3-O-MFPase activity in muscle
homogenates by 40-53% and in sarcolemmal fractions
by 37-40%, along with increased NKA a subunits and
of [3H]-0uabain-binding site content in homogenate (San-
diford et al. 2005). This suggested that increased NKA
activity occurred as a result of both increased NKA o
subunit availability and translocation to the plasma mem-
brane. Subsequently, several studies supported the notion
of improved maximal NKA activity in various membrane
fractions through translocation of NKA isoforms. The cen-
tral evidence for this was that acute exercise and electrical
stimulation of rat muscles increased NKA activity, meas-
ured by both 3-O-MFPase activity and by Na*-stimulated
hydrolysis of 3>P-ATP, as well as by an increased abun-
dance of NKA a subunits in sarcolemmal giant vesicles
and in an enriched outer membrane fraction containing
both sarcolemmal and t-tubular membranes (Kristensen
et al. 2008; Rasmussen et al. 2008; Juel 2009). In con-
trast, measures in whole muscle homogenates showed
no increase of maximal NKA activity. Thus, studies in
purified muscle membrane fractions of sarcolemmal ori-
gin collectively indicated that measures of NKA activity
were increased by electrical stimulation and by exercise
and that this may be consequent in part to translocation of
NKA to these surface membranes, or by structural altera-
tions in caveolae.

In summary, measurements in animal muscles over 4
decades indicate that large and rapid increases in muscle
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NKA activity occur during and immediately after elec-
trical stimulation and exercise, caused both by increased
intracellular [Na*] and by increased Na*-affinity of NKA,
which under extreme conditions can approach maximal
theoretical activity. Measures of NKA activity in-vitro
in purified sarcolemmal membrane fractions further sug-
gest that increased NKA activity after contractions may
also result from translocation of NKA subunits to plasma
membranes.

NKA activity in human muscle at rest
and with exercise

Resting muscle

The first measurements of NKA activity in human muscle
utilised the maximal K*- stimulated 3-O-MFPase assay in
crude homogenates prepared from muscle biopsies (Bend-
ers et al. 1992) which was later modified to enable reliable,
ouabain-inhibitable maximal NKA activity measurements
in m. vastus lateralis biopsies (Fraser and McKenna 1998).
More recently, an alternate NADH-linked method was devel-
oped for human muscle samples, which was fully inhibited
by 2 mM ouabain and yielded maximal NKA activity cor-
responding to theoretical maximal values predicted from
reported ouabain-binding content (Jannas-Vela et al. 2019).

Exercise and recovery

The maximal K*-stimulated 3-O-MFPase activity assay
has been widely utilised in human exercise studies, with
the first finding that fatiguing, repeated knee extensor con-
tractions reduced the maximal 3-O-MFPase activity by
14% in m. vastus lateralis biopsies (Fraser et al. 2002).
This observation was corroborated by findings from nine
acute exercise studies in humans from two laboratories,
showing ~ 11 to 35% reductions in 3-O-MFPase activity
after a range of fatiguing exercise types and durations
(McKenna et al. 2008) and also being reversible by 3 h
post-exercise (Sostaric et al. 2022). The phenomenon was
referred to as exercise-induced inactivation of NKA, as the
NKA content did not decline, and was suggested to reflect
inhibitory actions of reactive oxygen species, or increased
cytosolic [Ca**] in muscle fibres on NKA activity and was
proposed to be an important mechanism leading to mus-
cle membrane depolarisation and contributing to muscle
fatigue (McKenna et al. 2008). A further possible explana-
tion for reduced maximal 3-O-MFPase activity with exer-
cise is an increased glutathionylation of NKA in muscle
(Juel et al. 2015). However, the validity and significance
of these activity findings was challenged, positing that the
maximal K*-stimulated 3-O-MFPase activity measure was

“an inappropriate method for ATPase quantification” (Juel
2012), whilst others also pointed out limitations with the
method (Broch-Lips et al. 2012). Key criticisms included
that the assay is Na*-independent and thus cannot measure
activity under physiological conditions of elevated [Na*]
and that these in-vitro measurements do not reflect in-vivo
NKA activity (Juel 2009, 2012; Broch-Lips et al. 2012).
The significance of these 3-O-MFPase activity measures in
human m. vastus lateralis was further challenged by find-
ings that maximal NKA activity measured by the rate of
Na*-dependent **P-ATP hydrolysis was increased by 19%
after 4 min intense exercise, whereas the K*-stimulated
3-O-MFPase activity declined after exercise, and was
also insensitive to a stable ADP analogue and to protein
kinase C activation, both of which increase NKA activity
(Juel et al. 2013). They concluded that the 3-O-MFPase
activity method is not suited to detect changes in NKA
activity in muscle with exercise. However, in contrast,
a subsequent study from the same laboratory found that
NKA activity in human m. vastus lateralis measured via
rates of Na*-dependent **P-ATP hydrolysis was actually
reduced after intense, fatiguing exercise (Hostrup et al.
2014b). Thus, in that study, reduced maximal NKA activ-
ity directly measured by ATP hydrolysis rates after exer-
cise was consistent with the previous findings of reduc-
tions in maximal 3-O-MFPase activity (Juel et al. 2013).

Conclusions on measurement of NKA activity in human
muscle and functional implications

In human muscle, NKA activity has been mostly assessed
as maximal K*-stimulated 3-O-MFPase activity. Contro-
versy exists, however, regarding the effects of acute exer-
cise on NKA activity in human muscle, with the in-vitro
maximal K*-stimulated 3-O-MFPase method typically
showing a reduction in activity post-exercise, which is not
always consistent with the activity determined by the rate
of Na*-dependent **P-ATP hydrolysis. Further studies with
exercise in humans are required to clarify these discrepan-
cies. However, comparisons should not be drawn between
measures of maximal rates of NKA activity in muscle deter-
mined in vitro under optimised laboratory conditions and
the actual NKA activity occurring in vivo. Indeed, meas-
ures of plasma [K*] changes in femoral venous plasma
during and after intense leg exercise suggest that in-vivo
activation of NKA probably only reaches 15-25% of the
maximal theoretical activity (Hallén et al. 1994). Accord-
ingly, none of the in-vitro maximal measures reflect actual
in-vivo NKA activity. This would require either develop-
ment of techniques to accurately and directly measure NKA
activity in-vivo, or alternate functional measures influenced
by NKA activity, such as Na* and K* ion movements in
muscle cells, muscle interstitial fluid or in blood plasma or

@ Springer
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red cells. Studies using indwelling K*-selective electrodes
in humans conclude that an initial lag in NKA activity, as
well as only fractional activation occur in muscle with exer-
cise (Sect. Specific intervention effects on plasma [K*] with
exercise, linked with perturbations in muscle NKA activ-
ity). An interesting possibility is that an initial lag followed
by submaximal activation of NKA in muscle with exercise
allows muscle interstitial [K*] to increase, which can then
potentiate muscle twitch and submaximal contractions and
thus facilitate ongoing muscle performance. In contrast, an
eventual decline in maximal NKA activity by whichever
mechanism is responsible may then allow greater increases
in interstitial [K*1], that could then have inhibiting effects on
muscle function, i.e., fatigue. This dual role of elevated [K*]
in muscle is discussed in our companion review (Renaud
et al. 2023). More intensive focus on muscle NKA activity
and exercise is required in humans, including comparison
of multiple methodologies to resolve current controversies
such as the proposed inactivation of maximal NKA activity
with exercise.

NKA content in skeletal muscle,
including the effects of insulin, exercise,
training and aging

This section outlines some of the key early developments
in measures of [3H]—ouabain—binding site content in animal
muscles, and examines this as a measure of NKA content
in human muscle and its implications. The studies behind
the proposal that insulin, electrical stimulation and exercise
can each increase [°H]-ouabain binding in muscle due to
translocation of NKA subunits to plasma membranes are
covered. Furthermore, the effects of physical training, inac-
tivity as well as age on [°H]-ouabain-binding site content
are also covered.

[3H]-ouabain-binding site content in animal muscles

A key advance in muscle NKA research was the develop-
ment of the [3H]ouabain-binding site content method to
quantify NKA molecules (Clausen and Hansen 1974). This
method is now recognised as a gold-standard approach to
quantify NKA in muscle (Clausen 2008, 2013) and has
enabled extensive analyses over the past half-century of the
intricate and interactive effects of a huge array of hormo-
nal, dietary, environmental, behavioural and other factors
regulating NKA content, as well as enhancing understand-
ing in many clinical conditions, exercise and sport science
applications (Clausen 1986, 1996, 2003, 2013; Hansen and
Clausen 1988; Clausen and Everts 1989; Clausen et al. 1998;
Clausen 2008).

@ Springer

The [*H]-ouabain binding to muscle was measured to
quantify NKA, based on the strong affinity of ouabain for
NKA and binding in a 1:1 proportion and was found not to
differ between intact muscles and cut muscle pieces (Clausen
and Hansen 1974). Whilst the early rate of [*H]-ouabain
binding to rat m. soleus during incubation was increased by
insulin and adrenaline, the final steady-state [*H]-ouabain
binding was not increased (Clausen and Hansen 1977).
Vanadate (VO,), which is structurally similar to phosphate
(PO,), was found to facilitate binding of ouabain and was
therefore introduced in the [3H]—0uabain—binding site meas-
ures (Hansen 1979). The [*H]-ouabain-binding site method
was found to validly measure NKA in cut muscle pieces
from rat m. soleus and m. EDL (Ngrgaard et al. 1983), which
then paved the way for measurement of NKA content in
muscle biopsies obtained from humans (Sect. NKA content
in human muscle).

The [3H]-ouabain-binding site content in muscle varies
considerably across species (Clausen 1986) and in animals,
changes substantially with age (Sect. Aging) and differs
between muscles with different fibre types. In young rats
(4 week), muscle [3H]-0uabain—binding site content is typi-
cally higher in fast twitch muscles with higher glycolytic
potential such as m. EDL, than in slow twitch muscles such
as the more oxidative m. soleus. Thus, in young rats, the in-
vitro [3H]—ouabain—binding site content was 21-27% higher
in m. EDL than m. soleus (Clausen et al. 1982, 2004; McK-
enna et al. 2003). In adult rats, this relationship with oxida-
tive potential was, however, suggested to be reversed (Chin
and Green 1993).

An important question is whether the
[3H]—0uabain-binding site content method detects all NKA in
the muscle preparation. In rat muscle, the NKA o, isoform
has a low affinity for ouabain (i.e. is ouabain insensitive)
and thus is not detected in the standard ouabain-binding site
assay, which indicates that this assay measures the content of
the o, isoform only (also aj, although this is probably very
low) (Hansen 2001). The only study to have determined the
molar amount of NKA «,; isoform in rat m. soleus and m.
EDL quantified this at~ 135 to 220 pmol g ww™!, around
15-25% of all NKA, meaning that in rats, the actual NKA
total content would be 20-30% greater than the measured
[*H]-ouabain-binding content (Hansen 2001). An important
implication is that intervention studies in rats using muscle
[3H]-0uabain-binding site content will measure the dominant
a, isoform, whilst any changes in the a; isoform will not be
detected.

NKA content in human muscle
The [*H]-ouabain-binding site content developed to deter-

mine NKA in human muscle biopsy pieces (Ngrgaard et al.
1984a) has been widely employed in healthy individuals and



European Journal of Applied Physiology

those with chronic disease (Clausen 1986; Murphy et al. 2007;
Green et al. 1993; Evertsen et al. 1997), with the measured
range in healthy human muscle typically between 243 and
425 pmol g ww~! (Clausen 2013). A vital difference exists in
the interpretation of the muscle [°H]-ouabain-binding site con-
tent when measured in humans versus in other animals. Wang
and colleagues demonstrated that the affinity of ouabain bind-
ing was high for the three main NKA o isoforms, o;, o, and
a3 (Wang et al. 2001), each of which are expressed in human
muscle (Murphy et al. 2004). Thus, the [3H]-ouabain-binding
site content in human muscle therefore also represents the total
NKA content (NKA,) and is now the gold-standard for full
quantification of NKA_ in human muscle. Hence, interventions
that modify NKA_ in human muscle indicate a change in the
total pool of NKA in that tissue, although they do not differ-
entiate which of the three a isoforms are changed.

Numerous human clinical studies have measured muscle
NKA, in a diversity of diseases, often revealing substan-
tial up- or down-regulation of NKA_ in muscle, including
patients with hyper- and hypothyroidism, diabetes, McAr-
dles disease, heart failure and myotonic dystrophy (Clausen
1998), chronic obstructive lung disease (Ravn and Dorup
1997), alcoholism (Aagaard et al. 2003), spinal cord injury
(Ditor et al. 2004; Boon et al. 2012), as well as heart, lung or
kidney transplant recipients (Williams and McKenna 2012).
These findings demonstrate the enormous clinical implica-
tions of muscle NKA research. Measurements of muscle
NKA, in humans are predominantly in biopsies from m. vas-
tus lateralis muscle, with few studies comparing NKA_ in
biopsies from other muscles. The limited data available from
these studies did not show systematic variation between
NKACc of human muscles (Ngrgaard et al. 1984a; Dorup
et al. 1988a; Nordsborg et al. 2005a), except for cases in
which muscles were subject to severe inactivity due to para-
plegia (Ditor et al. 2004) or shoulder impingement (Leivseth
and Reikeras 1994).

Insulin, contraction and exercise effects on muscle
[3H]-ouabain-binding site content

A key question, as previously mentioned in the sec-
tion “Effects of muscle contraction on NKA activity,
measured in muscle membrane fractions and homogen-
ates”, is whether increased muscle NKA activity with
contractions/exercise might reflect an increased muscle
[3H]-0uabain-binding site content, due to translocation of
NKA molecules from intracellular or sub-sarcolemmal sites
to the plasma membranes.

Insulin

The concept of translocation of NKA can be traced to early
studies that found increased [°H]-ouabain binding in frog

muscles exposed to insulin, which was suggested to be due
to an “unmasking” of latent NKA sites in muscle (Grin-
stein and Erlij 1974; Erlij and Grinstein 1976). However, in
these experiments, incubation in [*H]-ouabain was only for
50 min (Erlij and Grinstein 1976), which was insufficient
time to achieve saturation of [°’H]-ouabain binding to muscle
(~2 h) and thus for full quantification of all NKA (Clausen
2003). Several studies then used longer incubation periods
to achieve a plateau in [*H]-ouabain-binding and failed to
detect an increase in [3H]-0uabain—binding with insulin in
mouse and rat muscle, despite increased NKA activity evi-
denced by increased *Rb uptake (Clausen and Hansen 1977;
Dorup and Clausen 1995; McKenna et al. 2003). However,
the [*H]-ouabain-binding site technique was also recently
criticised as being unable to detect trafficking of NKA mol-
ecules to the plasma membrane, due to the slow binding
kinetics of ouabain (Pirkmajer and Chibalin 2016). Nonethe-
less, the lack of an increase [*H]-ouabain binding in most
studies does not support an insulin-stimulated increase in
[3H]—ouabain-binding site content in muscle.

Electrical stimulation

Electrical stimulation increases NKA activity and thereby
also the early rate of [°H]-ouabain binding to rat m. soleus
(Everts and Clausen 1994). To determine whether increased
NKA activity was accompanied by an increased appearance
of NKA in muscle surface membranes, which might reflect
NKA translocation from intracellular sites, the effects of
electrical stimulation were investigated in isolated rat m.
soleus and m. EDL (McKenna et al. 2003). High intensity
stimulation increased NKA activity substantially, but did not
increase the [3H]—0uabain-binding site content in m. soleus
or m. EDL (McKenna et al. 2003), which argues against a
role for NKA translocation in the increased NKA activity
with muscle activation.

Acute exercise in humans

Several experiments also investigated whether acute exercise
in humans increased NKA_ in m. vastus lateralis, with con-
flicting findings. After a 100 km run that lasted~ 11 h, the
muscle NKA_ was 13% greater than at 4 weeks prior (Over-
gaard et al. 2002). This could result from translocation, but
considering the long time course of exercise, might reflect
increased synthesis of NKA, or simply variation during the
pre-race period. Consistent with the above, during 16 h of
6 min exercise bouts at 91%VO,,, repeated each hour,
the NKA_ was not altered immediately after each bout, but
was increased by ~5% and ~7% by the 9th and 16th bouts,
respectively (Green et al. 2007). Furthermore, the NKA was
increased by ~ 15% after 2 h cycling at 62%VO,,,, (Green
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et al. 2011) and recently, by 10% after 20 min submaximal
cycling, which was proposed to be due to rapid formation
of functional NKA molecules from existing, but not bound,
a and f subunits within the muscle (Sostaric et al. 2022). In
contrast, no change was found in NKA_, after sprint cycling
(~52 s) at~170% peak power output (Aughey et al. 2006),
or after submaximal cycling to fatigue (~ 54 to 72 min) (Lep-
pik et al. 2004; Murphy et al. 2006). The reasons for these
varying findings with exercise on NKA_ in humans remains
to be determined.

In summary, early reports of insulin-stimulated increases
in [*H]-ouabain-binding site content in rat muscle could not
be confirmed in rat or mouse muscles when sufficient time
for full saturation of all NKA sites by ouabain was utilised.
Furthermore, whilst electrical stimulation acutely increased
muscle NKA activity in rat isolated muscles, this was not
associated with an increased [3H]-ouabain-binding site
content. Finally, studies in humans have yielded conflicting
findings regarding exercise effects on muscle NKA_, but the
reasons for this discrepancy are unresolved.

Effects of training, inactivity and aging on muscle
[®H]-ouabain-binding site content

Numerous studies have investigated the effects of physical
training or inactivity (McKenna et al. 1996; Wyckelsma
et al. 2019), chronic disease (Clausen 1998) and aging on
human muscle NKA_ (Wyckelsma and McKenna 2016).

Training

Early studies typically showed that training in animals
increased muscle [3H]-0uabain-binding site content. Thus,
[*H]-ouabain-binding site content was increased after endur-
ance training in muscles from rats (Kjeldsen et al. 1986),
guinea pigs (Leivseth et al. 1992) and horses (McCutcheon
et al. 1999) and also after sprint training in horses (Suwanna-
chot et al. 1999), although one study found no increase after
training in rats (Galuska et al. 2009). Importantly, the mag-
nitude of these increases in muscle [3H]-ouabain-binding
site content was typically 20-40%, but was greater if train-
ing either directly followed, or was compared to inactivity
(Kjeldsen et al. 1986; Leivseth et al. 1992). Similar training-
induced increases were also evident in disease models, such
as in rats with diabetes induced by partial pancreatectomy
(Schmidt et al. 1994) and with surgically induced myocardial
infarction (chronic heart failure) (Helwig et al. 2003).

In healthy humans, 12 studies from 1990 to 2017 investi-
gated the effects of training on NKA_ in m. vastus lateralis,
with consistent findings that endurance, high intensity and
resistance training induced an 8-25% upregulation of NKA ,
which was unrelated to mean training intensity, cuamulative
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training time or training duration (Wyckelsma et al. 2019)
and a similar upregulation in NKA_ after resistance training
was recently confirmed (Altarawneh et al. 2020). In chronic
heart failure patients, there was no effect of training on m.
vastus lateralis NKA_ (Green et al. 2001), whilst in contrast,
in young patients with Type I diabetes, NKA_ was increased
by 8% after sprint training (Harmer et al. 2006). It was pro-
posed that an upper limit, or plateau that occurs in human
muscle NKA_ with training reflects a balance between ben-
eficial functional outcomes through improved Na*/K* han-
dling in muscles and in plasma with exercise, against poten-
tial adverse consequences such as the risks of post-exercise
hypokalaemia for myocardial arrhythmias (Wyckelsma et al.
2019). The increase in NKA_ after training is consistent with
the typical lowering after training of the muscle interstitial
[K*] ([K*],,) and circulating [K*] during exercise (Sects.
“Human skeletal muscle interstitial [K*] with exercise,
Specific intervention effects on plasma [K*] with exercise,
linked with perturbations in muscle NKA activity””) and may
reduce muscle fatigue and facilitate muscle performance
(Renaud et al. 2023).

Inactivity

Early studies using animal models of inactivity demonstrated
reductions in muscle [*H]-ouabain-binding site content by
around 20% in rat and guinea pig muscles (Kjeldsen et al.
1986; Leivseth et al. 1992), with these changes coincid-
ing with impairments in muscle contractile function. The
effects of physical inactivity on muscle NKA_ in humans
are not well understood, being investigated in only six stud-
ies, but with most of these utilising injury models involving
a cross sectional design (Wyckelsma et al. 2019). Reduc-
tions in NKA_ after injury include by 20-23% after knee
ligament injury, 34-45% after spinal injury and 27% with
shoulder impingement syndrome (Wyckelsma et al. 2019).
Only one study investigated the effects of restricted activity
alone, finding no change in NKA, after 23 days of unilateral
lower limb suspension (Perry et al. 2016). Further research
into inactivity effects on muscle NKA_ in humans is clearly
warranted.

Aging

There are tremendous differences with age in
[3H]-0uabain-binding site content in animal muscles (Wyck-
elsma and McKenna 2016), increasing from birth to peak
values in immature animals, then declining through young
and adult animals and with further modest decline in older
adults (Kjeldsen et al. 1984, 1985a; Clausen et al. 1982),
with substantial differences also in NKA isoform expres-
sion (Orlowski and Lingrel 1988). The potential impact
of aging on human muscle NKA is therefore of interest.
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However, the m. vastus lateralis NKA_ determined after
autopsy in 18 children from one day to 8 years of age did
not differ from adult muscle (Kjeldsen and Gron 1989). Lit-
tle is known about the effects of aging on NKA_ in human
adults, with the few studies restricted to cross sectional study
designs and often with a small sample size. However, in the
age ranges studied, no apparent decline in muscle NKA_
occurred. Thus, when data from 57 healthy participants
were compared, there was no difference in m. vastus later-
alis NKA_ between subgroups of adults aged between 18
and 76 years (Wyckelsma and McKenna 2016) and others
also found no apparent differences in adults across different
ages (Klitgaard and Clausen 1989; Dorup et al. 1988a, b).
Thus, the large decline seen with aging after early peak in
immature animals is not evident in human muscle. One pos-
sibility is that prolonged reduced activity in rats due to their
long-term housing in cages is responsible for these diver-
gent responses in muscle NKAc content between rats and
humans. However, studies are required in humans beyond
80 years of age. Nonetheless, the marked decline in muscle
mass with aging means that despite unchanged NKA , the
overall NKA-mediated capacity for K* regulation is substan-
tially reduced with age.

Muscle NKA isoforms, FXYD, localisation,
effects of exercise, genetic manipulations
and their functional significance

Overview of NKA isoforms and FXYD1 in muscle

The NKA belongs to a multi-gene family and exists as a
heterodimer comprising a catalytic o subunit with 4 isoforms
(o;—0y,) and a heavily glycosylated, regulatory f subunit with
three isoforms (f,—P5), together with a regulatory accessory
protein, FXYD, with seven isoforms (FXYD,-FXYD,)
(Fedosova et al. 2021; Blanco and Mercer 1998; Garty and
Karlish 2006; Yap et al. 2021; Geering 2006). The impor-
tance of these different isoforms and accessory proteins in
muscle is demonstrated through their differing intracellular
locations, abundances, fibre-type specific expression and
physiological roles. In brief, the most abundant NKA o iso-
forms in muscle, o; and a,, are primarily involved in regu-
lating Na*/K* exchange and contributing to E,, but with o,
involved under rest and o, under exercise conditions, whilst
a is also involved in intracellular signalling pathways medi-
ated by cardiotonic steroids. Thus, conditions or interven-
tions that change the overall or site-specific abundance of
these isoforms are likely to modulate those local regulatory
effects. FXYD1 is expressed in muscle and changes in the
overall or site-specific abundance, or phosphorylation status
of FXYD1 will also modulate NKA activity.

NKA isoform and FXYD expression in animal skeletal
muscle

Discovery of NKA isoforms in muscle

After the discovery of NKA in 1957, it took several dec-
ades to realise that this comprises a family of proteins with
multiple subunits, isoforms and an accessory protein, with
NKA isoforms encoded by separate genes, and with differ-
ing sensitivity to ouabain and K* affinities (Jorgensen 1974;
Sweadner 1989; Lingrel et al. 1990). Two biochemically
distinct molecular forms of NKA, then referred to as o and
ot (Sweadner 1979), later identified, respectively, as being
a, and likely both a, and a; (Sweadner 1989) were first
detected in muscles in rats (Lytton et al. 1985). In rats, m.
soleus had predominantly high-affinity ouabain binding sites
(Kjeldsen et al. 1985b), indicative of the a, isoform, which
was detected as the predominant isoform in rat hindlimb
muscles, also with expression of «; and a; (Urayama et al.
1989). Further, a; in rats was resistant to (i.e., marked insen-
sitivity, low affinity to) ouabain, being 100-fold more resist-
ant to ouabain than «, and o3, both of which had a high
affinity to ouabain (Lingrel 1992; Blanco and Mercer 1998).

NKA isoform cellular locations and insulin-induced
translocation

Two fundamental questions regarding NKA isoforms
in animal muscles addressed from around 1980 were: (i)
where are NKA molecules and specifically, the different
isoforms located? and (ii) can physiological stimuli (e.g.,
insulin) induce translocation of NKA isoforms within the
muscle? In frog muscle treated with glycerol to cause detu-
bulation, ~ 80% of NKA ([*H]-ouabain binding) were in the
surface membrane and ~20% in t-tubular membranes, but
given the much larger surface area of the t-tubule mem-
branes, the NKA density was 4-5% of that in surface mem-
branes (Venosa and Horowicz 1981). Detection of NKA in
the t-tubules is consistent with other studies in amphibian
and mammalian muscle (Lau et al. 1979; Ariyasu et al.
1987; Donoso and Hidalgo 2002). A series of studies dur-
ing the 1990s then made important advances in demonstrat-
ing membrane-specific NKA isoform expression, with most
finding higher «;, o, and §; abundances in plasma membrane
fractions than internal membrane fractions (Hundal et al.
1992, 1993, 1994; Marette et al. 1993; Lavoie et al. 1996,
1997). Using crude membrane preparations from rat mixed
hindlimb muscles (after an overnight fast), each of the o, o,
B, and B, isoforms were expressed, with higher «;, o, and f,
in purified plasma membrane fractions, compared to purified
internal membranes (10%, 17% and 20% compared to plasma
membrane, respectively) and with higher §, abundance in
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internal membranes (Hundal et al. 1992). However, contrary
to their studies above, they also reported that both a, and B,
were several-fold more abundant in internal than in plasma
membrane fractions in red and white hindlimb muscles in
rats (after an overnight fast) (Lavoie et al. 1996). Immuno-
gold labelling and electron microscopy then revealed o, in
the plasma membrane, in intracellular tubular and vesicular
structures in sub-sarcolemmal and triadic regions, as well
as in the perinuclear area in rat m. soleus, m. gastrocnemius
and m. quadriceps (Marette et al. 1993). Cell surface a, and
{3, abundance was later confirmed in both m. soleus and m.
gastrocnemius (white) (Lavoie et al. 1997). They then quan-
tified o and  molar contents in rat red muscle finding the o,
a,, B; and B, isoforms were 1.6-3.3 times more abundant in
surface than in internal membrane fractions and also indi-
cated a clear excess of f§ subunits (Lavoie et al. 1997). They
also demonstrated in rat muscles that insulin substantially
increased o, and f; in plasma membrane fractions, consist-
ent with reduced «, in internal membranes, suggesting that
insulin caused trafficking of a, and f, from different intra-
cellular pools to the plasma membrane (Hundal et al. 1992;
Marette et al. 1993; Lavoie et al. 1996). They suggested that
the high plasma membrane abundance and unresponsiveness
of o, to insulin was compatible with a “house-keeping” role
for o as regulating Na*/K™ ion transport in muscle (Hundal
et al. 1993). Furthermore, insulin increased surface mem-
brane a, and B, only in m. soleus but not in m. gastrocnemius
(white) (Lavoie et al. 1996). Insulin-induced translocation
of NKA a, (but not o) to the plasma membrane was later
shown in rat m. soleus, also with greater NKA activity in
isolated cell surface membranes and with reversible phos-
phorylation of a; and a, (Chibalin et al. 2001). Then, using
surface biotinylation, they detected translocation of both o
(51%, 73%) and a1, (74%, 97%) to the plasma membrane with
insulin, in rat epitrochlearis muscle and in human muscle
cell cultures, respectively (Al-Khalili et al. 2003). In sum-
mary, most of these studies reported greater abundance of
NKA isoforms, especially a,, in plasma membrane than in
internal membranes in muscle and further showed that insu-
lin induced translocation of NKA isoforms from internal to
plasma membranes, which occurred to a greater extent in
oxidative than glycolytic muscles.

Using immunofluorescence longitudinal scans in m. EDL
in rat and in mice, each of NKA «, and a,, f-spectrin and
ankyrin-3 were co-distributed in a rectilinear, “costameric”
lattice on the plasma membranes, concentrated over Z- and
M-lines, with their co-association confirmed by co-immu-
noprecipitation analyses. In transverse sections of mouse
m. EDL, both o, and o, were present in the sarcolemma
but only a, in t-tubules, which was confirmed using iso-
lated t-tubular and sarcolemmal membrane fractions (Wil-
liams et al. 2001). Contrasting, specific locations of NKA
a, and a, isoforms were clearly demonstrated in cross- and

@ Springer

longitudinal-sections of m. EDL, with o; mainly located in
the surface sarcolemma, but also found in t-tubules, possibly
at superficial regions and/or low abundance, a, present in
t-tubules and the sarcolemma, including the motor end plate,
caveolae and costameres, as well as the sheath surrounding
the muscle spindle and with «, also detected in motor nerve
axons, perineurium and arterial smooth muscle (Radzyuk-
evich et al. 2013). Confocal imaging of longitudinal-sections
indicated a, in sarcolemma and also in t-tubules evident
as double rows per sarcomere (Radzyukevich et al. 2013)
(Fig. 5). The a, in t-tubules were functionally important
in rapidly responding to elevated t-tubular [K*] from 4 to
40 mM (DiFranco et al. 2015).

In summary, studies in rats and mice using muscle mem-
brane fractionation, immunogold and immunofluorescence
approaches all demonstrated an abundance of o, in plasma
membranes and of a, in t-tubular membranes, with immuno-
fluorescence studies demonstrating additional detection of o,
in plasma membranes and of «, in t-tubular membranes and
also a, located in costameres and other sub-cellular struc-
tures. Insulin increased «, abundance in plasma membranes,
which suggested that NKA «, translocation was important in
enabling increased NKA activity, but corresponding intra-
cellular changes were inconsistent. Use of [*H]-ouabain
binding and de-tubulation indicated that the majority of
NKA were present in the sarcolemma.

NKA isoform muscle-specific expression

Another fundamental question addressed was whether
NKA isoform expression in animal muscles varies between
different muscle fibre types. Striking phenotypical differ-
ences between red and white muscles were found for f,
and f,, but not a, or «, in rats, with f; abundance in a
plasma membrane fraction ~ fivefold higher in pooled red
than in white muscles and conversely, with 3, abundance
in plasma and internal membrane fractions ~ threefold
higher in white than in red muscles (Hundal et al. 1993).
In rat hindlimb muscles, immunogold electron microscopy
analyses in rat hindlimb muscles indicated 38% higher o,
abundance at the cell surface in white than red muscles
(Lavoie et al. 1996). Subsequently, a; and a, were found in
all muscles, with o; and f, abundance two—fourfold higher
in oxidative than in glycolytic muscles, o, abundance rela-
tively high in all muscles, with B, not detected in oxidative
muscles and highest in fast glycolytic muscles and with o5
not detected in any muscle (Thompson and McDonough
1996). They suggested that the a,f, heterodimer is pre-
dominant in fast-twitch glycolytic muscle with both o,f;
and a,B, heterodimers expressed in muscles rich in oxida-
tive fibres and with tissue-specific downregulation of NKA
a, and f, with hypokalaemia to help preserve extracellu-
lar [K*] (Thompson and McDonough 1996; McDonough
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and Youn 2005; McFarlin et al. 2020). The ratio of NKA
isoform abundances in rat sarcolemmal giant vesicles
between pooled oxidative compared to glycolytic muscles
for a;, o, and B, was 2.4, 1.6 and 0.8, respectively, with B,
found almost exclusively in oxidative muscles (Juel et al.
2001). In rats, o; and B, were greater in red than in white
muscles, whereas differences were less marked for o, and
f, (Fowles et al. 2004), and in mice, a; and a, were greater
in m. flexor digitorum brevis (m. FDB) than in m. EDL
(Ammar et al. 2015). Recently, lesser a; abundance was
found in more glycolytic muscles in mice, whereas dif-
ferences in a, were not proportional to glycolytic activity
(Kutz et al. 2018). Comparisons of isoform protein abun-
dances between different muscles are shown in Table 4.
Whilst these comparisons for a given isoform were only
expressed relative to that in other muscle(s), two studies
have quantified NKA «; and a, contents in different mus-
cles. In rats, a; content determined by immunoblotting
and radiography was only ~ 15-25% of total muscle NKA,
being similar in m. soleus and m. EDL in 4 week old rats
(135-220 pmol g~') and with both lower in adults (~ 70
to 80 and 40-60 pmol g~!, respectively) (Hansen 2001).
In m. EDL in mice, o, and o,, respectively comprised 87
and 13% of the total o isoforms, when determined using an
antibody recognising an epitope common to all o isoforms
(He et al. 2001).

In summary, NKA isoform protein abundances differ
between muscles in rats and mice, although the relative dif-
ferences between muscles varied. All muscles contain a;
and a, isoforms, with a; and to a lesser extent also «, hav-
ing greater abundance in oxidative than glycolytic muscles,
whereas f; abundance was greater in oxidative and f, higher
in glycolytic muscles. A significant limitation was that these
conclusions were based only on relative comparisons, whilst
molar quantifications indicated that «; comprised only ~ 15
to 25% of the total NKA a isoforms in both oxidative and
glycolytic muscles.

Contraction-induced translocation of NKA isoforms
to surface membranes in muscle

An intriguing question addressed over the past quarter cen-
tury was whether exercise or muscle contractions can induce
translocation of NKA isoforms from intracellular sites to
the plasma membrane, with five studies providing evidence
in support of NKA translocation in muscle in rats, although
methods and findings varied (Tsakiridis et al. 1996; Juel
et al. 2001; Sandiford et al. 2005; Kristensen et al. 2008;
Rasmussen et al. 2008). After 1 h running, a; and a, abun-
dances were increased in a purified plasma membrane frac-
tion in both mixed red and white hindlimb muscles, but
without any changes in o, or o, in a purified intracellular
membrane fraction, whilst B; or f, were unchanged in all

preparations (Tsakiridis et al. 1996). They concluded that
additional a subunits could be recruited to plasma mem-
branes during exercise, but limitations included the lack of
reciprocal changes in plasma and internal membrane pools,
as well as the very low membrane yield and small sample
size. After 1 h low-intensity intermittent treadmill running,
each of «;, a,, f; and P, were increased in sarcolemmal
giant vesicles from oxidative muscles (by ~ 19, 32, 27 and
25%, respectively), with o, o, and B, increased in glycolytic
muscles (~22, 25 and 13%, respectively) with these changes
reversed post-exercise and with binding of [*H]-ouabain in
m. soleus also increased (~30%) (Juel et al. 2001). Intense
electrical stimulation of m. soleus that reduced force by
80% increased o and B; (22% and 18%, respectively),
with no change in a,. They concluded that translocation of
NKA isoforms occurred with exercise and were reversible
in recovery, but noted the yield of their method was only
0.3% of the total NKA in muscle (Juel et al. 2001). Stimu-
lation of m. soleus for 90 min increased «; abundance in
homogenates by 15% with no changes in a, or f;, whilst in
a sarcolemmal fraction, a; and o, were increased (14% and
40%, respectively), whereas in an endosomal fraction, o;
and o, were decreased after 15 min stimulation (27% and
42%, respectively), with o, increased (29%) after 90 min
and with ; unchanged in both fractions (Sandiford et al.
2005). Further, after 90 min stimulation, the homogenate
[*H]-ouabain-binding site content was also 16% greater
than controls, with 3-O-MFPase activity increased by 53%
in a homogenate and by 40% in a sarcolemmal fraction.
They concluded that NKA o isoforms were translocated to
sarcolemmal membranes and contributed to the observed
increase in NKA activity (Sandiford et al. 2005). After
intense intermittent running, o, was increased by 41% in
sarcolemmal giant vesicles and by 36% in an enriched outer
membrane fraction (2.1-2.4% protein recovery), along with
a 37% increase in 3-O-MFPase activity, from pooled mixed
muscles (Kristensen et al. 2008). After stimulation of m.
soleus and cell surface biotinylation, o, was increased by
40%, with caveolin-3 abundance increased by ~ 19% after
exercise and stimulation (Kristensen et al. 2008). They con-
cluded that NKA «, can be translocated from caveolae and
from intracellular sites to the plasma membrane by muscle
contractions. They separately also reported that treadmill
running increased NKA a abundances and NKA activity
(Na*-stimulated *P-ATP hydrolysis) in giant vesicles from
mixed hindlimb muscles (53% and 67%, respectively) and
in an enriched outer membrane fraction from mixed mus-
cles (both by 33%) and concluded that translocation of o
isoforms directly contributed to increased NKA activity in
exercised muscle (Rasmussen et al. 2008).

In summary, considerable evidence has accumulated in
favour of NKA «, translocation in muscle after exercise and
induced contractions, primarily obtained utilising purified
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Table 4 Historical comparisons of immuno-detection of NKA isoform protein relative abundances between different muscles in rats and mice

References Species Muscles compared (in order shown from first red
relative to last white muscle)

Preparation

NKA isoform Ratio(s)?

Hundal et al. (1993) Rat Pooled red: pooled white muscles, comprising m.
soleus, m. gastrocnemius (red) and m. quadriceps
(red): m. gastrocnemius (white) and m. quadriceps
(white)

As above
As above
As above

Thompson and Rat m. diaphragm: m. soleus: m. gastrocnemius (red):
McDonough m. gastrocnemius (white): m. EDL"®
(1996)

As above
As above
As above

Lavoie et al. (1996) Rat m. soleus: m. gastrocnemius (white)
(immuno-gold labelling)

Juel et al. (2001) Pooled oxidative: pooled glycolytic muscles,
comprising m. soleus, m. vastus intermedius,
m. gastrocnemius (red): m. vastus lateralis
(white), m. gastrocnemius(white) and m. tibialis
anterior(white)

As above
As above
As above

Fowles et al. (2004) Rat m. soleus: m. gastrocnemius (red): m. EDL: m.
gastrocnemius (white)

As above
As above
As above

m. soleus: m. gastrocnemius (red): m. EDL: m.
gastrocnemius (white)

As above
As above
As above
Ammar et al. (2015) Mouse m. FDB: m. soleus: m. diaphragm: m. EDL
As above

Kutz et al. (2018) Mice m. soleus: m. gastrocnemius (red): m. gastrocne-
mius (white): m. plantaris: m. EDL

As above

SL fraction
IC fraction

SL fraction
IC fraction

SL fraction
IC fraction

SL fraction
IC fraction

Homogenate

Homogenate
Homogenate
Homogenate

Ultrathin cryosection

SL (giant vesicle)

SL
SL
SL
Homogenate

Homogenate
Homogenate
Homogenate
Crude membrane

Crude membrane
Crude membrane
Crude membrane
Homogenate lysate
Homogenate lysate
Homogenate lysate

Homogenate lysate

&

5]
B,
P2

1

L)
By
B>

&

%)
By
B,

&

L5]
P
B,
&
L5]
&

o

1:3
1:3
43:33:1.7:0.8: 1

1.4:0.7: 1.1: 0.6: 1
2.0:2.5: 1.5:ND: 1
ND:ND: 0.8: 1.3: 1
1: 1.4

24:1

1.6:1

>30:1

0.8:1
6.7:43:1.7: 1

1.2:14:14:1
2.0:1.3:1.2:1
0.4:0.9:0.8: 1
2.5:14:09:1

1.3:1.2: 1.0: 1
50:35:18: 1

0.1:0.2: 0.7: 1
32:2.7:2.8: 1
1.6:1.4: 1.1: 1
20:10: 5: 4: 1

2.5:1.8:03:1.3:1

~no difference found, ND not detected, SL sarcolemma, /C intracellular

#When relative abundances of multiple muscles were compared and details provided, all ratios are included together. Ratios rounded to one deci-

mal place

PRat muscle fibre types cited as approx: m. soleus, 87% slow oxidative fibres, with some fast glycolytic-oxidative fibres; red gastrocnemius,
a mixed muscle type, 30% slow oxidative fibres, 62% fast glycolytic-oxidative and 8% fast glycolytic; m. EDL, a classically fast muscle type,
both fast glycolytic-oxidative (42%) and fast glycolytic (56%), with only 2% slow oxidative fibres; m. gastrocnemius (white), very fast glycolytic
muscle (84%) with some fast oxidative fibres; and m. diaphragm, a mixed muscle type, approximately 40% slow oxidative, 27% fast glycolytic-

oxidative, and 34% fast oxidative (Thompson and McDonough 1996)
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membrane preparations, showing increases in sarcolemmal
preparations and reductions in intracellular preparations,
as well as cell surface biotinylation. Uncertainty remains
because of inconsistencies in the actual isoforms involved,
the detection and reciprocity of gains/declines of isoform
abundances in these fractions, differences between exercise
and electrical stimulation, low protein yields of purified frac-
tions and small sample sizes. Further work is required to
unequivocally support translocation of NKA to the surface
membrane with muscle contractions, but would be extremely
beneficial to increase muscle NKA activity (Benziane and
Chibalin 2008), reduce intracellular K* loss, preserve E,
and therefore contribute to minimising muscle fatigue
(Renaud et al. 2023).

Effects of training and inactivity in animals on muscle NKA
isoforms

Numerous studies have demonstrated upregulation of NKA
isoforms with training in animals, but differ greatly in the
magnitude of responses between muscles, types of train-
ing and animal models used. In rats with surgically induced
myocardial infarction, endurance training for 6-8 weeks
increased both o, and B, in m. gastrocnemius (red), but not
in m. gastrocnemius (white) (Helwig et al. 2003). In senes-
cent rats, endurance training for 13—14 weeks increased o,
and o, in m. gastrocnemius (red) (15, 73%, respectively), a,
in m. gastrocnemius (white) (89%) and m. EDL (34%), B,
in all three muscles (by 2-3-fold), but reduced f, and p; in
m. gastrocnemius (white) (64, 49%, respectively) and B; in
m. gastrocnemius (red) (67%) (Ng et al. 2003). In rats fed a
chow diet, 5 day swim training did not alter a,, a,, or f, but
reduced B, (45%) in m. gastrocnemius (white), whilst rat fed
a high fat diet for 4 weeks had an initial elevation in ; (50%)
and reductions in both a, (50%) and B, (52%), that were
each normalised after training (Galuska et al. 2009). Thus, in
rats, diet affected the NKA isoforms in muscle and training
normalised these changes. In horses, 18 weeks of combined
interval and endurance training increased o, in m. vastus
lateralis and m. pectoralis descendens (2.2- and 1.5-fold,
respectively) and also B, (1.7-fold) in m. vastus lateralis (van
den Burg et al. 2009). Finally, after sprint interval training
for 3 days, increases were found relative to controls in m.
soleus, for o, (trained 41% increase compared to control 15%
reduction, net increase 56%), o, (net increase 101%) and f3,
(net increase 31%), with no changes evident after 3 weeks
training, whilst in m. EDL, «; was increased after 3 days
(net increase 58%), a, and f; were unchanged and 3, abun-
dance reduced (38%) (Rasmussen et al. 2011). After endur-
ance training, no differences were seen after training for any
isoform in m. soleus, or in m. EDL except for reduced £,
after 3 day and 3 weeks training (27 and 64%, respectively).
Thus, considerable differences were seen between studies on

NKA isoform adaptability, with very large and inconsistent
increases reported in isoforms and including that increased
o, was also not always found after training, as expected by
the 20—40% increases in [3H]—0uabain—binding site content
found after training.

Reductions in [3H]-0uabain-binding site content in animal
muscles after inactivity (Sect. Inactivity) infers correspond-
ing o, downregulation, but few studies have examined NKA
isoform changes with inactivity in animal muscles. Many
studies used cage-bound rats as controls, which enforce
sedentary behaviour and display ~20% lower «, in both m.
soleus and m. EDL compared to rats that undertook vol-
untary wheel running for 12 weeks (Xu et al. 2018). This
suggests that o is sensitive to chronic reductions in activ-
ity levels in rats and also that a component of the training
responses in earlier studies in rats was simply due to restora-
tion of their normal daily activity. Several studies recently
demonstrated early, localised changes in a, (but not a,)
and E,, in m. soleus after inactivity induced via short-term
hindlimb suspension in rats (Kravtsova et al. 2015, 2016;
Kravtsova and Krivoi 2021; Petrov et al. 2017). The a, was
unchanged after 6 h, increased by 150% after 12 h, by 125%
after 24 h, primarily at extrajunctional membranes (cave-
olae and t-tubules), but did not differ from control by 72 h.
Resting E,, was slightly depolarised at each time, primarily
due to small reductions in the electrogenic contribution of
a, to the E,, at both junctional and extrajunctional regions.
Hence, NKA o, and associated E,, are differentially regu-
lated in the early hours after hindlimb suspension.

NKA isoform-specific Na* and K* affinities

The affinity of NKA isoforms for Na* and K* determines
their binding at intracellular and extracellular sites and thus
also modulates NKA activity. In non-muscle tissues, differ-
ent NKA af} isoform complexes display an apparent affin-
ity for Na™ (K|, 5) ranging from 8.8 to 27.9 mM and for K*
(Ky5) from 1.9 to 6.2 mM (Blanco and Mercer 1998). In rat
muscle, the affinities for Na* and K* were higher (i.e. lower
K,,) in oxidative than glycolytic fibres and treadmill running
reduced the K, for Na* in m. vastus lateralis (white) which
removed the difference between fibre types and increased
K, in oxidative fibres; exercise did not affect the K, for
K" (Juel 2009). The Na* and K affinities of human NKA
isoforms were measured after aff complexes were expressed
in Xenopus oocytes, with the apparent affinity for Na* (K 5)
dependent on the o isoform, in the order o;f; > a,p; > o33,
(8.3 to 24.7 mM), whilst the apparent affinity for K* (K|, 5)
for afy complexes ranged from 0.92 to 2.70 mM (Crambert
et al. 2000). In mouse m. flexor digitorum brevis fibres, the
K, s for K* for o, was ~4 mM, which implies saturation in
the [K™], range of 2040 mM and with its abundant t-tubular
location, means that o, can respond rapidly to elevated [K*]
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within the t-tubules (DiFranco et al. 2015). In contrast, K, 5
values for K* for a; of ~1 to 2 mM indicate that o; oper-
ates above its K 5 at resting [K*], and thus likely primarily
contributes to Na*/K* exchange and membrane potential
whilst the muscle is at rest. Hence, they proposed the «;
was responsible for these roles in quiescent muscle, whereas
a, provides a reserve capacity for rapid NKA activation in
contracting muscles.

In summary, the NKA affinities for Na* and K* were
higher in oxidative than glycolytic fibres and also vary
between different aff complexes, which affect NKA activity.
Different affinities of o, and a, for K™ also enable specific
NKA of complexes to function throughout the physiological
range of [K*],, with a; complexes proposed to be primarily
active under conditions of low [K*], at rest and in recovery
and o, complexes during contractile activity when [K*], is
substantially elevated.

Genetic manipulation of NKA a isoforms in muscle and their
functional implications

A major development was the use of gene targeting to inves-
tigate different physiological roles of NKA «;, «, and a; iso-
forms in mice, developing animals with a global knockout,
lacking one allele of the NKA genes (Lingrel et al. 2003;
Kutz et al. 2018; He et al. 2001), as well as targeted gene
deletions of the a, isoform in skeletal muscle (Radzyuk-
evich et al. 2013; Manoharan et al. 2015). Global knockouts
revealed each of the o isoforms were essential for survival,
with complete knockout of a; and o3 non-viable and «,
global knockout pups either born dead or dying within a
few minutes after birth (Lingrel et al. 2003; Moseley et al.
2007). In contrast, animals lacking one allele of the a;, o, or
a; genes were viable and fertile but demonstrated isoform-
specific behavioural changes, including in locomotor activity
(Lingrel et al. 2003; Moseley et al. 2007).

In mice lacking one copy of «; (a;*'7) or of a, (a, ™),
the a; and o, abundances were correspondingly reduced by
48% and 46% in m. EDL, where force was reduced by 20%
in o/~ mice, but increased by 2% in a, ™~ mice (He et al.
2001). A compensatory 39% increase in o; was found in the
a, "'~ mice, whereas p isoforms, Na*_ and K™, and fatigue-
induced reductions in force were unchanged in both mouse
models. In «, heterozygous (a,™~) and a, knockout (o, ")
mice, the perinatal m. diaphragm o, was decreased by 38%
and absent, respectively, with substantial compensatory o,
upregulation of 47% and 94%, respectively (Radzyukevich
et al. 2004). Importantly, in the oc[/ ~ mice, they found that
the m. diaphragm was capable of maintaining near-normal
E,,, AP’s and force, including during fatiguing contractions,
although a reduced ability to sustain trains of AP’s was
found. These findings provided strong evidence for the role
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of o, in NKA “housekeeping” functions of maintaining Na*/
K* gradients and E,,. In mice where NKA a, was specifi-
cally knocked out in skeletal muscle (ska,, ™), despite a 2.5-
fold compensatory increase in «,, running speed and capac-
ity during an incremental test were markedly impaired, the
m. EDL was more fatigable in-vivo as well as in vitro, with
twitch and maximal force reduced by 24-54% in m. EDL
and m. soleus which was also more fatigable than in wild
type mice (Radzyukevich et al. 2013). Resting muscle E,
did not differ between wild type and ska, ' “mice, consist-
ent with other findings (Ammar et al. 2015). These findings
suggest that a, only played a small role in £, maintenance
in resting muscle, but is essential for locomotor activity,
provided a reserve capacity for Na*/K™ transport during
muscle contractions and was essential for resisting fatigue
that might occur due to K* build up in t-tubules. The greater
fatiguability in these ska,”~ animals was consistent with
lacking any a, in t-tubules and sarcolemma. Recently, in o,
haplo-deficient/heterozygous (o, *'~) mice, «, was reduced
by 30-40% in m. soleus, m. plantaris and m. EDL, without
any compensatory increase in a,, changes in NKA activity
or running performance (Kutz et al. 2018). However, the m.
soleus mass was reduced by 9% in o, "~ mice, indicating
that o; was important for maintaining m. soleus growth, sug-
gested to be due to cardiotonic steroid-induced intracellular
signalling (Xie and Askari 2002).

In summary, studies with genetically modified mice
strongly support different roles and locations of a; and «,
isoforms in skeletal muscle. The «, is located primarily in
the sarcolemma with lesser t-tubular abundance and plays
a key role in maintaining resting muscle Na*/K* exchange
and E,_, as well as growth in oxidative muscles, but with
little specific role during muscle contractions. In contrast,
the o, isoform is located primarily in the t-tubules with
lesser abundance in the sarcolemma, has little role in rest-
ing muscle, but plays a key role in Na*/K* exchange, E,,
and fatigue resistance during stimulated muscle contractions
and exercise.

FXYD expression in skeletal muscle in animals at rest
and with exercise

The earlier described y-subunit of NKA was later desig-
nated as FXYD2, a member of the FXYD family that
comprises seven family members (FXYD, ;) and includes
FXYD1, originally named phospholemman (Sweadner and
Rael 2000). The FXYD family are small, single-span mem-
brane proteins associated with NKA, with FXYDI1 mainly
expressed in skeletal muscle and heart (Geering et al. 2003;
Geering 2005, 2006). The tissue distribution, interactions
with NKA and physiological implications of individual
FXYD proteins are covered elsewhere (Garty and Karlish
2006; Yap et al. 2021).
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FXYDI1 was first identified in skeletal muscle sarcolem-
mal membrane fractions as a 15 kDa peptide that was phos-
phorylated by insulin (Walaas et al. 1977) and later detailed
in muscle (Walaas et al. 1988) and in cardiac membranes
(Palmer et al. 1991). In rat muscles (not specified) FXYD1
was associated with NKA a; but not a, and reduced appar-
ent affinity for intracellular Na* and for K*, thus being an
important regulator of NKA activity (Crambert et al. 2002).
Others have also shown NKA regulation via FXYD phos-
phorylation increasing Na™ affinity (Bibert et al. 2008; Cirri
et al. 2011). Insulin, adrenaline, cAMP, electrical stimula-
tion and exercise all increase FXYD1 phosphorylation in
muscle, which likely plays a vital role in regulating NKA
activity in muscle, including via increasing NKA affinity for
Na*t (Pirkmajer and Chibalin 2016). Whilst FXYD1 inter-
action with NKA inhibits NKA activity and decreases Na*
affinity, FXYD1 phosphorylation relieves this inhibition and
increases Na* affinity, which allows protection against cellu-
lar Na* overload (Yap et al. 2021). Hence, increased FXYD1
abundance and particularly phosphorylated FXYD1 in mus-
cle, or specifically in plasma membranes due to transloca-
tion, enable increased overall increased capacity of muscle
to regulate [Na*]; and [K*];.

In rats, FXYD1 abundance was ~ 15% higher in m. EDL
than in m. gastrocnemius (red), was primarily present in the
sarcolemma, was associated with both a; and a, and an anti-
FXYD1 antibody reduced NKA activity by more than 50%,
indicating that FXYD1 modulates NKA activity (Reis et al.
2005). The FXYD1 abundance was similar in m. EDL and m.
soleus in rats (Rasmussen et al. 2008). Treadmill running in
rats increased FXYD1 by 203% in sarcolemmal giant vesi-
cles and by 344% in an outer membrane-enriched fraction,
prepared from mixed muscles, without change in phospho-
rylation of Serine®® (Rasmussen et al. 2008). This increased
FXYDI in plasma membranes was attributed to transloca-
tion of FXYD1 and o subunits, with an increased association
between FXYD1 and a, also seen and proposed to partially
contribute to increased muscle NKA activity after exercise.
In m. soleus, FXYD1 was located in the sarcolemma and
throughout the fibres and immunoprecipitation indicated
FXYD1 were associated with around 30% NKA «, and a,
isoforms. Subsequently, whilst an acute bout of exercise did
not change FXYD1 in either m. soleus or m. EDL, 3 days of
training increased FXYD1 after exercise in m. soleus and
conversely reduced FXYD1 in m. EDL (Rasmussen et al.
2011). Contrary findings were obtained in FXYD1-knock-
out mice, which showed normal exercise capacity, fatigu-
ability, a, abundance, ouabain-inhibitable Rb* uptake and
furthermore, found that in vivo muscle contraction did not
alter FXYD1 phosphorylation in muscle (Manoharan et al.
2015). They concluded that neither FXYD1 nor FXYD]1
phosphorylation was required for normal muscle function
with exercise.

In summary, FXYDI1 is found in rat skeletal muscle, is
associated with some NKA a; and a, isoforms and exercise
increased its association with ;. Whilst acute exercise did
not increase overall FXYD1 abundance in muscle, FXYD1
was increased in sarcolemmal membranes, possibly result-
ing from translocation from undetermined intracellular sites.
Whilst an increased sarcolemmal FXYD1 abundance and
association with o isoforms would contribute to increased
sarcolemmal NKA activity, studies in FXYD1-knockout
mice revealed that FXYD1 was not essential for NKA
function. Exercise or muscle contractions do not appear to
increase FXYD1 phosphorylation in rat or mouse muscle.

NKA isoform and FXYD expression in human skeletal
muscle

NKA gene expression in human muscle

Multiple NKA gene transcript variants were first detected
in human muscle for a;, a, and f, (Nordsborg et al. 2003a),
followed by detection of each of the NKA o;,—o; and ;-
gene transcripts (Murphy et al. 2004) and since confirmed
(Nordsborg et al. 2005b; Murphy et al. 2006; Aughey et al.
2007; Perry et al. 2013). Detection of these transcripts also
in human muscle cell cultures suggested that this expression
was unlikely due to contamination by nervous tissue, adi-
pocytes or leucocytes (Murphy et al. 2004). The «; mRNA
was 20-fold more abundant than of a,, #; 100-fold more
abundant than B, and B;, whilst the oy and a, transcripts
were present, but not at reliable detection levels (Nordsborg
et al. 2005b). Recreationally active males had several-fold
higher o; and B; mRNA expression than recreationally
active females, whereas a;, a,, f; and f, mRNA did not
differ (Murphy et al. 2007). Early studies in unspecified
human muscle detected very low levels of ; gene (Malik
et al. 1998) and also oy mRNA (Shamraj and Lingrel 1994;
Keryanov and Gardner 2002). However, a, is only abun-
dantly present in sperm cells (Blanco and Mercer 1998) and
was not detected in another study (Murphy et al. 2006). The
NKA gene transcripts expressed in human muscle are sum-
marised in Table 5.

NKA isoform protein abundances and their localisation
in human muscle

NKA distribution in fast and slow twitch muscle fibres from
patients undergoing surgery, comprised sarcolemmal distri-
bution in transverse sections and in longitudinal sections,
a cross-striation effect with NKA confined at the I-band,
suggesting a t-tubular location (Benders et al. 1992). In m.
soleus obtained from patients undergoing limb amputa-
tion, each of a,, a,, a3 and P, were expressed and primarily
located in a plasma membrane (96%, 58%, 88% and 74%,
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respectively, as percentage of total) compared to an inter-
nal membrane fraction, with p, not detected (Hundal et al.
1994). Immunocytochemical analyses indicated that a; was
located in the surface membrane, whereas o, was located at
surface membranes and also diffusely distributed through-
out the fibres. In healthy human m. vastus lateralis each of
the ;3 (molecular mass ~ 100 to 105 kDa) and B;-; (~45
to 52 kDa) proteins were detected in homogenates, which
enabled recovery of all NKA (Murphy et al. 2004). Thus,
human muscle expresses each of the o, oy, a3, f;, B, and
f3; isoforms, but their molar abundances and off complexes
remain unknown.

Human muscle is heterogeneous with respect to fibre-type
composition and fibre-type-specific approaches are recom-
mended for analyses of intervention effects for NKA and
proteins involved in contractile, metabolic, signalling and
stress responses (Tobias and Galpin 2020). Recent studies
compared the relative abundance of NKA isoforms in Type I
and Type II single fibres and found few, or inconsistent, fibre
type differences in NKA isoform expression (Thomassen
et al. 2013; Wyckelsma et al. 2015, 2016, 2017; Christiansen
et al. 2018a; Perry et al. 2016), in contrast to the differences
typically seen in isoforms between different muscles in rat
(Sect. NKA isoform muscle specific expression). Each of o,
a, and f3;, as well as FXYD1 were expressed in both Type
I and Type II fibres, but with no differences between fibre
types, except for 37% a, higher in Type II fibres (Thomas-
sen et al. 2013). A later investigation detected all o, ; and
B, isoforms in both Type I and Type IIa muscle fibres, but
with no fibre-type differences, except for 8, which was ~45%
higher in Type Ila fibres (Wyckelsma et al. 2015). Higher
a5 and B, were found in Type Ila than Type I fibres, with
no other fibre-specific differences detected (Wyckelsma
et al. 2016). In contrast, a subsequent study found higher o,
(17%), B; (62%) and P, (54%) in Type 1II than I fibres and
higher (35%) FXYDI1 in Type I fibres, with no differences
for o, o3 and B5 (Christiansen et al. 2018a). No differences
between fibre types were then found for a,, #; and FXYDI
abundances and FXYD1 phosphorylation, but higher o,
(29%) was seen in Type I fibres in the control leg (Christian-
sen et al. 2019). Finally, no differences were found between
Type I and Ila fibres for a,, B; or for FXYDS5, although
glycosylated-f, was higher in Type Ila fibres (Hostrup et al.
2023). Hence, there is no consensus on NKA isoform dif-
ferences between fibre types in human muscle, with further
studies clearly required, ideally using a large sample size
comprising both men and women.

Ouabain, Na* and K* affinities An early study reported that
human muscle expressed ouabain-binding sites with two dif-
ferent affinities (Desnuelle et al. 1985), but others reported
only small differences in ouabain sensitivity between nine
different human NKA aff complexes after expression in
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oocytes, with all aff complexes exhibiting high affinity for
ouabain (Crambert et al. 2000). The ouabain affinity was
also measured in human o, o, and o isoforms in situ in
skeletal muscle, finding that all three o isoforms had almost
the same affinity for ouabain (Wang et al. 2001). Thus,
human NKA affinity for ouabain does not differ between
NKA complexes, supporting the use of ouabain binding as a
measure of NKA content in human muscle. The Na* and K*
affinities of different human NKA aff complexes were also
examined, finding that K* affinity was lower in o, than in
o,B, complexes, whilst the Na* affinity was affected by the o
isoform expressed, in the order a;3; > o,f3; > a3, (Crambert
et al. 2000).

Effects of acute exercise on NKA isoform gene expres-
sion Intense knee extension exercise increased m. vastus
lateralis o; mRNA ~threefold (Nordsborg et al. 2003a).
Subsequently, brief, intense exercise was shown to elevate
each of the a;, oy, a3, By, P, and f; mRNA’s, when aver-
aged over 0, 3 and 24 h post-exercise, with variable time
courses of changes (Murphy et al. 2004). Increases in o,
a,, B, and p; mRNA were confirmed 0-5 h after intense
knee extensor exercise (Nordsborg et al. 2005b), of o, a,
and a; mRNA after intense interval cycling (Aughey et al.
2007), a; and f; mRNA at O and 3 h after repeated 30 s
maximal cycle sprints, whereas }, mRNA was decreased
(Christiansen et al. 2018a). In contrast, prolonged exhaus-
tive cycling did not elevate the average post-exercise NKA
mRNA for any isoform, although single post-exercise time-
point increases were seen for o, a3 and f, mRNA (Murphy
et al. 2006). Hence, although there is evidence that each of
the NKA gene transcripts in human muscle can be increased
with exercise, the extent and time-course of these effects are
variable and the effects of exercise type, intensity and dura-
tion are not yet fully established. Nonetheless, this suggests
that post-transcriptional regulation of NKA is important and
likely plays a role in NKA adaptability in human muscle
undergoing repeated bouts of exercise, i.e. training. The
likely mechanisms underpinning these acute exercise effects
on NKA mRNA in human muscle are recently discussed
(Christiansen 2019).

Effects of acute exercise on NKA isoform protein abun-
dances Most studies that investigated acute exercise
effects on the NKA isoform abundances in humans found
no changes in o, o,, a3, B;, B, and p; when measured in
crude muscle homogenates, after each of brief, intense exer-
cise (Murphy et al. 2004), prolonged, exhaustive exercise,
except for an increase in o; (Murphy et al. 2006), intense
interval exercise (Aughey et al. 2007), or 2 h cycling at 60%
VO,pea (Green et al. 2011). Hence, acute exercise did not
affect NKA isoform abundances in human muscle, although
the effects in single fibres are not yet known. More extreme
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Table 5 NKA isoform mRNA or protein expression in skeletal muscle in humans

References n, sex (F, M) Age (years)  Muscle (fibre type) o o, o5 oy By B, B3
mRNA
Shamraj and Lingrel (1994) nr nr nr +
Keryanov and Gardner (2002) nr nr nr +
Malik et al. (1998) nr nr nr +
Nordsborg et al. (2003a) 6M 25 v. lat + + +
Murphy et al. (2004) TF,7TM 24 v. lat + + + + + +
Petersen et al. (2005) TF.8 M 25 v. lat + + + + + +
Nordsborg et al. (2005a) 10M 25 v. lat + + + + -
Deltoid + + + + +*
Nordsborg et al. (2005b) &M 24 v. lat + + + +* + + +
Murphy et al. (2006) SF,6 M 24 v. lat + + + - + + +
Perry et al. (2013) 10F,9 M OA 70 v. lat + + + + + +
8F, 9 M 70 + + + + + +
Christiansen et al. (2018a) 19M 24 v. lat + + + + + +
Protein®
Hundal et al. (1994) 5, nr PVD nr Soleus + + + + -
Murphy et al. (2004) TF,TM 24 v. lat + + + + + +
Murphy et al. (2006) SF,6 M 24 v. lat + + + + + +
Mohr et al. (2006) 13M 26 + + +
Thomassen et al. (2010) 18 M 23 v. lat + + +
Thomassen et al. (2013) 6M 27 v. lat. Type I + + +
v. lat. Type ITA + + +
Petersen et al. (2012) 3F,7TM 40 v. lat + + + + + +
Wyckelsma et al. (2016) 8F,6 M 26 v. lat. homog + + + + + +
7F,10 M 69 v. lat. Type I + + + + + +
v. lat. Type IIA + + + + + +
Wyckelsma et al. (2017) 6F9M 69 v. lat. homog + + +
v. lat. Type I + + +
v. lat. Type IIA + + +
Christiansen et al. (2018a) 19M 24 v. lat. Type I + + + + + +
v. lat. Type ITA + + + + + +

All references presented in chronological order. F, female, M, male; Age in mean years

Presence of NKA isoform detected (+), inconsistently detected (+ *) or not detected (—); blank cell indicates the transcript was not probed for

All analyses on healthy humans except where indicated as: OA, osteoarthritis; PVD peripheral vascular disease limb amputees, RTx, renal trans-
plantation patients; HDP, haemodialysis patients; Muscle: v. lat., m. vastus lateralis; Type I, IIA Type I fibres and Type IIA fibres; homog.,

homogenate

2Only selected articles on NKA isoform protein expression are included here, for simplicity

exercise over 16 h, comprising intense cycling for 6 min
at 91% VO, repeated each hour, did, however, increase
muscle a, (~26 to 30%) and oz (~29 to 40%), but reduced
B; (~ 10%) protein (Green et al. 2007).

Effects of training and inactivity on NKA isoform protein
abundances As recently reviewed, the effects of training on
the a;, a, and B, isoforms in human muscle are highly vari-
able and inconsistent, contrasting robust findings of 8-22%
increases in muscle NKA content after a range of training
types (Wyckelsma et al. 2019). More recent training studies
also show considerable differences in adaptability of NKA

isoforms. Resistance training increased both o (32%), a,
(32%), with B; and B, unchanged (Altarawneh et al. 2020),
whilst, in another study, induced large increases in o, (70%)
and B, (78%), with these also similarly increased after low-
load resistance training with restricted blood flow (Wang
et al. 2023). High-intensity interval training for 6 weeks
increased o, (41%) and B, (10%), but not o, (Lemminger
et al. 2022), did not change a, or f;, but increased glyco-
sylated PB; and lowered FXYD5 in Type Ila muscle fibres
(Hostrup et al. 2023). Thus, further work is required to
resolve these different outcomes in NKA isoform adaptabil-
ity with training in humans. Studies examining the effects

@ Springer



European Journal of Applied Physiology

of reduced physical activity utilising bedrest, detraining, or
unilateral limb suspension on human muscle NKA content
and isoforms are few and their findings inconsistent (Wyck-
elsma et al. 2019).

FXYD expression in human muscle at rest and after exer-
cise FYXD1 mRNA was initially found to be expressed in
high abundance in human muscle (unspecified) (Chen et al.
1997). FXYD1 mRNA was not affected by acute exercise
comprising 4x30 s maximal sprints on a cycle ergometer
(Christiansen et al. 2018a), or moderate-interval running,
but was increased when running was performed with blood
flow restriction (Christiansen et al. 2018b).

The effects of acute exercise on FXYD1 abundance and
phosphorylation in human muscle are shown in Table 6. The
FXYD1 protein was first detected in human m. vastus later-
alis (Garvey et al. 1998), subsequently found to be widely
expressed in human tissues (Floyd et al. 2010), and is the
main isoform in muscle, although FXYDS5 is also expressed
(Boon et al. 2012). Only one study has reported an increased
total FXYD1 abundance with acute exercise, being increased
19% after 5 min intense knee extension exercise (Thomassen
et al. 2013). However, several studies have demonstrated that
acute exercise can increase muscle FXYD1 phosphorylation
status in humans, with differing methods and results (Benzi-
ane et al. 2011; Thomassen et al. 2011, 2013, 2016; Kalsen
et al. 2016). One hour knee extension increased FXYD]1
phosphorylation at Serine®® and Serine®® by 107% and 35%,
respectively (Benziane et al. 2011), whilst combined intense
and then submaximal exercise increased FXYD1 phospho-
rylation (32%) and specifically increased serine®® (43%),
serine®® (26%) and combined serine®® and threonine® (26%)
phosphorylation (Thomassen et al. 2011). Brief intense knee
extension exercise, increased the non-specific phosphoryl-
ated FXYD1 in both Type I (28%) and Type II fibres (46%),
with serine® phosphorylation also increased (90%) in Type
II fibres (Thomassen et al. 2013). Intermittent exercise com-
prising short submaximal cycling then repeated intense exer-
cise bouts, increased non-specific FXYD1 phosphorylation
(100%), phosphorylation at FXYD1 Serine®® (~60%) and
Thr® (~ 150%) but not FXYD1 Serine®® (Thomassen et al.
2016). However, 30 s maximal sprint exercise did not change
FXYD1 phosphorylation status (Kalsen et al. 2016). In sum-
mary, only one study has reported increased total FXYD
abundance in muscle after acute intense exercise, whereas
several have demonstrated increased FXYD phosphoryla-
tion at non-specific, Serine®?, Serine®® and at Thre®® sites.
An increased FXYDI1 phosphorylation would be expected
to increase the affinity for intracellular Na* and contribute
to increased muscle NKA activity (Pirkmajer and Chibalin
2016; Yap et al. 2021), suggesting that FXYD1 phosphoryla-
tion in muscle is also an important regulatory response to
exercise in humans.
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Effects of exercise training and inactivity on FXYD expres-
sion and phosphorylation in human muscle Several studies
demonstrated that training can increase FXYD1 abundance
and/or phosphorylation in human muscle (Thomassen et al.
2010, 2016; Skovgaard et al. 2017, 2018; Mohr et al. 2017),
whilst others found no effect (Benziane et al. 2011; Lem-
minger et al. 2022). Two weeks of high-intensity exercise
training (HIT) elevated FXYD1 phosphorylation by 27%
(Thomassen et al. 2010), whereas 10 days of combined aer-
obic training and HIT did not change total FXYD1 or the
phosphorylation status (Benziane et al. 2011). Intensified
training with reduced volume increased total FXYD1 by 30%
and increased non-specific FXYD1 phosphorylation (30%),
with greater increases during intense exercise after training
in phosphorylation at Ser®® and Thre® sites (Thomassen
et al. 2016). After speed endurance combined with moder-
ate intensity training, both FXYD1 abundance (57%) and
FXYD1 non-specific phosphorylation (46%) were increased
(Skovgaard et al. 2017). In pre-menopausal women, FXYDI1
abundance was unchanged in m. deltoid after soccer, moder-
ate intensity swim or high intensity intermittent swim train-
ing, but was increased in m. vastus lateralis after moderate
swim training (42%) (Mohr et al. 2017). High-volume sprint
interval training increased total FXYD1 (~90%) but did not
alter phosphorylation status, with total FXYDI remain-
ing elevated (~50%) during subsequent 18 d tapering with
reduced training (Skovgaard et al. 2018). Speed endurance
training did not change FXYDI abundance (Lemminger
et al. 2022), whilst high-intensity training decreased FXYD5
in Type I1a but not Type I fibres, which was suggested to sta-
bilise NKA complexes in Ila fibres (Hostrup et al. 2023). In
summary, training increased FXYD1 abundance and phos-
phorylation in several studies. An increased FXYD1 abun-
dance in muscle with training would dis-inhibit NKA and
thus together with elevated FXYD1 phosphorylation status,
would be expected to increase NKA activity in muscle, and
potentially counter Na*/K* fluxes during contractions. This
would help to preserve muscle force during exercise despite
elevated muscle [K*];,, and avoid fatigue that ensues under
conditions of metabolic stress (Renaud et al. 2023).

Two weeks of reduced activity lowered FXYDI protein
by 18% (Thomassen et al. 2010). After complete spinal cord
injury, the total FXYD1 in m. vastus lateralis was reduced
(~52%), whereas phosphorylation at Serine®® and Serine®®
were unchanged and FXYDS5 abundance was elevated
(~7-fold), compared to able-bodied controls (Boon et al.
2012). Time-course data after complete spinal cord section
showed a reduction in total FXYD1 after 3 and 12 months
(60%) but with increased phosphorylation at Ser®® (30%),
with no changes found after incomplete spinal cord injury.
Reductions after spinal injury in FXYD1 abundance, but
with unchanged or increased phosphorylation and elevated
FXYDS5, make the overall impacts on NKA activity unclear.
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Lesser FXYDI1 suggests less activation of NKA, but further
work is required to fully understand the effects of inactivity
on FXYD and NKA activity in muscle.

Na* and K* ion concentrations in human
skeletal muscle with exercise

In animal muscles, electrical stimulation of isolated muscles
and exercise such as running or swimming induce profound
reductions in [K+]i and increases in [Na+]i (Balog and Fitts
1996; Juel 1986; Murphy et al. 2008; Lindinger et al. 1987,
Fenn 1937; Sreter 1963), as detailed elsewhere (Renaud
et al. 2023). This section focusses on the effects of exercise
on [K*] and [Na™] in human muscle from the late 1960s
through to the 1980s.

Measurements of [K*] and [Na*] in human skeletal
muscle biopsies

The effects of exercise on [K*], and [Na*], in human muscle
are shown in Table 7. Early studies in humans measured
ion contents, reporting only small decreases in intracellular
K*_in m. quadriceps femoris after either 30 min recumbent
cycling at 49 W (— 1.0 mmol-100 g glycogen-free, fat-free
solids™!), with Na*, increased by 0.5 mmol-100 g glycogen-
free, fat-free solids™') or in K*, after cycling to exhaustion
at 116 W (~ 127 min) (—2.2 mmol-100 g glycogen-free,
fat-free solids™!) (Bergstrom and Hultman 1966; Ahlborg
et al. 1967). These findings were considered unimportant
and inadequate to account for the subjects' exhaustion
(Hultman 1967). Three studies in humans from the 1970s
investigated intense cycling effects on m. vastus lateralis
intracellular ion concentrations, measuring ion contents and
extracellular water volume based on the Cl™ distribution,
then deriving intracellular water volume and ion concentra-
tions (Bergstrom et al. 1971; Costill and Saltin 1975; Sahlin
et al. 1978). The mean [K*]; at rest was 163 mM (range
150-178 mM) and fell after exercise to 146 mM (range
134-165 mM), representing a decrease of 17 mM (range
13-22 mM). Two of these studies also measured [Na*];
which was elevated after exercise by 2.5 mM. However, the
CI™ distribution method did not take into account the pos-
sibility that the CI™ distribution differs between rest and after
exercise. It is known that the muscle cell membrane is highly
permeable to C1™ and that CI™ influx occurs during action
potentials affecting the CI™ distribution, which occurs pas-
sively according to the resting Ey; (see Renaud et al. 2023).
During the 1980s, the [*H]-inulin distribution was used to
measure changes in extracellular water content after exercise

and determine intracellular [ion] (Sjggaard and Saltin 1982;
Sjggaard et al. 1985; Saltin et al. 1981). In the first study,
after three, 3 min cycling bouts at 120% VO,,,,,, the m. vas-
tus lateralis total water content and extracellular (intersti-
tial) water content both increased, whilst the intracellular
water content was unchanged (313 vs. 359, 34 vs. 60 and
280 vs. 299 ml-100 g dry weight™!, rest vs. exercise, respec-
tively (Sjggaard and Saltin 1982). These increases in muscle
water with intense exercise are due to increased intracellular
and extracellular osmolality, with the intracellular changes
mainly due to increases in creatine, inorganic phosphate and
lactate resulting from metabolic activity (Lindinger 2022).
The decline in [K*]; was from 161 to 141 mM after exercise,
whilst [Na™], was unchanged (Sjggaard 1983). The E,, was
calculated from [K*]; and [K*], (plasma [K*],) using the
equation from (Hodgkin and Horowicz 1959) and declined
from — 88 to —79 mV after exercise (Sjggaard 1983). In
a second study, [K*]. declined from 168 to 129 mM after
exhaustion and the calculated E,, declined from — 89 to
—75 mV (Sjggaard et al. 1985). In contrast, after isometric
contractions of the knee extensors at intensities up to 50%
MVC, each of intracellular and extracellular water contents
and [K*]; were unchanged (Saltin et al. 1981). Muscle [K*];
also did not differ between sexes, between muscles with
varying proportions of slow and fast twitch fibres and with
no difference in K*_ between slow and fast twitch muscle
fibre fragments (Sjggaard 1983). In another study, the mus-
cular K™ release during incremental knee extension exercise
was 3 mmol.min~!, whilst the total amount of K* lost from
the leg, which varied with both exercise intensity and dura-
tion, totaled 17 mmol during exercise at 100% VO,,,,, to
fatigue and as much as 40 mmol for exercise lasting 2 h at
60% VO, (Saltin et al. 1987). The role of non-working
muscle in K* homeostasis during intense exercise was also
explored during 4 X 30 s cycle ergometer sprint bouts, with
m. deltoid [K*]; unchanged from 112.7 mM at rest, despite
net K* uptake into the inactive forearm from arterial plasma,
but [K*]; declined to 91.8 mM at 25 min post-exercise
(Lindinger et al. 1990a). These findings suggested that inac-
tive muscle could take up K* released from contracting leg
muscles during exercise and that K* could then be released
in recovery.

In summary, studies in humans during the late 1960s
through to the 1980s utilised intense dynamic exercise lead-
ing to fatigue to measure changes in muscle intracellular
and extracellular water, K* and Na™, with studies finding
[K*]; was decreased with fatigue (mean —21 mM, range
— 13 to — 39 mM), but with more variable increases in [Na*];
(Table 7).

@ Springer
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Non-invasive measurements of Na*. and K*,
in human skeletal muscles

A limiting factor in studies using muscle biopsies is the low
number of sampling times, thereby preventing time-course
studies for change in muscle ions. Hence, a non-invasive
approach such as magnetic resonance imaging (MRI) is
promising for future applications. The main advantages of
using MRI include the ease of participant recruitment, mini-
misation of potential risks with repeated invasive procedures
and time-course measurements from several muscles. How-
ever, MRI measurements are currently hampered by slow
imaging times (~ 15 min) relative to the rapidity of [ion]
changes in muscle during and after exercise. Furthermore,
unless muscle water content is also determined from 'H,
MRI measurements cannot differentiate between intracel-
lular and interstitial ions, thus do not accurately reflect intra-
cellular ion concentrations.

One early study measured the rate of *K* radioactive
decay from the m. quadriceps femoris (and part of m. sarto-
rius) and found that muscle K*_ declined by 3.2% during 2 h
single-leg knee extension at moderate intensity at a moderate
workrate (Qayyum et al. 1993). This was followed by several
MRI studies measuring the signal of the naturally occurring
23Na isotope to determine muscle >’Na at rest and calculate
Na*,, which was typically ~ 26 to 28 mmol-kg~!, but these
studies used small sample sizes and poorly defined, or only
mild intensity exercise protocols (Constantinides et al. 2000;
Bansal et al. 2000; Weber et al. 2006). The Na+C in calf
muscles increased above rest in two males by ~6 mmol-kg ™!
after 5 min of dynamic ankle plantar flexion at 40-50%
MVC (Constantinides et al. 2000), but was unchanged after
repeated toe lifts (Bansal et al. 2000) or after 20 min mod-
erate cycling (Weber et al. 2006). More recently, muscle
23Na was measured in several muscles in 3 women and 3
men, including m. triceps surae, peroneal and superficial
flexor muscles, medial and lateral m. gastrocnemius and m.
soleus with Na*_ increased from a mean resting value of
34.0 (31.9-34.9) to 37.3 (35.3-38.9) mmol-kg ww! after
incremental cycling (Hammon et al. 2015). Recent MRI
studies using a 7 T magnet have used muscle >*Na, *°K
and 'H measurements to calculate [K*] and [Na*] (Chang
et al. 2010; Gast et al. 2022a, b; Hoger et al. 2022). In 7
females and 7 males, in medial and lateral m. gastrocnemius,
m. soleus and m. tibialis anterior, [K*] ranged between 96
and 100 mM and [Na™] between 16 and 19 mM (Gast et al.
2022b), and after 5 min eccentric contractions, [K*] had not
changed whilst [Na™] had increased to ~26 to 28 mM (Gast
et al. 2022a), with Na*_ also elevated after eccentric contrac-
tions in medial m. gastrocnemius and m. soleus (Hoger et al.
2022). In summary, recent MRI measurements have reported
increased muscle [Na*] and decreased [K*] with exercise,

especially when fatigue is involved, which are qualitatively
consistent with the previous studies using muscle biopsies
(Table 7).

Human skeletal muscle interstitial [K*]
with exercise

The resting E,, depends on the transmembrane K* gradient
which is influenced by both [K*]. . and [K*],. The first meas-
ures of [K*], . in contracting muscle in humans occurred
almost 40 years ago, using ion-selective electrodes inserted
within a needle into the m. brachioradialis in 3 individuals,
who performed isometric handgrip contractions for 20-30 s
(Vyskocil et al. 1983). Muscle [K*],,, increased from 4 to
5 mM at rest to a mean of 9.5 mM after maximal contrac-
tions and exceeded 15 mM in one individual. Although the
method was challenged due to potential K leakage artefacts
from damaged fibres, their [K*],, values are similar to those
obtained using the microdialysis technique that was devel-
oped 16 years later. Microdialysis measures include vari-
ability between different probes within an individual, within
individuals during similar exercise and also between indi-
viduals (Juel et al. 2000; Nordsborg et al. 2003b). For exam-
ple in one study, individual [K*],, measurements ranged
between 3.9 and 4.3 mM at rest, whilst during an exercise at
40 W [K*];, ranged between 5.0 to 10.8 mM (Fig. 6 in (Juel
et al. 2000)). One possible explanation for the variability is
the position of the probe in relation to the activated fibres,
with a smaller increase in [K*];,, when a lesser number of
active fibres near the probe. Hence, we only report mean val-
ues here. The mean resting [K*], , typically varied between
4.0 and 4.5 mM and was increased with exercise, which in
some studies was proportional to exercise intensity. Thus,
in m. gastrocnemius medialis, [K*];,, rose to 6.9, 7.4 and
7.5 mM during 15 min isometric plantarflexion contractions
at 15, 30 and 45% maximum force, respectively (Green et al.
1999), whilst during one-legged knee extension exercise
at 10, 30 and 50 W, the m. vastus lateralis mean [K*];,,
increased to 6.2, 7.8 and 9.0 mM, respectively (Juel et al.
2000). Greater increases in mean [K*],, were observed at
higher intensities, reaching 11.1 mM during 5 min dynamic
contractions at 85% peak power output (Green et al. 2000)
and 11.9 mM in m. vastus lateralis during exhaustive knee
extensor exercise (Nordsborg et al. 2003b). During three
bouts of intense one-legged knee extensions to exhaus-
tion, time to fatigue decreased progressively to 5.1, 4.2 and
3.2 min, whilst peak [K+]im reached 11.4, 10.4 and 9.1 mM,
respectively (Mohr et al. 2004). Thus, the point of fatigue
occurred with lower [K*];,, from the first to the third bout.
During 30 min of non-fatiguing knee extensor exercise at 30
W, mean [K*],, rose during the initial 5 min to 10.2 mM,
and then declined progressively to 7.5 mM, whilst in the

@ Springer
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Panel A. NKA a, isoform

Fig.5 Fluorescence and confocal images of NKA o, (Panel I) and
a, (Panel II) isoform expression and localization in m. tibialis ante-
rior and m. EDL, in wild-type mice and in gene-targeted mice with
deletion of NKA a, isoform expression in Skeletal muscle (sko,, ™).
From Figs. 4 and 3, respectively, in Radzyukevich et al. (2013) (with
permission). Panel I: Transverse sections of murine m. tibialis ante-
rior (A, B) and longitudinal scans of m. EDL (C-F) labelled for NKA
o isoform, in wild-type (A, C, E) and in gene-targeted skeletal mus-
cle a, deletion (ska,”™) mice (B, D, F). Tmages show sarcolem-
mal and t-tubular location of «; in wild-type mice, with enhanced o,

same participants, [K*], , reached 9.9 mM during incremen-
tal exercise to fatigue (Nielsen et al. 2004). In one leg that
underwent intense intermittent training, [K*],,, was~2 to
3 mM less in the trained leg throughout continuous exercise
and reached 9.1 mM at fatigue during incremental exercise,
similar to the untrained leg. Finally, in m. vastus lateralis, a

[K*];, of ~ 12 mM was found after two bouts of exhaustive

@ Springer

abundances in sko,™'~) mice. Panel IT: Transverse sections of murine
m. tibialis anterior (A, B, C) and longitudinal scans of m. EDL (D,
E) labelled for NKA «, isoform, in wild-type (A, B, D) and in gene-
targeted skeletal muscle o, deletion (sk(xz(_/ =) mice (C, E). Images
show sarcolemmal (image A, designated by arrows) and t-tubular
locations (A, D) of «, in wild-type mice, with absence of a, in mus-
cle fibres in ska,' ™"~ mice (C, E), although with a, presence retained
in motor nerves and arteriolar smooth muscle (images B and C,
labelled as (small font) “N” and “A” with accompanying arrow head
and arrow)

cycling (each ~2 min), but was unchanged after intense
training (~ 11 mM) (Gunnarsson et al. 2013).

Animal studies have shown that at the physiological tem-
perature of 37 °C, [K*],,, must exceed 10-12 mM before K*
severely depresses tetanic force (Ammar et al. 2015; Ped-
ersen et al. 2003; Uwera et al. 2020). Given that the [K*], ,
rarely exceeds 10—12 mM in most of these microdialysis
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Panel B. NKA a, isoform

Fig.5 (continued)

studies in humans, this suggests that the increase in [K*],
may by itself be insufficient to cause fatigue. However, as
discussed (Renaud et al. 2023), K* disturbances may be a
major factor in the mechanism of fatigue in combination
with changes in [Na*]; and C1~ CIC-1 channel activity
occurring during exhaustive exercise. Interestingly, and in
contrast to the fatiguing effects of large [K*], , elevations,
the reported increases in [K*];,, are in the range that might
potentiate force development during submaximal contrac-
tions (Renaud et al. 2023).

In summary, studies using microelectrodes or microdi-
alysis demonstrated [K*],,, values increasing with exer-
cise intensity and reaching ~9 to 12 mM at fatigue. How-
ever, fatigue did not always coincide with a given muscle
[K*];,» and in some studies, [K*];, reached similar levels
during non-fatiguing exercise and when fatigue/exhaustion
was observed. As discussed in our accompanying review,
high [K*],,,, in human muscles during exhaustive exercise
may contribute to the mechanism of muscle fatigue, but
only in combination with concomitant increases in [Na*];
and CIC-1 CI™ channel activity (Renaud et al. 2023).

Plasma [K*] during and following exercise
in humans

Introduction and definitions

The following section details key chronological develop-
ments in understanding K* regulation with exercise in
humans during the twentieth and early twenty-first cen-
turies, which progressed coincident with studies inves-
tigating K* homeostasis in contracting animal muscles.
Whilst considerable parallel research during this period
included the regulation of Na*, CI~, Lactate™ and H*
with exercise, these are considered beyond the scope of
this review and apart from brief mentions of Na™, are not
covered here. In general, earlier studies measured K+C in
blood via flame photometry or later by atomic absorp-
tion spectrophotometry, whilst many later studies utilised
automated K*-selective electrodes, with most reporting
[K*] in plasma. K* regulation and exercise has been the
focus of numerous excellent reviews that focus on implica-
tions for human integrative physiology, including muscle
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Fig.6 Timeline of key developments for plasma [K*] with exercise in humans

fatigue, heart function, blood flow and ventilation, as well
as examining the roles of other tissues such as red cells
and of fluid shifts per se (McKenna 1992; Lindinger and
Cairns 2021; Sejersted and Sjggaard 2000; Hostrup et al.
2021; Lindinger et al. 1995; Lindinger 2022; Renaud et al.
2023).

Fundamental discoveries on plasma [K*]
and exercise in the early to mid-twentieth century

Resting [K*] normative data

The first advance was in the accurate measurement of [K*]
in serum in the early 1920s, which allowed determination
of resting values of 4.6-5.6 mM in healthy individuals and
patients with varying pathologic conditions (Kramer and
Tisdall 1921; Wilkins and Kramer 1923). Later determi-
nations of venous plasma [K*] at rest in 70 healthy indi-
viduals ranged from 3.7 to 5.3 mM (Farber et al. 1951),
similar to the normal range of 3.5-5.5 mM commonly used
clinically today.

@ Springer

Foundational studies on exercise and plasma [K*]
during the 1930s through 1960s

The first study to investigate exercise effects on [K*]
reported “no [other] change worthy of note” in venous serum
[K*] after treadmill running (Dill et al. 1930). Later, it was
reported that “brief violent” exercise leading to exhaus-
tion in 1 min led to a 25% increase in venous serum [K*]
“immediately at the end of work”, which in recovery then
“drops precipitously” to 5-15% below rest after 10—15 min,
followed by up to a 20% increase after 40 min and a return
to rest levels after 1-1.5 h recovery (Keys 1937). From the
middle of the twentieth century, usage of flame photom-
etry and cannulation facilitated analysis of plasma [K*] in
repeated samples and more comprehensive exercise stud-
ies in humans, with these foundational studies detailed in
Table 8.

Arterio-venous plasma [K*] differences ([K+]a_V i) were
also measured across the forearm and leg to demonstrate the
direct importance of the contracting musculature on [K*],
finding plasma [K™] was elevated in venous blood draining
the active forearm or leg, but not in arterial plasma [K*]



European Journal of Applied Physiology

€ro— ‘10— 9eLe Ade e+ L+:xAd
80°0—L00+‘L00+ 6'€‘6¢ 8¢ Ade TC01 ‘Tixd
€C0— 8¢ Ade ERED, |
900~ "LO0+ sese AJ vE9e SE+°L+xad
020— ‘80— ‘€' 0— 0V TV ey A} 8€‘6€6¢ ceorcxd (9961) ueunny
€ro— L'e A} e 189y 0¢ M 6v SO &_mmu au au pue wons3og
CIo+syo+cco+ 68V 1S Ade 6178y IS 0T ‘S ‘S0 xdd
90— LS Ade 'S suunp,, :xg
€0°0— L'y AR LY 159y Iu Iu Iu dH Iu NWE
90'0— ‘TF0+°1C0+ 61 6°€TS A} 8V CY VS 0T ‘6 ‘6’0 :xdd
YC0— 79 A} 6'S suumnp,, :xg (9961)
80°0— 9y A} Sy 159" U M p6T-Stz o dn XeJN-1oU] q4D Iu N9 Mmouldd pue [[oIne]
8Y (44 urir feuy (xyg
't Ad® (a7 159y 9 suonoenuod ()9 S g DOH N6
0 S xg (umu 7 ~%0A
8¢ 189y 9 -y 9'6— SO MINL €€-TC WL (9961) umgqyryf
LY Ade «pawuL, IXHd (€961)
LYy Ade 950y (018 M 00T SO 4D RLUS AN0)4 ‘Te 39 Jneqary 1,
S[OIIUOD Uy} suor
1018213 §°0-1°0 AS 89y, -oenuod Jy3Ifs,, S ‘wp OH IuQp
0°G‘c’S As‘Ad® §0-ST0+xdd
9'p ‘p°S  AS ‘Ade Suump,, :xg suon
TY Iy As‘Ade FECN | -orIUOD  Qsudu],, S ‘w DH Iu W9 (1961) Touunyg
(44 N ¢+:xdd g
L't A} (du) o8ueyo oN .puo,, :xg myg
oY A} (3u) a3ueyo oN 989y z S 7 A1oAd T S ‘qup T3] g
7'y AS ¢txdd w9
'S AS «PU9,, :XH sy wuzy
by AS 9sy I Qf Isy esofo/uado S Ul ISYOH m augr (ISET) T 10 19gie]
(Iu eyep ) S1-01
%S17T “%ST! wnios Ade “powut :xgq 1~ Uxy ‘ JUSJOIA,, IH D I o N GCI «(LEGT) SV
ML g |
¢ ‘g wniag Ade [ +:Xdd 159¥ 0T z~%oA -y €6 SO AL 0¢ N6 (0ge61) Te ¥ Ia
QOUAIYPIP A [, 1] snoudp UIoA I Bl xgd/xgnsey (urw) ng Kysuau odAy, IpON
(Aw) [+Y]] ewsed (urw) own djdweg osorexg o8y xos/u SQOUQIOY

suewny AYI[eay Ul 9SI0I0Xd Jaje pue Sutmp 9sa1je [, 3] ewseld uo (8961-0¢61) SSuIpuy [edLIoISIH g d|qeL

pringer

As



European Journal of Applied Physiology

4 9SIOIOXA [RWIXEW PUE [EWIXBWQNS JOJ POsN [[IWPear) JO SUIIAD JoyIoym Jea[oun Spoyo

Suimou Jo/pue Juruuni Joen/pley “YIALL JO Aue 9q Y31 Ing ‘Iu PO ISIVIAX (9G] UOS[OPY PUR SAIY) WOIJ S[IeIdp POYIRA,

[, ] SNOUDdA pue [BLISLIE Y} WOILJ PAIR[NO[D 10 Pa1Iodal sB SOOUSIOIP A—. oY) {[, 3] snouda [eroyIadns | 1 :[3] snouaa [eyqnosyue e 1 [ 31] snouda [erowrsy N L] rerrorre [ 'l
yons se pajrodar uoym sooe[d [ewoop om)

12 SOOUDIYIP A—. 1do0Xd “90r[d [BWIOAP AUO 0] PIPUNOI SAN[BA "WNIIS SB PAIRIIPUI sso[un ewse[d ul o1e saIseaw [[y “partodar jou Ji papn[out jou [, 3] Sunsay :suonerasiqqe pue [, Y] ewse[q
XHd Se payedIpur a1e sy} ‘9s1019xa Jurmnp pojdures Jureq

se payr1oads A[Ie9[ JOU Sem IIYM PUR ‘XH SB PAJoudp SI 1Y) ‘pay1oads jou sem awn Furjdwres 9S1019%d AIAYA “(XHd) 2s1010X2-)s0d pue (x7) Jurmnp sy a1e sown Surjdwes pooiq :sewrn ojdwreg
UONSNEYXS ~ YXH ‘SAINUI UT UOHEIND 3SI0IXa N *(;_Y W) paads Suruunt 1o (A) spem ut djenpom ‘(| _uru]) oA “"e0A % se 1oy :Asudug

XPUZOA SUIPIsIXd ‘9T QjeDIoM

rewrxewexdns je Kysuaiur ySrg ‘TH ((YOA 01 JusreAmnbo o'T) [RWIXEW ‘XBJy {[EWIXEWqNS ‘S St A[PBOIq PIYISSE[O AJISUAUI ASTOIOXD JUSPTULIAIU] U] ‘[BIUWAIOUT “IOU] ‘snonunuo)) ) :adAy,
JUAQUINDAI-TWAS “I-s Jo ‘ourdns ‘dns jdrrosqns Aq pajesrpur ssopun ‘QyIridn pajonpuod ISIOINXI [[V 1919

-wo3o puey ‘Y duspuey ‘OH UOISUIXd 39Uy “FY SUIDs ANUNOD $SOIO ‘S {Funy[em [[TUPRAI ‘A JALL ‘SUUUNI [[IUPRAI) YIALL ‘1919W03Id A[0Ad “HD) :9POJA :SUONBIAIIQQR PUE S[IRIOP SIOIOXH
SNOUdA

[erog1adns ¢4°s *SNOUSA [BIIGNIANUE AJD ‘SNOUSA [RIOWRJ 4f ‘[BLIOLIE » ‘Q[osSnW 4 ‘sIedk ueowl pajtodar st a3e {(JN U/ u) o[ew jy ‘O[ewd) ¢ xas ‘syuedronted jo roqunu u ‘pariodar jou Ji (4u)
papnyoxe a1om sjuaned uo pajonp

-u0d syudwirradxa uo s[rejo ‘uondriosop yenbapeur Aq pajrwi] UJo s[reIdp spoylaw {pajiodar jou anfea Jo (9)1s Juridwres poojq e *3-9) pAINSeaw Jou JAYIIQ Sem S[qRLIBA JBY) S9IBDIPUI [[90 Jue[g

§0- 1'9 96 L~9xd e~ oA %08 O AL W1
60t Sy Ad® Xd
So+°L0+€0+ SY6 €0y Ade xd xd Xd
€0t 14 Ade Xd
ro+ (4% Ad® 159y
00— ¥'s A} Y Xd XeN qdINL
xewg ‘ <
¢ ‘- ey ¢ 0A %08 09 0v
'o—"10—1T10— 8V 9V v AJ 8V oY €¥ Xd xd Xd s dns
. . . . M 86 o)
10— Ly A} 9 JBULInp,, X7
o- (4% A} 124 159y XRIN-IOUL D g0 0T WS-¢ (8961) Te 19 unfes
QOURIIJIP AR [ 3] snousp UIOA 1] XHd/XdAs9Y  (urw) g Kysuou adAL, APOIN
(Nw) [+3] ewseg  (utw) owmn ojdwes asIexXyg 98y Xos/u SOOURIYNY

(ponunuoo) gsjqey

-
[
80
=]
k=
o
n
Gll



European Journal of Applied Physiology

([K*1,) (Farber et al. 1951). Furthermore, during handgrip
exercise, venous [K*] ([K*],) was not increased in blood
draining non-active muscle. Clinicians were concerned
whether “fist pumping” during venous phlebotomy might
artificially elevate [K*], and studies revealed that mild and
more intense rhythmic forearm muscle contractions elevated
superficial forearm venous plasma [K*] ([K*],,), antecubi-
tal venous plasma [K*] ([K*],.,) and with a widening of
the arterial-antecubital venous [K*] difference ([K*], ,.,)
(Skinner 1961; Hultman and Bergstrom 1962). Four detailed
exercise studies in the 1960s confirmed that the contract-
ing muscles were the origin of elevations in [K*] (Kilburn
1966; Laurell and Pernow 1966; Bergstrom and Hultman
1966; Saltin et al. 1968). During treadmill walking [K*],
rose 1.2 mM above rest to 5.0 mM, handgrip exercise had no
effect on [K*], but increased [K*],., by 0.7 mM above rest
to 4.8 mM (Kilburn 1966), whilst hand ergometer exercise
increased [K*],., to 5.7 mM, with a wide [K*], ., 4 Of
—0.62 mM (Laurell and Pernow 1966). The first study to use
intense incremental cycling exercise reported pronounced
increases in both [K*], and femoral venous [K*] ([K*];,) to
5.9 and 6.2 mM, respectively, with a negative arterio-fem-
oral venous plasma [K*] difference ([K*], f, 4i), indicating
that the contracting leg musculature was the source of the
K* (Laurell and Pernow 1966). In addition, [K*], and [K*],,,
respectively declined by ~0.5 and ~ 1 mM at 30 s after exer-
cise to fall below rest values, with a positive corresponding
[K*],.4 gife» indicating K* reuptake by the leg muscles after
exercise. The first study to simultaneously measure [K*],,
[K*];, and [K*],., during exercise found each was elevated
during mild recumbent cycling, with a negative [K*], ¢, g
confirming K* release from the exercising leg, that reversed
to K* uptake immediately after exercise; in contrast, a posi-
tive [K*], acy airr during exercise indicated K* uptake by the
arm, which reversed to K* release from the arm in recovery
(Bergstrom and Hultman 1966). Simultaneous K* release
from the exercising limb and K™ uptake by an inactive limb
was confirmed by findings of a small negative [K*], ¢, i
and positive [K*],_,., g during most submaximal exercise
workrates, although findings for the active leg were less clear
during maximal exercise (Saltin et al. 1968). Thus, by the
end of the 1960s, it was established that intense exercise in
humans induces marked perturbations in circulating [K*],
comprising substantial elevations during exercise followed
by a rapid decline post-exercise, in some instances to sub-
resting concentrations. It was further established that con-
tracting muscles released K* into the plasma (i.e. negative
[K*1,.y gi) Which reversed to K* uptake during recovery
(i.e. positive [K*], , 4 and that non-contracting muscles
removed K* from the circulation during exercise (i.e. posi-
tive [K*1,., i)-

Elevated [K*], paralysis and death: new understanding
during the 1940s

Clinicians also began to understand the critical impacts of
high systemic [K*] during this period, with the first studies
that directly linked high [K*] with paralysis and death in
humans published during and shortly after the Second World
War. These studies observed high [K*] (> 8 mM), neuro-
muscular paralysing effects and death due to cardiac arrest
after crush injuries and uremia (Finch and Marchand 1943;
Marchand and Finch 1944, Finch et al. 1946). In crush vic-
tims from bombing raids in London, serum [K*] rose above
10 mM, K*_ in crushed muscle fell by two-thirds and urinary
K* was high, with death common within the first week after
injury (Bywaters 1944). Insulin and dextrose could lower
[K*] and reduce ECG abnormalities such as heightened
T waves (Bywaters 1944). Thus, basic knowledge on the
effects of high [K*] on paralysis and death were established
by the middle of last century, when induced by renal disease,
injury or treatment. Whilst these clinical studies did not
involve exercise, they are relevant in understanding the safe
upper limits of [K*]. At that time, there remained, however,
a lack of awareness of the extent of exercise hyperkalaemia
and post-exercise hypokalaemia.

Detailed knowledge on plasma [K*] and exercise:
studies during 1975-1999

The final quarter of the twentieth century saw an upsurge in
mechanistic studies investigating plasma K* regulation with
exercise in humans. This section focusses on plasma [K™*]
and exercise, with studies described after first classifying by
exercise type, as either isometric, continuous submaximal,
continuous high intensity, intermittent or incremental exer-
cise, as detailed in Table 9. A timeline of the early and later
developments in understanding plasma [K*] with exercise is
shown in Fig. 6 and examples of arterial and femoral venous
plasma [K*] during different types of exercise in Fig. 7.

Isometric exercise

Knee extensor and handgrip isometric contractions
(Table 9A) both increased [K*], and to a greater extent also
the corresponding [K*],, with a negative [K*], , 4 dur-
ing contractions indicating net K* release, which reversed
post-exercise to positive values, or a net K* uptake (Saltin
et al. 1981; Fallentin et al. 1992; Sjggaard 1988; Hallén and
Sejersted 1993; West et al. 1996; Unsworth et al. 1998; Ver-
burg et al. 1999). Higher contraction intensities were gen-
erally accompanied by greater [K*] and a wider [K*],, 4
during contractions, e.g., during quadriceps contractions at
5-15% versus 50% MVC, respectively, the rise above rest
for [K*], was ~0-0.3 versus ~0.5 mM, in [K*], was~0.5 to
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0.9 versus ~ 1.4 mM, with the [K*], , i from ~ — 0.6 versus
—0.9 mM (Saltin et al. 1981; Sjggaard 1988) (Fig. 7A).
These differences were likely due to higher stimulation fre-
quencies and cellular K™ efflux at higher intensities. How-
ever, intensity and [K*] were not directly related, with no
or lesser further increases in [K*] above 25-50% MVC,
due to elevated intramuscular pressure at higher intensities
occluding blood vessels and reducing venous outflow. This
occlusion effect was demonstrated when [K*7;,
tinuously monitored with a K*-sensitive electrode, where
[K*];, rose by only 0.2 mM during a short, maximal iso-
metric contraction but then immediately afterwards rose
abruptly by 1.2 mM (Hallén and Sejersted 1993). Finally,
[K*];, increased substantially, by ~ 1.9 mM during repeated
6 s intermittent contractions at 35-45% MVC (Hallén
and Sejersted 1993; Verburg et al. 1999). Elevated [K™]
was proposed to play a role in regulating blood pressure
responses to isometric contractions (Saltin et al. 1981; Fall-
entin et al. 1992), likely mediated via increased [K*];, stim-
ulating Group III and IV afferents in muscle (Rybicki et al.
1984; McCloskey and Mitchell 1972), although numerous
other intramuscular factors also activate Group III and IV
afferents which, nonetheless, have been demonstrated to be
important in the exercise pressor response (Mitchell et al.
1983; Mitchell 1990; Rowell and O'Leary 1990; Amann
et al. 2010). Findings of elevated [K*];, after isometric
contractions also led to proposal that elevated [K*];,, in
fatigue may link metabolic insufficiency with impaired
NKA function (Fallentin et al. 1992) and further studies
explored a possible link between [K*] and fatigue (West
et al. 1996; Unsworth et al. 1998; Verburg et al. 1999).
After an isometric contraction of the knee extensors, the
post-exercise [K*];, was related to muscle twitch force,
but not to M-wave characteristics, which were potentiated,
which suggested a role of elevated [K*];,, in muscle fatigue,
not via impaired sarcolemmal excitability, but suggesting
a t-tubule membranes locus (West et al. 1996; Unsworth
et al. 1998). However, M-waves reflect primarily sarcolem-
mal and not t-tubular activation and interpretation is far
more complex than earlier thought (Rodriguez-Falces and
Place 2021). The possible role of elevated extracellular [K*]
in fatigue is discussed in detail in our companion review
(Renaud et al. 2023).

was con-

Continuous submaximal up to maximal intensity exercise

Knee extension or cycling exercise conducted between 50
and 75% VO, (Table 9B) induced a moderate increase
in [K*], from 4.3 mM at rest to 4.8 mM (mean values)
during the initial period of exercise and in [K*];, from
4.3 to 5.2 mM (Sjogaard et al. 1985; Sahlin and Brob-
erg 1989; Rolett et al. 1990; Lindinger et al. 1994). Most

@ Springer

studies reported little variation in [K*], and [K*];, for the
duration of the exercise, except at exhaustion, where two
studies reported that [K*], and [K*]y, increased to 5.5 and
5.6 mM. In each case, release of K* from contracting mus-
cles was indicated by a negative [K*], 4, g although in one
study, the calculated K* flux disappeared after accounting
for fluid movement from plasma into muscle (Lindinger
et al. 1994).

A single short continuous exercise bout at high intensity

Short, continuous high-intensity exercise (Table 9C) induces
a dramatic increase in plasma [K*] during exercise, fol-
lowed by a rapid decline post-exercise (Sj@ggaard et al. 1985;
Sejersted et al. 1982; Medbg and Sejersted 1985, 1990;
Kowalchuk et al. 1988a, b; Paterson et al. 1989; Juel et al.
1990; Hallén and Sejersted 1993). In eight studies utilising
exhaustive exercise, [K*], rose from a mean value of 4.1 mM
(range 3.8—4.5 mM) at rest to 6.8 mM (range 5.5-8.2 mM) at
exhaustion and typically fell to below resting values within
1-6 min after exercise. Four of these studies also reported
[K*];, Tose from 4.5 mM (3.8-5.4 mM) at rest to 7.0 mM
(5.7-8.3 mM) at exhaustion and decreased after exercise
to below resting values. These above studies drew the final
exercise sample “immediately after”, or~ 10 to 20 s after
exercise and therefore probably underestimated the actual
increase in [K*], or [K*], during exercise. Four studies that
determined [K*], s, 4 during exhaustive exercise reported
values ranging from — 0.1 to — 1.0 mM at end-exercise, indi-
cating net K* release from contracting muscles and which
then reversed to positive values after exercise, indicating
net K movement back into muscle. Finally, arterio-venous
[K*] measures across inactive forearm muscles revealed a
positive [K*], .y i Of 1.3 mM during intense leg exercise,
which indicated that inactive muscles take up K* during
exercise (Kowalchuk et al. 1988a). The elevated [K+]a was
proposed to contribute to the exercise hyperpnea (Paterson
1992, 1996b), most likely mediated via K* effects on the
carotid body chemoreceptors (Band and Linton 1986; Lin-
ton and Band 1985). Many studies suggested that the large
muscle K* release contributed to fatigue, which is discussed
elsewhere (Renaud et al. 2023).

Intense intermittent exercise

Eight studies during this period (Table 9D) examined
plasma [K*] during and after intense intermittent exercise
and most used 4-5 bouts of exercise of 30-60 s duration,
with intervening rest periods of 4—4.5 min and with blood
samples “during” exercise being drawn~ 10 to 15 s after
completion of the bout (Costill and Saltin 1975; Katz et al.
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1985; Hermansen et al. 1984; Medbg and Sejersted 1990;
Lindinger et al. 1990a, 1992; McKelvie et al. 1989, 1991,
1992; Bangsbo et al. 1992a, b). The dramatic oscillations
in [K™], first reported with repeated sprint treadmill run-
ning (Hermansen et al. 1984) were observed in most stud-
ies, with mean [K*], for the five studies that utilised short
sprints reaching 6.9, 6.7, 6.2 and 6.0 mM for the first four
bouts. A few studies also determined [K*];,, with a small
positive or zero [K*], 4, 4 found at~ 15 s after exercise in
one study (Lindinger et al. 1992), but —0.6 and —0.4 mM
when measured during two of the four bouts at 100% VO,,,..
in another (Katz et al. 1985) (Fig. 7D). An important addi-
tional observation from these studies was that [K*], declined
below rest or to hypokalaemic values after each sprint bout
and in early recovery (Hermansen et al. 1984; Medbg and
Sejersted 1990), or from 5 to 90 min post-exercise (McKel-
vie et al. 1989; Lindinger et al. 1992). Many of these studies
focused on the possible role of elevated [K*], in fatigue,
whilst others also examined the importance of changes in
[K*] and other strong ions in acid—base regulation with exer-
cise (Kowalchuk et al. 1988a, b), see (Stickland et al. 2013).

Incremental exercise or exercise with combined modalities

Early incremental cycling or treadmill running studies
that sampled blood during exercise reported a progressive
increase in [K*],., to~5 to 6 mM (Wilkerson et al. 1982;
Pivarnik et al. 1988), whilst [K*], rose in a concave curve
with workrate to~6 to 6.5 mM (Paterson et al. 1990; Vgll-
estad et al. 1994). The [K*];, determined by a K*-selective
electrode reached ~6.2 to 6.8 mM during submaximal-to-
maximal knee extensions or cycling (Hallén and Sejersted
1993; Vgllestad et al. 1994; Hallén et al. 1994) (Fig. 7E).
They showed that after an initial brief lag, [K*];, rose
rapidly in a manner dependent upon both exercise inten-
sity and duration. During moderate workrates, [K*];, rose
initially and then declining slightly, at higher submaximal
workrates [K*];, increased and then plateaued, whilst dur-
ing workrates close to and above VO,,..., [K*];, increased
continuously (Hallén and Sejersted 1993; Vgllestad et al.
1994; Hallén et al. 1994). During submaximal workrates, the
[K*1,.¢v qir difference was mostly negative, indicating that
K* was released from the contracting muscles throughout
most of submaximal exercise. They concluded that muscle
K* efflux was dependent on exercise workrate and suggested
that muscle NKA activity was insufficient to prevent K*
loss, with K* reuptake rate estimated to be only 15-25%
of the theoretical maximum K* uptake rate. Finally, during
two-legged knee extensor exercise, both [K*], and [K™];,
were further increased when incremental arm exercise was

superimposed, with K™ release into plasma reversed to net
K™ uptake, indicating that already active muscle could also
take up K*, possibly due to elevated catecholamines and by
inactive fibres (Juel et al. 1999).

Muscle interstitial to plasma [K*] gradients with exercise

A key question is to what extent plasma [K*] is indicative
of muscle [K*];,. Two studies measured [K*],, [K*];, and
[K*];, concomitantly and demonstrated that a large positive
gradient exists between muscle [K+]im and plasma [K™] dur-
ing exercise (Green et al. 2000; Nielsen et al. 2004). During
calf contractions, muscle [K*],,, was up to 6.5 and 5.8 mM
higher than [K*], and popliteal [K*],, respectively (Green
et al. 2000). During knee extensor exercise, m. vastus lat-
eralis [K*);,, was ~5.5 mM higher than [K*],, in the initial
minutes of exercise and ~3.2 mM higher after 30 min and
was ~ 3.9 mM higher at fatigue during incremental exercise,
with similar patterns found in the [K*], ~[K*], gradient
(Nielsen et al. 2004). Thus, [K*] measurements in arterial
or venous plasma substantially underestimate those in the
interstitium of contracting muscles.

Possible role for red blood cells in K" homeostasis
with exercise

Red cells are capable of accumulating K* via NKA activity
and Na*-K*-CI~ co transport and could potentially act as an
important transport vehicle for K* released from contract-
ing muscles. Numerous studies therefore investigated the
role of erythrocytes in K homeostasis during exercise, with
conflicting findings. Most studies demonstrate that meas-
ures of red cell K* were either unchanged or reduced with
exercise, although these measures were inconsistent. Early
studies reported that arterial erythrocyte [K*] ([K*],,,. ) was
unchanged by walking (Kilburn 1966) and that K* , ., con-
tent declined during light cycling (Kawakami et al. 1975),
whilst femoral venous [K*] . ([K*],,. r,) Was unchanged
during incremental cycling (Boning et al. 1976). The ante-
cubital venous [K*] . ([K*],4c acy) Was unchanged during
cycling at 20-60% VO,,,,, but fell by 2 mM during exercise
at 80% VO,,,,, (Hespel et al. 1986a), declined after cross-
country running (Hespel et al. 1986b) and by ~6 mM after
a marathon (Lijnen et al. 1989). The [K*],,. was unchanged
during submaximal cycling (Rolett et al. 1990), whilst
a small increase in [K*] . occurred at exhaustion during
knee extension exercise due to red cell shrinkage (Juel et al.
1990). During cycling at 110%VOyy. K* .. content was
unchanged (Vgllestad et al. 1994), during two-legged knee
extensor, [K*],;., and [K*],,.. ¢, were unchanged (Juel et al.
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1999) and during exhaustive handgrip exercise, [K*],pc aov
and red cell content were unchanged (Maassen et al. 1998).
The effects of 4 x30 s maximal sprint cycling was then
determined on [K*],,. derived from [K*] in plasma and in
whole blood (Lindinger et al. 1990a, 1992; McKelvie et al.
1991, 1992), finding that [K*],,,. , was increased at the end of
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Panel C. Sprint exercise
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the second and third sprint bouts, with [K*],,. s, unchanged
(McKelvie et al. 1991), whilst [K*],,,. , was increased during
each of 4x30 s maximal sprints, with no change found in
(K™ acv (McKelvie et al. 1992). In summary, most stud-
ies reported that measures of K* . were unchanged during
walking, submaximal or maximal cycling, or knee extensor
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«Fig.7 Arterial and femoral venous plasma [K*] during and after dif-
ferent types of exercise. A Isometric exercise. Arterial (o- - o) and
femoral venous (e—e) plasma [K*] before, during and after knee
extensor muscle contractions at 15%, 25% and 50% maximal vol-
untary contractions (MVC), for 5, 3 and 0.5 min, respectively, each
followed by 5 min rest (n=4-8, males). From (Saltin et al. 1981).
B Continuous submaximal-to-maximal intensity exercise. Arterial
(@—@) and femoral venous (X- - X) plasma [K*] before, during and
after knee extension exercise for 10 min at 55% followed by 0.5 min
rest and then to exhaustion at 100% VO, lasting~7 min and
10 min recovery (n=3, males). From (Sjggaard et al. 1985). C Sprint
exercise-continuous, short duration, high intensity. Arterial (o- - 0)
and femoral venous (e—e) plasma [K™] before, during and after 1 min
exhaustive treadmill running, followed by 9 min recovery (n=12,
males, mean =+ standard error of the mean). From (Medbg and Sejer-
sted 1990). The “exercise” sample was taken about 10 s after com-
pletion of exercise bout and at 0.3, 1, 3, 6 and 9—10 min recovery. D
Intermittent exercise. Arterial plasma [K*] before, during four, 1 min
cycling bouts at 100% VO, separated by 1 min rest, then 60 min
recovery in endurance (o- - o) and sprint trained (e—e) (n=4 each
group, sex not specified). Blood was sampled immediately after exer-
cise bouts as well as in the rest period 30 s before the next bout and
in recovery at 1, 2, 5, 10, 20, 30, 40, 50 and 60 min recovery. From
(Hermansen et al. 1984). E Incremental exercise. Peak arterial [K*]
(e) and femoral venous (- - -) plasma [K*] before, during incremen-
tal cycling, with work rate every 4 min until exhaustion. Data from
(Hallén et al. 1994) redrawn in (Hallén 1996). Continuous femoral
venous [K*] data collected from a K*-electrode inserted into the vein

exercise, indicating that erythrocytes did not take up addi-
tional K*. In contrast, studies utilising intense intermittent
sprint exercise found increased [K*],,., suggesting that
erythrocytes may contribute to K™ homeostasis during such
exercise.

Possible role for liver in K* homeostasis with exercise

The liver participates in K* homeostasis at rest, with glu-
cose administration inducing liver K* uptake, evidenced in
humans by a greater decline in hepatic venous than arterial
plasma [K*] (Farber et al. 1951). Hepatic vein drains liver,
gut and mesentery and thus arterio-hepatic K* differences
represent splanchnic K* balance, but K* uptake primar-
ily reflects hepatic K* uptake (Bia and DeFronzo 1981).
When insulin was elevated, the liver initially took up K*
and accounted for ~70% of K* disposal, but after around
1 h, this had returned to zero, or even K* release into the
hepatic vein, compensating for hypokalaemia due to periph-
eral muscle K* uptake (DeFronzo et al. 1980; Alvestrand
et al. 1984). In cats, 31% of K* liberated from stimulated
muscle was absorbed by the liver (Fenn 1939). However, in
humans undertaking submaximal exercise, hepatic venous
[K*] did not differ greatly from [K*],, suggesting the liver
did not exert important modulatory effects on [K*] during
exercise (Linton et al. 1984).

Summary of plasma [K*] changes with exercise

During the final quarter of the twentieth century, many stud-
ies carefully documented plasma [K*] responses to exercise
in humans in arterial blood and in venous blood draining
both active and inactive musculatures and non-muscle tis-
sues (Table 9). The magnitude of increase in plasma [K*]
with exercise depends on the type of contractions, inten-
sity and duration of exercise, and the blood sampling sites.
Intense, brief exercise with a large contracting musculature
can increase [K*], to 8 mM, with even higher [K*];, found,
followed by extremely rapid decline after exercise. Intense
intermittent exercise with relatively short exercise bout dura-
tions (30-60 s) yielded dramatic oscillations in [K*], and
[K*];,» including sustained post-exercise hypokalaemia,
whilst submaximal exercise typically induced moderate rises
in [K™] that might subsequently gradually decline. Most of
these studies demonstrated a negative [K*], ¢, 45 during leg
exercise indicating net K* release from the working mus-
culature into plasma, followed post-exercise by a positive
[K*],.¢ qi indicating net K* re-uptake by previously active
muscle, whilst inactive muscles took up K* during exercise.
Most studies showed that erythrocytes do not play an impor-
tant role in K* regulation during exercise, with the excep-
tion being intense intermittent exercise, where increases in
[K*].. were found.

rbe

Plasma [K*] changes in an applied sport context

The vast majority of studies during the twentieth century
focused on K* regulation during laboratory exercise modes,
such as cycling, knee extension, running, or forearm con-
tractions, enabling precise measures of exercise intensity,
duration and mode in a controlled laboratory environment.
However, far fewer studies have investigated K* regulation
during an applied sport setting, or even simulated sport
activity, with limiting factors including the rapidity of K*
regulation together with difficulties of repeated blood and
tissue sampling for [K*] determinations.

Intermittent sports: football (soccer) and squash

Plasma [K™] has not been studied extensively during intense
intermittent team sports, but is elevated during football (soc-
cer). During friendly matches in Danish Division 4 soccer
players, [K*], collected within 30 s of play was moderately
increased at various time points during the match, with a
peak of 5.1 mM (Krustrup et al. 2006). More detailed analy-
ses of [K*] have been undertaken during the intermittent
Yo-Yo test, designed to replicate intense running patterns
in soccer, where [K+]acv peaked at 7.0 mM at exhaustion
and fell to 3.7 mM in recovery, similar to exhaustive incre-
mental treadmill exercise (Krustrup et al. 2003). During a
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modified Yo-Yo test, [K*],,, peaked at~5.8 to 6.1 mM, fell
post-exercise to~3.5 to 3.7 mM, comparable to peak [K*],.,
with repeated sprints during sprint-endurance, and sprint
training sessions (Mohr et al. 2006; Krustrup et al. 2015).
The short duration and intermittent nature of high intensity
efforts, with considerable low-intensity recovery periods
each would constrain [K*], during soccer, whilst both the
arm venous sampling and post-exercise sampling delays
mean [K*], would substantially underestimate both [K*],
and [K+]fv. Furthermore, the large gradients between [K™*] "
[K*] and [K*];,, found in continuous exercise (Sect. Mus-
cle interstitial to plasma [K™] gradients with exercise) sug-
gest that muscle [K*],,, may also be high during soccer and
play a role in fatigue, but this remains to be shown.

During another intermittent sport, squash, forearm [K*],,
increased only slightly from 3.8 mM at rest to 4.3 mM at
end-exercise, but fell to 3.4 mM at 3 min post-exercise
(Struthers et al. 1988), with similar reductions in [K*],
found 5 min post-match to 3.2 mM (Brady et al. 1989) and
3.5-3.6 mM (Lynch et al. 1992). Whilst hyperkalaemia was
ruled out as a mechanism of sudden death associated with
match-play (Northcote et al. 1986; Struthers et al. 1988),
ventricular arrhythmias were often detected after match play
(Northcote et al. 1983; Brady et al. 1989). Whilst in healthy
individuals during intense exercise, the combined detri-
mental effects of elevated [K*], and acidosis on the heart
are likely offset by the elevation in catecholamines (Pater-
son 1996a), post-exercise hypokalaemia after squash may
increase the risk of arrhythmias. The small increase in [K*],
immediately after squash likely substantially underestimated
[K*1], during the match, due to blood sampling post-exercise
and from a sub-optimal sampling site, whilst the intermittent
nature of exercise with only brief sprints also likely limited
the exercise-induced [K*] increase.

Continuous sports: rowing and cross country skiing

The impact of two continuous sports on [K™] are contrasted,
rowing, which comprises intense exercise conducted over
minutes and cross country skiing, which comprises exer-
cise prolonged over many hours. Both utilise a large con-
tracting muscle mass during exercise, capable of releasing
K* into plasma with a smaller inactive muscle mass avail-
able to clear K* from plasma, and involve both upper and
lower limbs. During 2000 m rowing in recreationally active
participants, [K*], peaked after 90 s at 6.1 mM and was
then sustained at this high level throughout ~7 min exer-
cise, despite fatigue indicated by declines in both power
output and EMG average median frequency (Atanasovska
et al. 2014). In recovery, [K*], fell below rest by 1 min,
reached a nadir of 3.3 mM and remained low for 20 min.
During “all-out” rowing for 3 min, [K*], rose to~7 mM
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after 60 s and then remained ~ constant, fell rapidly post-
exercise to~3.3 mM after 5 min and remained below base-
line for 60 min (Atanasovska et al. 2018). No studies have
detailed [K*] dynamics in elite rowers to ascertain whether
greater K* shifts are elicited. Prolongation of the cardiac QT
interval and T wave peak-to-end interval after exercise were
related to [K*],, suggesting the possibility of vulnerability
to arrhythmias (Atanasovska et al. 2018; Tran et al. 2022).
In contrast to rowing, cross country skiing, for traditional
events, is usually for much longer duration and at a lower
intensity, with only modest [K*] found “immediately after”
skiing, although the timing of sampling is unclear. Studies
that reported long delays in blood sampling post-exercise are
here ignored. After an 85 km, “Vasaloppet” cross country
skiing race over 5-8.5 h, which included 2 world champion
participants, [K*],., increased to 5.3 mM (Astrand and Sal-
tin 1964), although after a 70 km cross country ski race of
4.4-6.5 h duration, serum [K*], of only 4.7 mM was found
(Refsum and Stromme 1975). More recently, during intense
double pole skiing (upper body exercise) on a modified row-
ing ergometer, [K*], and [K*];, both rose to 5.4 mM and
subclavian [K*], to 5.8 mM, with K* released from the con-
tracting arm muscles ([K*],, gix~— 1.2 mmol.min™") (Rud
et al. 2014).

Specific intervention effects on plasma [K*]
with exercise, linked with perturbations
in muscle NKA activity

Studies in humans since the 1990s increasingly investi-
gated the effects of different interventions that potentially
involve effects via NKA activity in muscle, on plasma [K*]
responses to exercise and assessed implications for fatigue,
including the NKA inhibitor digoxin, acid—base manipula-
tions, glucose/carbohydrate intake, muscle glycogen deple-
tion, training and inactivity, p-adrenergic antagonists/ago-
nists, as well as antioxidants. The following section briefly
cites key historical intervention studies, then focusing
mainly on studies from late in the previous century to the
present. Although not exhaustive, this nonetheless indicates
the tremendous recent growth in research and enhanced
understanding of the complexity of K* regulation with exer-
cise and their implications for fatigue.

Digoxin effects on plasma [K*] and exercise

Digoxin, a specific NKA inhibitor, is used to treat patients
with atrial fibrillation or severe heart failure (Bavendiek
et al. 2017) to improve cardiac output (Levi et al. 1994),
but potentially impairs exercise performance due to NKA
inhibition and ensuing high [K*]. The first evidence that
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digoxin affected [K*] during exercise was in patients with
atrial fibrillation, where 2.5 nM serum digoxin induced
an~0.4 mM higher serum [K*],., during submaximal
cycling than with zero digoxin (Ngrgaard et al. 1991).
Similarly, in patients with heart failure, digoxin elevated
[K*];, by ~0.1 to 0.3 mM during and after submaximal and
incremental cycling and increased muscle K* release during
exercise by 138% (Schmidt et al. 1995). They also reported
a 9% digoxin occupancy of muscle NKA and a~ 18% lower
ouabain-binding site content with digoxin than in healthy
controls. Three studies have investigated digoxin effects on
[K*] in healthy individuals. Whilst resting serum [KJr]aCV
was elevated by ~0.2 mM after 10 day oral digoxin (Edner
et al. 1993), no effects of digoxin were found after intra-
venous digoxin infusion on [K*],., after 3 min handgrip
exercise (Janssen et al. 2009), or after 14 d oral digoxin on
[K*] or K* fluxes during and after either finger flexion or leg
cycling (Sostaric et al. 2022), with time to fatigue unchanged
during both latter studies. Thus, healthy individuals taking
digoxin had no major effects on [K*] with exercise, or on
exercise performance. Acute experimental approaches to
reduce functional muscle NKA are required to ascertain
possible effects on K* regulation and fatigue.

Acid-base manipulation effects on plasma [K*]
and exercise

Alkalosis (10 g sodium bicarbonate, NaHCO;) increased
exercise duration, which was reduced by acidosis (15 g
ammonium chloride, NH,Cl) (Dennig et al. 1931), as later
confirmed (Jones et al. 1977) and now with strong evidence
that alkalosis induced by NaHCO; ingestion can enhance
performance during intense exercise of 0.5-12 min dura-
tion (Grgic et al. 2021). A role of alkalosis in K* regula-
tion was indicated by reports of low [K*],., in patients with
alkalosis (Farber et al. 1951). Several studies subsequently
investigated alkalosis or acidosis effects on plasma [K™]
with exercise and performance in humans. Prior acidosis
induced higher early K* release and reduced time to fatigue
by 26% during knee extensor exercise (Bangsbo et al. 1996).
NaHCOj ingestion reduced [K*],., by ~0.3 to 0.6 mM and
increased time to fatigue by ~ 12% during wrist flexion exer-
cise (Raymer et al. 2004), lowered [K*], and [K*],.,, and
prolonged time to fatigue by ~25% during finger flexion
contractions (Sostaric et al. 2006), but did not lower [K+]V
during submaximal cycling (Stephens et al. 2002) or [K*],,
during an intermittent Yo—Yo test performance (Krustrup
et al. 2015), whilst alkalosis induced by sodium citrate low-
ered m. vastus lateralis [K*],,, during knee extensor exercise
by ~ 1.5 to 3 mM, but did not affect [K*], (Street et al. 2005).
Experimental manipulation of alkalosis in rats reduced
the loss of muscle intracellular K* in stimulated muscles

(Lindinger et al. 1990b), but elevated HCO;~ did not affect
K* efflux during m. soleus contractions (Broch-Lips et al.
2007). Thus, ergogenic effects of NaHCO; typically found
in humans during intense exercise of short duration are not
always associated with K*-lowering and the suggested links
between alkalosis and increased muscle NKA activity or
K* channel deactivation remain to be convincingly proven.

Insulin, glucose and glycogen effects on plasma [K*]
and exercise

The K*-lowering effects of insulin were first shown in
humans around one century ago, where insulin injection
lowered serum [K*], from 4.5 to 3.2 mM in diabetic patients
(Harrop 1924), to 1.8 mM in an untreated diabetic patient
(Kerr 1928) and consequently used as “insulin shock ther-
apy” to lower [K*], in patients with schizophrenia (Keys
1938a). An important link with muscle function was seen
after treatment with insulin, NaHCO; and glucose which
lowered [K*] to 2.5 mM (Holler 1946), whilst oral glu-
cose and intravenous glucose infusion in “normal subjects”
reduced [K*], by 0.4 mM and doubled the [K*], ... qifs
(Farber et al. 1951). Insulin infusion was later found not
to affect [K*],, to lower [K*],., and widen the [K*], .., airr
to~0.35 mM, demonstrating K* uptake by forearm muscle
(Andres et al. 1962), with similar muscle K* uptake evident
at ninefold lower insulin infusion (Zierler and Rabinow-
itz 1964). A standard oral glucose tolerance test elevated
insulin, lowered both [K*], and [K*],., and increased the
[K*1, acv aife during and after intense intermittent cycling
exercise (Steward et al. 2021). This K*-lowering with leg
exercise was probably due to insulin increasing muscle NKA
activity and thus also K* uptake in inactive forearm muscles.

Prolonged exercise lowered muscle K*, as muscle gly-
cogen was consumed (Ahlborg et al. 1967; Bergstrom and
Hultman 1966), suggesting a possible link between mus-
cle glycogen content and K™ homeostasis. The effects of
elevated muscle glycogen content on muscle K* release
was examined during intense one-legged exercise leading
to exhaustion (~3 min), comparing exercise with normal
glycogen content in one leg versus the other where glyco-
gen content was ~doubled, finding 14% greater muscle K*
release in the high- than normal-glycogen leg in an initial
bout (Bangsbo et al. 1992b). The opposite effect of muscle
glycogen depletion increased both [K*], and [K*];, during
cycling to exhaustion at 75% VO, With a more nega-
tive [K*1, 4, airr €arly in exercise, that later reversed to a net
K* uptake by contracting muscles (Lindinger et al. 1994).
The cessation of net muscle K™ efflux after the first 15 min
of exercise in glycogen depletion suggested greater mus-
cle NKA activation. Muscle NKA depends on ATP from
glucose derived from glycogenolytic or glycolytic sources
(Jensen et al. 2020) and has its own sub-sarcolemmal pool
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of glycogen (Nielsen et al. 2022), consistent with a link
between modulation of muscle glycogen, NKA activity and
K* regulation during exercise. Thus, elevated insulin and
glucose at rest promote K* entry into muscle and liver and
lower [K*], whilst glucose ingestion lowers [K*] during
exercise and induces K* uptake by inactive muscle. Manipu-
lation of muscle glycogen also modulates muscle K* release
and [K*] during intense exercise, and the [K*] oy during pro-
longed exercise, but further work is required to understand
the mechanisms underlying these effects.

Caffeine effects on plasma [K*] and exercise

Caffeine has long been known to enhance performance dur-
ing prolonged exercise (Ivy et al. 1979; Costill et al. 1978;
Graham and Spriet 1991; Grgic et al. 2020) and to elevate
circulating adrenaline (Graham and Spriet 1991). However,
despite the well-known adrenergic stimulation of NKA
activity in animal muscle (Clausen and Flatman 1977; Flat-
man and Clausen 1979) and plasma K*-lowering effects in
humans (“Adrenaline, B-adrenergic agonists and antagonists
and plasma [K+] with exercise”), only a few studies have
investigated caffeine effects on plasma [K*] during exercise
in humans. Caffeine (9 mg kg™') elevated plasma adrena-
line and lowered [K*],., by ~0.4 mM during cycling and
by ~0.7 mM during running at 78-85% VO, (Lindinger
et al. 1993) and (6 mg.kg_l) increased arterial plasma adren-
aline and noradrenaline and lowered plasma [K*], whilst
cycling at 70% VO,,,,, (Graham et al. 2000) and lowered
muscle [K*],.. by 1.8 mM during knee extensor exercise
(Mohr et al. 2011). In contrast, caffeine (6 mg kg™') did
not affect peak [K*],., during a Yo—Yo intermittent recov-
ery test (Mohr et al. 2011). Thus, caffeine likely modulates
K* homeostasis during exercise, probably due to elevated
adrenaline and/or caffeine metabolites stimulating increased
muscle NKA activity and inducing K*-lowering.

Training and reduced activity effects on plasma [K*]
with exercise

As training characteristics and their physiological con-
sequences and performance benefits vary, the effects on
plasma [K*] during exercise are considered separately for
each of endurance, sprint interval and speed-endurance
interval training (McKenna 1995; McKenna et al. 1996).

Endurance training

An early seminal study demonstrated that prolonged and
interval running training for ~2 months (after 20 d prior
bedrest), increased VO, and also each of peak incre-
mental exercise [K*], [K*]; and [K*],.,, by 0.1, 0.4 and
0.5 mM, respectively (Saltin et al. 1968). After training, a
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more negative [K*], ¢, gr (—0.05 vs —0.2 mM) suggested
greater leg muscle K™ release, whilst a narrower [K*], . g
(0.9 vs 0.5 mM) suggested less forearm muscle K* uptake
than in control. In an early cross-sectional comparison,
lower [K*];, during incremental cycle ergometer exercise
was seen at equivalent workrates in endurance trained
than in untrained individuals (Tibes et al. 1974), with
K*-lowering effects of endurance training later confirmed
in longitudinal training studies, as reviewed previously
(McKenna 1995). Thus, endurance training for 10 weeks
lowered [K*],, by ~0.2 to 0.5 mM during submaximal and
by 0.5 mM at peak incremental cycling exercise (Kjeld-
sen et al. 1990), whilst after 6 consecutive days, arterial-
ised [K*], was reduced during submaximal cycling where
workrates and times were ~ matched before and after train-
ing (Green et al. 1993).

Sprint and intense interval training

Studies also reveal that sprint training enhances K* regula-
tion with exercise. Seven weeks of sprint training reduced
arterialised [K*], by 0.2 mM during maximal intermittent
cycle sprint bouts after correcting for fluid shifts (McKenna
et al. 1993), by ~0.6 mM during cycling at 130% pre-train
VOypea (Harmer et al. 2000) and lowered both [K*], and
[K*]s by 0.2-0.3 mM after a maximal 30 s cycle sprint
(McKenna et al. 1997). Similarly, intense intermittent train-
ing of the knee extensors lowered [K*];, during submaxi-
mal and incremental exercise (Nielsen et al. 2004), although
intense interval training in older participants did not modify
peak [K*],., during incremental cycling (Wyckelsma et al.
2017). High-intensity interval training also reduced [K™*];,
and K" release rate during high intensity exercise and
increased K* uptake rate in recovery (Hostrup et al. 2023),
whilst training increased incremental peak work rate and
lowered [K*];, during low and high intensity exercise in one
leg and additionally in a blood flow restricted leg, and also
reduced the [K*], 4, 4 and the K* release at high workrate
(Christensen and Bangsbo 2019). Several other studies
demonstrated that high-intensity interval training enhanced
K* regulation during intense exercise, evidenced by ~0.3
to 0.6 mM lower [K*], ., after exhaustive treadmill runs,
0.7—0.8 mM lower [K*];, after an exhaustive cycling bout
and 0.3 mM lower [K*];, during submaximal knee extensor
exercise (laia et al. 2008; Bangsbo et al. 2009; Gunnarsson
et al. 2013; Lemminger et al. 2022). Thus, the majority of
evidence points to enhanced K* regulation during exercise
after intense interval training.

Inactivity and bedrest

Few studies have investigated the effects of reduced physi-
cal activity on [K*] during exercise. After 20 day bedrest,
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the peak incremental exercise [K*],, [K*];, [K*],., and
VO,.« €ach declined, by 0.7, 0.5 and 0.4 mM and by 26%,
respectively (Saltin et al. 1968). During submaximal exer-
cise, [K*],, [K*1s, and [K*],., were similarly reduced after
bedrest, reflecting lower absolute workrates, indicating that
[K*] remained similar for a given VO,. Similar [K*], ., were
found during submaximal cycling before and after 4 weeks
of detraining in endurance athletes (Madsen et al. 1993) and
after inactivity via 23 d unilateral lower limb suspension
(Perry et al. 2016), despite shorter time to fatigue in both
studies.

Summary and implications of training and reduced activity
effects on plasma [K*] with exercise

In summary, a characteristic finding in many training
studies is a lowering of circulating [K*] during and after
intense exercise, but this did not always occur. First, this is
dependent on appropriate comparisons between workrates,
intensities or durations matched before and after training
(McKenna 1995; McKenna et al. 1996). Second, in many
instances, [K*],., was measured during leg exercise, where
measures of [K*]g, or of systemic changes via [K*], would
be more appropriate for determining [K*] changes with
training. Lowering of circulating [K*] during exercise after
training is consistent with the lower [K*],,, during exercise
after training (Sect. Human skeletal muscle interstitial [K*]
with exercise) and also generally consistent with the 8-22%
increase found in muscle NKA, (“Effects of training, inac-
tivity and aging on muscle [3H]-ouabain-binding site con-
tent”), although typically only weak or even no association
was reported after training between the plasma [K*] vari-
ables and muscle NKA_ (McKenna 1995; McKenna et al.
1996). In addition to lowered plasma [K*] and increased
muscle NKA_ after training, adaptations also include lower
[K*];, during exercise and hyperpolarised E,, (Knochel et al.
1985), indicating an overall improvement in K™ homeostasis.
Studies examining the effects of reduced physical activity
utilising bedrest, detraining or unilateral limb suspension
on [K*] during exercise have also shown varying findings,
with only bedrest inducing reduced [K*] during exercise.
Further work is required to ascertain these effects and their
functional sequalae.

Adrenaline, B-adrenergic agonists and antagonists
and plasma [K*] with exercise

B-adrenergic activation is a potent activator of muscle NKA
(Cairns and Borrani 2015) and increased circulating cat-
echolamines during exercise due to elevated sympathetic
activity (Kjaer 1989) could likely influence systemic [K*]
during exercise. Whilst studies early in the twentieth cen-
tury examined the direct impacts of adrenaline injection on

circulating [K*] in resting humans, many studies since the
1970s have utilised either p-blockade or B-stimulation to
examine the role of B-adrenergic regulation in K* homeosta-
sis with exercise and its implications for fatigue.

Adrenaline injection

Intravenous adrenaline injection decreased serum [K*]
within a few minutes by 4—15% below rest (Keys 1937) and
in healthy men caused “a consistent and marked drop in the
K immediately...”, with [K*],., lowered by ~0.3 mM from
rest after 0.4 min, remaining low for 25 min, with a slight rise
after 40-60 min and with little effect on [K*],,. (Keys 1938b).

B-Adrenergic blockade

The effects of B-adrenergic blockade on K™ during and after
exercise were first studied using the non-specific f-blocker
propranolol and the fB,-specific blocker metoprolol delivered
orally, finding each increased [K*],., by ~0.4 to 0.5 mM dur-
ing submaximal exercise and slightly in recovery (Carls-
son et al. 1978). Subsequent studies using intravenous pro-
pranolol interventions revealed that f-adrenergic blockade
elevates plasma [K*],, [K*], or [K*],., during a wide range
of different exercise types, with several, but not all stud-
ies demonstrating an increased K* release from contracting
muscles, as well as a reduced K* uptake by other tissues and
with these thought to be mediated by adrenergic inhibition of
muscle NKA (Williams et al. 1985; Katz et al. 1985; Hallén
et al. 1994; Gullestad et al. 1995).

B-Adrenergic agonists

The f,-specific adrenoreceptor agonist salbutamol was used
to treat patients with hyperkalaemic periodic paralysis, sub-
stantially reducing the unusual post-exercise increase in
[K*],., found in these patients and alleviating the associated
muscle weakness and paralysis (Wang and Clausen 1976).
Several studies then investigated the effects of ,-agonists
terbutaline and salbutamol on K* dynamics and exercise
performance in healthy individuals. Intravenous terbutaline
infusion lowered both [K*], and [K*];, by ~0.8 to 0.9 mM
during knee extensor contractions, with conflicting findings
on K* release by the active leg (Rolett et al. 1990; Hallén
et al. 1996). Terbutaline or salbutamol inhalation lowered
[K*],y or induced a smaller rise in [K*], (~0.17 mM),
after exhaustive sprints, during and after submaximal as
well as intense intermittent cycling (Hostrup et al. 2014a,
2016; Altarawneh et al. 2016). The effects of p,-agonists
on lowered [K™] during and after exercise are likely due to
increased activation of muscle NKA (Clausen and Flatman
1977), mediated via cAMP and PKA pathways (Cairns and
Borrani 2015).
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Antioxidant status and plasma [K*] with exercise

The NKA is redox-sensitive in many cell types, with NKA
activity inhibited by numerous reactive oxygen species and
this alleviated by different antioxidants (McKenna et al.
2006). Hence, there is recent interest in whether interven-
tions altering redox status can also modulate systemic [K*]
during exercise and affect performance. Several studies
examined the effects of intravenous infusion of the non-
specific antioxidant, N-acetyl cysteine (NAC) on arterial-
ised [K*],, and on exercise performance, which yielded
varying conclusions (Medved et al. 2003, 2004; McKenna
et al. 2006). It was first found that NAC did not affect [K*],
during 4 bouts of cycling at 130%VO,,,, but did cause a
greater rise in [K*],, above rest in the final bout continued
to exhaustion, without affecting performance time (Medved
et al. 2003). Similarly, NAC did not change [K*],, during
45 min cycling at 70% VOzpeak, but in contrast, reduced the
rise in [K*],, when continued to fatigue at 90% VO,pears also
without affecting time to fatigue (Medved et al. 2004). How-
ever, in a subsequent study, NAC increased performance
time (24%), the rise in [K*], at fatigue and the rise in [K*],
corrected for work done during prolonged cycling including
to fatigue at 92% VO, as well as attenuating the decline
in muscle 3-O-MFPase activity at fatigue (McKenna et al.
2006). These studies thus gave contradictory conclusions on
NAC effects on K* regulation during exercise, but were lim-
ited by not directly measuring [K*], or [K*];,. More recently,
NAC did not affect [K*],, [K*]s, the [K*], g, 4 OF muscle
K* release during knee extension exercise, with some addi-
tional affects noted in either a blood flow restricted leg, or
after intense intermittent training (Christiansen et al. 2019;
Lemminger et al. 2022). Finally, in well-trained cyclists, oral
NAC supplementation did not change either [K*],., or mean
power during exhaustive cycling (Christensen and Bangsbo
2019). In summary, altering redox state using the antioxidant
NAC has to date yielded inconsistent effects on [K*] and
time to fatigue during prolonged and intense exercise, with
further research required to clarify these inconsistencies.

Sex and sample size limitations in plasma
[K*] changes with exercise

A century of studying exercise responses in male
participants

A striking limitation of studies conducted during the twen-
tieth century and including the first 2 decades in the twenty-
first century was that they almost exclusively studied physio-
logical responses in males. Of the 131 studies (and including
sub-studies) cited above on plasma [K*] and exercise, 113
(85%) included male participants, 99 comprised males only,
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18 included female participants, and only 3 studies (2%)
comprised females only (Fig. 8). This review does not cite
every study published during this period, so these statistics
are not fully inclusive but are, nonetheless, striking. Hence,
the past century was largely spent studying plasma [K*] and
exercise in men and therefore most of this literature should
be relabeled as physiological studies in men. Past histori-
cal, sexist approaches to science have excluded women and
rectifying this is a major challenge, but one that is relatively
simple to address for future studies.

Women only studies: plasma [K*] and exercise

The three studies cited over the past century that investi-
gated plasma [K™] and exercise in women only, appear to
show similar responses to men, although this has never
been systematically examined. During incremental cycle
ergometer exercise to exhaustion in 6 women, [K*], rose
from 4.2 at rest to 6.4 mM at exhaustion, [K*], from 4.3 to
6.8 mM, with both declining rapidly at 4 min post-exercise
to 3.8 and 3.7 mM, respectively (Hallén et al. 1994). Dur-
ing incremental treadmill running in 29 women, [K*], rose
from~4.2 mM at rest to a peak of ~6.4 mM (McClaran et al.
1998). During three, 5 min intense cycle ergometer bouts in
14 women, [K*], rose from ~4 mM pre-exercise to 5.3, 5.1
and 5.1 mM, respectively, and declined at 5 min recovery
[K*], to~3.6 mM (Zavorsky et al. 2007). Further studies on
women, [K*] and exercise are clearly required.

A century of studying too few participants

A second striking observation was the propensity for utilis-
ing a very small sample size in most studies. Of these 131
cited studies (and including sub-studies), 26 utilised only
n <4 participants, nearly half were conducted utilising 7 <6,
and almost two-thirds used n < 8 participants, whilst only 9
(7%) used n> 12 participants. Therefore, around one-half
to two-thirds of studies conducted over the past century uti-
lised a small-to-very small sample size and consequently,
many may have had an increased risk of Type II error and
have failed to detect at least some subtleties in the plasma
[K*] responses to exercise and/or in the efficacy of the
intervention used. Hence, many conclusions that have been
accepted may well be subject to further scrutiny in studies
with higher statistical power. In addition, some early and
well-accepted findings such as changes in [K*], 4, g during
different submaximal exercise protocols were obtained from
two subgroups each with only three participants (Sjggaard
et al. 1985), whilst small sample sizes were routine in studies
investigating muscle NKA and exercise. There is value in
small-n studies in special situations and this will continue to
apply to human exercise studies (Ploutz-Snyder et al. 2014).
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Fig.8 Histograms of participant characteristics from human exercise
and plasma [K*] studies for A) sex and B) number of participants

Nonetheless, future studies should include a larger sample
size based on prior statistical power calculations (and report
this) and also include a sufficient number of participants of
both sexes to enable more inclusive physiological interpreta-
tions. Possible sex-based differences in plasma [K*], muscle
NKA, exercise and training should also be explored.

Summary

This review covered the huge historical developments in
each of the broad fields of skeletal muscle Na* and K* con-
tents, concentrations and fluxes; muscle NKA activity, con-
tent and isoforms; and plasma [K*] during muscle contrac-
tions and exercise (Figs. 2, 4, 6). The compounding growth
in knowledge over this past century in each of these fields

serves as a platform for the next. The resulting impacts of
this research progressed from discovery and understanding
of basic mechanisms, through to uncovering the intricacies
of their regulation in-vitro and in-vivo, then to understand-
ing their integration with multiple proteins, local factors,
endocrine systems and organs, to applications such as, e.g.,
understanding their roles in muscle function, fatigue and
performance, and to understanding their collective impacts
in health and disease.

Acknowledgements This paper is dedicated to the memory of Pro-
fessor Torben Clausen from the University of Aarhus, Denmark (30
June, 1937-9 June, 2022), an inspiring and generous leader in skeletal
muscle Nat, K*-ATPase research for over 5 decades. It is also dedi-
cated to the many great scientists from around the world cited here;
it is humbling to read their earlier works and gratifying to see their
continuing legacies to science. We acknowledge the many physiologi-
cal, biochemical and medical societies and journals from numerous
countries that have provided free access to their older published papers.
The authors would like to thank the wonderful librarians at so many
universities that have helped, always behind the scenes, to track down
those hard-to-find articles that have revealed so many interesting gems
and help to inform a new generation of scientists; the authors especially
thank Phung Tran, Peter O’Connell and other library colleagues at Vic-
toria University. Finally, we acknowledge that much of the initial draft
of this manuscript was written on the unceded lands of First Nations
peoples in Australia, recognise their contribution to the rich history of
storytelling that has existed for over 60,000 years and to whose elders
we pay our respects, including past, present and emerging, as well as
to all First Nations people.

Author contributions MM, JR, NO and KO conceived and designed
the review. MM wrote the majority of the initial draft manuscript and
all authors then made substantial editorial contributions. All authors
approved the manuscript.

Funding Open Access funding enabled and organized by CAUL and
its Member Institutions.

Data availability No data statement is required as this is a review and
cites published data. No new original data is included other than that
in Figure 8 but this is descriptive only.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Aagaard NK, Andersen H, Vilstrup H, Clausen T, Jakobsen J, Dorup
1(2003) Decreased muscle strength and contents of Mg and Na,
K-pumps in chronic alcoholics occur independently of liver cir-
rhosis. J Intern Med 253(3):359-366

@ Springer


http://creativecommons.org/licenses/by/4.0/

European Journal of Applied Physiology

Ahlborg B, Bergstrom J, Ekelund L, Hultman E (1967) Muscle glyco-
gen and muscle electrolytes during prolonged physical exercise.
Acta Physiol Scand 70:129-142

Ahmed K, Judah JD (1964) Preparation of lipoproteins containing
cation-dependent ATPase. Biochim Biophys Acta 93:603-613

Albers RW, Koval GJ (1966) Sodium-potassium-activated adenosine
triphosphatase of electrophorus electric organ. 3. An associ-
ated potassium-activated neutral phosphatase. J Biol Chem
241(8):1896-1898

Al-Khalili L, Yu M, Chibalin AV (2003) Na*, K*-ATPase trafficking in
skeletal muscle: insulin stimulates translocation of both al- and
a2-subunit isoforms. FEBS Lett 536(1-3):198-202

Altarawneh M, Petersen AC, Smith R, Rouffet DM, Billaut F, Perry
BD, Wyckelsma VL, Tobin A, McKenna MJ (2016) Salbutamol
effects on systemic potassium dynamics during and following
intense continuous and intermittent exercise. Eur J Appl Physiol
116:2389-2399

Altarawneh MM, Petersen AC, Farr T, Garnham A, Broatch JR, Halson
S, Bishop DJ, McKenna MJ (2020) Resistance training upregu-
lates skeletal muscle Na+, K+-ATPase content, with eleva-
tions in both al and a2, but not § isoforms. Eur J Appl Physiol
120(8):1777-1785. https://doi.org/10.1007/s00421-020-04408-3

Alvestrand A, Wahren J, Smith D, DeFronzo RA (1984) Insulin-medi-
ated potassium uptake is normal in uremic and healthy subjects.
Am J Physiol 246(2 Pt 1):E174-180

Amann M, Blain GM, Proctor LT, Sebranek JJ, Pegelow DF, Demp-
sey JA (2010) Group III and IV muscle afferents contribute to
ventilatory and cardiovascular response to rthythmic exercise in
humans. J Appl Physiol 109(4):966-976. https://doi.org/10.1152/
japplphysiol.00462.2010

Ammar T, Lin W, Higgins A, Hayward LJ, Renaud JM (2015) Under-
standing the physiology of the asymptomatic diaphragm of the
M1592V hyperkalemic periodic paralysis mouse. J] Gen Phys-
iol 146(6):509-525. https://doi.org/10.1085/jgp.201511476

Andres R, Baltzan MA, Cader G, Zierler KL (1962) Effect of insulin
on carbohydrate metabolism and on potassium in the forearm
of man. J Clin Invest 41(1):108-115. https://doi.org/10.1172/
jcil04452

Ariyasu RG, Deerinck TJ, Levinson SR, Ellisman MH (1987) Distri-
bution of (Nat + K*) ATPase and sodium channels in skeletal
muscle and electroplax. J Neurocytol 16(4):511-522. https://
doi.org/10.1007/bf01668505

Askari A, Koyal D (1968) Different oligomycin sensitivities of the
Na* + K*-activated adenosinetriphosphatase and its partial
reactions. Biochem Biophys Res Commun 32(2):227-232

Astrand PO, Saltin B (1964) Plasma and red cell volume after pro-
longed severe exercise. Japplied Physiol 19(5):829-832

Atanasovska T, Petersen AC, Rouffet DM, Billaut F, Ng I, McKenna
MJ (2014) Plasma K* dynamics and implications during and
following intense rowing exercise. J Appl Physiol 117:60-68.
https://doi.org/10.1152/japplphysiol.01027.2013

Atanasovska T, Smith R, Graff C, Tran CT, Melgaard J, Kanters
JK, Petersen AC, Tobin A, Kjeldsen KP, McKenna MJ (2018)
Protection against severe hypokalemia but impaired cardiac
repolarization after intense rowing exercise in healthy humans
receiving salbutamol. J Appl Physiol 125(2):624-633. https://
doi.org/10.1152/japplphysiol.00680.2017

Aughey RJ, Clark SA, Gore CJ, Townsend NE, Hahn AG, Kinsman
TA, Goodman C, Chow CM, Martin DT, Hawley JA, McK-
enna MJ (2006) Interspersed normoxia during live high, train
low interventions reverses an early reduction in muscle Nat¥,
K*-ATPase activity in well-trained athletes. Eur J Appl Physiol
98(3):299-309

Aughey RJ, Murphy KT, Clark SA, Garnham AP, Snow RJ, Cam-
eron-Smith D, Hawley JA, McKenna MJ (2007) Muscle Nat,
K*,-ATPase activity and isoform adaptations to intense interval

@ Springer

exercise and training in well-trained athletes. J Appl Physiol
103(1):39-47. https://doi.org/10.1152/japplphysiol.00236.
2006

Balog EM, Fitts RH (1996) Effects of fatiguing stimulation on intra-
cellular Na* and K* in frog skeletal muscle. J Appl Physiol
81(2):679-685

Band DM, Linton RA (1986) The effect of potassium on carotid body
chemoreceptor discharge in the anaesthetized cat. J Physiol
381:39-47

Bangsbo J, Graham T, Johansen L, Strange S, Christensen C, Sal-
tin B (1992a) Elevated muscle acidity and energy production
during exhaustive exercise in humans. Am J Physiol 263(4 Pt
2):R891-899

Bangsbo J, Graham TE, Kiens B, Saltin B (1992b) Elevated muscle
glycogen and anaerobic energy production during exhaustive
exercise in man. J Physiol 451(1):205-227

Bangsbo J, Madsen K, Kiens B, Richter EA (1996) Effect of muscle
acidity on muscle metabolism and fatigue during intense exercise
in man. J Physiol 495(Pt 2):587-596

Bangsbo J, Gunnarsson TP, Wendell J, Nybo L, Thomassen M (2009)
Reduced volume and increased training intensity elevate muscle
Na+-K+ pump alpha2-subunit expression as well as short- and
long-term work capacity in humans. J Appl Physiol 107(6):1771—
1780. https://doi.org/10.1152/japplphysiol.00358.2009

Bansal N, Szczepaniak L, Ternullo D, Fleckenstein JL, Malloy CR
(2000) Effect of exercise on 23Na MRI and relaxation char-
acteristics of the human calf muscle. ] Magn Reson Imag-
ing 11(5):532-538. https://doi.org/10.1002/(SICI)1522-
2586(200005)11:5%3¢532::AID-JMRI9%3¢3.0.CO;2-#

Bavendiek U, Aguirre Davila L, Koch A, Bauersachs J (2017) Assump-
tion versus evidence: the case of digoxin in atrial fibrillation and
heart failure. Eur Heart J 38(27):2095-2099. https://doi.org/10.
1093/eurheartj/ehw577

Benders AG, van Kuppevelt TH, Oosterhof A, Wevers RA, Veerkamp
JH (1992) Adenosine triphosphatases during maturation of cul-
tured human skeletal muscle cells and in adult human muscle.
Biochim Biophys Acta 1112(1):89-98

Benziane B, Chibalin AV (2008) Skeletal muscle sodium pump reg-
ulation: a translocation paradigm. Am J Physiol Endocrinol
Metab. https://doi.org/10.1152/ajpendo.90261.2008

Benziane B, Widegren U, Pirkmajer S, Henriksson J, Stepto NK,
Chibalin AV (2011) Effect of exercise and training on phos-
pholemman phosphorylation in human skeletal muscle. Am J
Physiol Endocrinol Metab 301(3):E456-466. https://doi.org/
10.1152/ajpendo.00533.2010

Bergstrom J (1962) Muscle electrolytes in man. Scand J Clin Lab
Investig 14(Supplementum 68):1-113

Bergstrom J, Hultman E (1966) The effect of exercise on muscle
glycogen and electrolytes in normals. Scand J Clin Lab Invest
18(1):16-20. https://doi.org/10.3109/00365516609065602

Bergstrom J, Guarnieri G, Hultman E (1971) Carbohydrate metabo-
lism and electrolyte changes in human muscle tissue during
heavy work. J Appl Physiol 30(1):122-125

Bia MJ, DeFronzo RA (1981) Extrarenal potassium homeostasis. Am
J Physiol 240(4):F257-268

Bibert S, Roy S, Schaer D, Horisberger JD, Geering K (2008) Phos-
phorylation of phospholemman (FXYD]1) by protein kinases A
and C modulates distinct Na, K-ATPase isozymes. J Biol Chem
283(1):476-486. https://doi.org/10.1074/jbc.M705830200

Biondo ED, Spontarelli K, Ababioh G, Méndez L, Artigas P (2021)
Diseases caused by mutations in the Na(+)/K(+) pump a1 gene
ATP1AT1. A J Physiol Cell Physiol 321(2):C394-c408. https://
doi.org/10.1152/ajpcell.00059.2021

Blanco G, Mercer RW (1998) Isozymes of the Na*, K*,-ATPase:
heterogeneity in structure, diversity in function. Am J Physiol
275(5 Pt 2):F633-650


https://doi.org/10.1007/s00421-020-04408-3
https://doi.org/10.1152/japplphysiol.00462.2010
https://doi.org/10.1152/japplphysiol.00462.2010
https://doi.org/10.1085/jgp.201511476
https://doi.org/10.1172/jci104452
https://doi.org/10.1172/jci104452
https://doi.org/10.1007/bf01668505
https://doi.org/10.1007/bf01668505
https://doi.org/10.1152/japplphysiol.01027.2013
https://doi.org/10.1152/japplphysiol.00680.2017
https://doi.org/10.1152/japplphysiol.00680.2017
https://doi.org/10.1152/japplphysiol.00236.2006
https://doi.org/10.1152/japplphysiol.00236.2006
https://doi.org/10.1152/japplphysiol.00358.2009
https://doi.org/10.1002/(SICI)1522-2586(200005)11:5%3c532::AID-JMRI9%3e3.0.CO;2-#
https://doi.org/10.1002/(SICI)1522-2586(200005)11:5%3c532::AID-JMRI9%3e3.0.CO;2-#
https://doi.org/10.1093/eurheartj/ehw577
https://doi.org/10.1093/eurheartj/ehw577
https://doi.org/10.1152/ajpendo.90261.2008
https://doi.org/10.1152/ajpendo.00533.2010
https://doi.org/10.1152/ajpendo.00533.2010
https://doi.org/10.3109/00365516609065602
https://doi.org/10.1074/jbc.M705830200
https://doi.org/10.1152/ajpcell.00059.2021
https://doi.org/10.1152/ajpcell.00059.2021

European Journal of Applied Physiology

Blaustein MP, Gottlieb SS, Hamlyn JM, Leenen FHH (2022) Whither
digitalis? What we can still learn from cardiotonic steroids
about heart failure and hypertension. Am J Physiol Heart Circ
Physiol 323(6):H1281-h1295. https://doi.org/10.1152/ajphe
art.00362.2022

Boning D, Tibes U, Schweigart U (1976) Red cell hemoglobin,
hydrogen ion and electrolyte concentrations during exercise
in trained and untrained subjects. Eur J Appl Physiol Occup
Physiol 35(4):243-249

Bonting SL, Caravaggio LL (1963) Studies on sodium-potassium-
activated adenosinetriphosphatase. V. Correlation of enzyme
activity with cation flux in six tissues. Arch Biochem Biophys
101(1):37-46. https://doi.org/10.1016/0003-9861(63)90531-9

Bonting SL, Simon KA, Hawkins NM (1961) Studies on sodium-
potassium-activated adenosine triphosphatase: I. Quantitative
distribution in several tissues of the cat. Arch Biochem Bio-
phys 95(3):416-423. https://doi.org/10.1016/0003-9861(61)
90170-9

Bonting SL, Caravaggio LL, Hawkins NM (1962) Studies on sodium-
potassium-activated adenosinetriphosphatase. I'V. Correlation
with cation transport sensitive to cardiac glycosides. Arch Bio-
chem Biophys 98(3):413-419. https://doi.org/10.1016/0003-
9861(62)90206-0

Boon H, Kostovski E, Pirkmajer S, Song M, Lubarski I, Iversen PO,
Hjeltnes N, Widegren U, Chibalin AV (2012) Influence of
chronic and acute spinal cord injury on skeletal muscle Na*,
K*,-ATPase and phospholemman expression in humans. Am
J Physiol Endocrinol Metab. https://doi.org/10.1152/ajpendo.
00625.2011

Boutiron G (1928) Comptes Rendus Hebdomadaires Des Seances Et
Memoires De La Societe De Biologie 99:1730-1731

Boyle PJ, Conway EJ (1941) Potassium accumulation in muscle and
associated changes. J Physiol 100(1):1-63. https://doi.org/10.
1113/jphysiol.1941.sp003922

Brady HR, Kinirons M, Lynch T, Ohman EM, Tormey W, O’Malley
KM, Horgan JH (1989) Heart rate and metabolic response to
competitive squash in veteran players: identification of risk fac-
tors for sudden cardiac death. Eur Heart J 10(11):1029-1035.
https://doi.org/10.1093/oxfordjournals.eurheartj.a0594 15

Broch-Lips M, Overgaard K, Praetorius HA, Nielsen OB (2007) Effects
of extracellular HCO3(-) on fatigue, pHi, and K+ efflux in rat
skeletal muscles. J Appl Physiol 103(2):494-503. https://doi.org/
10.1152/japplphysiol.00049.2007

Broch-Lips M, de Paoli F, Pedersen TH, Nielsen OB, Benziane B,
Chibalin AV, Pirkmajer S, McKenna MJ, Goodman CA (2012)
Commentaries on Viewpoint: maximal Na+-K+-ATPase activ-
ity is upregulated in association with muscle activity. J Appl
Physiol 112(12):2124-2126. https://doi.org/10.1152/japplphysi
01.00449.2012

Brodal BP, Eeg-Larsen NL, Iversen OJ, Jebens E, Roed A (1975)
Enhanced (Na+, K+)-activated ATPase activity after indirect
electric stimulation of rat skeletal muscle in vivo. Life Sci
17(3):329-331

Bryant SH, Morales-Aguilera A (1971) Chloride conductance in nor-
mal and myotonic muscle fibres and the action of monocarbox-
ylic aromatic acids. J Physiol 219(2):367-383. https://doi.org/10.
1113/jphysiol.1971.sp009667

Bywaters EGL (1944) Ischemic muscle necrosis: crushing injury, trau-
matic edema, the crush syndrome, traumatic anuria, compression
syndrome: a type of injury seen in air raid casualties following
burial beneath débris. ] Am Med Assoc 124(16):1103-1109.
https://doi.org/10.1001/jama.1944.02850160009003

Cairns SP, Borrani F (2015) p-Adrenergic modulation of skeletal mus-
cle contraction: key role of excitation—contraction coupling. J
Physiol 593(21):4713-4727. https://doi.org/10.1113/JP270909

Calhoun JA, Cullen GE, Clarke G, Harrison TR (1930a) Studies in
congestive heart failure: VI. The effect of overwork and other
factors on the potassium content of the cardiac muscle. J Clin
Invest 9(3):393-403. https://doi.org/10.1172/jci100312

Calhoun JA, Cullen GE, Harrison TR (1930b) Studies in congestive
heart failure: VII. The effect of overwork on the potassium con-
tent of skeletal muscle. J Clin Invest 9(3):405-408. https://doi.
org/10.1172/jci100313

Callison WE (1931) The alleged presence of bound potassium in mus-
cle. J Biol Chem 90(3):665-668. https://doi.org/10.1016/S0021-
9258(18)76628-3

Carey MJ, Conway EJ (1954) Comparison of various media for
immersing frog sartorii at room temperature, and evidence for
the regional distribution of fibre Na+. J Physiol 125(2):232-250.
https://doi.org/10.1113/jphysiol.1954.sp005154

Carlsson E, Fellenius E, Lundborg P, Svensson L (1978) beta-
Adrenoceptor blockers, plasma-potassium, and exercise. Lan-
cet 2(8086):424-425. https://doi.org/10.1016/s0140-6736(78)
91893-7

Chang G, Wang L, Schweitzer ME, Regatte RR (2010) 3D 23Na
MRI of human skeletal muscle at 7 Tesla: initial experi-
ence. Eur Radiol 20(8):2039-2046. https://doi.org/10.1007/
s00330-010-1761-3

Chen LS, Lo CF, Numann R, Cuddy M (1997) Characterization of
the human and rat phospholemman (PLM) cDNAs and localiza-
tion of the human PLM gene to chromosome 19q13.1. Genomics
41(3):435-443. https://doi.org/10.1006/geno.1997.4665

Chibalin AV, Kovalenko MV, Ryder JW, Feraille E, Wallberg-Hen-
riksson H, Zierath JR (2001) Insulin- and glucose-induced phos-
phorylation of the Na+, K+-adenosine triphosphatase {alpha}-
subunits in rat skeletal muscle. Endocrinology 142(8):3474-3482

Chin ER, Green HJ (1993) Na(+)-K+ ATPase concentration in differ-
ent adult rat skeletal muscles is related to oxidative potential. Can
J Physiol Pharmacol 71(8):615-618

Chinet A, Clausen T, Girardier L (1977) Microcalorimetric determi-
nation of energy expenditure due to active sodium-potassium
transport in the soleus muscle and brown adipose tissue of the
rat. J Physiol 265(1):43-61

Christensen PM, Bangsbo J (2019) N-Acetyl cysteine does not improve
repeated intense endurance cycling performance of well-trained
cyclists. Eur J Appl Physiol 119(6):1419-1429. https://doi.org/
10.1007/s00421-019-04132-7

Christiansen D (2019) Molecular stressors underlying exercise train-
ing-induced improvements in K(+) regulation during exercise
and Na(+), K(4)-ATPase adaptation in human skeletal muscle.
Acta Physiol Scand 225(3):e13196. https://doi.org/10.1111/apha.
13196

Christiansen D, Bishop DJ, Broatch JR, Bangsbo J, McKenna MJ, Mur-
phy RM (2018a) Cold-water immersion after training sessions:
effects on fibre type-specific adaptations in muscle K+ trans-
port proteins to sprint-interval training in men. J Appl Physiol
125(2):16. https://doi.org/10.1152/japplphysiol.00259.2018

Christiansen D, Murphy RM, Bangsbo J, Stathis CG, Bishop DJ
(2018b) Increased FXYD1 and PGC-1a mRNA after blood flow-
restricted running is related to fibre type-specific AMPK signal-
ling and oxidative stress in human muscle. Acta Physiol Scand
223(2):e13045. https://doi.org/10.1111/apha.13045

Christiansen D, Eibye KH, Rasmussen V, Voldbye HM, Thomassen
M, Nyberg M, Gunnarsson TGP, Skovgaard C, Lindskrog MS,
Bishop DJ, Hostrup M, Bangsbo J (2019) Cycling with blood
flow restriction improves performance and muscle K(+) regu-
lation and alters the effect of anti-oxidant infusion in humans.
J Physiol 597(9):2421-2444. https://doi.org/10.1113/jp277657

Cirri E, Katz A, Mishra NK, Belogus T, Lifshitz Y, Garty H, Karlish
SJ, Apell HJ (2011) Phospholemman (FXYD1) raises the affinity
of the human alphalbetal isoform of Na*, K*,-ATPase for Na

@ Springer


https://doi.org/10.1152/ajpheart.00362.2022
https://doi.org/10.1152/ajpheart.00362.2022
https://doi.org/10.1016/0003-9861(63)90531-9
https://doi.org/10.1016/0003-9861(61)90170-9
https://doi.org/10.1016/0003-9861(61)90170-9
https://doi.org/10.1016/0003-9861(62)90206-0
https://doi.org/10.1016/0003-9861(62)90206-0
https://doi.org/10.1152/ajpendo.00625.2011
https://doi.org/10.1152/ajpendo.00625.2011
https://doi.org/10.1113/jphysiol.1941.sp003922
https://doi.org/10.1113/jphysiol.1941.sp003922
https://doi.org/10.1093/oxfordjournals.eurheartj.a059415
https://doi.org/10.1152/japplphysiol.00049.2007
https://doi.org/10.1152/japplphysiol.00049.2007
https://doi.org/10.1152/japplphysiol.00449.2012
https://doi.org/10.1152/japplphysiol.00449.2012
https://doi.org/10.1113/jphysiol.1971.sp009667
https://doi.org/10.1113/jphysiol.1971.sp009667
https://doi.org/10.1001/jama.1944.02850160009003
https://doi.org/10.1113/JP270909
https://doi.org/10.1172/jci100312
https://doi.org/10.1172/jci100313
https://doi.org/10.1172/jci100313
https://doi.org/10.1016/S0021-9258(18)76628-3
https://doi.org/10.1016/S0021-9258(18)76628-3
https://doi.org/10.1113/jphysiol.1954.sp005154
https://doi.org/10.1016/s0140-6736(78)91893-7
https://doi.org/10.1016/s0140-6736(78)91893-7
https://doi.org/10.1007/s00330-010-1761-3
https://doi.org/10.1007/s00330-010-1761-3
https://doi.org/10.1006/geno.1997.4665
https://doi.org/10.1007/s00421-019-04132-7
https://doi.org/10.1007/s00421-019-04132-7
https://doi.org/10.1111/apha.13196
https://doi.org/10.1111/apha.13196
https://doi.org/10.1152/japplphysiol.00259.2018
https://doi.org/10.1111/apha.13045
https://doi.org/10.1113/jp277657

European Journal of Applied Physiology

ions. Biochemistry 50(18):3736-3748. https://doi.org/10.1021/
bi2001714

Clausen T (1986) Regulation of active Na™-K* transport in skeletal
muscle. Physiol Rev 66(3):542-580

Clausen T (1996) The Na*, K* pump in skeletal muscle: quantifica-
tion, regulation and functional significance. Acta Physiol Scand
156(3):227-235

Clausen T (1998) Clinical and therapeutic significance of the Na*, K*
pump. Clinical Sci (lond) 95(1):3-17

Clausen T (2003) Na*-K* pump regulation and skeletal muscle con-
tractility. Physiol Rev 83(4):1269-1324

Clausen T (2008) Role of Na*, K*-pumps and transmembrane Na™,
K*-distribution in muscle function. The FEPS lecture—Brati-
slava 2007. Acta Physiol Scand 192(3):339-349

Clausen T (2010) Hormonal and pharmacological modification
of plasma potassium homeostasis. Fundam Clin Pharmacol
24(5):595-605. https://doi.org/10.1111/j.1472-8206.2010.
00859.x

Clausen T (2013) Quantification of Na*, K* pumps and their transport
rate in skeletal muscle: functional significance. J Gen Physiol
142(4):327-345. https://doi.org/10.1085/jgp.201310980

Clausen T, Everts ME (1989) Regulation of the Na*, K*-pump in skel-
etal muscle. Kidney Int 35(1):1-13

Clausen T, Flatman JA (1977) The effect of catecholamines on Na-K
transport and membrane potential in rat soleus muscle. J Physiol
270(2):383-414

Clausen T, Hansen O (1974) Ouabain binding and Na*-K* trans-
port in rat muscle cells and adipocytes. Biochim Biophys Acta
345:387-404

Clausen T, Hansen O (1977) Active Na-K transport and the rate of oua-
bain binding. The effect of insulin and other stimuli on skeletal
muscle and adipocytes. J Physiol 270(2):415-430

Clausen T, Kohn PG (1977) The eftect of insulin on the transport of
sodium and potassium in rat soleus muscle. J Physiol 265(1):19—
42. https://doi.org/10.1113/jphysiol.1977.sp011703

Clausen T, Persson AE (1998) Jens Christian Skou awarded the
Nobel prize in chemistry for the identification of the Na+,
K(+)-pump. Acta Physiol Scand 163(1):1-2

Clausen T, Hansen O, Kjeldsen K, Ngrgaard A (1982) Effect of age,
potassium depletion and denervation on specific displaceable
[3H]ouabain binding in rat skeletal muscle in vivo. J Physiol
333:367-381

Clausen T, Everts ME, Kjeldsen K (1987) Quantification of the
maximum capacity for active sodium-potassium transport in
rat skeletal muscle. J Physiol 388:163-181

Clausen T, Van Hardeveld C, Everts ME (1991) Significance of
cation transport in control of energy metabolism and thermo-
genesis. Physiol Rev 71(3):733-774

Clausen T, Nielsen OB, Harrison AP, Flatman JA, Overgaard K
(1998) The Na*, ¥+ pump and muscle excitability. Acta Phys-
iol Scand 162(3):183-190

Clausen T, Overgaard K, Nielsen OB (2004) Evidence that the
Na®-K* leak/pump ratio contributes to the difference in endur-
ance between fast- and slow-twitch muscles. Acta Physiol
Scand 180(2):209-216

Clausen MV, Hilbers F, Poulsen H (2017) The structure and func-
tion of the Na, K-ATPase isoforms in health and disease. Front
Physiol. https://doi.org/10.3389/fphys.2017.00371

Constantinides CD, Gillen JS, Boada FE, Pomper MG, Bottomley
PA (2000) Human skeletal muscle: sodium MR imaging and
quantification-potential applications in exercise and disease.
Radiology 216(2):559-568. https://doi.org/10.1148/radiology.
216.2.r00j146559

Costill DL, Saltin B (1975) Muscle glycogen and electrolytes fol-
lowing exercise and thermal dehydration. In: Howald H,

@ Springer

Poortmans J (eds) Metabolic adaptation to prolonged physical
exercise. Verlag, Basel, pp 352-360

Costill DL, Dalsky GP, Fink WJ (1978) Effects of caffeine inges-
tion on metabolism and exercise performance. Med Sci Sports
10(3):155-158

Crambert G, Hasler U, Beggah AT, Yu C, Modyanov NN, Horis-
berger JD, Lelievre L, Geering K (2000) Transport and
pharmacological properties of nine different human Na*,
K*-ATPase isozymes. J Biol Chem 275(3):1976-1986

Crambert G, Fuzesi M, Garty H, Karlish S, Geering K (2002) Phos-
pholemman (FXYD1) associates with Na*, K+-ATPase and
regulates its transport properties. Proc Natl Acad Sci USA
99(17):11476-11481. https://doi.org/10.1073/pnas.182267299

Creese R (1954) Measurement of cation fluxes in rat diaphragm. Proc
R Soc Lond B Biol Sci 142(909):497-513. https://doi.org/10.
1098/rspb.1954.0039

Cullen GE, Wilkins WE, Harrison TR (1933) Electrolytes in
human tissue. II. The electrolyte content of hearts and
other tissues from cases with various diseases. J] Biol Chem
102(October):415-423

Dean RB (1941) Theories of electrolyte equilibrium in muscle. Biol
Symp 3:331-348

DeFronzo RA, Felig P, Ferrannini E, Wahren J (1980) Effect of graded
doses of insulin on splanchnic and peripheral potassium metabo-
lism in man. Am J Physiol 238(5):E421-427

Dennig H, Talbot JH, Edwards HT, Dill DB (1931) Effects of aci-
dosis and alkalosis upon capacity for work. J Clin Investig
9(4):601-613

Desnuelle C, Liot D, Serratrice G, Lombet A (1985) Biochemical char-
acterization of plasma membrane isolated from human skeletal
muscle. FEBS Lett 188(2):222-226. https://doi.org/10.1016/
0014-5793(85)80376-8

DiFranco M, Hakimjavadi H, Lingrel JB, Heiny JA (2015) Na,
K-ATPase alpha2 activity in mammalian skeletal muscle
T-tubules is acutely stimulated by extracellular K. J Gen Physiol
146(4):281-294. https://doi.org/10.1085/jgp.201511407

Dill DB, Talbot JH, Edwards HT (1930) Studies in muscular activity.
VI. Response of several individuals to a fixed task. J Physiol
69(268-308):267-305

Ditor DS, Hamilton S, Tarnopolsky MA, Green HJ, Craven BC, Par-
ise G, Hicks AL (2004) Na*, K*-ATPase concentration and
fibre type distribution after spinal cord injury. Muscle Nerve
29(1):38-45

Donoso P, Hidalgo C (2002) Sodium transport in triads isolated from
rabbit skeletal muscle. J] Membr Biol 185(3):257-263. https://
doi.org/10.1007/s00232-001-0128-8

Dorup I, Clausen T (1995) Insulin-like growth factor I stimulates active
Na*-K™ transport in rat soleus muscle. Am J Physiol 268(5 Pt
1):E849-857

Dorup I, Skajaa K, Clausen T (1988a) A simple and rapid method for
the determination of the concentrations of magnesium, sodium,
potassium and sodium, potassium pumps in human skeletal mus-
cle. Clin Sci (lond) 74(3):241-248

Dorup I, Skajaa K, Clausen T, Kjeldsen K (1988b) Reduced concentra-
tions of potassium, magnesium, and sodium-potassium pumps in
human skeletal muscle during treatment with diuretics. Br Med
J (clin Res and Ed) 296(6620):455-458

Edner M, Ponikowski P, Jogestrand T (1993) The effect of digoxin
on the serum potassium concentration. Scand J Clin Lab Invest
53(2):187-189

Eliel L, Hellman L, Pearson O, Katz B (1951) The effects of ACTH on
the electrolyte content of various body tissues. In: Proceedings
of the second clinical ACTH conference. Vol. I: Research. Vol.
II: Therapeutics. The Blakiston Company


https://doi.org/10.1021/bi2001714
https://doi.org/10.1021/bi2001714
https://doi.org/10.1111/j.1472-8206.2010.00859.x
https://doi.org/10.1111/j.1472-8206.2010.00859.x
https://doi.org/10.1085/jgp.201310980
https://doi.org/10.1113/jphysiol.1977.sp011703
https://doi.org/10.3389/fphys.2017.00371
https://doi.org/10.1148/radiology.216.2.r00jl46559
https://doi.org/10.1148/radiology.216.2.r00jl46559
https://doi.org/10.1073/pnas.182267299
https://doi.org/10.1098/rspb.1954.0039
https://doi.org/10.1098/rspb.1954.0039
https://doi.org/10.1016/0014-5793(85)80376-8
https://doi.org/10.1016/0014-5793(85)80376-8
https://doi.org/10.1085/jgp.201511407
https://doi.org/10.1007/s00232-001-0128-8
https://doi.org/10.1007/s00232-001-0128-8

European Journal of Applied Physiology

Erlij D, Grinstein S (1976) The number of sodium ion pumping sites
in skeletal muscle and its modification by insulin. J Physiol
259(1):13-31

Ernst E, Cstics L (1930) Untersuchungen iiber Muskelkontraktion:
IX. Mitteilung. Permeabilitdt und Tatigkeit. Pfliger's Archiv
fiir die gesamte Physiologie des Menschen und der Tiere
223(1):663-670

Ernst E, Fricker J (1934) Gebundenes oder freies Kalium im Muskel.
Pfliiger’s Archiv Fiir Die Gesamte Physiologie Des Menschen
Und Der Tiere 234(1):360-368. https://doi.org/10.1007/BF017
66918

Ernst E, Scheffer L (1928) Untersuchungen iiber Muskelkontraktion.
VIL Mitteilung. Die Rolle des Kaliums in der Kontraktion.
Pfliiger's Archiv fiir die gesamte Physiologie des Menschen und
der Tiere 220(1):655-671. https://doi.org/10.1007/BF01780319

Everts ME, Clausen T (1994) Excitation-induced activation of the
Na*-K* pump in rat skeletal muscle. Am J Physiol 266(4 Pt
1):C925-934

Everts ME, Retterstol K, Clausen T (1988) Effects of adrenaline on
excitation-induced stimulation of the sodium-potassium pump in
rat skeletal muscle. Acta Physiol Scand 134(2):189-198

Evertsen F, Medbg J1, Jebens E, Nicolaysen K (1997) Hard training for
5 mo increases Na*-K* pump concentration in skeletal muscle
of cross-country skiers. Am J Physiol 272(5 Pt 2):R1417-1424

Ewart HS, Klip A (1995) Hormonal regulation of the Na*, K*-ATPase:
mechanisms underlying rapid and sustained changes in pump
activity. Am J Physiol 269(2 Pt 1):C295-311

Fallentin N, Jensen BR, Bystrom S, Sjggaard G (1992) Role of potas-
sium in the reflex regulation of blood pressure during static exer-
cise in man. J Physiol 451:643-651

Farber SJ, Pellegrino ED, Conan NJ, Earle DP (1951) Observa-
tions on the plasma potassium level of man. Am J Med Sci
221(6):678-687

Fedosova NU, Habeck M, Nissen P (2021) Structure and function of
Na, K-ATPase-the sodium-potassium pump. Compr Physiol
12(1):2659-2679. https://doi.org/10.1002/cphy.c200018

Fenn WO (1936) Electrolytes in muscle. Physiol Rev 16:450-487

Fenn WO (1937) Loss of potassium in voluntary contraction. Am J
Physiol 120:675-680

Fenn WO (1938) Factors affecting the loss of potassium from stimu-
lated muscles. Am J Physiol 124:213-229

Fenn WO (1939) The fate of potassium liberated from muscles during
activity. Am J Physiol 127:356-373

Fenn WO (1940) The role of potassium in physiological processes.
Physiol Revs 20:377-415

Fenn WO, Cobb DM (1934) The potassium equilibrium in muscle. J
Gen Physiol 17:629-656

Fenn WO, Cobb DM (1935) Evidence for a potassium shift from
plasma to muscles in response to an increased carbon dioxide
tension. Am J Physiol 112:41-55

Fenn WO, Cobb DM (1936) Electrolyte changes in muscle during
activity. Am J Physiol 115(2):345-356

Fenn WO, Cobb DM, Marsh BS (1934) Sodium and chloride in frog
muscle. Am J Physiol 110:261-272

Fenn WO, Cobb DM, Manery JF, Bloor WR (1938) Electrolyte changes
in cat muscle during stimulation. Am J Physiol 121:595-608

Finch CA, Marchand JF (1943) Cardiac arrest by the action of potas-
sium. Am J Med Sci 206:507-520

Finch CA, Sawyer CG, Flynn JM (1946) Clinical syndrome of potas-
sium intoxication. Am J Med 1:337-352. https://doi.org/10.1016/
0002-9343(46)90052-6

Flatman JA, Clausen T (1979) Combined effects of adrenaline and
insulin on active electrogenic Na*-K* transport in rat soleus
muscle. Nature 281(5732):580-581

Floyd RV, Wray S, Martin-Vasallo P, Mobasheri A (2010) Differential
cellular expression of FXYD1 (phospholemman) and FXYD2

(gamma subunit of Na, K-ATPase) in normal human tissues: a
study using high density human tissue microarrays. Ann Anat
192(1):7-16. https://doi.org/10.1016/j.aanat.2009.09.003

Fowles JR, Green HJ, Schertzer JD, Tupling AR (2002) Reduced activ-
ity of muscle Na+-K+-ATPase after prolonged running in rats. J
Appl Physiol 93(5):1703-1708

Fowles JR, Green HJ, Ouyang J (2004) Na+-K+-ATPase in rat skel-
etal muscle: content, isoform, and activity characteristics. J Appl
Physiol 96(1):316-326

Fransson D, Nielsen TS, Olsson K, Christensson T, Bradley PS,
Fatouros IG, Krustrup P, Nordsborg NB, Mohr M (2018) Skeletal
muscle and performance adaptations to high-intensity training
in elite male soccer players: speed endurance runs versus small-
sided game training. Eur J Appl Physiol 118(1):111-121. https://
doi.org/10.1007/s00421-017-3751-5

Fraser SF, McKenna MJ (1998) Measurement of Nat, K*-ATPase
activity in human skeletal muscle. Anal Biochem 258(1):63-67

Fraser SF, Li JL, Carey MF, Wang XN, Sangkabutra T, Sostaric S,
Selig SE, Kjeldsen K, McKenna MJ (2002) Fatigue depresses
maximal in vitro skeletal muscle Nat, K*-ATPase activity in
untrained and trained individuals. J Appl Physiol 93:1650-1659

Friedrich T, Tavraz NN, Junghans C (2016) ATP1A2 mutations in
migraine: seeing through the facets of an ion pump onto the
neurobiology of disease. Front Physiol. https://doi.org/10.3389/
fphys.2016.00239

Galuska D, Kotova O, Barres R, Chibalina D, Benziane B, Chibalin
AV (2009) Altered expression and insulin-induced trafficking of
Na+-K+-ATPase in rat skeletal muscle: effects of high-fat diet
and exercise. Am J Physiol Endocrinol Metab 297(1):E38-49.
https://doi.org/10.1152/ajpendo.90990.2008

Garty H, Karlish SJ (2006) Role of FXYD proteins in ion transport.
Annu Rev Physiol 68:431-459. https://doi.org/10.1146/annurev.
physiol.68.040104.131852

Garvey WT, Maianu L, Zhu JH, Brechtel-Hook G, Wallace P, Baron
AD (1998) Evidence for defects in the trafficking and transloca-
tion of GLUT4 glucose transporters in skeletal muscle as a cause
of human insulin resistance. J Clin Invest 101(11):2377-2386.
https://doi.org/10.1172/jci1557

Gast LV, Baier L-M, Meixner CR, Chaudry O, Engelke K, Uder M,
Nagel AM, Heiss R (2022a) MRI of potassium and sodium ena-
bles comprehensive analysis of ion perturbations in skeletal mus-
cle tissue after eccentric exercise. Invest Radiol. https://doi.org/
10.1097/RLI1.0000000000000931

Gast LV, Baier LM, Chaudry O, Meixner CR, Miiller M, Engelke K,
Uder M, Heiss R, Nagel AM (2022b) Assessing muscle-specific
potassium concentrations in human lower leg using potassium
magnetic resonance imaging. NMR Biomed. https://doi.org/10.
1002/nbm.4819

Geering K (2005) Function of FXYD proteins, regulators of Na,
K-ATPase. J Bioenergy Biomembr 37(6):387-392

Geering K (2006) FXYD proteins: new regulators of Na*, K*-ATPase.
Am J Physiol Renal Physiol 290(2):F241-250

Geering K, Béguin P, Garty H, Karlish S, Fiizesi M, Horisberger JD,
Crambert G (2003) FXYD proteins: new tissue- and isoform-spe-
cific regulators of Na, K-ATPase. Ann N Y Acad Sci 986:388—
394. https://doi.org/10.1111/j.1749-6632.2003.tb07219.x

Goodman C, Hayes A, McKenna M (2009) Dissociation between force
and maximal Na+, K+-ATPase activity in rat fast-twitch skeletal
muscle with fatiguing in vitro stimulation. Eur J Appl Physiol
105(4):575-583

Graham TE, Spriet LL (1991) Performance and metabolic responses
to a high caffeine dose during prolonged exercise. J Appl Physiol
71(6):2292-2298. https://doi.org/10.1152/jappl.1991.71.6.2292

Graham TE, Helge JW, MacLean DA, Kiens B, Richter EA (2000)
Caffeine ingestion does not alter carbohydrate or fat metabolism

@ Springer


https://doi.org/10.1007/BF01766918
https://doi.org/10.1007/BF01766918
https://doi.org/10.1007/BF01780319
https://doi.org/10.1002/cphy.c200018
https://doi.org/10.1016/0002-9343(46)90052-6
https://doi.org/10.1016/0002-9343(46)90052-6
https://doi.org/10.1016/j.aanat.2009.09.003
https://doi.org/10.1007/s00421-017-3751-5
https://doi.org/10.1007/s00421-017-3751-5
https://doi.org/10.3389/fphys.2016.00239
https://doi.org/10.3389/fphys.2016.00239
https://doi.org/10.1152/ajpendo.90990.2008
https://doi.org/10.1146/annurev.physiol.68.040104.131852
https://doi.org/10.1146/annurev.physiol.68.040104.131852
https://doi.org/10.1172/jci1557
https://doi.org/10.1097/RLI.0000000000000931
https://doi.org/10.1097/RLI.0000000000000931
https://doi.org/10.1002/nbm.4819
https://doi.org/10.1002/nbm.4819
https://doi.org/10.1111/j.1749-6632.2003.tb07219.x
https://doi.org/10.1152/jappl.1991.71.6.2292

European Journal of Applied Physiology

in human skeletal muscle during exercise. J Physiol 529(Pt
3):837-847

Green HJ, Chin ER, Ball-Burnett M, Ranney D (1993) Increases in
human skeletal muscle Na*, K*-ATPase concentration with
short-term training. Am J Physiol 264(6 Pt 1):C1538-1541

Green S, Bulow J, Saltin B (1999) Microdialysis and the measurement
of muscle interstitial K* during rest and exercise in humans. J
Appl Physiol 87(1):460-464

Green S, Langberg H, Skovgaard D, Bulow J, Kjar M (2000) Interstitial
and arterial-venous [K*] in human calf muscle during dynamic
exercise: effect of ischaemia and relation to muscle pain. J Phys-
iol 529(3):849-861

Green HJ, Duscha BD, Sullivan MJ, Keteyian SJ, Kraus WE (2001)
Normal skeletal muscle Na*, K*-pump concentration in patients
with chronic heart failure. Muscle Nerve 24(1):69-76

Green HJ, Duhamel TA, Holloway GP, Moule JW, Ouyang J, Ran-
ney D, Tupling AR (2007) Muscle Na+-K+-ATPase response
during 16 h of heavy intermittent cycle exercise. Am J Physiol
Endocrinol Metab 293(2):E523-530. https://doi.org/10.1152/
ajpendo.00004.2007

Green HJ, Duhamel TA, Smith IC, Rich SM, Thomas MM, Ouyang
J, Yau JE (2011) Muscle fatigue and excitation-contraction cou-
pling responses following a session of prolonged cycling. Acta
Physiol Scand 203(4):441-455. https://doi.org/10.1111/j.1748-
1716.2011.02335.x

Grgic J, Grgic I, Pickering C, Schoenfeld BJ, Bishop DJ, Pedisic Z
(2020) Wake up and smell the coffee: caffeine supplementation
and exercise performance-an umbrella review of 21 published
meta-analyses. BrJ Sports Med 54(11):681-688. https://doi.org/
10.1136/bjsports-2018-100278

Grgic J, Pedisic Z, Saunders B, Artioli GG, Schoenfeld BJ, McKenna
M1, Bishop DJ, Kreider RB, Stout JR, Kalman DS, Arent SM,
VanDusseldorp TA, Lopez HL, Ziegenfuss TN, Burke LM,
Antonio J, Campbell BI (2021) International Society of Sports
Nutrition position stand: sodium bicarbonate and exercise perfor-
mance. J Int Soc Sports Nutr 18(1):61. https://doi.org/10.1186/
$12970-021-00458-w

Grinstein S, Erlij D (1974) Insulin unmasks latent sodium pump sites
in frog muscle. Nature 251(5470):57-58

Gullestad L, Hallén J, Sejersted OM (1995) K* balance of the quadri-
ceps muscle during dynamic exercise with and without beta-
adrenoceptor blockade. J Appl Physiol 78(2):513-523

Gunnarsson TP, Christensen PM, Thomassen M, Nielsen LR, Bangsbo
J (2013) Effect of intensified training on muscle ion kinetics,
fatigue development, and repeated short-term performance in
endurance-trained cyclists. Am J Physiol Regul Integr Comp
Physiol 305(7):R811-821. https://doi.org/10.1152/ajpregu.00467.
2012

Hahn L, Hevesy G (1941) Potassium exchange in the stimulated mus-
cle. Acta Physiol Scand 2(1):51-63. https://doi.org/10.1111/j.
1748-1716.1941.tb00647.x

Hallén J (1996) K* balance in humans during exercise. Acta Physiol
Scand 156(3):279-286

Hallén J, Sejersted OM (1993) Intravasal use of pliable K(+)-selective
electrodes in the femoral vein of humans during exercise. J Appl
Physiol 75(5):2318-2325

Hallén J, Gullestad L, Sejersted OM (1994) K™ shifts of skeletal muscle
during stepwise bicycle exercise with and without B-adrenocep-
tor blockade. J Physiol 477(1):149-159

Hallén J, Saltin B, Sejersted OM (1996) K* balance during exercise
and role of beta-adrenergic stimulation. Am J Physiol 270(6 Pt
2):R1347-1354

Hammon M, Grossmann S, Linz P, Kopp C, Dahlmann A, Janka R,
Cavallaro A, Uder M, Titze J (2015) 3 Tesla (23)Na magnetic
resonance imaging during aerobic and anaerobic exercise. Acad

@ Springer

Radiol 22(9):1181-1190. https://doi.org/10.1016/j.acra.2015.
06.005

Hansen O (1979) Facilitation of ouabain binding to (Na+ + K+)-
ATPase by vanadate at in vivo concentrations. Biochim Biophys
Acta 568(1):265-269

Hansen O (2001) The alphal isoform of Na*,K*-ATPase in rat
soleus and extensor digitorum longus. Acta Physiol Scand
173(3):335-341

Hansen O, Clausen T (1988) Quantitative determination of
Na*-K*-ATPase and other sarcolemmal components in muscle
cells. Am J Physiol 254(1 Pt 1):C1-7

Harmer AR, McKenna MJ, Sutton JR, Snow RJ, Ruell PA, Booth J,
Thompson MW, Mackay NA, Stathis CG, Crameri RM, Carey
MF, Eager DM (2000) Skeletal muscle metabolic and ionic
adaptations during intense exercise following sprint training in
humans. J Appl Physiol 89(5):1793-1803

Harmer AR, Ruell PA, McKenna MJ, Chisholm DJ, Hunter SK, Thom
JM, Morris NR, Flack JR (2006) Effects of sprint training on
extrarenal potassium regulation with intense exercise in Type 1
diabetes. J Appl Physiol 100(1):26-34

Harris EJ (1950) The transfer of sodium and potassium between muscle
and the surrounding medium. Part II. The sodium flux. Trans
Faraday Soc 46:872-882. https://doi.org/10.1039/TF9504600872

Harris EJ, Burn GP (1949) The transfer of sodium and potassium ions
between muscle and the surrounding medium. Trans Faraday Soc
45:508-528. https://doi.org/10.1039/TF9494500508

Harrison TR, Pilcher C, Ewing G (1930) Studies in congestive heart
failure: IV. The potassium content of skeletal and cardiac muscle.
J Clin Invest 8(3):325-335. https://doi.org/10.1172/jci100267

Harrop GA (1924) The participation of inorganic substances in carbo-
hydrate metabolism. J Biol Chem 59:683-697

Hastings AB, Eichelberger L (1937) The exchange of salt and water
between muscle and blood: I. The effect of an increase in total
body water produced by the intravenous injection of isotonic salt
solutions. J Biol Chem 117(1):73-93. https://doi.org/10.1016/
S0021-9258(18)74589-4

He S, Shelly D, Moseley A, James P, James J, Paul R, Lingrel J (2001)
The alphal- and alpha 2-isoforms of Na-K-ATPase play differ-
ent roles in skeletal muscle contractility. Am J Physiol (reg Integ
Comp Physiol) 281:917-925

Heinzen EL, Arzimanoglou A, Brashear A, Clapcote SJ, Gurrieri F,
Goldstein DB, Johannesson SH, Mikati MA, Neville B, Nicole
S, Ozelius LJ, Poulsen H, Schyns T, Sweadner KJ, van den Maa-
gdenberg A, Vilsen B, Group AAW (2014) Distinct neurological
disorders with ATP1A3 mutations. Lancet Neurol 13(5):503—
514. https://doi.org/10.1016/S1474-4422(14)70011-0

Helwig B, Schreurs KM, Hansen J, Hageman KS, Zbreski MG, McAl-
lister RM, Mitchell KE, Musch TI (2003) Training-induced
changes in skeletal muscle Na+-K+ pump number and isoform
expression in rats with chronic heart failure. J Appl Physiol
94(6):2225-2236

Hermansen L, Orheim A, Sejersted OM (1984) Metabolic acidosis and
changes in water and electrolyte balance in relation to fatigue
during maximal exercise of short duration. Int J Sports Med
5:S110-S115

Hespel P, Lijnen P, Fiocchi R, Denys B, Lissens W, M’Buyamba-
Kabangu JR, Amery A (1986a) Cationic concentrations and
transmembrane fluxes in erythrocytes of humans during exercise.
J Appl Physiol 61(1):37-43

Hespel P, Lijnen P, Fiocchi R, Van Oppens S, Vanden Eynde E, Amery
A (1986b) Erythrocyte cations and Na+, K+-ATPase pump
activity in athletes and sedentary subjects. Eur J Appl Physiol
Occup Physiol 55(1):24-29

Hicks A, McComas AJ (1989) Increased sodium pump activity fol-
lowing repetitive stimulation of rat soleus muscles. J Physiol
414:337-349


https://doi.org/10.1152/ajpendo.00004.2007
https://doi.org/10.1152/ajpendo.00004.2007
https://doi.org/10.1111/j.1748-1716.2011.02335.x
https://doi.org/10.1111/j.1748-1716.2011.02335.x
https://doi.org/10.1136/bjsports-2018-100278
https://doi.org/10.1136/bjsports-2018-100278
https://doi.org/10.1186/s12970-021-00458-w
https://doi.org/10.1186/s12970-021-00458-w
https://doi.org/10.1152/ajpregu.00467.2012
https://doi.org/10.1152/ajpregu.00467.2012
https://doi.org/10.1111/j.1748-1716.1941.tb00647.x
https://doi.org/10.1111/j.1748-1716.1941.tb00647.x
https://doi.org/10.1016/j.acra.2015.06.005
https://doi.org/10.1016/j.acra.2015.06.005
https://doi.org/10.1039/TF9504600872
https://doi.org/10.1039/TF9494500508
https://doi.org/10.1172/jci100267
https://doi.org/10.1016/S0021-9258(18)74589-4
https://doi.org/10.1016/S0021-9258(18)74589-4
https://doi.org/10.1016/S1474-4422(14)70011-0

European Journal of Applied Physiology

Hodgkin AL, Horowicz P (1959) The influence of potassium and
chloride ions on membrane potential of single muscle fibres. J
Physiol 148:127-160

Hodgkin AL, Huxley AF (1952) A quantitative description of mem-
brane current and its application to conduction and excitation in
nerve. J Physiol 117(4):500-544. https://doi.org/10.1113/jphys
101.1952.sp004764

Hoger SA, Gast LV, Marty B, Hotfiel T, Bickelhaupt S, Uder M, Heiss
R, Nagel AM (2022) Sodium ((23) Na) and quantitative hydro-
gen ((1) H) parameter changes in muscle tissue after eccentric
exercise and in delayed-onset muscle soreness (DOMS) assessed
with magnetic resonance imaging (MRI). NMR Biomed. https://
doi.org/10.1002/nbm.4840

Holler JW (1946) Potassium deficiency occurring during the treat-
ment of diabetic acidosis. ] Am Med Assoc 131(15):1186—1189.
https://doi.org/10.1001/jama.1946.02870320004002

Horvath B, Berg L, Cummings DJ, Shy GM (1955) Muscular dystro-
phy: cation concentrations in residual muscle. J Appl Physiol
8(1):22-30. https://doi.org/10.1152/jappl.1955.8.1.22

Hostrup M, Kalsen A, Bangsbo J, Hemmersbach P, Karlsson S, Backer
V (2014a) High-dose inhaled terbutaline increases muscle
strength and enhances maximal sprint performance in trained
men. Eur J Appl Physiol 114(12):2499-2508. https://doi.org/10.
1007/s00421-014-2970-2

Hostrup M, Kalsen A, @rtenblad N, Juel C, Morch K, Rzeppa S, Karls-
son S, Backer V, Bangsbo J (2014b) beta2-Adrenergic stimula-
tion enhances Ca2™ release and contractile properties of skeletal
muscles, and counteracts exercise-induced reductions in Na*,
K4+-ATPase Vmax in trained men. J Physiol 592(Pt 24):5445-
5459. https://doi.org/10.1113/jphysiol.2014.277095

Hostrup M, Kalsen A, Auchenberg M, Bangsbo J, Backer V (2016)
Effects of acute and 2-week administration of oral salbutamol
on exercise performance and muscle strength in athletes. Scand
J Med Sci Sports. https://doi.org/10.1111/sms.12298

Hostrup M, Cairns SP, Bangsbo J (2021) Muscle ionic shifts during
exercise: implications for fatigue and exercise performance.
Compr Physiol 11(3):1895-1959. https://doi.org/10.1002/cphy.
¢190024

Hostrup M, Lemminger AK, Thomsen LB, Schaufuss A, Alsge
TL, Bergen GK, Bell AB, Bangsbo J, Thomassen M (2023)
High-intensity training represses FXYDS5 and glycosylates
Na, K-ATPase in type II muscle fibres, which are linked with
improved muscle K(+) handling and performance. Int J Mol Sci.
https://doi.org/10.3390/ijms24065587

Huang W, Askari A (1975) (Na+ + K+)-activated adenosinetriphos-
phatase: fluorimetric determination of the associated K+
-dependent 3-O-methylfluorescein phosphatase and its use for
the assay of enzyme samples with low activities. Anal Biochem
66(1):265-271

Hultman E (1967) Studies on muscle metabolism of glycogen and
active phosphate in man with special reference to exercise and
diet. Scand J Clin Lab Invest Suppl 94:1-63

Hultman E, Bergstrom J (1962) Plasma potassium determination.
Scand J Clin Lab Investig Suppl 14:87-93

Hundal HS, Marette A, Mitsumoto Y, Ramlal T, Blostein R, Klip A
(1992) Insulin induces translocation of the alpha 2 and beta 1
subunits of the Na*/K*-ATPase from intracellular compartments
to the plasma membrane in mammalian skeletal muscle. J Biol
Chem 267(8):5040-5043

Hundal HS, Marette A, Ramlal T, Liu Z, Klip A (1993) Expression of
beta subunit isoforms of the Na+, K(+)-ATPase is muscle type-
specific. FEBS Lett 328(3):253-258

Hundal HS, Maxwell DL, Ahmed A, Darakhshan F, Mitsumoto Y,
Klip A (1994) Subcellular distribution and immunocytochemi-
cal localization of Nat, Kt-ATPase subunit isoforms in human
skeletal muscle. Mol Membr Biol 11(4):255-262

Hutter OF, Noble D (1960) The chloride conductance of frog skeletal
muscle. J Physiol 151(1):89-102

Iseri LT, Alexander LC, McCaughey RS, Boyle AJ, Myers GB (1952)
Water and electrolyte content of cardiac and skeletal muscle in
heart failure and myocardial infarction. Am Heart J 43(2):215—
227. https://doi.org/10.1016/0002-8703(52)90212-3

Taia FM, Thomassen M, Kolding H, Gunnarsson T, Wendell J, Rost-
gaard T, Nordsborg N, Krustrup P, Nybo L, Hellsten Y, Bangsbo
J (2008) Reduced volume but increased training intensity elevates
muscle Na+-K+ pump {alpha}1-subunit and NHE1 expression
as well as short-term work capacity in humans. Am J Physiol Reg
Integ Comp Physiol) 294(3):R966-974. https://doi.org/10.1152/
ajpregu.00666.2007

Ivy JL, Costill DL, Fink WIJ, Lower RW (1979) Influence of caffeine
and carbohydrate feedings on endurance performance. Med Sci
Sports 11(1):6-11

Jannas-Vela S, Brownell S, Petrick HL, Heigenhauser GJF, Spriet LL,
Holloway GP (2019) Assessment of Na+/K+ ATPase activity
in small rodent and human skeletal muscle samples. Med Sci
Sports Exerc 51(11):2403-2409. https://doi.org/10.1249/mss.
0000000000002063

Janssen C, Lheureux O, Beloka S, Adamopoulos D, Naeije R, van de
Borne P (2009) Effects of digoxin on muscle reflexes in normal
humans. Eur J Appl Physiol 107(5):581-586. https://doi.org/10.
1007/s00421-009-1165-8

Jensen R, Nielsen J, @rtenblad N (2020) Inhibition of glycogenolysis
prolongs action potential repriming period and impairs muscle
function in rat skeletal muscle. J Physiol 598(4):789-803. https://
doi.org/10.1113/jp278543

Johnson JA (1956) Influence of ouabain, strophanthidin and dihydros-
trophanthidin on sodium and potassium transport in frog sartorii.
Am J Physiol 187(2):328-332. https://doi.org/10.1152/ajplegacy.
1956.187.2.328

Jones NL, Sutton JR, Taylor R, Toews CJ (1977) Effect of pH on cardi-
orespiratory and metabolic responses to exercise. ] Appl Physiol
43(6):959-964

Jgrgensen PL (1974) Isolation and characterization of the components
of the sodium pump. Q Rev Biophys 7(2):239-274. https://doi.
org/10.1017/S0033583500001426

Judah JD, Ahmed K, McLean AEM (1962a) Ion transport and phos-
phoproteins of human red cells. Biochim Biophys Acta 65:472—
480. https://doi.org/10.1016/0006-3002(62)90449-3

Judah JD, Ahmed K, McLean AEM (1962b) Phosphoproteins and
sodium transport. Nature 196:484-486. https://doi.org/10.1038/
196484b0

Juel C (1986) Potassium and sodium shifts during in vitro isomet-
ric muscle contraction, and the time course of the ion-gradient
recovery. Pflugers Arch Eur J Physiol 406(5):458-463

Juel C (2009) Na+-K+-ATPase in rat skeletal muscle: muscle fibre-
specific differences in exercise-induced changes in ion affinity
and maximal activity. Am J Physiol Regul Integr Comp Physiol
296(1):R125-132. https://doi.org/10.1152/ajpregu.90760.2008

Juel C (2012) Maximal Na*, K4+-ATPase activity is upregulated in asso-
ciation with muscle activity. ] Appl Physiol 112(12):2121-2123.
https://doi.org/10.1152/japplphysiol.01421.2011

Juel C, Bangsbo J, Graham T, Saltin B (1990) Lactate and potas-
sium fluxes from human skeletal muscle during and after
intense, dynamic, knee extensor exercise. Acta Physiol Scand
140(2):147-159

Juel C, Hellsten Y, Saltin B, Bangsbo J (1999) Potassium fluxes in
contracting human skeletal muscle and red blood cells. Am J
Physiol 276(1 Pt 2):R184-188

Juel C, Pilegaard H, Nielsen JJ, Bangsbo J (2000) Interstitial K* in
human skeletal muscle during and after dynamic graded exercise
determined by microdialysis. Am J Physiol Regul Integr Comp
Physiol 278(2):R400-406

@ Springer


https://doi.org/10.1113/jphysiol.1952.sp004764
https://doi.org/10.1113/jphysiol.1952.sp004764
https://doi.org/10.1002/nbm.4840
https://doi.org/10.1002/nbm.4840
https://doi.org/10.1001/jama.1946.02870320004002
https://doi.org/10.1152/jappl.1955.8.1.22
https://doi.org/10.1007/s00421-014-2970-2
https://doi.org/10.1007/s00421-014-2970-2
https://doi.org/10.1113/jphysiol.2014.277095
https://doi.org/10.1111/sms.12298
https://doi.org/10.1002/cphy.c190024
https://doi.org/10.1002/cphy.c190024
https://doi.org/10.3390/ijms24065587
https://doi.org/10.1016/0002-8703(52)90212-3
https://doi.org/10.1152/ajpregu.00666.2007
https://doi.org/10.1152/ajpregu.00666.2007
https://doi.org/10.1249/mss.0000000000002063
https://doi.org/10.1249/mss.0000000000002063
https://doi.org/10.1007/s00421-009-1165-8
https://doi.org/10.1007/s00421-009-1165-8
https://doi.org/10.1113/jp278543
https://doi.org/10.1113/jp278543
https://doi.org/10.1152/ajplegacy.1956.187.2.328
https://doi.org/10.1152/ajplegacy.1956.187.2.328
https://doi.org/10.1017/S0033583500001426
https://doi.org/10.1017/S0033583500001426
https://doi.org/10.1016/0006-3002(62)90449-3
https://doi.org/10.1038/196484b0
https://doi.org/10.1038/196484b0
https://doi.org/10.1152/ajpregu.90760.2008
https://doi.org/10.1152/japplphysiol.01421.2011

European Journal of Applied Physiology

Juel C, Grunnet L, Holse M, Kenworthy S, Sommer V, Wulff T (2001)
Reversibility of exercise-induced translocation of Na*-K*-pump
subunits to the plasma membrane in rat skeletal muscle. Pflugers
Arch Eur J Physiol 443(2):212-217

Juel C, Nordsborg NB, Bangsbo J (2013) Exercise-induced increase
in maximal in vitro Na*, ®4+-ATPase activity in human skel-
etal muscle. Am J Physiol Regul Integr Comp Physiol
304(12):R1161-R1165. https://doi.org/10.1152/ajpregu.00591.
2012

Juel C, Hostrup M, Bangsbo J (2015) The effect of exercise and beta2-
adrenergic stimulation on glutathionylation and function of the
Na, K-ATPase in human skeletal muscle. Physiol Rep. https://
doi.org/10.14814/phy2.12515

Kalsen A, Hostrup M, Backer V, Bangsbo J (2016) Effect of formo-
terol, a long-acting 2-adrenergic agonist, on muscle strength
and power output, metabolism, and fatigue during maximal
sprinting in men. Am J Physiol Regul Integr Comp Physiol
310(11):R1312-1321. https://doi.org/10.1152/ajpregu.00364.
2015

Katz J (1896) Die mineralischen Bestandtheile des Muskelfleisches.
Archiv Fiir Die Gesamte Physiologie Des Menschen Und Der
Tiere 63(1):1-85. https://doi.org/10.1007/BF01795413

Katz A, Sahlin K, Juhlin-Dannfelt A (1985) Effect of beta-adrenoceptor
blockade on H* and K* flux in exercising humans. J Appl Physiol
59(2):336-341

Kawakami Y, Kishi F, Uchiyama K, Irie T, Murao M (1975) Changes
in potassium content of erythrocytes during exercise in man. Eur
J Clin Invest 5(5):391-395

Kerr SE (1928) The effect of insulin and of pancreatectomy on the dis-
tribution of phosphorus and potassium in the blood. J Biol Chem
78(1):35-52. https://doi.org/10.1016/S0021-9258(18)84016-9

Keryanov S, Gardner KL (2002) Physical mapping and characteri-
zation of the human Na, K-ATPase isoform, ATP1A4. Gene
292(1-2):151-166

Keynes RD (1954) The ionic fluxes in frog muscle. Proc R Soc Lond B
Biol Sci 142(908):359-382. https://doi.org/10.1098/rspb.1954.
0030

Keys A (1937) Exchanges between blood plasma and tissue fluid in
man. Science 85:317-318

Keys A (1938a) The effects in man and dogs of massive doses of
insulin on the composition of the blood serum. Am J Physiol
123:608-613

Keys A (1938b) The response of the plasma potassium level in man
to te administration of epinephrine. Am J Physiol 121:325-330

Keys A, Adelson L (1936) Calcium changes in the plasma result-
ing from brief severe work and the question as to the perme-
ability of the capillaries to calcium. Am J Physiol Leg Content
115(3):539-547. https://doi.org/10.1152/ajplegacy.1936.115.3.
539

Kielley WW, Meyerhof O (1948a) A new magnesium-activated aden-
osintriphosphatase from muscle. J Biol Chem 174(1):387-388.
https://doi.org/10.1016/S0021-9258(18)57411-1

Kielley WW, Meyerhof O (1948b) Studies on adenosinetriphosphatase
of muscle; a new magnesium-activated a denosinetriphosphatase.
J Biol Chem 176(2):591-601

Kilburn KH (1966) Muscular origin of elevated plasma potassium dur-
ing exercise. ] Appl Physiol 21(2):675-678

Kjaer M (1989) Epinephrine and some other hormonal responses to
exercise in man: with special reference to physical training. Int
J Sports Med 10(1):2-15

Kjeldsen K, Gron P (1989) Skeletal muscle Na, K-pump concentration
in children and its relationship to cardiac glycoside distribution.
J Pharmacol Exp Ther 250(2):721-725

Kjeldsen K, Nogaard A, Clausen T (1984) The age-dependent changes
in the number of 3H-ouabain binding sites in mammalian skeletal
muscle. Pflugers Arch 402(1):100-108

@ Springer

Kjeldsen K, Ngrgaard A, Clausen T (1985a) The concentration of
[*H]oubain-binding sites in skeletal muscle changes with age
K*-depletion and thyroid status, In The Sodium Pump. 4th pro-
ceedings, Glynn I and Ellory C (Eds), The Company of Biolo-
gists Ltd, pp 701-706

Kjeldsen K, Ngrgaard A, Clausen T (1985b) Effects of ouabain, age
and K-depletion on K-uptake in rat soleus muscle. Pflugers Arch
404(4):365-373. https://doi.org/10.1007/bf00585350

Kjeldsen K, Richter EA, Galbo H, Lortie G, Clausen T (1986) Training
increases the concentration of [3H]0uabain—binding sites in rat
skeletal muscle. Biochim Biophys Acta 860(3):708-712

Kjeldsen K, Ngrgaard A, Hau C (1990) Exercise-induced hyperkalae-
mia can be reduced in human subjects by moderate training with-
out change in skeletal muscle Na, K-ATPase concentration. Eur
J Clin Invest 20(6):642—-647

Klitgaard H, Clausen T (1989) Increased total concentration of Na™,
K*-pumps in vastus lateralis muscle of old trained human sub-
jects. J Appl Physiol 67(6):2491-2494

Knochel JP, Blachley JD, Johnson JH, Carter NW (1985) Muscle cell
electrical hyperpolarization and reduced exercise hyperkalemia
in physically conditioned dogs. J Clin Investig 75(2):740-745

Kowalchuk JM, Heigenhauser GJ, Lindinger MI, Obminski G, Sut-
ton JR, Jones NL (1988a) Role of lungs and inactive muscle
in acid-base control after maximal exercise. J Appl Physiol
65(5):2090-2096

Kowalchuk JM, Heigenhauser GJ, Lindinger MI, Sutton JR, Jones NL
(1988b) Factors influencing hydrogen ion concentration in mus-
cle after intense exercise. J Appl Physiol Respir Environ Exerc
Physiol 65(5):2080-2089

Kramer B, Tisdall FF (1921) A clinical method for the quantitative
determination of potassium in small amounts of serum. J Biol
Chem 46(2):339-349. https://doi.org/10.1016/S0021-9258(18)
86143-9

Kravtsova VV, Krivoi II (2021) Molecular and functional heterogeneity
of Na, K-ATPase in the skeletal muscle. J Evolut Biochem Phys-
iol 57(4):835-851. https://doi.org/10.1134/S0022093021040086

Kravtsova VV, Matchkov VV, Bouzinova EV, Vasiliev AN, Razgo-
vorova IA, Heiny JA, Krivoi II (2015) Isoform-specific Na,
K-ATPase alterations precede disuse-induced atrophy of rat
soleus muscle. Biomed Res Int 2015:720172

Kravtsova VV, Petrov AM, Matchkov VV, Bouzinova EV, Vasiliev
AN, Benziane B, Zefirov AL, Chibalin AV, Heiny JA, Krivoi II
(2016) Distinct a2 Na, K-ATPase membrane pools are differently
involved in early skeletal muscle remodeling during disuse. J Gen
Physiol 147(2):175-188. https://doi.org/10.1085/jgp.201511494

Kristensen M, Rasmussen MK, Juel C (2008) Na(+)-K (+) pump
location and translocation during muscle contraction in rat
skeletal muscle. Pflugers Arch 456(5):979-989

Krogh A (1946) The active and passive exchanges of inorganic ions
through the surfaces of living cells and through living mem-
branes generally. Proc R Soc Med 133:140-200. https://doi.
org/10.1098/rspb.1946.0008

Krustrup P, Mohr M, Amstrup T, Rysgaard T, Johansen J, Steens-
berg A, Pedersen PK, Bangsbo J (2003) The yo-yo intermittent
recovery test: physiological response, reliability, and validity.
Med Sci Sports Exerc 35(4):697-705. https://doi.org/10.1249/
01.Mss.0000058441.94520.32

Krustrup P, Mohr M, Steensberg A, Bencke J, Kjaer M, Bangsbo J
(2006) Muscle and blood metabolites during a soccer game:
implications for sprint performance. Med Sci Sports Exerc
38(6):1165-1174

Krustrup P, Ermidis G, Mohr M (2015) Sodium bicarbonate intake
improves high-intensity intermittent exercise performance in
trained young men. J Int Soc Sports Nutr 12:25. https://doi.org/
10.1186/s12970-015-0087-6


https://doi.org/10.1152/ajpregu.00591.2012
https://doi.org/10.1152/ajpregu.00591.2012
https://doi.org/10.14814/phy2.12515
https://doi.org/10.14814/phy2.12515
https://doi.org/10.1152/ajpregu.00364.2015
https://doi.org/10.1152/ajpregu.00364.2015
https://doi.org/10.1007/BF01795413
https://doi.org/10.1016/S0021-9258(18)84016-9
https://doi.org/10.1098/rspb.1954.0030
https://doi.org/10.1098/rspb.1954.0030
https://doi.org/10.1152/ajplegacy.1936.115.3.539
https://doi.org/10.1152/ajplegacy.1936.115.3.539
https://doi.org/10.1016/S0021-9258(18)57411-1
https://doi.org/10.1007/bf00585350
https://doi.org/10.1016/S0021-9258(18)86143-9
https://doi.org/10.1016/S0021-9258(18)86143-9
https://doi.org/10.1134/S0022093021040086
https://doi.org/10.1085/jgp.201511494
https://doi.org/10.1098/rspb.1946.0008
https://doi.org/10.1098/rspb.1946.0008
https://doi.org/10.1249/01.Mss.0000058441.94520.32
https://doi.org/10.1249/01.Mss.0000058441.94520.32
https://doi.org/10.1186/s12970-015-0087-6
https://doi.org/10.1186/s12970-015-0087-6

European Journal of Applied Physiology

Kutz LC, Mukherji ST, Wang X, Bryant A, Larre I, Heiny JA,
Lingrel JB, Pierre SV, Xie Z (2018) Isoform-specific role of
Na/K-ATPase al in skeletal muscle. Am J Physiol Endocrinol
Metab 314(6):E620-E629. https://doi.org/10.1152/ajpendo.
00275.2017

Lau YH, Caswell AH, Garcia M, Letellier L (1979) Ouabain bind-
ing and coupled sodium, potassium, and chloride transport in
isolated transverse tubules of skeletal muscle. J Gen Physiol
74(3):335-349

Laurell H, Pernow B (1966) Effect of exercise on plasma potassium in
man. Acta Physiol Scand 66(1):241-242

Lavoie L, Roy D, Ramlal T, Dombrowski L, Martn-Vasallo P, Marette
A, Carpentier JL, Klip A (1996) Insulin-induced translocation
of Na*-K*-ATPase subunits to the plasma membrane is muscle
fibre type specific. Am J Physiol 270(5 Pt 1):C1421-1429

Lavoie L, Levenson R, Martin-Vasallo P, Klip A (1997) The molar
ratios of alpha and beta subunits of the Na+-K+-ATPase dif-
fer in distinct subcellular membranes from rat skeletal muscle.
Biochemistry 36(25):7726-7732

Leivseth G, Reikeras O (1994) Changes in muscle fibre cross-sectional
area and concentrations of Na+-K+-ATPase in deltoid muscle in
patients with impingement syndrome of the shoulder. J Orthop
Sports Phys Ther 19(3):146-149

Leivseth G, Clausen T, Everts ME, Bjordal E (1992) Effects of reduced
joint mobility and training on Na, K-ATPase and Ca-ATPase in
skeletal muscle. Muscle Nerve 15(7):843-849

Lematte L, Boinot G, Kahane E (1928) La composition minerale des
tissus de I'nomme et des animaux. Bulletin de la Société chim-
ique de France x 553-567

Lemminger AK, Fiorenza M, Eibye K, Bangsbo J, Hostrup M (2022)
High-intensity exercise training alters the effect of N-acetyl-
cysteine on exercise-related muscle ionic shifts in men. Antioxi-
dants (basel). https://doi.org/10.3390/antiox 12010053

Leppik JA, Aughey RJ, Medved I, Fairweather I, Carey MF, McKenna
MIJ (2004) Prolonged exercise to fatigue in humans impairs skel-
etal muscle Na+, K+-ATPase activity, sarcoplasmic reticulum
Ca2+ release and Ca2+ uptake. J Appl Physiol 97(4):1414-1423

Levi AJ, Boyett MR, Lee CO (1994) The cellular actions of digitalis
glycosides on the heart. Prog Biophys Mol Biol 62(1):1-54

Lijnen P, Hespel P, Fagard R, Goris M, Lysens R, Vanden Eynde E,
Amery A (1989) Effect of prolonged physical exercise on intra-
erythrocyte and plasma potassium. Eur J Appl Physiol Occup
Physiol 59(4):296-302

Lindinger MI (2022) A century of exercise physiology: key concepts in
muscle cell volume regulation. Eur J Appl Physiol 122(3):541—
559. https://doi.org/10.1007/s00421-021-04863-6

Lindinger MI, Cairns SP (2021) Regulation of muscle potassium:
exercise performance, fatigue and health implications. Eur
J Appl Physiol 121(3):721-748. https://doi.org/10.1007/
s00421-020-04546-8

Lindinger MI, Heigenhauser GJ, Spriet LL (1987) Effects of intense
swimming and tetanic electrical stimulation on skeletal muscle
ions and metabolites. J Appl Physiol 63(6):2331-2339

Lindinger MI, Heigenhauser GJ, McKelvie RS, Jones NL (1990a) Role
of nonworking muscle on blood metabolites and ions with intense
intermittent exercise. Am J Physiol 258(6 Pt 2):R1486-1494

Lindinger MI, Heigenhauser GJ, Spriet LL (1990b) Effects of alkalosis
on muscle ions at rest and with intense exercise. Can J Physiol
Pharmacol 68(7):820-829

Lindinger MI, Heigenhauser GJ, McKelvie RS, Jones NL (1992) Blood
ion regulation during repeated maximal exercise and recovery in
humans. Am J Physiol 262(1 Pt 2):R126-136

Lindinger MI, Graham TE, Spriet LL (1993) Caffeine attenuates the
exercise-induced increase in plasma [K+] in humans. J Appl
Physiol 74(3):1149-1155

Lindinger MI, Spriet LL, Hultman E, Putman T, McKelvie RS, Lands
LC, Jones NL, Heigenhauser GJ (1994) Plasma volume and ion
regulation during exercise after low- and high-carbohydrate diets.
Am J Physiol 266(6 Pt 2):R1896-1906

Lindinger MI, McKelvie RS, Heigenhauser GJ (1995) K+ and Lac-
distribution in humans during and after high-intensity exercise:
role in muscle fatigue attenuation? J Appl Physiol 78(3):765-777

Lingrel JB (1992) Na*t, K*-ATPase: isoform structure, function, and
expression. J Bioenerg Biomembr 24(3):263-270

Lingrel JB, Orlowski J, Shull MM, Price EM (1990) Molecular genetics
of Na, K-ATPase. Prog Nucleic Acid Res Mol Biol 38:37-89.
https://doi.org/10.1016/s0079-6603(08)60708-4

Lingrel J, Moseley A, Dostanic I, Cougnon M, He S, James P, Woo
A, O’Connor K, Neumann J (2003) Functional roles of the
alpha isoforms of the Na*, K*-ATPase. Ann N Y Acad Sci
986:354-359

Linton RA, Band DM (1985) The effect of potassium on carotid
chemoreceptor activity and ventilation in the cat. Respir Physiol
59(1):65-70

Linton RA, Lim M, Wolff CB, Wilmshurst P, Band DM (1984) Arterial
plasma potassium measured continuously during exercise in man.
Clin Sci (lond) 67(4):427-431

Lynch T, Kinirons MT, O’Callaghan D, Ismail S, Brady HR, Horgan
JH (1992) Metabolic changes during serial squash matches in
older men. Can J Sport Sci 17(2):110-113

Lytton J, Lin JC, Guidotti G (1985) Identification of two molecular
forms of (Na+, K+)-ATPase in rat adipocytes. Relation to insulin
stimulation of the enzyme. J Biol Chem 260(2):1177-1184

Maassen N, Foerster M, Mairbaurl H (1998) Red blood cells do not
contribute to removal of K+ released from exhaustively working
forearm muscle. J Appl Physiol 85(1):326-332

Madsen K, Pedersen PK, Djurhuus MS, Klitgaard NA (1993) Effects of
detraining on endurance capacity and metabolic changes during
prolonged exhaustive exercise. J Appl Physiol 75(4):1444-1451

Malik N, Canfield V, Sanchez-Watts G, Watts AG, Scherer S, Beatty
BG, Gros P, Levenson R (1998) Structural organization and chro-
mosomal localization of the human Na, K-ATPase b3 subunit
gene and pseudogene. Mamm Genome 9(2):136-143

Manoharan P, Radzyukevich TL, Hakim Javadi H, Stiner CA, Landero
Figueroa JA, Lingrel JB, Heiny JA (2015) Phospholemman is
not required for the acute stimulation of Na*-K*-ATPase a,-
activity during skeletal muscle fatigue. A J Physiol Cell Physiol
309(12):C813-822. https://doi.org/10.1152/ajpcell.00205.2015

Marchand JF, Finch CA (1944) Fatal spontaneous potassium intoxica-
tion in patients with uremia. Arch Int Med 73:384-390

Marette A, Krischer J, Lavoie L, Ackerley C, Carpentier JL, Klip A
(1993) Insulin increases the Na*, K*-ATPase,2-subunit in the
surface of rat skeletal muscle: morphological evidence. Am J
Physiol 265(6 Pt 1):C1716-1722

McClaran SR, Harms CA, Pegelow DF, Dempsey JA (1998) Smaller
lungs in women affect exercise hyperpnea. J Appl Physiol
84(6):1872-1881. https://doi.org/10.1152/jappl.1998.84.6.1872

McCloskey DI, Mitchell JH (1972) Reflex cardiovascular and res-
piratory responses originating in exercising muscle. J Physiol
224(1):173-186

McCutcheon LJ, Geor RJ, Shen H (1999) Skeletal muscle Na+-K+-
ATPase and K+ homeostasis during exercise: effects of short-
term training. Equine Vet J 31(S30):303-310. https://doi.org/10.
1111/j.2042-3306.1999.tb05239.x

McDonough AA, Youn JH (2005) Role of muscle in regulating extra-
cellular [K+]. Semin Nephrol 25(5):335-342. https://doi.org/10.
1016/j.semnephrol.2005.03.009

McFarlin BE, Chen Y, Priver TS, Ralph DL, Mercado A, Gamba
G, Madhur MS, McDonough AA (2020) Coordinate adapta-
tions of skeletal muscle and kidney to maintain extracellular

@ Springer


https://doi.org/10.1152/ajpendo.00275.2017
https://doi.org/10.1152/ajpendo.00275.2017
https://doi.org/10.3390/antiox12010053
https://doi.org/10.1007/s00421-021-04863-6
https://doi.org/10.1007/s00421-020-04546-8
https://doi.org/10.1007/s00421-020-04546-8
https://doi.org/10.1016/s0079-6603(08)60708-4
https://doi.org/10.1152/ajpcell.00205.2015
https://doi.org/10.1152/jappl.1998.84.6.1872
https://doi.org/10.1111/j.2042-3306.1999.tb05239.x
https://doi.org/10.1111/j.2042-3306.1999.tb05239.x
https://doi.org/10.1016/j.semnephrol.2005.03.009
https://doi.org/10.1016/j.semnephrol.2005.03.009

European Journal of Applied Physiology

[K(+)] during K(+)-deficient diet. A J Physiol Cell Physiol
319(4):C757-c770. https://doi.org/10.1152/ajpcell.00362.2020

McKelvie RS, Lindinger MI, Heigenhauser GJ, Sutton JR, Jones NL
(1989) Renal responses to exercise-induced lactic acidosis. Am
J Physiol 257(1 Pt 2):R102-108

McKelvie RS, Lindinger MI, Heigenhauser GJ, Jones NL (1991) Con-
tribution of erythrocytes to the control of the electrolyte changes
of exercise. Can J Physiol Pharmacol 69(7):984-993

McKelvie RS, Lindinger MI, Jones NL, Heigenhauser GJ (1992) Eryth-
rocyte ion regulation across inactive muscle during leg exercise.
Can J Physiol Pharmacol 70(12):1625-1633

McKenna MJ (1992) The roles of ionic processes in muscular fatigue
during intense exercise. Sports Med 13(2):134-145

McKenna MJ (1995) Effects of training on potassium homeostasis dur-
ing exercise. ] Mol Cell Cardiol 27(4):941-949

McKenna MJ, Schmidt TA, Hargreaves M, Cameron L, Skinner SL,
Kjeldsen K (1993) Sprint training increases human skeletal mus-
cle Na*, K*- ATPase concentration and improves K* regulation.
J Appl Physiol 75(1):173-180

McKenna MJ, Harmer AR, Fraser SF, Li JL (1996) Effects of train-
ing on potassium, calcium and hydrogen ion regulation in
skeletal muscle and blood during exercise. Acta Physiol Scand
156(3):335-346

McKenna MJ, Heigenhauser GJ, McKelvie RS, MacDougall JD, Jones
NL (1997) Sprint training enhances ionic regulation during
intense exercise in men. J Physiol 501(3):687-702

McKenna MJ, Gissel H, Clausen T (2003) Effects of electrical stimula-
tion and insulin on Na*, K*-ATPase ([3H]-ouabain binding) in
rat skeletal muscle. J Physiol 547(2):567-580

McKenna MJ, Medved I, Goodman CA, Brown MJ, Bjorksten AR,
Murphy KT, Petersen AC, Sostaric S, Gong X (2006) N-Acetyl-
cysteine attenuates the decline in muscle Na+, K+-pump activ-
ity and delays fatigue during prolonged exercise in humans. J
Physiol 576(Pt 1):279-288

McKenna MJ, Bangsbo J, Renaud J-ME (2008) Muscle K+, Na+, Cl-
Disturbances and Na+, K+-pump inactivation: implications for
fatigue. J Appl Physiol 104:288-295. https://doi.org/10.1152/
japplphysiol.01037.2007

Medbg J1, Sejersted OM (1985) Acid-base and electrolyte balance after
exhausting exercise in endurance-trained and sprint-trained sub-
jects. Acta Physiol Scand 125(1):97-109

Medbg J1, Sejersted OM (1990) Plasma potassium changes with high
intensity exercise. J Physiol 421:105-122

Medved I, Brown MJ, Bjorksten AR, Leppik JA, Sostaric S, McKenna
MIJ (2003) N-Acetylcysteine infusion alters blood redox status
but not time to fatigue during intense exercise in humans. J Appl
Physiol 94:1572-1582

Medved I, Brown MJ, Bjorksten AR, McKenna MJ (2004) Eftects of
intravenous N-Acetylcysteine infusion on time to fatigue and
potassium regulation during prolonged cycling exercise. J Appl
Physiol 96(1):211-217

Meigs EB, Ryan LA (1912) The chemical analysis of the ash of smooth
muscle. J Biol Chem 11(4):401-414. https://doi.org/10.1016/
S0021-9258(18)88747-6

Mickelson JR, Louis CF (1985) Components of purified sarco-
lemma from porcine skeletal muscle. Arch Biochem Biophys
242(1):112-126. https://doi.org/10.1016/0003-9861(85)90485-0

Mishima T, Yamada T, Sakamoto M, Sugiyama M, Matsunaga S,
Wada M (2008) Time course of changes in in vitro sarcoplasmic
reticulum Ca?*-handling and Na+-K+-ATPase activity during
repetitive contractions. Pflugers Arch 456(3):601-609. https://
doi.org/10.1007/s00424-007-0427-8

Mitchell JH (1990) J.B. Wolffe memorial lecture. Neural control of the
circulation during exercise. Med Sci Sports Exerc 22(2):141-154

Mitchell PH, Wilson JW (1921) The selective absorption of potas-
sium by animal cells: I. Conditions controlling absorption and

@ Springer

retention of potassium. J Gen Physiol 4(1):45-56. https://doi.
org/10.1085/jgp.4.2.141

Mitchell JH, Kaufman MP, Iwamoto GA (1983) The exercise pressor
reflex: its cardiovascular effects, afferent mechanisms, and cen-
tral pathways. Annu Rev Physiol 45:229-242

Mohr M, Nordsborg N, Nielsen JJ, Pedersen LD, Fischer C, Krus-
trup P, Bangsbo J (2004) Potassium kinetics in human mus-
cle interstitium during repeated intense exercise in relation to
fatigue. Pflugers Arch 448(4):452-456. https://doi.org/10.1007/
s00424-004-1257-6

Mohr M, Krustrup P, Nielsen JJ, Nybo L, Rasmussen MK, Juel C,
Bangsbo J (2006) Effect of two different intense training
regimes on skeletal muscle ion transport proteins and fatigue
development. Am J Physiol Regul Integr Comp Physiol
292(4):R1594-R1602

Mohr M, Nielsen JJ, Bangsbo J (2011) Caffeine intake improves intense
intermittent exercise performance and reduces muscle intersti-
tial potassium accumulation. J Appl Physiol 111(5):1372-1379.
https://doi.org/10.1152/japplphysiol.01028.2010

Mohr M, Nielsen TS, Weihe P, Thomsen JA, Aquino G, Krustrup P,
Nordsborg NB (2017) Muscle ion transporters and antioxida-
tive proteins have different adaptive potential in arm than in leg
skeletal muscle with exercise training. Physiol Rep 5(19):e13470.
https://doi.org/10.14814/phy2.13470

Mokotoff R, Ross G, Leiter L (1952) The electrolyte content of skel-
etal muscle in congestive heart failure; a comparison of results
with inulin and chloride as reference standards for extracellular
water. J Clin Investig 31(3):291-299. https://doi.org/10.1172/
JCI102605

Mond R, Netter H (1930) Andert sich die Ionenpermeabilitit des Mus-
kels wihrend seiner Titigkeit? Pfliiger’s Archiv Fiir Die Gesa-
mte Physiologie Des Menschen Und Der Tiere 224(1):702-709.
https://doi.org/10.1007/BF01771413

Morth JP, Pedersen BP, Toustrup-Jensen MS, Sorensen TL, Petersen J,
Andersen JP, Vilsen B, Nissen P (2007) Crystal structure of the
sodium-potassium pump. Nature 450(7172):1043—-1049. https://
doi.org/10.1038/nature06419

Morth JP, Poulsen H, Toustrup-Jensen MS, Schack VR, Egeb-
jerg J, Andersen JP, Vilsen B, Nissen P (2009) The structure
of the Na+, K+-ATPase and mapping of isoform differences
and disease-related mutations. Philos Trans R Soc B Biol Sci
364(1514):217-227. https://doi.org/10.1098/rstb.2008.0201

Moseley AE, Williams MT, Schaefer TL, Bohanan CS, Neumann JC,
Behbehani MM, Vorhees CV, Lingrel JB (2007) Deficiency in
Na, K-ATPase alpha isoform genes alters spatial learning, motor
activity, and anxiety in mice. J Neurosci 27(3):616-626

Mudge GH, Vislocky K (1949) Electrolyte changes in human striated
muscle in acidosis and alkalosis. J Clin Investig 28(3):482—486.
https://doi.org/10.1172/JC1102094

Murphy KT, Snow RJ, Petersen AC, Murphy RM, Mollica J, Lee
JS, Garnham AP, Aughey RJ, Leppik JA, Medved I, Cameron-
Smith D, McKenna MJ (2004) Intense exercise up-regulates Na*,
K*-ATPase isoform mRNA, but not protein expression in human
skeletal muscle. J Physiol 556(Pt 2):507-519

Murphy KT, Petersen AC, Goodman C, Gong X, Leppik JA, Gar-
nham AP, Cameron-Smith D, Snow RJ, McKenna MJ (2006)
Prolonged submaximal exercise induces isoform-specific Na*,
K*-ATPase mRNA and protein responses in human skeletal mus-
cle. Am J Physiol Regul Integr Comp Physiol 290(2):R414-424

Murphy KT, Aughey RJ, Petersen AC, Clark SA, Goodman C, Hawley
JA, Cameron-Smith D, Snow RJ, McKenna MJ (2007) Effects of
endurance training status and sex differences on Na*, K*-pump
on mRNA expression, content and maximal activity in human
skeletal muscle. Acta Physiol Scand 189:259-269

Murphy KT, Nielsen OB, Clausen T (2008) Analysis of exercise-
induced Na+-K+ exchange in rat skeletal muscle in vivo. Exp


https://doi.org/10.1152/ajpcell.00362.2020
https://doi.org/10.1152/japplphysiol.01037.2007
https://doi.org/10.1152/japplphysiol.01037.2007
https://doi.org/10.1016/S0021-9258(18)88747-6
https://doi.org/10.1016/S0021-9258(18)88747-6
https://doi.org/10.1016/0003-9861(85)90485-0
https://doi.org/10.1007/s00424-007-0427-8
https://doi.org/10.1007/s00424-007-0427-8
https://doi.org/10.1085/jgp.4.2.141
https://doi.org/10.1085/jgp.4.2.141
https://doi.org/10.1007/s00424-004-1257-6
https://doi.org/10.1007/s00424-004-1257-6
https://doi.org/10.1152/japplphysiol.01028.2010
https://doi.org/10.14814/phy2.13470
https://doi.org/10.1172/JCI102605
https://doi.org/10.1172/JCI102605
https://doi.org/10.1007/BF01771413
https://doi.org/10.1038/nature06419
https://doi.org/10.1038/nature06419
https://doi.org/10.1098/rstb.2008.0201
https://doi.org/10.1172/JCI102094

European Journal of Applied Physiology

Physiol 93(12):1249-1262. https://doi.org/10.1113/expphysiol.
2008.042457

Narahara HT, Vogrin VG, Green JD, Kent RA, Gould MK (1979)
Isolation of plasma membrane vesicles, derived from transverse
tubules, by selective homogenization of subcellular fractions of
frog skeletal muscle in isotonic media. Biochim Biophys Acta
552(2):247-261. https://doi.org/10.1016/0005-2736(79)90281-5

Nastuk WL, Hodgkin AL (1950) The electrical activity of single mus-
cle fibres. J Cell Comp Physiol 35(1):39-73. https://doi.org/10.
1002/jcp.1030350105

Ng Y-C, Nagarajan M, Jew KN, Mace LC, Moore RL (2003) Exer-
cise training differentially modifies age-associated altera-
tion in expression of Na+-K+-ATPase subunit isoforms in rat
skeletal muscles. Am J Physiol Regul Integr Comp Physiol
285(4):R733-740

Nielsen OB, Clausen T (1997) Regulation of Na*, X4+-pump activity in
contracting rat muscle. J Physiol 503(3):571-581

Nielsen J, Dubillot P, Stausholm MH, @rtenblad N (2022) Specific
ATPases drive compartmentalized glycogen utilization in rat
skeletal muscle. J Gen Physiol. https://doi.org/10.1085/jgp.
202113071

Nielsen JJ, Mohr M, Klarskov C, Kristensen M, Krustrup P, Juel C,
Bangsbo J (2004) Effects of high-intensity intermittent training
on potassium kinetics and performance in human skeletal mus-
cle. J Physiol 554(3):857-870

Nordsborg N, Bangsbo J, Pilegaard H (2003a) Effect of high-intensity
training on exercise-induced expression of genes involved in ion-
homeostasis and metablism. J Appl Physiol 95(3):1201-1206

Nordsborg N, Mohr M, Pedersen LD, Nielsen JJ, Langberg H, Bangsbo
J (2003b) Muscle interstitial potassium kinetics during intense
exhaustive exercise: effect of previous arm exercise. Am J Phys-
iol Regul Integr Comp Physiol 285(1):R143-148

Nordsborg N, Goodmann C, McKenna MJ, Bangsbo J (2005a) Dexa-
methasone up-regulates skeletal muscle maximal Nat, K* pump
activity by muscle group specific mechanisms in humans. J Phys-
iol 567:583-589

Nordsborg N, Thomassen M, Lundby C, Pilegaard H, Bangsbo J
(2005b) Contraction-induced increases in Na+-K+-ATPase
mRNA levels in human skeletal muscle are not amplified by
activation of additional muscle mass. Am J Physiol Regul Integr
Comp Physiol 289(1):R84-91. https://doi.org/10.1152/ajpregu.
00771.2004

Ngrgaard A, Kjeldsen K, Hansen O, Clausen T (1983) A simple and
rapid method for the determination of the number of *H-ouabain
binding sites in biopsies of skeletal muscle. Biochem Biophys
Res Commun 111(1):319-325

Ngrgaard A, Kjeldsen K, Clausen T (1984a) A method for the deter-
mination of the total number of 3H-ouabain binding sites in
biopsies of human skeletal muscle. Scand J Clin Lab Invest
44(6):509-518. https://doi.org/10.3109/00365518409083604

Ngrgaard A, Kjeldsen K, Hansen O (1984b) Na*, K*-ATPase activ-
ity of crude homogenates of rat skeletal muscle as estimated
from their K*-dependent 3-O-methylfluorescein phosphatase
activity. Biochim Biophys Acta 770(2):203-209

Ngrgaard A, Botker HE, Klitgaard NA, Toft P (1991) Digitalis
enhances exercise-induced hyperkalaemia. Eur J Clin Phar-
macol 41(6):609-611

Norn M (1929) Untersuchungen Uber Kalium- und fibre das Ver-
halten des Kaliums im Organismus. I. Natriumgehalt ver-
schiedener Organe. Skandinavisches Archiv Fiir Physiologie
55(1):162-183

Northcote RJ, MacFarlane P, Ballantyne D (1983) Ambulatory electro-
cardiography in squash players. Br Heart J 50(4):372-377

Northcote RJ, Flannigan C, Ballantyne D (1986) Sudden death and
vigorous exercise-a study of 60 deaths associated with squash.
Br Heart J 55(2):198-203

Orlowski J, Lingrel JB (1988) Tissue-specific and developmental regu-
lation of rat Na*, ¥4+-ATPase catalytic alpha isoform and beta
subunit mRNAs. J Biol Chem 263(21):10436-10442

@rtenblad N, Macdonald WA, Sahlin K (2009) Glycolysis in contract-
ing rat skeletal muscle is controlled by factors related to energy
state. Biochem J 420(2):161-168. https://doi.org/10.1042/bj200
82135

Overgaard K, Lindstrom T, Ingemann-Hansen T, Clausen T (2002)
Membrane leakage and increased content of Na*t-K* pumps
and Ca?* in human muscle after a 100-km run. J Appl Physiol
92(5):1891-1898

Overton E (1902) Beitrége zur allgemeinen Muskel- und Nervenphysi-
ologie. Archiv Fiir Die Gesamte Physiologie Des Menschen Und
Der Tiere 92(6):346-386. https://doi.org/10.1007/BF01659816

Palmer CJ, Scott BT, Jones LR (1991) Purification and complete
sequence determination of the major plasma membrane substrate
for cAMP-dependent protein kinase and protein kinase C in myo-
cardium. J Biol Chem 266(17):11126-11130

Paterson DJ (1992) Potassium and ventilation in exercise. ] Appl Phys-
iol 72(3):811-820

Paterson DJ (1996a) Antiarrhythmic mechanisms during exercise. J
Appl Physiol 80(6):1853-1862

Paterson DJ (1996b) Role of potassium in the regulation of systemic
physiological function during exercise. Acta Physiol Scand
156(3):287-294. https://doi.org/10.1046/j.1365-201X.1996.
190000.x

Paterson DJ, Robbins PA, Conway J (1989) Changes in arterial plasma
potassium and ventilation during exercise in man. Respir Physiol
78(3):323-330

Paterson DJ, Friedland JS, Bascom DA, Clement ID, Cunningham
DA, Painter R, Robbins PA (1990) Changes in arterial K+ and
ventilation during exercise in normal subjects and subjects with
McArdle’s syndrome. J Physiol 429:339-348

Pedersen TH, Clausen T, Nielsen OB (2003) Loss of force induced by
high extracellular [K+] in rat muscle: effect of temperature, lactic
acid and beta2-agonist. J Physiol 551(1):277-286

Perry BD, Levinger P, Serpiello FR, Caldow MK, Cameron-Smith D,
Bartlett JR, Feller JA, Bergman NR, Levinger I, McKenna MJ
(2013) The effects of osteoarthritis and age on skeletal muscle
strength, Na*, X+-ATPase content, gene and isoform expression.
J Appl Physiol 115(10):1443-1449. https://doi.org/10.1152/jappl
physiol.00789.2013

Perry BD, Wyckelsma VL, Murphy RM, Steward CH, Anderson M,
Levinger I, Petersen AC, McKenna MJ (2016) Dissociation
between short-term unloading and resistance training effects on
skeletal muscle Na*, K*-ATPase, muscle function, and fatigue
in humans. J Appl Physiol 121(5):1074—-1086. https://doi.org/10.
1152/japplphysiol.00558.2016

Petersen AC, Murphy KT, Snow RJ, Leppik JA, Aughey RJ, Garnham
AP, Cameron-Smith D, McKenna MJ (2005) Depressed Na*t, K*-
ATPase activity in skeletal muscle at fatigue is correlated with
increased Na*, K*- ATPase mRNA expression following intense
exercise. Am J Physiol (reg Integ Comp Physiol) 289:266-289

Petersen AC, Leikis MJ, McMahon LP, Kent AB, Murphy KT, Gong
X, McKenna MJ (2012) Impaired exercise performance and mus-
cle Na(+), K(+)-pump activity in renal transplantation and hae-
modialysis patients. Nephrol Dial Transplant 27(5):2036-2043.
https://doi.org/10.1093/ndt/gfr586

Petrov AM, Kravtsova VV, Matchkov VV, Vasiliev AN, Zefirov AL,
Chibalin AV, Heiny JA, Krivoi II (2017) Membrane lipid rafts
are disturbed in the response of rat skeletal muscle to short-term
disuse. Am J Phys Cell Physiol 312(5):C627-C637. https://doi.
org/10.1152/ajpcell.00365.2016

Pilcher C, Calhoun JA, Cullen GE, Harrison TR (1930) Studies in
congestive heart failure: V. The potassium content of skeletal

@ Springer


https://doi.org/10.1113/expphysiol.2008.042457
https://doi.org/10.1113/expphysiol.2008.042457
https://doi.org/10.1016/0005-2736(79)90281-5
https://doi.org/10.1002/jcp.1030350105
https://doi.org/10.1002/jcp.1030350105
https://doi.org/10.1085/jgp.202113071
https://doi.org/10.1085/jgp.202113071
https://doi.org/10.1152/ajpregu.00771.2004
https://doi.org/10.1152/ajpregu.00771.2004
https://doi.org/10.3109/00365518409083604
https://doi.org/10.1042/bj20082135
https://doi.org/10.1042/bj20082135
https://doi.org/10.1007/BF01659816
https://doi.org/10.1046/j.1365-201X.1996.190000.x
https://doi.org/10.1046/j.1365-201X.1996.190000.x
https://doi.org/10.1152/japplphysiol.00789.2013
https://doi.org/10.1152/japplphysiol.00789.2013
https://doi.org/10.1152/japplphysiol.00558.2016
https://doi.org/10.1152/japplphysiol.00558.2016
https://doi.org/10.1093/ndt/gfr586
https://doi.org/10.1152/ajpcell.00365.2016
https://doi.org/10.1152/ajpcell.00365.2016

European Journal of Applied Physiology

muscle obtained by biopsy. J Clin Invest 9(2):191-196. https://
doi.org/10.1172/jci100297

Pirkmajer S, Chibalin AV (2016) Na, K-ATPase regulation in skeletal
muscle. Am J Physiol Endocrinol Metab 311(1):E1-E31. https://
doi.org/10.1152/ajpendo.00539.2015

Pivarnik JM, Montain SJ, Graves JE, Pollock ML (1988) Alterations
in plasma volume, electrolytes and protein during incremental
exercise at different pedal speeds. Eur J Appl Physiol Occup
Physiol 57(1):103-109

Ploutz-Snyder RJ, Fiedler J, Feiveson AH (2014) Justifying small-
n research in scientifically amazing settings: challenging the
notion that only “big-n” studies are worthwhile. J Appl Physiol
116(9):1251-1252. https://doi.org/10.1152/japplphysiol.01335.
2013

Post RL (1989) Seeds of sodium, potassium ATPase. Annu Rev Physiol
51:1-15. https://doi.org/10.1146/annurev.ph.51.030189.000245

Post RL, Merritt CR, Kinsolving CR, Albright CD (1960) Membrane
adenosine triphosphatase as a participant in the active transport
of sodium and potassium in the human erythrocyte. J Biol Chem
235:1796-1802

Post RL, Albright CD, Dayani K (1967) Resolution of pump and leak
components of sodium and potassium ion transport in human
erythrocytes. J Gen Physiol 50(5):1201-1220. https://doi.org/10.
1085/jgp.50.5.1201

Qayyum MS, Freemantle CA, Carey CJ, Page BC, Soper N, Pater-
son DJ, Robbins PA (1993) Potassium loss from skeletal mus-
cle during exercise in man: a radioisotope study. Exp Physiol
78(5):639-648

Radzyukevich TL, Moseley AE, Shelly DA, Redden GA, Behbehani
MM, Lingrel JB, Paul RJ, Heiny JA (2004) The Na+-K+-ATPase
{alpha}2-subunit isoform modulates contractility in the perinatal
mouse diaphragm. A J Physiol Cell Physiol 287(5):C1300-1310

Radzyukevich TL, Neumann JC, Rindler TN, Oshiro N, Goldhamer
DJ, Lingrel JB, Heiny JA (2013) Tissue-specific role of the Na*,
K*-ATPase alpha® isozyme in skeletal muscle. J Biol Chem
288(2):1226-1237. https://doi.org/10.1074/jbc.M112.424663

Rasmussen MK, Kristensen M, Juel C (2008) Exercise-induced regu-
lation of phospholemman (FXYDI1) in rat skeletal muscle:
implications for Na+/K+-ATPase activity. Acta Physiol Scand
194(1):67-79. https://doi.org/10.1111/j.1748-1716.2008.01857 .x

Rasmussen MK, Juel C, Nordsborg NB (2011) Exercise-induced regu-
lation of muscular Na+-K+ pump, FXYD1, and NHE1 mRNA
and protein expression: importance of training status, intensity,
and muscle type. Am J Physiol Regul Integr Comp Physiol
300(5):R1209-1220. https://doi.org/10.1152/ajpregu.00635.2010

Ravn HB, Dorup I (1997) The concentration of sodium, potassium
pumps in chronic obstructive lung disease (COLD) patients:
the impact of magnesium depletion and steroid treatment. J
Intern Med 241(1):23-29

Raymer GH, Marsh GD, Kowalchuk JM, Thompson RT (2004) Meta-
bolic effects of induced alkalosis during progressive forearm
exercise to fatigue. J Appl Physiol 96(6):2050-2056

Refsum HE, Stromme SB (1975) Relationship between urine flow,
glomerular filtration, and urine solute concentrations during
prolonged heavy exercise. Scand J Clin Lab Invest 35(8):775-
780. https://doi.org/10.3109/00365517509095809

Reis J, Zhang L, Cala S, Jew KN, Mace LC, Chung L, Moore RL, Ng
YC (2005) Expression of phospholemman and its association
with Na*t, K*-ATPase in skeletal muscle: effects of aging and
exercise training. J Appl Physiol 99(4):1508-1515

Renaud JM, @rtenblad N, McKenna MJ, Overgaard K (2023) Exer-
cise and fatigue: integrating the role of K(+), Na(+) and
Cl(-) in the regulation of sarcolemmal excitability of skel-
etal muscle. Eur J Appl Physiol. https://doi.org/10.1007/
s00421-023-05270-9

@ Springer

Rodriguez-Falces J, Place N (2021) Sarcolemmal excitability, M-wave
changes, and conduction velocity during a sustained low-force
contraction. Front Physiol. https://doi.org/10.3389/fphys.2021.
732624

Rolett EL, Strange S, Sjggaard G, Kiens B, Saltin B (1990) Beta 2-adr-
energic stimulation does not prevent potassium loss from exercis-
ing quadriceps muscle. Am J Physiol 258(5 Pt 2):R1192-1200

Rowell LB, O’Leary DS (1990) Reflex control of the circulation dur-
ing exercise: chemoreflexes and mechanoreflexes. J Appl Physiol
69(2):407-418

Rud B, Secher NH, Nilsson J, Smith G, Hallén J (2014) Metabolic and
mechanical involvement of arms and legs in simulated double
pole skiing. Scand J Med Sci Sports 24(6):913-919. https://doi.
org/10.1111/sms.12133

Rybicki KJ, Kaufman MP, Kenyon JL, Mitchell JH (1984) Arte-
rial pressure responses to increasing interstitial potassium in
hindlimb muscle of dogs. Am J Physiol 247(4 Pt 2):R717-721

Sahlin K, Broberg S (1989) Release of K+ from muscle during pro-
longed dynamic exercise. Acta Physiol Scand 136(2):293-294

Sahlin K, Alvestrand A, Bergstrom J, Hultman E (1977) Intracellular
pH and bicarbonate concentration as determined in biopsy sam-
ples from the quadriceps muscle of man at rest. Clin Sci Mol
Med 53(5):459-466

Sahlin K, Alvestrand A, Brandt R, Hultman E (1978) Intracellular pH
and bicarbonate concentration in human muscle during recovery
from exercise. J Appl Physiol 45(3):474-480

Saltin B, Blomqvist G, Mitchell JH, Johnson RL Jr, Wildenthal K,
Chapman CB (1968) Response to exercise after bed rest and after
training. Circulation 38(5 Suppl): VIII-78

Saltin B, Sjggaard G, Gaffney FA, Rowell LB (1981) Potassium, lac-
tate, and water fluxes in human quadriceps muscle during static
contractions. Circ Res 48(6 Pt 2):118-24

Saltin B, Sjpgaard, S.Strange, C.Juel (1987) Redistribution of K* in
the human body during muscular exercise;its role to maintain
whole body homeostasis. In: Shiraki K, Yousef MK (eds) Man
in stressful environments. Thermal and work physiology. Charles
C.Thomas, Illinois, Ch. 18, pp 247-267

Sandiford SDE, Green HJ, Ouyang J (2005) Mechanisms underlying
increases in rat soleus Na+-K+-ATPase activity by induced con-
tractions. J Appl Physiol 99(6):2222-2232. https://doi.org/10.
1152/japplphysiol.00577.2005

Schatzmann HJ (1953) Cardiac glycosides as inhibitors of active potas-
sium and sodium transport by erythrocyte membrane. Helv Phys-
iol Pharmacol Acta 11(4):346-354

Schmidt TA, Hasselbalch S, Farrell PA, Vestergaard H, Kjeldsen K
(1994) Human and rodent muscle Nat, K*-ATPase in diabe-
tes related to insulin, starvation, and training. J Appl Physiol
76(5):2140-2146

Schmidt TA, Bundgaard H, Olesen HL, Secher NH, Kjeldsen K
(1995) Digoxin affects potassium homeostasis during exercise
in patients with heart failure. Cardiovasc Res 29(4):506-511

Schoner W (2002) Endogenous cardiac glycosides, a new class of ster-
oid hormones. Eur J Biochem 269(10):2440-2448

Seiler S, Fleischer S (1982) Isolation of plasma membrane vesicles
from rabbit skeletal muscle and their use in ion transport studies.
J Biol Chem 257(22):13862-13871

Sejersted OM, Sjggaard G (2000) Dynamics and consequences of
potassium shifts in skeletal muscle and heart during exercise.
Physiol Rev 80(4):1411-1481

Sejersted OM, Medbg JI, Hermansen L (1982) Metabolic acidosis and
changes in water and electrolyte balance after maximal exercise.
Ciba Found Symp 87:153-167

Shamraj OI, Lingrel JB (1994) A putative fourth Na*, K*-ATPase
alpha-subunit gene is expressed in testis. Proc Natl Acad Sci
USA 91(26):12952-12956


https://doi.org/10.1172/jci100297
https://doi.org/10.1172/jci100297
https://doi.org/10.1152/ajpendo.00539.2015
https://doi.org/10.1152/ajpendo.00539.2015
https://doi.org/10.1152/japplphysiol.01335.2013
https://doi.org/10.1152/japplphysiol.01335.2013
https://doi.org/10.1146/annurev.ph.51.030189.000245
https://doi.org/10.1085/jgp.50.5.1201
https://doi.org/10.1085/jgp.50.5.1201
https://doi.org/10.1074/jbc.M112.424663
https://doi.org/10.1111/j.1748-1716.2008.01857.x
https://doi.org/10.1152/ajpregu.00635.2010
https://doi.org/10.3109/00365517509095809
https://doi.org/10.1007/s00421-023-05270-9
https://doi.org/10.1007/s00421-023-05270-9
https://doi.org/10.3389/fphys.2021.732624
https://doi.org/10.3389/fphys.2021.732624
https://doi.org/10.1111/sms.12133
https://doi.org/10.1111/sms.12133
https://doi.org/10.1152/japplphysiol.00577.2005
https://doi.org/10.1152/japplphysiol.00577.2005

European Journal of Applied Physiology

Sjegaard G (1983) Electrolytes in slow and fast muscle fibres of
humans at rest and with dynamic exercise. Am J Physiol
245(1):R25-31

Sjpgaard G (1988) Muscle energy metabolism and electrolyte shifts
during low-level prolonged static contraction in man. Acta Phys-
iol Scand 134(2):181-187

Sjpgaard G, Saltin B (1982) Extra- and intracellular water spaces in
muscles of man at rest and with dynamic exercise. Am J Physiol
243(3):R271-280

Sjggaard G, Adams RP, Saltin B (1985) Water and ion shifts in skeletal
muscle of humans with intense dynamic knee extension. Am J
Physiol 248(2 Pt 2):R190-196

Skinner SL (1961) A cause of erroneous potassium levels. Lancet
4:478-480

Skou JC (1957) The influence of some cations on an adenosine triphos-
phatase from peripheral nerves. Biochim Biophys Acta 23:394—
401. https://doi.org/10.1016/0006-3002(57)90343-8

Skou JC (1960) Further investigations on a Mg++ + Na+-activated
adenosintriphosphatase, possibly related to the active, linked
transport of Na+ and K+ across the nerve membrane. Biochim
Biophys Acta 42:6-23. https://doi.org/10.1016/0006-3002(60)
90746-0

Skou JC (1965) Enzymatic basis for active transport of Na+ and K+
across cell membrane. Physiol Rev 45:596-617. https://doi.org/
10.1152/physrev.1965.45.3.596

Skou JC (1998) Nobel lecture. The identification of the sodium pump.
Biosci Rep 18(4):155-169

Skovgaard C, Almquist NW, Bangsbo J (2017) Effect of increased
and maintained frequency of speed endurance training on per-
formance and muscle adaptations in runners. J] Appl Physiol
122(1):48-59. https://doi.org/10.1152/japplphysiol.00537.2016

Skovgaard C, Almquist NW, Kvorning T, Christensen PM, Bangsbo
J (2018) Effect of tapering after a period of high-volume sprint
interval training on running performance and muscular adapta-
tions in moderately trained runners. J Appl Physiol 124(2):259—
267. https://doi.org/10.1152/japplphysiol.00472.2017

Sostaric SM, Skinner SL, Brown MJ, Sangkabutra T, Medved I, Med-
ley T, Selig SE, Fairweather I, Rutar D, McKenna MJ (2006)
Alkalosis increases muscle K+ release, but lowers plasma [K+]
and delays fatigue during dynamic forearm exercise. J Physiol
570(Pt 1):185-205

Sostaric S, Petersen AC, Goodman CA, Gong X, Aw T-J, Brown MJ,
Garnham A, Steward CH, Murphy KT, Carey KA, Leppik J,
Fraser SF, Cameron-Smith D, Krum H, Snow RJ, McKenna MJ
(2022) Oral digoxin effects on exercise performance, K+ regula-
tion and skeletal muscle Na+, K+-ATPase in healthy humans. J
Physiol 600(16):3749-3774. https://doi.org/10.1113/JP283017

Sreter FA (1963) Cell water, sodium and potassium in stimulated red
and white mammalian muscles. Am J Physiol 205:1295-1298

Steinbach HB (1947) Intracellular inorganic ions and muscle action.
Ann N 'Y Acad Sci 47(6):849-874. https://doi.org/10.1111/j.
1749-6632.1947.tb31740.x

Steinbach HB (1951) Sodium extrusion from isolated frog muscle.
Am J Physiol 167(1):284-287. https://doi.org/10.1152/ajplegacy.
1951.167.1.284

Steinbach HB (1952) On the sodium and potassium balance of isolated
frog muscles. Proc Natl Acad Sci USA 38(5):451-455. https://
doi.org/10.1073/pnas.38.5.451

Stephens TJ, McKenna MJ, Canny BJ, Snow RJ, McConell GK (2002)
Effect of sodium bicarbonate on muscle metabolism during
intense endurance cycling. Med Sci Sports Exerc 34(4):614-621

Steward CH, Smith R, Stepto NK, Brown M, Ng I, McKenna MJ
(2021) A single oral glucose load decreases arterial plasma [K+]
during exercise and recovery. Physiol Rep 9(11):e14889. https://
doi.org/10.14814/phy2.14889

Stickland MK, Lindinger MI, Olfert IM, Heigenhauser GJ, Hopkins SR
(2013) Pulmonary gas exchange and acid-base balance during
exercise. Compr Physiol 3(2):693-739. https://doi.org/10.1002/
cphy.c110048

Street D, Nielsen JJ, Bangsbo J, Juel C (2005) Metabolic alkalosis
reduces exercise-induced acidosis and potassium accumulation in
human skeletal muscle interstitium. J Physiol 566(Pt 2):481-489

Struthers AD, Quigley C, Brown MJ (1988) Rapid changes in
plasma potassium during a game of squash. Clin Sci (lond)
74(4):397-401

Suwannachot P, Verkleij CB, Weijs WA, van Weeren PR, Everts ME
(1999) Effects of training on the concentration of Na+, K+-
ATPase in foal muscle. Equine Vet J 31(S31):101-105. https://
doi.org/10.1111/j.2042-3306.1999.tb05321.x

Sweadner KJ (1979) Two molecular forms of (Na+ + K+)-stimulated
ATPase in brain. Separation, and difference in affinity for stro-
phanthidin. J Biol Chem 254(13):6060—6067. https://doi.org/10.
1016/S0021-9258(18)50519-6

Sweadner KJ (1989) Isozymes of the Na*, K*-ATPase. Biochim Bio-
phys Acta 988(2):185-220

Sweadner KJ, Rael E (2000) The FXYD gene family of small ion trans-
port regulators or channels: cDNA sequence, protein signature
sequence, and expression. Genomics 68(1):41-56. https://doi.
org/10.1006/geno.2000.6274

Talso PJ, Spafford N, Blaw M (1953) The metabolism of water and
electrolytes in congestive heart failure. I. The electrolyte and
water content of normal human skeletal muscle. J Lab Clin Med
41(2):281-286

Thiebault J, Desbois, de la Jatre R (1963) electrolytes sanguins et effort
musculaire. L Alimentation Et La Vie 51:77-84

Thomassen M, Christensen PM, Gunnarsson TP, Nybo L, Bangsbo
J (2010) Effect of 2-wk intensified training and inactivity on
muscle Na+-K+ pump expression, phospholemman (FXYD1)
phosphorylation, and performance in soccer players. J Appl
Physiol 108(4):898-905. https://doi.org/10.1152/japplphysiol.
01015.2009

Thomassen M, Rose AJ, Jensen TE, Maarbjerg SJ, Bune L, Leitges
M, Richter EA, Bangsbo J, Nordsborg NB (2011) Protein kinase
Ca activity is important for contraction-induced FXYD1 phos-
phorylation in skeletal muscle. Am J Physiol Regul Integr Comp
Physiol 301(6):R1808-R1814. https://doi.org/10.1152/ajpregu.
00066.2011

Thomassen M, Murphy RM, Bangsbo J (2013) Fibre type specific
change in FXYD1 phosphorylation during acute intense exer-
cise in humans. J Physiol. https://doi.org/10.1113/jphysiol.2012.
247312

Thomassen M, Gunnarsson TP, Christensen PM, Pavlovic D, Shat-
tock MJ, Bangsbo J (2016) Intensive training and reduced vol-
ume increases muscle FXYD1 expression and phosphorylation
at rest and during exercise in athletes. Am J Physiol Regul
Integr Comp Physiol 310(7):R659-669. https://doi.org/10.
1152/ajpregu.00081.2015

Thompson CB, McDonough AA (1996) Skeletal muscle Na,
K-ATPase alpha and beta subunit protein levels respond to
hypokalemic challenge with isoform and muscle type specific-
ity. J Biol Chem 271(51):32653-32658

Tibes U, Hemmer B, Schweigart U, Boning D, Fotescu D (1974)
Exercise acidosis as cause of electrolyte changes in femoral
venous blood of trained and untrained man. Pflugers Arch
347(2):145-158

Tipton SR (1938) The effect of cortin on the electrolyte changes in
cat muscle during stimulation and recovery. Am J Physiol Leg
Content 124(2):322-327. https://doi.org/10.1152/ajplegacy.
1938.124.2.322

@ Springer


https://doi.org/10.1016/0006-3002(57)90343-8
https://doi.org/10.1016/0006-3002(60)90746-0
https://doi.org/10.1016/0006-3002(60)90746-0
https://doi.org/10.1152/physrev.1965.45.3.596
https://doi.org/10.1152/physrev.1965.45.3.596
https://doi.org/10.1152/japplphysiol.00537.2016
https://doi.org/10.1152/japplphysiol.00472.2017
https://doi.org/10.1113/JP283017
https://doi.org/10.1111/j.1749-6632.1947.tb31740.x
https://doi.org/10.1111/j.1749-6632.1947.tb31740.x
https://doi.org/10.1152/ajplegacy.1951.167.1.284
https://doi.org/10.1152/ajplegacy.1951.167.1.284
https://doi.org/10.1073/pnas.38.5.451
https://doi.org/10.1073/pnas.38.5.451
https://doi.org/10.14814/phy2.14889
https://doi.org/10.14814/phy2.14889
https://doi.org/10.1002/cphy.c110048
https://doi.org/10.1002/cphy.c110048
https://doi.org/10.1111/j.2042-3306.1999.tb05321.x
https://doi.org/10.1111/j.2042-3306.1999.tb05321.x
https://doi.org/10.1016/S0021-9258(18)50519-6
https://doi.org/10.1016/S0021-9258(18)50519-6
https://doi.org/10.1006/geno.2000.6274
https://doi.org/10.1006/geno.2000.6274
https://doi.org/10.1152/japplphysiol.01015.2009
https://doi.org/10.1152/japplphysiol.01015.2009
https://doi.org/10.1152/ajpregu.00066.2011
https://doi.org/10.1152/ajpregu.00066.2011
https://doi.org/10.1113/jphysiol.2012.247312
https://doi.org/10.1113/jphysiol.2012.247312
https://doi.org/10.1152/ajpregu.00081.2015
https://doi.org/10.1152/ajpregu.00081.2015
https://doi.org/10.1152/ajplegacy.1938.124.2.322
https://doi.org/10.1152/ajplegacy.1938.124.2.322

European Journal of Applied Physiology

Tobias IS, Galpin AJ (2020) Moving human muscle physiol-
ogy research forward: an evaluation of fibre type-specific
protein research methodologies. Am J Physiol Cell Physiol
319(5):C858—C876. https://doi.org/10.1152/ajpcell.00107.
2020

Tran CT, Atanasovska T, Graff C, Melgaard J, Kanters JK, Smith R,
Petersen AC, Kjeldsen KP, McKenna MJ (2022) Plasma potas-
sium concentration and cardiac repolarisation markers, Tpeak-
Tend and Tpeak-Tend/QT, during and after exercise in healthy
participants and in end-stage renal disease. Eur J Appl Physiol
122:691-702. https://doi.org/10.1007/s00421-021-04870-7

Tsakiridis T, Wong PP, Liu Z, Rodgers CD, Vranic M, Klip A (1996)
Exercise increases the plasma membrane content of the Na¥,
K* pump and its mRNA in rat skeletal muscles. J Appl Physiol
80(2):699-705

Uesugi S, Dulak NC, Dixon JF, Hexum TD, Dahl JL, Perdue JF, Hokin
LE (1971) Studies on the characterization of the sodium-potas-
sium transport adenosine triphosphatase. VI. Large scale partial
purification and properties of a lubrol-solubilized bovine brain
enzyme. J Biol Chem 246(2):531-543

Unsworth K, Hicks A, McKelvie R (1998) The effect of beta-blockade
on plasma potassium concentrations and muscle excitability fol-
lowing static exercise. Pflugers Arch 436(3):449-456

Urayama O, Shutt H, Sweadner KJ (1989) Identification of three
isozyme proteins of the catalytic subunit of the Na, K-ATPase in
rat brain. J Biol Chem 264(14):8271-8280

Uwera F, Ammar T, McRae C, Hayward LJ, Renaud JM (2020) Lower
Ca®* enhances the K+-induced force depression in normal and
HyperKPP mouse muscles. J Gen Physiol. https://doi.org/10.
1085/jgp.201912511

van den Burg MM, Eizema K, de Graaf-Roelfsema E, van Breda E,
Wijnberg ID, van der Kolk JH, Everts ME (2009) Effects of acute
exercise and long-term exercise on total Na+, K+-ATPase con-
tent and Na+, K+-ATPase isoform expression profile in equine
muscle. Am J Vet Res 70(7):895-901. https://doi.org/10.2460/
ajvr.70.7.895

Venosa RA, Horowicz P (1981) Density and apparent location of
the sodium pump in frog sartorius muscle. J Membr Biol
59(3):225-232

Verburg E, Hallén J, Sejersted OM, Vgllestad NK (1999) Loss of potas-
sium from muscle during moderate exercise in humans: a result
of insufficient activation of the Na*-K*-pump? Acta Physiol
Scand 165(4):357-367

Vgllestad NK, Hallén J, Sejersted OM (1994) Effect of exercise inten-
sity on potassium balance in muscle and blood of man. J Physiol
475(2):359-368

Vyskocil F, Hnik P, Rehfeldt H, Vejsada R, Ujec E (1983) The meas-
urement of K+e concentration changes in human muscles during
volitional contractions. Pflugers Arch 399(3):235-237

Walaas O, Walaas E, Lystad E, Alertsen AR, Horn RS, Fossum S
(1977) A stimulatory effect of insulin on phosphorylation of a
peptide in sarcolemma-enriched membrane preparation from rat
skeletal muscle. FEBS Lett 80(2):417-422. https://doi.org/10.
1016/0014-5793(77)80489-4

Walaas SI, Horn RS, Albert KA, Adler A, Walaas O (1988) Phosphoryl-
ation of multiple sites in a 15000 dalton proteolipid from rat skel-
etal muscle sarcolemma, catalyzed by adenosine 3',5'-monophos-
phate-dependent and calcium/phospholipid-dependent protein
kinases. Biochim Biophys Acta (BBA) Mol Cell Res 968(1):127—
137. https://doi.org/10.1016/0167-4889(88)90052-3

Wang P, Clausen T (1976) Treatment of attacks in hyperkalaemic
familial periodic paralysis by inhalation of salbutamol. Lancet
1(7953):221-223

Wang J, Velotta JB, McDonough AA, Farley RA (2001) All human
Na*-K*-ATPase a-subunit isoforms have a similar affinity for
cardiac glycosides. Am J Physiol 281(4):C1336-1343

@ Springer

Wang J, Rindom E, Groennebaek T, Sieljacks P, Jakobsgaard JE, Farup
J, Vissing K, Pedersen TH, de Paoli FV (2023) Six weeks of
high-load resistance and low-load blood flow restricted train-
ing increase Na/K-ATPase sub-units a2 and f1 equally, but does
not alter CIC-1 abundance in untrained human skeletal muscle.
J Muscle Res Cell Motil 44(1):25-36. https://doi.org/10.1007/
$10974-023-09644-6

Weber M-A, Nielles-Vallespin S, Essig M, Jurkat-Rott K, Kauczor
H-U, Lehmann-Horn F (2006) Muscle Na+ channelopathies.
Neurology 67(7):1151-1158. https://doi.org/10.1212/01.wnl.
0000233841.75824.0f

West W, Hicks A, McKelvie R, O’Brien J (1996) The relationship
between plasma potassium, muscle membrane excitability and
force following quadriceps fatigue. Pflugers Arch 432(1):43-49

Wilkerson JE, Horvath SM, Gutin B, Molnar S, Diaz FJ (1982) Plasma
electrolyte content and concentration during treadmill exercise
in humans. J Appl Physiol 53(6):1529-1539

Wilkins WE, Cullen GE (1933) Electrolytes in human tissue. III. A
comparison of normal hearts with hearts showing congestive
heart failure. J Clin Invest 12(6):1063—1074. https://doi.org/10.
1172/jci100557

Wilkins L, Kramer B (1923) Studies on the potassium content of
human serum. Arch Intern Med 31:916-922

Williams TJ, McKenna MJ (2012) Exercise limitation following trans-
plantation. Comp Physiol 2(July):1937-1979

Williams J, Ansell B, Reiffel L, Stone CA, Kark R (1957) Electrolyte
levels in normal and dystrophic muscle determined by neutron
activation. Lancet 270(6993):464-466. https://doi.org/10.1016/
S0140-6736(57)90770-5

Williams ME, Gervino EV, Rosa RM, Landsberg L, Young JB, Silva P,
Epstein FH (1985) Catecholamine modulation of rapid potassium
shifts during exercise. N Engl J Med 312(13):823-827

Williams MW, Resneck WG, Kaysser T, Ursitti JA, Birkenmeier CS,
Barker JE, Bloch RJ (2001) Na, K-ATPase in skeletal muscle:
two populations of beta-spectrin control localization in the sar-
colemma but not partitioning between the sarcolemma and the
transverse tubules. J Cell Sci 114(Pt 4):751-762

Wyckelsma VL, McKenna MJ (2016) Effects of age on Na+, K+-
ATPase expression in human and rodent skeletal muscle. Front
Physiol. https://doi.org/10.3389/fphys.2016.00316

Wyckelsma VL, McKenna MJ, Serpiello FR, Lamboley CR, Aughey
RJ, Stepto NK, Bishop DJ, Murphy RM (2015) Single fibre
expression and fibre-specific adaptability to short-term intense
exercise training of Na+, K+-ATPase alpha and beta isoforms in
human skeletal muscle. J Appl Physiol. https://doi.org/10.1152/
japplphysiol.00419.2014

Wyckelsma VL, McKenna MJ, Levinger I, Petersen AC, Lamboley
CR, Murphy RM (2016) Cell specific differences in the protein
abundances of GAPDH and Na+, K+-ATPase in skeletal muscle
from aged individuals. Exp Gerontol 75(Supplement C):8-15.
https://doi.org/10.1016/j.exger.2015.12.010

Wyckelsma VL, Levinger I, Murphy RM, Petersen AC, Perry BD,
Hedges CP, Anderson MJ, McKenna MJ (2017) Intense interval
training in healthy older adults increases skeletal muscle [3H]
ouabain-binding site content and elevates Na+, K+-ATPase o2
isoform abundance in Type II fibres. Physiol Rep. https://doi.org/
10.14814/phy2.13219

Wyckelsma VL, Perry BD, Bangsbo J, McKenna MJ (2019) Inactiv-
ity and exercise training differentially regulate abundance of
Na+-K+-ATPase in human skeletal muscle. J Appl Physiol
127(4):905-920. https://doi.org/10.1152/japplphysiol.01076.
2018

Xie Z, Askari A (2002) Na*, K*-ATPase as a signal transducer. Eur J
Biochem 269(10):2434-2439

Xu H, Ren X, Lamb GD, Murphy RM (2018) Physiological and bio-
chemical characteristics of skeletal muscles in sedentary and


https://doi.org/10.1152/ajpcell.00107.2020
https://doi.org/10.1152/ajpcell.00107.2020
https://doi.org/10.1007/s00421-021-04870-7
https://doi.org/10.1085/jgp.201912511
https://doi.org/10.1085/jgp.201912511
https://doi.org/10.2460/ajvr.70.7.895
https://doi.org/10.2460/ajvr.70.7.895
https://doi.org/10.1016/0014-5793(77)80489-4
https://doi.org/10.1016/0014-5793(77)80489-4
https://doi.org/10.1016/0167-4889(88)90052-3
https://doi.org/10.1007/s10974-023-09644-6
https://doi.org/10.1007/s10974-023-09644-6
https://doi.org/10.1212/01.wnl.0000233841.75824.0f
https://doi.org/10.1212/01.wnl.0000233841.75824.0f
https://doi.org/10.1172/jci100557
https://doi.org/10.1172/jci100557
https://doi.org/10.1016/S0140-6736(57)90770-5
https://doi.org/10.1016/S0140-6736(57)90770-5
https://doi.org/10.3389/fphys.2016.00316
https://doi.org/10.1152/japplphysiol.00419.2014
https://doi.org/10.1152/japplphysiol.00419.2014
https://doi.org/10.1016/j.exger.2015.12.010
https://doi.org/10.14814/phy2.13219
https://doi.org/10.14814/phy2.13219
https://doi.org/10.1152/japplphysiol.01076.2018
https://doi.org/10.1152/japplphysiol.01076.2018

European Journal of Applied Physiology

active rats. ] Muscle Res Cell Motil 39(1-2):1-16. https://doi.
org/10.1007/s10974-018-9493-0

Yap JQ, Seflova J, Sweazey R, Artigas P, Robia SL (2021) FXYD pro-
teins and sodium pump regulatory mechanisms. J Gen Physiol.
https://doi.org/10.1085/jgp.202012633

Zavorsky GS, Gow J, Murias JM (2007) Potassium kinetics and its
relationship with ventilation during repeated bouts of exercise
in women. Eur J Appl Physiol 99(2):173-181. https://doi.org/
10.1007/s00421-006-0330-6

Zierler KL, Rabinowitz D (1964) Effect of very small concentrations
of insulin on forearm metabolism. persistence of its action on

potassium and free fatty acids without its effect on glucose. J
Clin Invest 43:950-962

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1007/s10974-018-9493-0
https://doi.org/10.1007/s10974-018-9493-0
https://doi.org/10.1085/jgp.202012633
https://doi.org/10.1007/s00421-006-0330-6
https://doi.org/10.1007/s00421-006-0330-6

	A century of exercise physiology: effects of muscle contraction and exercise on skeletal muscle Na+,K+-ATPase, Na+ and K+ ions, and on plasma K+ concentration—historical developments
	Abstract
	Introduction and overview of muscle ions, excitability and contraction
	Early work on muscle K+ and Na+ and their movements, leading to the Na+, K+-pump discovery
	Early studies determining K+ and Na+ contents in resting muscle in various species
	Early studies demonstrating muscle contraction effects on muscle K+ and Na+ contents
	Early studies demonstrating K+ and Na+ fluxes in muscle at rest and after contractions
	Identification of NKA by Jens Skou, the Nobel Prize and the Post-Albers pump cycle

	NKA activity in skeletal muscle and the effects of muscle contractions and exercise
	Activity determined by ATP hydrolysis rates
	Activity determined by labelled K+, Rb+ and Na+ ion fluxes and by rate of ouabain binding
	Activity in intact muscles and muscle pieces
	NKA activity in muscle transverse tubule membranes

	K+-dependent phosphatase activity
	Summary of NKA activity measurements in resting muscle during the 1960s–1980s
	Increased muscle NKA activity with muscle contractions
	Immediate effects of contraction on NKA activity measured in intact muscles
	Effects of muscle contraction on NKA activity, measured in muscle membrane fractions and homogenates

	NKA activity in human muscle at rest and with exercise
	Resting muscle
	Exercise and recovery
	Conclusions on measurement of NKA activity in human muscle and functional implications


	NKA content in skeletal muscle, including the effects of insulin, exercise, training and aging
	[3H]-ouabain-binding site content in animal muscles
	NKA content in human muscle
	Insulin, contraction and exercise effects on muscle [3H]-ouabain-binding site content
	Insulin
	Electrical stimulation
	Acute exercise in humans

	Effects of training, inactivity and aging on muscle [3H]-ouabain-binding site content
	Training
	Inactivity
	Aging


	Muscle NKA isoforms, FXYD, localisation, effects of exercise, genetic manipulations and their functional significance
	Overview of NKA isoforms and FXYD1 in muscle
	NKA isoform and FXYD expression in animal skeletal muscle
	Discovery of NKA isoforms in muscle
	NKA isoform cellular locations and insulin-induced translocation
	NKA isoform muscle-specific expression
	Contraction-induced translocation of NKA isoforms to surface membranes in muscle
	Effects of training and inactivity in animals on muscle NKA isoforms
	NKA isoform-specific Na+ and K+ affinities
	Genetic manipulation of NKA α isoforms in muscle and their functional implications
	FXYD expression in skeletal muscle in animals at rest and with exercise

	NKA isoform and FXYD expression in human skeletal muscle
	NKA gene expression in human muscle
	NKA isoform protein abundances and their localisation in human muscle
	Ouabain, Na+ and K+ affinities 
	Effects of acute exercise on NKA isoform gene expression 
	Effects of acute exercise on NKA isoform protein abundances 
	Effects of training and inactivity on NKA isoform protein abundances 
	FXYD expression in human muscle at rest and after exercise 
	Effects of exercise training and inactivity on FXYD expression and phosphorylation in human muscle 



	Na+ and K+ ion concentrations in human skeletal muscle with exercise
	Measurements of [K+] and [Na+] in human skeletal muscle biopsies
	Non-invasive measurements of Na+c and K+c in human skeletal muscles

	Human skeletal muscle interstitial [K+] with exercise
	Plasma [K+] during and following exercise in humans
	Introduction and definitions
	Fundamental discoveries on plasma [K+] and exercise in the early to mid-twentieth century
	Resting [K+] normative data
	Foundational studies on exercise and plasma [K+] during the 1930s through 1960s
	Elevated [K+], paralysis and death: new understanding during the 1940s

	Detailed knowledge on plasma [K+] and exercise: studies during 1975–1999
	Isometric exercise
	Continuous submaximal up to maximal intensity exercise
	A single short continuous exercise bout at high intensity
	Intense intermittent exercise
	Incremental exercise or exercise with combined modalities
	Muscle interstitial to plasma [K+] gradients with exercise
	Possible role for red blood cells in K+ homeostasis with exercise
	Possible role for liver in K+ homeostasis with exercise
	Summary of plasma [K+] changes with exercise

	Plasma [K+] changes in an applied sport context
	Intermittent sports: football (soccer) and squash
	Continuous sports: rowing and cross country skiing


	Specific intervention effects on plasma [K+] with exercise, linked with perturbations in muscle NKA activity
	Digoxin effects on plasma [K+] and exercise
	Acid–base manipulation effects on plasma [K+] and exercise
	Insulin, glucose and glycogen effects on plasma [K+] and exercise
	Caffeine effects on plasma [K+] and exercise
	Training and reduced activity effects on plasma [K+] with exercise
	Endurance training
	Sprint and intense interval training
	Inactivity and bedrest
	Summary and implications of training and reduced activity effects on plasma [K+] with exercise

	Adrenaline, β-adrenergic agonists and antagonists and plasma [K+] with exercise
	Adrenaline injection
	β-Adrenergic blockade
	β-Adrenergic agonists

	Antioxidant status and plasma [K+] with exercise

	Sex and sample size limitations in plasma [K+] changes with exercise
	A century of studying exercise responses in male participants
	Women only studies: plasma [K+] and exercise

	A century of studying too few participants

	Summary
	Acknowledgements 
	References


