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β2-Adrenergic stimulation enhances Ca2+ release and
contractile properties of skeletal muscles, and counteracts
exercise-induced reductions in Na+–K+-ATPase Vmax in
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Key points

� From animal models, it is well established that β2-adrenergic stimulation increases contractile
force, rates of Ca2+ release and uptake from the sarcoplasmic reticulum, and Na+–K+-ATPase
activity of skeletal muscles. However, these effects are unexplored in humans.

� Here we report that β2-adrenergic stimulation with the high dose selective β2-adrenoceptor
agonist terbutaline elicits positive inotropic and lusitropic effects on non-fatigued m.
quadriceps that are associated with enhanced rates of Ca2+ release and uptake from the
sarcoplasmic reticulum in trained men.

� However, we also observed that the positive inotropic and lusitropic effects of β2-adrenergic
stimulation on m. quadriceps were blunted when muscle fatigue developed.

� Furthermore, we show that β2-adrenergic stimulation counteracts exercise-induced reductions
in Na+–K+-ATPase Vmax (maximum rate of activity) and elevates glycolytic activity during
high intensity exercise.

� These findings are important for our understanding of the role of β2-adreceptor activation
in regulation of ion handling and contractile properties of non-fatigued and fatigued skeletal
muscles in humans.

Abstract The aim of the present study was to examine the effect of β2-adrenergic stimulation
on skeletal muscle contractile properties, sarcoplasmic reticulum (SR) rates of Ca2+ release and
uptake, and Na+–K+-ATPase activity before and after fatiguing exercise in trained men. The study
consisted of two experiments (EXP1, n = 10 males, EXP2, n = 20 males), where β2-adrenoceptor
agonist (terbutaline) or placebo was randomly administered in double-blinded crossover designs.
In EXP1, maximal voluntary isometric contraction (MVC) of m. quadriceps was measured,
followed by exercise to fatigue at 120% of maximal oxygen uptake (V̇O2,max ). A muscle biopsy
was taken after MVC (non-fatigue) and at time of fatigue. In EXP2, contractile properties of
m. quadriceps were measured with electrical stimulations before (non-fatigue) and after two
fatiguing 45 s sprints. Non-fatigued MVCs were 6 ± 3 and 6 ± 2% higher (P < 0.05) with
terbutaline than placebo in EXP1 and EXP2, respectively. Furthermore, peak twitch force was
11 ± 7% higher (P < 0.01) with terbutaline than placebo at non-fatigue. After sprints, MVC
declined (P < 0.05) to the same levels with terbutaline as placebo, whereas peak twitch force
was lower (P < 0.05) and half-relaxation time was prolonged (P < 0.05) with terbutaline. Rates
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of SR Ca2+ release and uptake at 400 nM [Ca2+] were 15 ± 5 and 14 ± 5% (P < 0.05) higher,
respectively, with terbutaline than placebo at non-fatigue, but declined (P < 0.05) to similar
levels at time of fatigue. Na+–K+-ATPase activity was unaffected by terbutaline compared with
placebo at non-fatigue, but terbutaline counteracted exercise-induced reductions in maximum
rate of activity (Vmax) at time of fatigue. In conclusion, increased contractile force induced by
β2-adrenergic stimulation is associated with enhanced rate of Ca2+ release in humans. While
β2-adrenergic stimulation elicits positive inotropic and lusitropic effects on non-fatigued m.
quadriceps, these effects are blunted when muscles fatigue.
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Abbreviations cAMP, cyclic adenosine monophosphate; EXP1, experiment 1; EXP2, experiment 2; MVC, maximal
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Introduction

The effect of β2-adrenergic stimulation on skeletal
muscle contractile properties and ion handling has been
intensively investigated in the last couple of decades in
animal studies involving pharmacological manipulation
with β2-adrenoceptor agonists (Juel, 1988; Cairns &
Dulhunty, 1993b). While it is well established that
β2-adrenergic stimulation increases contractile force
(Bowman & Zaimis, 1958; Cairns & Dulhunty, 1993b;
Andersson et al. 2012), rates of Ca2+ release and uptake
from the sarcoplasmic reticulum (SR) (Prakash et al. 1999;
Rudolf et al. 2006) and Na+–K+-ATPase activity in animal
models (Clausen & Flatman, 1980; Juel, 1988; Cairns &
Dulhunty, 1994), these effects are inadequately explored
in humans.

Upon activation of β2-adrenoceptors, increases in levels
of cAMP lead to a marked activation of protein kinase A
(PKA; (Roberts & Summers, 1998; Rockman et al. 2002).
PKA acts downstream as a covalent modifier on several
intramuscular proteins involved in contractile function,
including proteins associated with the SR (Slack et al.
1997; Andersson et al. 2012), along with proteins involved
in membrane excitability (Clausen & Flatman, 1980;
Cairns & Dulhunty, 1994). A major effect of β2-adrenergic
stimulation is thus PKA-dependent regulation of SR
Ca2+ handling mediated by phosphorylation of ryanodine
receptor isoform 1 (RyR1) and SR Ca2+-ATPase (Suko
et al. 1993; Slack et al. 1997; Andersson et al. 2012),
leading to increased isometric muscle force through
higher amplitudes of Ca2+ transients and an accelerated
rate of relaxation via an increased rate of Ca2+ uptake
(Rudolf et al. 2006; Andersson et al. 2012). Furthermore,
stimulation with the selective β2-adrenoceptor agonist
terbutaline has been shown by Juel (1988) to delay
fatigue in mouse soleus muscles by stimulation of
Na+–K+-ATPase. β2-Adrenergic stimulation may as
such attenuate contraction-induced accumulation of

extracellular K+ and delay development of fatigue caused
by membrane inexcitability during repeated tetani in iso-
lated muscles (Clausen & Flatman, 1980; Juel, 1988; Cairns
& Dulhunty, 1994). Evidently, β2-adrenergic stimulation
affects several aspects of excitation–contraction coupling,
modulating force and contractility of skeletal muscles, at
least as evidenced in animal models.

In humans, on the other hand, the intramuscular
effects of β2-adrenergic stimulation are inadequately
explored. Although studies have shown enhancing effects
of β2-adrenoceptor agonist on muscle strength, sprinting
peak power, and exercise endurance (Collomp et al.
2000, 2005; van Baak et al. 2000; Kalsen et al. 2014a),
no studies have investigated the effects of β2-adrenergic
stimulation on SR Ca2+ handling and Na+–K+-ATPase
activity of non-fatigued and fatigued skeletal muscles
in humans. Studies have, however, used percutaneous
electrical muscle stimulations to measure the effects
of β2-adrenergic stimulation on contractile properties
at rest and during fatigue-inducing tasks (Decorte
et al. 2008; Crivelli et al. 2011; Crivelli & Maffiuletti,
2014). In contrast to observations in animal studies,
most of these studies show no effects of β2-adrenergic
stimulation on peak twitch force and M-wave amplitude,
suggesting unchanged excitation–contraction coupling in
non-fatigued and fatigued muscle (Crivelli et al. 2011;
Crivelli & Maffiuletti, 2014). This discrepancy could be
explained by the lower doses of β2-adrenoceptor agonists
administered in human studies compared with animal
studies, since the effect of β2-adrenergic stimulation on
amplitudes of Ca2+ transients and tetanic force on skeletal
muscles has been shown to be dose dependent (Cairns &
Dulhunty, 1993b; Prakash et al. 1999). Administration of
higher doses of β2-adrenoceptor agonists, eliciting a larger
peripheral response, might affect contractile properties
and ion handling of human skeletal muscles.

Besides effects on skeletal muscle contractile properties
and ion handling, β2-adrenergic stimulation may also
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affect muscle metabolism. Infusion of epinephrine
(adrenaline) has thus been shown to activate various
glycolytic enzymes and to elevate carbohydrate oxidation
and glycogen utilization in skeletal muscles (Febbraio
et al. 1998; Watt et al. 2001). However, epinephrine
is a non-selective agonist with affinity for both α-
and β-adrenoceptors, which may be why the effects
of selective β2-adrenoceptor stimulation on muscle
glycolytic metabolism are less well understood in humans
during exercise. Studies have, however, shown that
β2-adrenoceptor agonists elevate systemic concentrations
of plasma lactate in exercising humans (Collomp
et al. 2002; Hostrup et al. 2014b), which suggests a
stimulatory action on glycolysis of working skeletal
muscles. The elevated rate of glycolysis induced by
β2-adrenergic stimulation may on the one hand benefit
exercise performance by enlarging the anaerobic energy
production, but on the other be detrimental to
performance and contractile function through formation
of lactate and lowered pH (Lindinger & Heigenhauser,
1991; Fitts, 1994; Hogan et al. 1995; Bangsbo et al. 1996;
Kristensen et al. 2005). Moreover, a potential increase
in breakdown of muscle glycogen by β2-adrenergic
stimulation could also affect SR Ca2+ handling and contra-
ctile function, since the SR Ca2+ handling function partly
relies on the level of glycogen in close proximity with the
SR (Chin & Allen, 1997; Duhamel et al. 2006; Ørtenblad
et al. 2011; Nielsen et al. 2014). We recently observed that
while β2-adrenergic stimulation enhanced peak power
during a 30 s maximal sprint, the effect was blunted when
sprints were repeated and fatigue developed (Hostrup et al.
2014a). Still, the interplay between β2-adrenergic actions
on contractile function, ion handling and glycolytic
activity of non-fatigued and fatigued skeletal muscles of
humans has yet to be established.

Thus, the aim of the present study was to investigate
the effect of β2-adrenergic stimulation with the high
dose selective β2-adrenoceptor agonist terbutaline on
the contractile properties, SR Ca2+ handling, and
Na+–K+-ATPase activity of non-fatigued and fatigued
m. quadriceps in trained males. In addition, the effect
of β2-adrenergic stimulation on muscle glycolytic activity
during intense exercise was examined.

Methods

Ethical approval

The study was approved by the local ethics
committee of Copenhagen, Denmark (H-1-2011-080 and
H-1-2012-090). Before inclusion, subjects received oral
and written information about aims and contents of the
study and possible risks involved. Each subject gave his oral
and written informed consent. The study was performed
in accordance with the Helsinki II declaration.

Table 1. Subject characteristics

EXP1 (n = 10) EXP2 (n = 20)

Age (years) 24.4 ± 1.0 23.9 ± 0.9
Height (cm) 184 ± 3 180 ± 1
Weight (kg) 76.0 ± 2.3 75.5 ± 1.9
V̇O2max (ml min−1 kg−1) 67.4 ± 1.6 56.1 ± 1.1
Weekly training volume

(h week−1)
9.4 ± 0.9 5.2 ± 0.3

Wingate peak power (W) — 861 ± 24

V̇O2,max, maximal oxygen uptake. Data are presented as
means ± SEM.

Experimental design and subjects

The study consisted of two separate experiments. In
experiment 1 (EXP1), the effects of β2-adrenergic
stimulation on SR Ca2+ handling, Na+–K+-ATPase
activity, and glycolytic metabolism of skeletal muscles were
investigated before and after exercise to fatigue. Since SR
Ca2+ handling function and Na+–K+-ATPase function
are mostly affected by prolonged exercise (McKenna et al.
2008), we chose an exercise protocol that consisted of a
10 min warm-up followed by three 4 min bouts of inter-
mittent exercise at 75% of subjects maximal oxygen uptake
(V̇O2,max ) with a subsequent intense bout to fatigue at
120% of V̇O2,max . In experiment 2 (EXP2), the effect
of β2-adrenergic stimulation on contractile properties
of m. quadriceps was measured with superimposed
percutaneous electrical muscle stimulations before and
after two fatiguing 45 s sprints. This approach was based on
recent observations in which the β2-adrenoceptor agonist
salbutamol only enhanced peak power during the first
sprint in a repeated Wingate test with three repetitions,
indicating that the enhancing effect of β2-adrenergic
stimulation was blunted when fatigue developed (Hostrup
et al. 2014a).

In both experiments, using a placebo-controlled
randomized crossover design, β2-adrenoceptors were
stimulated with high dose selective β2-adrenoceptor
agonist (terbutaline). Ten highly trained males (V̇O2,max

: 67.4 ± 1.6 ml min−1 kg−1) took part in EXP1, and 20
trained males (V̇O2,max : 56.1 ± 1.1 ml min−1 kg−1) in
EXP2. One subject participated in both experiments. Sub-
jects were active in endurance and team-sports. Subjects
had no history of respiratory or cardiovascular diseases
and had not used β2-adrenoceptor agonists before. Sub-
ject characteristics are summarized in Table 1.

Experimental protocol

Before the start of the intervention of each experiment,
subjects’ V̇O2,max and performance were determined in an
incremental test to fatigue on a bike ergometer (Monark
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839E, Stockholm, Sweden). Prior to the test, subjects
warmed up for 10 min at 150 W. Two minutes after
warm-up, subjects performed the incremental test starting
at 150 W and increasing by 30 W every 1 min until time of
fatigue. Pulmonary gas exchange was measured during the
test breath-by-breath with a gas analysing system (Oxycon
Pro, CareFusion, CA, USA). During the test, subjects were
told to keep a cadence between 80–100 rpm. Time of
fatigue was defined as the point where pedaling frequency
fell below 70 rpm for more than 5 s despite strong verbal
encouragement. V̇O2,max was defined as the highest value
recorded in any 30 s period before cessation of exercise. A
plateau in the oxygen uptake despite an increased power
output and a respiratory exchange ratio above 1.15 were
used as criteria for V̇O2,max achievement.

After the incremental test, subjects were familiarized
with the experimental procedures used in each
experiment. Furthermore, the subjects in EXP2 completed
30 s of maximal sprinting (Wingate test).

Experiment I

EXP1 consisted of two trials (terbutaline vs. placebo)
separated by approximately 1 week. Subjects reported
to the laboratory and had a catheter inserted in
the antecubital vein for venous blood sampling. In
a supine position, two incisions were made in m.
vastus lateralis approximately 20–25 cm proximal from
patella under local anaesthesia (Xylocain 20 mg ml−1,
AstraZeneca, London, UK) for later muscle biopsy
sampling. High dose terbutaline (40 × 0.5 mg, Bricanyl
Turbohaler, AstraZeneca) or placebo (Placebo Turbohaler,
AstraZeneca) was then administered with 100 ml of
tap water during supervision. Systemic concentrations
of terbutaline have been shown to rise quickly after this
dosing regimen and reach their peak within 30 min (Elers
et al. 2012). Five minutes after administration of study
drugs, subjects warmed up on a bike ergometer (Monark
839E, Stockholm, Sweden) at 150 W for 10 min and 200 W
for 5 min. Four minutes after warm-up, subjects’ MVC of
m. quadriceps was measured. Before the start of the MVC,
subjects performed three submaximal contractions of a
duration of 3 s. Subjects then completed three MVCs of
3–4 s duration, each separated by 90 s. Four minutes after
the last MVC, subjects were put on a bed and a biopsy was
collected from m. vastus lateralis (non-fatigue).

After 10 min of rest, subjects warmed up for 10 min
at 150 W followed by three 4 min submaximal exercise
bouts at an intensity corresponding to 75% of V̇O2,max

(246 ± 11 W) each interspersed by 4 min of recovery.
Immediately following the third submaximal bout, the
bike ergometer load was increased to elicit an intensity
corresponding to 120% of V̇O2,max (406 ± 20 W) that sub-
jects performed until fatigue. At time of fatigue, subjects

lifted their leg onto the handle bar of the bike and had
a biopsy taken from m. vastus lateralis as fast as possible
(time of fatigue). Time of fatigue was defined as a drop in
cadence (<70 rpm) for more than 5 s despite strong verbal
encouragement.

Experiment II

EXP2 consisted of two trials (terbutaline vs. placebo)
separated by approximately 1 week. Subjects reported
to the laboratory, and terbutaline (5 mg (15 kg BW)−1,
Bricanyl Retard, AstraZeneca) or placebo (lactose mono-
hydrate/starch tablets, pharmacy in Copenhagen) was
randomly administered during supervision with 100 ml
of tap water. The dosing regimen in EXP2 was different
from EXP1 in that AstraZeneca was not able to deliver
matching placebo at the start of EXP2. Therefore,
oral terbutaline was chosen for EXP2 with matching
placebo tablets to optimize blinding. The dose of
5 mg (15 kg BW)−1 oral terbutaline was chosen as
this would give systemic concentrations of terbutaline
of approximately 20 ng ml−1 (Elers et al. 2012), thus
being comparable with the dose used in EXP1. After
administration of study drugs, a catheter was inserted
in the antecubital vein for venous blood sampling. Two
hours after administration of the study drug, in which
systemic concentrations of oral terbutaline reach their
peak (Elers et al. 2012), subjects warmed up on a bike
ergometer (Monark 839E, Stockholm, Sweden) at 150 W
for 10 min and 200 W for 5 min. After 4 min of
recovery, subjects’ contractile properties of non-fatigued
m. quadriceps were measured. Before measurements,
subjects performed three submaximal contractions of a
duration of 3 s. Subjects then performed three MVCs
of 3–4 s, each interspersed by 90 s of recovery. During
each MVC, superimposed percutaneous electrical muscle
stimulations were delivered to m. vastus lateralis and
m. rectus femoris by two self-adhesive electrodes (PALS
Platinum 5×9 cm, Axelgaard Manufacturing CO, Lystrup,
Denmark). Electrodes were placed on the skin 25% distal
from spina iliaca anterior superior and 25% proximal from
patella covering m. vastus lateralis and m. rectus femoris.

To determine the degree of voluntary activation, a
single stimulation was delivered during the plateau of each
MVC (Merton, 1954). To determine peak twitch force, a
single stimulation was delivered 1 s after relaxation of
each MVC which also served as the control twitch (Place
et al. 2007). Potentiated twitches were used since these
have been shown to be more sensitive to fatigue than
unpotentiated twitches (Kufel et al. 2002; Place et al. 2007).
Muscle stimulations were produced by a constant current
stimulator (Digitimer Ltd, Stimulator model DS7AH,
Hertfordshire, England) in rectangular pulses of 1 ms.
After placement of electrodes, stimulation intensity was
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progressively increased either until a plateau in peak
twitch force was observed or maximal stimulator output
(999 mA) was achieved, or if subjects felt pain. Thus, a
stimulation intensity of 999 mA, despite no plateau in peak
twitch force, was considered the arbitrary maximum. The
same stimulation intensity was used for the same subject
throughout the intervention. During MVC measurements,
subjects received verbal encouragement with no visual
feedback.

After measurements of contractile properties of
non-fatigued m. quadriceps, subjects performed two bouts
of 45 s sprinting with a constant workload of 560 ± 11 W
(corresponding to 85–90% of subjects mean power during
the Wingate test) on a bike ergometer with 4 min of
recovery in between. Immediately following both the first
and second 45 s sprint, subjects’ MVC was measured with
superimposed muscle stimulations as described above.
The time delay between cessation of each 45 s maximal
sprint and measurement of MVC was 15 ± 2 s.

Maximal voluntary isometric contraction

For MVC measurements, subjects were positioned on a
chair with an adjustable back, with their thighs parallel
to the floor and their right leg positioned with a knee
joint angle of 90 deg of flexion. To ensure that subjects
remained in the same position during each MVC, three
Velcro strips were tied around the chest, hip and thighs.
The body positions of the subjects were recorded and
used for each measurement. Isometric contraction force
was recorded using a strain gauge (Tedea-Huntleigh, UK)
strapped around the right ankle just above the malleoli.
The strain gauge signal was fed to an amplifier that was
connected to a computer. Data were recorded at 1 kHz in
LabChart 7 (ADInstruments, CA, USA).

In EXP1, MVC was recorded as the highest force (N)
during the contraction. In EXP2, the following parameters
were determined:

MVC (recorded as in EXP1); peak twitch force (highest
force (N) during a stimulated single twitch 1 s after
relaxation from a MVC); half-relaxation time (time (ms)
from peak twitch force until force reached half of peak
twitch force); time to peak tension (time (ms) from single
twitch stimulation until peak twitch force was reached);
voluntary activation (calculated as: [1 – (size of super-
imposed twitch/size of control twitch)] × 100; Merton,
1954).

Treatment and biochemical analysis of biopsies

Following collection of muscle biopsies in EXP1, one piece
was immediately frozen in liquid nitrogen and stored at
–80°C for in vitro Na+–K+-ATPase activity assay, Western
blot analysis, and determination of glycogen content and

lactate concentrations. A second piece (�30 mg) was
quickly homogenized (Omni 2000) in ice-cold buffer
(300 mM sucrose, 1 mM EDTA, 10 mM NaN3, 40 mM

Tris-base, and 40 mM L-histidine; pH 7.8), and frozen in
liquid nitrogen and stored at –80°C for analysis of SR
vesicle Ca2+ handling.

Muscle glycogen and lactate

Samples were freeze-dried at –20°C for at least 48 h and
at room temperature for at least 2 h. Muscle samples were
analysed for total water by weighing the samples before
and after freeze-drying. Freeze-dried muscle tissue was
dissected free from blood and connective tissue under
a microscope. For determination of muscle lactate, a
piece of the muscle sample (�1 mg dry wt) was homo-
genized in a buffer containing 0.6 M perchloric acid
and 1 mM EDTA, neutralized to pH 7.0 with 2.2 M

KHCO3, and stored at –80°C until analysed for muscle
lactate fluorometrically (Lowry & Passonneau, 1972). For
determination of muscle glycogen, �2 mg dry weight
muscle tissue was placed in 1 M HCl and hydrolysed
at 100°C for 3 h. Glycogen content was then measured
(Lowry et Passoneau; 1972). For both assays, samples were
measured in duplicates. Due to inadequate muscle tissue
yield from one subject, muscle glycogen and lactate were
not determined for the subject. One subject’s glycogen
data were removed from the analysis due to analytical
problems showing unphysiologically low muscle glycogen
content after MVC (<25 mmol (kg dry wt)−1). Hence,
data of muscle glycogen and lactate were determined for
eight and nine subjects, respectively.

SR vesicle Ca2+ handling

SR Ca2+ uptake and release were measured in muscle
homogenate as previously described (Ørtenblad
et al. 2011). Briefly, muscle homogenate (70 μl)
was mixed with 2 ml assay buffer (165 mM KCl,
22 mM Hepes, 7.5 mM oxalate, 11 mM NaN3, 5.5 μM

N,N,N´,N´-tetrakis(2-pyridylmethyl)ethylenediamine
(TPEN), 20 μM CaCl2, and 2 mM MgCl2, (pH 7.0 at
37 ºC)), and the reaction was initiated by adding 5 mM

ATP. [Ca2+] was determined fluorometrically (20 Hz,
Ratiomaster RCM, Photon Technology International,
Brunswick, NJ, USA) using the fluorescent Ca2+ indicator
indo-1 (1 μM). When [Ca2+] reached a plateau, SR
Ca2+ uptake was blocked by adding cyclopiazonic acid
(40 μM) and Ca2+ release was initiated by adding
4-chloro-m-cresol (5 mM), and the fluorescence followed
for at least 30 s. The SR Ca2+ uptake function was
estimated as the ATP-supported SR vesicle uptake and is
given as the tau (τ) value, calculated after curve fitting
in the whole range of [Ca2+] during the uptake, where
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τ is defined as the time for the free [Ca2+] to decrease
by 63% of the initial free [Ca2+] as previously described
(Ørtenblad et al. 2011). In order to estimate the uptake
at specific [Ca2+], the Ca2+ uptake was also measured
as the derivative of the curve fit at 400 nM and 200 nM

[Ca2+]. Ca2+ uptake at these concentrations were chosen
as a functional measure, with 400 nM being near Km. for
the Ca2+-ATPase and 200 nM being nearer resting [Ca2+]
of approximately 30 nM (Westerblad & Allen, 1993a, b).
Assays of uptake and release rates of Ca2+ were performed
in triplicate. Before Ca2+ assay, protein content of muscle
homogenates was measured in triplicate using a standard
kit (Pierce BCA protein reagent no. 23225). The homo-
genate protein content averaged 13.0 ± 0.6 mg ml−1, with
no significant difference between trials or time points, or
in samples from the same subject.

The values obtained for Ca2+ release and uptake
rates are relative and expressed as arbitrary units of
Ca2+ min−1 (g protein−1). Due to the inter-individual
variation in SR Ca2+ release and uptake, figures and
statistics were determined by relative Ca2+ release and
uptake rates (% of placebo at non-fatigue).

Na+-dependent Na+–K+-ATPase activity

Na+-stimulated Na+–K+-ATPase activity was determined
by measuring ATP hydrolysis as previously described (Juel,
2009; Juel et al. 2013). Released Pi was detected using
a malachite based Biomol Green reagent (Biomol no.
AK-111, Enzo Life Sciences). Membrane fractionation
was needed to reduce background activity of other
ATPases (Ca2+-ATPase). After mincing, muscles were
homogenized for 30 s (Polytron PT 2100). Crude homo-
genate was then centrifuged at 3000 g for 30 min, and
the resulting supernatant was centrifuged at 190,000 g for
90 min. The final pellet was re-suspended and used for
the ATPase assay. The relative amount of protein in the
190,000 g fraction of muscle homogenate did not differ
between treatments at non-fatigue and at time of fatigue,
being 1.86 ± 0.19 with placebo and 2.13 ± 0.36 with
terbutaline at non-fatigue, and 2.10 ± 0.18 and 1.97 ± 0.24
at time of fatigue, respectively. Na+–K+-ATPase Vmax and
Km were determined from a Hill plot (Juel et al. 2013).

Western blotting

Western blotting was performed as previously described
(Juel, 2009). Western blotting with an anti-FXYD1
antibody (CP68) was used to determine the degree
of phosphorylation of phospholemmen at serine68
(PLMSer68). An α-subunit antibody was used to quantify
the total pool of Na+–K+-ATPase at non-fatigue and at
time of fatigue.

Analysis of serum terbutaline

A blood sample (4 ml) was drawn immediately
prior to the MVC measurements in each experiment
to determine the systemic concentrations of serum
terbutaline. Concentrations of terbutaline were analysed
by the WADA accredited doping control laboratory
in Norway (Norwegian Doping Control Laboratory)
at Oslo University Hospital. Samples were shipped
(World Courier) on dry ice from Copenhagen.
Concentrations of serum terbutaline were analysed
by liquid chromatography–tandem mass spectrometry
(LC–MS/MS) as described by Elers et al. (2012). Serum
terbutaline was determined for 10 subjects in EXP1 and
for nine in EXP2.

Statistics

Data were analysed in SPSS statistical software, version
22 (IBM Software, Chicago, IL, USA). Data were tested
for normality with the Shapiro-Wilk test and Q-Q plots.
Data were normally distributed and are expressed as
means ± SEM (standard error of the mean). In EXP1,
differences between treatments in rates of Ca2+ release and
uptake, Na+–K+-ATPase Km and Vmax, phosphorylation
of PLMSer68, and muscle lactate were tested with a repeated
measures analysis of variance (ANOVA) with treatment
and time as the two factors. Differences in MVC, time
to fatigue during exercise at 120% of V̇O2,max , and net
glycogen breakdown between treatments were tested in a
Student’s paired t test. In EXP2, differences in voluntary
activation, MVC, peak twitch force, half-relaxation time,
and time to peak twitch force were tested with an ANOVA
with treatment and time as the two factors. In the case of a
significant ANOVA, a Bonferroni correction was used as a
post hoc test. The level of significance was set to α � 0.05.

Results

Serum terbutaline

Systemic concentrations of serum terbutaline at the time of
MVC measurements were 22.0 ± 0.6 ng ml−1 (0.10 μM)
and 17.1 ± 2.4 ng ml−1 (0.08 μM) in EXP1 and EXP2,
respectively.

Contractile properties of non-fatigued and fatigued
m. quadriceps

Non-fatigued MVCs were 6 ± 3 and 6 ± 2% higher
(P < 0.05 and P < 0.01) with terbutaline compared with
placebo in EXP1 (Fig. 1A) and EXP2 (Fig. 1B), respectively.

In EXP2, voluntary activation of non-fatigued m.
quadriceps was not different between treatments, being
97 ± 1% for both treatments. Peak twitch force was
11 ± 7% higher (P < 0.05) with terbutaline than
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placebo at non-fatigue (Fig. 1C). No differences were
observed in time to peak twitch force between treatments
at non-fatigue (terbutaline: 75.0 ± 1.2 ms, placebo:
73.9 ± 1.3 ms), whereas half-relaxation time was
2.6 ± 1.3 ms shorter (P < 0.05) with terbutaline than
placebo (Fig. 1D).

No differences were observed in MVC between
treatments after the first and second sprint (Fig. 1B).
After the second sprint, MVC was decreased (P < 0.01) by
22 ± 2% with terbutaline and by 19 ± 2% with placebo
compared with non-fatigue. MVC declined (P < 0.05)
more with terbutaline (–143 ± 13 N) than placebo
(–113 ± 12 N) after the second sprint compared with
non-fatigue. Voluntary activation of m. quadriceps was
not different after the first and second sprint compared
with non-fatigue or between treatments, being 93 ± 2%
for both treatments after the first sprint and 94 ± 3%
for both treatments after the second sprint. Peak twitch
force was not different between treatments after the first
sprint whereas peak twitch force was lower (P < 0.05)

with terbutaline than placebo after the second sprint
(Fig. 1C). Peak twitch force declined by 59 ± 3%
(P < 0.01) with terbutaline and by 49 ± 3% (P < 0.01)
with placebo after the second sprint compared with
non-fatigue. The decrease in peak twitch force was higher
with terbutaline than placebo after the first (–110 ± 11 vs.
–79 ± 8 N, P < 0.05) and second sprint (–147 ± 11 vs.
–111 ± 9 N, P < 0.01). No differences were observed
in time to peak twitch force between treatments after
the first and second sprint, which were 78.1 ± 3.7 and
78.5 ± 2.8 ms with terbutaline and 76.8 ± 2.0 and
81.1 ± 2.3 ms with placebo, respectively. Half-relaxation
time was not different between treatments after the first
sprint, but after the second sprint it was 5.2 ± 2.9 ms
slower (P < 0.05) with terbutaline than placebo
(Fig. 1D). Moreover, half-relaxation time was 9.7 ± 4.2 ms
slower (P < 0.05) after the second sprint with terbutaline
compared with non-fatigue, whereas no differences were
observed in half-relaxation time with placebo after the first
and second sprint compared with non-fatigue.

Figure 1. Contractile properties of m. quadriceps with terbutaline and placebo
A, maximal voluntary contraction of non-fatigued m. quadriceps in EXP1 (n = 10). B–D, contractile properties of
m. quadriceps measured with a single muscle stimulation during the plateau of a maximal voluntary contraction
and 1 s following relaxation conducted before (non-fatigue) and after two 45 s fatiguing sprints (sprint 1 and
sprint 2) in EXP2 (n = 20). B, maximal voluntary contraction. C, peak twitch force. D, half-relaxation time. Data are
presented as means ± SEM. ∗Different (P < 0.05) from placebo. ∗∗Different (P < 0.01) from placebo. #Different
(P < 0.05) from non-fatigue. ##Different (P < 0.01) from non-fatigue.
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Exercise performance at 120% of V̇O2,max

No differences were observed in time to fatigue during
exercise at 120% of V̇O2,max between treatments in EXP1,
which were 127 ± 10 s with terbutaline and 144 ± 9 s with
placebo.

Rate of SR vesicle Ca2+ release and uptake

Rate of Ca2+ release was 15 ± 5% higher (P < 0.05)
with terbutaline than placebo after MVC (non-fatigue;
2.5 ± 0.1 vs. 2.1 ± 0.1 μmol Ca2+ (g protein min)−1;
Fig. 2A). At time of fatigue, rate of Ca2+ release was
decreased (P < 0.05) compared with non-fatigue with no
difference between terbutaline and placebo (1.9 ± 0.1 vs.
1.9 ± 0.1 μmol Ca2+ (g protein min)−1; Fig. 2A).

No differences were observed in the τ value of Ca2+
uptake between terbutaline and placebo at non-fatigue
(Fig. 2B). At time of fatigue, the tau (τ) value was

lower (P < 0.05) compared with non-fatigue, with no
difference between the treatments (Fig. 2B). Rate of
Ca2+ uptake at 400 nM [Ca2+] was 14 ± 5% higher
(P < 0.05) with terbutaline than placebo at non-fatigue
(4.1 ± 0.2 vs. 3.6 ± 0.2 μmol Ca2+ (g protein min)−1;
Fig. 2C), whereas no differences were observed in rate
of Ca2+ uptake at 200 nM [Ca2+] (1.9 ± 0.1 vs.
1.8 ± 0.1 μmol Ca2+ (g protein min)−1; Fig. 2D). At
time of fatigue, the rate of Ca2+ uptake at 400 nM [Ca2+]
was reduced (P < 0.05) compared with non-fatigue, with
no difference between terbutaline (2.7 ± 0.2 μmol Ca2+
(g protein min)−1) and placebo (3.1 ± 0.2 μmol Ca2+
(g protein min)−1) (Fig. 2C). The rate of Ca2+ uptake at
200 nM [Ca2+] decreased (P < 0.05) at time of fatigue
compared with non-fatigue, with no difference between
terbutaline (1.4 ± 0.1 μmol Ca2+ (g protein min)−1)
and placebo (1.5 ± 0.1 μmol Ca2+ (g protein min)−1)
(Fig. 2D).

Figure 2. SR Ca2+ handling of m. vastus lateralis with terbutaline and placebo
SR Ca2+ release and uptake were measured fluorometrically in crude homogenate from m. vastus lateralis at
non-fatigue and at time of fatigue after three bouts of 4 min exercise at 75% of V̇O2,max and a bout to fatigue at
120% of V̇O2,max with terbutaline and placebo in EXP1 (n = 10). A, rate of Ca2+ release. B, the tau value of Ca2+
uptake. C, rate of Ca2+ uptake at 400 nM [Ca2+]. D, rate of Ca2+ uptake at 200 nM [Ca2+]. Data are presented
as means ± SEM. ∗Different (P < 0.05) from placebo. #Different (P < 0.05) from non-fatigue.
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Na+-dependent Na+–K+-ATPase activity

The effects of treatment and fatigue on Na+–K+-ATPase
activity at different concentrations of Na+ are presented
Fig. 3. No differences were observed in Na+–K+-ATPase
Vmax between treatments at non-fatigue, Vmax being
348 ± 43 and 388 ± 33 nmol ATP h−1 (mg protein)−1 with
terbutaline and placebo, respectively. At time of fatigue,
Na+–K+-ATPase Vmax was unchanged with terbutaline
(354 ± 20 nmol ATP h−1 (mg protein)−1), whereas
Vmax was lowered (P < 0.05) by 25% with placebo
(293 ± 49 nmol ATP h−1 (mg protein)−1). Hill coefficients
at non-fatigue and at time of fatigue were 1.7 and 1.7,
respectively, with terbutaline, and 1.3 and 1.3, respectively,
with placebo. With terbutaline, Km was 6.6 ± 1.5 mM at
non-fatigue and 3.7 ± 0.4 mM at time of fatigue, whereas
it was 4.7 ± 0.9 mM at non-fatigue and 9.1 ± 3.6 mM at

Figure 3. Na+-dependent Na+–K+-ATPase activity with
terbutaline and placebo
Na+-stimulated Na+–K+-ATPase activity was determined by
measuring ATP hydrolysis in muscle homogenate from m. vastus
lateralis at non-fatigue and at time of fatigue after three bouts of
4 min exercise at 75% of V̇O2,max and a bout to fatigue at 120% of
V̇O2,max with terbutaline and placebo in EXP1 (n = 10). Data are
presented as means ± SEM. #Different (P < 0.05) from time of
fatigue.

time of fatigue with placebo, with no differences between
treatment and time.

Phosphorylation of PLMSer68

No differences were observed in phosphorylation of
PLMSer68 between treatments at non-fatigue and at time
of fatigue, although a slight tendency (P = 0.11) towards
an increase in phosphorylation (40 ± 26%) was observed
with terbutaline compared with placebo at non-fatigue. At
time of fatigue, phosphorylation of PLMSer68 was increased
(P < 0.05) by 44 ± 19% with placebo compared with
non-fatigue, whereas no difference was observed with
terbutaline.

Muscle glycogen and lactate

Muscle glycogen was not different between treatments at
non-fatigue (terbutaline vs. placebo: 476 ± 47 vs. 462
± 52 mmol (kg dry wt)−1). Net muscle glycogen break-
down was 39 ± 13% higher (P < 0.05) during exercise
with terbutaline than placebo (Fig. 4A). Muscle lactate was
not different between treatments at non-fatigue, whereas
net muscle lactate accumulation was 14 ± 6% higher
(P < 0.05) with terbutaline than placebo at time of fatigue
(Fig. 4B).

Discussion

The major findings of the present study were that
β2-adrenergic stimulation with high dose selective
β2-adrenoceptor agonist terbutaline enhanced SR Ca2+
handling and contractile properties of non-fatigued
m. quadriceps, and counteracted exercise-induced
reductions in Na+–K+-ATPase Vmax. Furthermore, that
the enhancements in SR Ca2+ handling and contractile
properties induced by stimulation with terbutaline where
blunted as fatigue developed. In addition, β2-adrenergic
stimulation elevated net muscle glycogen breakdown and
net muscle lactate accumulation during exercise.

Contractile properties of m. quadriceps and SR Ca2+

handling at non-fatigue

In the present study, acute stimulation of
β2-adrenoceptors with terbutaline modulated contractile
properties of non-fatigued m. quadriceps, inducing a
positive inotropic effect (i.e. increased MVC and peak
twitch force) that was associated with an enhanced
rate of Ca2+ release. While the association between
increased contractile force and higher Ca2+ release are
well described in animal models following β2-adrenergic
stimulation (Cairns & Dulhunty, 1993a,b; Andersson
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et al. 2012), the present study is the first to describe it
in humans. Our observations of a 15 and 11% increase
in Ca2+ release and peak twitch force, respectively, with
terbutaline are comparable with those observed in animal
models (Andersson et al. 2012). These effects are likely
to be mediated by PKA-dependent phosphorylation of
the Ca2+ release channel, RyR1, increasing its opening
probability for subsequent release of Ca2+ and thus
elevating the binding of Ca2+ on troponin C (Suko et al.
1993; Andersson et al. 2012). Accordingly, Andersson
et al. (2012) observed that a phosphorylation site of PKA
on RyR1Ser2844A was required for the increases in Ca2+
release and contractile force associated with β2-adrenergic
stimulation. Moreover, since we measured the rate of
Ca2+ release in an in vitro assay controlled for pH and
other ionic and metabolic factors, the increased rate
of Ca2+ release observed with terbutaline could only
occur if phosphorylation of SR proteins remained in
the muscle homogenate. Furthermore, increased Ca2+
availability in the SR induced by stimulatory actions of
terbutaline on Ca2+ uptake could not account for the
enhanced rate of Ca2+ release since release of Ca2+ was
triggered when the [Ca2+] in the muscle homogenate
had reached a plateau (nadir) which was similar between
treatments. Given that skeletal muscle Ca2+ sensitivity
has been shown to be unaffected by cAMP-dependent
PKA activation (Fabiato & Fabiato, 1978; Cairns et al.
1993; Ha et al. 1999) and that β2-adrenergic stimulation
is without an effect on the degree of voluntary activation,
as evidenced in this and other studies (Decorte et al.
2008; Crivelli et al. 2011), our observations of increased

contractile force of m. quadriceps with terbutaline may
be attributed to peripheral mechanisms related to the
SR system, presumably to an enhanced rate of Ca2+
release mediated by PKA-dependent phosphorylation of
RyR1.

Although our observations of augmented contractile
force of non-fatigued m. quadriceps are consistent with
observations from isolated muscles in rodents (Van Der
Heijden et al. 1998; Andersson et al. 2012), most studies in
humans show no positive inotropic effect of β2-adrenergic
stimulation on contractile force of m. quadriceps and m.
soleus (Decorte et al. 2008; Crivelli et al. 2011, 2013).
Consequently, it has been debated whether the observed
inotropic effects of β2-adrenergic stimulation on iso-
lated skeletal muscles of rodents also apply to humans.
However, the discrepancy could be attributed to the dose
of β2-adrenoceptor agonist used, since inotropic effects of
β2-adrenergic stimulation on skeletal muscles have been
shown to be dose dependent (Cairns & Dulhunty, 1993b;
Prakash et al. 1999). The doses administered in the present
study were well-above the therapeutic range administered
in previous human studies (Crivelli et al. 2013; Crivelli &
Maffiuletti, 2014), and though the systemic concentrations
of terbutaline observed (0.08-0.10 μM) were below those
used in most animal studies, they corresponded with
the lowest concentration of terbutaline (0.10 μM) shown
by Cairns & Dulhunty (1993b) to augment force. Our
observations of increased contractile force in two different
populations of trained subjects (EXP1 and EXP2) and with
two different dosing regimens are also consistent with
Kalsen et al. (2014a) who found that supratherapeutic

Figure 4. Net glycogen breakdown and lactate accumulation with terbutaline and placebo
Measured fluorometrically in muscle homogenate from m. vastus lateralis. A, net glycogen breakdown
(mmol (kg dry wt)−1) after three bouts of 4 min exercise at 75% of V̇O2,max and a bout to fatigue at 120%
of V̇O2,max with terbutaline and placebo in EXP1 (n = 8). B, muscle lactate concentrations (mmol (kg dry wt)−1)
before (non-fatigue) and after (time of fatigue) three bouts of 4 min exercise at 75% of V̇O2,max and a bout to
fatigue at 120% of V̇O2,max with terbutaline and placebo in EXP1 (n = 9). Data are presented as means ± SEM.
∗Different (P < 0.05) from placebo.
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inhalation of three β2-adrenoceptor agonists increased
isometric muscle force in elite swimmers. Likewise, van
Baak et al. (2000) observed that oral salbutamol increased
the isokinetic muscle strength of active men at a dose that
was equivalent to that shown by van der Heijden et al.
(1998) to augment contractility of isolated rat diaphragm
muscle. Although the discrepancies in human studies also
may be related to differences in training status and fibre
type composition among subjects (Bowman & Zaimis,
1958; Al-Jeboory & Marshall, 1978; Cairns & Dulhunty,
1993b), the present study suggests that β2-adrenergic
stimulation causes positive inotropy in humans on a
par with that observed in other species (Bowman &
Zaimis, 1958; Cairns & Dulhunty, 1993b; Andersson et al.
2012).

Consistent with previous studies (Crivelli et al. 2011;
Crivelli & Maffiuletti, 2014), we observed a positive
lusitropic effect (shortened half-relaxation time) of
β2-adrenergic stimulation on non-fatigued m. quadriceps.
The lusitropic effect of β2-adrenergic stimulation on rate
of force relaxation has been shown to be attributed to
β2-adrenergic effects on the rate of SR Ca2+ uptake in
animal models, which is why our observations of increased
rate of Ca2+ uptake at 400 nM [Ca2+] with terbutaline may
explain the shorter half-relaxation time of non-fatigued m.
quadriceps in humans. Notably, we observed no effect of
β2-adrenergic stimulation on the rate of Ca2+ uptake at
200 nM [Ca2+]. However, since the rate of Ca2+ uptake
measured at 400 nM [Ca2+] was near SR Ca2+-ATPase
Km for Ca2+ where changes in the affinity induced by
phosphorylation of phospholamban will have a more
pronounced effect on the rate of Ca2+ uptake, this may
be why no effect was observed at 200 nM [Ca2+], which
was near resting [Ca2+] of 30 nM (Westerblad & Allen,
1993a,b). Although the lusitropic effect observed was
lower than that reported in previous studies in animals,
the 14 ± 2% shorter half-relaxation time with terbutaline
in the present study corresponded with the �11% shorter
half-relaxation time of m. quadriceps observed by Crivelli
et al. (2011) following β2-adrenergic stimulation with
salbutamol in men. The discrepancies in the β2-adrenergic
response on the rate of relaxation that exist in the
literature may be related to the muscle investigated, since
β2-adrenergic effects on the rate of relaxation are most
pronounced in slow-twitch fibres (Cairns & Dulhunty,
1993b). This also seems to be the case in humans where
Crivelli et al. observed that the β2-adrenergic effect on
the rate of relaxation was higher in m. soleus than m.
quadriceps (Crivelli et al. 2011, 2013). The fibre-specific
differences are likely to be linked to the expression of
phospholamban in slow-twitch fibres, as PKA-dependent
phosphorylation of phospholamban augments the SR
Ca2+-ATPase (Lindemann et al. 1983; Slack et al.
1997).

Contractile properties of m. quadriceps and SR Ca2+

handling during fatigue

Despite enhanced contractile properties of m. quadriceps
and SR Ca2+ handling at non-fatigue, we observed no
effect of terbutaline on time to fatigue during exercise at
120% of V̇O2,max . This observation is inconsistent with
previous studies showing increased time to fatigue during
submaximal exercise in humans (Collomp et al. 2000; van
Baak et al. 2000) and fatigue-resilient effects in animal
models in vitro (Juel, 1988; Cairns & Dulhunty, 1994). It
has been suggested that side-effects related to high dose
β2-adrenoceptor agonist may blunt potential ergogenic
effects on exercise performance (van Baak et al. 2000;
Sanchez et al. 2013). However, the high dose administered
in the present study only gave minor side-effects (tremor
and tachycardia) and we found no association between
side-effects and time to fatigue. Furthermore, since the
duration of action of terbutaline is up to 6 h and its
half-life is 11–16 h, we do not believe the lack of an
effect of terbutaline on time to fatigue at 120% of V̇O2,max

was due to the 70 min period between administration
of the study drug and time to fatigue measurements. A
more likely possibility relates to our observations that
terbutaline increased muscle glycogen breakdown and
lactate accumulation, and that the positive inotropic
and lusitropic effects of terbutaline were blunted when
fatigue developed. As such, MVC and rates of SR Ca2+
uptake and release declined to similar levels as placebo
with fatigue, and in addition, peak twitch force and
half-relaxation time were respectively lower and longer
with terbutaline in fatigued m. quadriceps compared
with placebo. These observations partly corresponds with
the findings by Hostrup et al. (2014a) showing that
salbutamol only enhanced peak power during the first
sprint in a repeated Wingate test with three repetitions
(Hostrup et al. 2014a). Furthermore, Crivelli & Maffiuletti
(2014) also observed that the positive lusitropic effect of
β2-adrenergic stimulation was blunted with fatigue. So
while β2-adrenergic stimulation elicits positive inotropic
and lusitropic effects in the early stages of exercise, these
effects are blunted when exercise progresses and fatigue
develops.

The lack of an effect of β2-adrenergic stimulation
on contractile properties and SR Ca2+ handling with
fatigue in the present study may be attributed to several
factors related to muscle fatigue. Firstly, it may reflect a
protective mechanism to prevent metabolic catastrophe
and ATP depletion by which SR Ca2+ handling function
and force production are attenuated (MacIntosh et al.
1983, 2012; Allen et al. 2008; MacIntosh & Shahi, 2011),
and though β2-adrenergic stimulation benefits muscle
force production and relaxation in the early stages of
exercise, it also elevates ATP utilization by myosin-ATPase
and Ca2+-ATPase. Secondly, SR [Ca2+] decreases
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substantially during tetanic contractions (Rudolf et al.
2006) and higher amplitudes of Ca2+ transients in
the initial phase of exercise induced by β2-adrenergic
stimulation might disrupt Ca2+ handling later on. This is
also supported by the opposite phenomenon that the RyR
blocker dantrolene increases fatigue resistance despite the
fact that dantrolene reduces Ca2+ release and peak tetanic
force in non-fatigued muscles (Seebacher et al. 2012).
Thirdly, our observations of reduced SR Ca2+ handling
function may also reflect critically low muscle glycogen
content, since studies in rodent single fibres and humans
have pointed to a modulating role of glycogen availability
and glycolytic flux on SR Ca2+ handling (Ørtenblad et al.
2011; Nielsen et al. 2014). The increase in glycogen break-
down observed with terbutaline might therefore partly
explain the large decrease in rate of Ca2+ uptake and
slowing of relaxation with fatigue (Westerblad & Allen,
1993a). Moreover, although we did not measure muscle
pH, the higher muscle lactate accumulation with fatigue
with terbutaline was probably associated with a lowered
pH (Sahlin et al. 1976), which may affect relaxation time
(Westerblad & Allen, 1993b; Westerblad et al. 1997). While
muscle lactate itself does not seem to play a significant
role in muscle fatigue (Allen et al. 2008), elevated lactate
production induced by β2-adrenergic stimulation may
evoke a larger sensation of pain associated with muscle
fatigue (Pollak et al. 2014), hence affecting performance.
Nevertheless, the numerous metabolic and ionic factors
involved in muscle fatigue makes it difficult to determine
the exact cause by which the effects of β2-adrenergic
stimulation were blunted with fatigue in the present
study.

Na+–K+-ATPase activity at non-fatigue and at time of
fatigue

To our knowledge, the present study is the first to
investigate the effect of β2-adrenergic stimulation on
skeletal muscle Na+–K+-ATPase activity in humans before
and after exercise to fatigue. In isolated muscles of
rodents, β2-adrenergic stimulation increases uptake of
K+ via stimulation of the Na+–K+-ATPase mediated by
a higher affinity for Na+ (reduced Km; Kockskamper
et al. 2000; Clausen, 2003, 2008). Although we observed
a non-significant (P = 0.11) increase (40%) in
phosphorylation of PLMSer68 byβ2-adrenergic stimulation
at non-fatigue, Km for Na+ was unchanged compared with
placebo. In contrast to our observations, Juel et al. (2014)
observed increased Na+–K+-ATPase activity at 5 mM Na+
in rat and human muscle membranes upon addition of
cAMP (1 mM). However, in that study the Na+–K+-ATPase
was stimulated by addition of cAMP into the assay in
vitro (Juel et al. 2014) and not by administration of
a β2-adrenoceptor agonist as in the present study. The

inconsistency may also be related to differences in the time
when biopsies were sampled, as the non-fatigue biopsies
were taken following a warm-up and MVC measurements
in the present study and not at rest. It may be that the
warm-up and MVC induced a high basal phosphorylation
of PLMSer68 at non-fatigue. Nevertheless, other effects of
β2-adrenergic stimulation can affect Na+–K+-ATPase and
studies in isolated cardiac myocytes suggest that cAMP
signalling also may inhibit Na+–K+-ATPase through
glutathionylation of the β1 subunit (White et al. 2010;
Galougahi et al. 2013). Moreover, higher amplitudes of
Ca2+ transients induced by β2-adrenergic stimulation
might inhibit Na+–K+-ATPase, since pulsatile increases
in intracellular [Ca2+] have been linked to a reduction
in Na+–K+-ATPase activity (Sulova et al. 1998). Thus,
β2-adrenergic stimulation affects Na+–K+-ATPase in
several ways, which may explain why we observed no
effects at non-fatigue.

A common feature of fatiguing exercise is
exercise-induced reductions in Na+–K+-ATPase activity
(Leppik et al. 2004; McKenna et al. 2008). Given that the
content of Na+–K+-ATPase is unchanged with fatiguing
exercise, exercise-induced reductions in Na+–K+-ATPase
activity have been referred to as Na+–K+-ATPase
inactivation which seems to be an outcome of reactive
oxidative species (oxidative stress), known to reduce
Na+–K+-ATPase activity in myocardial cells and in
skeletal muscles (McKenna et al. 2006, 2008; Figtree
et al. 2009). Interestingly, we observed that β2-adrenergic
stimulation counteracted exercise-induced reductions in
Na+–K+-ATPase Vmax, whereas Vmax declined by 25%
with placebo. While it seems apparent that a reduction
in Na+–K+-ATPase function with placebo would be
detrimental to performance by decreasing re-uptake
of contraction-induced accumulation of extracellular
K+, time to fatigue at 120% of V̇O2,max was not
different between treatments. Therefore, from the present
observations it would not seem that Na+–K+-ATPase
Vmax is a good marker of performance, at least during
intense exercise at 120% of V̇O2,max . Still our observations
only describe this phenomenon in vitro and functional
aspects of Na+–K+-ATPase inactivation in vivo are less
clear.

While the large reduction in Vmax at time of fatigue
with placebo has been reported in several previous studies
(McKenna et al. 2006, 2008), it is more difficult to
explain the lack of change in Vmax with terbutaline
at time of fatigue. This cannot be explained by
Na+–K+-ATPase content, since we observed no changes
in the relative protein content or in Na+–K+-ATPase
subunit α1 expression between treatments and time
points. Furthermore, Na+–K+-ATPase α-isoform mRNA
and protein expression were recently shown to be
unaffected by β2-adrenergic stimulation (Yin et al.
2014). On the other hand, recent observations by Yin
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et al. (2014) suggest that short-term stimulation of
β2-adrenoceptors modulate the translocation of available
Na+–K+-ATPase α-isoforms to the plasma membrane
in cardiac myocytes, thus altering the content of
functional plasma membrane-localised Na+–K+-ATPases
(Yin et al. 2014). Therefore, it may be that
β2-adrenergic stimulation counteracts exercise-induced
reductions in Vmax by modulation of the content of
functional membrane-localised Na+–K+-ATPases, thus
counteracting Na+–K+-ATPase inactivation mediated by
oxidative stress. Nonetheless, the role of β2-adrenergic
stimulation in the regulation of Na+–K+-ATPase activity
during exercise needs to be investigated further before
such conclusions can be drawn. Indeed, other mechanisms
may involve differences in the phosphorylation status
of the various subunits of the Na+–K+-ATPase and
other metabolic pathways affected by β2-adrenergic
stimulation.

Perspectives

Whileβ2-adrenergic stimulation apparently elicits positive
inotropy and lusitropy in skeletal muscles, the functional
implications for exercise performance are not entirely
clear. β 2-Adrenergic stimulation has been shown to
enhance sprint performance (Collomp et al. 2005;
Hostrup et al. 2014a), which is not surprising as the
positive inotropic and lusitropic effects would benefit
force production and rate of relaxation, both of which
are linked with sprint ability. On the other hand,
most studies including the present, show no effects of
β2-adrenergic stimulation on time to fatigue during
exercise lasting more than 2 min (Sanchez et al. 2013;
Hostrup et al. 2014a; Kalsen et al. 2014b), which
contrasts with the fatigue-resilient effects observed in
animal models during repeated muscle stimulations
(Juel, 1988; Cairns & Dulhunty, 1994). This discrepancy
may be explained by the state of muscle fatigue in
animal models compared with humans. Fatigue-resilient
effects of β2-adrenergic stimulation are most pronounced
when fatigue is severe (>50% drop in tetanic force;
Juel, 1988; Cairns & Dulhunty, 1994), whereas the
state of muscle fatigue in humans rarely reach this
level (19% drop in MVC with placebo in the pre-
sent study). Furthermore, pharmacological manipulation
targets all tissues in the human body and effects
of β2-adrenergic stimulation on other tissues may
affect whole-body exercise performance, whereas animal
models usually investigate isolated muscles removed
from their normal biological system. The exact role of
β2-adrenergic stimulation on ion handling and fatigue
in humans should therefore be elaborated in future
studies.
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