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This study examines the isoform-specific effects of short-term hindlimb suspension (HS) on the Na,K-ATPase in rat soleus muscle.
Rats were exposed to 24–72 h of HS and we analyzed the consequences on soleus muscle mass and contractile parameters;
excitability and the resting membrane potential (RMP) of muscle fibers; the electrogenic activity, protein, and mRNA content of
the 𝛼1 and 𝛼2 Na,K-ATPase; the functional activity and plasmamembrane localization of the 𝛼2 Na,K-ATPase. Our results indicate
that 24–72 h of HS specifically decreases the electrogenic activity of the Na,K-ATPase 𝛼2 isozyme and the RMP of soleus muscle
fibers. This decrease occurs prior to muscle atrophy or any change in contractile parameters. The 𝛼2 mRNA and protein content
increased after 24 h of HS and returned to initial levels at 72 h; however, even the increased content was not able to restore 𝛼2
enzyme activity in the disused soleus muscle.There was no change in the membrane localization of 𝛼2 Na,K-ATPase.The 𝛼1 Na,K-
ATPase electrogenic activity, protein and mRNA content did not change. Our findings suggest that skeletal muscle use is absolutely
required for 𝛼2 Na,K-ATPase transport activity and provide the first evidence that Na,K-ATPase alterations precede HS-induced
muscle atrophy.

1. Introduction

Skeletal muscle activity is absolutely required to maintain
both muscle mass and muscle function. A variety of con-
ditions are known to produce muscle atrophy, including
unloading and reduced neuronal activity (disuse) [1, 2].
Recent studies indicate that the regulatory mechanisms
which operate at early stages of skeletal muscle atrophy differ
from those during chronic muscle inactivity. Investigations
into the regulatory processes and interactions that occur early
in the development of muscle atrophy will be needed to
discover the molecular mechanisms which remodel skeletal
muscles during adaptations to disuse [1].

Maintaining the necessary level of the resting membrane
potential (RMP) in skeletal muscles is obligatory for success-
ful functioning of the neuromuscular system [3, 4]. It is well
known that hindlimb suspension (HS), a widely used model

of disuse and hypogravity, leads to progressive atrophy of
postural skeletal muscle [1, 5, 6]. HS lasting three days or
longer induces dramatic remodeling events in the rat soleus
muscle that include slow-to-fast shift in myosin heavy chain
expression pattern, changes in the neuromuscular junction,
changes in ion channels expression as well as depolarization
of the RMP [7–11]. This depolarization has been shown to
result from a decrease in the electrogenic activity of theNa,K-
ATPase [10, 11].

The Na,K-ATPase is a P-type ATPase which catalyzes the
active transport of K+ into and Na+ out of the cell, thereby
maintaining the steep Na+ and K+ gradients that provide
electrical excitability and the driving force for many other
transport processes. The Na,K-ATPase is composed of 𝛼-
catalytic and 𝛽-glycoprotein subunits. Four isoforms of the
𝛼 subunit are known to exist in tissues of vertebrates. It
is generally accepted that the ubiquitous 𝛼1 isoform plays
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the main “house-keeping” role while the other isoforms are
expressed in a cell- and tissue-specific manner and possesses
additional regulatory functions [12–14].

The Na,K-ATPase is critically important for excitability,
electrogenesis and contractility of skeletal muscle [15–17].
The largest pool of the Na,K-ATPase in a vertebrate’s body
is located in skeletal muscles where 𝛼1 and 𝛼2 isoforms are
coexpressed [18]. The mechanisms by which the 𝛼1 and 𝛼2
isoforms are regulated in response to changes in skeletal
muscle activity remain to be elucidated [17, 19–23]. Moreover
the Na,K-ATPase isoform-specific changes during muscle
inactivity or disuse have not been studied in detail. The effect
of short-termHS on theNa,K-ATPase isoforms is not known,
although this basic information on a protein as vital as
the Na,K-ATPase is expected to advance our understanding
of the cellular and molecular mechanisms responsible for
disuse-induced muscle atrophy.

This work examines the role of the Na,K-ATPase 𝛼
isozymes in the early adaptations of skeletal muscle to
disuse. We subjected rats to short periods of HS (24 or
72 h) and measured the consequences on soleus muscle
mass and contractile parameters; muscle electrogenesis and
excitability; the electrogenic activity of the 𝛼1 and 𝛼2 Na,K-
ATPase isozymes; their protein and mRNA content; the
plasma membrane localization of the 𝛼2 Na,K-ATPase and
its transport capacity.

Our findings suggest that short-term HS alters the Na,K-
ATPase of rat soleus muscle in an isoform-specific manner
and indicate that 𝛼2 Na,K-ATPase alterations precede disuse-
induced muscle atrophy.

2. Materials and Methods

2.1. Animals. Experiments were performed on male Wistar
rats (180–230 g). The animals were subjected to HS indi-
vidually in custom cages for 24 or 72 h, as described [5].
Control animals were not suspended. After HS, all rats were
anesthetized by ether and euthanized by cervical dislocation,
and soleus muscles were removed.

2.2. Ethics Statement. This study was carried out in accor-
dance with the recommendations for the Guide for the Care
and Use of Laboratory Animals of the National Institutes of
Health. The protocol was approved by the Ethics Committee
of St. Petersburg StateUniversity and theNationalMinistry of
Health of the Russian Federation. All surgery was performed
under anesthesia (ether), and all efforts were made to mini-
mize suffering.

2.3. Membrane Potential Recording. The isolated muscle with
nerve stump was placed in a chamber and continuously
perfused with a physiological solution containing (mM):
NaCl, 137; KCl, 5; CaCl

2
, 2;MgCl

2
, 2; NaHCO

3
, 24;NaH

2
PO
4
,

1; glucose, 11; pH 7.4. The solution was continuously bubbled
with 95% O

2
and 5% CO

2
and maintained at 28∘C. The

RMPs of muscle fibers were recorded from extrajunctional
membrane regions using intracellular microelectrodes, as
described previously [24, 25]. RMPswere recorded from 25 to

35 different fibers within each muscle, over a total recording
time of about 5–10min. The entire protocol was repeated in
muscles from different animals.

2.4. Measurement of Na,K-ATPase Electrogenic Activity in
Intact Muscle. Na,K-ATPase transport activity was deter-
mined in intact muscle fibers by measuring the ouabain-
sensitive change in RMP. This change is generated by elec-
trogenic Na,K-ATPase transport and is a sensitive, real-time
assay of Na,K-ATPase activity in intact skeletal muscle cells.
The method is based on the more than 100-fold difference
in affinities of the rodent 𝛼1 and 𝛼2 Na,K-ATPase isoforms
for ouabain [25–27]. The electrogenic contribution of the
𝛼2 isozyme was computed as the difference in mean RMP
before and after 30min incubation in 1𝜇M ouabain. The
electrogenic contribution of the 𝛼1 isozyme was estimated
as the difference between the RMP in 1𝜇M ouabain and
after 30min incubation with 500 𝜇M ouabain. Total Na,K-
ATPase electrogenic activity was determined as the difference
between the RMPs prior to any ouabain addition and after
30min action of 500𝜇M ouabain.

2.5. Contraction Measurements. Isolated muscles were
mounted in a chamber; one tendon was fixed, while the other
end was connected to the isometric FT03C force transducer
(Grass Instrument Co., Quincy, Massachusetts, United
States). Electrical direct stimulation (single pulses of 1ms)
was performed with two silver chloride electrodes using
Isostim A320 (WPI, USA) stimulator. Optimum muscle
length was determined by twitch tension from supramaximal
stimulation. The electrodes were placed onto the nerveless
part of themuscle. Peak twitch tension, time to peak (10–90%
of the peak tension), and half-relaxation time were recorded.

2.6.Western Blot Analysis. Isolated soleusmuscles were lysed
in lysis buffer (in mM: Tris-HCl 10, sucrose 250, EDTA 1,
EGTA 1, Triton X-100 2%, pH 7.4; and 1 tablet protease
inhibitor per 10mL). The homogenate was centrifuged at
10,000 g and the supernatant was collected. The protein-
containing supernatant was adjusted with 1mol/L DTT and
2x trisglycine SDS sample buffer (Invitrogen, Denmark)
with an approximate ratio of 10 : 3 : 3, respectively. Ten 𝜇g
of protein was loaded to gels. Proteins were separated on
10% trisglycine gels and electrotransferred onto nitrocellulose
membranes, which were then blocked by incubating in 5%
nonfat dry milk in PBS (in mM: NaCl 137, KCl 2.7, Na

2
HPO
4

8.2, KH
2
PO
4
1.8, at pH 7.4) with 0.5% vol/vol tween 20 (PBS-

T). The membranes were incubated with primary antibodies
(𝛼1 isoform of the Na,K-pump antibody (1 : 2000, Santa Cruz
Biotechnology Inc., USA) and 𝛼2 isoform of the Na,K-
pump antibody (1 : 2000, Millipore, USA) overnight at 5∘C in
PBS-T. After washing, the membranes were incubated with
horseradish-peroxidase- (HRP-) conjugated secondary anti-
body (1 : 4000; Dako, Denmark) for 1 hour in PBS-T. Excess
antibody was removed by extensive washing, and bound
antibody was detected by an enhanced chemiluminiscence
kit (ECL, Amersham, UK). Membranes were then stripped
for antibodies and stained for pan-actin (Cell Signaling
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Technology Inc., USA) with a HRP-conjugated secondary
antibody. Detected protein was quantified as a ratio to pan-
actin intensity measured for the same probe, using ImageJ
software (NIH, USA).

2.7. Quantitative Polymerase Chain Reaction (PCR). Isolated
soleus muscle segments were disrupted in Tissue Lyser
(Qiagen, VWR, Denmark). RNA isolation was carried out
withQiagenMini kit (Qiagen,VWR,Denmark) in aQIAcube
robotic workstation for automated purification of RNA (Qia-
gen, VWR, Denmark). PCR was performed to assess the
expression of specific RNAs. The reaction was executed with
reverse transcriptase III (Invitrogen, Denmark) and superase
(Ambion Ltd., UK) for deactivation of RNAse and DNAse.
The standard primer sets for quantitative PCR analyses
for 𝛼1 and 𝛼2 isoforms of the Na,K-pump were obtained
from Applied Biosystems (Denmark). Quantitative PCR was
carried out on MX3000P (Stratagene, USA) using Taqman
probe (FAM) technology. Gene expression was normalized
to GAPDH and transferrin receptor (average Ct value) levels
and presented by aΔCt value. Comparison of gene expression
was derived by subtracting control ΔCt (an averaged ΔCt for
themuscles whichwere not exposed toHS) from sampleΔCt,
producing ΔΔCt. Relative gene expression was calculated as
1/(2
ΔΔCt
), thereby standardizing to control muscle.

2.8. Confocal Microscopy and Membrane Localization.
Ouabain at 1 𝜇M selectively inhibits the rodent 𝛼2 Na,K-
ATPase without effect on the 𝛼1 isoform, as shown previously
[26, 27]. For selective imaging of the Na,K-ATPase 𝛼2
isoform, a freshly isolated m. soleus was incubated for 15min
with physiological saline containing fluorescent-labeled
specific ligand of the Na,K-ATPase (bodipy-conjugated
ouabain, 1 𝜇M). Superficial regions of the muscle were
imaged with a ×40, 1.3 NA objective using a Leica TCS
SP5 confocal system configured for viewing of bodipy
fluorescence, as was described previously [25, 28].

2.9. Immunofluorescent Detection of the Na,K-ATPase 𝛼2
Isozyme. Skeletal muscles from control and HS rats fixed in
4% formaldehyde were washed with the phosphate-buffered
salt solution (PBS) containing (inmmol/L): NaCl 137, KCl 2.7,
Na
2
HPO
4
8.2, KH

2
PO
4
1.8, at pH 7.4.Then, unreacted fixative

was quenched with 25mmol/L glycine in PBS for 15 minutes.
Muscle fibers were washed 3 times with PBS, permeabilized
with 0.1% Triton-X in PBS for 1 h and incubated with primary
𝛼2 isoform of the Na,K-pump antibody (1 : 100, Millipore,
USA) overnight at 5∘C. After 3 wash, muscles were incubated
in the dark with Alexa-488 fluorescent conjugated secondary
antibody for 1 h at room temperature (1 : 2000; Invitrogen,
USA). After washing the preparation was transferred to the
confocalmicroscope (LSM-5 Pascal Exciter, Zeiss, Germany).
The emission signal at 530 nm (after excitation at 488 nm)
was stored on the computer for later analyses of fluorescence
intensity using ImageJ (NIH, USA).

2.10. Cross Sectional Area Analysis. Contrast images of trans-
verse section of formaldehyde fixed soleus muscle were taken

microscopically for following analyses of cross sectional area
of individual muscle fibers. The analysis was done using
ImageJ (NIH, USA).

2.11. Materials. Bodipy-conjugated ouabain was from Invit-
rogen. Ouabain, nicotine ((−)nicotine hydrogen tartrate) and
other chemicals were from Sigma-Aldrich.

Data are given as the mean ± SEM. Statistical significance
of the difference between means was evaluated using a
Student’s 𝑡-test (ORIGIN 6.1. software) and one way ANOVA
(ORIGIN Pro 8 software).

3. Results

3.1. Hindlimb Suspension Alters Na,K-ATPase Electrogenic
Activity and Electrogenesis prior to Muscle Atrophy or Any
Change in Contractility. The body and soleus muscle weights
of control rats were 209.8 ± 6.5 g (40 rats) and 127.3 ±
6.4mg (40 pairs of muscles), respectively. The body weight
was not changed during HS while the soleus muscle weight
significantly (𝑃 < 0.01) decreased to 96.0 ± 5.9mg (22
pairs of muscles) (Figure 1(a)). As a useful index of muscle
atrophy,we determined changes of themusclemass expressed
as soleus muscle weight (mg) normalized to the whole
body weight (g). In control soleus muscle the muscle-to-
body weight ratio was 0.60 ± 0.02mg/g (40 rats, 40 pairs
of muscles) similar to published values [29]. Only a slight
and non-significant decrease of this ratio was observed after
24 h of HS. However this ratio significantly (𝑃 < 0.01)
decreased to 0.47 ± 0.02mg/g (22 rats, 22 pairs of muscles)
after 72 h of HS (Figure 1(b)), corresponding well with the
11% decrease in mean cross sectional area of individual
soleus muscle fibers (from 1687 ± 22 𝜇m2, 502 fibers, in
control down to 1511 ± 21 𝜇m2, 475 fibers, after HS, 𝑃 <
0.01). Mean cross sectional area after 24 h of HS was not
determined.

24 h of HS did not alter twitch parameters compared to
control (23 and 18 muscles, resp.). Whereas, prolonged HS of
72 h (8 muscles) decreased time-to-peak and half-relaxation
time by 13% (𝑃 < 0.05) and 21% (𝑃 < 0.01), respectively
(Figure 1(c)).

24–72 h of HS significantly shifted the initial part of
the force-voltage relationship to higher voltages, suggesting
decreased excitability (Figure 2(a)). Over the same period,
24 h of HS depolarized the RMPs of extrajunctional mem-
brane regions from −73.7 ± 0.4mV (10 muscles, 211 fibers) in
control muscles to −71.2 ± 0.3mV (12 muscles, 269 fibers),
and this value remained unchanged (−70.2 ± 0.6mV; 8
muscles, 126 fibers) up to 72 h of HS (Figure 2(b)).

Total electrogenic activity of the Na,K-ATPase was deter-
mined by measuring the ouabain-sensitive change in RMP
(see Section 2). In the extrajunctional region of control
soleusmuscles, total electrogenic activity by theNa,K-ATPase
contributes −11.6 ± 0.7mV (6 muscles) to the RMP. After
24 h of HS, the electrogenic potential contributed by the
Na,K-ATPase decreased to −8.5 ± 0.6mV (6 muscles, 𝑃 <
0.01) and this value remained unchanged up to 72 h of
HS (Figure 2(b)). Therefore, the HS-induced membrane
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Figure 1: Effects of 24–72 h of hindlimb suspension on body and muscle weights (a), muscle-to-body weight ratio (b), and parameters (c) of
rat soleus twitch tensions. ∗𝑃 < 0.05; ∗∗𝑃 < 0.01 compared to control.

depolarization and lowered muscle excitability are due to
decrease in the Na,K-ATPase electrogenic activity.

These data indicate that the decrease in Na,K-ATPase
electrogenic activity, RMP and excitability all precede theHS-
induced muscle atrophy and changes in contractility.

3.2. Hindlimb Suspension Specifically Alters 𝛼2 Na,K-ATPase.
In control muscles, electrogenic transport by the 𝛼1 and
𝛼2 Na,K-ATPase isozymes contributes −8.4 ± 0.7mV and
−3.2 ± 0.7mV (6 muscles), respectively, to the RMP. HS
alters these contributions in an isoform-specific manner.
After 24 h of HS, the electrogenic potential contributed by
𝛼1 isozyme remains unchanged, while the contribution of
𝛼2 isozyme decreased dramatically to only −0.9 ± 0.6mV

(6 muscles; 𝑃 < 0.01) (Figure 3(a)). The lower activity of 𝛼2
isozyme remained for up to 72 h of HS while the contribution
of 𝛼1 isozyme was not significantly different from control
value (Figure 3(a)). Therefore, the HS-induced membrane
depolarization is due to a specific decrease in the activity of
the 𝛼2 isozyme.

After 24 h of HS both 𝛼2 Na,K-ATPase mRNA and pro-
tein content increased, while 𝛼1 protein and mRNA content
did not change (Figures 3(b) and 3(c)). These data suggest
that the HS-induced decrease in 𝛼2 Na,K-ATPase activity
is due to a decrease in enzyme activity and not to altered
mRNA or protein content. Moreover, even the increased
𝛼2 Na,K-ATPase mRNA and protein content at 24 h of HS
cannot counteract the sustained inhibition of 𝛼2 isozyme
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Figure 2: Hindlimb suspension decreases excitability and alters electrogenesis of rat soleus muscle. (a) force-voltage relationships of twitch
tensions in control soleus muscles (open circles, 𝑛 = 18), after 24 h (closed circles, 𝑛 = 15) and 72 h (triangles, 𝑛 = 8) of HS. Force-voltage
relationships were determined using 1ms stimuli (direct stimulation) of increasing voltage to elicit maximum force of twitch tension. % to
force obtained at supramaximal stimulation is shown. Insert-expanded curve for voltages below 10mV; points that significantly differ from
corresponding control points are marked by asterix. (b) The resting membrane potential (white columns) and total electrogenic activity of
the Na,K-ATPase (black columns) in control soleus muscles and after 24 h and 72 h of HS. ∗𝑃 < 0.05; ∗∗𝑃 < 0.01 compared to respective
control.

electrogenic activity (Figure 3(a)). The increase in 𝛼2 mRNA
and protein content in response to disuse was transient. After
72 h of HS, the mRNA and protein content of both 𝛼1 and 𝛼2
Na,K-ATPase were not different from control (Figures 3(b)
and 3(c)).

3.3. Hindlimb Suspension Does Not Alter the Functional
Activity or Membrane Localization of the 𝛼2 Na,K-ATPase.
As a confirmation that 𝛼2 Na,K-ATPase remains in the
membrane and is functional after HS, we tested whether
the Na,K-ATPase 𝛼2 isozyme is able to be stimulated by
nanomolar concentrations of nicotinic acetylcholine receptor
(nAChR) agonists, an effect shown previously [24, 25].

Upon 60min exposure of muscles to 100 nM nicotine, a
small but significant (𝑃 < 0.01) depolarization was detected
(not shown), as expected if nicotine initially opens a small
number of nAChRs. This depolarization was followed by
sustained hyperpolarization of 2.7 ± 0.6mV (𝑃 < 0.01; 12
muscles) (Figure 4(a)). After 24 or 72 h of HS, the RMPs
depolarized as indicated above; however the stimulation of
Na,K-ATPase activity by nicotine remained (Figure 4(a)),
indicating the continued presence of functionalNa,K-ATPase
in the sarcolemma.

To verify whether the nicotine-induced hyperpolariza-
tion is actually related to activation of Na,K-ATPase 𝛼2
isozyme, additional experiments with ouabain were per-
formed. The rodent 𝛼1 isozyme is 100-fold less sensitive
to ouabain binding, and 1 𝜇M ouabain completely inhibits
the 𝛼2 isozyme without effect on the 𝛼1 isozyme [24, 26,
27]. In control muscles, ouabain (50 nM, 100 nM or 1𝜇M;
30min incubation) depolarized muscle fibers in a dose-
dependent manner to ∼−70mV, as expected (Figure 4(b)).

The nicotine-induced hyperpolarization was absent in the
presence of 100 nM ouabain (30min preincubation), con-
firming that it results from stimulated electrogenic transport
by the Na,K-ATPase 𝛼2 isozyme (Figure 4(a)). 24 h of HS
depolarized RMPs to the same level as in the presence of
100 nM to 1 𝜇M ouabain in control muscles, suggesting inhi-
bition of the Na,K-ATPase 𝛼2 isozyme after HS (Figure 4(b)).
As in control muscles, 100 nM ouabain prevents the nicotine-
induced hyperpolarization (Figure 4(a)).

These data indicate that the Na,K-ATPase 𝛼2 isozyme,
even after being inhibited by HS, remains capable of dynami-
cally increasing its transport activity in response to nanomo-
lar nAChR agonist.

It is also possible that HS may alter the localization
of 𝛼2 Na,K-ATPase in the sarcolemma and thereby alter
its electrogenic activity. We investigated this possibility by
imaging the intact m. soleus labeled with a fluorescent, spe-
cific ligand of the Na,K-ATPase (bodipy-conjugated ouabain,
1 𝜇M) [25, 28].The 𝛼2Na,K-ATPase isozyme is present on the
sarcolemma and transverse tubule membranes [30]. Consis-
tent with this observation, the fluorescent ouabain signal is
detected as double rows of label with a repeat pattern of two
per sarcomere, as expected from the dual transverse-tubule
openings at the A-I junctions of mammalian muscle [25, 28]
(Figure 5(A)). 24 h of HS did not alter the extrajunctional
localization of the Na,K-ATPase 𝛼2 isozyme (Figure 5(B)).
Muscles labeled with 𝛼2 Na,K-ATPase antibody demonstrate
the same result after 72 h of HS (Figures 5(C) and 5(D)).

Taken together, these data suggest that the inhibition of
the 𝛼2 Na,K-ATPase electrogenic activity induced by short-
term HS cannot be explained by altered functional capacity
and/or by altered localization in the m. soleus sarcolemma.
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Figure 3: 24–72 h of hindlimb suspension specifically alters the electrogenic activity (a) and the relative mRNA (b) and protein (c) contents
of the 𝛼2 Na,K-ATPase in rat soleus muscle. 𝛼1 and 𝛼2 Na,K-ATPase, white and black columns, respectively. (a) Na,K-ATPase 𝛼1 and 𝛼2
electrogenic activity computed as the difference in resting potential measured before and after blockade of the Na,K-ATPase isozymes by
ouabain. (b) and (c) data normalized to the average level of expression under control conditions. Upper panels (c) show representative
immunoblots. Columns show mean data from 5 to 10 different muscle samples (panel (b)) and 10 different muscle samples (panel (c)).
∗∗

𝑃 < 0.01 compare to control.

4. Discussion

Investigations into the molecular mechanisms which trigger
downstream signaling events leading to muscle atrophy are
of great importance [1, 2, 6]. The Na,K-ATPase is the most
abundant protein in skeletal muscle and is one of the marker
enzymes that sense enhanced mechanical activity.Themech-
anisms by which the Na,K-ATPase is regulated in response

to skeletal muscle activity are incompletely understood. A
variety of processes have been suggested to regulate Na,K-
ATPase activity or content, including: increased Na+ entry
[19, 21, 22], an enhanced level of cytosolic Ca2+ [23, 31],
changes in ion affinity and maximal enzyme activity [22],
translocation of Na,K-ATPase subunits [19, 20, 32], AMPK
activation [33], oxidative stress (glutathionylation) [34] and
other factors.
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Figure 4: Changes in the resting membrane potential induced by
100 nM nicotine in rat soleus muscle in control, after 24 and 72 h of
hindlimb suspensions. (a) RMPsweremeasured in the samemuscles
prior to (white columns) and after 60min of nicotine application
(grey columns); 12 muscles, control, 4 muscles, after 24 h and 8
muscles after 72 h of HS; in separate muscles RMPs were measured
after 30min of 100 nM ouabain application (cross hatched columns)
and in the presence of ouabain after 60min of nicotine application
(black columns). 4 muscles, control, 4 muscles, after 24 h of HS.
∗∗

𝑃 < 0.01 compared to RMPs before nicotine’s addition. (b) the
effect of ouabain (30min incubation) on the RMPs of control rat
soleus muscles. Columns show mean data from 4 to 6 different
muscles.

The cellular mechanisms of disuse-induced Na,K-ATPase
deregulation are only starting to be elucidated. In the present
study, we demonstrate for the first time that the Na,K-
ATPase is altered during earlier stages of rat soleus disuse,
which precede muscle atrophy, and that the 𝛼2 Na,K-ATPase
isozyme is specifically targeted.

The 𝛼1 and 𝛼2 isoforms of Na,K-ATPase are coexpressed
in the skeletal muscles [18]. The 𝛼2 isoform is the major 𝛼
subunit and displays marked adaptability compared to the
𝛼1 isoform [14, 16, 17]. Recent studies of the role of the 𝛼2

Na,K-ATPase suggest that the 𝛼2 isoform is essential for the
contractile function of skeletal muscle and that its specific
transport activity can be acutely regulated by muscle activity
[25, 28, 35–37].

Many other studies have established that the total content
of Na,K-ATPase mRNA and protein is regulated by muscle
activity over a regulatory range of about 2-fold (reviewed in
[16, 17]). Chronic training of various intensities and duration
upregulates the total content of Na,K-ATPase, and disuse
induced by immobilization, tenotomy, or immobilization
downregulates Na,K-ATPase content. Several studies have
suggested that the content of 𝛼2 subunit in skeletal muscle is
relativelymore sensitive to chronic changes inmuscle activity
than 𝛼1, but the reported results are somewhat variable
(summarized in [17]; Table 2).

In this study, we examined whether 𝛼2 Na,K-ATPase
function or content is conversely regulated by muscle inac-
tivity. HS, a common experimental model of muscle disuse,
leads to atrophy associated with well-characterized pheno-
typic changes in fiber type, protein expression, and function
[1, 2, 6].Membrane depolarization is an early event associated
with this model [10]. Our present data indicate that the
decrease in the RMP and excitability of rat soleus mus-
cle results from reduced Na,K-ATPase electrogenic activity
which precedes the HS-induced muscle atrophy and changes
in contractility.The muscle membrane depolarization occurs
as early as 24 h of HS. Importantly, it is isoform-specific and
results from a specific decrease in the electrogenic activity of
the Na,K-ATPase 𝛼2 isozyme. The loss of 𝛼2 Na,K-ATPase
activity occurs prior to any detectable change in muscle mass
or contractility, and despite an increase in 𝛼2 mRNA and
protein content. The increases in 𝛼2 mRNA and protein
content are transient; both return to near baseline levels
at 72 h of HS. Importantly, the 𝛼2 Na,K-ATPase isozyme
remains capable of stimulation by cholinergic regulatory
mechanisms and its localization in the membrane is not
altered during 24–72 h of HS.

Other studies indicate that animals show an initial,
transient stress response to HS. Adrenal hypertrophy and
corticosterone levels increase and peak within the first few
days of HS, then decline as the animal adapts [38]. A recent
study reports that corticosterone levels increased slightly after
6 h of HS, then returned to control levels during the subse-
quent 12–72 h of HS [39]. Because prolonged treatment (14 d)
of rats to Dexamethasone, a potent synthetic corticosteroid,
increases 𝛼2 Na,K-ATPase protein and mRNA abundance in
skeletal muscles [40], we considered whether an early stress
response might occur in our animals and might explain the
results. However, our results show clearly that the acute, HS-
induced decrease in 𝛼2 Na,K-ATPase electrogenic activity is
a functional change in enzyme activity, and is not associated
with reduced 𝛼2 mRNA or protein content. Indeed, 𝛼2
mRNA and protein increase transiently at 24 h, then return
to control levels after 72 h of HS. Therefore, the short-term
downregulation of 𝛼2 Na,K-ATPase electrogenic activity by
HS cannot be explained by a stress response. Moreover, even
the increased 𝛼2 Na,K-ATPase mRNA and protein content
after 24 h of HS cannot counteract the sustained inhibition of
𝛼2 isozyme activity. Collectively, these findings suggest that
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Figure 5: Hindlimb suspension does not alter the membrane localization of 𝛼2 Na,K-ATPase. A rat soleus muscle was labeled with bodipy-
conjugated ouabain (1𝜇M) ((A), (B)) or with specific antibodies ((C), (D)) to label the 𝛼2 Na,K-ATPase. (A), (C) control; (B) after 24 h HS
and (D) after 72 h of HS. Scale bars: 25 𝜇m.

the activity of pre-existing 𝛼2 Na,K-ATPase is regulated by
muscle use.

The transient increase in 𝛼2 mRNA and protein content
seen at 24 h, and its return to control levels by 72 h of HS,
may reflect the complex dynamics ofmuscle gene adaptations
to disuse. In particular, skeletal muscles at fatigue show
decreased Na,K-ATPase activity that is inversely correlated
with increased 𝛼2 mRNA expression, suggesting a possible
signal-transduction role for depressed Na,K-ATPase activity
on𝛼 isoform gene expression [41]. Such increase in𝛼2mRNA
expression at fatigue may be a compensatory response to
preserve muscle function.

The mechanism by which the electrogenic activity of 𝛼2
Na,K-ATPase is downregulated in response to muscle disuse
is not known.Our data indicate that𝛼2Na,K-ATPase remains
in themembrane and is able to be stimulated by other regula-
tory pathways including its interaction with the nAChR.This
stimulation is realized via functional interaction between the
nAChRs and the 𝛼2 Na,KATPase, as was shown previously
[24, 25]. Nanomolar concentrations of acetylcholine remain
in the junctional cleft and muscle interstitial spaces for some
time following nerve activity [25].The EMG activity of soleus

muscle decreases dramatically immediately followingHS and
remains lowered for at least up to 3 days of HS [42, 43]. A
reduced EMG indicates reduced motor nerve activity, which
would lower the level of “residual” interstitial acetylcholine
and reduce stimulation of 𝛼2 Na,K-ATPase by interaction
with the nAChRs.

Other factors related tomuscle inactivitymay be involved
in the inhibition of 𝛼2 Na,K-ATPase functional activity
during short-term HS. The regulation of the 𝛼2 isozyme
may also depend on its subunit partners and/or molecular
environment, which are not completely known. The sub-
membranous actin-based cytoskeleton has been shown to
participate in the regulation of Na,K-ATPase activity, and HS
is known to alter the transverse stiffness of rat soleus muscle
via non-muscle alpha-actinins [39]. In addition, PKC activity
is known to decrease after short HS [29], and this in turn
could alter the phosphorylation state of the Na,K-ATPase 𝛼
or FXYD1 subunits [44, 45].

It is well known that calcium ions play an essential
role for a diversity of muscle functions [46]. Some data
indicate that resting intracellular calcium levels increase in
m. soleus fibers even after first days of HS [6, 10, 47] and
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it was proposed that this might contribute to the activation
of calpains, further promoting muscle atrophy [6, 48]. So,
the increase in basal Ca2+ level might act as a key trigger
to downstream signaling events leading to muscle atrophy.
The sources and mechanisms of this calcium accumulation
remained to be elucidated. At the present time we can only
speculate that the basal Ca2+ level might increase due to
altered Na,Ca-exchange as a result of lowered 𝛼2 Na,K-
ATPase transport activity and Na+ accumulation, similarly to
“PLasmERosome” model [49].

Together, these findings demonstrate that muscle activity
is absolutely required for the acute regulation of 𝛼2 transport
activity. Overall, they support an emerging body of evidence
suggesting that the catalytic activity of the 𝛼2 Na,K-ATPase
isozyme in skeletal muscle is exquisitely sensitive to muscle
use. Acute increases in muscle activity stimulate 𝛼2 isozyme
transport activity, while acute decreases in muscle activity
downregulate its activity. Longer-term changes in the level of
muscle use also influence 𝛼2 mRNA and protein content; the
changes in content induced byHS are transient and therefore,
whether a change in 𝛼2 content is observed depends critically
on the time point of the measurement.

Our findings further show that isoform-specific changes
in Na,K-ATPase expression and function are an early event
in the development of disuse atrophy during HS. The sig-
nificance of these early changes in Na,K-ATPase transport
activity, content, and membrane depolarization in the devel-
opment of disuse atrophy remains to be elucidated.
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