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Excitation–Contraction Coupling

Specific ATPases drive compartmentalized glycogen
utilization in rat skeletal muscle
Joachim Nielsen1, Peter Dubillot1, Marie-Louise H. Stausholm1, and Niels Ørtenblad1

Glycogen is a key energy substrate in excitable tissue, including in skeletal muscle fibers where it also contributes to local
energy production. Transmission electron microscopy imaging has revealed the existence of a heterogenic subcellular
distribution of three distinct glycogen pools in skeletal muscle, which are thought to reflect the requirements for local
energy stores at the subcellular level. Here, we show that the three main energy-consuming ATPases in skeletal muscles (Ca2+,
Na+,K+, and myosin ATPases) utilize different local pools of glycogen. These results clearly demonstrate compartmentalized
glycogen metabolism and emphasize that spatially distinct pools of glycogen particles act as energy substrate for separated
energy requiring processes, suggesting a new model for understanding glycogen metabolism in working muscles, muscle
fatigue, and metabolic disorders. These observations suggest that the distinct glycogen pools can regulate the functional state
of mammalian muscle cells and have important implications for the understanding of how the balance between ATP
utilization and ATP production is regulated at the cellular level in general and in skeletal muscle fibers in particular.

Introduction
It is of vital importance for all cell types to balance energy
utilization and production, but it is particularly important in
excitable cells with high fluctuations in energy turnover. A
close match between energy utilization and production is
established by functional compartmentalization of enzymatic
reactions (Welch, 1977; Saks et al., 2008), which ensures rapid
exchange of metabolites. In skeletal muscle, this has probably
evolved because of multiple constraints as cell size, spatial
distribution of energy consuming and producing processes,
and a physical constraint imposed by intracellular structures
limiting free diffusion (Srere, 1967). Still, within this organi-
zation, glycogen particles are distributed in local depositions
and thereby serve as an efficient energy store for the different
steps in excitation–contraction (E–C) coupling and relaxation.
Intriguingly, glycogen particles and glycogenolytic and gly-
colytic enzymes are observed adjacent to the sarcoplasmic
reticulum (SR) membrane (Garant, 1968; Wanson and
Drochmans, 1968), and it is well described how this physical
association directs a crosstalk, where Ca2+ release from the SR
upon muscle activation facilitates glycogen degradation and
glycolytic ATP production and, reversely, where glycogen loss
impairs SR function (Tammineni et al., 2020; Ørtenblad et al.,

2011). The glycogen–glycogenolytic–glycolytic system is an
example of functional compartmentalization, where the spe-
cific organization and localization of enzymes and glycogen
particles create an efficient delivery of energy to energy re-
quiring processes located in specific subcellular domains
(Lynch and Paul, 1983; Dhar-Chowdhury et al., 2007). Thus,
the diffusional barrier by intracellular structures is circum-
vented by situating the metabolic machinery and the glycogen
particles close to the energy consuming processes, where one
pool of glycogen particles may preferentially serve the
neighboring ATPases.

In working skeletal muscle fibers, myosin ATPases, SR Ca2+

ATPases, and Na+,K+ ATPases consume ∼50–60%, 40–50%,
and 5–10% of the energy, respectively, depending on con-
traction mode (Ørtenblad et al., 2009; Clausen et al., 1991). In
order to clarify whether these three major energy consuming
processes utilize different pools of glycogen particles, we
conducted two main sets of experiments, where we stimulated
or inhibited specific energy consumption by the different
ATPases combined with measures of the distinct pools of
glycogen particles by quantitative transmission electron mi-
croscopy (TEM).
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Materials and methods
Animals
All handling and use of animals complied with Danish animal
welfare regulations. Experiments were performed using 4–6-
wk-old male Wistar rats of own breed, weighing 102–276 g,
which were kept in a thermostated environment at 21°C with a
12/12 h light-dark cycle and fed ad libitum at the Biomedical
Laboratory, University of Southern Denmark.

Experimental design
Myosin ATPase inhibition
Soleus muscles of Sprague Dawley rats (4–6-wk-old males
weighing 112–276 g, killed by cervical dislocation) weremounted
to a force transducer and bathed in a standard Krebs-Ringer
bicarbonate buffer at 30°C continuously gassed with a mixture
of 95% O2 and 5% CO2. After 30 min of rest in the standard KR
buffer, the muscles were incubated for 180 min with either
50 μM N-benzyl-p-toluene sulfonamide (BTS; Cheung et al.,
2002) and 25 µM blebbistatin (Straight et al., 2003) or vehicle
(DMSO; 0.3% volume). Then, muscles were either tetanic
stimulated (30 Hz for 400 ms every 2 s) or rested for 20 min.

Na+,K+-ATPase inhibition
Soleus muscles of Sprague Dawley rats (4–6-wk-old males
weighing 102–192 g, killed by cervical dislocation) were moun-
ted to a force transducer and bathed in a standard Krebs-Ringer
bicarbonate buffer and 1 mM ouabain or vehicle (water) at 30°C
continuously gassed with a mixture of 95% O2 and 5% CO2. After
30 min of rest, the muscles were incubated for 60 min with
either 10 µM salbutamol or vehicle (methanol; 2% volume).

Force measurements
Muscles were mounted for isometric contractions in thermo-
stated chambers containing standard Krebs-Ringer bicarbonate
buffer and adjusted to optimal length for force production. Force
was measured using force transducers and recordedwith a chart
recorder and digitally on a computer.

Krebs-Ringer solution for in vitro incubation of soleus muscles
All in vitro experiments were performed with muscles incu-
bated in a standard Krebs-Ringer bicarbonate buffer containing
the following (in mM): 122.1 NaCl, 25.1 NaCHO3, 2.8 KCl, 1.2
KH2PO4, 1.2 MgSO4, 1.3 CaCl2, and 5.0 D-glucose (pH 7.4). All
chemicals were of analytical grade and unless stated were ob-
tained from Sigma-Aldrich, with BTS obtained from Toronto
Research Chemicals, Ontario, Canada.

Determination of muscle glycogen and lactate concentration
Homogenate glycogen concentration was determined by spec-
trophotometry (Beckman DU 650) in a glucose-NADPH coupled
assay according to Lowry and Passonneau (1972). Freeze-dried
muscle tissue (1.5 mg) was boiled in 0.5 ml 1 M HCL for 150 min
before it was rapidly cooled, whirl-mixed, and centrifuged at
3,500 g for 10 min at 4°C. 40 μl of boiled muscle sample and 1 ml
of reagent solution containing Tris-buffer (1 M), distilled water,
ATP (100 mM), MgCl2 (1 M), NADP+ (100 mM), and G-6-PDH
were mixed before the process was initiated by adding 10 μl of

diluted hexokinase and absorbance was recorded for 60min and
expressed as mmol glycosyl units per kg dry weight (dw). Lac-
tate was determined from specimen, which was freeze-dried,
dissected free of nonmuscle tissue, powdered and extracted with
HClO4. Lactate was expressed as mmol·kg−1 dw.

Quantitative TEM
Preparation of samples for glycogen staining
Muscle samples were prepared for analyses of the subcellular
distribution of glycogen as previously described in detail (Jensen
et al., 2022). Briefly, a small piece (<1 mm3) of the mid-belly of
m. soleus was fixed in 2.5% glutaraldehyde in 0.1 M sodium
cacodylate buffer (pH 7.3) for 24 h at 4°C and subsequently
rinsed four times in 0.1 M sodium cacodylate buffer. Following
rinsing, the muscle pieces were postfixed with 1% osmium te-
troxide (OsO4) and 1.5% potassium ferrocyanide (K4Fe(CN)6) in
0.1 M sodium cacodylate buffer for 90 min at 4°C. The use of
potassium ferrocyanide during post fixation enhances the vi-
sualization of glycogen particles. After postfixation, the muscle
pieces were rinsed twice in 0.1 M sodium cacodylate buffer for
60 min at 4°C, dehydrated through a graded series of alcohol at
4–20°C, infiltrated with graded mixtures of propylene oxide and
Epon at 20°C, and embedded in 100% Epon at 30°C. Ultra-thin
(60 nm) sections were cut (using a Leica Ultracut UCT ultra-
microtome) in two depths (separated by 150 μm) and contrasted
with uranyl acetate and lead citrate. Sections were examined
and three longitudinal oriented fibers per muscle were photo-
graphed in a precalibrated TEM (JEM-1400Plus; JEOL Ltd. and a
Quemesa camera). Images were analyzed by a blinded investi-
gator using a digital screen at a final total magnification of
100,000×.

Quantification of the subcellular distribution of glycogen
The volume fraction of glycogen in three distinct localizations
was estimated using standard stereological techniques (Weibel,
1980). Since glycogen particles (diameter of 10–40 nm) are
smaller than the thickness of the section (60 nm), the calculation
of the volume fraction based on an area fraction on the projected
images is corrected for an overestimation due to a cutting by
the upper and lower slice surface and thereby abrogating the
spherical shape of some of the particles. This is done by the
formula suggested by Weibel (1980): VV = AA − t {(1/π)·BA − NA·
[(t × H)/(t + H)]}, where AA is glycogen area fraction, t is the
section thickness (60 nm), BA is the glycogen boundary length
density (i.e., the perimeter of the glycogen particle profiles per
area of muscle region), NA is the number of particles per area
(AA/(π × ½H2), and H is the average glycogen particle diameter.
Glycogen particles were assumed to be spherical. AA was esti-
mated by point counting using different grid sizes for the dif-
ferent locations in order to achieve satisfactorily precision of the
estimates (see below). BA was calculated as π/4 × SV + t × NV × π
× H, where SV is NV × π × H2 and NV is NA/(t + H).

The average glycogen particle diameter for each location was
calculated by directly measuring at least 60 particles per location
per fiber using iTEM (iTEM software, version 5.0; Olympus).
However, of the 284 fibers analyzed, only 40–59 particles could
be found in 72 fibers and only 10–39 particles in 24 fibers.
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Intermyofibrillar glycogen was expressed relative to the myo-
fibrillar space and estimated using grid sizes of 120 and 300 nm,
respectively. The amount of intramyofibrillar glycogen was
expressed relative to the intramyofibrillar space and estimated
using grid sizes of 60 and 300 nm, respectively. The sub-
sarcolemmal glycogen was expressed relative to the muscle fiber
surface area and estimated using a grid size of 90 nm. The fiber
surface area was estimated by measuring directly the length of
the fiber accompanying with the area of the subsarcolemmal
region, which is perpendicular to the outer most myofibril and
then multiplied by the section thickness (60 nm).

Statistics
Results are shown as means and SD, geometric means, and 95%
confidence interval, or box plots displaying the first and third
quartiles and split by the median with n representing the
number of fibers included from the number of rats. The nor-
mality of data distribution was determined by Q–Q plots and the
constant variance across groups by plotting the predicted values
against the residuals. If necessary, data were transformed as
indicated in the figure legends. Linear mixed effect model was
used to investigate interaction and main effects. P < 0.05 was
considered to be statistically significant. The exact statistical
parameters are indicated in the figure legends. No data was
excluded for statistical analysis. Statistical analyses were done in
Stata/IC 16 (StataCorp). Investigators were blinded to allocation
during image analyses.

Results
Three subcellular pools of glycogen were defined based on their
spatial distribution (Fig. 1, A–C). To embrace fiber-to-fiber
variation, we estimated the volumetric content at the single fi-
ber level, where coefficient of errors between 0.15 and 0.25
could be obtained after analyses of 12–16 images per fiber
(Fig. 1 D). The TEM estimated total glycogen volume fraction
correlated well with biochemically determined mixed glycogen
concentration from homogenates (Fig. 1 E). In the resting control
muscles combined from both experiments, glycogen particles
were distributed with 65, 29, and 6% as intermyofibrillar, in-
tramyofibrillar, and subsarcolemmal glycogen, respectively
(Fig. 1 F).

Myosin ATPase inhibition
In the first experiment, the myosin ATPase was selectively in-
hibited while normal E–C coupling was maintained (Macdonald
et al., 2005), enabling the estimation of the magnitude of loca-
tion specific glycogen consumption associated with both myosin
ATPase and SR Ca2+ ATPase activity. Selective inhibition of the
myosin ATPase activity by BTS and blebbistatin nearly abolished
the tetanic stimulation-induced force production (Fig. 2 A),
which, as expected, was accompanied by a marked lowered
utilization of mixed muscle glycogen (Fig. 2 B) accompanied by
less accumulation of lactate (Fig. 2 C) after the stimulation
protocol.

In resting muscles, the volumetric content of intermyofi-
brillar glycogen was unaffected by myosin ATPase inhibition

(P = 0.69; Fig. 2 D). Electrical stimulation mediated a ∼40% (P <
0.001) decrease in control muscles, which was attenuated to a
∼30% (P = 0.004) decrease in muscles with myosin ATPase in-
hibition (two-way interaction: P = 0.008; Fig 2, D and E).

The volumetric content of intramyofibrillar glycogen was
also unaffected or decreased slightly by myosin ATPase inhibi-
tion in resting muscles (P = 0.06; Fig. 2 F). While electrical
stimulation mediated a ∼90% (P < 0.001) reduction in intra-
myofibrillar glycogen of control muscles, the myosin ATPase
inhibition completely abolished this stimulation-mediated re-
duction in intramyofibrillar glycogen (P = 0.67; two-way inter-
action: P = 0.008; Fig. 2, F and G)

Subsarcolemmal glycogen content (Fig. 2, H and I) was not
affected by electrical stimulation (main effect, P = 0.22), myosin
ATPase inhibition (main effect, P = 0.58), nor both combined
(two-way interaction, P = 0.40).

Na+,K+-ATPase inhibition
To investigate if Na+,K+-ATPase activity is connected to the
utilization of a local pool of glycogen, muscles were exposed to
the β-adrenoceptor agonist salbutamol, which stimulate the
Na+,K+ ATPase (Clausen and Overgaard, 2000), combined with
the cardiac glycoside ouabain, which selectively block the Na+,K+

ATPase (Lingrel and Kuntzweiler, 1994). Here, salbutamol me-
diated a reduction in mixed glycogen concentration and an in-
crease in lactate concentration, which was attenuated by
ouabain (Fig. 3, H and I).

Ouabain mediated a small ∼10% increase in intermyofibrillar
glycogen (main effect of ouabain: P = 0.001) but did not affect a
∼40% reduction in intermyofibrillar glycogen by salbutamol
exposure (main effect of salbutamol: P < 0.001; ouabain-
salbutamol interaction: P = 0.16; Fig. 3, A and B).

While ouabain alone did not affect intramyofibrillar glycogen
levels (P = 0.49), it attenuated a salbutamol-induced reduction in
intramyofibrillar glycogen (ouabain-salbutamol interaction: P =
0.01; Fig. 3, C and D). At the single fiber level, this could be
explained by an effect of ouabain on the lower quartile value,
where salbutamol alone decreased the lower quartile value by
∼66%, which was attenuated to a decrease of ∼25% in ouabain
treated muscles.

No or only small effects of salbutamol (main effect, P = 0.25),
oubain (main effect, P = 0.84), or both combined (two-way in-
teraction, P = 0.64) were found for subsarcolemmal glycogen
(Fig. 3, E and F).

Discussion
Here, we show that selectively inhibition of myosin ATPase
activity during electrical stimulation and inhibition of Na+,K+

ATPase activity during β-adrenoceptor stimulation affect the
subcellular utilization of glycogen in skeletal muscle fibers. This
is demonstrated in rat soleus muscle consisting of mainly type
1 fibers and suggests that the myosin ATPases equally utilize
glycogen from both the intra- and intermyofibrillar compart-
ments, the SR Ca2+ ATPases utilize glycogen only from the in-
termyofibrillar compartment, and the Na+,K+ ATPases utilize
glycogen only from the intramyofibrillar compartment.
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It is well described that the activity of the threemain ATPases
is connected to glycogen metabolism. The SR Ca2+ ATPase and
Na+,K+ ATPase seem to be directly fueled by glycolysis as shown
by studies using inhibitors of glycolysis and glycogenolysis
(Glitsch and Tappe, 1993; Xu et al., 1995; Kockskämper et al.,
2005; Jensen et al., 2020). The activity of the myosin ATPase
is to a large extent supported by the creatine kinase reaction
breaking down PCr (Chung et al., 1998), which is then re-
synthesized by glycogen breakdown and glycolysis (Shulman
et al., 2001). Such functional compartmentalization may exist
due to the physical association of glycolytic enzymes at the SR
membrane (Entman et al., 1980), the t-tubular membrane (Han
et al., 1992), and the actin filaments within the myofibrils
(Arnold and Pette, 1968). In line with this compartmentalized
organization of the cell, we demonstrate that the three muscle
cell glycogen pools are selectively used by the ATPases.

Here, we show that a possible profound role of glycogen to
support the energetics of contractility (i.e., myosin ATPase ac-
tivity) results in a very high depletion of intramyofibrillar gly-
cogen. Since it is reasoned that only glycogen breakdown can
produce the ATP at the necessary high rate (Shulman et al.,
2001), it is intriguingly that the absolute amount of intra-
myofibrillar glycogen in skeletal muscle fibers seems well con-
served across different species despite large differences in the
other pools of glycogen (Nielsen et al., 2014 and this study).
Thus, in resting muscles, most fibers store around 3–8 µm3 µm−3

103 (Nielsen et al., 2011). A depletion of intramyofibrillar gly-
cogen during muscle work to levels <2 µm3 µm−3 103 has been
linked to muscle fatigue as described by lower tetanic free Ca2+

concentrations (Nielsen et al., 2014) and SR Ca2+ release rate
(Ørtenblad et al., 2011). However, low intramyofibrillar glycogen
is not always associated with depressed SR Ca2+ release rate

Figure 1. TEM analyses of subcellular glycogen distribution. (A) Fixed muscle segments were prepared for glycogen visualization by TEM and cut in
longitudinal sections. Three fibers were photographed per muscle in a randomized systematic order including 12–16 images from the subsarcolemmal region
and 12–16 images from the myofibrillar region. (B) In the myofibrillar images, the volumetric content of intermyofibrillar glycogen (long green arrow) and
intramyofibrillar glycogen (short orange arrow) was estimated by point counting (Nielsen et al., 2011; Weibel, 1980). (C) In the subsarcolemmal images, the
volume of subsarcolemmal glycogen (blue arrow) per fiber surface area was estimated by point counting and a fiber length measurement (Jensen et al., 2022).
(D) After completion of analysis of the first 102 fibers, image-to-image variation showed a mean stereological coefficient of error of 0.14, 0.17, and 0.19 after
analysis of 16 images for intermyofibrillar, intramyofibrillar, and subsarcolemmal glycogen, respectively. It was decided for the remaining fibers (n = 172) that 12
photographed images were sufficient per region. (E) Scatterplot of TEM-estimated total glycogen per muscle (mean of three fibers) versus the glycogen
concentration determined from a homogenate. Concordance correlation coefficient (CCC) showed a moderate agreement between the two methods. R in-
dicates Person’s correlation coefficient. Dotted red line indicates best linear fit. (F) The relative distribution (in percent) of the three pools to the total vol-
umetric content. Values are mean and 95% confidence interval. n = 60 fibers from 20 rats.
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Figure 2. Effect ofmyosin ATPase inhibition during tetanic stimulation on subcellular compartmentalized glycogenmetabolism. (A) Force production
during repeated tetanic stimulations in control muscles (red) and in muscles with the myosin ATPase inhibited (BTS + Bleb; yellow) shown as mean and SD. n =
12–13 muscles. (B) Muscle homogenate glycogen concentration shown as mean with 95% confidence interval. n = 9–13 rats. (C) Muscle homogenate lactate
concentration shown as geometric mean with 95% confidence interval. n = 9–13 rats. (D, F, and H) Single-fiber values of glycogen in three distinct subcellular
pools: intermyofibrillar, intramyofibrillar, and subsarcolemmal. Data are shown as box plots displaying the first and third quartiles and split by the median. n =
27–39 fibers from 9 to 13 muscles. (E, G, and I) Point estimates with 95% confidence interval from linear mixed effect model on square root-transformed data
from D. (J and K) Illustrations of the spatial association between SR Ca2+ ATPases situated at the SR membrane (orange in F) and intermyofibrillar glycogen,
and between the myosin ATPases (orange in G) and inter- and intramyofibrillar glycogen. Interaction or main effects were tested using linear mixed-effect
model on square root–transformed data with tetanic stimulation and myosin ATPase inhibitors as fixed effects and rat ID as random effect. P values for two-
way interactions were 0.008, 0.001, 0.395, 0.039, and 0.045 for intermyofibrillar, intramyofibrillar, subsarcolemmal glycogen, homogenate glycogen, and
homogenate lactate, respectively.
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(Krustrup et al., 2011; Nielsen et al., 2012). The latter study as-
sessed glycogen content and SR Ca2+ release rate after a soccer
match and only during recovery (with no pre-exercise biopsy).
It could be that the muscle damage associated with the soccer
match (Krustrup et al., 2011) has masked any relationship be-
tween glycogen and SR Ca2+ release rate. Nevertheless, multiple
linear regression analyses have shown that intramyofibrillar
glycogen impacts endurance capacity more than the two other
pools of glycogen in humans (Jensen et al., 2020b). It remains to

be investigated whether low intramyofibrillar glycogen affects
PCr resynthesis, myosin ATPase activity, and contractility. We
observed a high variability in intramyofibrillar glycogen content
from fiber to fiber of the present study. Some of this variability
may originate from our definition the subcellular pools of gly-
cogen, where all glycogen particles localized within the myofi-
brils are defined as intramyofibrillar glycogen. This could be a
too simple definition since exercise may mediate a larger utili-
zation of I-band glycogen than of A-band glycogen (Fridén et al.,

Figure 3. Effect of Na+,K+-ATPase inhibition during salbutamol exposure on subcellular compartmentalized glycogen metabolism. (A, C, and E)
Single-fiber values of glycogen in three distinct subcellular pools: intermyofibrillar, intramyofibrillar, and subsarcolemmal. Data are shown as box plots dis-
playing the first and third quartiles and split by the median. n = 32–45 fibers from 11 to 16 muscles. (B, D, and F) Point estimates with 95% confidence interval
from linear mixed effect model on square root–transformed data from (intermyofibrillar and intramyofibrillar glycogen) or log-transformed data (sub-
sarcolemmal glycogen) from A. (G) Illustrations of the spatial association between Na+,K+ ATPases situated at the t-tubular membrane (orange) and intra-
myofibrillar glycogen. (H)Muscle homogenate glycogen concentration shown as mean with 95% confidence interval. n = 11–16 muscles. (I)Muscle homogenate
lactate concentration shown as mean with 95% confidence interval. n = 11–16 muscles. Interaction or main effects were tested using linear mixed effect model
on square root–transformed (intermyofibrillar and intramyofibrillar glycogen in A and C, respectively), log-transformed (subsarcolemmal glycogen in E), or
nontransformed data (H and I) with salbutamol and ouabain as fixed effects and rat as random effect. P values for two-way interactions were 0.164, 0.010,
0.225, 0.281, and 0.052 for intermyofibrillar, intramyofibrillar, subsarcolemmal glycogen, homogenate glycogen, and homogenate lactate, respectively.
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1989). It is therefore reasonable that some of the heterogeneity
in single fiber glycogen originates from our man-made defi-
nitions of subcellular glycogen pools and, hence, that another
approach involving automated pattern recognition could pro-
vide valuable additional information.

Since intermyofibrillar glycogen constitutes the largest
fraction of total glycogen, the effect of myosin ATPase inhibition
on stimulation-induced changes in intermyofibrillar glycogen
resembles the changes in homogenate mixed muscle glycogen.
By blocking the myosin ATPase, the utilization of intra-
myofibrillar glycogen was almost completely abolished, while
the utilization of intermyofibrillar glycogen was reduced by
about 25–50% (Fig. 2, D and E). Since the intermyofibrillar pool
contains twice the amount of glycogen than the intra-
myofibrillar pool, the myosin ATPase taxes those two pools
approximately equally in absolute quantity. When the myosin
ATPase is blocked, the SR Ca2+ ATPase represents the majority
(>80%) of the remaining energy consumption during con-
tractions, of which the requirement for glycogen therefore can
be exclusively connected to the utilization of intermyofibrillar
glycogen. An important experimental limitation of the present
design is that the muscles are expected to have been partly
anoxic during the electrical stimulation protocol due to limi-
tations in oxygen diffusion during the present contractile duty
cycle (Barclay, 2005). Therefore, the findings may not be ex-
trapolated to muscles working with adequate O2 levels, where
mitochondrial oxidative phosphorylation to a larger extent can
contribute to the ATP production. In line with this limitation,
the present observation that the myosin ATPase equally utilizes
glycogen from both the intra- and intermyofibrillar compart-
ments may not be uniformly valid for all contraction modalities
or duty cycles. The myosin ATP turnover is generally accepted to
accounts for 50–80% of the ATP consumed during most muscle
contractions of maximal or near maximal force (Kushmerick,
1988; Walsh et al., 2006; Barclay et al., 2008; Ørtenblad et al.,
2009), suggesting little effects of changing contractile duty cycle
on relative ATP turnover by the different ATPases.

This differential glycogen utilization by the myosin ATPases
and SR Ca2+ ATPases is in line with the idea of a functional
compartmentalization of energy production and utilization in
the muscle cell and the proximity of the pools and the specific
ATPases (Fig. 2, J and K). In support, we have found in me-
chanically skinned fibers, where global ATP and PCr can be kept
high and constant, that the rate of force decay after a tetanic
contraction correlated with intermyofibrillar glycogen. This
suggests that this specific pool of glycogen may provide energy
for the SR Ca2+ ATPase and, in turn, relaxation of force (Nielsen
et al., 2009). It is noteworthy that during tetanic stimulation
with blocked myosin ATPases the Na+,K+ ATPases are also
stimulated and could therefore also be a utilizer of glycogen.
However, they represent <20% of the energy turnover and it is
therefore not possible to make valid interpretations of their
connection to the utilization of local pools of glycogen in this
specific condition. Therefore, we explored in a second experi-
ment if their activity is linked to a local pool of glycogen using
resting muscles based on an experimental design with
β-adrenoceptor stimulation (James et al., 1999).

In this second experiment with inhibition of the Na+,K+-
ATPase activity during β-adrenoceptor stimulation, we found
that Na+,K+-ATPase activity may only use intramyofibrillar
glycogen. These data are in line with a study using similar ex-
perimental design and determination of glycogen in a mixed
muscle homogenate (James et al., 1999). While SR Ca2+ ATPases
and myosin ATPases are closely associated with glycogen par-
ticles, the Na+,K+-ATPase activity occurs in the t-tubular system
and the sarcolemma, which is not colocalized with intra-
myofibrillar glycogen (Fig. 3 C). However, glycolytic enzymes
are abundant in the t-tubular membrane (Han et al., 1992),
bound to the actin filaments within the sarcomeres (Arnold and
Pette, 1968) and to the glycogen particles (Meyer et al., 1970),
creating the structural basis for a functional compartmentali-
zation with distant glycogen particles. This functional compart-
mentalization can exist through sequential steps in the glycolytic
pathway creating a channeling mechanism (Ovádi and Srere,
2000). Interestingly, a disruption of this spatial organization of
glycolytic enzymes in Drosophila melanogaster flight muscle leads
to an inability of the flies to fly (Wojtas et a. 1997).

A possible connection between intramyofibrillar glycogen
and processes occurring in the triadic gap between the SR and
the t-tubular system is supported by our previous findings
showing an association between intramyofibrillar glycogen and
both excitability (Nielsen et al., 2009) and SR Ca2+ release rate
(Ørtenblad et al., 2011). Interestingly, the effect of ouabain on
the salbutamol-induced glycogen reduction was most pro-
nounced in the fibers with the lower quartile glycogen content,
suggesting that some fibers were more sensitive to ouabain than
others and/or that part of the salbutamol-induced glycogen re-
duction could not be attenuated by ouabain. Regarding the for-
mer a potential variability in ouabain sensitivity could be related
to the fibers’ proportion of specific α-subunits, which have large
differences in their affinity for ouabain (O’Brien et al., 1994).
Regarding the latter, salbutamol may induce Ca2+ leak from the
SR (Cairns and Borrani, 2015), which in turn, will increase SR
Ca2+ ATPase activity (Meizoso-Huesca et al., 2022). However, a
possible Ca2+ leakmay only affect intermyofibrillar glycogen but
can then explain why the salbutamol-induced reduction in in-
termyofibrillar glycogen is not attenuated with ouabain.

We observed a clear effect of ouabain on the salbutamol-induced
utilization of intramyofibrillar glycogen, but no or only a small ef-
fect on the utilization of subsarcolemmal glycogen. This differential
effect may be due to an uneven distribution of α subunits between
the t-system and sarcolemmal with α1 subunit exclusively present
at the sarcolemmal and α2 subunit present in both the sarcolemma
and t-system (Radzyukevich et al., 2013) combined with a higher
sensitivity of α2 subunit for ouabain (O’Brien et al., 1994) and
maybe also salbutamol. Another explanation could be the broad
definition of subsarcolemmal glycogen as all glycogen particles lo-
calized between the sarcolemma and the outermost myofibril. This
broad definition could comprise several independent subpools of
subsarcolemmal glycogen as peri-nuclei, peri-mitochondrial, and
sarcolemmal-bound, where only the sarcolemmal-bound subpool
may be related to the Na+,K+-ATPase activity.

In the present experiment, we showed a link between
Na+,K+-ATPase activity and intramyofibrillar glycogen in rested
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muscles. Noteworthy, this should be confirmed in active mus-
cles with action potential–activated Na+,K+ ATPases, with a
much higher overall energy turnover, and with a potential
concomitant competition between ATPases for specific glycogen
pools. The present investigationwas limited to the assessment of
glycogen stores which prevent any calculations of substrate
partitioning. Thus, glucose uptake and catabolism could have
contributed with production of ATP.

In conclusion, the three main energy-consuming processes
in working skeletal muscle fibers, the myosin ATPase, the SR
Ca2+ ATPase, and the Na+,K+ ATPase, are connected to the
utilization of spatially distinct pools of glycogen in the soleus
muscle of rats. We suggest that a competition between the
myosin ATPases and the Na+,K+ ATPases for intramyofibrillar
glycogen creates a link, where contractility is connected to
excitability. This explains why muscles devoid of glycogen due
to a prior sustained high consumption rate or inherited dis-
eases suffer from muscle fatigue (Chin and Allen, 1997) and
exercise intolerance (De Stafano et al., 1996). These results
further suggest a mechanism whereby the muscle fiber with
low glycogen can restrain the energy turnover by inhibiting SR
Ca2+ turnover and membrane excitability. This would decrease
the muscle fiber ATP utilization and keep a vital balance be-
tween energy utilization and production.
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