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Abstract
We investigated the potential mechanism of the (sarcoplasmic reticulum) SR in maintenance of calcium (Ca2+) homeostasis of slow-twitch
muscle (soleus, SOL), fast-twitch muscle (extensor digitorum longus, EDL) and mixed muscle (gastrocnemius, GAS) in hibernating ground
squirrels (Spermophilus dauricus). Results showed that cytosolic and SR Ca2+ concentrations in distinct skeletal muscle fibers increased and
decreased during late torpor, respectively, but both returned to summer-active levels during early torpor. Ryanodine receptor1 (RyR1) and
sarco/endoplasmic reticulum Ca2+ ATPase isoform 1 (SERCA1) protein expression increased during hibernation. Up-regulation factors of SERCA
activity: Phospholamban phosphorylation increased in the SOL and GAS, β-adrenergic receptor-2 protein expression increased in the GAS, and
calmodulin kinase-2 phosphorylation increased in the SOL during hibernation. Down-regulation factors of SERCA activity: Sarcolipin and
SERCA1 co-localization decreased in the EDL and GAS. These data suggest that SERCA activity in skeletal muscle fibers increases likely during
hibernation. FKBP12/calsequestrin1 (negative regulatory factors of RyR1) and RyR1 co-localization decreased in the GAS, indicating that the
RyR1 channel opening probability increased during hibernation. Dihydropyridine receptors protein expression and its co-localization with RYR1
decreased during hibernation prompts that the contractility of skeletal muscle was weakened. Protein expression of Ca2+-binding proteins
calsequestrin1 and calmodulin increased indicating that the ability of intracellular free calcium binding increased during whole hibernation
period. These findings confirm that the release, uptake, and binding of free Ca2+ in the SR were enhanced in different skeletal muscles during
hibernation. Up-regulation of muscular sarcoplasmic reticulum function protects skeletal muscle fibers against cytoplasmic calcium overload
during hibernation in ground squirrels.

Introduction
Calcium (Ca2+) homeostasis is important for maintaining intracellular homeostasis in mammals [1–3]. Under normal conditions, intracellular
Ca2+ concentration is accurately and steadily regulated and maintained. However, prolonged skeletal muscle disuse (e.g., during spaceflight,
hindlimb unloading, and bed rest) can lead to disturbance of intracellular Ca2+ homeostasis, mainly exhibited by cytoplasmic Ca2+ overload [4–
6]. Intracellular Ca2+ overload plays an important role in the mechanisms of disuse-induced muscle atrophy. Increased intracellular Ca2+
concentration can activate certain proteases (e.g., calpains), followed by the proteolysis pathway to decompose myofibrillar proteins [4, 7, 8].
Studies have shown that only 2 days (d) of hindlimb immobilization can result in a 38% increase in cytosolic Ca2+ concentration in the soleus
muscle (SOL) of mice, with Ca2+ overload of 117% reached after 7 d of disuse [9]. Our previous study also found increases of 330% and 189% in
cytoplasmic resting Ca2+ concentration in the SOL and gastrocnemius muscle (GAS), respectively, of rats after 14 d of hindlimb unloading [10,
11]. Cytoplasmic Ca2+ overload and increased protein degradation triggered by the calpain system is considered a major pathway in disuseinduced muscle atrophy [5, 12].
Hibernation is an important strategy for survival under low environmental temperatures and food scarcity during winter [13]. Numerous
hibernators, including Daurian ground squirrels (Spermophilus dauricus), avoid significant loss of muscle mass and force during prolonged
fasting and hibernation inactivity, thus providing a natural model to study the mechanisms involved in the prevention of disuse-induced skeletal
muscle atrophy [7, 14, 15]. Our previous study showed the occurrence of intracellular Ca2+ overload during inter-bout arousal in skeletal muscle
fibers of ground squirrels, but a reduction in Ca2+ overload after inter-bout arousal; in post-hibernation, the concentration of cytosolic Ca2+ in
different skeletal muscle fibers returned to pre-hibernation levels, showing an extraordinary ability to maintain a steady cytosolic Ca2+ state [7].
Thus, during long-term hibernation, the torpor-arousal cycle may act to protect skeletal muscles against atrophy by alleviating excessive Ca2+
overload in the cytoplasm of muscle fibers and against the resulting increase in protein degradation. Therefore, studies on the mechanisms of
Ca2+ homeostasis in the skeletal muscle fibers of hibernating animals are important.
The dynamic balance of Ca2+ between intracellular Ca2+ pools, cytoplasm and extracellular Ca2+ is the main factor affecting the intracellular
calcium homeostasis. The endoplasmic reticulum, mitochondria, and nuclei are three Ca2+ pools used in the maintenance of Ca2+ homeostasis
[16, 17]. The endoplasmic reticulum, called the SR in skeletal muscle, is the most important organelle to maintain intracellular Ca2+ homeostasis
[18–21]. At present, research on calcium homeostasis in non-hibernating and hibernating animals were mainly focused on SR under the
condition of disused skeletal muscle, with few reports on the mitochondria or nuclei [22–28].
Ryanodine receptor (RyR) is a Ca2+-activated Ca2+ channel located on the sarcoplasmic reticulum membrane, that releases SR Ca2+ into the
cytoplasm along a concentration gradient when the channels are open [29–32]. Mammalian tissues express RyR1 in skeletal muscle, where the
opening of channel is regulated by many factors such as dihydropyridine receptor (DHPR), SR Ca2+, calsequestrin1 (CSQ1), and 12-kDa FK506
binding protein (FKBP12) [33]. The structural coupling between DHPR and RyR1 is an important mechanism of Ca2+ release from the SR during
muscle contraction [34, 35]. SR free Ca2+ promote the channel opening by combining with RyR1 [36–38]. While, FKBP12 and CSQ1 inhibits the
opening of channels by combining with RyR1 in skeletal muscle [39, 40]. The protein expression of RyR1 is significantly increased in mice with

Page 2/24

GAS atrophy caused by denervation and in rats with SOL atrophy caused by hindlimb unloading [24, 41], the increase of RYR1 expression level
and the opening probability may be one of the important mechanisms of calcium overload in skeletal muscle fibers.
The uptake of Ca2+ in the SR depends on the Ca2+ pump (SR Ca2+ transport ATPase, SERCA), which transports Ca2+ from the cytoplasm to SR
along a reverse concentration gradient [42–45]; with SERCA1, followed by SERCA2, mainly expressed in skeletal muscle [46, 47], where their
activities are regulated by inhibition of phospholamban (PLB) and sarcolipin (SLN) through combining with SERCA [48–50]. β-adrenergic
receptor2 (β-AR2) located on the cell membrane can increasing SERCA activity through cascade amplification of intracellular cAMP-PKA
signaling [51]. Cytoplasmic calmodulin kinase2 (CaMK2) also can enhance SERCA activity by its own phosphorylation [52, 53]. Research has
shown that SERCA1 protein expression and Ca2+ pump activity decreases Ca2+ in SOL of hindlimb-unloading rats [22, 54]. The decrease of SR
Ca2+ uptake may be one of the causes of Ca2+ overload in atrophic skeletal muscle and the regulation of protein expression and activity of
calcium pump is the core mechanism of skeletal muscle fiber to inhibit cytoplasmic Ca2+ overload.
In addition to the regulation of SR, intracellular Ca2+ homeostasis also depends on the dynamic balance between free and bound Ca2+. Under
normal conditions, more than 90% of Ca2+ is stored for buffering in the form of bound Ca2+ [55]. Calmodulin (CaM) is a Ca2+-binding protein
located in the cytoplasm and can directly reduce the concentration of cytosolic free Ca2+ by combining with four Ca2+ [56, 57]. CSQ1 is the most
abundant Ca2+-binding protein in the SR of skeletal and cardiac muscle; furthermore, each CSQ1 molecule can combine with 43 Ca2+, thereby
greatly reducing the concentration of free Ca2+ in the SR [38, 55, 58, 59]. Protein expression of CSQ1 increases significantly in the SOL and lateral
femoral muscles of rats after 7 d of hindlimb disuse prompting that the disuse of skeletal muscle may also cause changes in the expression of
calcium binding protein in muscle fibers [22, 25]. These two Ca2+ binding proteins reduce the free Ca2+ concentration in the cytoplasm or SR by
binding free Ca2+, which is involved in the maintenance of calcium homeostasis in skeletal muscle fibers.
In brief, previous studies have demonstrated that the increase in RyR1 protein expression and decrease in SERCA protein expression are
important mechanisms that can lead to Ca2+ overload and atrophy in skeletal muscles of non-hibernating animals. Compared with nonhibernating animals, there were few studies on SR Ca2+ related protein in hibernating animals, and the results were different. Research on mixed
skeletal muscles in the hindlimbs of Siberian ground squirrels (Spermophilus undulatus) reported significant decreases in the protein expression
levels of SERCA1, RyR1, and CSQ1 during hibernation [27]. Conversely, we previously showed that Ca2+ pump (SERCA1 and SERCA2) activity
increases significantly in the SOL and EDL muscles of ground squirrels during hibernation and inter-bout arousal [60], CaM protein levels
increase significantly in mixed hindlimb skeletal muscles of hibernating thirteen-lined ground squirrels (Ictidomys tridecemlineatus) [28]. More
importantly, the underlying mechanisms of these changes, especially the regulation of RYR1 and calcium pump activity, is not clear. Thus, it is
necessary to systematically study the expression and regulation of SR Ca2+-related proteins in different stages of hibernation to clarify the
occurrence of cytosolic Ca2+ overload in some stages of hibernation and the mechanism of partial or total recovery of Ca2+ homeostasis in
skeletal muscle fibers after interbout arousal.
In addition, our previous research showed that the response of different muscle types to hibernation appears to be related to fiber type. For
example, post inter-bout arousal, cytoplasmic Ca2+ concentrations recover to pre-hibernation levels in the SOL and EDL, but remain higher in the
GAS in the same period [7]. We hypothesize that hibernating animals maintain the dynamic balance between SR and cytoplasmic Ca2+ by
regulating Ca2+ uptake and excretion channels of the SR, which is an important mechanism to avoid or reduce cytoplasmic Ca2+ overload, with
this regulatory mechanism possibly related to muscle fiber type. To test this hypothesis, we used slow SOL, fast EDL, and mixed GAS muscles of
Daurian ground squirrels to study cytosolic and SR Ca2+ concentrations in skeletal muscle fibers, as well as the protein and mRNA expression
levels of SERCA and RyR signaling pathways (including SERCA1, PLB, SLN, β-AR2, CaMK2, RyR1, DHPR, and FKBP12), co-localization between
SERCA and RyR1 with their distinct proteins, and expression levels of Ca2+-binding proteins (CSQ1, CaM). We further explored the molecular
mechanism of SR involvement in the regulation of Ca2+ homeostasis in mammalian hibernators.

Methods
Ethical approval. All procedures were approved by the Laboratory Animal Care Committee of the China Ministry of Health. The Northwest
University Ethics Committee reviewed and approved all animal study procedures. All procedures were carried out in accordance with approved
guidelines.
Animals and groups. Daurian ground squirrels (Spermophilus dauricus) were prepared as described in our previous work [14, 61]. Briefly, ground
squirrels (male to female ratio of ~ 1:2) were caught within the Weinan region at May each year in Shaanxi Province, China, and then transferred
to our laboratory. The ground squirrels were individually housed under normal laboratory illumination and temperature conditions in 50 × 50 ×
20 cm cages and were provided with water and rat chow ad libitum. The animals were acclimated for one week before experiments commenced.
A total of 96 adult active and healthy ground squirrels (300–400 g) were weighed and selected. When the squirrels entered torpor (early
November), they were transferred to a cold room (4–6 °C). The commencement of torpor and torpor dates were determined by placing sawdust
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on the back of each subject (to observe movement) and when body temperature (Tb) fell below 9 °C, as determined by thermal visual imaging
(Fluke VT04 Visual IR Thermometer, USA). Once squirrels entered torpor, food and water were removed and daily observations were conducted
for the entire experimental period. Based on our annual records, squirrels resume hibernation after short periods (1–2 d) of inter-bout arousal.
Animals that aroused for more than 2 d (without re-entering hibernation) were assigned to the post-hibernation group.
After matching for body mass, animals were randomly assigned to six groups (n = 16): (1) summer active (SA): before July and maintaining a Tb
of 36–38 °C, representing the control group during different hibernation periods and the most active state; (2) pre-hibernation (PRE): nonhibernating animals in late-autumn and maintaining a Tb of 36–38 °C, representing the hibernating control group and the pre-fattening state; (3)
late torpor (LT): after two months of hibernation, with animals maintaining a Tb of 5–8 °C more than 5 d; (4) interbout arousal (IBA): after two
months of hibernation, awake animals with Tb returned to 34–37 °C for less than 12 h; (5) early torpor (ET): after two months hibernation,
animals entered into a new hibernation bout with Tb maintained at 5–8 °C for less than 24 h (the LT, IBA, and ET three groups together constitute
the hibernation-awakening cycle, representing three different hibernation states before, during, and after inter-bout arousal); (6) post-hibernation
(POST): animals awaking from hibernation and maintaining a Tb of 36–38 °C for more than 2 d in March of the following year, representing the
degree of body state recovery of dormant ground squirrels.
Isolation of single muscle fibers. Animals were deeply anaesthetized with sodium pentobarbital (90 mg/kg). Muscle samples with tendons were
dissected carefully from surrounding tissues and sarcolemma, ensuring intact nerves and blood supply. The muscles were separated into two
complete strips along the longitudinal axis using tweezers, then rinsed with 20 mL of phosphate-buffered saline (PBS, 137 mM sodium chloride,
4.3 mM disodium chloride, 2.7 mM potassium chloride, 1.4 mM monopotassium phosphate, pH 7.4), acutely dissociated with 3 mL of enzymatic
digestion solution consisting of 0.35% collagenase I and 0.17% neutral protease (Sigma-Aldrich, Saint Quentin Fallavier, France), and finally
incubated at 33 °C on an orbital shaker for 2 h. The enzymatic digestion solution was saturated with 95% O2 and 5% CO2 gas mixture to ensure
the muscle fibers were completely digested, after which the solution was removed with PBS and the muscles were agitated gently and repeatedly
with pipettes [62]. The dissociated single muscle fibers were set onto culture chamber slides and finally observed under an inverted microscope
(Olympus, IX2-ILL100, Japan).
Muscle samples for other experiments were subsequently stored in liquid nitrogen until further processing. At the end of surgical intervention, the
animals were sacrificed by an overdose injection of sodium pentobarbital. The Northwest University Ethics Committee reviewed and approved all
animal study procedures. All procedures were carried out in accordance with approved guidelines.
Measurement of cytoplasm Ca 2+ . Fluo-3-acetoxymethylester (Fluo-3/AM) (Invitrogen, Carlsbad, USA), which exhibits an increase in fluorescence
upon Ca2+ binding, was used to measure cytosolic free Ca2+, as described previously [63]. In brief, the above isolated muscle fibers were
incubated in glass petri dishes with Fluo-3/AM at a concentration of 5 mM for 30 min at 37 °C, after which the Fluo-3/AM-loaded muscle fibers
were washed with fresh PBS and then scanned under a laser confocal microscope equipped with the Olympus FV10-ASW system (krypton/argon
laser illumination at 488 nm and capture at 526 nm). A single muscle fiber with intact morphology and smooth cytomembrane was found at low
magnification (100⋅), with continuous photographs taken of the middle two-thirds segment of the selected muscle fiber at high magnification
(400⋅). Six different areas were randomly selected for fluorescence intensity measurements in each image. Total fluorescence intensity / total
area of the selected region was used as the average fluorescence intensity of the muscle fiber, which represented the concentration of Ca2+
labeled. The average value of the measured result was taken as the fluorescence intensity of the muscle fiber cytosolic Ca2+ concentration. The
average value of 10 muscle fibers was taken as the fluorescence intensity of the muscle fiber cytosolic Ca2+ concentration. Quantification
analysis of the fluorescence intensity was performed with NIH Image J software (Image-ProPlus 6.0).
Measurement of SR Ca 2+ . Magnesium-Fluo-4-acetoxymethylester (mag-Fluo-4/AM) (#M14206, Thermo Fisher Scientific, Rockford, IL, USA),
which exhibits an increase in fluorescence upon binding to Ca2+, was used to indicate SR free Ca2+, as described previously [64]. Briefly, single
muscle fibers were incubated with mag-Fluo-4/AM (5 mM) and ER-Tracker Red dye (#E34250, Thermo Fisher Scientific) for 30 min at 37 °C. After
incubation on glass petri dishes, the mag-Fluo-4/AM-loaded muscle fibers were washed with fresh PBS and then scanned under a laser confocal
microscope equipped with the Olympus FV10-ASW system (Olympus, FV10-MCPSU, Japan) with krypton/argon laser illumination at 488 nm and
capture at 526 nm. Average fluorescence intensity was used to indicate changes in SR Ca2+ in muscle fibers, with the specific method similar to
measurement of cytoplasm Ca2+. Quantification analysis of fluorescence intensity was performed with NIH Image J software.
Co-localization analysis of immunohistochemistry. We cut 10-µm thick frozen muscle cross-sections from the mid-belly of each muscle at −
20 °C with a cryostat (Leica, Wetzlar, CM1850, Germany), which were then stored at − 80 °C for further staining. Immunohistochemistry was used
to determine co-localization with DHPR/RyR1, CSQ1/RyR1, FKBP12/RyR1, SLN/SERCA1, and SLN/SERCA2. After air drying for 2 h, the sections
were incubated in a blocking solution (5% BSA) (Boster, Wuhan, China) for 10 min at room temperature and, in turn, incubated in a primary
antibody (Table 1) solution at 4 °C overnight. On the following day, the sections were incubated with secondary antibody at 37 °C for 2 h. After
this, the sections were incubated with another primary antibody and secondary antibody under the same conditions. The details of primary and
secondary antibodies are listed in Table 2. Finally, the glass slides were placed in 4’-6’-diamidino-2-phenylindole (DAPI)(1:100, # D9542, SigmaPage 4/24

Aldrich) at 37 °C for 30 min. Images were visualized using a confocal laser scanning microscope by krypton/argon laser illumination at 350 nm,
488 nm, and 647 nm emitted light, and capture at 461 nm, 526 nm, and 665 nm. Six figures were analyzed in each sample and eight samples
were analyzed in each group. Pearson coefficient was used to measure the overlap level of two proteins [65], NIH Image software (Image-Proplus
6.0) was used to quantify the co-localization coefficient.
Quantitative real-time PCR. Total RNA was routinely extracted from muscles using an RNAiso Plus kit (TaKaRa, Dalian, China) according to the
manufacturer’s protocols. We determined RNA quality via the OD260/OD280 ratio; only samples with a ratio > 1.8 were reverse transcribed into
cDNA using a TAKARA reagent (TaKaRa), then stored at − 20 °C for subsequent reactions. Quantitative real-time PCR (RT-PCR) was performed
using a SYBR Premix Ex Taq II kit (TaKaRa). Amplification and dissolution curves were first observed, with the right curve then chosen. Here, αtubulin (reference gene) and 2−△△ct were used to analyze the relative concentrations of serca1, serca2, sln, plb, csq1, cam, fkbp12, and ryr1
mRNA. The primers used for RT-PCR included (Sangon, Nanjing, China):
serca1 forward: 5′- GGTACTGGTCGGGATACCCT-3′,
reverse: 5′- GCTGGATAGAGCCTGTGACC-3′,
serca2 forward: 5′- TACTGACCCTGTCCCTGACC-3′,
reverse: 5′- CACCACCACTCCCATAGCTT-3′,
sln forward: 5′- TCCTGATTACGGTCCTCCTC-3′,
reverse: 5′- GCGCTGGCATTATTTAGGAG-3′,
plb forward: 5′- CCAATATCTCACTCGCTCTGC-3′,
reverse: 5′- ACGATGATGCAAATCAGCAA-3′,
csq1 forward: 5′- ATCCCAGACAAACCCAACAG-3′,
reverse: 5′- TTCCATCCAGGTCATCTTCC-3′,
cam forward: 5′- GGCACCATTGACTTCCCAGA-3′,
reverse: 5′- TCTGCCGCACTGATGTAACC-3′,
ryr1 forward: 5′-ACCAACTGTGCCCTCTTCTC-3′,
reverse: 5′- GACCTCGGGACTCTCAATCA-3′,
fkbp12 forward: 5′- GCAGGTGGAGACCATCTCTT-3′,
reverse: 5′- TGTCCCGAGAGGAGTCAAAT-3′,
α-tubulin forward: 5′- CCTGCTGATGGAACGTCTCT-3′,
reverse: 5′- GTAAGCTGTTCATGGTAGGC-3′,
Cytosolic protein extraction. A Nuclear/Cytosol Fractionation Kit was used to extract cytoplasmic protein (Biovision, #K266-25, Mountain View,
USA). Cells were collected via centrifugation at 600 × g for 5 min at 4 °C. Cytosol Extraction Buffer-A Mix (0.2 ml) containing DTT and protease
inhibitors was added. The tissue samples (100–200 mg) were cut into small pieces and then added to ice cold PBS (1–2 ml) and homogenized
in a tissue homogenizer. The cells were pelleted by centrifugation at 500 × g for 2–3 min at 4 °C, with the supernatant then removed. We next
added 0.2 ml of the Cytosol Extraction Buffer-A mix, followed by vigorous vortexing at the highest setting for 15 s to fully resuspend the cell
pellet. After incubating the tube on ice for 10 min, 11 µl of ice-cold Cytosol Extraction Buffer-B was added to the tube, followed by vortexing at the
highest setting for 5 s, incubation on ice for 1 min, and vortexing at the highest setting for 5 s. After that, the tube was centrifuged at maximal
speed for 5 min with a micro centrifuge at 4 °C and 16,000 × g. Finally, the supernatant (cytoplasmic extract) fraction was transferred to a clean
pre-chilled tube immediately.
Western blots. Total protein was extracted from the SOL, EDL, and GAS muscles and solubilized in sample buffer (100 mM Tris, pH 6.8, 5% 2-βmercaptoethanol, 5% glycerol, 4% SDS, and bromophenol blue), with the extracts of muscle protein then resolved via SDS-PAGE (10% Laemmli
gel with an acrylamide/bisacrylamide ratio of 29:1 and 98% 2,2,2-trichloroethanol (Aladdin, JI522028, China). For electrophoresis, two identical
plates of gel for sample sequence and protein quantity were used. One plate was used for total protein quantification as an internal reference,
Page 5/24

and the other plate was used for follow-up target protein quantification. After electrophoresis, the proteins were electrically transferred to PVDF
membranes (0.45-µm pore size) using a Bio-Rad semi-dry transfer apparatus. The blotted membranes were blocked with 1% BSA in Tris-buffered
saline (TBS; 150 mM NaCl, 50 mM Tris-HCl, pH 7.5) and incubated with rabbit anti-phospholamban (1:1000, #8495, CST), rabbit anti-phosphophospholamban (1:1000, #8496, CST), rabbit anti-SERCA1 (1:1000, #4219, CST), rabbit anti-sarcolipin (1:200, #18395-1-AP, Proteintech), rabbit
anti-calsequestrin 1 (1:10000, # ab191564, Abcam), rabbit anti-calmodulin 1 (1:1000, #4830,CST), rabbit anti- β-adrenergic receptor 2(1:500,
#ab182136, Abcam), rabbit anti-CaMK2 (1:500, #3357, CST), rabbit anti-phospho-CaMK2 (1:1000, #12716S, CST), mouse anti-FKBP12 (1:1000,
ab58072, Abcam), mouse anti-DHPR (1:1000, SC-21781, Santa Cruz), and rabbit anti-RyR1 (1:1000, #8153, CST) in TBS containing 0.1% BSA at
4 °C overnight. The membranes were then incubated with Goat anti-Rabbit IgG (H + L) Secondary Antibody (1:5000, #31460, Thermo Fisher) or
Goat anti-Mouse IgG (H + L) Secondary Antibody (1:5000, #62-6520, Thermo Fisher) for 90 min at room temperature, covered with West Pico
PLUS Chemiluminescent Substrate (34580, Thermo Fisher), and visualized with an Odyssey scanner (LI-COR Biosciences, Lincoln, NE, USA) [61].
Quantification analysis of the blots was performed using NIH Image J software. Immunoblot band density in each individual lane was
standardized against the summed densities from a group of total protein.
Statistical analyses. One-way ANOVA with Fisher’s LSD post hoc test was used to determine group differences, and ANOVA-Dunnett’s T3 test was
used when no homogeneity was detected. SPSS 19.0 was used for all statistical tests. Statistical significance was accepted at P < 0.05.

Results
Changes of body surface temperature of ground squirrels during hibernation. The hibernating ground squirrels are in the cycle of torpor - arousal
when they enter hibernation. The body temperature is close to the ambient temperature in torpor. The temperature rises to above 35 °C in
interbout arousal (Fig. 1).
Body weight, skeletal muscle wet weight (MWW), and ratio of skeletal muscle wet weight to body weight (MWW/BW). Three different muscles
(SOL, GAS, and EDL) from Daurian ground squirrels were used in the current research. Compared with the summer group (SA), the MWW of the
SOL was 14–24% (P < 0.05) lower in the pre-hibernation (PRE), inter-bout arousal (IBA), early torpor (ET), later torpor (LT), and post-hibernation
(POST) groups and the MWW of the EDL was 16–21% (P < 0.05) lower in the IBA, ET, LT, and POST groups. Compared with the SA and PRE
groups, the MWW of the GAS was 14–25% (P < 0.05) lower in the IBA, ET, LT, and POST groups (Table 1). Moreover, the MWW/BW ratio in the
SOL was 20% (P < 0.05) lower in the PRE and 12–22% (P < 0.05) higher in the other four groups compared with the SA group. The MWW/BW ratio
in the GAS and EDL muscles was 14–36% (P < 0.05) higher in the other four groups compared with the SA and PRE groups (Table 2).
Cytoplasm Ca 2+ concentration in single muscle fiber. Figure 2a shows representative two-dimensional confocal images of muscle fibers from
the SOL, GAS, and EDL of the SA, PRE, IBA, ET, LT, and POST groups. The uniform green fluorescence mainly distributed in the cytoplasm
represents Ca2+ concentration in the muscle fiber. The cytosolic Ca2+ fluorescence in the GAS increased by 46% in the ET group compared with
that in the SA group. It is worth noting that, compared with the SA group, the Ca2+ fluorescence in the LT and IBA groups increased significantly
by 117% (P < 0.001) and 30% (P < 0.05) in the SOL, by 106% (P < 0.001) and 65% (P < 0.01) in the EDL, and by 213% (P < 0.001) and 153% (P <
0.001) in the GAS, respectively. However, compared to the LT group, the Ca2+ fluorescence in the POST group decreased significantly by 56% (P <
0.001) in the SOL and 64% (P < 0.001) in the GAS. Compared with the ET group, Ca2+ fluorescence in the POST group decreased significantly
(23%, P < 0.05) in the GAS but increased significantly (38%, P < 0.05) in the EDL (Fig. 2b).
SR-Ca 2+ concentration in single muscle fiber. Figure 3a shows typical two-dimensional confocal images of muscle fibers showing SR-specific
fluorescence and SR-Ca2+ fluorescence, respectively. The SR-Ca2+ fluorescence almost coincided with the SR fluorescence in muscle fibers and
was distributed uniformly along the stria of muscle fibers.
Figure 3b shows representative two-dimensional confocal images of muscle fibers from all three muscles in the SA, PRE, LT, IBA, ET, and POST
groups. The muscle fibers exhibited a relatively uniform green fluorescence, distributed mainly in the SR. The SR Ca2+ fluorescence in the SOL,
EDL, and GAS muscles decreased significantly by 80%, 84%, and 68% (P < 0.001), respectively, in the PRE group compared with the SA group.
The Ca2+ fluorescence in the SOL showed a slight decrease (14%, P < 0.05) in the IBA group compared with the SA group. An extremely
significant decrease in Ca2+ fluorescence was observed in the EDL (83%, P < 0.001) and GAS muscles (65%, P < 0.001). The SR Ca2+ fluorescence
in the EDL increased by 23% (P < 0.01) in the ET group compared with the SA group; however, no significant differences were observed in the SOL
and GAS. The SR Ca2+ fluorescence in the SOL and GAS muscles from the LT group decreased and recovered to PRE group levels. The greatest
differences among the three different muscles were in the POST group. Compared with the SA group, SR Ca2+ fluorescence in the POST group
decreased significantly in the SOL (18%, P < 0.05) and EDL (43%, P < 0.05), but increased significantly in the GAS (40%, P < 0.05) (Figure 3c).
Relative protein expression. The protein contents of RyR1, DHPR, FKBP12, SERCA1, SLN, P-PLB, PLB, β-AR2, P-CaMK2, CaMK2, CaM and CSQ1
were detected by Western blot analysis, as shown in Figure 4a. Representative polyacrylamide gels of total protein are shown in Figure 4b. The
protein expression levels of RyR1 in the three muscles in the LT, IBA, and ET groups were higher than levels in the other groups. The increments
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were 37%–51% (P < 0.01) in the SOL, 43%–50% in the EDL (P < 0.05), and 96%–107% (P < 0.01) in the GAS compared to the SA group; however,
no significant differences were observed among the three groups (Figure 4c).
The protein expression levels of DHPR in the three muscles in the LT, IBA, and ET groups were lower than the levels in the SA group, with
decrements of 30%–32% (P < 0.05) in the SOL, 33%–40% (P < 0.05) in the EDL, and 23%–29% (P < 0.05) in the GAS (Figure 4d).
Compared to the SA group, FKBP12 protein expression in the SOL increased by 103% in the PRE group (P < 0.01), 82% in the LT group (P < 0.01),
and 52% in the POST group (P < 0.05). Compared to the SA group, FKBP12 protein expression in the EDL increased by 22% in the PRE (P < 0.05)
and 50% in the LT group (P < 0.01) but decreased by 22% in the ET (P < 0.05). Compared to the SA group, FKBP12 protein expression in the GAS
decreased by 23% in the PRE (P < 0.05), 18% in the ET (P < 0.05), and 38% in the LT (P < 0.01) (Figure 4e). Overall, the RyR1 regulation pathway
was mainly up-regulated during hibernation, except for DHPR.
Compared with the SA group, the SERCA1 protein level increased significantly in the three different muscles by 43%–98% in the IBA group (P <
0.001), 28%–103% in the ET group (P < 0.05), and 9%–102% in the LT group (P < 0.05), respectively. In the SOL muscle, expression of SERCA1
only decreased (24%, P < 0.05) in the POST group compared with the SA group. The main difference between the GAS and other two muscles
was that a significant increase in SERCA1 expression was observed in both the PRE group (96%, P < 0.01) and POST group (145%, P < 0.001)
(Figure 4f) compared with the SA group.
The SLN protein expression in the three different muscles showed a common pattern. The protein expression levels in most hibernating groups
(PRE, LT, IBA, ET) were not lower than that in the SA group. In the SOL, the increments were 140% (P < 0.001) in the PRE, 136% (P < 0.001) in the
LT, and 89% (P < 0.05) in the IBA. In the EDL, the increments were 216% (P < 0.001) in the PRE, 74% (P < 0.05) in the LT, 168% (P < 0.001) in the
IBA, and 100% (P < 0.05) in the ET. In the GAS, the increments were 175% (P < 0.001) in the PRE, 53% (P < 0.05) in the LT, and 51% (P < 0.05) in
the IBA compared to the SA group, respectively (Figure 4g).
The PLB protein expression in the SOL was 19% and 21% (P < 0.05) higher in the PRE and ET groups than that in the SA group. Expression in the
EDL increased significantly by 27% (P < 0.05) in the PRE group and 24% (P < 0.05) in the LT group but decreased by 21% (P < 0.05) in the POST
group. Expression in the GAS was higher in all groups compared with that in the SA group, with increases of 34% (P < 0.05) in the PRE, 117% (P <
0.001) in the LT, 172% (P < 0.001) in the IBA, 112% (P < 0.001) in the ET, and 72% (P < 0.05) in the POST (Figure 4h).
The p-PLB/PLB ratio, as an important indicator of Ca2+ pump activities, was analyzed in the SOL, EDL, and GAS muscles. In the SOL muscle, the
ratio remained unchanged in all hibernation groups, except the IBA group, which was higher (101%, P < 0.001) than that in the SA group. In the
EDL, the ratio was significantly decreased in the LT group (43%, P < 0.01) compared with the SA group. In the GAS muscle, the ratio was
significantly elevated in the IBA (29%, P < 0.05), ET (50%, P < 0.01), and POST groups (30%, P < 0.05) compared with that in the SA group (Figure
4i).
The β-AR2 protein expression in the SOL remained unchanged in all groups, except for the POST group (-72% compared to SA, P < 0.001). In the
EDL, protein expression in all groups was significantly lower than that in the SA group (P < 0.05). In the GAS, however, protein expression was
significantly increased in the PRE (45%, P < 0.05), IBA (42%, P < 0.05), and ET groups (50%, P < 0.05) compared with the SA group (Figure 4j).
Similar CaMK2 protein expression trends were found in the SOL and EDL, with levels in the PRE, IBA, ET, and LT groups higher than that in the SA
group. In the SOL and EDL, protein expression increased significantly in the PRE, IBA, ET, and LT groups (33% and 20%, 22% and 38%, 31% and
34%, and 38% and 40% (P < 0.01), respectively compared with the SA group. In the GAS, protein expression decreased significantly by 47% in the
LT group (P < 0.01) and 33% in the ET group (P < 0.05) compared with the SA group (Figure 4k).
In the SOL, the P-CaMK2 to CaMK2 ratio only increased by 18% (P < 0.05) in IBA group in SOL, while other groups were all lower than that in SA
group in three muscles (Figure 4l). Overall, the SERCA regulation pathway was mainly up-regulated during hibernation.
The CaM protein expression showed similar alternation trends in the EDL and GAS muscles, with the level of CaM in the other five groups higher
than that in the SA group. In the EDL muscle, the CaM protein expression levels in the PRE, IBA, ET, LT, and POST groups were 48% (P < 0.05),
126%, 124%, 125%, and 134% (P < 0.001) higher, respectively, than that in the SA group. In the GAS, protein expression significantly increased by
116%, 89%, 87%, 87% (P < 0.05), and 136% (P < 0.001) in the PRE, IBA, ET, LT, and POST groups, respectively, compared with the SA group. In the
SOL, however, protein expression decreased significantly by 75% and 73% (P < 0.001) in the LT and POST groups, respectively, compared with the
SA group (Figure 4m).
Similar change trends in CSQ1 protein expression were observed in the three different muscles, with levels in the five groups higher than that in
the SA group. In the SOL, compared with the SA group, protein expression increased significantly by 205% (P < 0.05) in the PRE, 323% (P < 0.001)
in the IBA, 334% (P < 0.001) in the ET, 185% (P < 0.001) in the LT, and 114% (P < 0.05) in the POST. In the EDL, protein expression increased
significantly by 85% in the PRE, 81% in the IBA, 83% in the ET, and 103% in the LT (P < 0.05). In the GAS, protein expression increased significantly
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by 97% in the PRE, 280% in the IBA, 240% in the ET, 235% in the LT, and 242% in the POST (P < 0.05) (Figure 4n). Overall, the expression of both
proteins showed an increasing trend during hibernation compared to the SA.
Relative mRNA expression. Relative expression levels of serca1, serca2, plb, and sln are shown in Figures 5a, b, c, and d, respectively. Commonly,
the mRNA expression of serca1 in the different muscles was lower in the POST group than in the PRE group. In the SOL, the expression levels in
the PRE (38%, P < 0.01), IBA (63, P < 0.001), and POST groups (47%, P < 0.001) were significantly lower than that in the SA group. In the EDL,
expression levels in the PRE and POST groups were 23% and 34% (P < 0.05) lower and in the ET group was 21% (P < 0.05) higher than that in the
SA group (Figure 5a).
Compared with the SA group, the relative serca2 mRNA expression in most groups increased in the three different muscles. In the SOL,
expression increased significantly by 95%–313% (P < 0.05) in the PRE, IBA, ET, and LT groups. In the EDL, expression increased significantly by
500%–900% (P < 0.001) in the PRE, IBA, and ET groups. In the GAS, expression increased significantly by 100%–176% in all groups, except the
POST group (Figure 5b).
In the SOL, compared with the SA group, the relative plb mRNA expression reduced by 23% (P < 0.05) in the LT group. In the EDL, expression
increased by 38% (P < 0.05) in the ET group and decreased by 35% (P < 0.05) in the LT group compared with the SA group. In the GAS, expression
increased significantly by 50% in the PRE group and 29% in the ET group (P < 0.05) compared with the SA group (Figure 5c).
The relative sln mRNA expression levels were comparable in the three muscles, with levels similar in the POST and SA groups, but significantly
lower in the other groups. In the SOL, no significant differences were found among the four groups, but expression levels were 36%–42% (P <
0.05) lower than that in the SA group. In the EDL, expression decreased significantly by 54% in the PRE, 81% in the LT, 66% in the IBA, and 74% in
the ET (all P < 0.001) compared with the SA group. In the GAS, no significant differences in expression levels were observed among the three
hibernation groups, with levels 43%–47% (P < 0.05) lower than that in the SA group (Figure 5d).
Relative expression levels of cam and csq1 are shown in Figures 5e and f, respectively. In the SOL, the relative csq1 mRNA expression was lower
in the five groups compared with the SA group (16% in the PRE, 14% in the LT, 27% in the IBA, 22% in the ET (P < 0.05), and 64% in the POST (P <
0.001). In the EDL, only expression levels in the PRE (39%, P < 0.01), IBA (26%, P < 0.05), and POST groups (57%, P < 0.001) were lower than that
in the SA group, with no significant differences found among the other groups. In the GAS, except for the PRE group, expression was higher in all
hibernating groups than in the SA group, with increases of 26% (P < 0.05) in the LT, 40% (P < 0.05) in the IBA, 63% (P < 0.05) in the ET, and 47% (P
< 0.05) in the POST (Figure 5e).
In the SOL, the relative cam1 mRNA expression increased by 41% (P < 0.05) in the PRE group and decreased by 75% (P < 0.05) in the POST group
compared with the SA group. In the EDL, expression was significantly higher in the PRE (95%, P < 0.05), IBA (204%, P < 0.01), ET (255%, P <
0.001), and POST groups (55%, P < 0.05) compared with the SA group. In the GAS, expression was 36%–75% (P < 0.05) lower in the ET, LT, and
POST groups compared with the SA groups (Figure 5f).
Relative expression levels of ryr1 and fkbp12 are shown in Figures 5g and h, respectively. In the SOL, the relative ryr1 mRNA expression increased
by 21% (P < 0.05) in the IBA group but decreased by 29% (P < 0.05) in the ET group and by 33% in the LT group (P < 0.05) compared with the SA
group. In the EDL, expression decreased significantly by 52% in the ET group and by 54% in the LT group (P < 0.05) compared with the SA group.
In the GAS, expression was reduced by 50% in the PRE, 48% in the ET, and 45% in the LT (P < 0.05) compared with the SA group (Figure 5g).
In the SOL, the relative fkbp12 mRNA expression levels were reduced by 38% (P < 0.05), 61% (P < 0.01), 69% (P < 0.01), 68% (P < 0.01), and 37%
(P < 0.05) in the PRE, LT, IBA, ET, and POST groups, respectively, compared with the SA group. In the EDL, expression was reduced by 41%, 43%,
and 25% (P < 0.05) in the ET, LT, and POST groups, respectively, compared with the SA group. In the GAS, expression was significantly decreased
by 64% (P < 0.05), 62% (P < 0.05), and 69% (P < 0.05) in the PRE, ET, and LT groups compared with the SA group (Figure 5h).
Co-localization of regulatory proteins involved in RyR1. The reticulate subcellular distributions of DHPR and RyR1 fluorescently labeled proteins
are shown in Figure 6a. The co-localization levels of DHPR and RyR1 in the LT and ET groups were significantly lower than that in the SA group
in all three muscles. In the SOL, levels were decreased in all five groups compared to the SA group, with decrements of 24%, 32%, 28%, 38%, and
19% (P < 0.05) in the PRE, LT, IBA, ET, and POST groups, respectively. In the EDL, levels decreased by 25%, 20%, and 27% (P < 0.05) in the LT, IBA,
and ET groups, respectively. In the GAS, levels in the LT group (25%, P < 0.05) and ET group (31%, P < 0.05) were lower than that in the SA group,
whereas levels in the POST group increased (22%, P < 0.05) compared to the SA group (Figure 6c).
The reticulate subcellular distributions of CSQ1 and RyR1 fluorescently labeled proteins are shown in Figure 6d. The co-localization levels of
CSQ1 and RyR1 in the LT, IBA, and ET groups were significantly lower than that in the PRE group in all three muscles. In the SOL, the decrements
were 18%, 15%, and 11% (P < 0.05) in ET, IBA, and LT groups, respectively. In the EDL, the decrements were 12% and 12% (P < 0.05) in the ET and
LT groups, respectively. In the GAS, the decrements were 23%, 18%, and 24% (P < 0.05) in the ET, IBA and LT groups, respectively (Figure 6f).
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The reticulate subcellular distributions of FKBP12 and RyR1 fluorescently labeled proteins are shown in Figure 6g. In the SOL and EDL, the colocalization levels of FKBP12 and RyR1 showed no significant differences among the six groups. In the GAS, however, the co-localization level
decreased by 11% (P < 0.05) in the LT group compared with the SA group (Figure 6i).
Co-localization of regulatory proteins involved in SERCA. The reticulate subcellular distributions of SERCA1 and SLN fluorescently labeled
proteins are shown in Figure 7a. Similar change trends in the co-localization levels of SERCA1 and SLN were observed in the three different
muscles, with lower levels in all groups compared with that in the SA group. In the SOL, levels decreased by 21%, 26%, 33%, and 31% in the PRE,
LT, IBA, and ET groups, respectively (P < 0.05). In the EDL, levels decreased by 15%, 24%, and 20% in the PRE, LT, and IBA groups, respectively (P <
0.05). In the GAS, levels decreased by 13% and 24% (P < 0.05) in PRE and ET groups, respectively, whereas all other groups were at the summer
level (Figure 7c).
The reticulate subcellular distributions of SERCA2 and SLN fluorescently labeled proteins are shown in Figure 7d. Similar change trends in the colocalization levels of SERCA2 and SLN were observed in the EDL and GAS, with lower levels in all groups compared with that in the SA group.
Compared to the SA group, levels in the EDL decreased by 22% and 12% (P < 0.05) in LT and IBA groups, respectively; whereas, levels in the GAS
decreased by 31% and 24% (P < 0.05) in PRE and ET groups, respectively. In the SOL, levels increased by 12% and 14% (P < 0.05) in LT and POST
groups, respectively, compared to the SA group (Figure 7f).

Discussion
We studied the cytosolic and SR Ca2+ concentrations in skeletal muscle fibers during different hibernation periods, as well as the regulation
mechanism of SR Ca2+ in the maintenance of cytoplasmic Ca2+ homeostasis. Results showed that, in the late stage of hibernation, there was
obvious cytosolic Ca2+ overload in the three skeletal muscle fibers, but levels completely or partially recovered to summer levels after inter-bout
arousal. Thus, hibernating ground squirrels exhibited the ability to alleviate cytosolic Ca2+ overload in their skeletal muscles. The protein
expression levels of RyR1, SERCA1, and two Ca2+-binding proteins (CSQ1 in the SR and CaM in the cytoplasm) increased significantly in the three
skeletal muscles, indicating that the Ca2+ regulatory potential of the SR increased markedly during hibernation. More importantly, the opening
probability of RyR1 were determined by the co-localization of DHPR, CSQ1, and FKBP12 with RyR1, and explored the regulatory mechanism of
Ca2+ pump activity in hibernation via the co-localization of SLN and SERCA1/2, PLB phosphorylation level, and PLB upstream signaling pathway
(Figure 8).
The Ca2+ concentration showed a 106%–213% (P < 0.001) overload in the cytoplasm, but a significant reduction (68%–80%, P < 0.001) in the SR
in the three different skeletal muscles in late torpor compared to levels in the summer group; however, both concentrations recovered completely
or partially in early torpor. This indicates that skeletal muscle fibers in hibernating ground squirrels possess a remarkable ability to maintain Ca2+
homeostasis in the cytoplasm. The cytoplasmic and SR Ca2+ concentrations fluctuated periodically during hibernation and showed the opposite
changes. This suggested that the flow of Ca2+ ions between the cytoplasm and SR in skeletal muscle fibers was very active during different
periods of hibernation. Here, during late torpor, resting free Ca2+ concentration overload occurred in all three skeletal muscle fibers, similar to the
cytoplasmic Ca2+ concentration overload detected in the SOL of hibernating European hamsters (Cricetus cricetus) [66]. While previous research
reported a Ca2+ overload of 117% in the SOL muscle of non-hibernating mice after 7 d of hindlimb immobilization [9].This suggests that
hibernators may also experience similar cytoplasmic Ca2+ overload as found in the disuse state in non-hibernators. However, unlike nonhibernating animals, the Ca2+ concentrations in the cytoplasm and SR of the three distinct skeletal muscles after interbout arousal (early torpor
group) were restored to summer levels in the short 12–36 h of inter-bout arousal. This strongly suggests that the torpor-arousal cycle plays an
important role in the recovery of intracellular Ca2+ homeostasis in skeletal muscle fibers of hibernating ground squirrels.
Importantly, we also found that RyR1 protein expression was significantly increased (37%–107%, P < 0.05) in the three muscles during
hibernation (late torpor, inter-bout arousal, and early torpor groups) compared to levels in the summer and pre-hibernation groups. This indicated
that the potential ability of the SR to release Ca2+ increased and may be one reason for the cytosolic Ca2+ overload and SR Ca2+ decrease during
late torpor and inter-bout arousal. RyR1 is the most important Ca2+-releasing pathway in the SR. Earlier studies have shown that RyR1 protein
expression increases (1–2 times) in the SOL and GAS muscles of hindlimb-unloading rats, which may be one of the mechanisms of muscle
atrophy caused by Ca2+ overload [24, 41]. Thus, it may be that the increase in RyR1 protein expression in the SR is a common mechanism of
Ca2+ overload in the skeletal muscle fibers in hibernating and non-hibernating animals.
In this study, the co-localization levels of DHPR and RyR1 in three skeletal muscles were significantly decreased in late torpor and early torpor
groups compared to the summer group. As the structural combination of these two proteins is the basis for excitation-contraction coupling
during skeletal muscle depolarization [34, 36], this result prompts that the contraction function of skeletal muscle was weakened at this time, this
is consistent with the fact that the skeletal muscles are basically inactive during hibernation. In the inter-bout arousal group, the protein colocalization level of DHPR and RyR1 showed a slight increase, though still lower than the summer level, which suggests that the contraction
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function of skeletal muscle can be slightly enhanced in this period, which was consistent with the active state of skeletal muscle during interbout
arousal. In addition, in view of the significant increase in RyR1 protein expression in skeletal muscle fibers during hibernation, the significant
decrease in DHPR protein expression in each group may be one of the main reasons for the decrease in the co-localization level of DHPR and
RyR1 during the hibernation period. The increased free Ca2+ in SR can directly act on RyR1 to promote channel opening, whereas CSQ1 can
inhibit channel opening by binding with RyR1 [37, 38]. The current study showed that the SR free Ca2+ level in the three skeletal muscles during
late torpor and inter-bout arousal was lower than that in the summer group, suggesting that the up-regulation effect of SR free Ca2+ on the
opening of RyR1 was weakened during hibernation. The protein co-localization level of CSQ1 and RyR1 in the GAS of the hibernation group was
significantly lower than that in summer group, suggesting that the protein binding level of CSQ1 to RyR1 was significantly lower, and that the
inhibition of CSQ1 on RyR1 was weakened during hibernation. This suggests that the decreased inhibition of CSQ1 on RyR1 over the hibernation
period may increase the probability of the RyR1 channel opening, and thus may be one of the mechanisms of cytoplasmic Ca2+ overload in
skeletal muscle fibers during hibernation. FKBP12 is another important regulatory factor of RyR1 in skeletal muscle. When it is combined with
RyR1, the channel tends to close, and the probability of the channel opening increases when it dissociates [40, 67, 68]. We found that FKBP12
protein expression increased in the SOL and EDL during hibernation groups, whereas the co-localization level between FKBP12 and RyR1
demonstrated no significant differences in the SOL and EDL during hibernation, suggesting that the inhibition of FKBP12 on RyR1 was stable
during this period. Nevertheless, the decreased co-localization level between RyR1 and FKBP12 in the GAS indicates that the openness degree of
RyR1 channel increased during late torpor. These results indicate that the increase in RyR1 protein expression may be the common mechanism
of Ca2+ overload in the cytoplasm of three skeletal muscle fibers during the later torpor and interbout arousal period and the decrease in the
inhibition of CSQ1 and FKBP12 on the RyR1 channel in GAS jointly promoted the increase in Ca2+ release in the SR during hibernation, thus
constituting a multiple mechanism of cytoplasmic Ca2+ overload in GAS muscle fibers during late torpor and inter-bout arousal.
Interestingly, we found that SERCA1 protein expression also increased significantly (28%–102%, P < 0.05) in the three skeletal muscles during
hibernation (late torpor, early torpor, and inter-bout arousal) as the RYR1 protein expression increased. The Ca2+ pump is the only Ca2+ uptake
channel in the SR and expresses subtypes 1 and 2 in different skeletal muscles [46, 47]. The increased protein expression of SERCA1 in the three
muscles during hibernation suggests that the potential ability of the SR to absorb cytosolic Ca2+ was enhanced. This is consistent with our
previous study, which showed increased SERCA2 protein expression in the SOL and EDL during hibernation [60], but is inconsistent with earlier
research on Siberian ground squirrels (Spermophilus undulatus), which showed decreased RyR1 and SERCA1 protein expression in the SOL and
EDL muscles during hibernation [27]. In the present study, the increased expression of RyR1 and SERCA1 in hibernating skeletal muscle indicated
that the ability of the SR to release and uptake Ca2+ was enhanced. This further indicated that the concentration of Ca2+ in the cytoplasm and SR
of skeletal muscle fibers of ground squirrels reached a dynamic balance at a relatively higher activity level during hibernation. Conversely, in
hibernating Siberian ground squirrels, the concentration of Ca2+ in the cytoplasm and SR of skeletal muscle achieved a dynamic balance at a
lower level [27]. This may be due to the different severity of the animals’ living environments, reflecting different molecular strategies of
hibernating animals to cope with long-term skeletal muscle inactivity during hibernation.
PLB is a key negative regulatory protein of the Ca2+ pump, the phosphorylation state of PLB represents the elimination of Ca2+ pump inhibition,
i.e., up-regulation of Ca2+ pump activity [69-71]. Here, the protein expression of PLB increased (19%–112%, P < 0.05) in all three muscles over the
hibernation period. The phosphorylation ratio of PLB increased in hibernating SOL and GAS muscles, suggesting that Ca2+ pump activity was
enhanced in the SOL and GAS muscles, and is in contrast to our previous research, which showed that Ca2+ pump activity increased after interbout arousal in the EDL [60]. Unlike that in the SOL and GAS, the phosphorylation level of PLB in the EDL decreased during hibernation. This
difference could be attributed to the different types of muscle fibers. Previous studies have shown that SERCA1 and SLN are mainly expressed in
fast skeletal muscle, with SERCA2 and PLB less expressed [45, 72]. Therefore, the effect of PLB on Ca2+ pump activity might be less than that of
SLN in typical fast-twitch muscles, such as the EDL. Generally, the increased phosphorylation of PLB in the SOL and GAS during early torpor or
inter-bout arousal indicates that the PLB pathway mediates the increase in Ca2+ pump activity during hibernation, which may be one of the
important mechanisms against Ca2+ overload in skeletal muscle fibers during early torpor.
SLN is another key negative regulatory protein of the Ca2+ pump, but the specific regulatory mechanism of SLN in the Ca2+ pump is not
completely clear, although the combination of Ca2+ pump with SLN is reported to inhibit Ca2+ pump activity [73-76]. Previous research has also
shown that SERCA1 and SLN are mainly expressed in mammalian fast muscles, but not SERCA2 and PLB [45, 72]. Our results showed that the
protein expression of SLN increased to different degrees in the three muscles during hibernation and the co-localization level between SLN and
SERCA1 in the EDL decreased significantly during late torpor and inter-bout arousal, suggesting that the inhibition of SLN on the Ca2+ pump was
weakened during hibernation, i.e., Ca2+ pump activity increased. This is similar to our previous study, which showed that Ca2+ pump activity in
the EDL increases significantly in inter-bout arousal [60]. In the GAS, the co-localization level between SLN and SERCA (SERCA1 and SERCA2)
decreased or remained unchanged in the hibernation groups, suggesting that Ca2+ pump activity was maintained or up-regulated. Generally, the
inhibition of SLN on the Ca2+ pump was weakened, which may be another mechanisms against Ca2+ overload in skeletal muscle fibers of EDL
and GAS during hibernation.
Page 10/24

We also found that β-AR2 protein expression increased significantly during the whole hibernation period in the GAS muscle, suggesting that Ca2+
pump activity was up-regulated. β-AR2 is an important G-protein-coupled receptor on the cell membrane. It can act on PLB through intracellular
cAMP-PKA cascade reactions and dissociates from the Ca2+ pump after phosphorylation, thereby increasing Ca2+ pump activity [77]. Therefore,
the increase in β-AR2 protein expression in all hibernation groups in the GAS may explain the increase in phosphorylation level of PLB. In the SOL
and EDL, β-AR2 protein expression during hibernation was not higher than that in the summer group, suggesting that this pathway is not
responsible for the up-regulation of Ca2+ pump activity in the two muscles.
In addition, CaM and increased free Ca2+ activate CaMK2, which can increases Ca2+ pump activity [78, 79]. Results showed that the
phosphorylation level of P-CaMK2 increased in the SOL muscle but decreased in the GAS and EDL muscles during inter-bout arousal. This result
suggests that the increased phosphorylation ratio of CaMK2 may be an upstream signaling factor for the increase in slow-twitch SOL muscle
Ca2+ pump activity during hibernation. This differs from the increase in Ca2+ pump activity observed in the GAS during hibernation, which
appeared to be mainly regulated by β-AR2. This suggests that the up-regulation mechanism of calcium pump activity of skeletal muscle fibers
during hibernation exhibit muscle fiber type specificity among different muscles.
We also found that that the expression of two Ca2+-binding proteins, i.e., CaM in the cytoplasm and CSQ1 in the SR, increased in almost all
hibernating periods (late torpor, inter-bout arousal, and early torpor). Each CaM molecule can bind with four Ca2+ in the cytoplasm [56, 57]; thus,
in the present study, the increase in protein expression observed during hibernation undoubtedly helped to reduce the concentration of free Ca2+
in the cytoplasm. This is similar to results reported in the SOL and GAS muscles of thirteen-lined ground squirrels, which showed increased
protein expression during hibernation [28, 80]. CSQ molecules can bind with 43 Ca2+ in the SR [38, 55, 58, 59]; thus, in our study, the increased
CSQ1 protein expression observed during hibernation indicated that the ability of skeletal muscle fibers to reduce the free Ca2+ concentration in
the SR was increased. Previous studies have shown that the resultant reduction in free Ca2+ in the SR contributes to the reduction in Ca2+ release
[18]. Therefore, the high expression of CSQ1 in the SR and CaM in the cytoplasm during hibernation undoubtedly inhibited the increase in
cytosolic free Ca2+ and participated in the maintenance of cytosolic Ca2+ homeostasis. In addition, the cytoplasmic and SR Ca2+ concentrations
in pre-hibernation were lowest among almost all groups. This suggests that the increased CaM and CSQ1 protein expression levels could
combine with the free Ca2+ in the cytoplasm and SR, respectively, during hibernation. This increase in protein expression provides a doubleinsurance mechanism to reduce the free Ca2+ concentration in the cytoplasm and SR, and therefore avoid cytoplasmic Ca2+ overload in skeletal
muscle of ground squirrels during hibernation.

Conclusion
In summary, we carried out a comprehensive study to explore the mechanisms of SR Ca2+ regulation in the maintenance of cytosolic Ca2+
homeostasis in skeletal muscle fibers of hibernating Daurian ground squirrels. Calcium overload in skeletal muscle occurred in hibernating
ground squirrels during late torpor, similar to that in non-hibernators in the disuse state; however, its recovery in early torpor indicated that
hibernating ground squirrels have a remarkable ability to alleviate cytosolic Ca2+ overload in skeletal muscle cytoplasm. The significant increase
in RyR1 protein expression and the decreased inhibition of CSQ1 and FKBP12 on RyR1 in skeletal muscles during hibernation also indicated that
the SR has an enhanced ability to release Ca2+, which may be an important mechanism for Ca2+ overload during inter-bout arousal. The colocalization level of DHPR and RyR1 decreased during hibernation, indicating a decrease in excitation contraction coupling, consistent with the
decrease in contraction activity of skeletal muscles during hibernation. However, the protein expression of SERCA1 increased significantly during
hibernation and the inhibition of PLB and SLN on SERCA decreased significantly. That is, the protein expression level of SERCA1 increased
synchronously with SERCA1 activity during hibernation, suggesting that the ability of skeletal muscle SR to absorb Ca2+ increased significantly
during hibernation, which may be an important mechanism to alleviate cytosolic Ca2+ overload. Moreover, the increase in CaMK2
phosphorylation level during hibernation may be one of the mechanism to increase activity of SERCA in the slow SOL muscle, whereas the
decrease in inhibition of PLB on SERCA in the GAS may be due to the increase in β-AR2 protein expression. The expression of CSQ1 in the SR
and CaM in the cytoplasm increased significantly, indicating that the ability of muscle fibers to reduce intracellular free Ca2+ concentration was
enhanced during hibernation. These results suggest that the enhanced release of Ca2+ from the SR may be the main mechanism leading to Ca2+
overload in hibernation. Thus, the enhanced Ca2+ pump protein expression and activity are important mechanisms for reducing Ca2+ overload
and restoring intracellular Ca2+ homeostasis. These findings confirm, for the first time, that the SR in skeletal muscle cells may be more active
during hibernation (hypothermic state) than during non-hibernation (homoiothermic state). Up-regulation of Ca2+ pump activity in the SR via
different signaling pathways, plus the dramatic increase in CaM and CSQ1 expression combined with free Ca2+, constitute the major
mechanisms of hibernators to maintain intracellular Ca2+ homeostasis during hibernation.
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Sarcoplasmic reticulum
Ca2+
Calcium
SOL
Soleus
EDL
Extensor digitorum longus
GAS
Gastrocnemius
RyR1
Ryanodine receptor1
SERCA1
Sarco/endoplasmic reticulum Ca2 + ATPase isoform 1
DHPR
Dihydropyridine receptor
CSQ1
Calsequestrin1
FKBP12
12-kDa FK506 binding protein
PLB
Phospholamban
SLN
Sarcolipin
β-AR2
β-adrenergic receptor2
CaMK2
Calmodulin kinase2
CaM
Calmodulin
SA
Summer active
PRE
Pre-hibernation
LT
Late torpor
IBA
Interbout arousal
ET
Early torpor
POST
Post-hibernation
Fluo-3/AM
Fluo-3-acetoxymethylester
mag-Fluo-4/AM
Magnesium-Fluo-4-acetoxymethylester
DAPI
4’-6’-diamidino-2-phenylindole
RT-PCR
Real-time PCR
MWW
Skeletal muscle wet weight
MWW/BW
Ratio of skeletal muscle wet weight to body weight
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Tables
Table 1. Primary and secondary antibodies used in protein co-localization.
Protein type

Primary antibody cocktails and concentrations

Secondary antibody cocktails and concentrations

DHPR/RyR1

rabbit anti-RyR1 (1:200, #8153, CST)

goat anti-rabbit Alexa Fluor 647(1:200, #A21245, Thermo Fisher
Scientific)

mouse anti-DHPR (1:200, #SC21781, Santa Cruz, CA,
USA)

goat anti-mouse FITC (1:200, # F1010, Sigma-Aldrich)

rabbit anti-RyR1

goat anti-rabbit Alexa Fluor 647

rabbit anti-calsequestrin 1 (1:100, #ab191564,
Abcam)

goat anti-rabbit Alexa Fluor 488(1:200, #11034, Thermo Fisher
Scientific)

rabbit anti-RyR1

goat anti-rabbit Alexa Fluor 647

mouse anti-FKBP12 (1:200, ab58072, Abcam)

goat anti-mouse FITC

rabbit anti-SERCA1 (1:200, #4219, CST)

goat anti-rabbit Alexa Fluor 647

rabbit anti-SLN (1:200, # 18395-1-AP, Proteintech)

goat anti-rabbit Alexa Fluor 488

rabbit anti-SERCA2 (1:200, #4388, CST)

goat anti-rabbit Alexa Fluor 647

rabbit anti-SLN

goat anti-rabbit Alexa Fluor 488

CSQ1/RyR1

FKBP12/RyR1

SLN/SERCA1

SLN/SERCA2

Table 2. Effects of hibernation on body weight (BW), muscle wet weight (MWW), and ratio of MWW/BW in Daurian ground squirrels.
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Group

BW before

BW at experiment

MWW at experiment (mg)

MWW/BW at experiment (mg/g)

hibernation
(g)

(g)

SOL

EDL

GAS

SOL

EDL

GAS

SA

325.24±27.46

325.24±27.46

131±18

140±18

257±31

0.40±0.05

0.43±0.04

0.79±0.10

PRE

315.44±21.82

315.44±21.82

101±23*

123±27

261±41

0.32±0.03***

0.39±0.05

0.82±0.09

LT

322.71±18.49

218.71±30.4***###

99±19*

110±32*

211±27*#

0.45±0.05*##

0.50±0.06#

0.96±0.12**##

IBA

330.14±26.59

232.71±32.07***###

113±24*

118±22*

225±28*#

0.49±0.04*##

0.51±0.07#

0.97±0.11**##

ET

319.51±24.90

217.83±25.70***###

102±18*

114±19*

195±32**##

0.47±0.03*##

0.53±0.04*##

0.90±0.08*#

POST

319.39±30.15

223.20±31.43***###

101±15*

112±23*

200±34*#

0.45±0.06*##

0.50±0.04#

0.90±0.08*#

SOL, soleus; GAS, gastrocnemius; EDL, extensor digitorum longus; SA, summer active; PRE, pre-hibernation; LT, late torpor; IBA, inter-bout arousal;
ET, early torpor; POST, post-hibernation. Data represent means ± SD; n = 8. *P < 0.05 compared with SA; **P < 0.01 compared with SA; ***P <
0.001 compared with SA. #P < 0.05 compared with PRE; ##P < 0.01 compared with PRE; ###P < 0.001 compared with PRE.
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Figures

Figure 1
Diagram of hibernating cycle and body temperature in ground squirrels. (a) Animal state of annual and hibernating (blue shading) cycles in
ground squirrels. (b) Shell and environmental temperature as a function of time in ground squirrels during hibernation. Red fold line: shell
temperature; blue fold line: environmental temperature. SA, summer active; PRE, pre-hibernation; LT, later torpor; IBA, inter-bout arousal; ET, early
torpor; POST, post-hibernation.
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Figure 2
Changes in cytoplasmic Ca2+ fluorescence intensity of single muscle fibers in three different types of muscle during different periods. (a)
Representative fluorescence images of single muscle fiber loaded by Fluo-3/AM. Scale bar = 200 μm. (b) Bar graph depicting changes in mean
intensity of cytoplasmic Ca2+ fluorescence. Six muscle fiber cells were analyzed in each sample, eight samples were analyzed in each group.
Values are means ± SE. SOL, soleus muscle; EDL, extensor digitorum longus; GAS, gastrocnemius muscle; SA, summer active group; PRE, prehibernation group; LT, later torpor group; IBA, inter-bout arousal group; ET, early torpor group; POST, post-hibernation group. *P < 0.05, ***P < 0.001
compared with SA; #P < 0.05, ##P < 0.01, ###P < 0.001 compared with PRE; &P < 0.05, &&P < 0.01, &&&P < 0.001 compared with LT; +P < 0.05,
++P < 0.01, +++P < 0.001 compared with IBA; $P < 0.05 compared with ET.
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Figure 3
Changes in sarcoplasmic reticulum (SR) Ca2+ fluorescence intensity of single muscle fibers in three different types of muscle during different
periods. (a) Representative fluorescence images of single muscle fibers loaded by mag-Fluo-4/AM and ER-Tracker Red dye. Mag-Fluo-4/AM
(green) for SR Ca2+, ER-Tracker Red dye (red) for SR. Scale bar = 50 μm. (b) Representative fluorescence images of fluorescent SR Ca2+ in three
muscle types during different periods. Scale bar = 200 μm. (c) Bar graph depicting changes in mean intensity of SR Ca2+ fluorescence. Six
muscle fiber cells were analyzed in each sample, eight samples were analyzed in each group. Values are means ± SE. SOL, soleus muscle; EDL,
extensor digitorum longus; GAS, gastrocnemius muscle; SA, summer active group; PRE, pre-hibernation group; LT, later torpor group; IBA, interbout arousal group; ET, early torpor group; POST, post-hibernation group. *P < 0.05, ***P < 0.001 compared with SA; #P < 0.05, ##P < 0.01, ###P <
0.001 compared with PRE; &P < 0.05, &&&P < 0.001 compared with LT; +P < 0.05, ++P < 0.01, +++P < 0.001 compared with IBA; $P < 0.05, $$P <
0.01 compared with ET.
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Figure 4
Changes in protein levels of RyR1, DHPR, FKBP12, SERCA1, SLN, PLB, β-AR2, CaMK2, CaM, CSQ1 and ratios of P-PLB/PLB and P-CaMK2/
CaMK2 in three different types of muscles during different periods. (a) Representative immunoblots of RyR1, DHPR, FKBP12, SERCA1, SLN, PPLB, PLB, β-AR2, P-CaMK2, CaMK2, CaM and CSQ1 in three different types of muscles during different periods. (b) Representative
polyacrylamide gel of total protein. (c) Relative protein expression of RyR1. (d) Relative protein expression of DHPR. (e) Relative protein
expression of FKBP12. (f) Relative protein expression of SERCA1. (g) Relative protein expression of SLN. (h) Relative protein expression of PLB.
(i) Ratio of P-PLB to PLB. (j) Relative protein expression of β-AR2. (k) Relative protein expression of CaMK2. (l) Ratio of P- CaMK2 to CaMK2. (m)
Relative protein expression of CaM. (n) Relative protein expression of CSQ1. Values are means ± SE, n = 8. SOL, soleus muscle; EDL, extensor
digitorum longus; GAS, gastrocnemius muscle; SA, summer active group; PRE, pre-hibernation group; LT, later torpor group; IBA, inter-bout arousal
group; ET, early torpor group; POST, post-hibernation group. *P < 0.05, **P < 0.01, ***P < 0.001 compared with SA; #P < 0.05, ##P < 0.01, ###P <
0.001 compared with PRE; &P < 0.05, &&P < 0.01, &&&P < 0.001 compared with LT; +P < 0.05, ++P < 0.01, +++P < 0.001 compared with IBA; $P <
0.05,
P < 0.01,

$P < 0.001 compared with ET.
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Figure 5
Changes in transcript levels of serca1, serca2, plb, sln, csq1, cam1, ryr1 and fkbp12 in three different types of muscle during different periods. (a)
Ratio of serca1/α-tubulin. (b) Ratio of serca2/α-tubulin. (c) Ratio of plb/α-tubulin. (d) Ratio of sln/α-tubulin. (e) Ratio of csq1/α-tubulin. (f) Ratio
of cam1/α-tubulin. (g) Ratio of ryr1/α-tubulin. (h) Ratio of fkbp12/α-tubulin. Values are means ± SE, n = 8. SOL, soleus muscle; EDL, extensor
digitorum longus; GAS, gastrocnemius muscle; SA, summer active group; PRE, pre-hibernation group; LT, later torpor group; IBA, inter-bout arousal
group; ET, early torpor group; POST, post-hibernation group. *P < 0.05, **P < 0.01, ***P < 0.001 compared with SA; #P < 0.05, ##P < 0.01, ###P <
0.001 compared with PRE; &P < 0.05, &&P < 0.01, &&&P < 0.001 compared with LT; +P < 0.05, ++P < 0.01, +++P < 0.001 compared with IBA; $P <
0.05,
P < 0.01,

$P < 0.001 compared with ET.
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Figure 6
Protein overlap levels of DHPR/ RyR1, CSQ1/RyR1 and FKBP12/RyR1 in three different types of muscle during different periods. (a) Reticulate
subcellular distribution of DHPR and RyR1 fluorescently labeled proteins in three different types of muscle. DAPI (blue) for nuclei, FITC (green)
for DHPR, 647 (red) for RyR1, and Merged for overlapping region of two proteins displayed by Image J software. (b) Representative
immunofluorescence of protein overlap between DHPR and RyR1 in three different types of muscle during different periods. Scale bar = 20 μm.
(c) Bar graphs representing protein overlap level of DHPR and RyR1. (d) Reticulate subcellular distribution of CSQ1 and RyR1 fluorescently
labeled proteins in three different types of muscle. DAPI (blue) for nuclei, AF488 (green) for CSQ1, 647 (red) for RyR1, and Merged for overlapping
region of two proteins displayed by Image J software. (e) Representative immunofluorescence of protein overlap between CSQ1 and RyR1 in
three different types of muscle during different periods. Scale bar = 20 μm. (f) Bar graphs representing protein overlap level of CSQ1 and RyR1.
(g) Reticulate subcellular distribution of FKBP12 and RyR1 fluorescently labeled proteins in three different types of muscle. DAPI (blue) for nuclei,
FITC (green) for FKBP12, 647 (red) for RyR1, and Merged for the overlapping region of two proteins displayed by Image J software. (h)
Representative immunofluorescence of protein overlap between FKBP12 and RyR1 in three different types of muscle during different periods.
Scale bar = 20 μm. (i) Bar graphs representing protein overlap level of FKBP12 and RyR1.Values are means ± SE, n = 8. SOL, soleus muscle; EDL,
extensor digitorum longus; GAS, gastrocnemius muscle; SA, summer active group; PRE, pre-hibernation group; LT, later torpor group; IBA, interbout arousal group; ET, early torpor group; POST, post-hibernation group. *P < 0.05, **P < 0.01, ***P < 0.001 compared with SA; #P < 0.05, ##P <
0.01, ###P < 0.001 compared with PRE; &P < 0.05, &&P < 0.01, &&&P < 0.001 compared with LT; +P < 0.05, ++P < 0.01, +++P < 0.001 compared
with IBA; $P < 0.05,
P < 0.01,

$P < 0.001 compared with ET.
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Figure 7
Protein overlap levels of SERCA1/ SLN and SERCA2/SLN in three different types of muscle during different periods. (a) Reticulate subcellular
distribution of SERCA1 and SLN fluorescently labeled proteins in three different types of muscle. DAPI (blue) for nuclei, AF488 (green) for SLN,
647 (red) for SERCA1, and Merged for overlapping region of two proteins displayed by Image J software. (b) Representative immunofluorescence
of protein overlap between SERCA1 and SLN in three different types of muscle during different periods. Scale bar = 20 μm. (c) Bar graphs
representing protein overlap level of SERCA1 and SLN. (d) Reticulate subcellular distribution of SERCA2 and SLN fluorescently labeled proteins in
three different types of muscle. DAPI (blue) for nuclei, AF488 (green) for SLN, 647 (red) for SERCA2, and Merged for overlapping region of two
proteins displayed by Image J software. (e) Representative immunofluorescence of protein overlap between SERCA2 and SLN in three different
types of muscle during different periods. Scale bar = 20 μm. (f) Bar graphs representing protein overlap level of SERCA2 and SLN. Values are
means ± SE, n = 8. SOL, soleus muscle; EDL, extensor digitorum longus; GAS, gastrocnemius muscle; SA, summer active group; PRE, prehibernation group; LT, later torpor group; IBA, inter-bout arousal group; ET, early torpor group; POST, post-hibernation group. *P < 0.05, **P < 0.01
compared with SA; #P < 0.05, ##P < 0.01 compared with PRE; &P < 0.05, &&P < 0.01 compared with LT; +P < 0.05, ++P < 0.01 compared with IBA;
$$P < 0.01 compared with ET.
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Figure 8
Graphical summary of study. Ca2+, calcium; SR, sarcoplasmic reticulum; DHPR, dihydropyridine receptor; FKBP12, 12kDa FK506 binding protein;
RyR1, ryanodine receptor1; CSQ1, calsequestrin1; SERCA1, sarcoplasmic reticulum calcium ATPase; SLN, sarcolipin; PLB, phospholamban; PPLB, phosphorylated phospholamban; CaM, calmodulin; CaMK2, calmodulin kinase2; P-CaMK2, phosphorylated calmodulin kinase2; β-AR2, betaadrenergic receptor 2; cAMP-PKA, cyclic adenosine monophosphate -protein kinase A signaling pathway.
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