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Abstract: Intracellular calcium (Ca®*) homeostasis plays a vital role in the preservation of skeletal
muscle. In view of the well-maintained skeletal muscle found in Daurian ground squirrels
(Spermophilus dauricus) during hibernation, we hypothesized that hibernators possess unique strategies
of intracellular Ca?* homeostasis. Here, cytoplasmic, sarcoplasmic reticulum (SR), and mitochondrial
Ca®* levels, as well as the potential Ca?* regulatory mechanisms, were investigated in skeletal
muscle fibers of Daurian ground squirrels at different stages of hibernation. The results showed
that cytoplasmic Ca®* levels increased in the skeletal muscle fibers during late torpor (LT) and
inter-bout arousal (IBA), and partially recovered when the animals re-entered torpor (early torpor, ET).
Furthermore, compared with levels in the summer active or pre-hibernation state, the activity and
protein expression levels of six major Ca?" channels/proteins were up-regulated during hibernation,
including the store-operated Ca?* entry (SOCE), ryanodine receptor 1 (RyR1), leucine zipper-EF-hand
containing transmembrane protein 1 (LETM1), SR Ca>* ATPase 1 (SERCA1), mitochondrial calcium
uniporter complex (MCU complex), and calmodulin (CALM). Among these, the increased extracellular
Ca?* influx mediated by SOCE, SR Ca?* release mediated by RyR1, and mitochondrial Ca®* extrusion
mediated by LETM1 may be triggers for the periodic elevation in cytoplasmic Ca?* levels observed
during hibernation. Furthermore, the increased SR Ca?* uptake through SERCA1, mitochondrial
Ca®" uptake induced by MCU, and elevated free Ca?* binding capacity mediated by CALM may be
vital strategies in hibernating ground squirrels to attenuate cytoplasmic Ca®* levels and restore Ca?*
homeostasis during hibernation. Compared with that in LT or IBA, the decreased extracellular Ca?*
influx mediated by SOCE and elevated mitochondrial Ca?* uptake induced by MCU may be important
mechanisms for the partial cytoplasmic Ca?* recovery in ET. Overall, under extreme conditions,
hibernating ground squirrels still possess the ability to maintain intracellular Ca?" homeostasis.
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1. Introduction

The maintenance of cytoplasmic calcium (Ca?*) homeostasis is important for the preservation of a
normal structure and function of skeletal muscle fibers. Skeletal muscle inactivity can trigger Ca®*
homeostasis disturbance, often characterized by cytoplasmic Ca?* overload [1]. A direct consequence
of this overload is the activation of calpain system-mediated protein degradation [2]. In addition, an
increased cytoplasmic Ca?* concentration can promote cell apoptosis [3]. Increased protein degradation
and cell apoptosis are both involved in skeletal muscle loss.

Hibernation is a unique survival strategy exhibited by various mammals in order to cope with
adverse environments in winter, during which hibernators not only face the challenge of prolonged
skeletal muscle inactivity, but also deal with other stresses, including hypoxia, fasting, and repeated
ischemia-reperfusion during the torpor-arousal cycle. However, various studies have reported that
skeletal muscle is well-maintained in hibernators during hibernation [4,5]. Therefore, hibernators can
be considered typical anti-atrophy models, with their unique skeletal muscle preservation mechanism
undoubtedly an attractive and valuable research topic.

Previous findings from our laboratory showed that, under adverse conditions over several
months of hibernation, the cytoplasmic Ca?* concentration in skeletal muscle fibers of Daurian ground
squirrels increased transiently during inter-bout arousal, partially recovered after re-entering torpor,
and almost recovered to pre-hibernation levels in the post-hibernation stage, thus exhibiting good Ca?*
homeostasis during the entire hibernation cycle [6]. During long-term hibernation, the torpor-arousal
cycle likely plays an important role in protecting skeletal muscle from atrophy by avoiding or alleviating
persistent and excessive cytoplasmic Ca?* overload-induced protein degradation. Therefore, exploring
the potential mechanisms involved in Ca?" homeostasis during hibernation could help reveal the
mechanisms against disuse-induced skeletal muscle atrophy of hibernators. To date, however, only
one study (from our lab) has reported on sarcoplasmic reticulum Ca?* pump (SERCA) expression in
skeletal muscles during hibernation [7]. As such, the regulatory mechanisms involved in intracellular
Ca?* homeostasis in skeletal muscle fibers are far from having been clarified.

The level of intracellular Ca?" is closely related to the expression level and activity of Ca®*
transport proteins or channels located in the plasma membrane and intracellular Ca?" storage
membrane (mainly sarcoplasmic reticulum (SR) and mitochondria), as well as intracellular Ca%t
binding proteins. Increased extracellular Ca?* influx and intracellular Ca®* storage/release (especially
in the SR) both contribute to an increase in the intracellular Ca?* concentration. Store-operated Ca?*
entry (SOCE) is the most important channel transporting extracellular Ca?* into the cytosol. Stromal
interaction molecule-1 (STIM1) located in the endoplasmic reticulum (ER) and Orail (also known
as calcium-release-activated calcium-modulator, CRACM1) located in the cell membrane are two
essential components required for SOCE [8-10]. With external stimulation, Ca?* is released from
the STIM1 EF-hand domain, which triggers the aggregation and movement of STIM1 to ER/plasma
membrane (PM) binding sites, as well as the Orail aggregation of STIM1, and leads to the activation
of SOCE and Ca2* influx [11-14]. The ryanodine receptor (RyR) is a major SR Ca?* release channel.
Specifically, when sensing cell membrane depolarization, exterior membrane L-type calcium channels
(surface membrane and T tubules) and dihydropyridine receptors (DHPR) combine to activate RyR,
resulting in substantial SR Ca®* release [15,16]. The RyR family is comprised of three isoforms (i.e.,
RyR1-3), with RyR1 exclusively expressed and particularly enriched in skeletal muscle [17]. Leucine
zipper-EF-hand-containing transmembrane protein 1 (LETM1) is a Ca?*-H* exchanger located in the
mitochondrial membrane. When the mitochondrial Ca2* concentration is high, LETM1 will extrude
excess CaZ* from the mitochondria into the cytoplasm [18]. Therefore, LETM1 is another possible
contributor to elevated cytoplasmic Ca?* levels.

In contrast to the above mechanisms, however, the increase in Ca2* efflux, intracellular Ca?*
uptake of the Ca?* pool, and binding capacity of free Ca?* binding protein in the cytoplasm all
effectively decrease cytoplasmic Ca?*. Plasma membrane Ca?* ATPase (PMCA) can eject Ca®* from
the cytosol into the external medium, thereby attenuating the cytoplasmic Ca?* concentration. PMCA3
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is the major isoform expressed in skeletal muscle [19]. As a primary active transporter located in the
SR membrane, SR/ER Ca?* ATPase (SERCA) can decrease cytoplasmic Ca?* levels by pumping Ca2*
from the cytosol into the SR, which is one of the key factors attenuating cytoplasmic Ca®* overload
in skeletal muscle fibers [20]. The mitochondprial calcium uniporter (MCU) complex is considered a
major channel for the transportation of Ca?* into mitochondria [21]. Mitochondrial calcium uptake
1 and 2 (MICU1 and 2) are two regulatory subunits of MCU [22]. When the Ca®* concentration in
the intermembrane space is low, the heterodimers of MICU1 and MICU2 block the MCU channel
and inhibit the entry of Ca" into the mitochondria. In contrast, when the Ca?* level is high upon
stimulation, the binding of Ca?* to the MICU protein elicits a conformational change, resulting in
the opening of the channel and the transportation of Ca?* into the mitochondria [21,23]. Calmodulin
(CALM), a Ca?* binding protein located in the cytoplasm, can directly reduce the concentration of
cytoplasmic free Ca?* by combining with four Ca?* ions [24]. Overall, Ca?* uptake channels, extrusion
mechanisms, and free Ca?* binding proteins all contribute to intracellular Ca®* homeostasis.

What, then, is the role of Ca?* channels in Ca?* fluctuations during the torpor-arousal cycle?
To answer this question, we investigated the cytoplasmic, SR, and mitochondrial CaZ* levels in the
plantaris (PL, calf muscle) and adductor magnus (AM, thigh muscle) muscles of Daurian ground
squirrels during different hibernation states (i.e., summer active, pre-hibernation, late torpor (entering
a new bout after more than 5 d), inter-bout arousal (arousing spontaneously for less than 12 h), early
torpor (entering a new bout for less than 48 h), and post-hibernation). Furthermore, a comprehensive
and time-course investigation was carried out to explore the roles of the above major Ca?* transport
proteins/channels, including SOCE, RyR1, LETM1, PMCA3, SERCA1, and MCU, as well as the major
Ca?* binding protein CALM, in the fluctuations of Ca®* concentration throughout hibernation.

2. Materials and Methods

2.1. Animals and Groups

All animal procedures and care and handling protocols were in accordance with the approval
granted by the Laboratory Animal Care Committee of the China Ministry of Health (approval No.
MH-55). The Daurian ground squirrels used in the experimental procedures were captured from the
Weinan region, Shaanxi Province, China. Upon return to the laboratory, all squirrels were maintained
in an animal room under a temperature range of 18-25 °C and modified daily light conditions
(coincident with local sunrise and sunset). After one month of adaptation, the adult individuals were
weight-matched and divided into six groups (n = 6-8): (i) Summer active group (SA): samples were
collected in mid-June; (ii) pre-hibernation group (PRE): samples were collected in mid-September; (iii)
late torpor group (LT): after two months hibernation, animals entered into a new hibernation bout and
were in continuous torpor for at least 5 d, with a stable body temperature (Tb) of 5-8 °C; (iv) inter-bout
arousal group (IBA): after two months hibernation, animals entered into a new hibernation bout and
were fully aroused, with the Tb returned to 34-37 °C for less than 12 h; (v) early torpor group (ET): after
two months hibernation, animals entered into a new hibernation bout, with Tb maintained at 5-8 °C
for less than 24 h; (vi) post-hibernation group in spring (POST): animals awaking from hibernation and
maintaining a Tb of 36-38 °C for more than 3 d in March of the following year. Animals in the SA and
PRE groups were maintained in an environment with a natural light:dark photoperiod until sacrifice.
When the ground squirrels gradually entered torpor in early November, the animals were transferred
to a 4-6 °C dark hibernaculum. Due to observations occurring twice a day under weak light, these
animals were housed under a 2:22 light-dark cycle. The Tb of animals was measured using a visual
thermometer with thermal imaging (Fluke, VT04, Everett, Washington, DC, USA). The different states
of the animals used here are shown in Figure 1.
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Figure 1. Representative images and sampling time of Daurian ground squirrels in different periods.
SA, summer active; PRE, pre-hibernation; LT, late torpor; IBA, inter-bout arousal; ET, early torpor;
POST, post-hibernation.

2.2. Muscle Sample Collection and Preparation

Muscle sample collection was carried out at 9:00 am for the SA, PRE, LT, and POST groups. Due
to the specific sampling procedures in the IBA and ET groups, it could not be guaranteed that sample
collection in these two groups always occurred at 9:00 am. Animals were anesthetized with sodium
pentobarbital (90 mg/kg). The two distinct skeletal muscles (PL and AM) were carefully isolated and
surgically removed. Subsequently, left leg muscles were treated with embedding medium for frozen
section cutting and staining and right leg muscles were used for all other experiments. Following
surgical intrusion, the squirrels were euthanized via sodium pentobarbital overdose injection.

2.3. Skeletal Muscle Fiber Cross-Sectional Area (CSA) Determination

As described previously [25], immunofluorescence and confocal analyses were used to measure
the muscle fiber cross-sectional area (CSA) in frozen sections. Briefly, 10-um thick frozen cross-sections
were cut from the muscle mid-belly at —20 °C with a CM1850 cryostat (Leica, Wetzlar, Germany)
and stored at —80 °C until further staining. After fixing in 4% paraformaldehyde for 30 min, slices
were permeabilized in 0.1% Triton X-100 for 30 min, blocked with 1% bovine serum albumin (BSA) in
phosphate-buffered saline (PBS) at room temperature for 60 min, and then incubated at 4 °C overnight
with an anti-laminin antibody (1:500, Boster, BA1761-1, Wuhan, China) to visualize muscle fiber CSA.
Subsequently, after washing them three times with PBS (10 min/time), the sections were incubated
at 37 °C for 2 h with a 647-labeled IgG secondary antibody (1:400, Thermo Fisher Scientific, A-21235,
Eugene, OR, USA). Finally, the slices were treated with anti-fade mounting medium (Life Technologies,
1427588, Eugene, OR, USA). Images were visualized via confocal laser scanning microscopy (Olympus,
FV1000, Tokyo, Japan) at a 40x objective magnification. Image-Pro Plus 6.0 was used to measure
muscle fiber CSA. In detail, eight images were captured from each sample, and the CSA of all complete
muscle fibers (about 30) within each picture was then analyzed. Therefore, the CSA of ~250 muscle
fibers per skeletal muscle sample was determined.

2.4. Single Muscle Fiber Isolation

We anaesthetized the squirrels with 90 mg/kg sodium pentobarbital, after which muscle samples
(including the tendons) were carefully removed from the neighboring tissues and sarcolemma, ensuring
that the blood and nerve supply remained intact. The muscle samples were subsequently separated
into two full-length strips along the longitudinal axis using a pair of tweezers. The muscle strips, which
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were obtained from the same middle region, were then washed with 20 mL of PBS (137 mM sodium
chloride, 2.7 mM potassium chloride, 4.3 mM disodium chloride, 1.4 mM monopotassium phosphate,
pH 7.4) and digested with 3 mL of enzymatic digestion solution containing 0.35% collagenase I
(Sigma-Aldrich, C0130-1G, Saint Quentin Fallavier, France), followed by orbital shaker incubation at
37 °C for 2 h and saturation with 95% O; and 5% CO; to ensure complete digestion of the muscle
fiber samples. Finally, the digestion solution was removed with a PBS rinse and the muscle samples
were added to Dulbecco’s modified Eagle’s medium (DMEM) (Hyclone, AC10221937, Pittsburgh, PA,
USA) containing 10% fetal bovine serum (FBS) (Everygreen, 11011-8611, Hangzhou, China), 25 uM
of N-benzyl-p-toluenesulfonamide (BTS) (TCI, B3082, Shanghai, China), and 0.1 M HEPES (Guoan,
HO0082, Xi'an, China), and were carefully stirred with a pipette. The digested single muscle fiber
samples were finally plated on culture chamber slides and viewed via inverted microscopy (Olympus,
IX2-ILL100, Tokyo, Japan).

2.5. Measurement of Cytoplasmic Ca**

We used fluo-3-acetoxymethylester (Fluo-3/AM) (Invitrogen, Carlsbad, CA, USA), which
demonstrates increased fluorescence upon Ca?* binding, to determine cytoplasmic free Ca?*. Briefly,
after washing the samples three times with fresh PBS, dye (5 mM Fluo-3/AM) was slowly added along
the sides of the single muscle fibers, followed by incubation in the dark at 37 °C for 30 min. After
incubation, the glass slide-mounted Fluo-3/AM-loaded fibers were washed with fresh PBS three times
(20 s/time, 1-min process). The slide was quickly placed on the microscope stage, with the fibers
focused in the bright field (20-s process) and scanned via laser confocal microscopy in combination with
an Olympus FV10-ASW system (Tokyo, Japan) under 488-nm krypton/argon laser illumination, with
fluorescence detected at 526 nm. According to their length, three to five pictures were captured at 10X
objective magnification for each muscle fiber (10-s capture process for each picture). In consideration of
the influence of muscle fiber size on the fluorescence intensity, the average fluorescence intensity (total
fluorescence intensity/total area of selected region) was used to measure the Ca®" levels. Specifically,
the average fluorescence intensity of 10 different regions in each picture was measured using Olympus
Fluoview v4.2 software. All pictures (3-5 pictures, depending on the muscle fiber length) of each fiber,
with 10 muscle fibers per sample, were used for statistical analysis.

2.6. Measurement of Sarcoplasmic Reticulum Ca®*

We used magnesium-Fluo-4-acetoxymethylester (mag-Fluo-4/AM) (M14206, Thermo Fisher
Scientific, Eugene, OR, USA), which demonstrates increased fluorescence upon CaZ* binding, to
indicate SR free Ca®*, as per Park et al. (2000) [26]. Briefly, after washing samples twice with fresh
PBS, dye (5 mM mag-Fluo-4/AM) was slowly added along the sides of the single muscle fibers,
followed by incubation in the dark at 37 °C for 30 min. After incubation, the glass slide-mounted
mag-Fluo-4/AM-loaded fibers were washed with fresh PBS three times (20 s/time, 1-min process).
The slide was then quickly placed on the microscope stage, with the fibers focused in the bright field
(20-s process) and scanned via laser confocal microscopy in combination with an Olympus FV10-ASW
system (Japan) under 488-nm krypton/argon laser illumination, with fluorescence detected at 526 nm.
Analysis and statistical methods were similar to those used for the measurement of cytoplasmic Ca?*
mentioned above.

2.7. Measurement of Mitochondrial Ca®*

We used Rhod-2/AM (R1244, Thermo Fisher Scientific, USA), which demonstrates increased
fluorescence upon Ca%* binding in the mitochondria, to determine mitochondrial free Ca?* [27]. Briefly,
after washing samples twice with fresh PBS, dye (5 uM Rhod-2/AM) was slowly added along the sides
of the single muscle fibers, followed by incubation in the dark at 37 °C for 30 min. After incubation,
the glass slide-mounted Rhod-2/AM-loaded fibers were washed with fresh PBS three times (20 s/time,
1-min process). The slide was then quickly placed on the microscope stage, and the fibers were focused
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in the bright field (20-s process) and scanned via laser confocal microscopy in combination with an
Olympus FV10-ASW system (Japan) under 594-nm krypton/argon laser illumination, with fluorescence
detected at 618 nm. Analysis and statistical methods were similar to those used for the measurement
of cytoplasmic Ca?* mentioned above.

2.8. Total RNA Extraction and Quantitative Real-Time Polymerase Chain Reaction (RT-PCR)

As per Fu et al. (2016) [6] and in accordance with the manufacturer’s protocols, we extracted total
RNA from the muscle samples using an RNAiso Plus kit (TaKaRa Biotechnology, 9109, Dalian, China).
RNA quality was characterized using the OD260/0OD280 ratio, after which selected samples (those
exhibiting OD260/0D280 > 1.8) were reverse transcribed into cDNA using an appropriate reagent
(TaKaRa Biotechnology, RR036A China) and stored (—20 °C) for the following analyses. Here, qRT-PCR
was undertaken using a SYBR Premix Ex Taq II kit (TaKaRa Biotechnology, RR820A, China), following
the protocols stated by the manufacturer. The resultant dissolution and amplification curves were
observed and selected, with the o-tubulin reference gene and 2724t method then being applied to
analyze the relative mRNA concentrations of STIM1, ORAI1, RyR1, LETM1, PMCA3, SERCA1, MCU,
MICU1, MICU2, CALM, and a-tubulin. The primers used for the above genes (Sangon, Nanjing,
China) are listed in Table 1.

Table 1. Primers used for quantitative real-time PCR experiments.

Genes Primer Sequence
STIM1 forward: 5'-CAGTTCTCATGGCCCGAGTT-3’
reverse: 5'-GTGGGGAATGCGTGTGTTTC-3’
ORAI1 forward: 5'-CGCAAGCTCTACTTGAGCCG-3’
reverse: 5'-CATCGCTACCATGGCGAAGC-3’
RYR1 forward: 5'-GGTACTGGTCGGGATACCCT-3’
reverse: 5'- GACCTCGGGACTCTCAATCA-3’
Letm1 forward: 5-ACTGGTCCCTTTCCTGGTCT-3’
reverse: 5'-CTTCAGCCTCTCCTCCTTGA-3’
PMCA3 forward: 5'-CGGCGGTCTTCGGTCCTCAG-3’
reverse: 5'-TGGGCTTGGCGGCAGAGAG-3’
SERCA1 forward: 5'-GGTACTGGTCGGGATACCCT-3’
reverse: 5'-GCTGGATAGAGCCTGTGACC-3’
MCU forward: 5 -TGGTGTGTTTTTACGGCAAC-3’
reverse: 5'-TCATCAAGGAGGAGGAGGTC-3’
MICu1 forward: 5'-TGGGTATGCGTCACAGAGAT-3’
reverse: 5'-GATGGTCAGTTTCCCCTTGA-3’
MICU2 forward: 5'-TGACACCACGAGACTTCCTCT-3’
reverse: 5'-GATTCCTGCCAATACCTCCTC-3/
CALM forward: 5-GGCACCATTGACTTCCCAGA-3’
reverse: 5'-TCTGCCGCACTGATGTAACC-3’
a-tubulin forward: 5'-AATGCCTGCTGGGAGCTCTA-3’

reverse: 5'-CAGCGCCTGTCTCACTGAAG-3’

2.9. Protein Extraction and Western Blotting Analysis

Muscle samples (~0.1 g) were weighed and fully homogenized with 1 mM RIPA Lysis Buffer
(Heart, WB053A, Xi’an, China), 1% protease inhibitor cocktail (Heart, WB053B, Xi’an, China), and 1%
phenylmethylsulfonyl fluoride (PMSE, Heart, WB053C, Xi’an, China). After 15 min of centrifugation at
4 °C and 15,000 rpm, the supernatants were removed and placed into new tubes, with soluble protein
concentrations then detected using a Pierce™ BCA Protein Quantitation kit (Thermo Fisher Scientific,
23227, USA). The supernatants were mixed with 1 X SDS loading buffer (100 mM Tris, 5% glycerol, 5%
2-3-mercaptoethanol, 4% SDS, and bromophenol blue, pH 6.8) at a 1:4 u/v ratio, followed by boiling
and then storage at —20 °C for further analysis.
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Western blotting procedures were as described by Zhang et al. (2017) [28]. In brief, we first
separated the muscle protein extracts using SDS-PAGE on 10% Laemmli gels (acrylamide/bisacrylamide
ratio of 37.5:1 for STIM1, ORAI1, LETM1, PMCA3, SERCA1, MCU, MICU1, CALM) and on 6% Laemmli
gels (acrylamide/bisacrylamide ratio of 37.5:1 for RyR1), respectively. Following electrophoresis (for
60 min at 120 V), the proteins were electrically transferred to 0.45-pum pore polyvinylidene difluoride
(PVDF) membranes (Millipore, IPVH00010, Merck kGaA, Darmstadt, Germany) using the Bio-Rad
(1703930) semidry transfer apparatus (Hercules, CA, USA) at 15 V for 30—40 min. We then blocked the
membranes at room temperature for 2 h using 5% skim milk in TBST (containing 10 mM Tris-HCI,
150 mM NaCl, 0.05% Tween-20, pH 7.6), followed by overnight incubation at 4 °C with primary
STIM1 (1:1000, CST, 5668S, Danvers, MA, USA), ORAII (1:1000, Thermo, MA5-15776, Eugene, OR,
USA), RyR1 (1:1000, CST, 8153S, USA), LETM1 (1:1000, CST, 149975, USA), PMCAS3 (1:1000, Abcam,
ab3530, Cambridge, UK), SERCA1 (1:1000, CST, 4219S, USA), MCU (1:1000, CST, 14997S, USA), MICU1
(1:750, CST, 12524S, USA), and CALM (1:1000, CST, 4830S, USA) antibodies in TBST containing
0.1% BSA. The membranes where then washed three times with TBST (10 min/time), followed by
1.5-h incubation at room temperature with horseradish peroxidase (HRP)-conjugated anti-rabbit or
anti-mouse secondary antibodies (Thermo Fisher Scientific, A27014, USA). The membranes were
again washed with TBST (four times X 10 min), with the resulting immunoblots being visualized
using enhanced chemiluminescence reagents (Thermo Fisher Scientific, NCI5079, USA), in accordance
with the manufacturer’s instructions. Blot quantification was conducted using Image-Pro Plus 6.0
software. Total protein staining of the gel was used as the normalization control for all blots. In detail,
as described previously, 0.5% 2,2,2-trichloroethanol (TCE) was first added to the gel [29-31]. After
electrophoresis, the gel was irradiated on the UV platform of the electrophoresis gel imaging analysis
system (G: box, GBOX Cambridge, UK) for 5 min, with the signal then being collected. As described
previously [32,33], the original images captured with no gain were stored. After that, the fluorescence
intensity of each lane (after removal of the background fluorescence intensity) was determined with
Image-Pro Plus 6.0, with the internal reference being used to correct the fluorescence intensity of the
target protein. Specificity detection of the complete SDS-PAGE lane for each antibody used in the
present study is shown in Figure S1.

2.10. Co-Localization Analysis of ORAI1/STIM1

Briefly, 10-pum thick frozen cross-sections were cut from the muscle mid-belly at —20 °C with
a CM1850 cryostat (Leica, Wetzlar, Germany). After fixing samples in 4% paraformaldehyde for
30 min, slices were permeabilized in 0.1% Triton X-100 for 30 min, blocked with 1% BSA in PBS at
room temperature for 60 min, and then incubated at 4 °C overnight with an anti-ORAI1 antibody
(1:50, Thermo, MA5-15776, USA). On the second day, after washing samples three times with PBS (10
min/time), the sections were incubated at 37 °C for 2 h with an Alexa Fluor FITC-conjugated secondary
antibody (1:300, Thermo Fisher Scientific, Rockford, IL, USA). After again washing samples three times
with PBS (10 min/time), the slices were incubated at 4 °C overnight with an anti-STIM1 antibody (1:300,
CST, 5668S, USA). On the third day, after washing samples three times with PBS (10 min/time), the
sections were incubated at 37 °C for 2 h with a 647-labeled IgG secondary antibody (1:200, Thermo
Fisher Scientific, A-21235, USA). The slices were then washed three times with PBS (10 min/time) and
dried and treated with anti-fade mounting medium (Life Technologies, 1427588, USA). Images were
visualized and captured via confocal laser scanning microscopy (Olympus, FV1000, Japan) at a 40x
objective magnification with krypton/argon laser illumination at 488 and 647 nm and captured at 526
and 665 nm. As previously described [34,35], the co-localization of ORAI1/STIM1 was calculated by
Pearson’s correlation coefficients using Image-Pro Plus 6.0.

2.11. Statistical Analysis

Data are presented as means + SEM. SPSS Statistics 17.0 was used for all statistical tests. Group
differences were determined via one-way analysis of variance (ANOVA) with Fisher’s least significant
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difference (LSD) post hoc test. When no homogeneity was detected, ANOVA-Dunnett’s T3 method
was applied. A value of p < 0.05 was considered statistically significant.

3. Results

3.1. Skeletal Muscle Mass and Single Muscle Fiber CSA of PL and AM during Different Hibernation Periods

Changes in skeletal muscle morphology were observed by analyzing the muscle mass (MM)
(Figure 2B) and muscle fiber CSA (Figure 2A,C) in different groups. The results showed that, compared
with the SA group, slight decreases in muscle mass and single muscle fiber CSA (15-20%) were
observed during hibernation.

A LT IBA ET
) .....-
B SA C SA

600- PRE 2500+ PRE

: - =
= I 1BA < IBA
= b# oy . EEET E . ET
E posT T 2000+ T POST
» T
4 4004 . @ Bl # . ¥
E L* o« * - 1500 * 1
o I 2
g 2
E S 1000+
w 2004 S
g s
% E., 500
7]
0 0
PL AM PL AM

Figure 2. Changes in muscle mass and single muscle fiber CSA in PL and AM muscles during different
periods. (A) Representative fluorescence images of single muscle fiber CSA in PL and AM muscles.
400x magnification, scale bar = 100 um. (B) Histogram depicting muscle mass of PL and AM muscles
during different periods. (C) Histogram depicting single muscle fiber CSA in PL and AM muscles
during different periods. CSA, cross-sectional area; PL, plantaris; AM, adductor magnus. SA, summer
active group; PRE, pre-hibernation group; LT, late torpor group; IBA, inter-bout arousal group; ET, early
torpor group; POST, post-hibernation group. Values are means + SEM, n = 6-8. * p < 0.05 compared
with SA; # p < 0.05 compared with PRE.

3.2. Cytoplasmic Ca’* Level in Single Skeletal Muscle Fibers during Different Hibernation Periods

In comparison with that in the SA and PRE groups, the cytoplasmic Ca?* level in the single PL
and AM muscle fibers increased significantly during hibernation, and almost recovered to SA levels
post-hibernation. During the torpor-arousal cycle, the cytoplasmic Ca?* level partially recovered when
animals re-entered the torpor state. Compared with the results in the LT group, significant decreases
in cytoplasmic Ca®" levels were observed in the PL (24%) and AM muscles (32%) of the ET group
(Figure 3).
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Figure 3. Changes in cytoplasmic Ca?* concentration in PL and AM muscles during different
periods. (A) Representative fluorescence images of single PL and AM muscle fibers. Scale bar =
100 pum. (B) Histogram depicting the cytoplasmic Ca?* fluorescence intensity in PL and AM muscles
during different periods. PL, plantaris; AM, adductor magnus. SA, summer active group; PRE,
pre-hibernation group; LT, late torpor group; IBA, inter-bout arousal group; ET, early torpor group;
POST, post-hibernation group. Values are means + SEM, n = 6-8. * p < 0.05, ** p < 0.01, and *** p < 0.001
compared with SA; # p < 0.05, ## p < 0.01, and ### p < 0.001 compared with PRE; & p < 0.05, && p < 0.01,
and &&& p < 0.001, compared with LT; $$ p < 0.01 and $$$ p < 0.001 compared with IBA; +++ p < 0.001
compared with ET.
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3.3. SR Ca?* Level in Single Skeletal Muscle Fibers during Different Hibernation Periods

In contrast to the results produced for cytoplasmic Ca?*, the SR Ca2* level in single PL and
AM muscle fibers decreased significantly during hibernation and almost recovered to SA levels
post-hibernation (Figure 4). During the torpor-arousal cycle, compared with that in the LT and IBA
groups, the SR Ca?" level in the PL muscle was significantly elevated by 27-34% when animals
re-entered the torpor state, indicating that the SR Ca2* level partially recovered in the ET group.
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Figure 4. Changes in the SR Ca®* concentration in PL and AM muscles during different periods.
(A) Representative fluorescence images of single PL and AM muscle fibers. Scale bar = 100 pm.
(B) Histogram depicting the cytoplasmic Ca®* fluorescence intensity in PL and AM muscles during
different periods. SR, sarcoplasmic reticulum; PL, plantaris; AM, adductor magnus. SA, summer active
group; PRE, pre-hibernation group; LT, late torpor group; IBA, inter-bout arousal group; ET, early
torpor group; POST, post-hibernation group. Values are means + SEM, n = 6-8. * p < 0.05, ** p < 0.01,
and *** p < 0.001 compared with SA; #p < 0.05, ## p < 0.01, and ## p < 0.001 compared with PRE; &&&
p <0.001 compared with LT; $ p < 0.05, $$ p < 0.01, and $$$ p < 0.001 compared with IBA; +++ p < 0.001
compared with ET.
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3.4. Mitochondrial Ca®* Level in Single Skeletal Muscle Fibers during Different Hibernation Periods

Compared with that in the SA or PRE groups, the mitochondrial Ca?* level in the single muscle
fibers was elevated to varying degrees during hibernation (in PL muscle of the IBA group and in AM
muscle of the LT and ET groups) (Figure 5).
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Figure 5. Changes in the mitochondrial Ca?* concentration in PL and AM muscles during different
periods. (A) Representative fluorescence images of single PL and AM muscle fibers. Scale bar =
100 um. (B) Histogram depicting the mitochondrial Ca?* fluorescence intensity in PL and AM muscles
during different periods. PL, plantaris; AM, adductor magnus. SA, summer active group; PRE,
pre-hibernation group; LT, late torpor group; IBA, inter-bout arousal group; ET, early torpor group;
POST, post-hibernation group. Values are means + SEM, n = 6-8. * p < 0.05 and ** p < 0.01 compared
with SA; # p < 0.05 compared with PRE.
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We comprehensively analyzed the changes in cytoplasmic, SR, and mitochondrial Ca®* levels
during different periods. Firstly, the opposite changes in cytoplasmic and SR Ca?* suggest that SR Ca*
participates in fluctuation of the cytoplasmic Ca?* level during hibernation. In addition, the slight
elevation in mitochondrial Ca?* during hibernation may result from increased cytoplasmic Ca?* or SR
Ca®" leakage. Further studies were subsequently carried out to explore the mechanisms involved in
intracellular Ca?* fluctuations during hibernation.

3.5. Relative mRNA and Protein Levels of Key Ca?* Transport Proteins/Channels in Skeletal Muscle Fibers
during Different Hibernation Periods

The mRNA and protein expression levels of several major Ca’" transport proteins/channels
located in the cytoplasm, SR, and mitochondria, including STIM1, ORAI1, RyR1, LETM1, PMCAS3,
SERCA1, MCU, MICU1, MICU2, and the free CaZ* binding protein CALM, as well as the Pearson
correlation coefficients for the co-localization of ORAI1 and STIM1, were detected to explore the
potential mechanisms involved in intracellular Ca?* fluctuation during hibernation. It should be
clarified that, as mRNA expression is very sensitive to both internal and external environmental factors,
large variability in the size of the error bars occurred in the mRNA statistical results. Therefore, we set
a fold-change of >2-fold as the threshold for the biological significance of mRNA expression.

The mRNA and protein expression levels, as well as the Pearson correlation coefficients for
the co-localization of ORAIl1 and STIM1, were detected to explore the role of the SOCE channel in
intracellular Ca?* level fluctuation during hibernation. In the PL muscle, compared with that in the
SA group, the mRNA expression levels of both STIM1 and ORAII increased during IBA (Figure 6A,
B). Their protein expression levels showed an increasing (though non-significant) trend (Figure 7B,
C). In addition, the Pearson correlation coefficients for the co-localization of ORAI1 and STIM1 were
significantly elevated in the IBA group (Figure 8). In the AM muscle, the mRNA and protein expression
levels of STIM1 and ORAI1 showed no significant change in the IBA group. However, Pearson’s
correlation coefficients for the co-localization of ORAI1 and STIM1 exhibited slight increases in the IBA
group. Overall, the Pearson’s correlation coefficients for the co-localization of ORAI1 and STIM1 in PL
and AM muscle increased when ground squirrels aroused from torpor.
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Figure 6. Changes in the mRNA expression of distinct Ca®" transport and binding proteins in PL and
AM muscles during different periods. Histograms depicting (A) stromal interaction molecule-1 (STIM1)
mRNA expression, (B) ORAITI mRNA expression, (C) ryanodine receptor 1 (RyR1) mRNA expression,
(D) leucine zipper-EF-hand containing transmembrane protein 1 (LETM1) mRNA expression, (E)
plasma membrane Ca>* ATPase (PMCA)3 mRNA expression, (F) SR Ca?* ATPase 1 (SERCAT) mRNA
expression, (G) mitochondrial calcium uniporter (MCU) mRNA expression, (H) mitochondrial calcium
uptake 1 (MICUT) mRNA expression, (I) mitochondrial calcium uptake 2 (MICU2) mRNA expression,
and (J) calmodulin (CALM) mRNA expression in PL and AM muscles during different periods. PL,
plantaris; AM, adductor magnus. SA, summer active group; PRE, pre-hibernation group; LT, late torpor
group; IBA, inter-bout arousal group; ET, early torpor group; POST, post-hibernation group. Values
are means + SEM, n = 6-8. * (p < 0.05 and fold change > 2-fold), compared with SA; # (p < 0.05 and
fold change > 2-fold) compared with PRE; & (p < 0.05 and fold change > 2-fold) compared with LT; $
(p < 0.05 and fold change > 2-fold) compared with IBA; + (p < 0.05 and fold change > 2-fold) compared
with ET.
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Figure 7. Changes in the protein expression of distinct Ca?* transport and binding proteins in PL and
AM muscles during different periods. Histograms depicting (A) representative Western blot images of
STIM1, ORAII, RyR1, LETM1, PMCA3, SERCA1, MCU, MICU1, and CALM in PL and AM muscles
during different periods. Histograms depicting (B) STIM1 protein expression, (C) ORAI1 protein
expression, (D) RyR1 protein expression, (E) LETM1 protein expression, (F) PMCAS3 protein expression,
(G) SERCA1 protein expression, (H) MCU protein expression, (I) MICU1 protein expression, and (J)
CALM protein expression in PL and AM muscles during different periods. PL, plantaris; AM, adductor
magnus. SA, summer active group; PRE, pre-hibernation group; LT, late torpor group; IBA, inter-bout
arousal group; ET, early torpor group; POST, post-hibernation group. Values are means + SEM, n = 6-8.
*p <0.05, *p <0.01, and *** p < 0.001 compared with SA; # p < 0.05, ## p < 0.01, and ### p < 0.001
compared with PRE; & p < 0.05 compared with LT; $ p < 0.05 and $$ p < 0.01 compared with IBA; ++
p < 0.01 compared with ET.

In view of the opposite changes between cytoplasmic and SR Ca?" during hibernation, and to
further explore whether the increased cytoplasmic Ca?* during hibernation resulted from SR Ca?*
release, the mRNA and protein expression levels of RyR1 were measured. As shown in Figure 6C, in
the PL muscle, compared with that in the SA group, the mRNA expression of RyR1 was significantly
elevated in the IBA group. Its protein expression also increased (47-60%) in the distinct hibernation
groups (Figure 7D). In the AM muscle, compared with that in the SA group, no significant change
in RyR1 mRNA expression occurred (Figure 6C); however, its protein expression was significantly
increased by 32% in the IBA group (Figure 7D). Overall, the protein expression of RyR1 in the PL and
AM muscles increased significantly during hibernation (especially when animals aroused from torpor).

To further explore whether increased cytoplasmic Ca?" during hibernation resulted from
mitochondrial Ca?* extrusion, the mRNA and protein expression levels of LETM1 were detected. In
the PL muscle, compared with that in the PRE group, the mRNA expression of LETM1 increased
significantly in the IBA and ET groups. Its protein expression level also significantly increased (37—40%)
in the IBA and ET groups. In the AM muscle, compared with that in the SA group, the mRNA
expression of LETM1 was dramatically elevated in the POST group (Figure 6D). The protein expression
level was also elevated by (36-48%) in the LT, ET, and POST groups (Figure 7E). Overall, the mRNA
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and protein expression levels of LETM1 in the PL and AM muscles were elevated during hibernation
and after post-hibernation.
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Figure 8. Changes in Pearson correlation coefficients of ORAI1/STIM1 in PL and AM muscles during
different periods. (A) Representative fluorescence images in PL and AM muscles during different
periods. 800x magnification, scale bar = 100 um. (B) Histogram depicting Pearson correlation
coefficients of ORAI1/STIM1 in PL and AM muscles during different periods. PL, plantaris; AM,
adductor magnus. SA, summer active group; PRE, pre-hibernation group; LT, late torpor group; IBA,
inter-bout arousal group; ET, early torpor group; POST, post-hibernation group. Values are means +
SEM, n = 6-8. *p < 0.05 and ** p < 0.001 compared with SA; # p < 0.05 compared with PRE; & p < 0.05
compared with LT; $ p < 0.05 and $$ p < 0.01 compared with IBA.



Cells 2020, 9, 42 16 of 22

The results showed that the cytoplasmic Ca?* level partially recovered when the ground squirrels
re-entered torpor after 12-24 h of IBA, which led us to consider the CaZ* level recovery mechanisms
involved in this process. The mRNA and protein expression levels of PMCA3 (a major plasma
membrane Ca’" ATPase in skeletal muscle) were first detected. The results showed that, compared
with the SA and PRE groups, the mRNA level of PMCA3 in the PL muscle increased significantly in the
IBA and ET groups (Figure 6E). A lower mRNA expression of PMCA3 was observed during hibernation
in the AM muscle. In addition, the protein expression level of PMCA3 showed no significant differences
among the different groups in either the PL or AM muscles (Figure 7F).

The mRNA and protein expression levels of SERCA1, a highly important Ca?* pump located in the
SR, were then detected. Compared with that in the SA group, the mRNA expression level of SERCA1
in the PL and AM muscles increased significantly in the IBA group (Figure 6F). Consistent with the
changes in mRNA expression levels, the protein level of SERCA1 in the PL and AM muscles also
increased significantly (43-58%) in the LT, IBA, and ET groups (Figure 7G). Overall, elevated SERCA1
mRNA and protein expression levels were observed in the PL and AM muscles during hibernation.

Mitochondria also plays a critical role in Ca?* storage in skeletal muscle. Therefore, the mRNA
and protein expression levels of the MCU complex, a major mitochondrial Ca?* uptake channel, were
determined. In the PL and AM muscles, compared with those in the SA group, no significant changes in
mRNA expression levels of MCU, MICU1, or MICU2 were observed during hibernation (Figure 6G,H,I).
However, the protein expression levels of MCU and MICU1 were increased significantly (29-51%) in
the LT, IBA, and ET groups (Figure 7H,I).

In addition to the Ca?* channels or pumps, free Ca?* binding protein plays a major role in
cytoplasmic Ca?* levels. Therefore, we also detected the mRNA and protein expression levels of
CALM. As shown in Figure 6], in the PL and AM muscles, there were no significant differences in the
mRNA expression levels of CALM among the different groups. However, the protein expression level
was significantly increased during hibernation in the PL muscle, but showed no significant differences
in the AM muscle (Figure 7]).

4. Discussion

A comprehensive time-course investigation was firstly carried out to measure the cytoplasmic,
SR, and mitochondrial Ca?* levels, as well as clarify the possible Ca?* regulatory mechanisms, in
the skeletal muscles of Daurian ground squirrels during different hibernation states. Fluctuations in
intracellular Ca?" levels were observed during the torpor-arousal cycle, with Ca?* levels partially
recovered when the animals aroused and then re-entered torpor (Figure 9A). Further investigation
suggested that the Ca?* proteins/channels and free Ca?* binding protein located in the cytoplasm, SR,
and mitochondria all participated in the fluctuation of intracellular Ca?* (Figure 9B).
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Figure 9. Graphical summary of the study. Our research focused on the potential roles of major Ca®*
channels and proteins in cytoplasmic Ca?* fluctuations in skeletal muscles of Daurian ground squirrels
during hibernation. (A) Fluctuation of cytoplasmic Ca?* levels in skeletal muscle fibers during the
torpor-arousal cycle. (B) Increased activation probability or protein expression of SOCE, RyR1, and
LETM1 may participate in the periodic elevation of cytoplasmic Ca?* during hibernation, whereas the
increased expression of SERCA1, MCU, and CALM (only for PL) may be potential mechanisms through
which hibernators can attenuate cytoplasmic Ca?* and restore Ca>* homeostasis during hibernation.
Compared with that in LT or IBA groups, the decreased activation of SOCE and increased expression of
MCU may participate in the partial down-regulation of cytoplasmic Ca?*. PL, plantaris; AM, adductor
magnus. SA, summer active group; PRE, pre-hibernation group; LT, late torpor group; IBA, inter-bout
arousal group; ET, early torpor group; POST, post-hibernation group.
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During prolonged hibernation, hibernators experience various stressful conditions, including
prolonged inactivity, hypoxia, fasting, and repeated ischemia-reperfusion from the torpor-arousal cycle.
Here, after several months of hindlimb inactivity during hibernation, slight decreases in muscle mass
and single muscle fiber CSA (15-20%) were observed, suggesting that only limited skeletal muscle
loss occurs in the PL and AM muscles, consistent with our previous report on PL and gastrocnemius
muscles [36]. Obviously, hibernators can be considered good anti-atrophy models, and their unique
skeletal muscle preservation mechanisms deserve further exploration. In view of the critical role of
intracellular Ca?* homeostasis in skeletal muscle maintenance, the present study focused on changes
in Ca®" levels in the different compartments (including cytoplasm, SR, and mitochondria) of skeletal
muscle fibers during different hibernation stages. The results showed that the cytoplasmic Ca?* levels
in the PL and AM muscles were elevated to varying degrees during hibernation, suggesting that, similar
to the phenomenon found in non-hibernators, prolonged skeletal muscle disuse during hibernation
was accompanied by elevated cytoplasmic Ca®* levels [37-40]. However, fluctuations in cytoplasmic
Ca?* levels were observed during the torpor-arousal cycle, with an increase during LT and partial
recovery when the squirrels re-entered torpor after transient arousal. Therefore, periodic arousal from
torpor may be a strategy employed by hibernators to adjust and stabilize cytoplasmic Ca?* levels to
effectively avoid excessive Ca®*-induced skeletal muscle loss or damage. Our previous study found
that, compared with pre-hibernation levels, serum Ca?* concentrations in ground squirrels increased
significantly during hibernation and recovered after post-hibernation [41]. This raises the question of
whether increased serum Ca?* concentrations during hibernation influence cytoplasmic Ca?* levels.
SOCE is the main channel of extracellular Ca?* influx. Higher co-localization coefficients of its two
major components, i.e.,, STIM1 and ORAI1, represent a higher activation probability of SOCE [35]. Our
results showed that the co-localization coefficients of STIM1 and ORAI1 increased significantly during
LT and IBA, suggesting that the activation probability of SOCE increased during these two stages.
Furthermore, the extracellular Ca?* influx mediated by SOCE may be one reason for the increased
cytoplasmic Ca?* level during LT and IBA. In addition to extracellular Ca?* influx, Ca" release from
intracellular Ca?* storage can also cause elevated cytoplasmic Ca?" levels. RyR1 is the main Ca?*
release channel located in the SR. The results showed that its protein expression level was up-regulated
to varying degrees during different periods of hibernation. Combined with the phenomenon that
the Ca" concentration in the SR showed the opposite change to that of cytoplasmic Ca?* during
hibernation, the increased release of SR Ca?* was likely a major reason for the increased Ca?* level
in skeletal muscles of ground squirrels during hibernation. In addition to SR Ca?" release, several
proteins also mediated Ca?* efflux from the mitochondria to the cytoplasm. The present study showed
that the protein expression of LETM1, a major channel that mediates Ca®* efflux in the mitochondrial
membrane, was increased to varying degrees during different periods of hibernation, intimating
that Ca®* release mediated by LETM1 in the mitochondria may also be involved in the increase in
cytoplasmic Ca®* levels during hibernation.

As a Ca?* pump located in the cell membrane, PMCA3 can pump intracellular Ca?* out of
the cell. In the current study, however, the PMCAS3 protein expression levels showed no significant
differences during hibernation. Therefore, PMCA3 did not appear to play a substantial role in the
fluctuation of cytoplasmic Ca?* in hibernation. In contrast, the protein expression levels of SERCA1,
a major Ca’" uptake channel in the SR, were significantly up-regulated during different stages of
hibernation, contrary to the decrease in SERCA activity found in non-hibernating animals under
disuse conditions [42]. Our previous study showed that the protein content of SERCAZ2 in the soleus
and extensor digitorum longus muscles of Daurian ground squirrels increased significantly during
hibernation and IBA [7]. Other studies have also reported that SERCA activity is more resistant to
temperature reduction in hibernating cardiac muscle than that in non-hibernating rats [43,44]. Such
evidence indicates that, although faced with various stresses during hibernation, including a low
temperature, low metabolism, and prolonged skeletal muscle disuse, SERCA1 still maintains high
activity and can pump more cytoplasmic Ca?* into the SR, thus avoiding an excessive increase in
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cytoplasmic Ca?* and related skeletal muscle injury. In addition, the protein expression of MCU,
a major Ca®* absorption channel located in the mitochondrial membrane, was elevated during
hibernation, and may therefore be another important mechanism for the absorption of Ca* into
the mitochondria and alleviation of the Ca?* level in the cytoplasm. However, we know that when
the concentration of mitochondrial CaZ* reaches a certain threshold, mitochondrial depolarization is
triggered and, as a consequence, the pro-apoptotic protein Bax is activated, translocated, and inserted
into the outer membrane via Bax/Bax-homo-oligomerization [45]. This is followed by the formation
and opening of a mitochondrial permeability transition pore (mPTP), through which cytochrome C
(a mitochondria-residing apoptogenic factor) is released into the cytosol, leading to the cleavage of
nuclear DNA and cell apoptosis [3,46]. In the present study, the level of mitochondrial Ca?* only
increased slightly during hibernation. Therefore, the simultaneously higher expression of MCU and
LETM1 may be a strategy employed by hibernating ground squirrels to control the balance between
cytoplasmic and mitochondrial Ca?*, and thereby avoid mitochondrial Ca* concentration-induced
skeletal muscle damage, such as cell apoptosis. As a free Ca?* binding protein, CALM can relieve
the elevation of cytoplasmic Ca?* by binding to free Ca®" in the cytoplasm. Our results showed that
the protein expression of CALM in the PL muscle increased significantly, and the enhanced free Ca*
binding capacity mediated by the elevated protein expression of CALM may thus be another important
mechanism in hibernating ground squirrels to alleviate cytoplasmic Ca?* levels during hibernation.

During the torpor-arousal cycle, the intracellular Ca?* level showed increased-decreased
fluctuation. Compared with that during LT and IBA, the cytoplasmic Ca?* level in the skeletal
muscles of the Daurian ground squirrels was down-regulated to varying degrees after re-entry into
torpor (ET). Compared with levels in LT, the co-localization coefficients of STIM1 and ORAI1 decreased
to varying degrees, representing decreased Ca?* influx mediated by SOCE, which may be another
critical mechanism used to avoid the intracellular Ca?* increase caused by persistent Ca?* influx during
hibernation. In addition, we found that the higher protein expression of Ca?* uptake channel MCU in
ET may be another vital mechanism through which PL muscle can relieve cytoplasmic Ca?* overload.
It is worth noting that, after arousal from hibernation, the intracellular CaZ* levels (i.e., cytoplasmic,
SR, and mitochondrial) returned to the levels found in the SA and PRE groups, thus reflecting a strong
and rapid Ca" recovery ability of these ground squirrels. We further found that the expression of Ca*
transport proteins/channels or free Ca?* binding protein also returned to the levels observed in the SA
and PRE groups. This may be due to the sampling time of the POST group, which occurred 3 d after
the squirrels aroused from torpor, and all physiological states had returned to normal.

By comparing and analyzing the mRNA and protein expression levels of each Ca?* transporter
protein, we found that the levels were not always consistent in the same stage. In particular, during LT,
the mRNA levels of most Ca?* transport proteins/channels were decreased or showed no significant
change, whereas the corresponding protein expression levels were significantly increased. In view
of these results, we checked the transcription and proteomic analysis results of the skeletal muscles
during different hibernation stages (unpublished data) and found that the predicted results were
consistent with our experimental findings. Previous studies have demonstrated that transcriptional
elongation and initiation are essentially arrested during hibernation [47,48], which may be one of the
main reasons for the lower mRNA expression of Ca?* transport proteins/channels in skeletal muscles
of Daurian ground squirrels during LT. In other words, the inconsistent changes in mRNA and protein
expression levels may be the result of total inhibition at the transcriptional level during LT, although
the corresponding protein expression was not affected during hibernation.

In summary, despite experiencing stresses such as a low temperature, low metabolism, and
prolonged hindlimb inactivity during hibernation, hibernating ground squirrels still possess a strong
Ca?* operation ability. Here, by regulating the activity and protein expression of Ca?* pumps,
Ca?* channels, and Ca?* binding proteins in the cytoplasm, SR, and mitochondrial membrane,
the dynamic balance of intracellular Ca?" homeostasis was well-maintained during hibernation.
Therefore, maintaining intracellular Ca?* homeostasis and avoiding skeletal muscle injury caused by
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its disturbance appear to be priority strategies employed by hibernating squirrels to cope with the
various stresses induced during the torpor-arousal cycle.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/9/1/42/s1,
Figure S1: Represent image of the complete SDS-PAGE lane for each antibody used in present study.

Author Contributions: J.Z. and X.L. participated in the study design and carried out the molecular laboratory
work, acquisition of data, data analysis and interpretation, and drafting of the manuscript. FI., S.X., Z.W., C.Y,, and
X.P. helped draft the manuscript. Y.G. contributed to the conception and design of the study and final approval of
the submitted version. H.C. and H.W. critically revised the paper for important intellectual content. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was supported by funds from the National Natural Science Foundation of China (No. 31772459),
Shaanxi Province Natural Science Basic Research Program (2018JM3015), and Key Project of North Minzu University
(No. 2017K]J28, 2016skky02).

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Gao, Y, Arfat, Y.; Wang, H.; Goswami, N. Muscle atrophy induced by mechanical unloading: Mechanisms
and potential countermeasures. Front. Physiol. 2018, 9, 235. [CrossRef]

2. Goll, D.E.; Thompson, V.E; Li, H.; Wei, W.; Cong, J. The calpain system. Physiol. Rev. 2003, 83, 731-801.
[CrossRef]

3. Powers, SK.; Wiggs, M.P; Duarte, J.A.; Zergeroglu, A.M.; Demirel, H.A. Mitochondrial signaling contributes
to disuse muscle atrophy. Am. J. Physiol. Endocrinol. Metab. 2012, 303, E31-E39. [CrossRef] [PubMed]

4. Gao, Y.E; Wang, ].; Wang, H.P; Feng, B.; Dang, K.; Wang, Q.; Hinghofer-Szalkay, H.G. Skeletal muscle is
protected from disuse in hibernating dauria ground squirrels. Comp. Biochem. Physiol. Part A Mol. Integr.
Physiol. 2012, 161, 296-300. [CrossRef] [PubMed]

5. Cotton, CJ. Skeletal muscle mass and composition during mammalian hibernation. J. Exp. Biol. 2016, 219,
226-234. [CrossRef] [PubMed]

6. Fu, W, Hu, H,; Dang, K,; Chang, H.; Du, B.; Wu, X.; Gao, Y. Remarkable preservation of Ca?* homeostasis
and inhibition of apoptosis contribute to anti-muscle atrophy effect in hibernating daurian ground squirrels.
Sci. Rep. 2016, 6, 27020. [CrossRef]

7. Guo, QL. Mi, X,; Sun, X.Y;; Li, X.Y,; Fu, WW.,; Xu, S.H.; Wang, Q.; Arfat, Y.; Wang, H.P.; Chang, H.; et al.
Remarkable plasticity of Na*, K™-atpase, Ca?*"-atpase and serca contributes to muscle disuse atrophy
resistance in hibernating daurian ground squirrels. Sci. Rep. 2017, 7, 10509. [CrossRef]

8. Varnai, P; Hunyady, L.; Balla, T. Stim and orai: The long-awaited constituents of store-operated calcium
entry. Trends Pharmacol. Sci. 2009, 30, 118-128. [CrossRef]

9. Salido, G.M.; Sage, S.O.; Rosado, J.A. Biochemical and functional properties of the store-operated CaZ*
channels. Cell. Signal. 2009, 21, 457-461. [CrossRef]

10. Vig, M.; Peinelt, C.; Beck, A.; Koomoa, D.L.; Rabah, D.; Koblan-Huberson, M.; Kraft, S.; Turner, H.; Fleig, A.;
Penner, R.; et al. Cracm1 is a plasma membrane protein essential for store-operated Ca®* entry. Science 2006,
312,1220-1223. [CrossRef]

11. Taylor, C.W. Store-operated Ca’* entry: A stimulating storai. Trends Biochem. Sci. 2006, 31, 597-601.
[CrossRef] [PubMed]

12. Xu, P;Lu,J; Li, Z; Yu, X,; Chen, L.; Xu, T. Aggregation of stim1 underneath the plasma membrane induces
clustering of orail. Biochem. Biophys. Res. Commun. 2006, 350, 969-976. [CrossRef] [PubMed]

13. Luik, RM.; Wang, B.; Prakriya, M.; Wu, M.M.; Lewis, R.S. Oligomerization of stim1 couples er calcium
depletion to crac channel activation. Nature 2008, 454, 538-542. [CrossRef] [PubMed]

14. Avila-Medina, ].; Mayoral-Gonzalez, I.; Dominguez-Rodriguez, A.; Gallardo-Castillo, I.; Ribas, J.; Ordonez, A.;
Rosado, J.A.; Smani, T. The complex role of store operated calcium entry pathways and related proteins in
the function of cardiac, skeletal and vascular smooth muscle cells. Front. Physiol. 2018, 9, 257. [CrossRef]
[PubMed]

15. Laver, D.R. Ca®" stores regulate ryanodine receptor Ca’* release channels via luminal and cytosolic Ca?*
sites. Clin. Exp. Pharmacol. Physiol. 2007, 34, 889-896. [CrossRef]


http://www.mdpi.com/2073-4409/9/1/42/s1
http://dx.doi.org/10.3389/fphys.2018.00235
http://dx.doi.org/10.1152/physrev.00029.2002
http://dx.doi.org/10.1152/ajpendo.00609.2011
http://www.ncbi.nlm.nih.gov/pubmed/22395111
http://dx.doi.org/10.1016/j.cbpa.2011.11.009
http://www.ncbi.nlm.nih.gov/pubmed/22133905
http://dx.doi.org/10.1242/jeb.125401
http://www.ncbi.nlm.nih.gov/pubmed/26792334
http://dx.doi.org/10.1038/srep27020
http://dx.doi.org/10.1038/s41598-017-10829-6
http://dx.doi.org/10.1016/j.tips.2008.11.005
http://dx.doi.org/10.1016/j.cellsig.2008.11.005
http://dx.doi.org/10.1126/science.1127883
http://dx.doi.org/10.1016/j.tibs.2006.09.007
http://www.ncbi.nlm.nih.gov/pubmed/17029812
http://dx.doi.org/10.1016/j.bbrc.2006.09.134
http://www.ncbi.nlm.nih.gov/pubmed/17045966
http://dx.doi.org/10.1038/nature07065
http://www.ncbi.nlm.nih.gov/pubmed/18596693
http://dx.doi.org/10.3389/fphys.2018.00257
http://www.ncbi.nlm.nih.gov/pubmed/29618985
http://dx.doi.org/10.1111/j.1440-1681.2007.04708.x

Cells 2020, 9, 42 21 of 22

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Felder, E.; Protasi, F; Hirsch, R.; Franzini-Armstrong, C.; Allen, P.D. Morphology and molecular composition
of sarcoplasmic reticulum surface junctions in the absence of dhpr and ryr in mouse skeletal muscle. Biophys.
J. 2002, 82, 3144-3149. [CrossRef]

Raffaello, A.; Mammucari, C.; Gherardi, G.; Rizzuto, R. Calcium at the center of cell signaling: Interplay
between endoplasmic reticulum, mitochondria, and lysosomes. Trends Biochem. Sci. 2016, 41, 1035-1049.
[CrossRef]

Jiang, D.; Zhao, L.; Clapham, D.E. Genome-wide rnai screen identifies letm1 as a mitochondrial CaZt/H*
antiporter. Science 2009, 326, 144-147. [CrossRef]

Brini, M.; Cali, T.; Ottolini, D.; Carafoli, E. The plasma membrane calcium pump in health and disease. FEBS
J. 2013, 280, 5385-5397. [CrossRef]

Primeau, J.O.; Armanious, G.P; Fisher, M.E.; Young, H.S. The sarcoendoplasmic reticulum calcium atpase.
Sub-Cell. Biochem. 2018, 87, 229-258.

Wang, C.H.; Wei, Y.H. Role of mitochondrial dysfunction and dysregulation of CaZ* homeostasis in the
pathophysiology of insulin resistance and type 2 diabetes. |. Biomed. Sci. 2017, 24, 70. [CrossRef] [PubMed]
Perocchi, F.; Gohil, V.M,; Girgis, H.S.; Bao, X.R.; McCombs, J.E.; Palmer, A.E.; Mootha, VK. Micul encodes a
mitochondrial ef hand protein required for Ca?t uptake. Nature 2010, 467, 291-296. [CrossRef] [PubMed]
Patron, M.; Checchetto, V.; Raffaello, A.; Teardo, E.; Vecellio Reane, D.; Mantoan, M.; Granatiero, V.; Szabo, L.;
De Stefani, D.; Rizzuto, R. Micul and micu? finely tune the mitochondrial CaZt uniporter by exerting
opposite effects on mcu activity. Mol. Cell 2014, 53, 726-737. [CrossRef] [PubMed]

Klee, C.B.; Vanaman, T.C. Calmodulin. Adv. Protein Chem. 1982, 35, 213-321.

Zhang, J.; Wei, Y,; Qu, T.; Wang, Z.; Xu, S.; Peng, X.; Yan, X.; Chang, H.; Wang, H.; Gao, Y. Prosurvival roles
mediated by the perk signaling pathway effectively prevent excessive endoplasmic reticulum stress-induced
skeletal muscle loss during high-stress conditions of hibernation. J. Cell. Physiol. 2019, 234, 19728-19739.
[CrossRef]

Park, M.K,; Petersen, O.H.; Tepikin, A.V. The endoplasmic reticulum as one continuous Ca?* pool:
Visualization of rapid Ca%* movements and equilibration. EMBO J. 2000, 19, 5729-5739. [CrossRef]
Ainbinder, A.; Boncompagni, S.; Protasi, F.; Dirksen, R.T. Role of mitofusin-2 in mitochondrial localization
and calcium uptake in skeletal muscle. Cell Calcium 2015, 57, 14-24. [CrossRef]

Zhang,].;Li, Y,; Li, G.; Ma, X.; Wang, H.; Goswami, N.; Hinghofer-Szalkay, H.; Chang, H.; Gao, Y. Identification
of the optimal dose and calpain system regulation of tetramethylpyrazine on the prevention of skeletal
muscle atrophy in hindlimb unloading rats. Biomed Pharm. 2017, 96, 513-523. [CrossRef]

Kazmin, D.; Edwards, R.A.; Turner, R.]J.; Larson, E.; Starkey, J. Visualization of proteins in acrylamide gels
using ultraviolet illumination. Anal. Biochem. 2002, 301, 91-96. [CrossRef]

Edwards, R.A.; Jickling, G.; Turner, R.J. The light-induced reactions of tryptophan with halocompounds.
Photochem. Photobiol. 2002, 75, 362-368. [CrossRef]

Ladner, C.L.; Yang, J.; Turner, R.J.; Edwards, R.A. Visible fluorescent detection of proteins in polyacrylamide
gels without staining. Anal. Biochem. 2004, 326, 13—20. [CrossRef] [PubMed]

Li, R,; Shen, Y. An old method facing a new challenge: Re-visiting housekeeping proteins as internal reference
control for neuroscience research. Life Sci. 2013, 92, 747-751. [CrossRef] [PubMed]

Posch, A.; Kohn, J.; Oh, K.; Hammond, M.; Liu, N. V3 stain-free workflow for a practical, convenient, and
reliable total protein loading control in western blotting. J. Vis. Exp. 2013, 82, 50948. [CrossRef] [PubMed]
Butorac, C.; Muik, M,; Derler, I; Stadlbauer, M.; Lunz, V.; Krizova, A.; Lindinger, S.; Schober, R.; Frischauf, I.;
Bhardwaj, R.; et al. A novel stim1-orail gating interface essential for crac channel activation. Cell Calcium
2019, 79, 57-67. [CrossRef]

Ross, G.R.; Bajwa, T.; Edwards, S.; Emelyanova, L.; Rizvi, F; Holmuhamedov, E.L.; Werner, P.; Downey, EX;
Tajik, A.J.; Jahangir, A. Enhanced store-operated Ca?* influx and orail expression in ventricular fibroblasts
from human failing heart. Biol. Open 2017, 6, 326-332. [CrossRef]

Ma, X.; Chang, H.; Wang, Z.; Xu, S.; Peng, X.; Zhang, J.; Yan, X.; Lei, T.; Wang, H.; Gao, Y. Differential
activation of the calpain system involved in individualized adaptation of different fast-twitch muscles in
hibernating daurian ground squirrels. J. Applied Physiol. 2019, 127, 328-341. [CrossRef]

Wu, X.; Gao, Y.F; Zhao, X.H.; Cui, ].H. Effects of tetramethylpyrazine on nitric oxide synthase activity and
calcium ion concentration of skeletal muscle in hindlimb unloading rats. Zhonghua Yi Xue Za Zhi 2012, 92,
2075-2077.


http://dx.doi.org/10.1016/S0006-3495(02)75656-7
http://dx.doi.org/10.1016/j.tibs.2016.09.001
http://dx.doi.org/10.1126/science.1175145
http://dx.doi.org/10.1111/febs.12193
http://dx.doi.org/10.1186/s12929-017-0375-3
http://www.ncbi.nlm.nih.gov/pubmed/28882140
http://dx.doi.org/10.1038/nature09358
http://www.ncbi.nlm.nih.gov/pubmed/20693986
http://dx.doi.org/10.1016/j.molcel.2014.01.013
http://www.ncbi.nlm.nih.gov/pubmed/24560927
http://dx.doi.org/10.1002/jcp.28572
http://dx.doi.org/10.1093/emboj/19.21.5729
http://dx.doi.org/10.1016/j.ceca.2014.11.002
http://dx.doi.org/10.1016/j.biopha.2017.10.012
http://dx.doi.org/10.1006/abio.2001.5488
http://dx.doi.org/10.1562/0031-8655(2002)075&lt;0362:TLIROT&gt;2.0.CO;2
http://dx.doi.org/10.1016/j.ab.2003.10.047
http://www.ncbi.nlm.nih.gov/pubmed/14769330
http://dx.doi.org/10.1016/j.lfs.2013.02.014
http://www.ncbi.nlm.nih.gov/pubmed/23454168
http://dx.doi.org/10.3791/50948
http://www.ncbi.nlm.nih.gov/pubmed/24429481
http://dx.doi.org/10.1016/j.ceca.2019.02.009
http://dx.doi.org/10.1242/bio.022632
http://dx.doi.org/10.1152/japplphysiol.00124.2019

Cells 2020, 9, 42 22 of 22

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Ingalls, C.P; Warren, G.L.; Armstrong, R.B. Intracellular CaZ* transients in mouse soleus muscle after
hindlimb unloading and reloading. J. Appl. Physiol. 1999, 87, 386-390. [CrossRef]

Ingalls, C.P.; Wenke, J.C.; Armstrong, R.B. Time course changes in [Ca2*]i, force, and protein content in
hindlimb-suspended mouse soleus muscles. Aviat. Space Environ. Med. 2001, 72, 471-476.

Hu, N.F; Chang, H.; Du, B.; Zhang, Q.W.; Arfat, Y.; Dang, K.; Gao, Y.F. Tetramethylpyrazine ameliorated
disuse-induced gastrocnemius muscle atrophy in hindlimb unloading rats through suppression of
Ca?*/ros-mediated apoptosis. Appl. Physiol. Nutr. Metab. Physiol. Appl. Nutr. Metab. 2017, 42,
117-127. [CrossRef]

Hu, H.X,; Du, EY.; Fu, WW,; Jiang, S.F.; Cao, ]J.; Xu, S.H.; Wang, H.P.; Chang, H.; Goswami, N.; Gao, Y.F.
A dramatic blood plasticity in hibernating and 14-day hindlimb unloading daurian ground squirrels
(spermophilus dauricus). J. Comp. Physiol. B Biochem. Syst. Environ. Physiol. 2017, 187, 869-879. [CrossRef]
[PubMed]

Li, S.; Yang, Z.; Gao, Y,; Li, G.; Wang, H.; Hinghofer-Szalkay, H.G. Ligustrazine and the contractile properties
of soleus muscle in hindlimb-unloaded rats. Aviat. Space Environ. Med. 2012, 83, 1049-1054. [CrossRef]
[PubMed]

Liu, B.; Belke, D.; Wang, L. CaZt uptake by cardiac sarcoplasmic reticulum at low temperature in rat and
ground squirrel. Am. |. Physiol. 1997, 272, 1121-1127. [CrossRef] [PubMed]

Wang, 5.Q.; Lakatta, E.G.; Cheng, H.; Zhou, Z.Q. Adaptive mechanisms of intracellular calcium homeostasis
in mammalian hibernators. J. Exp. Biol. 2002, 205, 2957-2962.

Zha, H.; Aime-Sempe, C.; Sato, T.; Reed, ]J.C. Proapoptotic protein bax heterodimerizes with Bcl-2 and
homodimerizes with bax via a novel domain (BH3) distinct from BH1 and BH2. J. Biol. Chem. 1996, 271,
7440-7444. [CrossRef]

Green, D.R.; Kroemer, G. The pathophysiology of mitochondrial cell death. Science 2004, 305, 626-629.
[CrossRef]

Pan, P; Treat, M.D.; van Breukelen, F. A systems-level approach to understanding transcriptional regulation
by p53 during mammalian hibernation. . Exp. Biol. 2014, 217, 2489-2498. [CrossRef]

van Breukelen, F.; Martin, S.L. Reversible depression of transcription during hibernation. . Comp. Physiol. B
Biochem. Syst. Environ. Physiol. 2002, 172, 355-361. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1152/jappl.1999.87.1.386
http://dx.doi.org/10.1139/apnm-2016-0363
http://dx.doi.org/10.1007/s00360-017-1092-7
http://www.ncbi.nlm.nih.gov/pubmed/28501920
http://dx.doi.org/10.3357/ASEM.3249.2012
http://www.ncbi.nlm.nih.gov/pubmed/23156092
http://dx.doi.org/10.1152/ajpregu.1997.272.4.R1121
http://www.ncbi.nlm.nih.gov/pubmed/9140010
http://dx.doi.org/10.1074/jbc.271.13.7440
http://dx.doi.org/10.1126/science.1099320
http://dx.doi.org/10.1242/jeb.103614
http://dx.doi.org/10.1007/s00360-002-0256-1
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Animals and Groups 
	Muscle Sample Collection and Preparation 
	Skeletal Muscle Fiber Cross-Sectional Area (CSA) Determination 
	Single Muscle Fiber Isolation 
	Measurement of Cytoplasmic Ca2+ 
	Measurement of Sarcoplasmic Reticulum Ca2+ 
	Measurement of Mitochondrial Ca2+ 
	Total RNA Extraction and Quantitative Real-Time Polymerase Chain Reaction (RT-PCR) 
	Protein Extraction and Western Blotting Analysis 
	Co-Localization Analysis of ORAI1/STIM1 
	Statistical Analysis 

	Results 
	Skeletal Muscle Mass and Single Muscle Fiber CSA of PL and AM during Different Hibernation Periods 
	Cytoplasmic Ca2+ Level in Single Skeletal Muscle Fibers during Different Hibernation Periods 
	SR Ca2+ Level in Single Skeletal Muscle Fibers during Different Hibernation Periods 
	Mitochondrial Ca2+ Level in Single Skeletal Muscle Fibers during Different Hibernation Periods 
	Relative mRNA and Protein Levels of Key Ca2+ Transport Proteins/Channels in Skeletal Muscle Fibers during Different Hibernation Periods 

	Discussion 
	References

