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Abstract Over the course of the torpor-arousal cycle,
hibernators must make behavioral, physiological, and
molecular rearrangements in order to keep a very low
metabolic rate and retain organ viability. 13-lined ground
squirrels (Ictidomys tridecemlineatus) remain immobile
during hibernation, and although the mechanisms of
skeletal muscle survival are largely unknown, studies have
shown minimal muscle loss in hibernating organisms.
Additionally, the ground squirrel heart undergoes cold-
stress, reversible cardiac hypertrophy, and ischemia—
reperfusion without experiencing fatal impairment. This
study examines the role of the Janus kinase—signal trans-
ducer and activator of transcription (JAK-STAT) signaling
pathway in the regulation of cell stress in cardiac and
skeletal muscles, comparing euthermic and hibernating
ground squirrels. Immunoblots showed a fivefold decrease
in JAK3 expression during torpor in skeletal muscle, along
with increases in STAT3 and 5 phosphorylation and sup-
pressors of cytokine signaling-1 (SOCS1) protein levels.
Immunoblots also showed coordinated increases in
STATI1, 3 and 5 phosphorylation and STATI inhibitor
protein expression in cardiac muscle during torpor. PCR
analysis revealed that the activation of these pro-survival
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signaling cascades did not result in coordinate changes in
downstream genes such as anti-apoptotic B-cell lym-
phoma-2 (Bcl-2) family gene expression. Overall, these
results indicate activation of the JAK-STAT pathway in
both cardiac and skeletal muscles, suggesting a response to
cellular stress during hibernation.
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Introduction

In order to survive cold environmental temperatures and/or
severely depleted resources, many small mammals reduce
their metabolic expenditures, hibernating for up to
9 months per year [1]. Mammalian hibernation consists of
many deep torpor bouts (up to 1-3 weeks during mid-
winter) interrupted by short arousal periods (6-24 h,
depending on the species) [1]. During these torpor bouts,
the body temperature (7},) of ground squirrels decreases to
0-5 °C, heart beat decreases from 200-300 to 5—10 beats/
min, metabolic rate decreases to 1-5 % of the normal
resting rate at 37 °C, breathing rate decreases from over 40
breaths/min to less than 1 breath/min, and cerebral blood
flow decreases by 90 % compared with euthermic levels
[1-3]. By entering hibernation, ground squirrels save
approximately 88 % of the energy they would need to
maintain a body temperature of 37 °C during the winter
months [1]. During the late summer months, ground
squirrels prepare for hibernation by entering a phase of
hyperphagia, with weight gains of up to 50 %. As a result,
fatty acids mobilized from white adipose tissue becomes
the main metabolic fuel source during hibernation [4]. The
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model organism of the current study, the 13-lined ground
squirrel (Ictidomys tridecemlineatus), lives in the central
grasslands of North America and endures harsh winter
conditions by hibernating underground.

Of particular interest in the present research are the
specific adaptations exhibited by cardiac and skeletal
muscle that ensure that organ integrity can be maintained
during hibernation. Heart rate and cardiac output decrease
to 3-5 and ~2 % of the euthermic level, respectively [3].
However, the force of cardiac contraction must dramati-
cally increase in order to maintain some organ perfusion at
a very low Ty, when blood is very cold and viscous [3].
Studies have shown that the force of cardiac contraction
can increase two to fivefold in Richardson’s ground
squirrels when body temperatures decrease from 38 to 5 °C
[3]. Similar to cardiomyocytes, skeletal muscle also exhi-
bits important metabolic and molecular changes that are
essential to ensure muscle health. These changes include a
preference for fatty acid oxidation, a decrease in the
activity of glycolytic enzymes, enhanced stress tolerance
(e.g., antioxidant defenses), and muscle-specific sarcomeric
and structural changes [3, 5, 6]. As a result of many months
spent in inactive torpor, skeletal muscle is also at risk for
disuse atrophy. This is of particular concern given the need
for well-developed capacity for shivering thermogenesis
that is an important contributor to rewarming the body
during arousal and to ensure motility upon emergence from
hibernation in the spring. Consequently, hibernators pre-
serve muscle mass throughout long periods of muscle
disuse and starvation, unlike non-hibernators, who would
suffer from relatively more muscle atrophy and degenera-
tion. Due to the importance of maintaining cardiac and
skeletal muscle health, we are interested in the mechanisms
that promote cell survival during hibernation, with a par-
ticular focus on transcription factor regulation.

To achieve metabolic rate depression while maintaining
homeostasis during hibernation, various changes must occur
at the molecular level, including changes in gene expression,
post-translational modifications, and alterations in enzyme
kinetics [7]. We have identified various transcription factors
which are essential to this process by regulating key genes
that are essential for hibernation survival [8-10]. One such
transcription factor family is the signal transducers and
activators of transcription (STAT) protein family, which
includes seven members: STAT1, STAT2, STAT3, STAT4,
STAT5a, STATSb, and STAT6 [11]. STATs 2, 4, and 6 are
involved in cell-mediated immunity and interferon (IFN)-
gamma signaling, whereas STATSs 1, 3, and 5 are involved
in the cell cycle, apoptosis, IFN-gamma signaling, and
embryogenesis, among other processes [12]. Due to the
importance of the latter processes in the viability of cardiac
and skeletal muscle during torpor, STAT1, STAT3, and
STATS will be the focus of this study.
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Although STAT proteins are structurally similar, they
each have distinct functions [13]. STATI is commonly
implicated in pro-apoptotic functions due to its ability to up-
regulate pro-apoptotic genes like caspase-1, FAS, p21, and
p53, among others [13]. In contrast, STAT3 and STATS are
involved in pro-survival gene expression. Furthermore, in
skeletal muscle, STAT3 has been associated with myocyte
proliferation in vivo and in vitro [14], while STATS5 phos-
phorylation has been shown to protect starving skeletal
muscle [15]. In cardiac muscle, STAT3 and STATS5 are
known to function as cardioprotective agents in the heart
during ischemia/reperfusion by limiting cell death and
necrosis, and by promoting hypertrophy and cardiac
angiogenesis [11, 13, 16, 17]. Additionally, STAT3 has been
implicated in cytoprotective and survival signaling path-
ways in damaged heart tissue due to oxidative stress [18].

The upregulation of certain genes/proteins during hiber-
nation is important because hibernation is the time of energy
conservation. Therefore, the use of metabolic fuel for the
transcription/translation of particular proteins likely has
importance during torpor [7]. Also, given the important role of
STAT proteins in cellular survival, we hypothesized that
transcriptional changes occurring due to the regulation of
STAT proteins could contribute to ground squirrel survival
during hibernation. In the present study, we evaluate the
phosphorylation level of pro-survival STATs and their
respective upstream controls including Janus kinases (JAKSs),
protein inhibitors of activated STATSs (PIAS), and suppressors
of cytokine signaling (SOCS) proteins during hibernation.
Finally, we measured anti-apoptotic myeloid cell leukemia 1
(Mcl-1), B-cell lymphoma extra-large (Bcl-xL), and B-cell
lymphoma 2 (Bcl-2) mRNA during hibernation, since these
genes/proteins help maintain the integrity of cardiac and
skeletal muscle tissue, two essential hibernator organs. In
cardiac muscle, the phosphorylation of each STAT increased
and there was an increase in the protein level of STATI1
inhibitors. In skeletal muscle, there were increases in the rel-
ative phosphorylation of pro-survival STATSs and changes in
SOCSI1 protein levels which could modulate STAT gene
expression. Bcl-2 family gene expression remained constant
or decreased in both cardiac and skeletal muscle of hibernating
ground squirrels. These results suggest that different pro-sur-
vival pathways are stimulated in skeletal and cardiac muscle to
best protect these essential organs, although the direct down-
stream transcriptional consequences require further studies.

Methods
Animals

Thirteen-lined ground squirrels (Ictidomys tridecemlinea-
tus) weighing approximately 150-300 g, were wild-



Mol Cell Biochem (2016) 414:115-127

117

captured by a United States Department of Agriculture-
licensed trapper (TLS Research, Bloomingdale, IL) and
transported to the Animal Hibernation Facility, National
Institute of Neurological Disorders and Stroke (NIH,
Bethesda, MD). All hibernation experiments were con-
ducted by the laboratory of Dr. J. M. Hallenback. Guide-
lines set by the NINDS animal care and use committee
(ACUC) concerning animal housing and experimental
procedures were followed. Each thirteen-lined ground
squirrel was fitted with a sensor chip (IPTT-300; Bio
Medic Data Systems) injected subcutaneously while anes-
thetized with 5 % isoflurane and was housed individually
in a shoebox cage at 21 °C. Animals were fed a standard
rodent diet and water ad libitum until they gained sufficient
lipid stores to enter hibernation. Animals were transferred
to an environmental chamber at ~5 °C in constant dark-
ness to enable a natural transition into torpor. Body tem-
perature (7y), time, and respiration rate were monitored to
determine sampling points. Hallmarks of hibernation
include a body temperature that declines to slightly above
ambient temperature and a respiratory rate that changes
from continuous to intermittent breathing such that breaths
are taken only every 30 s to 6 min [3, 19]. All thirteen-
lined ground squirrels had been through a series of torpor-
arousal bouts prior to sampling. Animals were sampled as
in McMullen and Hallenbeck [20]. Tissue samples were
shipped to Carleton University on dry ice. The tissues were
stored at —80 °C until use. EC designates euthermic, cold
room; these euthermic animals had a stable T}, (~37 °C) in
the 5 °C cold room, were able to enter torpor but had not
done so in the past 72 h. LT designates late torpor; animals
that were continuously in deep torpor for at least 5 days
with Ty, values of 5-8 °C.

Protein extraction for Western blot analysis

All total protein samples from ground squirrel skeletal
muscle and heart tissues were prepared as follows: tissues
from 3 to 4 different animals from both sampling points
were separately weighed and ground up using a mortar and
pestle under liquid nitrogen. The sample was homogenized
1:2 w/v using a Polytron PT10 in ice-cold homogenization
buffer (20 mM HEPES, 200 mM NaCl, 0.1 mM EDTA,
10 mM NaF, 1 mM Na3;VOy,, and 10 mM B-glycerophos-
phate, pH 7-8.), along with a few crystals of phenyl-
methanesulfonyl fluoride and 1 pL. of Sigma protease
inhibitor. The samples were stored on ice up until they
were centrifuged at 4 °C at 10,000x g for 15 min. Imme-
diately after centrifugation, the supernatant was removed
and stored on ice. The BioRad assay method was used to
determine the protein concentration and sample concen-
trations were standardized to 4 pg/mL. Samples used for
Western blots were combined with 2X sodium dodecyl

sulfate (SDS) buffer (100 mM Tris base, 4 % w/v lauryl
sulfate (SDS), 20 % v/v glycerol, 0.2 % w/v bromophenol
blue, and 10 % v/v 2-mercaptoethanol) to a final concen-
tration of 2 pg/ul, boiled for 5-10 min, vortexed, and
stored at —40 °C until use.

® assay

Protein extraction for Luminex
Frozen cardiac and skeletal muscle tissue samples from EC
and LT ground squirrels were used to prepare protein
extracts according to the manufacturer’s directions and as
previously described [33]. Briefly, 50 mg of frozen tissue
from 4 different animals was weighed for each time point
and homogenized 1:5 w/v with a glass homogenizer in ice-
cold lysis buffer (1 mM NazVO,, 10 mM NaF, 10 mM B-
glycerophosphate, and 10 pL/mL Sigma protease inhi-
bitor). The homogenized samples were incubated on ice for
30 min with periodic vortexing. Then, samples were cen-
trifuged at 10,000 rpm for 20 min at 4 °C. The BioRad
protein reagent was used to determine the concentration of
soluble protein found in the supernatant. Assay Buffer 2
(EMD Millipore; Cat#43-041) was used to dilute skeletal
muscle samples 0.04 pg/pl and cardiac muscle samples to
1 pg/pL. Positive and negative controls provided by the
manufacturer were used in each assay, and were prepared
according to the manufacturer’s instructions. Unstimulated
Jurkat cell lysate (Cat#47-206) was used as a negative
control, whereas Jurkat cell lysate: Anisomycin (Cat#47-
207) was used as a positive control. The appropriate
amount of assay buffer was added to the reconstituted
lysates, as described in the manufacturer’s instructions.

Western blotting

Equal amounts of protein were loaded into each well of
SDS-PAGE gels (STAT: 10 pg, 8-10 % gel; PIAS:
10-20 pg, 8 % gels; JAK: 20-30 pg, 8 % gels; SOCS:
20 ng, 15 % SDS-PAGE gels, and 15 % Tris-Tricine gels).
The SDS-PAGE resolving gels were 8—15 % acrylamide,
and used as a Tris—glycine buffer with a pH of 8.8. The
5 % stacking gels used a Tris—glycine buffer with a pH of
6.8. The SDS-PAGE gels were run for 45-75 min in a
Tris—glycine running buffer, at 180 V, using the BioRad
Mini Protean III system. The separated proteins were
transferred onto a 0.45 micron polyvinylidene fluoride
(PVDF) paper, at 160 mA for 60-150 min in a Tris—gly-
cine transfer buffer. The resulting PVDF membranes were
washed for 15 min in TBST (20 mM Tris base, pH 7.6,
140 mM NaCl, 0.05 % v/v Tween-20). In order to reduce
unspecific binding, a blocking buffer containing either
2.5 % w/v milk, 1 mg/mL high molecular weight polyvinyl
alcohol (70-100 kDa PVA), or low molecular weight PVA
(30-70 kDa), were made with TBST. The membranes were
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probed with primary antibody (1:1000 v/v with TBST) on a
rocker in a 4 °C fridge overnight, or on a rocker at room
temperature for 4 h. The phospho-STAT1,3,5, SOCS1-3,
and PIAS1,3,4 primary antibodies used in this study were
purchased from Cell Signaling (p-STAT1 Y701 cat no.
7649, p-STAT3 Y727 cat. no. 9134, p-STAT3 Y705 cat.
no. 9145, p-STATS Y694 cat. no. 4322, SOCS1 cat. no.
3950, SOCS2 cat. no. 2779, SOCS3 cat. no. 2932, PIAS1
cat. no. 3550, PIAS3 cat. no. 4164, PIAS4 cat. no. 4392)
and the p-JAK antibodies were purchased from Santa Cruz
Biotechnology (p-JAK1 Y1022/1023 cat. no. sc-16773-R,
p-JAK2 Y1007/1008 cat. no. sc-16566-R, p-JAK3 Y980
cat. no. sc-16567-R). After the removal of primary anti-
bodies, the membranes were washed in TBST for
15-20 min and were exposed to an HRP-linked anti-rabbit
goat IgG secondary antibody (diluted with TBST to
1:8000-1:4000 v/v) for 40-60 min (with the exception of
PIAS4 blots, which were exposed to an HRP-linked anti-
rabbit sheep IgG secondary antibody). The membranes
were washed for at least 30 min in TBST and then exposed
using Luminol and hydrogen peroxide in the chemilumi-
nescence visualizing system (Syngene). The total amount
of protein in each lane was assessed using Coomassie Blue
staining (0.25 % w/v Coomassie brilliant blue, 7.5 % v/v
acetic acid, 50 % methanol) of the PVDF membranes.

Total RNA extraction

Briefly, approximately 50 mg of frozen cardiac or skeletal
muscle tissue was weighed for each biological replicate
and then homogenized in 1 mL Trizol (Invitrogen) using a
Polytron PT1200 homogenizer. Next, 200 pL of chloro-
form was added and mixed before samples were cen-
trifuged at 10,000xg for 15 min at 4 °C. The upper
aqueous phase containing the RNA fraction was transferred
and precipitated by the addition of 750 pL of 2-propanol.
Each sample was centrifuged at 12,000xg for 15 min at
4 °C, washed with 1 mL of 70 % ethanol, and then cen-
trifuged again for 12,000xg for 5 min. The supernatants
were removed and the RNA pellets were allowed to air dry
for 15-30 min at room temperature. The pellets were then
resuspended in 30 pL. RNase-free water. RNA purity was
assessed by measuring the absorbance at 260 and 280 nm.
RNA integrity was assessed by visualizing 18S and 26S
ribosomal bands on a 1 % agarose gel with SybrGreen
staining.

cDNA synthesis and PCR amplifications
Firstly, 3 ng RNA from each sample was incubated with
1 pL of Oligo-dT (200 ng/pL) and placed in a thermocy-

cler at 65 °C for 5 min. Next, the samples were chilled on
ice for 5 min. Reverse transcription was performed with
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the following reagents: 4 pL of 5X first-strand buffer (In-
vitrogen), 2 pL of 0.1 M DTT (Invitrogen), 1 pL of 10 mM
dNTPs (BioShop), and 1 pL of MMLV Reverse tran-
scriptase (Invitrogen). Each sample was spun down before
incubating at 42 °C for 45 min. Ten-fold serial dilutions of
the cDNA samples were prepared for relative quantifica-
tion of select mRNAs and reference genes. PCR reagents
were prepared and qPCR was performed as previously
described [21] using a BioRad MylIQ2 Detection System
(BioRad, Hercules, CA, USA). The primers used for PCR,
synthesized by Integrated DNA Technologies (Coralville,
Iowa, USA), were designed using the 13-lined ground
squirrel genome from the ensemble database (http://www.
ensembl.org) and using Primer BLAST (http://www.ncbi.
nlm.nih.gov/tools/primer-blast/). The primer sequences for
each gene are listed in Table 1.

All PCR runs underwent melt-curve analysis and dilu-
tion curve testing to identify which amplified more than
one PCR product or amplified non-mRNA products, as
indicated by more than one melt curve or by no change in
C, values between serial dilutions, respectively. Raw C;
values obtained from each PCR run were converted to a
linear form using 2-C, calculations and were normalized
against the reference gene. The chosen reference gene was
considered acceptable by determining that its expression
did not change between control and torpor conditions, as
previously described [22]. For this experiment, actin y2
was used as the reference gene in skeletal muscle and
tubulin B1 was used in cardiac muscle. Standardized values
for each experimental condition were expressed as
mean £+ SEM, where n = 3-4 biological replicates. Dif-
ferences between control and hibernation conditions were
considered statistically significant when the Student’s 7 test
yielded a result of p < 0.05.

Luminex® assay

A Luminex multiplex panel was used to measure cleaved
PARP and active Caspase-3 levels in heart and muscle
samples (EMD Millipore; Human Late Apoptosis Magnetic
Bead Kit, Cat#48-670MAG). Targets included cleaved
PARP and active Caspase-3. The protocol for multiplex
analysis was performed as instructed by the manufacturer.
Briefly, the premixed antibody capture beads that were
supplied with the kit (EMD Millipore; Cat#42-670MAG)
were sonicated, vortexed, and diluted as required. After
incubation with assay buffer, sample or control lysates
were individually combined with the premixed beads,
followed by a 2-h incubation on a shaker at 4 °C in the
dark. The microplate was placed on a Handheld Magnetic
Separator Block (Cat#40-285) for 60 s and the wells were
emptied of the lysates. Assay Buffer was used to wash the
wells twice. The magnetic separation block was attached
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Table 1 Forward and reverse primers used in qPCR of STAT-transcribed anti-apoptotic genes and reference genes in 13-lined ground squirrel
cardiac and skeletal muscle, where actin Y2 was used as the reference gene in muscle and tubulin B1 was used as the reference gene in heart

Gene Forward primer Reverse primer

Mcl-1 5'-GACTCAACCTCTACTGCGGG-3' 5'-CCTTCTCGGCGGCTAAGAG-3'
Bcl-2 5'-GAGAAAGGATGGCTCACGCT-3’ 5'-TCTCCAGCATCCCACTCGTA-3'
Bcl-xL 5'-TCTCTTTCTCTCTCTTCAGAACCT-3’ 5'-CTCACTGAGTCTGGTCTCTGC-3'
Actin y2 5'-CTGTCTTCCCCTCCATCGTG-3' 5'-CCTCATCCCCAACGTAGCTG-3'
Tubulin B1 5'-GGTGAACAGTGGGTCTCCTG-3’ 5'-CCGCATCCTTGCTTTGAACC-3'

and the assay buffer was decanted. The Milliplex Map
Detection Antibody (EMD Millipore, Cat#44-670KMG)
was vortexed, diluted, and added to each well as described
by the manufacturer. Then, the microplate was sealed,
covered, and shaken on a rocker for 1 h at room temper-
ature. The wells were decanted, washed, and incubated
with appropriately prepared Streptavidin—Phycoerythrin
(EMD Millipore; Cat#45-001H) for 15 min at room tem-
perature on a plate shaker protected from light. Milliplex
Map Amplification Buffer (EMD Millipore; Cat#43-024A)
was then added to each well and rocked for 15 min at room
temperature in the dark. The buffer was then decanted, the
beads were resuspended in Assay Buffer, and the micro-
plate rocked at room temperature for 5 min before taking
measurements. Median fluorescence intensity (MFI) was
collected using a Luminex® 200 instrument and xPonent
software (Luminex® Corporation). As with PCR and
Western blot data, standardized values for each experi-
mental condition were expressed as mean == SEM, where
n = 3-4 biological replicates. Differences between control
and hibernation conditions were considered statistically
significant when the Student’s ¢ test yielded a result of
p < 0.05.

Results

The response of p-STAT proteins to deep torpor
in cardiac and skeletal muscle

The relative expression of phosphorylated STAT1, STAT3,
and STATS transcription factors associated with cell pro-
liferation, differentiation, and apoptosis were measured in
cardiac and skeletal muscle by immunoblotting comparing
euthermic control squirrels (EC) with animals in deep
torpor (LT) [23]. STAT transcriptional activity is regulated
by post-translational modifications such as protein phos-
phorylation at several distinct sites. Transcriptional activity
is enhanced when STAT!1 is phosphorylated at Y701,
STAT3 at Y705/S727, and STATS at Y694; therefore,
antibodies that recognize these phosphorylation sites were
used to monitor changes in the activity state. As compared

with controls, relative protein levels of p-STAT1 Y701 did
not change in skeletal muscle tissue during torpor (Fig. 1).
Conversely, cardiac muscle showed significant changes in
p-STAT1 (Y701) levels during deep torpor (increased by
2.0-fold), as compared to controls (Fig. 2). As compared
with EC controls, levels of the p-STAT3 (Y705) tran-
scription factor did not change in cardiac and skeletal
muscle tissues during deep torpor. In contrast, the relative
level of p-STAT3 (S727) phosphorylation in both cardiac
and skeletal muscle tissues increased significantly in deep
torpor (by 1.4-fold and by 1.9-fold, respectively). Also, the
relative amount of p-STATS (Y694) increased in both
cardiac and skeletal muscle tissues during LT as compared
to EC (values were 2.0- and 2.1-fold higher in LT for
cardiac and skeletal muscle, respectively).

The response of p-JAKs to deep torpor in skeletal
and cardiac muscle

Immunoblotting was used to determine the relative levels of
phosphorylation of p-JAKsl-3, comparing EC and LT in
skeletal and cardiac muscles. In cardiac muscle, the relative
levels of p-JAK1 (Y1022/1023), p-JAK2 (Y1007/1008), and
p-JAK3 (Y908) were unchanged during LT as compared to
EC (Fig. 3). The relative phosphorylation levels of p-JAKI
and p-JAK2 in skeletal muscle were also unchanged; how-
ever, p-JAK3 phosphorylation levels decreased fivefold
during torpor as compared to controls (Fig. 4).

The response of SOCS and PIAS proteins to deep
torpor in skeletal and cardiac muscle

Relative levels of SOCS1-3 and PIASI1, 3 and 4 proteins
were analyzed in skeletal and cardiac muscle comparing
EC and LT. The relative protein levels of PIAS1, PIAS3,
and PIAS4 were unchanged in skeletal muscle but
increased by 3.6- and 1.9-fold for PIAS1 and PIASA4,
respectively, in cardiac muscle of hibernating animals
(Fig. 5). As compared with controls, relative protein levels
of SOCSI, 2, and 3 did not change in cardiac muscle tissue
during torpor. The relative protein levels of SOCS2 and
SOCS3 did not change in skeletal muscle tissue, but there
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Fig. 1 Relative levels of phosphorylated STATS in 13-lined ground
squirrel muscle tissue. Sampling points are euthermic controls (EC)
and late torpor (LT). Histograms in (a) show mean relative expression
levels of p-STAT (Y701), p-STAT3 (Y705), p-STAT3 (S727), and
p-STATS (Y694) (£SEM, n = 4 independent protein isolations from
different animals, except for p-STAT3 (S727) and p-STATS (Y694)
where n =7 and n =3 were used, respectively). Representative
Western blots are shown in (b). Data were analyzed using a Student’s
t test. Asterisks above the LT bar indicate statistical significance, as
compared with the EC time point (p < 0.05)

was a significant increase in the amount of SOCS1 protein
in skeletal muscle tissue during LT (by 1.5-fold) (Fig. 6).

Changes in expression of STAT-mediated genes
during deep torpor in skeletal and cardiac muscle

To determine whether the changes in STAT expression and
phosphorylation pattern have an influence on the expres-
sion of STAT downstream genes, we assessed mRNA
expression levels of Mcl-1, Bcl-2, and Bcl-xL in both
euthermic and torpid cardiac and skeletal muscle tissues of
the 13-lined ground squirrel. Mcl-1, Bcl-2, and Bcl-xL
transcript levels did not change during LT with respect to
EC in skeletal muscle (Fig. 7). Similarly, Mcl-1 and Bcl-2
transcript levels did not change between EC and LT time
points in cardiac muscle. In contrast, Bcl-xL transcript
levels in cardiac muscle decreased during LT to less than
65 % of the value at EC (p < 0.05) (Fig. 8).
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Fig. 2 Relative levels of phosphorylated STATs in 13-lined ground
squirrel heart tissue. Histograms in (a) show mean relative expression
levels of p-STAT (Y701), p-STAT3 (Y705), p-STAT3 (S727), and
p-STATS (Y694) (£SEM, n = 4 independent protein isolations from
different animals). Representative Western blots are shown in (b).
Data were analyzed using a Student’s ¢ test. Asterisks above the LT
bar indicate statistical significance with respect to the EC time point
(p < 0.05)

The response of activated pro-apoptotic proteins
to deep torpor in skeletal and cardiac muscle

A Luminex® assay was used to determine the relative
levels of cleaved poly-(ADP-Ribose) polymerase (PARP)
and active caspase-3, comparing EC and LT in skeletal and
cardiac muscle. In skeletal muscle, cleaved PARP levels
decreased to 60 % of euthermic levels during LT but cas-
pase-3 levels remained constant (Fig. 9). There were no
changes in the levels of cleaved PARP or active caspase-3
during LT in heart (Fig. 10).

Discussion

During hibernation, ground squirrel skeletal and cardiac
muscles must make substantial molecular rearrangements,
while keeping a very low metabolic rate, in order to avoid
cell death and retain organ viability. Muscle atrophy is the
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Fig. 3 Relative levels of phosphorylated JAKs in 13-lined ground
squirrel heart tissue. Histograms in (a) show mean relative expression
levels of p-JAK1 (Y1022/1023), p-JAK2 (Y1007/Y1008), and
p-JAK3 (Y908) (£SEM, n = 4 independent protein isolations from
different animals). Representative Western blots are shown in (b).
Data were analyzed using a Student’s ¢ test. Asterisks above the LT
bar indicate statistical significance with respect to the EC time point

(p < 0.05)

reorganization and loss of muscle fiber that can result from
muscle disuse, a common occurrence during extended
bedrest, spaceflight, and cessation of exercise [24]. Hiber-
nating 13-lined ground squirrels remain immobile during
hibernation without loss of muscle mass, and this is of
particular importance given the role of skeletal muscle in
shivering thermogenesis during arousal and the importance
of muscle fitness upon emergence from hibernation [5, 25].
Hibernating ground squirrel hearts must respond to cold
winter conditions by increasing the force of contraction to
pump viscous blood throughout the body [3, 7]. Addi-
tionally, the ground squirrel serves as an excellent model
organism for cardiomyocyte viability during reversible
cardiac hypertrophy, ischemia—reperfusion, and cold-stress
[6, 7, 26]. Since regulatory mechanisms acting on signal
transduction pathways, transcription factors, and gene
expression have been associated with cell survival in
hibernating mammals [27-29], the current study aimed to
further our understanding of the regulation of the JAK-
STAT pathway in the 13-lined ground squirrel striated
muscle during hibernation.

Signal transducers and activators of transcription
(STATSs) are important transcription factors that control the
expression of genes involved in cell cycle progression,
apoptosis, T-cell development, IFN-gamma signaling,

EC S o B b B b e e T

p-JAK3 (Y908)

Fig. 4 Relative levels of phosphorylated JAKs in 13-lined ground
squirrel muscle tissue. Histograms in (a) show mean relative
expression levels of p-JAKI (Y1022/1023), p-JAK2 (Y1007/
Y1008), and p-JAK3 (Y908) (+=SEM, n = 4 independent protein
isolations from different animals). Representative Western blots are
shown in (b). Data were analyzed using a Student’s 7 test. Asterisks
above the LT bar indicate statistical significance with respect to the
EC time point (p < 0.05)

embryogenesis, and mammary gland development [30, 31].
In particular, STATS 2, 4, and 6 control T-cell development
and IFN-gamma signaling, while STATs 1, 3, and 5 have
roles in cell survival, growth, and development [31]. The
survival of cardiac and skeletal muscle cells is crucial in
order for hibernating 13-lined ground squirrels to endure
harsh winter conditions, so STATs 1, 3, and 5 were
decidedly the focus of our study. Using Western blotting, it
was found that the levels of phosphorylated forms of
STAT1 (Y701), STAT3 (Y727), and STATS (Y694)
increased during LT in ground squirrel cardiac muscle
(Fig. 2). In contrast, p-STAT3 (Y705) levels did not
change during LT with respect to EC. These results are
consistent with the findings of other research groups, who
have monitored STAT expression and activity in vitro and
in vivo during various forms of cardiac stress, including
ischemia—reperfusion stress, hypoxia, hypertrophy, tissue
remodeling, myocardial infarction, and oxidative stress
[13]. For example, STAT3 was determined to be cardio-
protective by various research groups because its phos-
phorylation leads to the expression of cardioprotective
genes including Bcl-xL, Bcl-2, manganese-dependent
superoxide dismutase (MnSOD), cyclooxygenase-2 (Cox-
2), and nitric oxide synthase (iNos) [11, 13, 18], its absence
leads to increased myocardial infarct size and cardiac cell
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Fig. 5 Relative levels of PIAS and SOCS proteins in 13-lined ground
squirrel heart tissue. Histograms in (a) show mean relative expression
levels of PIASI, PIAS3, PIAS4, SOCSI, SOCS2, and SOCS3
(£SEM, n = 4 independent protein isolations from different ani-
mals). Representative Western blots are shown in (b). Data were
analyzed using a Student’s ¢ test. Asterisks above the LT bar indicate
statistical significance with respect to the EC time point (p < 0.05)

apoptosis in mice hearts subjected to ischemia—reperfusion
stress [13], and its upregulation in rat hearts preconditioned
to ischemia—reperfusion stress is associated with smaller
infarct sizes, superior ventricle function post-ischemia, and
fewer cardiac cell deaths [18]. Thus, an increase in the
level of phosphorylated forms of STAT3 in the cardiac
muscle of hibernating ground squirrels could suggest an
elevated need for cardioprotective gene expression.
STATS3 has two major phosphorylation sites—Y705 and
S727. Phosphorylation at Y705 is required for STAT dimer-
ization, nuclear translocation, and DNA binding [32]. Serine
phosphorylation has been found to be equally important in
DNA binding [33-35]. S727A mutants were found to be
approximately 50 % as effective as their wild-type counter-
part at initiating transcription, likely because this phospho-
rylation site aides in the recruitment of cofactors required for
STAT activation of transcription [33, 35]. Therefore, an

@ Springer

Fig. 6 Relative levels of PIAS and SOCS proteins in 13-lined ground
squirrel muscle tissue. Histograms in (a) show mean relative
expression levels of PIASI, PIAS3, PIAS4, SOCS1, SOCS2, and
SOCS3 (£SEM, n = 4 independent protein isolations from different
animals except for PIAS3 where n = 3 was used for the LT condition
only). Representative Western blots are shown in (b). Data were
analyzed using a Student’s ¢ test. Asterisks above the LT bar indicate
statistical significance with respect to the EC time point (p < 0.05)

increase in p-STAT3 (S727) in both skeletal and cardiac
muscle during hibernation could be important to maintain
adequate DNA-binding affinity [1]. Phosphorylation at S727
is also required for mitochondrial STAT3 to augment electron
transport chain (ETC) activity in order to maintain cellular
homeostasis [36, 37]. Since hibernating ground squirrels
dramatically decrease their metabolism in order to conserve
energy, STAT3 activity at the mitochondria could support
some level of ATP supply for vital metabolic processes during
hibernation or may be essential during arousal when meta-
bolic activity increases dramatically over a short period of
time. Alternatively, p-STAT3 (Y705) levels did not change
between euthermic and deep torpor conditions in cardiac or
skeletal muscle, but maintaining basal Y705 phosphorylation
levels could be important to keep the transcription factor in
the nucleus during torpor (Figs. 1, 2).
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Fig. 7 Expression of mRNAs in skeletal muscle tissue samples from
the euthermic control (black bar) and torpid ground squirrels (gray
bar) was evaluated by RT-PCR. Relative expression of indicated
mRNAs was normalized to the expression of actin gamma 2 mRNA
from the same sample. The relative mRNA expression in the torpid
animals was further normalized to that in the euthermic control,
which was arbitrarily set as 1.0. Data are mean &= SEM (n =3
independent trials from different EC animals and n = 4 independent
trials from different LT animals). Significant difference in mRNA
expression in torpid compared to that of the euthermic control
according to Student’s ¢ test was indicated with asterisks (p < 0.05)
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Fig. 8 Expression of mRNAs in cardiac muscle tissue samples from
the euthermic control (black bar) and torpid ground squirrels (gray
bar) was evaluated by RT-PCR. Relative expression of indicated
mRNAs was normalized to the expression of tubulin beta mRNA
from the same sample. The relative mRNA expression in the torpid
animals was further normalized to that in the euthermic control,
which was arbitrarily set as 1.0. Data are mean + SEM (n = 4
independent trials from different animals). Significant difference in
mRNA expression in torpid compared to that of the euthermic control
according to Student’s ¢ test was indicated with asterisks (p < 0.05)

In contrast to STAT3, STATI1 is known to transcribe
pro-apoptotic genes, such as BAK1 and BAX [38]. Mice
suffer from larger myocardial infarct sizes when STAT1 is
constitutively expressed in cardiac tissue [13]. STATI
expression is also associated with more cardiomyocyte
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Fig. 9 Relative levels of cleaved PARP and active caspase-3 proteins
in 13-lined ground squirrel muscle tissue. Histogram shows mean
relative expression levels of cleaved PARP and active caspase-3
(£SEM, n = 4 independent protein isolations from different animals
except for active caspase-3 where n =3 was used for the EC
condition only). Data were analyzed using a Student’s ¢ test. Asterisks
above the LT bar indicate statistical significance with respect to the
EC time point (p < 0.05)
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Fig. 10 Relative levels of cleaved PARP and active caspase-3
proteins in 13-lined ground squirrel heart tissue. Histogram shows
mean relative expression levels of cleaved PARP and active caspase-3
(£SEM, n = 4 independent protein isolations from different animals
except for cleaved PARP where n = 3 was used for the EC condition
and except for active caspase-3 where n = 3 was used for the LT
condition). Data were analyzed using a Student’s ¢ test. Asterisks
above the LT bar indicate statistical significance with respect to the
EC time point (p < 0.05)

death following ischemia—-reperfusion injury [11]. The
increase in the phosphorylated form of STAT1 in cardiac
tissue is consistent with the results of other research
groups, who have found increases in STAT1 following
conditions such as ischemia-reperfusion and hypoxia,
analogous stressors that the 13-lined ground squirrel endure
during hibernation [11, 13]. STAT1 and STAT3 are
upregulated together following various cardiac stressors,
including virally induced cardiac damage and ischemia—
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reperfusion injury [11, 13, 39]. In each study, it was con-
cluded that the pro-apoptotic effects of STATI1 were
diminished by the anti-apoptotic effects of STAT3 [11, 13].
Specifically, STAT3 expression was shown to inhibit
STATI1-mediated cardiomyocyte cell death [11]. This
study shows a concurrent upregulation of both p-STAT1
(Y701) and p-STAT3 (S727) in cardiac muscle during
torpor, suggesting that pro-survival signaling cascades may
compete with cell death signals during deep torpor. Addi-
tionally, STAT activity is regulated by JAK phosphoryla-
tion and inhibitor expression (Fig. 11). Following docking
to a receptor, dimerized and phosphorylated JAK kinases
present SH2 docking sites for STATs. Activated JAKs
phosphorylate STATSs at tyrosine residues, which allows
them to dimerize and translocate to the nucleus [40].
Suppressors of cytokine signaling (SOCS) and protein
inhibitors of activated STAT (PIAS) proteins can block
JAK-STAT signaling at the JAK and STAT levels,
respectively. In cardiac muscle, there were no changes in
phosphorylated JAK or total SOCS protein levels between
euthermic and torpid ground squirrels, but PIAS1 and
PIAS4 expressions increased (Figs. 3, 5). PIAS1 and
PIAS3 proteins inhibit STAT1 and STAT3, respectively,
by blocking their DNA-binding ability, while PIAS4
functions as a recruiter of co-repressor molecules that
inhibit the transcriptional activity of STAT1 [57]. There-
fore, PIAS1 and PIAS4 may be upregulated to block
unfavorable effects of STAT1 upregulation during torpor.

STATS also appears to be cardioprotective because
STAT5a is upregulated following ischemia—reperfusion
preconditioning and is associated with smaller myocardial
infarct size and cardiomyocyte cell death [41], is activated
by ischemic injury and its upregulation has been associated
with angiotensinogen gene expression, followed by smaller
myocardial infarct sizes and fewer cardiomyocyte deaths
[17], and STATS5a knockout mice were unable to precon-
dition their hearts following short ischemia-reperfusion
cycles, but STAT6 knockout mice were unable to [11, 41].
In the current study, levels of p-STATS (Y694) doubled
during deep torpor relative to euthermic controls in cardiac
muscle (Fig. 2). This suggests that the signaling cascade
induced by any of the various stressors that affect the
hibernator heart (hypoxia, ischemia/reperfusion, hypertro-
phy, etc.) could activate STATS in order to transcribe
selective genes involved in the protection from these
stressors. One mechanism of STAT3- and STATS-medi-
ated pro-survival effects in cells is through binding to the
promoters of anti-apoptotic genes (Mcl-1, Bcl-xL, Bcl-2,
and x-IAP), which prevents apoptosis by inhibiting mito-
chondrial outer membrane permeabilization (MOMP) and
subsequent caspase activation [42, 43]. PCR analyses were
performed using primer sets specific for Mcl-1, Bcl-2, and
Bcl-xL mRNA. All mRNA levels remained constant during
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LT with respect to EC in both tissues, except Bcl-xL in
cardiac muscle, which decreased during LT to just over
60 % of the EC value (Figs. 7, 8). Interestingly, similar
trends in relative Mcl-1, Bcl-2, and Bcl-xL protein levels
were found in I ftridecemlineatus cardiac and skeletal
muscle comparing euthermic conditions and late torpor
[27]. To determine if unchanging levels of Bcl-2 family
members had an impact on hibernator heart and skeletal
muscle cell viability, a Luminex assay was performed to
measure the levels of active caspase-3 and cleaved PARP.
Active caspase-3 functions as a protease and the N-termi-
nal domain of cleaved PARP blocks the DNA repair
activity of uncleaved PARP in order to facilitate apoptosis
[44]. The levels of these markers for apoptosis did not
change in heart during LT, suggesting that apoptosis is not
prevalent during torpor (Fig. 10). These results are con-
sistent with the results of Rouble et al. who found
unchanging levels of p-p53 (S46), a phosphorylated protein
present when the cell is programed for apoptosis, in the
heart and brain of hibernating 13-lined ground squirrels
[28]. Together, these results suggest that increases in the
phosphorylated forms of STAT do not increase the
expression of the Bcl-2 family of anti-apoptotic proteins
during torpor, and must protect skeletal and cardiac muscle
by activating other cellular pathways. For example, the
study by Rouble et al. found significant increases of cas-
pase inhibitors c-IAP1/2 and x-IAP in 13-lined ground
squirrel heart and muscle, respectively [28]. STAT-con-
trolled upregulation of hypoxia-induced genes for iNOS
and COX-2 could also protect the heart from ischemia—
reperfusion injury prompted by increased breathing rate
and rapid influx of reactive oxygen species upon rewarm-
ing [13]. These data suggest that STATI1, 3 and 5 are
activated in 13-lined ground squirrel and may have pro-
survival effects, but they are not involved in the expression
of the anti-apoptotic Bcl-2 family genes during torpor.
Similar to the changes in phosphorylation levels found
in cardiac muscle tissue, p-STAT3 (S727) and p-STATS
(Y694) significantly increased while p-STAT3 (Y705)
remained the same between control and torpor, in skeletal
muscle tissue (Fig. 1). We anticipated increases in the
levels of phosphorylated forms of STAT3 and STATS to
lead to protective effects in hibernating ground squirrel
muscle, which is at risk of apoptosis as a result of muscle
disuse, muscle atrophy, as well the conditions that affect all
tissues during hibernation including nutrient deprivation,
hypoxia, DNA damage, ion imbalances, etc. [42]. Active
caspase-3 levels did not change during LT compared to
EC, but cleaved PARP levels decreased to 60 % of EC
during LT (Fig. 9). This suggests that anti-apoptotic path-
ways are activated in skeletal muscle to ensure cell via-
bility throughout torpor. Although there were no changes in
the mRNA levels of anti-apoptotic genes in skeletal muscle
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between euthermic and torpid ground squirrels, STAT3 and
5 could be involved in upregulating other protective
molecular pathways. STAT3 signaling cascades also con-
trol embryonic development, muscle generation, and
muscle regrowth following injury [45]. Depending on the
cofactors with which it is associated, STAT3 enables
myoblast differentiation or myogenic proliferation during
muscle development [45-47]. Additionally, STATS is one
of the most important transcription factors in skeletal
muscle tissue and mediates the expression of genes like
IGF-1, pyruvate dehydrogenase 4 (PDK4), and fatty acid
synthase in order to maintain proper skeletal muscle
function [48, 49]. Therefore, increases in the levels of
phosphorylated STAT3 and STATS could prevent muscle
loss (from muscle disuse and starvation) in hibernating
13-lined ground squirrels by transcribing genes involved in
caspase inhibition, energy metabolism, and/or cellular
growth.

In skeletal muscle, a decrease in p-JAK3 (Y908) was
observed during LT, with respect to EC (Fig. 4). Interest-
ingly, p-JAK1 and p-JAK3 heterodimerization can result in
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important genes such as Bcl-2, myc, and p21. Suppressors of cytokine
signaling (SOCS) proteins inhibit JAKs by limiting their activity, by
competing with STATSs for JAK binding sites, and by targeting JAKs
for proteasomal degradation. Protein inhibitors of activated STATSs
(PIAS) proteins inhibit STATs by blocking STAT DNA-binding
ability or by recruiting co-repressor molecules

the phosphorylation of STAT3 and STATS [50]. Several
studies have described the various outcomes of JAKI-3
activation in skeletal muscle. For example, JAK3 inhibition
promotes myogenic differentiation via STAT1 and STAT3
activity [46]. Therefore, the increase in p-STAT3 (S727)
phosphorylation could indeed be the result of the decrease
in p-JAK3 (Y908) phosphorylation in skeletal muscle. In
contrast, JAK1-3 phosphorylation levels did not change
during torpor with respect to euthermic controls in cardiac
muscle, which suggests alternative mechanisms of
p-STAT1 (Y701), p-STAT3 (S727), and p-STATS (Y694)
phosphorylation in heart tissue. For example, STATs can
be phosphorylated by non-receptor tyrosine kinases such as
Src kinases, Abelson (Abl) kinases, and by transmembrane
G-protein-coupled receptors like serotonin 5-HT2A
receptor and angiotensin II receptor [51-53]. JAKI and
Abl kinases are moderately to highly expressed in skeletal
and cardiac muscle. Consequently, a larger role for the
more highly expressed kinases (JAK1 and Abl) in the
activation of STATS in these tissues could provide a pos-
sible explanation for STAT activation despite no changes
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in JAK?2/3 phosphorylation in heart [11, 50]. The discord
between STAT phosphorylation and JAK activation may
also be a result of JAK phosphorylation during early torpor
or rapid de-phosphorylation during LT, such that it is not
detected at the exact sampling time of LT animals. Further
analysis is required in order to understand STAT-mediated
activation. STAT signaling in skeletal muscle was also
found to be regulated by inhibitors. SOCS1 and SOCS3 can
inhibit both JAK1 and JAK2 [39, 50, 54, 55]. Thus, the
increase in SOCS1 correlates with unchanging JAK1 and
JAK2 phosphorylation levels between control and torpor,
and could regulate the JAK-STAT pathway to ensure that
only certain effector genes are transcribed during hiber-
nation, when ATP and nutrients are limited (Fig. 6).

Conclusion

The current data suggest that the activation of select JAK-
STAT pathway proteins in cardiac and skeletal muscle could
help preserve the integrity of these organs throughout
hibernation. Increases in pro-survival STATs and STATI1
inhibitors could limit the pro-apoptotic influence of STATI.
Increases in STAT3 and STATS phosphorylation could
ensure cardiac and skeletal muscle viability by upregulating
expression of caspase inhibitors c-IAP1/2 and x-IAP,
upregulation hypoxia-induced genes, and genes involved in
muscle proliferation. The change in the expression of certain
activators of STATSs (JAKSs, Src kinases, Abl kinases, etc.) or
inhibitors of STATs (PIAS and SOCS proteins) provide
additional regulation of this complex pathway. These
seemingly small metabolic changes may be paramount when
low temperature, muscle disuse, hypoxia, ischemia—reper-
fusion, as well as the many other physiological challenges
associated with torpor are present and are able to stimulate
damaging pro-apoptotic pathways. The 13-lined ground
squirrel serves as a great model of cellular stress and of the
metabolic changes required to maintain organ viability
throughout the winter season.
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