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Abstract The thirteen-lined ground squirrel (Ictidomys

tridecemlineatus) undergoes remarkable adaptive changes

during hibernation. Interestingly, skeletal muscle remodelling

occurs during the torpor-arousal cycle of hibernation to pre-

vent net muscle loss despite inactivity. Reversible car-

diomyocyte hypertrophy occurs in cardiac muscle, allowing

the heart to preserve cardiac output during hibernation, while

avoiding chronic maladaptive hypertrophy post-hibernation.

We propose that calcium signalling proteins [calcineurin

(Cn), calmodulin (CaM), and calpain], the nuclear factor of

activated T cell (NFAT) family of transcription factors, and

the NFAT targets myoferlin and myomaker contribute sig-

nificantly to adaptations taking place in skeletal and cardiac

muscle during hibernation. Protein-level analyses were per-

formed over several conditions: euthermic room tempera-

ture (ER), euthermic cold room (EC), entrance into (EN),

early (ET), and late torpor (LT) time points, in addition to

early (EA), interbout (IA), and late arousal (LA) time points

using immunoblotting and DNA–protein interaction (DPI)

enzyme-linked immunosorbent assay (ELISAs). In skeletal

and cardiac muscle, NFATc2 protein levels were elevated

during torpor. NFATc4 increased throughout the torpor-

arousal cycle in both tissues, and NFATc1 showed this trend

in cardiac muscle only. NFATc3 showed an elevation in

DNA-binding activity but not expression during torpor.

Myoferlin protein levels dramatically increased during torpor

in both skeletal and cardiac muscle. Myomaker levels also

increased significantly in cardiac muscle during torpor. Car-

diac Cn levels remained stable, whereas CaM and calpain

decreased throughout the torpor-arousal cycle. Activation

and/or upregulation of NFATc2, c3, myoferlin, and myo-

maker at torpor could be part of a stress-response mechanism

to preserve skeletal muscle mass, whereas CaM and calpain

appear to initiate the rapid reversal of cardiac hypertrophy

during arousal through downregulation of the NFAT–Cn

pathway.
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Introduction

The thirteen-lined ground squirrel, Ictidomys tridecemlin-

eatus, is native to the central prairies of North America and

survives winter by hibernating underground. During

hibernation, the animal undergoes periods of torpor where

it suppresses its metabolic rate (often to just 2–4 % of

normal conditions) and drops its core body temperature

(Tb) to levels that match its surroundings (often as low as

0–5 �C) [1–4]. Prolonged periods of torpor are interspersed

with brief periods of arousal back to where its metabolic

rate and Tb return to euthermic states. This strategy for

conserving energy can save hibernating ground squirrels up

to 88 % of the ATP expenditure that would otherwise be

required to maintain euthermic physiological conditions

over the course of winter months [4]. Metabolic rate sup-

pression is a controlled process to allow for the mainte-

nance of cellular homeostasis at colder Tb, while
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simultaneously reprioritizing ATP use by different cell

functions. These functions include cell preservation

strategies such as antioxidant defenses and protein chap-

erones, as well as the expression of selected genes and/or

proteins that support cell- or tissue-specific needs [2, 5–9].

Each organ/tissue of the hibernator must make specific

adjustments that allow them to maintain or readjust phys-

iological functions at low Tb values to support long-term

torpor. An issue confronting skeletal muscle is the potential

for disuse-induced atrophy during hibernation; this process

commonly occurs during periods of reduced use whereby

muscle mass, strength, and relative amount of slow

oxidative muscle fibre are reduced [10–13]. Interestingly,

many studies have demonstrated a lack of skeletal muscle

atrophy during hibernation, despite the prolonged period of

mechanical unloading that occurs over the long winter of

inactivity [14–16]. In summary, hibernators have unique

mechanisms of muscle remodelling and muscle mass

retention compared to non-hibernating mammals such as

humans. Therefore, uncovering the molecular mechanisms

of muscle preservation that occurs naturally in hibernators

could be applied through the identification of novel targets

for therapeutic intervention of muscle wasting and to assist

in restoring muscle mass and function during rehabilitation.

Throughout hibernation, another tissue that undergoes

physiological adaptations is the heart. Heart rate is reduced

strongly during torpor, often to just 5–10 beats/min in

comparison with the euthermic rates of 350–400 beats/min;

this plus the increased viscosity of blood at low Tb requires

changes in heart dynamics [1, 17]. Therefore, the strength

of each individual contraction must be significantly greater

so cardiomyocyte hypertrophy is observed, which is

defined as the enlargement of individual cardiomyocytes

[3, 18, 19]. This adaptation is accompanied by enhanced

protein synthesis, adjustments to the structure of sarcom-

eres, and changes in gene transcription [20–23]. In most

mammals, cardiomyocyte hypertrophy is characterized by

significant cardiac fibrosis, which reduces diastolic filling,

and ultimately prevents the heart from pumping enough

blood to meet body demands [20]. Interestingly, hiberna-

tors undergo reversible cardiac hypertrophy, where the

heart hypertrophies during hibernation but is restored after

hibernation to pre-hibernation dimensions, and this may be

related to molecular adaptations that occur during hiber-

nation, which are just beginning to be discovered [6, 22–

24]. Understanding how these animals can rapidly reverse

cardiac hypertrophy would provide novel insight into

treating and preventing maladaptive cardiac hypertrophy.

The present study focused on the regulation of the nuclear

factor of activated T cells (NFAT) family of transcription

factors and their downstream effectors that can play crucial

roles in both cardiac and skeletal muscle remodelling.

Currently, the NFAT family contains five members named

NFAT 1-5 or NFAT c1-4 and NFAT 5 [25]. In its inactive

state, NFAT proteins are phosphorylated and localized in the

cytoplasm. NFATs are activated via dephosphorylation by

calcineurin (Cn), a calmodulin-stimulated protein phos-

phatase, allowing NFATs to translocate to the nucleus and

bind to transcriptional complexes of their target genes [26].

Calmodulin (CaM) is a calcium-binding protein that con-

trols various signalling pathways, including the NFAT–Cn

pathway. It does so by binding to the regulatory domain of

Cn, known as the calcineurin A subunit (CnA), when the

calcineurin B subunit is exposed to high calcium levels. The

effect of activated or calcium-bound CaM binding to CnA is

the activation of the CnA phosphatase activity, thus leading

to NFAT nuclear translocation [27–29]. Another important

protein that regulates the NFAT–Cn pathway is the calcium-

dependent protease-calpain. l-calpain (calpain1) causes the
proteolysis of the autoinhibitory domain of CnA, which

causes it to translocate to the nucleus and become consti-

tutively active [30–33]. Therefore, calpain and CaM both

play a vital role in regulation of the NFAT–Cn pathway and

NFATs may contribute to the adaptive responses needed for

skeletal and cardiac muscle remodelling during hibernation.

For example, NFATs regulate cardiomyocyte atrophy,

apoptosis, development, and growth [21, 34–37]. In another

hibernation model, the use of isobaric tag for relative and

absolute quantification (iTRAQ) technology with cardiac

tissue of hibernating woodchucks (Marmota monax)

demonstrated an up-regulation of the NFAT pathway during

hibernation [21]. However, it is important to characterize the

regulation of NFATs are their targets throughout hibernation

as it is characterized by torpor-arousal bouts rather than a

constant physiological state. In addition, it is necessary to

study the expression of specific NFATs rather than the entire

family during hibernation in skeletal and cardiac muscle as

different NFATs play different roles in coordinating muscle

remodelling during hibernation. For example, expression of

constitutively active NFATc4 in cardiac tissue of transgenic

mice induced cardiac hypertrophy [37]. With regard to

skeletal muscle remodelling, NFAT have been implicated in

multiple aspects including atrophy, hypertrophy, fibre-type

switching, and myogenesis [38–42]. For instance, NFATc2-

null mice have defective myoblast fusion and myogenesis,

resulting in fibres with reduced size and delayed repair in

response to injury [43]. Therefore, NFAT transcription

factors can be considered central regulators of both skeletal

and cardiac muscle remodelling.

Considering the unique tendencies of hibernators to

undergo reversible cardiomyocyte hypertrophy and remo-

del their skeletal muscle over the course of the hibernation

season, we hypothesized that the calcium signalling acti-

vates the NFAT–Cn pathway during hibernation, which

plays a significant role in both the avoidance of disuse-

induced muscle wasting and reversible cardiac
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hypertrophy. The NFAT–Cn pathway performs these roles

by modulating the gene expression of selected proteins that

are fundamental to muscle design. One such protein is

myoferlin, a protein that is highly expressed in skeletal

muscle and to a lesser degree in cardiac muscle [44].

However, myoferlin is highly expressed specifically in

myoblasts undergoing fusion, where it localizes at the sites

of apposed membranes undergoing fusion [45, 46]. Fur-

thermore, myoferlin mRNA was up-regulated in human

muscle affected by Duchenne muscular dystrophy [47]. In

myoferlin-null mice, muscle fibre size was reduced due to

impaired myoblast fusion, but the mice were still viable.

However, myomaker, a membrane protein found in the

muscle that also controls myoblast fusion results in the

complete loss of myoblast fusion when it is mutated,

resulting in the absence of all skeletal muscle, which leads

to postnatal death in myomaker-null mice [48]. In addition,

myomaker expression and increased myoblast fusion have

been shown to occur in adult satellite cells following

muscle injury [49]. These findings implicate both myo-

maker and myoferlin as novel candidates for muscular

dystrophy or cardiomyopathy due to their roles in muscle

formation and repair.

Myoferlin contains multiple NFAT-binding sites in its

promoter, which drove high levels of myoferlin expression

in vitro and in vivo. Furthermore, expression was elevated

in response to muscle damage [50]. The regulation of

myomaker is not well understood due to its recent dis-

covery, with only two MRFs, muscle differentiation protein

(MyoD), and myogenin (MyoG), being known to induce

myomaker transcription [49]. However, NFAT has been

shown to regulate the expression of MyoG cooperatively

with MyoD [38]. In addition to affecting myomaker

expression through its regulation of MyoG, we also used a

DNA–protein interaction (DPI) enzyme-linked

immunosorbent assay (ELISA) to test the ability of NFATs

to bind to a novel putative NFAT-binding sequence in the

myomaker promoter. The present study analysed the pro-

tein expression of Cn, CaM, calpain, NFATc1-4, myofer-

lin, and myomaker over the torpor-arousal cycle in the

cardiac and skeletal muscle of thirteen-lined ground

squirrels.

Materials and methods

Animals

Thirteen-lined ground squirrels (I. tridecemlineatus),

weighing 150–300 g, were wild-captured and supplied by

TLS Research, Bloomingdale, IL. Animals were trans-

ported to the Animal Hibernation Facility, National

Institute of Neurological Disorders and Stroke, NIH,

Bethesda, MD where all experiments were conducted at

the laboratory of Dr. J. M. Hallenbeck as previously

described [51]. Animals were individually housed in

shoebox cages in a holding room with an ambient tem-

perature of 21 �C under a 12 h light: 12 h dark cycle.

Animals were fitted with a sensor chip (IPTT-300; Bio

Medic Data Systems) injected subcutaneously, and were

anaesthetized with 5 % isoflurane. Animals were fed

water and standard rodent chow ad libitum until they

gained sufficient lipid stores to enter hibernation. To

enable a natural transition into torpor, animals were

transferred to constant darkness in an environmental

chamber at 4–5 �C. Body temperature (Tb), time, and

respiration rate were monitored and used to determine the

stage of torpor-arousal cycle. All animals had been

through several torpor-arousal bouts prior to sampling at a

set stage. Animals were euthanized and the tissue samples

were collected at seven different time points defined by

Tb, duration of torpor, and respiration rate: (1) Euthermic

room temperature (ER); these animals were held in the

holding room with an ambient temperature of 21 �C
(Tb = *37 �C) and were capable of entering torpor.

Skeletal muscle tissues were collected from animals at

this time point after they had reached their plateau

weight. (2) Euthermic cold room (EC); these squirrels had

a stable Tb of 34–37 �C for at least 3 days and were

capable of entering torpor but had not done so in the past

72 h. (3) Early entrance into torpor (EN); Tb falling with

sampling between 31� and 18 �C. (4) Early torpor (ET);

Tb stable at *5–8 �C for\24 h. (5) Late torpor (LT); Tb
stable at *5–8 �C for[5 days. (6) Early arousal (EA); Tb
rising to at least *12 �C with a rapid increase in respi-

ration C60 breaths/min, (7) Late arousal (LA); respiration

rate increased and Tb reached 28–32 �C. Heart tissue was

not collected from ER and LA, but it was collected at the

additional sampling point—interbout arousal (IA)—where

the animals were naturally aroused after the torpor phase

of the hibernation bout and reached the respiratory rate,

metabolic rate, and body temperature of fully aroused

animals for 6 h after being in torpor for at least 5 days.

These animals remain in the hibernaculum (4 �C) but

their core body temperature is back to *37 �C.

Total protein extraction

Samples of frozen skeletal muscle from n = 4 individuals

from each of the seven time points in the torpor-arousal

cycle (ER, EC, EN, ET, LT, EA, LA) were extracted as

previously described [42]. Samples of frozen heart were

extracted from six time points (EC, EN, ET, LT, EA, and

IA). Aliquots of *0.5 g tissue were quickly weighed,

powdered into very small pieces under liquid nitrogen, and

then homogenized 1:3 w:v using a Polytron PT10 in ice-
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cold homogenizing buffer (20 mM Hepes, 200 mM NaCl,

0.1 mM EDTA, 10 mM NaF, 1 mM Na3VO4, 10 mM b-
glycerophosphate) with 1 mM phenylmethylsulfonyl fluo-

ride (Bioshop) and 1 lL/mL protease inhibitor cocktail

(Bioshop) added immediately before homogenization.

Samples were centrifuged at 10,000 rpm (10 min, 4 �C)
and then the supernatant was removed. Protein concentra-

tion was quantified by the Coomassie blue dye-binding

using the BioRad reagent (BioRad Laboratories, Hercules,

CA) at 595 nm on a MR5000 microplate reader. Samples

were then adjusted to a constant of 10 lg/lL by addition of

small amounts of homogenizing buffer and then aliquots

were combined 1:1 v:v with 2 9 SDS loading buffer

(100 mM Tris-base, pH 6.8, 4 % w:v SDS, 20 % v:v

glycerol, 0.2 % w:v bromophenol blue, 10 % v:v 2-mer-

captoethanol) and then boiled. The final protein samples

(5 lg/lL) were stored at -20 �C until use.

Preparation of nuclear protein extracts

Nuclear protein extracts were prepared as previously

described [42] and were separately extracted from the

skeletal muscle of four animals for each of the seven

experimental stages described above for total protein

extractions in skeletal muscle. Frozen skeletal muscle sam-

ples were homogenized 1:2 w:v using a Dounce homoge-

nizer (5 piston strokes) in lysis buffer (10 mM HEPES, pH

7.9, 10 mM KCl, 10 mM EDTA, 20 mM b-glycerophos-
phate), with 10 lL of 100 mM DTT and 10 lL of protease

inhibitor cocktail added immediately before homogenization.

Samples were centrifuged for 10 min at 10,000 rpm and at

4 �C, and then the supernatants were removed, forming the

cytoplasmic fraction. Pellets were resuspended in 147 lL of

nuclear extraction buffer (20 mM HEPES, pH 7.9, 400 mM

NaCl, 1 mM EDTA, 10 % v/v glycerol, 20 mM b-glyc-
erophosphate) with 1.5 lL of 100 mM DTT and 1.5 lL of

protease inhibitor cocktail added. Samples were incubated on

ice with gentle rocking for 1 h and then centrifuged for

10 min at 10,000 rpm at 4 �C. Protein concentrations were

determined with the BioRad protein assay, adjusted to 5 lg/
lL, and the samples were stored at -80 �C until use.

Western blotting

Equal amounts of protein from each sample (25 lg) were
loaded onto 6 % (NFATc1-4, myoferlin), 8 % (CnA, cal-

pain) or 15 % (myomaker, CaM) polyacrylamide gels and

were run at 180 V for 60–90 min. Proteins were then

transferred to PVDF membranes by electroblotting at

320 mA for 1.5 h (CnA, CaM, calpain, myomaker) or 3 h

(NFATc1-4, myoferlin) using a transfer buffer containing

25 mM Tris (pH 8.5), 192 mM glycine and 10 % v:v

methanol at room temperature. Membranes were washed

with 19 TBST (20 mM Tris-base, pH 7.6, 140 mM NaCl,

0.05 % v:v Tween-20, 90 % v:v ddH2O) for 3 9 5 min.

Membranes were then blocked for 30 min with 2.5 (for

NFATc1-4) or 5 % (for CnA, CaM, calpain1, myoferlin

and myomaker) w:v milk in 19 TBST. After washing for

3 9 5 min again with 1x TBST, membranes were probed

with specific primary antibodies at 4 �C overnight. Anti-

bodies specific for mammalian NFAT-c1 (sc-13033), c2

(sc-13024), c3 (sc-8321), c4 (sc-13036), myoferlin (sc-

134798) and myomaker (also known as TMEM8c, sc-

2444460) were purchased from Santa Cruz Biotechnolo-

gies. All antibodies were used at a 1:500 v:v dilution in 1x

TBST. A CaM (06-396) antibody from Upstate Biotech-

nology (Lake Placid, NY), as well as calcineurin A

(GTX111039) and calpain1 (GTX102340) antibodies from

Genetex (Irving, CA) were purchased and used at a 1:1000

v:v dilution in 19 TBST. After probing with primary

antibody, membranes were washed for 3 9 5 min with 19

TBST and then incubated with HRP-conjugated secondary

antibody for 20–30 min at room temperature. Membranes

that had been probed with myomaker (TMEM8c) were

incubated with HRP-linked anti-goat IgG secondary anti-

body (BioShop: 1:6000 v:v dilution). All other antibodies

were detected using HRP-linked anti-rabbit IgG secondary

antibody (Bioshop: 1:6000 v:v dilution). Bands were

visualized by enhanced chemiluminescence (H2O2 and

Luminol) and then blots were restained using Coomassie

blue to visualize total protein levels. Immunoblot bands for

ground squirrel proteins corresponded to the specified

molecular weights, as confirmed by running PINK Plus

Prestained Protein Ladder (FroggaBio) for myomaker,

calpain, CnA, and CaM, or BLUeye Prestained Protein

Ladder (FroggaBio) for NFATc1-4 and myoferlin.

Comparative sequence analysis

The total nucleotide sequences of human (Accession

number: NM_001080483.2), mouse (Accession number:

NM_025376.3), and 13-lined ground squirrel (Accession

number: XM_005336956.1) myomaker were accessed

from the NCBI Nucleotide database, and the sequence

within 1500 base pairs (bp) upstream of the transcriptional

start site was downloaded. These upstream sequences were

compared using the Vista program (http://genome.lbl.gov/

vista) with a window size of 100 bp and a minimum

sequence identity of 70 %. NFAT transcription factor-

binding sites were identified using the rVISTA program.

Predictions were made based on the TRANSFAC Profes-

sional 9.3 library using the default core similarity value of

0.75 and the matrix similarity value of 0.70 as previously

described [50].
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The amino acid sequences of myomaker (human: NP_00

1073952.1, mouse: NP_079652.1, squirrel: XP_0053370

13.1), myoferlin (human: Q9NZM1, mouse: Q69ZN7,

squirrel: XP_005333820.1), NFATc1 (human: O95644.3,

mouse: O88942.1, squirrel: XP_005334428.1), NFATc2

(human: Q13469.2, mouse: Q60591.3, squirrel: I3ML24),

NFATc3 (human: Q12968.1, mouse: P97305.1, squirrel:

I3MSZ2), and NFATc4 (human: Q14934.2, mouse:

Q8K120.2, squirrel: XP_005338768.1) from the NCBI

protein database or the UniProtKB protein knowledge base

were compared using the ClustalW2 multiple alignment

tool at EMBL-EBI using default multiple sequence align-

ment and pairwise alignment options. Pairwise alignment

scores (percent identity) between two sequences are cal-

culated by taking the number of identities between two

sequences, dividing by the length of the alignment, and

representing this ratio as a percentage [52–54].

DNA–protein interaction (DPI) ELISA

DNA oligonucleotides were designed based on the DNA-

binding elements of NFATc1-4 as previously described in

the previous section, and were produced by Integrated

DNA Technologies (Coralville, Iowa). The biotinylated

probe (NFAT 50-Biotin-GGGAAGGA AAGTGCG

GGTGG-30) and the complement probe (NFAT 50-Biotin
CCACCCGCACCCTTTTTCCC-30) were first diluted in

sterile water (500 pmol/lL) and mixed 1:1 v:v for a total of

20 lL. Probes were then placed in a thermocycler for

10 min at 94 �C and slowly cooled to room temperature.

Double-stranded probes were diluted in phosphate-buffered

saline (PBS; 137 mM NaCl, 2.7 mM KCL, 10 mM Na2-
HPO4, pH 7.4) and 50 lL of diluted DNA probe was added

(40 pmol DNA/well) to streptavidin-coated wells on a

microplate. Following a 1 h incubation, unbound probe

was discarded and the wells were rinsed twice with wash

buffer (1X PBS containing 0.1 % Tween-20), and a third

time with 1X PBS. Transcription factor-binding buffer

(10 mM HEPES, 50 mM KCL, 0.5 mM EDTA, 3 mM

MgCl2, 10 % v/v glycerol, 0.5 mg/ml bovine serum albu-

min, 0.05 % NP-40, 0.5 mM DTT, 20 pg/lL Salmon

Sperm DNA, 44 mM NaCl, pH 7.9) was vortexed and

added to each well containing DNA probe. In addition,

27.5 lg of protein from nuclear protein preparation was

added, with the exception of negative control wells which

contained transcription factor-binding buffer without pro-

tein. Following 1 h incubation with gentle shaking, protein

mixtures were discarded and the wells were washed three

times with wash buffer.

Diluted NFAT primary antibody (1:1000) was then

added (60 lL/well) for 1 h. Antibody was then discarded,

and the wells were rinsed three times with wash buffer

before incubation with diluted secondary (1:1000, 60 lL/

well) for 1 h. This antibody was then discarded and the

wells were rinsed four times with wash buffer. Primary and

secondary antibodies were the same as those used for

immunoblots. After secondary antibody incubation and

washing, bound antibody was detected using tetramethyl-

benzidine (TMB) (Bioshop). A 60 lL aliquot of TMB was

added to each well, colour was developed for 10–15 min,

and then the reaction was stopped with 60 lL of 1 M HCl.

Absorbance was measured at 450 nm (reference wave-

length of 655 nm) using a Multiskan spectrophotometer.

To control for background absorbance and non-specific

binding, negative controls were run in duplicates with no

probe, no protein, and no primary antibody added. Condi-

tions were optimized such that negative control wells

showed[50 % decreases in absorbance relative to sample

wells before quantification runs of the entire torpor-arousal

time course were conducted.

Quantification and statistics

Band densities on chemiluminescent immunoblots were

visualized using a Chemi-Genius BioImaging system

(Syngene, Frederick, MD) and quantified using the Gene

Tools software. Immunoblot band density in each lane was

standardized against the summed intensity of a group of

Coomassie-stained protein bands in the same lane; this

group of bands was chosen because they were not located

close to the protein band of interest but were prominent and

constant across all samples. This method of standardizing

against a total protein loading control has been suggested to

be more accurate in comparison with standardizing against

housekeeping proteins such as tubulin [55]. To quantify

DPI–ELISAs, absorbance values of negative control wells

were subtracted from those of sample wells and the

absorbance values were standardized relative to the aver-

age of EC absorbance values. Data were expressed as

mean ± SEM, n = 4 independent samples from different

animals. Statistical testing used the one-way ANOVA and

Tukey post hoc tests on the GraphPad Prism software (San

Diego, CA).

Results

Analysis of NFATc1-4 protein levels in skeletal

muscle

NFAT c1-4 protein levels in skeletal muscle were analysed

by immunoblotting; comparing animals sampled from

seven different stages of the torpor-arousal cycle: ER, EC,

EN, ET, LT, EA, and LA (Fig. 1). The antibodies cross-

reacted with a single band on immunoblots at the expected

molecular mass for NFATc3 of 130 kDa, in accordance
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with the protein size indicated on the Santa Cruz antibody

specification sheet (sc-8321). For muscle NFATc1, c2, and

c4, no distinct band was observed at the regions specified

on the antibody specification sheets within 5–10 kDa.

Because evolutionary changes may have occurred, the

epitope for our antibodies may not have been conserved

between 13-lined ground squirrels and the antibody host

(rabbit). Therefore, protein sequences were identified in the

NCBI protein database for NFAT c1 (XP_005334428) and

NFATc4 (XP_005338768) for I. tridecemlineatus. Also,

the protein sequence for NFATc2 (I3ML24) was found on

the UniProt Knowledge Base (UniProtKB). The molecular

weights of these protein sequences were subsequently

calculated using the ExPASy Mw/pI tool (http://web.

expasy.org/compute_pi/), and bands were detected at the

calculated molecular weights (101, 92, and 85 kDa for

NFATc1, c2, and c4, respectively).

NFATc1 protein levels decreased during torpor, reach-

ing its lowest levels at LT (78 % lower in comparison with

EC, p\ 0.05), before rising back up to EC levels during

arousal. NFATc2 levels on the other hand increased during

torpor, peaking at LT (1.75-fold higher in comparison with

EN, p\ 0.05). NFATc3 levels were the highest initially at

ER (1.82-fold higher in comparison with EC, p\ 0.05)

before decreasing dramatically. Protein levels then

decreased again during LA (55 % lower in comparison

with LT). Finally, NFATc4 levels were highest levels at

ER, then levels rose throughout the torpor-arousal cycle,

peaking at LA (higher than EN by 1.97-fold, p\ 0.05)

(Fig. 1).

Analysis of NFATc1-4 protein levels in cardiac

muscle

Analysis was performed on NFAT c1-4 protein levels by

comparing immunoblots of cardiac muscle from EC, EN,

ET, LT, EA, and IA animals at various stages of the torpor-

arousal cycle with each other (Fig. 2). In cardiac tissue,
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Fig. 1 Changes in the protein levels of NFAT transcription factors

over the course of the torpor-arousal cycle in skeletal muscle of I.

tridecemlineatus. NFATc1, c2, c3, and c4 total protein expression

levels were visualized at seven sampling points: ER euthermic room

temperature, EC euthermic cold room, EN entrance into torpor, ET

early torpor, LT late torpor, EA early arousal, LA late arousal. See

Materials and methods for more extensive definitions. Representative

Western blots and Coomassie total protein loading controls are shown

for selected pairs of sampling points that are labelled to the left and

right of the gel. Sample numbers (lanes) are labelled along the top

indicating 4 samples of one type (e.g. EC lanes 1, 2, 3, 4) and 4

samples of another (e.g. LA lanes 5, 6, 7, 8). Also shown are

histograms with mean standardized band densities (±S.E.M., n = 4

independent protein isolations from different animals). Data were

analysed using a one-way analysis of variance with a post hoc

Tukey’s test (p\ 0.05); for each parameter measured, values that are

not statistically different from each other share the same letter

notation
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NFATc1 levels did not change significantly over the course

of the torpor-arousal time course. On the other hand,

NFATc2 levels increased during torpor, peaking at ET

(1.88-fold increase from EN, p\ 0.05). NFATc3 protein

levels were unchanged over the torpor-arousal cycle.

Lastly, NFATc4 levels remained stable over torpor, but

increased during arousal, peaking at IA (1.66-fold higher

than ET, p\ 0.05) (Fig. 2).

Analysis of myoferlin and myomaker (TMEM8c)

protein levels

Antibodies for myoferlin and myomaker (TMEM8c) cross-

reacted with single bands on immunoblots at the expected

molecular weights of 235 and 25 kDa, respectively, in

accordance with antibody specification sheets (sc-134798

and sc-244460 for myoferlin and myomaker, respectively).

Myoferlin levels increased dramatically during torpor (EN,

ET, LT increased by 3.45-, 4.75-, and 4.46-fold, respec-

tively, in comparison with EC, p\ 0.05) and then

decreased upon entering arousal. Myomaker on the other

hand showed constant protein levels from throughout the

torpor-arousal cycle (Fig. 3). Similar to skeletal muscle,

myoferlin levels in cardiac muscle rose dramatically at ET

(2.68-fold higher in comparison with control, p\ 0.05). In

contrast to skeletal muscle levels, myomaker in cardiac

muscle also peaked at ET (1.88-fold higher in comparison

with control, p\ 0.05) (Fig. 4).

Analysis of calcineurin A, calmodulin, and calpain1

protein levels in cardiac muscle

CnA, CaM, and calpain1 antibodies cross-reacted with

single bands on immunoblots at the expected molecular

weights of 59, 19, and 82 kDa, respectively. These

molecular weights corresponded with molecular weights

from antibody specification sheets for CnA (GTX111039)

and calpain1 (GTX102340). For CaM, the molecular

weight was determined using the 13-lined ground squirrel

protein sequence found on NCBI (XP_005336620.1) and

the ExPASy Mw/pI tool as previously described. CnA

protein levels remained fairly stable throughout the torpor-

arousal cycle, with the exception of IA, where levels

decreased dramatically by 62 % from EA (p\ 0.05). CaM

levels were the highest at EC and EN, but levels began to

decrease dramatically upon entering torpor, with the lowest

levels being observed at EA (70 % decrease in comparison

with EC, p\ 0.05). Calpain levels showed a similar trend,

with the highest levels being observed at EC and IA, and

drastically lower levels throughout the torpor-arousal

cycle. The lowest levels were observed during EN (85 %

decrease from EC, p\ 0.05) (Fig. 5).

Fig. 2 Changes in the protein

levels of NFAT transcription

factors over the course of the

torpor-arousal cycle in cardiac

muscle of I. tridecemlineatus.

NFATc1, c2, c3, and c4 total

protein expression levels were

visualized at six sampling

points: EC euthermic cold

room, EN entrance into torpor,

ET early torpor, LT late torpor,

EA early arousal, IA interbout

arousal. Other information as in

Fig. 1
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Fig. 3 Changes in myoferlin and myomaker total protein levels in skeletal muscle over the torpor-arousal cycle in I. tridecemlineatus. Other

information as in Fig. 1
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Fig. 4 Changes in myoferlin and myomaker total protein levels in cardiac muscle over the torpor-arousal cycle in I. tridecemlineatus. Other
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Analysis of NFATc1-4 relative binding to DNA

Based on the known role of NFAT proteins in muscle

development and repair, the 1500 bp sequence upstream of

the myomaker transcriptional start site was analysed for

consensus NFAT-binding sites. Using rVista, all NFAT-

DNA-binding sites were identified and pairwise alignments

were conducted between myomaker upstream sequences in

squirrel and mouse (Fig. S1a), and in squirrel and human

(Fig. S1b). The program displayed red lines identifying

potential NFAT-binding sites that were aligned, allowing a

maximum core shift of 6 bp and only one gap of any length

inside it. Squirrel-mouse and squirrel-human alignments

had two NFAT-binding sites in common at 1095 and

*1440 bp upstream of the myomaker transcriptional start

site, shown in Fig. S1 by the red lines. These two aligned

NFAT-binding sites were cross-referenced using the con-

served NFAT-binding sequence from the literature

(GGAAA) [25, 56]. Only the 1095 bp upstream sequence

remained a probable NFAT-myomaker binding site

(Fig. S1c). Subsequently, a DNA oligonucleotide was

designed for this putative binding site (NFAT 50-Biotin-
GGGAAGGAAAGTGCGGGTGG-30) containing the gen-

eral NFAT-binding sequence and the flanking region

specific to the myomaker promoter.

To quantitatively measure the ability of NFATs to bind

to its consensus sequence, specifically in the myomaker

promoter, DNA–protein binding (DPI)–ELISAs were used

because of its simplicity and robustness [57–59]. Findings

indicated that only NFATc1 and c3 were able to bind

specifically to the DNA oligonucleotide, as NFATc2 and

c4 did not pass the test strip stage, with negative control

wells showing high absorbance readings, despite persistent

optimization. Relative binding to DNA (transcription factor

activity) was measured for seven time points: ER, EC, EN,

ET, LT, EA, and LA (Fig. 6). NFATc1 activity decreased

by 58 and 54 % at EN and EA, respectively, relative to ER

(p\ 0.05), but there was a progressive increase throughout

torpor from EN to LT. These decreases in DNA binding at

EN and EA were seen in NFATc3 as well (46 and 30 %
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Fig. 5 Changes in calcineurin, calmodulin, and calpain total protein levels in cardiac muscle over the torpor-arousal cycle in I. tridecemlineatus.

Other information as in Fig. 2
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lower, respectively, relative to EC). In addition, there was a

large increase in NFATc3-DNA binding at LT (3.99-in-

crease relative to EN, p\ 0.05).

Comparative amino acid sequence analysis

of NFAT, myoferlin, and myomaker proteins

The amino acid sequences for myomaker, myoferlin, as

well as NFATc1, c2, c3, and c4 in squirrel, mouse, and

human were compared and analysed for evolutionary

conservation using the multiple alignment tool ClustalW2

[52–54]. Multiple alignment of the myomaker sequence

showed strong conservation with no gaps in the amino acid

sequences between the three animals (Fig. S2a). Analysis

of the degree of conservation of myomaker, myoferlin, and

NFATc1-4 through pairwise alignments between human,

mouse, and squirrel indicated that percent identity for all

comparisons was strong ([80 %) (Fig. S2b).

Discussion

The present study aimed at furthering our understanding of

the molecular mechanisms underlying muscle remodelling

in both skeletal and cardiac muscle during hibernation in the

13-lined ground squirrel. The ground squirrel provides an

excellent natural model system for studying muscle remod-

elling as the skeletal muscle appears to undergo alternating

patterns of atrophy and hypertrophy without a net loss in

muscle mass, and the cardiac muscle is known to undergo

reversible cardiac hypertrophy [19, 21, 22, 60]. However, the

molecular mechanisms that are responsible the preservation

and/or change of muscle structure/function during hiberna-

tion are not well known. Therefore, the present study focuses

on the family of transcription factors known as NFATs,

which have been shown to regulate targets associated with

skeletal muscle and cardiomyocyte atrophy, apoptosis, and

development [21, 23, 34–42]. NFATs are regulated by cal-

cineurin, a CaM-stimulated phosphatase that dephosphory-

lates NFATs, thus allowing them to translocate into the

nucleus [26]. CnA is sensitive to changes in calcium levels

and it is positively regulated by other calcium signalling

proteins such as CaM and calpain [27–33]. Therefore,

experiments were conducted to study the role of CnA, CaM,

and calpain as upstream regulators of the NFAT pathway

within the context of reversible cardiac hypertrophy during

hibernation. Furthermore, the downstream targets myoferlin

and myomaker were evaluated because of their newly

identified and crucial role as muscle membrane proteins in

muscle development and repair [46, 48–50].

The relationship between myoferlin and NFATc1-4 was

established when it was observed that the myoferlin pro-

moter contains multiple NFAT-binding sites that were

sufficient to drive high levels of myoferlin expression,

especially following muscle damage [50]. However, the

link between myomaker and NFAT remains more of a

mystery. Currently, only MyoD and MyoG have been

shown to induce myomaker transcription due to its very
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Fig. 6 Changes in binding of the transcription factors NFATc1 and

c3 to a DNA-binding element designed for the myomaker promoter in

the skeletal muscle of I. tridecemlineatus over the torpor-arousal

cycle. Absorbance readings were corrected by subtraction of negative

controls containing no protein and values were expressed relative to

EC. Histograms show mean relative values ± S.E.M., n = 4 inde-

pendent biological replicates for each of the five experimental

conditions. Other information as in Fig. 1
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recent discovery [49]. However, MyoD is a common co-

factor of NFAT as they can bind to the same transcriptional

complex, and they have been shown to synergistically

regulate the transcription of myog [38]. Comparative

sequence analysis of the myomaker promoter region for

potential NFAT transcription factor-binding sites resulted

in the identification of multiple sites with the consensus

NFAT-binding sequence (GGAAA) from the literature [25,

56]. Following further diagnostic analysis of potential

NFAT-binding sites using the rVista alignment tool, one

NFAT-binding domain 1095 bp upstream of the myomaker

transcriptional start site was identified as it contained the

consensus sequence in addition to showing conservation in

squirrel-mouse and squirrel-human pairwise alignments

(Fig. S1). Therefore, comparative sequence analysis of the

myomaker promoter region has resulted in the identifica-

tion of a possible novel NFAT-myomaker binding site.

Using DPI–ELISAs, NFATc1, and c3 were then shown to

bind to this site differentially over the torpor-arousal cycle

(Fig. 6). DPI–ELISAs represent a simple and efficient way

to measure transcription factor-binding activity by quanti-

tatively measuring the ability of transcription factors to

bind to DNA from nuclear extracts. This is the first time

that NFAT binding to the myomaker promoter has ever

been identified, and this novel finding could lead to further

studies that characterize NFAT regulation of this vital

myogenic protein.

Comparative amino acid sequence analysis of NFATc1-

4, myoferlin, and myomaker proteins was also conducted,

showing that there is a high degree of conservation in all

proteins analysed between 13-lined ground squirrel, mouse,

and human (Fig. S2). This suggests that the subsequent

immunoblotting analysis conducted using primary anti-

bodies that were raised against hosts other than ground

squirrels is still an accurate measure of protein levels in

squirrel due to the conservation of the proteins of interest

across mammals. Immunoblotting analysis showed eleva-

tions of NFATc2 at late torpor in the skeletal muscle of

ground squirrels. Although all NFATs are expressed in

skeletal muscle and are important for proper muscle

function, NFATc2 and c3 are mostly commonly associated

with myoblast fusion and muscle repair [38, 43, 50, 61].

Therefore, the increase in NFATc2 protein levels (Fig. 1)

and the progressive increase in NFATc3-DNA binding

throughout torpor (Fig. 6) are indicative of increased

skeletal muscle regeneration and repair in an effort to

maintain skeletal muscle mass, despite disuse-induced

muscle wasting during torpor [60]. Similar to NFATc3-

DNA binding, myoferlin protein levels increased signifi-

cantly during torpor as well; rising upon entry into torpor

(EN) and peaking at early (ET) and late (LT) torpors before

decreasing to euthermic levels (Fig. 3). Therefore, despite

not showing significant differences in protein levels, the

large increase in NFATc3 activity during torpor may be

driving the increase in myoferlin levels that maintain

skeletal muscle mass [50]. This increase in myoferlin

supports the hypothesis that there is an increase in muscle

regeneration during torpor. Wu et al. also demonstrated

that protein levels of forkhead box transcription factors of

the O subclass 3a (FOXO3a) as well as its phosphorylated

and activated forms also peaked during torpor [62].

FOXO3a regulates the expression of many ubiquitin ligases

(i.e. MAFbx and Murf1) in the ubiquitin proteasomal

system (UPS), which is the main pathway controlling

muscle atrophy in skeletal and cardiac muscle, leading to

heart failure and many muscle wasting diseases [63–66].

Therefore, the increase in both hypertrophic and atrophic

factors in the skeletal muscle of ground squirrels during

torpor suggests that there could be simultaneous degener-

ation and regeneration occurring to preserve skeletal

muscle mass.

In cardiac muscle, the response of NFATc1-4 tran-

scription factors as well as the downstream targets

myoferlin and myomaker was enhanced during torpor

(Figs. 2, 4). Similarly to skeletal muscle, NFATc2 was

significantly elevated during torpor. Although myoferlin

was elevated in both heart and skeletal muscle, myomaker

remained stable in skeletal muscle throughout hibernation.

In the heart, myomaker showed a spike at ET (1.88-fold

higher in comparison with control, p\ 0.05) (Fig. 4).

After initial increases in NFATc2 as well their hyper-

trophic targets, NFAT c4 increased during arousal (Fig. 2).

The regulator of NFATs, CnA decreased during arousal by

62 % from EA to IA (p\ 0.05). One of the activators of

CnA, CaM, also decreased during arousal. Similarly, cal-

pain levels declined from euthermic control (EC) to EA by

61 % (p\ 0.05). Calpain cleaves the autoinhibitory

domain of calcineurin, thus activating it [30–33]. There-

fore, these calcium signalling proteins (CaM and calpain)

as well as the NFAT–CnA pathway and its downstream

muscle targets (myoferlin and myomaker) could be part of

the mechanisms behind reversible cardiac muscle hyper-

trophy. During torpor, NFATc2 could be causing up-reg-

ulation of myoferlin, thus promoting cardiac hypertrophy

to increase contractility to the heart in response to the

decrease in heart rate during hibernation [1, 17]. Then, the

mechanism behind the rapid reduction of cardiac mass may

be initiated by decreases in CnA protein levels and activity,

which is the result of lower calpain and CaM levels during

arousal. Subsequently, NFATc2 levels decrease and

NFATc4 levels increase and this may be causing the

downregulation of both myoferlin and myomaker, thus

reversing the cardiac hypertrophic stimulus. Although the

NFAT–Cn pathway has been studied in association with

cardiac hypertrophy in the past, the present findings iden-

tify a novel mechanism of rapidly naturally reversing
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cardiac hypertrophy, whereby decreased calcium signalling

results in a downregulation of muscle hypertrophy proteins

targeted by NFATs [21, 34, 37].

In summary, the present study provides insight into

some of the key proteins involved in skeletal and cardiac

muscle remodelling during hibernation. Although more

remains to be investigated, including the regulation of

factors associated with the UPS, the results from this study

indicate that calcium signalling proteins (calcineurin,

calmodulin, calpain) regulating the activity of NFATc1-4

as well as the targets myoferlin and myomaker are

important to the hypertrophy and preservation of skeletal

and cardiac muscle size and function during hibernation. In

addition, the identification of a novel NFAT-binding site in

the promoter of myomaker suggests that NFAT could

directly regulate the expression of this essential and

recently discovered muscle fusion protein. This is also the

first study that has found the myomaker protein to be

expressed in the heart, although its specific role still

remains unclear. Further elucidation of the role that the

NFAT–Cn pathway plays in muscle growth and wasting in

thirteen-lined ground squirrels will not only contribute to

our understanding of muscle remodelling, but it could also

potentially lead to the applications for treating chronic

muscle wasting diseases and maladaptive cardiac hyper-

trophy. Specifically, the identification of calpain and CaM

as initiators for reversing cardiac hypertrophy in squirrels

shows promise. We also identified that measuring NFAT

activity or DNA-binding using DPI–ELISAs in combina-

tion with protein levels allows for a more in-depth analysis

of transcriptional regulation by NFATs. The unique and

tissue-specific mechanisms in ground squirrel of preserving

skeletal muscle and undergoing reversible cardiac hyper-

trophy during the torpor-arousal cycle make studying this

animal biologically and clinically relevant.
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