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phenotype used by many mammalian species to survive predictable periods of low nutrient
availability. Most hibernators cycle between long bouts of
torpor (TOR) that are interrupted by brief interbout arousals
(IBAs) throughout hibernation. When thirteen-lined ground
squirrels (Ictidomys tridecemlineatus) enter TOR they decrease
their heart rate from 300 – 400 bpm to 3–10 bpm, reduce their
body temperature (Tb) as low as 2–10°C, and exhibit reduced
oxygen consumption and basal metabolic rate for 7–10 days (5,
20). During IBAs they quickly rewarm over 2–3 h and return
to a normothermic physiological state, before returning to
torpor 12–24 h later (5). These extreme changes occur in only
a few hours as the animals quickly warm themselves for an
IBA or cool down while entering TOR. These physiological
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extremes and the quick transitions between them pose major
challenges to the physiology of a hibernating mammal.
Skeletal and cardiac muscle are two contractile tissues that
experience very different functional demands during hibernation. The heart must maintain function throughout a wide range
of temperatures and metabolic conditions (52). Skeletal muscle
remains largely immobile for 5– 6 mo yet must resume full
functionality during the IBAs and upon waking in the final
arousal in spring if the animal is to forage and evade predation.
The adaptations that these organisms use to maintain their
tissues under such variable conditions serve as a natural model
to study a variety of medically relevant conditions including
heart failure and muscle disuse atrophy.
Conditions experienced by the heart during hibernation such
as rapid temperature changes and fluctuations in oxygen and
nutrient levels would result in ventricular fibrillation (VF) or
severe arrhythmias in humans (93). Hibernators hearts are
resistant to VF, and several mechanisms are thought to contribute to maintaining normal cardiac function at reduced
temperatures and metabolic states (53). The hearts of mammalian hibernators exhibit a different adrenergic innervation of
the ventricle, which is thought to offer a protective mechanism
against VF at low temperatures (71). Additionally, enhanced
calcium handling in the heart provides a more efficient way to
clear cytosolic calcium stores and thus preventing calcium
overload, which occurs in nonhibernators at reduced temperatures (10, 17, 63, 103, 107). Others attribute the cold resistance
to the hibernator’s ability to decrease saturation of depot fats,
making these lipids available for fuel utilization throughout the
hibernation season (28). Moreover, optimal cardiac function is
thought to be maintained by increased rates and efficiency of
energy production and utilization in the cardiac tissue, including altered enzyme functionality and alternate metabolic pathway utilization (13, 54).
Hibernation also presents unique challenges to skeletal muscle, in that it is a highly abundant and metabolically expensive
tissue that is under strong selective pressure to maintain functionality despite its disuse during hibernation. The degree of
inactivity experienced by skeletal muscle during TOR would
lead to disuse atrophy and an associated slow-to-fast shift in
muscle fiber type in nonhibernators (78, 91). Hibernator skeletal muscle exhibits protection from disuse atrophy and shifts
to a slow muscle fiber type in preparation for the hibernation
season (4, 73). Slow muscle has higher oxidative potential and
low fatigability, making it ideal for utilizing fatty acids as an
energy source and for performing the extended periods of
shivering thermogenesis essential to the rewarming process
(86). Postulated mechanisms of atrophy avoidance include
depressed levels of protein degradation and periodic bursts of
protein synthesis associated with arousals (58). This proposed
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Genomics 47: 58 –74, 2015. First published January 8, 2015;
doi:10.1152/physiolgenomics.00108.2014.—Throughout the hibernation season, the thirteen-lined ground squirrel (Ictidomys tridecemlineatus) experiences extreme fluctuations in heart rate, metabolism,
oxygen consumption, and body temperature, along with prolonged
fasting and immobility. These conditions necessitate different functional requirements for the heart, which maintains contractile function
throughout hibernation, and the skeletal muscle, which remains
largely inactive. The adaptations used to maintain these contractile
organs under such variable conditions serves as a natural model to
study a variety of medically relevant conditions including heart failure
and disuse atrophy. To better understand how two different muscle
tissues maintain function throughout the extreme fluctuations of
hibernation we performed Illumina HiSeq 2000 sequencing of cDNAs
to compare the transcriptome of heart and skeletal muscle across the
circannual cycle. This analysis resulted in the identification of 1,076
and 1,466 differentially expressed genes in heart and skeletal muscle,
respectively. In both heart and skeletal muscle we identified a distinct
cold-tolerant mechanism utilizing peroxisomal metabolism to make
use of elevated levels of unsaturated depot fats. The skeletal muscle
transcriptome also shows an early increase in oxidative capacity
necessary for the altered fuel utilization and increased oxygen demand
of shivering. Expression of the fetal gene expression profile is used to
maintain cardiac tissue, either through increasing myocyte size or
proliferation of resident cardiomyocytes, while skeletal muscle function and mass are protected through transcriptional regulation of
pathways involved in protein turnover. This study provides insight
into how two functionally distinct muscles maintain function under
the extreme conditions of mammalian hibernation.
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mechanism would reduce the metabolic demand of skeletal
muscle by inhibiting protein turnover for the majority of the
hibernation season (105).
To make an in-depth comparison between these two striated
muscle types that serve functionally distinct roles throughout
hibernation, we used Illumina high-throughput sequencing
technology to analyze mRNA levels in cardiac and skeletal
muscle tissues across the circannual cycle. Although the majority of genes expressed in these two tissue types are the same,
their differential expression throughout the circannual cycle
more clearly defines the molecular mechanisms and pathways
used by these two similar muscle tissues that allow them to
serve very diverse functions during hibernation. Cardiac tissue
relies on diverse fuel sources to maintain tissue integrity and
contractility throughout the hibernation season, as well as
expression of the fetal cardiac gene expression profile for
cardioprotection, whereas skeletal muscle relies on muscle
fiber type switching and unique control of protein turnover to
maintain functionality and tonality.
MATERIALS AND METHODS

Animals

h and exhibit coordinated body movements. These collection points
are important in showing the changes that orchestrate these drastic
physiological changes. The sawdusting method was used to identify
the squirrels in TOR and IBA. Animals in TOR were collected after
a minimum of 3 days in a TOR bout and showed no visible signs of
arousal. At the time of death rectal temperatures was taken to verify
torpid state (Tb 6 – 8°C). Animals collected for the IBA collection
point aroused naturally and were awake and active and showed
coordinated body movement. Rectal temperatures collected at death
showed an active Tb between 35 and 37°C. TOR and IBA animals
were collected in January and February, when TOR bouts are the
longest.
The April collection point reflects the posthibernation state of the
animal, when the animal is recovering from the hibernation season,
resuming food consumption, and preparing for reproduction. These
animals were removed from the hibernation chambers at the end of
March and returned to a 12:12 light/dark cycle at 23°C with food and
water ad libitum. The animals for the April collection point were
collected in the second and third weeks of April.
Heart Dissection
All animals were fully anesthetized with isoflurane and then killed
by decapitation. The pericardium was removed from around the heart,
the heart was removed from the animal and halved sagitally to include
both atria and ventricle. Heart dissection was performed on ice and
dissected heart pieces were rapidly flash-frozen in liquid nitrogen. The
two sagittal halves were frozen and stored separately. The time from
decapitation to sample freezing was ⬍10 min. Tissues were stored at
⫺80°C until RNA purification.
Skeletal Muscle Dissection
All animals were fully anesthetized with isoflurane and then killed
by decapitation. The quadriceps femoralis was removed from the
upper thigh, further dissected into smaller pieces, and rapidly flashfrozen in liquid nitrogen. The two quadriceps femoralis muscles were
frozen and stored separately. The time from decapitation to sample
freezing was ⬍ 10 min. Tissues were stored at ⫺80°C until RNA
purification.

Experimental Collection Points

RNA Preparation

Four collection points were chosen for these experiments to reveal
the most meaningful comparisons in ground squirrel heart and skeletal
muscle tissues across the hibernation season. The four collection
points used were: prehibernation [October active (OCT)], TOR, IBA,
and posthibernation [April active (APR)]. Three males and three
females were killed at each collection point. Animal state at each
collection point was determined by rectal temperature and animal
behavior. All animals were collected between 10 AM and 3 PM.
For the October collection point the animals have increased body
mass in the preceding months and are preparing for hibernation.
October animals are experiencing shallow TOR bouts, in which Tb
drops as low as 20°C for up to 24 h. This time point represents an
opportunity to detect transcriptional changes associated with preparation for hibernation. All animals collected at this time point were held
at 12:12 light/dark cycle at 23°C and had water and food ad libitum.
October active animals were collected in the first 2 wk of October and
were active at the time of death, with a Tb of 35–37°C and were observed
as awake and active (open eyes and coordinated body movements).
The TOR and IBA collection points reflect the extreme conditions
that hibernating ground squirrels experience. During TOR ground
squirrels drop their Tb, reduce oxygen consumption, and dramatically
reduce their heart rates (65). Throughout hibernation ground squirrels
experience IBAs, in which Tb, heart rate, and oxygen consumption
return to normal rates. This process occurs on average every 7–10
days, and the return to normothermic conditions occurs over the
course of 2–3 h, at which time animals are awake and active for 12–24

RNA was purified from heart and skeletal muscle samples using a
Qiagen RNeasy Mini Kit, and remaining genomic DNA was removed
using an Ambion DNase kit. One sagittal half of the heart from each
animal was used for RNA purification. The quadriceps femoralis from
each animal was used for RNA purification. For RNA quality control,
the protein concentration was determined using a Nanodrop and then
1 g of each sample was run on an agarose gel to look for distinct 28s
and 18s bands. RNA from one male and one female from each
collection point was combined together in a single sample, and each
collection point contained three pooled samples. Samples were pooled
to eliminate variation due to sex. Samples were sent to the University
of Minnesota Biomedical Genomics Center (Minneapolis, MN) for
Illumina HiSeq 2000 Sequencing.
Sample Quality Assessment
Total RNA isolates were quantified with a fluorimetric RiboGreen
assay. Total RNA integrity was assessed by capillary electrophoresis
and generated an RNA integrity number (RIN). All of the samples
passed the initial quality control step verifying them as high quality
samples (⬎1 g, RIN ⫽ 8⫹). RNA samples were converted to
Illumina sequencing libraries using Illumina’s Truseq RNA Sample
Preparation Kit (RS-122-2001).
Library Creation
From each heart and skeletal muscle replicate 1 g of total RNA
(equal RNA from male and female) was enriched for mRNA using
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Thirteen-lined ground squirrels, I. tridecemlineatus, were livetrapped near Paynesville, MN, and housed in the Association for
Assessment and Accreditation of Laboratory Animal Care-accredited
Animal Care Facility at the University of Minnesota Duluth School of
Medicine. Squirrels are individually housed in plastic top-load rat
cages with aspen shavings. The squirrels were housed under standard
conditions in a 12:12 light/dark cycle at 23°C and fed standard rodent
chow and water ad libitum from April to October. During the hibernation
season (November-March), the squirrels were moved into an artificial
hibernation chamber and kept in constant darkness at 5–7°C with no food
provided and water ad libitum. All experimental animal procedures were
approved by the University of Minnesota Institutional Animal Care and
Use Committee (protocol #1103A97712).
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oligo-dT-coated magnetic beads, fragmented, and reverse-transcribed
into cDNA. The cDNA was fragmented, blunt-ended, and ligated to
indexed (barcoded) adaptors and amplified using 15 cycles of PCR.
Final library size distribution was validated by capillary electrophoresis and quantified with PicoGreen fluorimetry and qPCR. Libraries
were successfully sequenced for all samples.
Cluster Generation and Sequencing
Truseq libraries were hybridized to a paired-end flow cell, and
individual fragments were clonally amplified by bridge amplification
on the Illumina cBot. Libraries were clustered at a concentration of 12
pM. After clustering the flow cell was loaded on the HiSeq 2000 and
sequenced using Illumina’s Sequencing by Synthesis chemistry. Upon
completion of a read, a 7-base pair index read is performed. Samples
were run for 100 cycles with a minimum of 10 million single reads per
sample. Base call (.bcl) files for each cycle of sequencing were
generated by Illumina Real Time Analysis software. The base call
files and run folders were then exported to servers maintained at the
Minnesota Supercomputing Institute (Minneapolis, MN). Primary
analysis and demultiplexing were performed with Illumina’s
CASAVA software 1.8.2, resulting in demultiplexed FASTQ files.

from both heart and skeletal muscle. We independently filtered the
computed P values (16) by restricting those with at least a 50%
change between any two collection points and at least one collection
point with a mean of 100 or more reads. The Benjamini-Hochberg
method was then used to correct for multiple comparisons, providing
a P value cutoff for significance, which controlled the false discovery
rate (FDR) at 0.05. For heart and skeletal muscle, any transcript with
a P value less than the respective cutoff value was considered
differentially expressed (FDR ⬍ 0.05). All differentially expressed
genes for heart and skeletal muscle are listed in Supplemental Table
S1, along with their means, standard errors, fold changes (in relation
to the April collection point), and P values.1 On these differentially
expressed genes (heart ⫽ 1,076; skeletal muscle ⫽ 1,466), post hoc
pair-wise comparisons were performed using the same function in
DESeq v1.6.1, but with different input data. For this pair-wise analysis, the P values were independently filtered (16) to restrict to a 50%
change between two specific collection points, rather than any two.
The Benjamini-Hochberg method was used to control the FDR to 0.05
to correct for multiple comparisons. Pair-wise comparisons are listed
in Supplemental Table S2.
Functional Annotation Clustering

Bioinformatics Analysis

Differential Gene Expression
Differential gene expression was determined for heart and skeletal
muscle using an analysis of deviance in DESeq v1.6.1, to generate a
test statistic (P value) using the methods described by Anders and
Huber (3). Each collection point consisted of three pooled samples

The differentially expressed transcripts from heart and skeletal
muscle were analyzed with the functional annotation tools of DAVID
(45) and literature searches. Genes were first sorted for differential
expression relative to APR and then sorted for genes that were
upregulated and downregulated. These lists were entered into DAVID
separately for analysis. DAVID analysis provided annotation and gene
GO-term enrichment analysis. DAVID functional annotation clustering (FAC) was used for further analysis (46). DAVID FAC uses an
algorithm to measure the relationships among the annotation terms.
Each annotation term inside each cluster is assigned a P value (Fisher
exact/EASE score), and these P values are used to calculate a group
enrichment score. This score is the geometric mean of the member’s
P values in a corresponding annotation cluster and is used to rank their
biological significance. The number of genes involved in the term is
also given in Table 3.
RESULTS

Overview
The goal of this study was to use advanced high-throughput
sequencing technologies to compare gene expression between
the heart and skeletal muscle of the thirteen-lined ground
squirrel throughout the hibernation season. Total RNA was
prepared from heart and skeletal muscle at four time points
throughout the circannual cycle: APR, OCT, TOR, and IBA
(Fig. 1). Illumina HiSeq 2000 sequencing of cDNAs derived
from 24 animals resulted in 88,878,967 high-quality reads of
100 bases each for heart and 109,274,656 for skeletal muscle
(Table 1). Contig assembly resulted in the identification of
14,332 distinct transcripts in ground squirrel heart and 14,169
transcripts in skeletal muscle. Only transcripts that had 10
reads at any time point were used for further analysis. This
resulted in 8,285 protein-coding genes in heart and 8,278 genes
in skeletal muscle, with 8,229 being expressed in both tissues.
The fact that 99% of the genes are expressed in both heart and
skeletal muscle highlights the homology between these two
tissues.
1
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Over 10 million raw sequence reads were generated per sample.
These reads were mapped to a set of I. tridecemlineatus contigs
assembled in the open-source program Trinity (35). The contigs were
constructed from consensus regions of DNA from these data in
addition to previous I. tridecemlineatus RNA-seq experimental data
from brain cortex, hypothalamus (88), brown adipose tissue (BAT)
(37), and white adipose tissue (WAT). Trinity was used to predict
coding domain subsequences within these contigs to specifically
select for protein-coding transcripts. Any contig containing a predicted coding domain was selected and trimmed to include only this
domain plus up to 100 bases on both ends of the domain. Before reads
were matched to the contigs, mitochondrially encoded genes were
screened out by the use of the thirteen-lined ground squirrel mitochondrial genome sequence (38) and the National Center for Biotechnology Information’s (NCBI’s) megablast program (2) because of the
high density of mitochondrial genomes in heart and skeletal muscle.
The selected contigs were then compared with the NCBI RefSeq
human mRNA sequences using NCBI Blastn (2). Raw reads from
each experimental sample were identified using these contigs and then
quantified using the counts for each gene. Gene names used for
identification are the official Human Genome Organisation Gene
Nomenclature Committee designations.
Resulting read counts were normalized to the upper quartile and
then fitted to a negative binomial distribution using DESeq v1.6.1 (3).
All genes included in the initial analysis of heart and skeletal muscle
had at least 10 read counts total across the four time points. All read
counts across all collection points were quantified for each mRNA to
determine overall abundance for heart and skeletal muscle. Maximum
fold change for each gene was calculated as the collection point with
the highest average read counts by the collection point with the lowest
average read counts. Tissue specificity for heart and skeletal muscle
was calculated for each gene by dividing the percentage of read counts
in that tissue divided by the total number of read counts in all other
transcriptomic samples, including heart, skeletal muscle, along with
cortex, hypothalamus (88), BAT (37), and WAT (38), which were
obtained from other transcriptomic experiments.
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Fig. 1. Body temperature (Tb) recordings and
physiological characteristics across the hibernation season. Core Tb (black line) from a
single animal measured by a surgically implanted transmitter, along with the controlled
ambient temperature (blue line) of the environmental chamber over the course of the
hibernation season. Red arrows indicate representative Tb at each of the time points
collected: OCT (October), TOR (torpor),
IBA (interbout arousal), and APR (April). A
brief description of the physiological and
behavioral characteristics at each of the time
points is provided in the boxes above each
time point.

Despite 99% of the genes being expressed in both tissues,
the heart and skeletal muscle show different levels of tissue
specificity. Figure 2 shows the number of transcripts that
were identified with ⬎75% specificity for each tissue type,
relative to the other five ground squirrel tissues on which we
have previously performed transcriptome analysis (brown
and white adipose, hypothalamus, cortex, heart, and skeletal
muscle) (37, 38, 88). Of those transcripts, the skeletal muscle
has twice as many mRNAs with ⬎95% specificity compared
with the heart. However, only one transcript, immunoglobulinlike and fibronectin type III domain containing 1 (IGFN1) (Fig.
2B), is 100% specific for skeletal muscle, while four transcripts
are 100% specific for heart, including the cardiac transcription
factors NKX2.5 and TBX20 (Fig. 2A).
Ranked Abundance
There are many functional similarities between the most
highly expressed genes in heart and skeletal muscle. Figure 3
shows the 20 most abundant transcripts in heart (Fig. 3A) and
skeletal muscle (Fig. 3B). Of these 20 transcripts, only four are
expressed in both tissues. Tropomyosin-1 (TPM-1), titin (TTN),
and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) are more
Table 1. Overview of Illumina HiSeq2000 RNAseq data
Heart

High-quality reads
Distinct transcripts
Protein-coding genes
Genes expressed in both
Differentially expressed genes
Genes differentially expressed in both

88,878,967
14,332
8,285
1,076

Skeletal

109,274,656
14,169
8,278
8,229
1,466
369

Samples were run for 100 cycles with a minimum of 10 million single reads
per sample. Contig assembly and prediction of protein-coding domains were
performed in Trinity. All identified genes have at least 10 counts at any one
time point. Differentially expressed genes show at least a 50% change between
2 collection points and have a false discovery rate (FDR) ⬍ 0.05.

abundant in skeletal muscle, while myoglobin (MB) is more
abundant in the heart. Although there are only four transcripts
that are expressed in both tissues, several tissue specific isoforms of various proteins are expressed and are among the
most abundant transcripts for both heart and skeletal muscle.
The most abundant transcripts in both tissues are various forms
of myosin heavy chain (MYH), with the cardiac isoforms of
MYH6 and MYH7 and the skeletal muscle isoforms MYH1,
MYH2, and MYH4 being among the 20 most abundant transcripts in the heart and skeletal muscle, respectively. Additionally, several isoforms of myosin light chain (MYL) are among
the most abundant transcripts in both heart (MYL2, MYL3) and
skeletal muscle (MYL1, MYLPF). Other examples of tissuespecific isoform expression come from additional factors important for regulating muscle contraction, including the sarco/
endoplasmic reticulum Ca2⫹-ATPase (ATP2A) with ATP2A1
being the predominant form in fast-twitch skeletal muscle and
ATP2A2 in the heart. Troponin (TNN), which is essential for
regulating muscle contraction in both cardiac and skeletal
muscle, has the cardiac-specific isoform TNNT2 in the heart
and TNNT3 and TNNI2 in skeletal muscle, ranking among the
20 most abundant transcripts.
Only small subsets of the 20 most abundant transcripts are
differentially expressed (FDR ⬍ 0.05) over the four collection
points (Supplemental Table S1). MYH6 is the only transcript
that is differentially expressed in the heart showing the highest
expression in TOR, while MYH2, MYH4, MB, and actinin
alpha 2 (ACTN2) are differentially expressed in the skeletal
muscle, with MYH2, MYH4, and ACTN2 showing highest
expression in APR, while MB expression peaks in OCT.
Differential Expression
We determined differential expression across the four collection points by independently filtering P values computed by
DESeq. Genes are considered differentially expressed if they
have at least 100 normalized counts in one collection point and
have at least a 50% change between the means of any two
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Fig. 2. Heart and skeletal muscle tissue specificity.
The graph represents the number of genes that show
75–100% expression specific for heart (A) and skeletal muscle (B) relative to the 6 tissues transcriptome
analysis has been performed on (see MATERIALS AND
METHODS). A value of 100% specificity means that
gene is expressed only in that tissue. Genes showing
95% or greater specificity are listed in the box to the
right of each graph, in descending order of specificity. Genes are listed by Human Genome Organisation Gene Nomenclature Committee (HGNC) designations.

changes in both heart and skeletal muscle are between the two
hibernation points TOR and IBA.
Functional Analysis
Fuel utilization. Differentially expressed genes were functionally clustered using the Database for Annotation, Visualization and Integrated Discovery (DAVID) to highlight functional pathways that are altered across the circannual cycle of
a hibernator. Genes were first sorted by their expression relative to April and then further sorted into genes that were
upregulated or downregulated. The top five FACs are shown
for each time point for heart and skeletal muscle in Table 3. In
both the heart and skeletal muscle there is evidence that
mitochondrial function, including fatty acid metabolism, is
especially important for the hibernation phenotype. Transcripts
associated with fatty acid metabolism are upregulated in OCT,
TOR, and IBA in both heart and skeletal muscle (Fig. 5A). In
support of previous findings that fatty acids are the primary
fuel source during hibernation, we see increased expression of
many of the key players utilized during fatty acid metabolism
including FABP3, ACOT1, ACSL1, ACSL3, ACSL4, and
ACSL6. These genes encode important enzymes in the conversion of free long-chain fatty acids into fatty-acyl CoA. Fatty
acids are transported across the mitochondrial membrane by
CPT1A, CPT1B, and SLC25A20, all of which are significantly
increased in heart and/or skeletal muscle during hibernation.
Additionally, the enzymes required for ␤-oxidation of fattyacyl CoA are significantly upregulated, including ACADS,
ACADVL, ACAD10, ECH1, ACOT2, HADHA, and HADHB in
heart and/or skeletal muscle. Catalase (CAT) and peroxiredoxin
(PRDX5) are responsible for the breakdown of hydrogen peroxide produced in ␤-oxidation, and both are upregulated in
skeletal muscle beginning in OCT or throughout hibernation.
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collection points. Of the transcripts identified 1,076 genes were
differentially expressed in heart, and 1,466 were differentially
expressed in skeletal muscle, with only 369 being differentially
expressed in both tissues. The expression patterns of the five
genes showing the greatest fold change across collection points
for both heart and skeletal muscle are presented in Fig. 4. Of
the top five differentially expressed genes only CYP1A1 is
differentially expressed in both heart and skeletal muscle.
CYP1A1 is a member of the cytochrome P450 family, is a
monooxygenase involved in the metabolism of xenobiotics
(21), and is induced under hypoxic conditions (22, 75).
CYP1A1 shows the greatest fold change (60.5-fold) in the heart
and the fifth highest fold change (33.9-fold) in skeletal muscle
(Fig. 4, A and J). In skeletal muscle CA1, carbonic anhydrase
1, an enzyme that removes carbon dioxide from tissues by
conversion to bicarbonate and protons (18), shows the greatest
fold change (138-fold) (Fig. 4F). Decreased expression of
these two genes in TOR correlates with reduced oxygen consumption during the decreased metabolic state. All 10 of the
genes represented show the greatest reduction in expression
during TOR and IBA. Of all differentially expressed genes,
⬍3% showed a fivefold or greater change in expression, and
only four of those genes are shared between heart and skeletal
muscle: CYP1A1, DDIT4, ADAMTS1, and PM20D2 (Supplemental Table S1). All four genes show peak expression in APR
in the heart; however, CYP1A1 shows peak expression in OCT
in skeletal muscle. PM20D2 is involved in metabolite repair
(100), which may be required to repair metabolites damaged
throughout the hibernation season. Post hoc pair-wise comparisons between any two collection points showed that the
highest number of statistically significant changes occurred
between TOR and APR, in both heart and skeletal muscle
(Table 2; italics, Supplemental Table S2). Interestingly, the
two time points showing the fewest statistically significant
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Enzymes involved in the degradation of branched chain fatty
acids are significantly downregulated, for example, ACADSB.
This is consistent with previous findings of reduced expression
of proteins associated with mitochondrial ␤-oxidation of
branched chain fatty acids (34).
Upregulation of peroxisomal fatty acid metabolism. The
deep sequencing methods used in this study made it possible
for us to identify an additional metabolic pathway not previously reported as being differentially regulated during hibernation either in the heart or skeletal muscle. In addition to
mitochondrial fatty acid metabolism there is increased expression of genes involved in peroxisomal fatty acid metabolism,
which is important for breaking down very long chain and
unsaturated fatty acids, making them more accessible for
mitochondrial ␤-oxidation. Peroxisomal metabolism is significantly enriched in the heart in OCT, TOR, and IBA (Table 3)
and shows similar regulation in skeletal muscle. Several of the
transcripts for key enzymes in the peroxisomal ␤-oxidation
pathway are upregulated in TOR relative to APR, including the
multifunctional enzyme HSD17B4 and the thiolase ACAA1,
which are required for the degradation of straight-chain saturated fatty acids (Fig. 5B). The peroxisome-specific thioesterase, ACOT4, also shows increased expression during TOR.
Additionally, several auxiliary enzymes, which are required for
the ␤-oxidation of unsaturated fatty acids, are increased including DECR2 and ECH1. This correlates with increased unsaturated fatty acids found in fat depots in thirteen-lined ground
squirrels (28). In addition to increased ␤-oxidation of fatty
acids in the peroxisome during hibernation, we also see in-

creased expression of genes associated with ␣-oxidation of
fatty acids, including the lyase HACL1. Several other peroxisomal proteins were significantly upregulated in TOR and IBA
in the heart and/or skeletal muscle including HSDL2, MVD,
EPHX2, and the peroxisomal biogenesis factor PEX19.
Even though fatty acid metabolism serves as the primary
fuel source during hibernation for both heart and skeletal
muscle, we see a divergent pattern of expression in genes
associated with glycolysis between the two tissues. Our data
show a trend toward increased expression in almost all of the
enzymes of the glycolytic pathway in the heart in TOR relative
to APR or OCT; however, only a few show statistically
significant increases, including GCK, HK1, PFKM, and
PGAM2 (Fig. 6). In skeletal muscle we see a trend toward
decreased expression in almost all of the glycolytic enzymes in
TOR relative to APR, with GCK, HK2, and ENO1 showing
significantly decreased expression. Although both muscle types
show similar mechanisms of utilizing fuel during the extremely
dynamic metabolic shifts associated with hibernation, this finding
highlights a key difference in the energetic demands of heart and
skeletal muscle during the hibernation season.
Increased oxidative capacity of skeletal muscle. Following
increased ␤-oxidation in the mitochondria and peroxisomes,
we see increases in TCA cycle enzymes in skeletal muscle,
including isocitrate dehydrogenase 3 (IDH3A) and aconitase
(ACO2) (Fig. 7). Without seeing a clear increase in genes
directly associated with oxidative phosphorylation, we see
skeletal muscle-specific increases in genes involved in ironprotein assembly and oxygen transport. Angiogenic growth
factors VEGFA and VEGFB show peak expression in OCT and
elevated expression in hibernation in skeletal muscle (Fig. 7),
while ADAMTS1, a protein with antiangiogenic activity (64,
99), shows significantly decreased expression in TOR (Supplemental Table S1). Iron uptake, heme, and MB synthesis begin
in OCT with a spike in gene expression of transferrin receptor
(TFRC), the rate-limiting enzyme in heme synthesis ALAS1,
and MB along with reduced expression of heme degradative
enzymes HMOX1, HMOX2, and POR in skeletal muscle. The
iron-sulfur cluster assembly enzyme (ISCU), mitochondrial
iron transporter SLC25A28, the mitochondrial heme transporter
ABCB6, the electron transfer flavoprotein-ubiquinone oxidoreductase (ETFDH), and the cytochrome c oxidase subunit
COX7A2L are all upregulated in skeletal muscle during the
hibernation season and are all involved in the production of
heme and iron-related proteins. Expression of the transcriptional coactivator implicit in a variety of mitochondrial functions, PPAR-␥ coactivator-1alpha (PPARGC1A) peaks in OCT
and returns to APR levels in TOR and IBA in skeletal muscle.
In both heart and skeletal muscle the homolog PGC-1␤
(PPARGC1B) is expressed at peak levels during TOR and IBA.
Each of these transcriptional coactivators have been shown to
promote expression of genes associated with increased oxidative
capacity, as seen above. This increase in oxidative capacity is
much more pronounced in the skeletal muscle, likely because of
the inherently high oxidative capacity of the heart (32).
Tissue-specific Muscle Maintenance
Cardiac and skeletal muscles differentiate early in vertebrate
embryogenesis and require the combinatorial actions of multiple signaling pathways (81). The mechanisms of maintaining
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Fig. 3. Most abundant transcripts in heart and skeletal muscle. The total
number of reads across all collection points for each mRNA were used to
determine overall abundance for heart and skeletal muscle. The 20 most
abundant transcripts are represented for heart (A) and skeletal muscle (B), with
the corresponding counts for the other tissue also represented in each graph for
comparison. Heart mRNA abundance is represented in black; skeletal muscle
mRNA is represented in gray. Transcripts are listed by HGNC designations.
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and remodeling cardiac and skeletal muscle are of particular
interest since both muscle types are capable of adapting to
changing physiological and environmental conditions such as
hibernation (9). Hypertrophy of both muscle types results from
physical or pathological stress, while atrophy of skeletal muscle results from lack of physical activity. Evidence of the
combinatorial and multifaceted signaling pathways used to
maintain muscle integrity is evident in the transcriptome during
hibernation.
Regulation of protein turnover. Transcriptomic analysis of
skeletal muscle reveals several mechanisms by which hibernating mammals might avoid disuse atrophy, showing widespread differential expression of genes involved in protein
synthesis and degradation. Genes involved in protein synthesis,
including the mTOR pathway, show increased expression in
skeletal muscle during the hibernation season. The key enTable 2. Pair-wise differential expression
APR

IBA

TOR

483
182

786

688
109

938

Heart
OCT
TOR
IBA

296
967
749

OCT
TOR
IBA

524
1,317
1085

Skeletal muscle

Counts of pairwise comparisons of differentially expressed genes in the
heart and skeletal muscle throughout the circannual cycle. Pair-wise comparisons were performed using DESeq, and P values were filtered to restrict a 50%
change between 2 collection points (FDR ⬍ 0.05). The largest set of genes are
differentially expressed between April active (APR) and torpor (TOR) in both
tissues (italics). OCT, October active; IBA, interbout arousal.

zymes in this pathway that are upregulated are AKT1, MTOR,
and RPS6KB1 (Fig. 8A). Similarly, inhibitors of protein synthesis, DDIT4, KLF15, and EIF4EBP1, show decreased expression at the same time points. This pathway is likely
regulated through IGF signaling in skeletal muscle during
hibernation, with IGF1 and IGF2 showing significant upregulation in skeletal muscle, while the inhibitory IGF binding
proteins IGFBP2 and IGFBP7 are significantly downregulated.
We also see evidence of reduced protein degradation during the
hibernation season, including reduced expression of the negative regulator of muscle growth myostatin (MSTN), the transcription factors FOXO1 and FOXO3, and the TWEAK receptor Fn14 (TNFRSF12A), which are all upstream activators of
ubiquitin-mediated proteolysis.
Activation of cardiac fetal gene expression profile. In contrast to the skeletal muscle balancing protein synthesis and
degradation to maintain muscle tone and integrity, cardiac
tissue shows a distinct mechanism to maintain contractile
function and muscle integrity throughout hibernation. This
phenotype is the expression of the cardiac fetal gene expression
profile, including the expression of several cardiac-specific
transcription factors including NKX2.5, NFATc1, MEF2A,
GATA4, MYOCD, and TBX20 (Fig. 8B), during hibernation.
Direct downstream targets of these transcription factors regulate basal expression of a spectrum of cardiac genes, several of
which are upregulated in TOR/IBA, including MYH6, SLC8A1,
SLC8A3, CHRM2, the adenosine receptor ADORA1, and
ATP2A2 (1). It is well established that the mammalian heart is
capable of limited endogenous regeneration (11); however,
several examples exist of new cardiomyocyte generation
through myogenic differentiation of endogenous stem cells
(43, 44) or through proliferation of resident cardiomyocytes
(15), but this has not been previously reported as a protective
strategy in hibernators.
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Fig. 4. Genes showing the greatest fold change for heart and skeletal muscle across the circannual cycle. Greatest fold change for each gene was calculated by
dividing the collection point with the highest average read counts by the collection point with the lowest average read counts for heart (A–E) and skeletal muscle
(F–J). Within each tissue genes are listed in descending order of greatest fold change. All genes represented are differentially expressed with a false discovery
rate (FDR) ⬍ 0.05. Error bars represent the SE. Post hoc pair-wise comparisons were used to determine differential expression between any 2 time points. Any
time point not sharing the same letter is significantly different (FDR ⬍ 0.05). Genes are listed by HGNC designations.
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Table 3. DAVID Functional Annotation Clusters for genes differentially expressed relative to APR
Heart Transcriptome Top 5 DAVID Clusters

Enrichment Score

Genes

Skeletal Muscle Transcriptome Top 5 DAVID Clusters

Enrichment Score

Genes

3.51
3.51
3.44
2.85
2.71

24
13
58
165
88

7.16
5.00
3.52
3.24
2.94

25
147
13
62
14

4.18
3.46
2.99
2.45
2.39

63
23
20
94
11

9.34
5.71
4.36
3.44
3.33

25
42
12
50
22

4.18
3.14
2.53
2.42
1.75

46
14
7
8
8

2.99
2.64
2.52
2.09
2.06

10
21
25
14
4

OCT:APR
Upregulated
1. Fatty acid metabolism
2. Organelle membrane
3. Peroxisome
4. Lipid biosynthetic process
5. Lipid binding

4.49
4.22
3.39
3.29
2.94

22
50
14
17
21

1. Mitochondrial innner membrane
2. Mitochondrial outer membrane
3. Mitochondrion
4. Metal ion binding
5. Organelle lumen
Downregulated

1. Blood vessel development
2. Response to organic substance
3. Cell junction
4. Sequence specific DNA binding
5. Nitrogen compound biosynthesis

6.91
5.23
4.43
3.91
3.68

27
55
35
24
22

1. Contractile fiber
2. Oxidation reduction
3. Amino acid catabolism
4. Response to organic substance
5. FAD
TOR:APR
Upregulated

5.74
3.97
3.77
3.65
3.64

14
44
162
17
45

1. Mitochondrion/F.A. uptake
2. Mitochondrial inner membrane
3. Fatty acid metabolism
4. Nucleotide binding
5. PPAR signaling/F.A. metabolism
Downregulated

1. Amine catabolic process
2. Blood circulation
3. Regulation of cell motion
4. Electron carrier activity
5. Protein dimerization activity

4.33
3.74
3.58
3.30
3.18

13
15
18
13
30

1. Contractile fiber
2. Oxidation reduction
3. Amino acid catabolism
4. Mitochondrion/A.A. catabolism
5. Extracellular matrix
IBA:APR
Upregulated

1. Cofactor binding
2. Fatty acid metabolism
3. Lipid binding
4. Peroxisome
5. Mitochondrion

2.34
1.87
1.57
1.28
1.23

10
7
7
7
17

1. Blood circulation
2. Apoptosis
3. Regulation of cellular catabolism
4. Oxidation reduction
5. Nucleotide binding

2.73
1.83
1.77
1.67
1.63

9
14
6
13
32

1. Mitochondrion
2. Fatty acid metabolism
3. Cellular respiration
4. FAD
5. Glucose metabolism
Downregulated
1. Contractile fiber
2. Oxidation reduction
3. Response to organic substance
4. Extracellular matrix
5. Aldo/keto reductase activity

Genes that were differentially expressed in OCT, TOR, and IBA relative to APR were sorted for upregulation and downregulation and submitted to DAVID
for functional clustering. The top 5 DAVID clusters for upregulated and downregulated genes are shown for TOR, IBA, and OCT, along with enrichment scores
and the number of genes identified in each cluster.

The differential expression of several of these fetal genes are
also associated with the pathophysiology of heart failure, more
specifically hypertrophy. We see significant increases in expression levels of several genes associated with cardiac hypertrophy including the ␣-1B adrenergic receptor, ADRA1B (27),
the TGF-␤ receptor TGFBR2 (109), and Wnt11 (24) in TOR
and IBA, as well as the ␣-1A adrenergic receptor, ADRA1A
(89), in IBA (Fig. 8B). There are also several other genes
associated with hypertrophy that are differentially expressed
(reviewed in Ref. 12), including the phospholipases PLCB1
and PLCD3, the calcineurin catalytic subunit PPP3CC, the
mitogen-activated protein kinases MAP3K5, MAP2K3, and
MAP2K6, and the secreted glycoprotein ANGPTL4, which are
all significantly upregulated in the heart in TOR and IBA

relative to APR or OCT. Several hypertrophy-related transcripts, including several forms of the CCAAT/enhancer-binding protein CEBP, CEBPA, CEBPB, and CEBPD (15), the
regulator of calcineurin RCAN1 (101), the TGF-␤ receptor
ACVRL1 (35), and the VEGF receptor FLT1 (67), are significantly downregulated in TOR and IBA relative to APR.
DISCUSSION

One of the key differences between the heart and the skeletal
muscle of the hibernator is their functional demand during the
hibernation season. During TOR the heart rate can be as low as
3–10 bpm, while still maintaining normal blood pressure and
contractile function required to supply the brain and body with
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1. Peroxisome
2. Cell/membrane fraction
3. Membrane/transmembrane region
4. Fatty acid metabolism
5. Organelle membrane
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Fig. 5. Evidence supporting a shift to fatty acid metabolism with increased reliance on peroxisomal metabolism. There is differential mRNA expression across
the circannual cycle for enzymes involved in various stages of fatty acid metabolism (A) and peroxisomal metabolism (B). Specific genes are grouped into
functional categories, and their tissue-specific read counts are listed. Differential expression is signified by colored shading, with red indicating increased
expression relative to APR and green indicating reduced expression relative to APR. *Differential expression relative to OCT by pair-wise comparison. Gene
are listed by HGNC designations.

oxygen and metabolites. In contrast, skeletal muscle remains
largely inactive during TOR and is able to avoid the detrimental effects of disuse atrophy. Upon rewarming to normothermic
conditions during an IBA both tissue types return to normal
metabolic and physiological functioning, all within a couple of
hours. We used tissues from the same animals for both muscle
types, combined with Illumina HiSeq sequencing technologies,
to make the most direct comparison between the gene programs of the heart and skeletal muscle during hibernation. This
comparative analysis improves on previous transcriptome analyses performed in our lab that relied on subtractive hybridization (7), EST identification (17), or 454 sequencing technologies that used pooled samples and therefore lacked statistical
validation of expression levels at any given time point (38).
This study both greatly increased the number of transcripts
identified over previous studies and clearly highlights the fact

that despite the 99% similarity in expression of protein-coding
genes in both tissues, disparate functional requirements during
hibernation result in only 369 genes that are differentially
expressed in heart and skeletal muscle throughout the circannual cycle (Table 1). The similarity in gene expression profiles
between heart and skeletal muscle allowed us to identify new
strategies for cold tolerance used by both tissues, through
increased peroxisomal fatty acid metabolism (Fig. 5B). While
the functional divergence between the two tissues shows that
oxygen handling, through increased iron uptake and transport,
is essential for skeletal muscle maintenance (Fig. 7), re-expression of the fetal cardiac gene expression profile is used by the
heart to maintain cardiac muscle (Fig. 8B). The depth of the
transcriptome allowed us to analyze these phenotypes in more
detail than what has previously been reported in heart and
skeletal muscle of mammalian hibernators.
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creased expression of the acyl-CoA dehydrogenases ACADS,
ACADVL, and ACAD10 (Fig. 5A) and the mitochondrial transport protein CPT1 (Fig. 4A). These similarities reflect the
requirement for fatty acid transport and ␤-oxidation upon
nutrient deprivation and increased circulating fatty acid concentrations.
Key differences between fasting and hibernation, as evidenced by mRNA expression, come from the differences in
fatty acid transport proteins. Increased expression of the fatty
acid translocase CD36 is observed in the heart and skeletal
muscle during fasting in rats (51, 98), while elevated transcript
levels of the fatty acid transport protein SLC27A1 is observed
in the heart and skeletal muscle during hibernation in ground
squirrels (Fig. 5B). Studies have shown SLC27A1 directs fatty
acids for oxidation in both heart (23) and skeletal muscle (42),
is particularly effective at facilitating long-chain fatty acid
transport (25), and is protective against intramuscular lipid
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Fig. 6. Opposite expression patterns of glycolytic enzymes in heart and skeletal
muscle during hibernation. Enzymes of the glycolytic pathway show increased
mRNA expression in the heart, while showing decreased expression in the
skeletal muscle. Specific genes are grouped into functional categories and their
tissue-specific read counts are listed. Differential expression is signified by
colored shading, with red indicating increased expression relative to APR and
green indicating reduced expression relative to APR. *Differential expression
relative to OCT by pair-wise comparison. Gene names are listed using by
designations.

Fuel Utilization
During conditions in which whole body metabolism
changes, such as hibernation, the relative contribution of individual substrates to energy production will alter. For example,
in rats fasted for 46 h mRNA levels for glucose-handling
proteins were reduced by as much as 70%, while transcripts
involved in fatty acid transport and metabolism were increased
⬎50%. Additionally, the activity and number of peroxisomes
in both heart and skeletal muscle increase during fasting in rats
(108). However, when glycogen content was evaluated in the
heart and skeletal muscle in fasted rats, glycogen content
decreased by ⬎35% in skeletal muscle, while increasing up to
40% in the heart (55). Because hibernation involves a longterm fast meant to conserve energy at a time of limited nutrient
availability, we proposed that changes in gene expression
similar to fasting are occurring during hibernation and that
these changes are specific to maintenance of that particular
tissue.
Fatty acid and glucose metabolism. Mammalian hibernators
rely almost exclusively on lipid reserves accumulated during
summer and fall months, while carbohydrate utilization is
drastically reduced (reviewed in Ref. 20). The switch from
carbohydrate to fatty acid metabolism is regulated by differential gene expression at multiple levels and shares several
gene expression changes with fasting (51, 98), including in-

Fig. 7. Skeletal muscle shows a sharp increase in oxidative capacity beginning
in October. There is differential mRNA expression across the circannual cycle
for enzymes and processes responsible for oxygen delivery to and within cells.
This differential expression is most prominent in skeletal muscle. Specific
genes are grouped into functional categories and their tissue-specific counts are
listed. Differential expression is signified by colored shading, with red indicating increased expression relative to APR and green indicating reduced
expression relative to APR. *Differential expression relative to OCT by
pair-wise comparison. Genes are listed by HGNC designations.
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accumulation (42). We postulate the increased expression of
SLC27A1 allows for increased ability to transport unsaturated
fats across the membrane and that this is a key difference
between fasting and hibernation-associated fasting. Taken together, fasting and hibernation-associated fasting both show
similar upregulation of fatty acid metabolism, although differences in enzymes might reflect the greatly increased fat storage
prior to hibernation that is not seen in normal fasting.
In addition to altered fatty acid metabolism, we observe
distinct regulation of glycolytic enzymes in the heart and
skeletal muscle. Transcriptional evidence in support of reduced
glucose utilization is seen in the skeletal muscle in TOR, with
almost every enzyme in the glycolytic pathway showing decreased transcript levels during hibernation (Fig. 6). Conversely, the heart shows increased transcript levels for almost
every enzyme in the glycolytic pathway. This divergent pattern
of expression of genes associated with glycolysis may reflect
the different functional requirements for each tissue. This
increased expression of glycolytic transcripts in the heart
during TOR may not reflect glucose utilization during TOR but
instead may be a protective mechanism to allow the heart to

rapidly utilize glucose during IBAs. Upon arousal significant
increases in energy and oxygen are required to fully perfuse the
body with oxygenated blood. The heart’s ability to switch its
utilization of different substrates under stress is critically important to the survival of the whole organism. This increase in
glycolytic enzyme transcripts in the heart during hibernation is
in opposition to what is observed in fasting and may be a
required cardiac mechanism for protecting the heart during
hibernation.
Another mechanism by which the hibernator muscle is
protected during hibernation is through the storage and utilization of glycogen reserves. Fasting induces increased glycogen content in the heart, while liver and skeletal muscle
showed decreased glycogen content in rats (55). Recent data
from our lab showed that glycogen content increases in the
heart during TOR and decreases in IBA (Heinis FI, Vermillion
KL, Andrews MT, Metzger JM, unpublished observations); however, studies on glycogen content in skeletal muscle during hibernation have not been done in the lab. Given that hibernation is a
long-term fast, we believe glycogen content will decrease in the
skeletal muscle in TOR, while increasing in the heart, because
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Fig. 8. Differential expression of protein turnover pathways and re-expression of the cardiac fetal gene expression profile suggests mechanisms of muscle
preservation. A: pronounced differential expression of skeletal muscle mRNA across the circannual cycle for proteins in various pathways of protein turnover.
B: gene counts from the heart are shown for re-expression of the cardiac fetal gene expression profile. Specific genes are grouped into functional categories and
their tissue-specific read counts are listed. Differential expression is signified by colored shading, with red indicating increased expression relative to APR and
green indicating reduced expression relative to APR. *Differential expression relative to OCT by pair-wise comparison. Genes are listed by HGNC designations.
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Once acetyl-CoAs are generated by ␤-oxidation they need to
be exported to the mitochondria. The export of acetyl-CoAs
out of the peroxisome in mammals is thought to be accomplished by either of two systems, a carnitine shuttle or through
the export of acetate generated from acetyl-CoA by the action
of peroxisomal thioesterases (102). Although there is no evidence to support a peroxisome-specific carnitine shuttling of
acetyl-CoAs in this transcriptome, increased transcripts of the
peroxisome-specific thioesterase ACOT4 (48) in heart and
skeletal muscle in TOR suggest that CoA esters are hydrolyzed
within peroxisomes to yield free acids, which are transported to
mitochondria and reactivated to their respective CoA esters for
completion of ␤-oxidation (Fig. 5B). The efficient breakdown
of long chain and unsaturated fatty acids in the peroxisome
allows for a steady supply of medium and short chain fatty
acids to the mitochondria where they can be quickly metabolized and converted to ATP throughout hibernation. Increased
levels of unsaturated fats in the hibernator allow them to reach
and tolerate colder temperatures and increase energy savings
(30, 33). This ability to efficiently utilize a large depot of
unsaturated fatty acids is a cold-tolerant adaptive mechanism,
and although this phenotype is more evident in the heart, which
more rapidly utilizes ATP, it is also supplying the skeletal
muscle with a more efficient fuel utilization mechanism. In
support of peroxisome function as a cold-tolerant mechanism,
research in plants found a requirement for peroxisome function
in the cold-induction of gene expression that allows for plant
freezing tolerance, and survival following dark treatment (26).
Oxidative capacity of skeletal muscle. While many of the
genes associated with ␤-oxidation show a gradual increase
through OCT, peaking in hibernation in both heart and skeletal
muscle, there is an OCT-specific increase in genes associated
with oxygen delivery and transport in the skeletal muscle,
which would be necessary for the rapid utilization of these fats
for oxidative phosphorylation. The primary method of iron
uptake into muscle cells is through the binding of transferrin to
transferrin-receptor and its subsequent endocytosis (41). Transferrin-receptor (TFRC) shows a 15-fold increase in OCT from
APR and then decreases but is still differentially elevated
during hibernation in skeletal muscle (Fig. 7). Once iron is in
the cell it can be stored in ferritin, transported back out of the
cell, or incorporated into various functional proteins, usually in
the form of heme (41). Increased transcriptional expression of
the rate-limiting enzyme in heme synthesis, ALAS1, and decreased expression of heme-degradative enzymes HMOX1,
HMOX2, and POR indicate enhanced heme synthesis in OCT.
In addition to the mitochondrial cytochromes, heme groups can
be incorporated into the oxygen transport protein MB. In
accordance with previous studies, our transcriptome shows
significantly increased MB expression in OCT in skeletal
muscle, with the protein product likely being maintained
throughout hibernation (Fig. 6) (80). In diving mammals that
undergo regular acute hypoxic events, MB is increased in their
skeletal muscles as a means of avoiding anaerobic metabolism
and the buildup of lactate (72). The increased MB expression
in hibernators likely serves a similar purpose during the rewarming process associated with an IBA. Shivering thermogenesis is an important part of the rewarming process, during
which oxygen consumption can be as high as three times
normal active levels (95). With such extreme whole body
oxygen demand, the muscles run the risk of using oxygen more
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similar observations were made in the heart and skeletal muscle of
fasted rats (55). This maintenance of cardiac glycogen stores in
the heart is an intrinsic ability that protects the heart during
long-term fasting and ischemic events such as the IBA.
Peroxisomal fatty acid metabolism. Once fatty acids have
been transported into the cell, they are bound by fatty acid
binding proteins (FABPs). Levels of FABP transcripts are not
significantly changed in fasted animals (51, 98), but FABP3
shows elevated transcript levels in both heart and skeletal
muscle in TOR (Fig. 5A). Once bound by FABP, long-chain
fatty acids are activated for synthesis of cellular lipids, or
degradation by ␤-oxidation, by being converted into fatty
acyl-CoA esters by the acyl-CoA synthetases. ACSL1 and
ASCL3 transcript levels are significantly upregulated in both
heart and skeletal muscle in TOR and IBA (Fig. 5A). In support
of the role for ␤-oxidation following their activation we see
increased expression of several transcripts involved in mitochondrial and peroxisomal oxidation. In animal cells, mitochondria as well as peroxisomes oxidize fatty acids via ␤-oxidation, with long chain, very long chain, and unsaturated fatty
acids being preferentially oxidized by peroxisomes (57, 82).
Short and medium-chain fatty acids are readily permeable
across mitochondrial and peroxisomal membranes; however,
fatty acyl-CoA esters require the presence of transport proteins.
Genetic studies provide evidence for the involvement of the
ABC protein superfamily in the peroxisomal import of substrates for ␤-oxidation (50, 94). We observed elevated transcript levels of the ABC transporter ABCD3 in the heart during
TOR, but no change was observed in any of the ABC transporters in skeletal muscle (Fig. 5B). This may reflect increased
energy requirements and fatty acid metabolism in the heart during
hibernation to maintain cardiac contractility, relative to the inactive skeletal muscle. Once the acyl-CoA ester is inside the cell
these esters can undergo ␤-oxidation, and even though the reactions involved in mitochondrial and peroxisomal ␤-oxidation are
identical, the reactions are catalyzed by distinct genes, with a
few exceptions in which a single gene encodes a protein
directed to both peroxisomes and mitochondria (reviewed in
Ref. 101). The only two peroxisome-specific enzymes involved
in straight-chain ␤-oxidation that are upregulated in hibernation are HSD17B4, which is significantly upregulated in IBA in
skeletal muscle, and the peroxisomal thiolase ACAA1, which
shows significantly increased transcript levels in TOR in both
heart and skeletal muscle (Fig. 5B).
Even though only a few enzymes of the straight-chain
␤-oxidation pathway are upregulated in hibernation, we also
see elevated transcript levels of several auxiliary enzymes that
are involved in the oxidation of unsaturated fatty acids (Fig.
5B). 2,4-Dienoyl-CoA reductase (DECR2) is responsible for
degradation of unsaturated enoyl CoA esters having double
bonds in even and odd-numbered positions in the peroxisome
and is significantly upregulated in the heart, but not skeletal
muscle in TOR and IBA (Fig. 5B). ␤-Oxidation of unsaturated
fatty acids with a double bond at odd-numbered positions can
be metabolized via an NADPH-dependent pathway involving
⌬3,5,⌬2,4-Dienoyl-CoA isomerase (ECH1) (90). Mammals
have one gene encoding this protein, which can be targeted into
either mitochondria or peroxisomes (29). ECH1 is expressed at
high levels throughout the circannual cycle but shows significantly elevated transcript levels in TOR in both heart and
skeletal muscle (Fig. 5B).
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Tissue-specific Muscle Maintenance
Both cardiac and skeletal muscle are highly plastic tissues
capable of responding to changes in fuel availability and
functional demand. During hibernation, skeletal muscle experiences conditions such as prolonged fasting and disuse.
These conditions should promote muscle atrophy, but through
unique regulation of protein turnover pathways these animals
are able to avoid these detrimental effects. Conditions placed
on the heart during hibernation include increased stroke volume, increased peripheral resistance and diastolic pressure
(104). These conditions result in a hypertrophic response, and
although this response shares many similarities as those observed in pathological conditions, hibernators are able to avoid
detrimental effects.
Skeletal muscle maintenance. Under normal conditions,
muscle homeostasis is achieved by balancing the continuous
processes of protein synthesis and degradation. This balance is
regulated by mechanisms integrating a variety of signals including nutrient availability and functional demand. Under
conditions of fasting or immobility such as those seen in
hibernation, these mechanisms can lead to severe muscle
atrophy (14, 61). The amount of inactivity typical of a 10-day
TOR bout would, in the nonhibernating rat, result in 16 –27%
reduction in muscle mass depending on muscle type (78).
Hibernators interrupt these long periods of immobility only
briefly during IBAs, thus remaining largely immobile for 6 mo.
Throughout this time their muscles retain normal morphology
and functionality (4). The high-throughput transcriptome data
provide a comprehensive view of potential regulatory points in
these pathways that hibernators may use to avoid atrophy. The
atrophic response of nonhibernator skeletal muscle has been
well characterized at the transcriptional level (91). A direct
comparison of gene expression patterns of active (APR) versus
hibernating (TOR) ground squirrels to active versus immobi-

lized rats reveals a nearly complete lack of the typical atrophic
response despite extended disuse in hibernation.
Studies suggest that transcription and translation are halted
during TOR (96, 97), implying that the protein synthesis
necessary to counteract protein degradation can occur only
during an IBA. Our hibernators show increased expression of
genes in the IGF-1/AKT/mTOR pathway, which is typical of
the hypertrophic response to exercise (74) and is a central
mechanism of activating protein synthesis (Fig. 8A). The increased transcriptional expression of the mTOR pathway and
reduced expression of its inhibitors, such as DDIT4 and
KLF15, support the hypothesis that protein synthesis may be
occurring in bursts during the IBAs to counteract the processes
of protein degradation, but further investigation at the level of
proteins and posttranslational regulation would be needed to
confirm the role of this pathway (58). Mechanisms of protein
degradation include the ubiquitin proteasome system, the lysosomal autophagy system, and Ca2⫹-activated proteases (calpains). In models of disuse these pathways are upregulated,
resulting in an unbalanced rate of protein turnover eventually
leading to atrophy. Our transcriptome data show most of these
systems to have stable expression despite the conditions of
disuse and fasting. However, many important transcription
factors and signaling cascades that eventually lead to the
activation of these systems show significantly reduced expression during hibernation.
The FOXO transcription factors are master regulators of a
variety of proteolytic systems including the lysosomal autophagy system and the ubiquitin-mediated proteolysis system.
AKT and the PGC-1 transcriptional coactivators are known to
inhibit FOXO transcriptional activity (84, 92). Their overexpression during hibernation could explain the steady expression of FOXO transcriptional targets despite conditions of
immobility and fasting that should lead to their overexpression
(14, 61). One such transcriptional target of FOXO transcription
factors is the gene ZFAND5, which plays a major role in the
recognition, delivery, and anchoring of ubiquinated proteins to
the proteasome (85). ZFAND5 shows significantly reduced
expression beginning in OCT through the hibernation season
(Fig. 8A), demonstrating direct regulation of the rate of protein
degradation. NF-B signaling is another important modulator
of muscle atrophy (60). NF-B activation by the proinflammatory cytokine TNF-like weak inducer of apoptosis (TWEAK)
has recently been demonstrated to contribute to the atrophic
response by inducing the expression of MuRF1 and Atrogin-1,
both E3 ubiquitin ligases. (56). Reduced expression in skeletal
muscle of the TWEAK receptor TNFRSF12A suggests another
method by which these animals reduce the rate of protein
degradation during hibernation (Fig. 8A). Through transcriptional regulation at various levels, from major transcription
factors to cytokines to proteasome anchoring proteins, these
animals seem able to maintain a normal rate of protein turnover
under otherwise atrophic conditions and preserve muscle function and mass.
Cardiac muscle maintenance. Strong evidence from the
transcriptome reveals expression of the fetal gene expression
profile as a cardiac-specific mechanism for maintaining cardiac
muscle during hibernation. The group of transcription factors,
including NFAT, GATA4, NKX2.5, MEF2A, and TBX20, which
are all significantly upregulated during torpor (Fig. 8B), are all
critical factors involved in heart development (36, 39, 40, 77).
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rapidly than it can be delivered and resorting to anaerobic
metabolism. The importance of remaining aerobic during rewarming is also highlighted in the significantly increased
expression of the mitochondrial ADP/ATP transporters
SLC25A4 and SLC25A6 during hibernation (Fig. 7). Angiogenic factors VEGFA and VEGFB also show increased expression in OCT further highlighting this preparatory increase in
oxygen transport to and within skeletal muscle (Fig. 7).
These changes in oxidative capacity are likely mediated
through differential expression of the transcriptional coactivators (TCs) PPARGC1A and PPARGC1B. These TCs are known
to induce the expression of a wide variety of genes related to
mitochondrial function, oxidative capacity, and the myosin
fiber type transition observed in our data (Fig. 7) and others (8,
62). The differential expression of these TCs correlates with
their expected transcriptional targets in such a way to suggest
that PPARGC1A is more responsible for the physiological
transition into hibernation with peak expression in OCT, and
PPARGC1B playing a role in maintaining the hibernation
phenotype with increased expression during TOR and IBA.
The role of PPARGC1A in hibernation has been recently
proposed (106), and our data support these findings, but further
research is needed to determine the role of PPARGC1B in the
hibernation phenotype.
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characterized by the increase in ANP, BNP, ␣-skeletal actin
(ACTA1), and alterations of ␣- and ␤-myosin heavy chains
(MYH6 and MHY7, respectively) (12, 49). Our transcriptome
data do not show an increase in ANP transcript levels, did not
identify BNP, and show significantly decreased transcript levels of ACTA1. We also observe the opposite pattern of myosin
heavy chain isoform expression, with MYH6 increasing, while
MYH7 decreases (Fig. 8B). This switch to the ␣-myosin heavy
chain MYH6 is likely important for maintaining contractile
function during hibernation, with ␣-myosin heavy chains allowing for greater force contractility. This increase in MYH6
was previously observed (70), and we propose this to be
important for continuous pumping of blood with higher viscosity due to decreased temperature. These dissimilarities between the fetal gene expression profile in pathological hypertrophy versus that seen in hibernation are likely important for
maintaining cardiac function without progressing to cardiac
dysfunction and heart failure.
Similar to what is seen in physiological hypertrophy, we
observe decreased transcript levels of several of the CCATenhancer binding proteins (CEBP) in TOR and IBA (Fig. 8B).
The downregulation of CEBPB permits the expression of
beneficial or protective genes and allows for expression of
genes that enhance cardiomyocyte proliferation and therefore
cell number in the heart in exercised mice and shows that
CEBPB is an important regulator of adaptive or physiological
hypertrophy (15). The expression of fetal cardiac genes, the
potential for a proliferative phenotype mediated by ADRA1A,
and the reduced CEBP expression highlight the importance of
further studies to determine if the hypertrophic response is due
to increased muscle fiber size or cardiomyocyte proliferation.
Additionally, pathological and physiological hypertrophy are
associated with distinct metabolic profiles. Substrate utilization
in pathological hypertrophy resembles that of the fetal heart,
which are characterized by decreased fatty acid oxidation and
increased glucose oxidation, while physiological hypertrophy
is associated with increased fatty acid and glucose oxidation
(59). Evidence from the cardiac transcriptome (19), proteome
(83), and metabolic labeling (6) shows that the hibernator heart
is increasing fatty acid oxidation and glycolysis without increasing glucose oxidation. The ability of the hibernator to
respond to the stress of hibernation with a combination of
physiological and pathological hypertrophic responses might
be the key to preventing heart failure and maintaining contractile function throughout temperature extremes. Also the nature
of repeated IBAs and alteration of adrenergic signaling likely
allow for protection of the heart through preventing insulin
sensitivity and fatty acid lipotoxicity, while allowing for critical protein synthesis. Further in-depth analysis of the proteome of heart and skeletal muscle would complement this
work to correlate with mRNA expression and confirm altered
signaling and adaptive mechanisms for survival during hibernation.
Conclusion
Transcriptomic analysis of the heart and skeletal muscle has
revealed tissue-specific mechanisms by which these two striated muscles function under the extreme conditions of mammalian hibernation. Our data suggest similar mechanisms of
increased fatty acid and peroxisomal metabolism used by both
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This suite of cardiac transcription factors are essential transcriptional activators that are expressed predominantly in the
myocardium and regulate the expression of the cardiac genes
encoding structural and/or regulatory proteins characteristic of
cardiomyocytes. Expression of these genes during hibernation
suggests the possibility of regenerative capabilities of heart
muscle, but these transcription factors are also recognized for
more than just their role in cardiogenesis. In the postnatal
myocardium, many major pathways for pathological remodeling converge on this set of transcription factors, several of
which are associated with cardiac hypertrophy and heart failure
(10, 31, 76).
The hibernator heart exhibits a hypertrophic response as a
result of increased stroke volume, peripheral resistance, and
diastolic pressure (104). However, the hypertrophic response to
hibernation shares characteristics of both physiological and
pathological hypertrophy. Physiological hypertrophy increases
myocyte size by increased growth factor signaling, typically
through the IGF/PI3K/AKT pathway, resulting in increased
protein synthesis that is mediated by thyroid hormone signaling
(reviewed in Ref. 12). While in TOR, expression levels of the
receptors IGFR1 and PI3KR, and AKT are all significantly
decreased, highlighting a major difference between physiological
and hibernation related hypertrophy. The best characterized signaling cascade mediating pathological hypertrophy is G␣q signaling, downstream of GPCRs, and is activated by angiotensin-II
(AGT), endothelin-1 (EDN1), and catecholamines. The expression of AGT and EDN1 and their receptors does not show
significant changes throughout the year; however, large fluctuations in several of the catecholamine receptors are significantly altered throughout the hibernation season (Fig. 8B). This
alteration in adrenergic signaling is a likely mechanism by
which hibernators exhibit a hypertrophic response without
developing heart failure.
Adrenergic signaling through ␣-adrenergic receptors is responsible for mobilizing intracellular calcium via a PLC/IP3
mechanism (66). We see increased mRNA expression of
ADRA1B in TOR, along with two PLC transcript variants,
PLCB1 and PLCD3 (Fig. 8B). PLC cleaves phosphatidylinositol 4,5-diphosphate to yield IP3 and DAG. IP3 interacts with
the sarcoplasmic reticulum to release stored Ca2⫹. In addition
to mobilizing calcium from intracellular stores, activation of
PLC influences intracellular Ca2⫹ by inhibition of L-type Ca2⫹
channels or by activation of Ca2⫹ channels, Na⫹-H⫹, and
Na⫹-Ca2⫹ exchangers (67, 68). During hibernation the Na⫹Ca2⫹ exchangers SLC8A1 and SLC8A3 are both significantly
increased along with the Na⫹-K⫹ transporters ATP1A1 and
ATP1A3 (Fig. 8B). Increased intracellular calcium also activates
the calcineurin-dependent transcriptional pathway that is typically
associated with the fetal gene expression profile and cardiac
hypertrophy. Ca2⫹-dependent calcineurin signaling removes the
phosphate group from NFAT, allowing for translocation into the
nucleus, where NFAT activates GATA4, and in cooperation with
MEF2 is responsible for activation of the cardiac fetal gene
expression profile, or cardiac transcription (69).
We also see increased expression of the transcription factors
NKX2.5, MYOCD, and TBX20 (Fig. 8B), which are important
in the differentiation, proliferation, and maturation of the heart
(47, 79, 87). These transcription factors are important for
regulating a large number of cardiac remodeling genes. Expression of the cardiac fetal gene expression profile is often
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tissues, while hibernator hearts are able to resort to glucose
metabolism in times of need. Additionally, skeletal muscle
shows an early increase in oxidative capacity necessary for the
altered fuel utilization and oxygen demand of shivering. These
two muscles show disparate mechanisms by which they maintain their morphology and functionality during hibernation.
Skeletal muscle exhibits unique regulation of pathways involved in protein turnover as a means of preserving muscle
proteins and avoiding atrophy, while the heart reverts to the
fetal gene expression profile, but is able to avoid the cardiac
hypertrophy and heart failure usually associated with these
conditions. While there are very similar metabolic demands on
these two muscle tissues, their diverse functional requirements
are highlighted in the very different mechanisms by which they
maintain functionality throughout the circannual cycle.
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