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Abstract

Many small mammals face severe problems during the winter - little or no food

supply and yet huge energy costs for keeping their bodies warm. To escape these

problems, they hibernate, entering states of deep torpor where metabolic rate falls to just

2-4% of euthermic and body temperature falls to near 00C. Remarkably, skeletal muscle

cell size and strength are sustained despite extended periods of disuse during torpor

whereas cell growth (hypertrophy) is promoted in cardiac muscle to support the stronger

cardiac contractions needed in the cold. Despite overall suppression of transcription and

translation during hibernation, the present research identified and analyzed selected

muscle genes and their products that were up-regulated during torpor in striated muscle

of thirteen-lined ground squirrels (Spermophilus tridecemlineatus). These changes in

mRNA/protein levels of myocyte enhancer factor-2 (MEF2A, MEF2C) transcription

factor as well as altered expression of selected downstream targets (e.g. glucose

transporter 4, myogenic differentiation protein) aid skeletal and cardiac muscle in

meeting metabolic challenges associated with hibernation. MEF2 transcription factors

were significantly elevated (both mRNA and protein) at various points in the torpor-

arousal cycle suggesting a significant role for MEF2-mediated gene transcription in the

selective adjustment of striated muscle proteins. Muscle plasticity in the hibernator was

also evidenced by torpor-responsive changes in the protein levels of important contractile

(troponin I, a/ß-tropomyosin), sarcomeric (myomesin) and cytoskeleton proteins (desmin,

and vimentin). These data provide new insights into muscle remodeling during

hibernation and the role of selected genes/proteins in balancing programs of atrophy,

stasis and myogenesis.
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Chapter 1

General Introduction
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All animal life requires energy to fuel vital processes at the cellular, tissue and

whole organism level. This necessity of life has staged the evolution of organisms which

may rely on daily feeding habits, a migration to more fruitful grazing lands, or a

mechanism to conserve energy under unfavorable conditions. One highly successful

adaptation for surviving prolonged seasonal exposures to stressful environments (e.g.
little or no food, cold temperatures) is hibernation. Torpor-arousal bouts are characterized

by prolonged periods of torpor where animals strongly suppress their metabolic rate

(often to just 2-4 % of euthermic) and drop body temperature (Tb) to near ambient (often

to <5°C), interspersed with brief periods of arousal back to euthermia [Wang & Lee,

1996; Geiser, 2004; Storey, 2010]. This hypometabolic state has effectively countered the
pressure associated with large environmental fluctuations and has led to the successful

expansion of ecological ranges, that would otherwise be largely inhospitable to small-

bodied non-hibernating endotherms. For small mammals, such as ground squirrels,

hibernation can conserve up to 88% of the energy that would otherwise be needed to

remain euthermic over the winter months [Wang & Lee, 1996]. Although part of the

energy savings in torpor comes from the reduction in Tb, strong regulatory controls are

needed both to impose global controls that coordinate the suppression of metabolic rate

(and thereby cause Tb to fall) and to readjust metabolism to support long term viability in
the torpid state. The present research focuses on thirteen-lined ground squirrels,

Spermophilus tridecemlineatus, which are native to the central prairies of North America

and survive the winter by hibernating in underground burrows (Fig. 1.1).

The fluctuation of Tb associated with the hibernation season represents a dramatic

300C change in core Tb and results in important adaptations for dealing with the cold



[Tabarean et al, 2010]. Furthermore, hibernating ground squirrels also experience

dramatic reductions in organ perfusion rates (<10% of normal) and respiration rates (2.5

% of normal) [Frerichs & Hallenbeck 1998; Storey & Storey, 2010]. In anticipation of the

winter season, ground squirrels enter a phase of hyperphagia where excessive eating

results in body mass gains of up to 40% [Martin, 2008; Storey, 2010]. This is matched

with a sharp shift in the metabolic profile of the animals which moves from a heavy

reliance on carbohydrate catabolism to dependence on ß-oxidation [Buck & Barnes,

2000]. The central nervous system also requires distinct adaptations where overall

activity is reduced with only specific regions of the brain demonstrating active neuronal

firing during torpor [Bratincsák et al, 2007]. Finally, ground squirrels are able to sustain

skeletal muscle strength and cell size in the face of extended periods of disuse during

torpor whereas cardiac muscle becomes hypertrophic to meet the higher force required to

pump cold, viscous blood to vital organs [Rourke et al, 2004; Storey, 2010].

The dramatic adaptations of physiology and biochemistry shown by hibernators

make them elegant model systems with which to study many issues of medical relevance

to humans including hypothermia tolerance, inducible torpor, organ preservation,

ischemia resistance, and selected myopathies. Using thirteen-lined ground squirrels as a

model organism, studies in our lab have examined many aspects of hypometabolism in

hibernators [Woods & Storey, 2005; Mamady & Storey, 2006; Morin & Storey, 2006;

Eddy & Storey, 2007; MacDonald & Storey, 2007; Morin & Storey, 2007; Morin et al,

2008; Morin & Storey, 2009; Tessier & Storey, 2010]. Key molecular adjustments during

torpor include the following; global suppression of transcription [Morin & Storey, 2006]

and translation [Morin et al, 2008], elevated antioxidant defenses [Morin & Storey,
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2007], differential regulation of enzymes by mechanisms such as reversible protein

phosphorylation [MacDonald & Storey, 2007], and modulation of gene expression by
transcription factors [Eddy & Storey, 2007], amongst other notable changes [Woods &

Storey, 2005; Mamady & Storey, 2006; Morin & Storey, 2009].

Skeletal Muscle

Skeletal muscle is a highly plastic organ which is primarily used for postural support and
movement, but also plays roles in other physiological processes [Postnikova et al, 1999].

For example, thermogenesis is crucial to arousal from torpor and is driven initially by
nonshivering thermogenesis in brown adipose tissue, with subsequent contributions from

shivering thermogenesis in skeletal muscle once the animal is partially rewarmed [Geiser,

2004; Storey, 2010]. Nonhibernating species, including humans, typically experience

significant muscle wasting during prolonged periods of inactivity but, remarkably,
hibernators show very little atrophy over the winter months spent largely in deep torpor
[Musacchia et al, 1989; Rourke et al, 2004; Bassel-Duby & Olson, 2006; Lee et al, 2008;

Malatesta et al, 2009]. One proposed method of adapting to long bouts of inactivity
during hibernation is altered expression of myosin heavy chain (MyHC) isoforms

including greater expression of slow isoforms, which presumably provides a more
optimal mix of isoforms to adapt the muscles to the reduced work load and thermal

conditions of the torpid state [Caiozzo, 2002; Zuikova et al, 2005; Bassel-Duby & Olson,
2006; Rourke et al, 2006; Choi et al, 2009]. Hibernators can also show selective

remodeling of their skeletal muscles, possibly as an aid to low temperature life and/or to

optimize the capacity for shivering thermogenesis during arousal [Caiozzo, 2002; Rourke

et al, 2004; Zuikova et al, 2005; Bassel-Duby & Olson, 2006].
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Fig. 1.1. The range of the thirteen-lined ground squirrel, Spermophilus tridecemlineatus,

extends north-south from central Alberta, Manitoba, and Saskatchewan to Texas and

New Mexico, and east-west from central Ohio to Colorado.

North American map taken from:

http://www.lib.utexas.edu/maps/americas/north america ref02.jpg
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Cardiac Muscle

Cardiac muscle shares similarities with skeletal muscle with regard to its striated

appearance and method of contraction. However, during hibernation cardiomyocytes

undergo distinct physiological changes. Whereas heart rate is reduced to just 5-10

beats/min (compared to euthermic values of 350-400 beats/min), the force of contraction

needs to increase significantly in order to pump cold, viscous blood through the

hibernator body [Dawe & Morrison, 1955; Storey & Storey, 2004]. This leads to cardiac

hypertrophy. In humans, cardiomyocyte hypertrophy is characterized by an increase in

cell size, enhanced protein synthesis, and heightened organization of the sarcomere with

effects that are generally deemed to be detrimental [Frey et al, 2004]. However, in

hibernators, such hypertrophy is a necessary strategy for life during cold torpor and

analysis of hibernator heart could identify those mechanisms that allow nondeleterious

and reversible cardiomyocyte hypertrophy. One such adaptation could be myosin heavy

chain (MyHC) restructuring that may play a role in adapting cardiac muscle to both cold

temperature and the contractile demands of the torpid state [Morano et al, 1992; Fahlman

et al, 2000; Brauch et al, 2005]. Different ratios of MyHC isoforms can contribute to the

differing contractile properties of cardiac muscles [Brauch et al, 2005, Kuzman et al,

2005]. Indeed, hibernating mammals show a preference for a-MyHC proteins in heart

during hibernation which confer a higher shortening velocity and greater ATPase activity
than ß-MHC proteins [Brauch et al, 2005, Kuzman et al, 2005].

OBJECTIVES AND HYPOTHESIS

Metabolic rate depression is characterized by strong global suppression of all

ATP-expensive cell functions including transcription and translation. Against this



background, instances of positive up-regulation of selected genes/proteins can be highly

instructive for identifying responses that are critical to the torpor-arousal process. In fact,

various gene-screening approaches have identified selected protein targets that are up-

regulated during torpor [Storey & Storey, 2010]. As a refinement of this approach, I have

focused on the responses of selected transcription factors (Tfs) and proteins related to the

structural apparatus of striated muscle over the torpor-arousal cycle. Since each Tf

regulates the expression of a group of genes/proteins that serve common cell functions,

identification of the Tfs that show enhanced expression during torpor and/or arousal, with

follow-up to analyze the expression of their downstream genes, can provide insights into

the cell functions that need particular attention for hibernation success [Storey & Storey,

2010]. Additionally, analysis of the extent and nature of muscle remodeling under strong

environmental pressures will help unravel important mechanisms of muscle plasticity and

resiliency that may be applicable to all mammals.

The regulation of Myocyte Enhancer Factor-2 (MEF2)

Accumulating evidence has thrust various transcription factors (and the regulatory

control that they impose on cells) to the forefront of research on the molecular

mechanisms that direct the cellular profile of myocytes [Akazawa & Komuro, 2003;

Muñoz et al, 2009; Black & Olson, 1998]. One such candidate, is the myocyte enhancer

factor-2 (MEF2) family of transcription factors [Molkentin & Markham, 1993; Lin et al,

1997; Naya et al, 2002; Czubryt & Olson, 2004; Potthoff & Olson, 2007; Muñoz et al,

2009]. MEF2 transcription factors are extremely dynamic, representing a group of

proteins that are able to integrate information from diverse signaling pathways [Kato et

al, 2000; Yang et al, 1999; Lynch et al, 2005; Muñoz et al, 2009], show altered
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regulatory properties as a result of numerous posttranslational modifications [Kang et al,

2006; Ornatsky et al, 1999; Wei et al, 2008], and undergo interactions with multiple

cofactors and other transcription factors to elicit specific responses [Black & Olson,

1998; Maeda et al, 2002; Amat et al, 2009]. Although, MEF2 has been implicated in

diverse cellular responses, its highest expression levels are in striated muscle and the

conserved MEF2 DNA binding sequence is found in the control region of the most

muscle-specific genes [Black & Olson, 1998; Potthoff & Olson, 2007].

Hypothesis 1: Skeletal muscle must undergo molecular changes in order to

function properly at reduced body temperatures and minimize muscle disuse

atrophy. MEF2 transcription factors, that are regulators of important muscle

specific genes, will be differentially expressed during hibernation.

Chapter 3 tests this hypothesis by examining the protein and mRNA expression

(via immunoblotting and reverse transcriptase PCR analysis) of MEF2A and MEF2C in

ground squirrel skeletal muscle over the course of torpor and arousal. In addition, nuclear

localization and DNA binding assays were utilized to obtain a multi-dimensional view of

MEF2A and MEF2C transcription factor regulation. The data reveal that MEF2 genes are

positively regulated during hibernation and that expression of known downstream genes

under MEF2 control, GLUT4 and MyoD, is also enhanced.

Hypothesis 2: Cardiac muscle must function properly at cold Tb when heart rate

is reduced and the force of cardiac contraction is enhanced. MEF2 transcription

factors will play a significant role cardiac remodeling in the hibernator with

responses that may differ substantially from those of skeletal muscle.



Chapter 4 tests this hypothesis by examining responses of MEF2A and MEF2C

and selected downstream targets (GLUT4 and MyoD) in ground squirrel heart over the

course of torpor-arousal. Mirroring the methods of Chapter 3, the data suggest that MEF2

transcription factors, and the downstream genes that they control, play a role in adapting

cardiomyocytes to cold temperatures and changing functional demands of the torpid state.

Adaptations of Structural Proteins

Troponin and tropomyosin proteins play an integral role in skeletal and cardiac

muscle contraction. Once the muscle has been excited by an action potential, calcium

ions bind to troponin leading to the removal of the blocking action of tropomyosin, and

the subsequent exposure of actin sites for the binding of myosin cross-bridges [Watkins

et al, 1995]. Myomesin is an end line protein, attaching myosin thick filaments to the M

line and maintaining the thick filament lattice [Agarkiva & Perriard, 2005]. Intermediate

filaments, such as desmin and vimentin, interconnect myofibrils through the Z-disk and

link the contractile apparatus to the sarcolemma as well as to the nucleus [Capetanaki et

al, 2007; Ivaska et al, 2007].

Hypothesis 3: Adaptive changes in the amounts of muscle contractile proteins,

sarcomeric proteins and intermediate filaments will aid skeletal and cardiac

muscle to meet the physiological demands of the cold torpor state.

Chapter 5 tests this hypothesis by evaluating five proteins related to the structural

apparatus of striated muscle (troponin, tropomyosin, myomesin, desmin, vimentin) using

immunoblot techniques to assess expression over a time course of torpor and arousal in

13-lined ground squirrels. The data reveal that myocytes undergo structural changes

during hibernation and this response differs between skeletal and cardiac muscle.
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Chapter 2
General Materials and Methods
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Animals

Male and female thirteen-lined ground squirrels, S. tridecemlineatus, weighing

130-180 g were wild-captured annually in August by licensed trappers (TLS Research,

Michigan) and transported to the Animal Hibernation Facility, National Institute of

Neurological Disorders and Stroke, NIH, Bethesda, MD. Hibernation experiments were

conducted by the laboratory of Dr. J.M. Hallenbeck as previously described [30] and

briefly summarized as follows. Animals were kept in shoebox cages at 21°C and fed ad

libitum until they gained sufficient lipid stores (mass rose to 220-240 g) to enter

hibernation. Animals were fitted with a sensor chip (IPTT-200; Bio Medic Data Systems)

injected subcutaneously while the squirrels were anesthetized with 5% isofluorane. To

induce hibernation, animals were transferred to cold chambers at 4-6°C in cages

containing wood shavings. Tb, time and respiration rate were monitored and used to

determine the stage of hibernation. Experiments were carried out during the months of

December-February. All animals had been through multiple hibernation bouts prior to

sampling in order to ensure constant torpor-arousal cycles. Most animals settled into

torpor after 2-3 days, and were sacrificed by decapitation at various points over torpor-

arousal bouts; tissue samples were quickly excised and immediately frozen in liquid

nitrogen. Samples were delivered to Carleton University on dry ice and stored at -800C

until use. Tissue samples were collected from animals under the following conditions: (1)

'active' in the cold room (ACR): at least three days at a stable Tb (36-370C) and high

metabolic rate. ACR animals were capable of entering torpor but had not re-entered

hibernation in the past 72 hours. In addition, ACR animals display the slow-wave sleep

characteristic of all sampling animals. These animals were chosen as the reference group

to eliminate compounding variables of environmental light, temperature, feeding as well



1¿

as time/season. (2) Early entrance into torpor (ENT): characterized by decreasing Tb

ranging from 31 to 18°C (at least two successive temperature readings showed a

decreasing Tb), (3) early-hibernation (EHIB): animals showed a stable Tb of 5-8°C for 24

hours, (4) late-hibernation (LHIB): animals were in continuous torpor for at least 3 days

with a stable Tb of 5-8°C, (5) early-arousal (EAR): squirrels exhibited a rising Tb (~12°C)

and increased respiration rate >60/min, and (6) late-arousal (LAR): these animals had

previously been in deep torpor before a full interbout arousal where Tb was stable at 34-

37°C for less than 1 day (Fig. 2.1). The skeletal muscle tissue collected and used for

analysis was a mixture of hind limb muscles whereas the cardiac muscle was a mixture of

atrial and ventricular tissue.

Total RNA isolation and quality assessment.

Frozen tissue samples from the six time points of the torpor-arousal cycle were

separately extracted (N=4 for each). All materials and solutions were treated with 0.1%

v/v diethylpyrocarbonate (DEPC) and autoclaved prior to use. Total RNA was extracted

from muscle (-100 mg) using Trizol™ reagent (Tri-Reagent, Invitrogen), according to
manufacturer's instructions. Briefly, 1 mL of Trizol™ was added to frozen tissue

followed by homogenization using a Polytron PTlO homogenizer. After a brief

incubation (5 min; RT), 200 µ? of chloroform was added followed by centrifugation at

12,000 x g (15 min, 4°C). Total RNA was removed, precipitated in 500 µ? of isopropanol

(10 min, RT), and centrifuged a second time at 12,000 ? g (15 min, 40C). The total RNA

pellet was washed with 1 ml of 70% ethanol and centrifuged as above. The supernatant

was removed and the pellet was air dried for 15 min. The final RNA pellet was re-
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suspended in 25-50 µ? of DEPC water. RNA concentration was determined by reading

the absorbance at 260 nm on the GeneQuant Pro spectrophotometer (Pharmacia), and the

ratio of absorbance at 260/280 nm was used as an indicator of RNA purity. All samples

were diluted to a final concentration of ?µ^µ? using DEPC water. RNA quality was

examined by 1% (w/v) native agarose gel electrophoresis with ethidium bromide staining

to check the integrity of 18S and 28S ribosomal RNA (rRNA) bands.
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Primer Design and Synthesis

Primers were designed using alignments created by DNAMAN and the Primer

Designer Program, v3.0 (Scientific and Educational Software) based on consensus

sequences for the genes derived from several mammalian species. The primers

(purchased from Sigma Genosys) were designed based on the following parameters;

primer length between 18 and 24 bases, primer annealing temperature greater than 50°C,
and GC content of 40-60%.

cDNA synthesis and PCR amplification.

For first strand cDNA synthesis, 3 µg aliquots of total PvNA (1 µg/µl) from muscle

were mixed with 7 µ? of DEPC treated water and 1 µ? oligo-dT (200 ng/µ?). Samples were

then placed in a PCR machine (Mastercycler, Eppendorf) for 5 min at 65°C to promote

the annealing of oligo-dT (5'-TTTTTTTTTTTTTTTTTTTTTTV-3'; V= A or G or C;

Sigma Genosys) to the mRNA polyA tail. Samples were briefly held on ice before the

addition of 4 µ? 5X first strand buffer, 2 µ? 10 mM DTT, 1 µ? 10 mM dNTPs and 1 µ?

Superscript II reverse transcriptase (all from Invitrogen) for a total volume of 19 µ?. The
mixture was incubated at 420C for 45 min and then held at 40C. The resulting cDNA

samples were serial diluted (IO"1, IO"2, IO"3, 10"4) and PCR amplified using primers
specific to Mef2a, Mef2c, Glut4, MyoD or a-tubulin (used for normalization). Tubulin is

the appropriate normalization gene as multiple experiments have demonstrated the levels

remain constant throughout the torpor-arousal cycle. During hibernation, the majority of

genes do not change and only select loci are either activated or repressed (Appendix I).

PCR was performed by mixing 5 µ? of each cDNA dilution with 1 .25 µ? of primer
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mixture (0.3 nmol/µ? forward and 0.3 nmol/µ? reverse), 13.5 µ? of DEPC treated water,

2.5 µ? of 10X PCR buffer (Invitrogen), 1.25 µ? of 50 mM MgCl2, 0.5 µ? of 10 rnM

dNTPs, and 1 µ? of Taq Polymerase (Invitrogen) for a total volume of 25 µ?. The

appropriate PCR conditions were optimized based on cycle tests and cDNA serial

dilutions for quantification purposes to ensure that the products had not reached

amplification saturation. The cycles performed for amplification consisted of an initial

step of 7 min at 95°C; followed by 37 cycles of denaturation at 95°C for 1 min, annealing

at 53-68.1 0C for 1 min, extension at 72°C for 1 min; the final step was 720C for 10 min.

Products were separated on a 1.0 % (w/v) agarose gel, stained with ethidium bromide.

Briefly, gels were prepared by adding 2 g of agarose to 200 ml of 1 ? TAE buffer

prepared by mixing 4 ml of 50 ? TAE buffer stock (242 g Tris base, 57.1 ml concentrated

acetic acid, 100 ml of 0.5 M EDTA in 1 liter of water, adjusted to pH 8.5) with 196 ml of

ddH2Ü. The mixture was heated and 2 µ? of ethidium bromide (0.3 mg/300 ml) was

added to the solution. The heated solution was allowed to cool in a gel tray until

solidified. A 2 µg aliquot of xylene blue loading dye was added to each PCR reaction and

12 µ? samples were then loaded onto agarose gels followed by electrophoresis in Ix TAE

buffer for 20 min at 120 volts. In addition, PCR products were excised and purified using

the freeze-squeeze method. Samples were cycled through two freeze-thaw cycles in

liquid nitrogen, followed by centrifugation at 7,000 ? g (7 min, RT) while passed through

a filter cup. Purified cDNA was sequenced by Bio Basic Inc., Markham, Ontario.

Sequences were verified using the BLASTN and BLASTP (using deduced amino acid

sequences) programs at the NCBI.
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Totalprotein extraction and cytoplasmic/nuclear extractpreparation.

Samples of frozen tissues from six time points in the torpor-arousal cycle were

separately extracted (N=4). Samples of skeletal and cardiac muscle were quickly

weighed, crushed into small pieces under liquid nitrogen, and then homogenized 1:3 w:v

using a Polytron PTlO in ice-cold homogenizing buffer (20 mM Hepes, 200 mM NaCl,

0.1 mM EDTA, 10 mM NaF, 1 mM Na3VO4, 10 mM ß-glycerophosphate) with 1 mM

phenylmethylsulfonyl fluoride (Bioshop), and 1 µ? protease inhibitor cocktail (Sigma

Genosys) added immediately before homogenization. Each sample was centrifuged at

10,000 ? g (10 min, 40C) before removing the supernatant containing soluble proteins.

Protein concentration was quantified by the Coomassie blue dye-binding method using
the BioRad reagent (BioRad Laboratories, Hercules, CA) with absorbance read at 595 nm

on a MR5000 microplate reader. Samples were adjusted to a constant 10 µg/µl by

addition of small amounts of homogenizing buffer and then aliquots were combined 1:1

v/v with 2X 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-mercaptoethanol) and boiled. Final

protein samples (5 µg/µl) were stored at -200C until use.

Separate tissue samples were used to prepare cytoplasmic and nuclear extracts for

use in western blot and ELISA protocols. Samples of skeletal and cardiac muscle (-500

mg) were homogenized using a Dounce homogenizer with 20 piston strokes and 1 mL of

homogenization buffer (10 mM HEPES, pH 7.9, 10 mM KCl, 10 mM EDTA, 20 mM ß-

glycerol phosphate) with 10 µ? 100 mM DTT and 10 µ? protease inhibitor cocktail

(Sigma) added immediately before homogenization. Samples were centrifuged (10,000 ?

g, 10 min, 40C) and the cytoplasmic fractions were removed. Pellets were re-suspended
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in 147 µ? of extraction buffer (20 mM HEPES, pH 7.9, 400 rnM NaCl, 1 mM EDTA,

10% v/v glycerol, 20 mM ß-glycerol phosphate) with 1.5 µ? 100 mM DTT and 1.5 µ?
protease inhibitor cocktail added (a total of 150 µ? per gram of starting material). The

tubes were then allowed to incubate in a bucket of ice on a rocking platform for 1 h with
mixing every 10 min. After another centrifugation (10, 000 ? g, 10 min, 4°C)
supernatants containing soluble nuclear proteins were transferred to a sterile Eppendorf

tubes. Protein concentration was determined using the Bio-Rad assay and then adjusted to
5 µg/µl. Only nuclear extracts were required in the ELISA protocol and were stored at
-800C until use. For western blots, aliquots of both nuclear and cytoplasmic extracts were
combined 1:1 v/v with 2X SDS loading buffer as described previously. The efficiency of
nuclear extraction was validated using antibodies for a protein located only in nuclei
(histone H3; Cell Signaling) at a dilution of 1:2000 (v/v) with anti-rabbit secondary
antibody (Bioshop) at a dilution of 1:4000 (v/v).

Western blotting.

The BioRad Mini Protean ?? system was used. Equal amounts of protein from
each sample (10-25 µg depending on the protein to be detected) were loaded onto 8-12%

SDS-polyacrylamide gels and run at 180 V for 45-60 min. Polyacrylamide gels were
made based on a discontinuous gel system; stacking gel pH 6.8 (130 µ? 1.0 M Tris-HCl,
170 µ? 30 % acrylamide, 680 µ? water, 10 µ? 10% SDS, 10 µ? 10% APS, 1 µ? TEMED)
and conditions for a 10% resolving gel pH 8.8 (1.3 ml 1.5 M Tris-base, 1.7 ml 30%

acrylamide, 2.0 ml water, 50 µ? 10% SDS, 50 µ? 10% APS, 2 µ? TEMED). The running
buffer was diluted 10-fold from the stock solution (25.5 g Tris-base, 460 g glycine, 25 g
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SDS, adjusted to 2.5 L with water) before use. Proteins were then transferred to PVDF

membrane by electroblotting at 320 mA for 1.5 h using a transfer buffer containing 25

mM Tris (pH 8.5), 192 mM glycine and 10% v/v methanol at room temperature.

Membranes were blocked with either milk or polyvinyl alcohol (PVA), made up in TBST

(20 mM Tris base, pH 7.6, 140 mM NaCl, 0.05% v/v Tween-20) to prevent nonspecific

binding of antibodies. Milk was prepared 2-5% (w/v) in TBST and incubated with the
membrane on a rocker for 30-40 min. When PVA was used, incubation was with 1 µg/ml

PVA (30-70 kDa) in TBST for 30-45 sec. Membranes were probed with specific primary

antibodies, diluted in TBST, at 4°C for 12-48 h. After washing briefly, the membranes

were then incubated with HRP-conjugated secondary antibodies for 30-45 min at room

temperature. Bands were visualized by enhanced chemiluminescence (H2O2 and

Luminol) and then blots were restained using Coomassie blue (0.25% w/v Commassie

brilliant blue, 7.5% v/v acetic acid, 50% methanol) to visualize all protein bands

(Appendix I). Several optimization strategies highlighted above ensure the primary

antibody reacts with the protein of interest and eliminates unspecific binding. Notably,

primary antibodies derived from the human peptide sequence may show up to 100%

sequence similarity to the hibernating ground squirrel and thus ensure proper antigen:

antibody recognition.

Enzyme-linked immunosorbent assay (ELISA).

DNA-transcription factor binding was evaluated for 5 time points (ACR, ENT,

EHIB, LHIB, EAR) and all experimental samples were always run together. Nuclear

extracts were prepared as above, with the exception that following quantification the

concentration of extracts was adjusted to 5 µg/µl using extraction buffer with no further
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manipulation. DNA oligonucleotides are biotinylated and react with streptavidin coated

micro-plates. Equal amounts of protein were aliquoted from each sample and used to

assess the amount of binding by transcription factor to its response element.

DNA oligonucleotides were designed based on the DNA binding element of

MEF2 transcription factors and produced by Sigma Genosys. The biotinylated probe

(MEF2 5'-BiOtJn-GATCGCGCTAAAAATAACCCTGTCG -3') and the complement

probe (MEF2 5'-C-CGACAGGGTTATTTTTAGCGCGATC-Sn were first diluted in

sterile water to a final concentration of 500 pmoles/µ? and subsequently mixed 1 : 1 (v/v)

for a total volume of 20 µ?. Probes were then placed in a thermocycler for 10 min at 950C

and the temperature of the block was slowly cooled to room temperature. Double

stranded probe was diluted in PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2

mM KHPO4, pH 7.4), vortexed and 50 µ? added to each well (40 pmoles DNA/well).

Following a 1 h incubation, unbound probe was discarded by washing three times in

wash buffer (PBS containing 0.1% Tween-20) and a fourth time with PBS. Nuclear

extracts, containing equal amounts of protein from each sample, were combined with the

complete transcription factor binding buffer (10 mM HEPES, 50 mM KCl, 0.5 mM

EDTA, 3 mM MgCl2, 10% glycerol, 0.5 mg/ml bovine serum albumin, 0.05% NP-40, 20

mM DTT, pH 7.9), vortexed, and 50 µ? was aliquoted into each microplate well. Only

binding buffer, without protein samples, was added to the negative control wells.

Following 1 h incubation at room temperature with mild agitation, the sample was

discarded and the plate was washed three times with wash buffer. Primary antibody was

then added (60 µ?/well) and allowed to incubate for 1 h. Following incubation, excess

primary antibody was discarded, the wells were washed three times in wash buffer, and
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60 µ?/well of secondary antibody was added to each well. The same primary and

secondary antibodies used in the western blot procedure were utilized in the ELISA

protocol. After a final round of washing, bound antibody was detected with

tetramethylbenzidine (TMB), purchased from BioShop. TMB was aliquoted into each

well (60 µ?) and colour was allowed to develop. Then 60 µ? of STOP solution (IM HCl)

was added to each well to halt the reaction and absorbance was measured at 450 nm (with

a reference wavelength of 655 nm) using a Multiskan spectrophotometer.

Quantification and statistics.

Band densities on both ethidium bromide stained agarose gels and chemiluminescent

immunoblots were visualized using a Chemi-Genius Biolmaging system (Syngene,

Frederick, MD) and quantified using the associated Gene Tools software. Bands

corresponding to PCR products of the gene of interest were normalized against the

corresponding band intensity of a-tubulin amplified from the same cDNA sample.

Immunoblot band density in each lane was normalized against the summed intensity of a
group of Coomassie stained protein bands in the same lane; these were chosen because

they did not show variation between different experimental states and were not located

close to the protein bands of interest. Relative binding using the ELISA based protocol
was calculated using the corrected optical density (sample OD minus OD in blank wells

containing no protein) calculated by the Multiskan spectrophotometer (read at 450 nm,

reference wavelength of 655 nm). Data are expressed as means ± SEM, ? = 4-5

independent samples from different animals. Statistical testing of normalized band

intensities used one-way ANOVA and a post-hoc test (Student-Newman-Keuls).
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Chapter 3
Expression of myocyte enhancer factor-2 and downstream genes in

ground squirrel skeletal muscle during hibernation
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Introduction

As mentioned in chapter 1, hibernation is a strategy that allows many small

mammals to deal with the metabolic problems generated by limited food supply and the

energetic costs of maintaining a high body temperature during the winter season [Wang
& Lee, 1996; Storey, 2010]. The suppression of metabolic rate must be a controlled

process in order to maintain cellular homeostasis at cold Tb while simultaneously

reprioritizing ATP use by different cell functions, enhancing cell preservation. Each
organ of the hibernator has challenges that must be addressed either on a seasonal

timeframe or over the course of a torpor-arousal bout using mechanisms of metabolic

regulation and macromolecular restructuring. Specific issues for skeletal muscle include

the potential for disuse atrophy over many months spent in inactive torpor and the need

for a well-developed capacity for shivering thermogenesis that is an important contributor

(along with brown adipose tissue) to rewarming the body during arousal from torpor.
Skeletal muscle cells are remarkable for their ability to adapt to changing

functional demands through changes in their composition and metabolic capacity
[Joanisse, 2004]. The myofibers that make up muscle cells are classified based on the

myosin heavy chain (MyHC) isoforms they contain; type I and type IIa MyHC isoforms

are associated with muscle fibers that contain more capillaries, myoglobin, and

mitochondria, making them well-suited for aerobic activities (slow twitch) [Joanisse,

2004]. In contrast, type lib and type IIx MyHC isoforms are associated with glycolytic
muscle fibers that are more appropriate for short bursts of speed and power (fast twitch)

[Joanisse, 2004]. During periods of reduced use, muscle typically remodels itself in a

process called atrophy that can include a reduction of muscle mass, strength, and
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oxidative characteristics, as well as a reduction of slow MyHC expression [Rourke et al,

2004; Bassel-Duby & Olson, 2006; Choi et al, 2009; Malatesta et al, 2009]. Interestingly,

selected studies with hibernators have found very little atrophy of skeletal muscles

despite the mechanical unloading that occurs over the weeks of inactivity [Yacoe, 1983;

Musacchia et al, 1989; Wickler et al, 1991; Rourke et al, 2004; Rourke et al, 2006; Lee

et al, 2008; Choi et al, 2009]. Furthermore, other studies have reported selective changes

to skeletal muscle proteins of hibernators that may serve to retain and/or remodel muscle

on either a long term seasonal basis or over the course of individual torpor-arousal bouts

[Storey & Storey, 2010]. Taken together, these findings indicate that hibernators may

have unusual or enhanced mechanisms of muscle mass retention as compared with

nonhibernating mammals and that hibernators could provide effective model systems for

discovering mechanisms of muscle retention that could have application for human use.

One method of adapting to long bouts of inactivity during hibernation could be the

maintenance of slower MyHC expression which presumably provides a more optimal

mix of isoforms to adapt the muscles to the reduced work load and thermal conditions of

the torpid state [Caiozzo, 2002; Rourke et al, 2004; Zuikova et al, 2005; Choi et al,

2009]. However, given the highly variable composition of contractile and metabolic

proteins within a muscle cell, adaptations involving the control of muscle mass and fiber

type shifts during hibernation are extremely complex with many aspects of the regulatory

control of muscle metabolism incompletely understood [Joanisse, 2004; Rourke et al,

2004; Rourke et al, 2006; Choi et al, 2009; Lee et al, 2009].

This chapter explores the responses of myocyte enhancer factor-2 (MEF2)

proteins during hibernation in 13-lined ground squirrels. MEF2 Tfs are critical regulators
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muscle myogenesis [Black & Olson, 1998; Kim et al, 2008]. Genes under MEF2 control

include structural proteins such as desmin and dystrophin and proteins of the contractile

apparatus including troponin, tropomyosin, and myosin heavy and light chain isoforms

[Black & Olson, 1998]. MEF2 also regulates proteins with key supporting roles in muscle

function such as sarcoplasmic reticulum Ca2+-ATPase and glucose transporter 4
(GLUT4) and as well as other Tfs involved in muscle growth and differentiation such as

myogenic differentiation (MyoD) and myogenin [Black & Olson, 1998]. Four isoforms

of MEF2 (MEF2A, -B, -C, -D) occur in mammals and all are regulated by reversible

phosphorylation [Black & Olson, 1998; Bassel-Duby & Olson, 2006]. The family

members impose both positive and negative controls on muscle remodeling, serving to

adjust the molecular attributes of skeletal muscle [Black & Olson, 1998]. The data reveal

that MEF2 genes are positively regulated during hibernation and that expression of

known downstream genes under MEF2 control, GLUT4 and MyoD, is also enhanced.

Material and Methods

Animals

All animals were captured, treated and organs harvested following the same

protocol as previously described in Chapter 2. The skeletal muscle used was a mixture of
several hind limb muscles.

Total RNA isolation and quality assessment

Total RNA was separately extracted (N=4) from different skeletal muscle samples

(-100 mg each) from six time points in the torpor-arousal cycle; ACR, ENT, ??G?,



¿b

LHIB, EAR, LAR. The protocol followed the manufacturer's directions as previously

described in Chapter 2.

Primer Design and Synthesis

Primers for Meßa, Mef2c, Glut4 and MyoD were designed using the Primer

Designer Program, v3.0 (Scientific and Educational Software) based on consensus

sequences for these genes derived from comparisons of several mammalian species

(human, rat, cattle) and as previously described in Chapter 2. The Meßa product was 310

base pairs and encoded 103 amino acids (GenBank accession #: GU434270), the Meßc

product was 352 bp (1 17 amino acids; GenBank accession #: GU434272), the Glut4

product was 290 bp (96 amino acids; GenBank accession #: GU434271) and the MyoD

product was 337 bp (1 1 1 amino acids; GenBank accession #: GU434273). The primer

sequences were as follows:

( 1 ) Meßa: forward 5 ' -TTGCCACCTCAGAACTTCTC-3 '

reverse 5 ' -TTCATTCCAAGAYTGCCACC-3 ' ,

(2) Mefìc: forward 5'-CCAGTGTCCAGCCAYAACAG-3'

reverse 5'-TGTAGGTGYTGCTGTTGCCA-3',

(3) Glut4: forward 5 ' -CCCGMTACCTCTAYATCATC-3 '

reverse 5 '-TTGACCACACCAGCTCCTAT-3',

(4) MyoD: forward 5 ' -GACCCGTGTTTCGACTCCCC-3 '

reverse 5 ' -TCGATRTAGCGGATGGCGTT-3 ' ,

(5) a-tubulin: forward 5'-AAGGAAGATGCTGCCAATAA-3'

reverse 5'-GGTCACATTTCACCATCTG-3'.
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cDNA synthesis and PCR amplification

cDNA was synthesized as described in Chapter 2. The resulting cDNA samples

from 6 time points in the torpor-arousal cycle were serially diluted (IO"1, IO"2, 10"3) and

PCR amplified using primers specific for Mef2a, Mef2c, Glut4, and MyoD. The cycles

performed for amplification consisted of an initial step of 7 min at 95°C, followed by 36-
38 cycles at 950C for 1 min, and annealing at 53-68. TC for 1 min 720C for 1 min; the

final step was 720C for 10 min. Annealing temperature was 53.8, 68.1, 60, 53.2, 53°C for

Mef2a, Meßc, Glut4, MyoD, and a-tubulin, respectively. All genes required 36 cycles for

PCR amplification, except Mef2c which required 38 cycles.

Products were separated on a 1% agarose gel, stained with ethidium bromide. The

bands from the most dilute cDNA sample were used for quantification purposes to make

sure that the products had not reached amplification saturation. For skeletal muscle, all

genes were quantified from the 10"3 cDNA dilution. Samples of Mefla, Meßc, Glut4 and
MyoD PCR products were sequenced as previously described and verified using the

BLASTN and BLASTP (using deduced amino acid sequences) programs.

Total protein extraction and cytoplasmic/nuclear extract preparation

Extracts of frozen hind leg skeletal muscle (-500 mg) were made as previously

described. Separate tissue samples were used to prepare cytoplasmic and nuclear extracts

for use in the western blot and ELISA protocols, essentially as described previously.

Western Blotting

Western blotting was performed as in Chapter 2. Equal amounts of protein from

each sample were loaded onto 10% Polyacrylamide gels and run at 180 V for 45 minutes.
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To evaluate relative protein levels of MEF2A, p-MEF2A, MEF2C, and p-MEF2C, 25 µg

of protein was loaded into each well whereas 10 µg was used for MyoD. Membranes to

be probed with antibodies for MEF2A, p-MEF2A, and p-MEF2C were blocked with

2.5% w/v non-fat dried milk dissolved in TBST (0.05% Tween-20) for 30 min. MEF2C

and MyoD were blocked with 30-70 kDa PVA (1 µg/ml in TBST) for 45 sec.

Antibodies specific for mammalian MEF2A and p-MEF2A (Thr312) were

purchased from GenScript whereas antibodies for MEF2C, p-MEF2C (Ser387) and

GLUT4 were from Santa Cruz Biotechnologies and MyoD antibodies were from

Developmental Studies Hybridoma Bank (University of Iowa). MEF2A, p-MEF2A,

MEF2C, P-MEF2C and GLUT4 antibodies were used at 1:4000 v/v dilution in TBST (20

mM Tris base, pH 7.6, 140 mM NaCl, 0.05% v/v Tween-20) whereas MyoD antibodies

were used at 1:500 v/v dilution in TBST (0.05% Tween-20). All membranes were probed

with primary antibody for 12 h at 40C except for MyoD which was probed for 24 h at

40C. Membranes that had been probed with MEF2C were then incubated with HRP-

linked anti-goat IgG secondary antibody (1:4000 v:v dilution), MyoD antibodies were

detected with HRP-linked anti-mouse IgG secondary antibody (1:2000 v:v dilution) and

all other antibodies were detected using HRP-linked anti-rabbit IgG secondary antibody

(1:4000 v:v dilution). All membranes were washed three times between incubation

periods in IX TBST (0.05% Tween-20) for ~5 min/wash. MEF2C and MyoD required

more washes after probing with secondary antibody ranging from -40 min to 2 h,

respectively. Signal detection and quantification were as described in Chapter 2.

Enzyme-linked immunosorbent assay (ELISA)

ELISA was performed as described in Chapter 2. Probes for MEF2 were



¿3

purchased from Sigma Genosys including both the biotinylated probe (MEF2 5'-Biotin-

GATCGCGCTAAAAATAACCCTGTCG -3') and the complement probe (MEF2 5'-c-

CGACAGGGTTATTTTTAGCGCGATC-3 ' ) . The quantitative run for MEF2A utilized

the following conditions; 15 µg of protein/well, 1 µg of salmon sperm/well, 60 mM NaCl,

1/1000 v/v MEF2A primary antibody in TBST (0.05% Tween-20), 1/2000 v/v anti-rabbit

secondary antibody in TBST (0.05% Tween-20). The quantitative run for MEF2C

utilized the following conditions: 20 µg protein/well, 2 µg of salmon sperm/well, 60 mM

NaCl, 1/1000 v/v MEF2C primary antibody in TBST (0.05% Tween-20), 1/2000 v/v anti-

goat secondary antibody in TBST (0.05% Tween-20). Absorbance was calculated as

described in Chapter 2.

Quantification and statistics

Band densities for Mef2a, Mef2c, Glut4 and MyoD on ethidium bromide stained

agarose gels and band densities for MEF2A, p-MEF2A, MEF2C, p-MEF2C, GLUT4 and

MyoD on chemiluminescent immunoblots were visualized and quantified as described in

Chapter 2. Relative binding affinity for the ELISA protocol was quantified as described

in Chapter 2. Data are expressed as means ± SEM, ? = 4 independent samples.

Results

Analysis ofMEF2 protein levels and nuclear localization

MEF2 protein levels in skeletal muscle were measured by immunoblotting

comparing a pre-hibernation control condition (ACR) and five time points on the torpor-

arousal cycle: ENT, EHIB, LHIB, EAR, LAR (Fig. 3.1). The antibodies used cross-
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reacted with a single band on the immunoblots at the expected molecular mass for MEF2

of 44 kDa (Fig. 3.2). As compared with ACR controls, MEF2A total protein increased

significantly in EHIB (by 2.8 fold higher, p<0.01) and LHIB (2.2 fold higher, p<0.01)

and then levels fell again during arousal; protein levels in EAR and LAR were just 19%

and 26% of the EHIB maximum, respectively (p<0.01) (Fig. 3.1a). MEF2C total protein

increased during entrance into torpor (ENT values were 2 fold higher than ACR, p<0.01)

and remained high in ??G? (1.5 fold higher than ACR, p<0.01). Levels decreased again

to control values in LHIB and EAR and in LAR were just 22% of the ENT maximum

(p<0.01) (Fig. 3.1a).

MEF2 can be phosphorylated on several sites, each of which affects protein

function. Antibodies recognizing phosphorylated MEF2A Thr312 or MEF2C Ser387

(phosphorylation on these sites enhances transcriptional activity) were used to monitor

changes in the phosphorylation state of MEF2 over the torpor-arousal cycle. The amount

of P-MEF2A protein increased significantly during entrance into torpor (1.5 fold higher

than ACR, p<0.05), and was also 1.4-fold higher than ACR during LHIB (p<0.05) (Fig.

3.1b). Phospho-MEF2C total protein levels also increased during entrance into torpor (1.4
fold higher than ACR, p<0.05) but fell again during torpor and remained low thereafter;

during EAR and LAR levels were just 50% of the maximum in ENT (p<0.01) (Fig. 3.1b).

Figure 3.3 depicts MEF2 and p-MEF2 distribution between cytoplasmic and

nuclear fractions. MEF2A and MEF2C protein levels were significantly higher (by 1.6

and 2.1 fold, respectively) in the nuclear fraction of muscle from the LHIB group
compared with nuclear levels in ACR (p<0.01) (Fig. 3.3a). Correlated with this, the

amount of MEF2C in the cytoplasmic fraction was strongly reduced during hibernation to
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just one-third of the ACR value (p<0.01). The amount of phosphorylated MEF2A and

MEF2C protein was also significantly higher in the nuclear fraction of the LHIB group

(by 1.3 and 1.6 fold; p<0.01) as compared with ACR (Fig. 3.3b).

Analysis ofGLUT4 and MyoD protein levels

The genes for GLUT4 and MyoD are two important downstream targets of

MEF2. Antibodies for GLUT4 and MyoD cross-reacted with single bands on

immunoblots at the expected molecular masses of 50 and 45 kDa, respectively. Figure

3.4a shows that GLUT4 total protein levels increased significantly in the skeletal muscle

of ground squirrels while in torpor. GLUT4 increased significantly in EHIB (2 fold

higher than ACR, p<0.01), and remained high through LHIB (1.8 fold higher than ACR,

p<0.01) and EAR (1.7 fold higher than ACR, p<0.01) periods. Levels fell again in fully

aroused animals. Figure 3.5a shows that MyoD protein levels were elevated over ACR

values only during the early arousal period (1.5 fold greater than ACR, p<0.05).

cDNA cloning ofMeß, Glut4 and MyoD

Primers were designed from the consensus sequence of the genes from four other

mammalian species (human, mouse, rat and cow), and then PCR products were amplified

from total RNA prepared from skeletal muscle of ground squirrels. Products were

confirmed as encoding portions of the Mefìa, Mef2c, Glut4 or MyoD sequences using

BLASTN. The Mef2a product was 310 base pairs and encoded 103 amino acids

(GenBank accession #: GU434270), the Meflc product was 352 bp (1 17 amino acids;

GenBank accession #: GU434272), the Glut4 product was 290 bp (96 amino acids;
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GenBank accession #: GU434273). This compares with values for the full length mRNA

sequences in humans which are 1,290 bp for Mef2a (429 amino acids), 1,392 bp for

Mef2c (463 amino acids), 1,530 bp for Glut4 (509 amino acids) and 963 bp for MyoD

(320 amino acids). Hence, the amplified products represent 24%, 25%, 19%, and 35% of

the full length human sequences for Mefìa, Mefìc, Glut4 and MyoD, respectively.

Analysis ofMeß, Glut4 and MyoD transcript levels

The primers for Mefìa, Mefìc, Glut4 and MyoD were used in RT-PCR to assess

relative mRNA transcript levels in skeletal muscle over the torpor-arousal course. Figure

3.6 shows Mefì expression levels. Mefìa transcripts were unchanged from ACR values in

ENT and EHIB but increased in the LHIB condition (2.3 fold higher than ??G?, p<0.01)

and peaked during early arousal (3.0 fold higher than ??G?, p<0.01). Levels remained

elevated in late arousal (1.5 fold higher than ACR, p<0.01) although reduced by 50% as

compared with EAR (p<0.05). Transcript levels oì Mefìc steadily decreased during ENT

and EHIB through to LHIB (to 40% of ACR, p<0.05) but then sharply increased again

during early arousal (3.2 fold higher than LHIB, p<0.05) and returned to near control

levels in LAR. Figure 3.4b shows that Glut4 transcript levels remained relatively stable

over the torpor-arousal course except for a significant increase during in ??G? (1.2 fold

higher than ACR, p<0.05). MyoD transcript levels decreased rapidly during entrance into

torpor (reduced by 50% as compared with ACR, p<0.05), and remained low in ??G? and

LHIB phases (Figure 3.5b). Transcript levels rose again during arousal to levels that

were -2.5 fold higher than LHIB (p<0.05).



Analysis ofMEFl relative DNA binding

Relative DNA binding by MEF2 in skeletal muscle was measured by an enzyme-

linked immunosorbent assay (ELISA) comparing a pre-hibernation control condition

(ACR) with four time points on the torpor-arousal cycle: ENT, EHIB, LHIB, EAR

(Figure 3.7). The probes for MEF2 DNA binding were designed based on the specific

DNA binding element of the Tf. As compared with ACR controls, nuclear extracts from

ENT showed 1.8-fold higher (p<0.01) MEF2A binding to DNA whereas binding levels

returned to control values from EHEB to EAR (Figure 3.7a). Similarly, MEF2C total

protein binding in nuclear extracts was 2.3-fold in ENT (p<0.01) and 2.2-fold higher in

EHE3 (p<0.01) as compared with ACR. Subsequently, MEF2C-DNA binding decreased

in LHIB and EAR to 27% and 32% of the ACR value, respectively (Fig. 3.7b).
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Fig. 3.1. Changes in the protein levels of MEF2 Tfs over the course of a torpor-arousal

cycle in skeletal muscle of S. tridecemlineatus. Sampling points are: active in the cold

room (ACR), entrance into torpor (ENT), early hibernation (EHIB), late hibernation

(LHIB), early arousal (EAR) and late arousal (LAR). See the Materials and Methods for

more extensive definitions, (a) MEF2A and MEF2C total protein expression at six

sampling points, (b) Levels of phosphorylated MEF2A (Thr 312) and MEF2C (Ser 387).

Representative Western blots are shown along with histograms showing mean normalized

band densities (± S.E.M., n=4 independent trials on tissue from different animals). Data

were analyzed using analysis of variance with a post hoc Student-Newman-Keuls test;

different letters denote values are significantly different from each other, P<0.05.
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44 kDa

Fig. 3.2. Representative Western blot of thirteen-lined ground squirrel skeletal muscle

extract from ACR and EHIB conditions immunoblotted with anti-MEF2A antibody. The

antibody cross-reacted with a single band at the expected molecular weight of 44 kDa.
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Fig. 3.3. Changes in the distribution of total MEF2 protein and phosphorylated MEF2

content in nuclear and cytoplasmic fractions over the course of a torpor-arousal cycle in
skeletal muscle of S. tridecemlineatus. Representative Western blots show the

distribution of (a) MEF2A and MEF2C between cytoplasm and nucleus, and (b) p-

MEF2A (Thr 312) and p-MEF2C (Ser 387) between cytoplasm and nucleus between

control (ACR) and long-term torpor (LHIB) conditions. Histograms show mean

normalized band densities (± S.E.M., n=4 independent trials on tissue from different

animals). * - Significantly different from the corresponding ACR value for the same cell

fraction using the Student's t-test, P<0.01.
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Fig. 3.4. Changes in glucose transporter isoform 4 protein and mRNA transcript levels in

skeletal muscle of S. tridecemlineatus over the torpor-arousal cycle, (a) Representative

Western blots and histogram showing mean GLUT4 protein levels, (b) Representative

transcript bands on agarose gels and histogram showing mean normalized glut4 transcript

levels. Glut4 bands were normalized against tubulin bands amplified from the same

sample. Data are means (± S.E.M., ? = 4 samples from different animals). Other

information as in Fig. 3.1.
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Fig. 3.5. Changes in myogenic differentiation protein and mRNA transcript levels in

skeletal muscle of S. tridecemlineatus over the torpor-arousal cycle, (a) Representative

Western blots and histogram showing mean MyoD protein levels, (b) Representative

transcript bands on agarose gels and histogram showing mean normalized MyoD

transcript levels. MyoD bands were normalized against tubulin bands amplified from the

same sample. Data are means (± S.E.M., ? = 4 samples from different animals). Other

information as in Fig. 3.1.
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Fig. 3.6. Changes in the levels of Mef2a and MeGc mRNA transcript levels in skeletal

muscle of S. tridecemlineatus over the torpor-arousal cycle. Shown are representative

bands on agarose gels (and bands for a-tubulin that was used for normalization) and

histograms of means (± S.E.M., n=4 independent trials on separate RNA isolations from

different animals) for six sampling points. Other information as in Fig. 3.1.
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Fig. 3.7. Changes in the DNA binding of MEF2 Tfs over the course of a torpor-arousal
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room (ACR), entrance into torpor (ENT), early hibernation (EHIB), late hibernation

(LHLB), and early arousal (EAR), (a) MEF2A relative DNA binding at five sampling

points, (b) MEF2C relative DNA binding at five sampling points. Other information as in

Fig. 3.1.
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Discussion

Studies of a number of hibernating species, including ground squirrels, have

reported minimal loss or size reduction of skeletal muscle cells over the hibernating

season [Choi et al, 2009; Rourke et al, 2004; Rourke et al, 2006; Musacchia et al, 1989;

Wickler et al, 1991; Harlow et al, 2001; Tinker et al, 1998; Cotton & Harlow, 2010].

Moreover, oxidative capacity is preserved, and muscle strength is only slightly reduced

[Choi et al, 2009; Rourke et al, 2004; Rourke et al, 2006; Harlow et al, 2001; Tinker et

al, 1998]. Skeletal muscle is highly plastic, allowing it to adapt to mechanical and neural

stimuli [Joanisse, 2004]. However, the molecular mechanisms that are responsible for

preservation and/or change of muscle structure/function during hibernation are not well

known. This chapter was aimed at elucidating the response of key muscle Tfs and

selected downstream genes in thirteen-lined ground squirrels to evaluate their possible

involvement in adjusting and preserving muscle metabolism for long-term cold torpor.

MEF2 is activated by a variety of extracellular stimuli that are transmitted from

the cell membrane to the nucleus via multiple signaling cascades [Black & Olson, 1998;

Ishikawa et al, 2010; Sun et al, 2003; Chandran et al, 2007]. The best characterized

pathways in MEF2 regulation involve mitogen-activated protein kinases (MAPKs)

[Olson, 2004; Cox et al, 2003]; indeed, MEF2A and MEF2C proteins are known to be

activated by ERK5 and p38 [Rampalli et al, 2007; Ma et al, 2005; Sun et al, 2003; Kato

et al, 1997]. Previous studies by our lab have shown that selected MAPKs are activated

during hibernation [Eddy & Storey, 2007; MacDonald & Storey, 2005]; for example, the

amount of phospho-p38 MAPK rose by 6.8 fold in skeletal muscle of hibernating

Richardson's ground squirrels, S. richardsonii (equivalent to the LHIB condition)
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[MacDonald & Storey, 2005]. In addition, the calcium/calmodulin-dependent protein

kinase (CaMK) and phosphatase (calcineurin) also activate MEF2 [Bassel-Duby &

Olson, 2006; Sun et al, 2003; McKinsey et al, 2000]. Differential phosphorylation by

kinases allows MEF2 isoforms to respond to diverse signals in a tissue-specific manner

[Cox et al, 2003]. For example, phosphorylation at Thr-312 and Thr-319 on MEF2A

strongly increases transcriptional activity as does phosphorylation of Ser387 on MEF2C

[Cox et al, 2003; Yoon et al, 2005]. Once activated, MEF2 enters the nucleus and

enhances the transcription of many muscle specific genes whose protein products

contribute to modifying muscle including protecting cells from responses associated with

disuse [Black & Olson, 1998]. Phosphorylation at other sites has different effects; for

example, phosphorylation of MEF2A at Ser-255 targets the protein for degradation

whereas phosphorylation at Ser-289, which is in a region known to be alternately spliced

in different tissues, may function in tissue specific regulation of MEF2 [Cox et al, 2003].

In the present chapter, the responses of MEF2A and MEF2C and selected

phosphorylated forms were examined over the course of a torpor-arousal cycle in skeletal

muscle of 13-lined ground squirrels. There was a strong elevation of both MEF2A and C

total protein expression from ENT through LHIB periods (Fig. 3.1a) and furthermore,

enhanced levels of phosphorylation of MEF2A Thr-312 and MEF2C Ser-387 indicated

activation of these Tfs. Hence, signals that control MEF2 were clearly triggering a two-

fold response - both enhanced MEF2 protein levels and increased phosphorylation

(activation) of the proteins. In addition, both total MEF2 protein and the levels of the

phosphorylated species were elevated in the nuclear fraction of muscle from torpid
squirrels (LHIB stage) as compared with nonhibernating (ACR) animals. This indicates
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that greater amounts of activated (phosphorylated) MEF2 migrate to the nucleus when

squirrels enter torpor. Finally, DNA binding by MEF2A was enhanced during ENT

whereas MEF2C DNA binding was elevated during both ENT and EHIB (Fig. 3.7a,b).

These data indicate that not only is the amount active phosphorylated MEF2A and C

increased as an early response to torpor (Fig. 3.1b) but the Tfs both localize to the

nucleus and show increased binding capacity for binding to DNA. The above is strong

evidence of enhanced transcriptional activity.

Interestingly, the present study also demonstrates that differences in MEF2A and

MEF2C regulation exist; thus, MEF2C total protein levels increased earlier than MEF2A

protein whereas DNA binding activity of MEF2C remained elevated later in the torpor-

arousal cycle (EHIB). MEF2 Tfs are exposed to complex alternate splicing patterns and

display differences in their temporal pattern of expression [Black & Olson, 1998; Cox et

al, 2003]. Therefore, whereas members of the MEF2 family may exhibit overlapping

roles, they may also elicit independent responses during hibernation. Curiously, Mefla

and Meflc transcript levels showed a late response in LHIB/EAR; this was not well

correlated with protein expression levels which were elevated in ENT. This incongruence

merits more investigation but overall the data show that MEF2 Tfs are activated during

hibernation in skeletal muscle and thus suggests that they have significant roles to play in

muscle during torpor.

Further evidence of MEF2 transcriptional activity during hibernation comes from

the increased expression of selected MEF2 downstream targets, MyoD and GLUT4. This

also suggests that these proteins may have important roles to play in adjusting skeletal

muscle for stresses faced during a torpor bout. MyoD is a Tf in the basic helix-loop-helix



44

(bHLH) family of proteins; members of this family form homo- and hetero-dimers that

bind to a DNA consensus sequence called an E box (CANNTG) [Berkes & Tapscott,

2005]. MyoD was selected as a candidate downstream gene under MEF2 regulation

because previous research demonstrated that MEF2 and MyoD work in concert to initiate

the signals involved in skeletal muscle gene activation [Naya & Olson, 1999; Legerlotz &

Smith, 2008]. The partnership between MEF2 and MyoD mediates the response to

multiple signaling pathways that control myogenesis, myoblast differentiation, cell cycle

control and apoptosis [Berkes & Tapscott, 2005; Naya & Olson, 1999; Legerlotz &

Smith, 2008; De Falco et al, 2006]. MEF2 and MyoD interact directly, as evidenced by

the close proximity of MEF2 DNA binding sites and E boxes in the promoter and

enhancer regions of muscle specific genes [Berkes & Tapscott, 2005]. The coordinated

upregulation of MEF2 and MyoD mRNA transcripts during arousal from torpor (EAR,

LAR) (Fig. 3.5b; Fig.3.6) and the corresponding upregulation of MyoD protein levels in

EAR (Fig. 3.5a) illuminate the interaction between MEF2 and MyoD. A partnership

between MEF2 and MyoD during arousal might be involved in optimizing thermogenic

capacity to support arousal and/or ameliorating any symptoms of atrophy that accrued

during the torpor period. Previous research has identified an involvement of MEF2 and

MyoD in the determination of muscle-specific Myosin Heavy Chain (MHC) and Myosin

Light Chain profile transitions [Fahlman & Storey, 2000; Black & Olson, 1998; Naya &

Olson, 1999]. One documented phenomenon of hibernation is MHC restructuring
[Rourke et al, 2004; Rourke et al, 2006]. During hibernation there is selection for the

formation of slow-twitch (type I) muscle fibers and previous research has suggested that

a key feature in preventing muscle atrophy in small mammals is maintaining slow MHC
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expression [Rourke et al, 2004; Rourke et al, 2006]. Slow-twitch muscle fibers have

enhanced oxidative capacity and are suited for endurance. These characteristics enable

Type I muscle fibers to fatigue slowly and perhaps allow the skeletal muscle of

hibernating mammals to resist atrophy during extended periods of disuse. Additionally,
high rates of lipid oxidation in mitochondria-rich Type 1 muscle fibers is critical for

shivering thermogenesis during arousal.

Enhanced levels of GLUT4 during hibernation probably contribute to controlling

glucose transport in order to maintain energetic homeostasis. Glut4 is an exercise-

responsive gene that encodes an insulin-regulated glucose transporter that is highly

expressed in skeletal muscle [Wright, 2007; McGee & Hargreaves, 2006]. The data show

that enhanced glut4 gene expression is an early response in the hibernation cycle

(occurring in EHIB) and correlates well with enhanced GLUT4 protein levels that are

sustained through torpor and into the arousal period (Fig. 3.4a,b). The reason for

enhanced GLUT4 levels in hibernator muscle requires further investigation, particularly

since lipids are the primary fuel used during torpor by most tissues. However, evidence

suggests that GLUT4 levels rise in tissues that contain proliferating mitochondria

[Holloszy, 2008] and, therefore, it may be involved in optimizing the aerobic capacity of

cells for function in cold torpor and thermogenesis during arousal. GLUT4 was selected

as a downstream target for evaluation because of a known synergy between MEF2 and

another coactivator, the peroxisome proliferator-activated receptor gamma coactivator la
(PCG-Ia) [Wright, 2007; Lin et al, 2002]. MEF2 and PGC-Ia have been shown to

associate with and initiate the transcription of Glut4, promoting slow-twitch fiber

formation [Bassel-Duby & Olson, 2006; Wright, 2007; McGee & Hargreaves, 2006].
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PCG- ?a is preferentially expressed in type I fibers emphasizing its role in the activation

of oxidative metabolism [McGee & Hargreaves, 2006]. PCG-Ia also interacts with the

nuclear receptor, peroxisome proliferator-activated receptor gamma (PPARy) that is well

known to regulate proteins involved in lipid oxidation [McGee & Hargreaves, 2006].

Previous research in our lab has shown a strong increase in PCG-Ia transcript (3.1 fold)

and protein (1.7 fold) levels in the skeletal muscle of hibernating ground squirrels [Eddy

et al, 2005].

In summary, the present chapter provides a molecular and biochemical view of

some of key proteins involved in muscle metabolism during hibernation. Although more

details remain to be elucidated, these data suggest that MEF2A and MEF2C and their

downstream targets, MyoD and GLUT4, are important to the retention and/or remodeling

of skeletal muscle during hibernation to meet multiple goals that may include

optimization of aerobic capacity for shivering thermogenesis, limitation of atrophy, and

adjustments for low temperature function. Discovery of the mechanisms that promote

muscle plasticity during hibernation in 13-lined ground squirrels will not only contribute

significantly to our understanding of skeletal muscle metabolism, and could potentially

lead to applications for limiting muscle atrophy in humans arising from conditions such

as prolonged bed rest, paralysis, or long term space flight.
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Chapter 4

Myocyte enhancer factor-2 and cardiac muscle gene expression during

hibernation in thirteen-lined ground squirrels.
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Introduction

Of particular interest in this chapter are the molecular mechanisms which remodel

cardiac cells during hibernation to meet the demands of the animal. Although heart rate is

lowered to just 1.5-2.5% of euthermic levels during cold torpor, the force of cardiac

contraction is actually increased to meet the greater force needed to pump cold viscous

blood [Liu et al, 1993; Zakharova et al, 2008]. Furthermore, hearts of hibernators

continue to beat at temperatures far below those that cause hypothermic cardiac arrest in

most mammals, partly due to altered calcium cycling by hibernator cardiomyocytes [Liu

et al, 1993; Wang et al, 2002]. All of these capabilities make hibernator hearts elegant

model systems for studies of various cardiomyopathies including the effects of heart
attack.

The term cardiomyocyte hypertrophy is defined as the enlargement of individual

cardiac cells accompanied by enhanced protein synthesis, changes in the structural

proteins of the sarcomere and changes in gene transcription [Molkentin et al, 1998; Frey

et al, 2004; Czubryt & Olson, 2004]. In humans, increased demands placed on the body

drive the changes which characterize cardiomyocyte hypertrophy resulting in beneficial

compensation strategies; however, over time these changes often become harmful and

ultimately result in impaired cardiac function and heart failure [Akazawa & Komuro,

2003; Frey et al, 2004; Czubryt & Olson, 2004; Taegtmeyer et al, 2010]. In addition,

acute events such as myocardial infarction may also initiate downstream events that result

in cardiac hypertrophy [Akazawa & Komuro, 2003; Czubryt & Olson, 2004]. In contrast,

the accompanying changes that occur in cardiomyocytes during hibernation represent an

adaptive change which ensures the survival of the ground squirrel during the winter
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months, and, subsequently, a return to normal cardiac function during summer active

months. Therefore, it is of interest to evaluate the molecular attributes of cardiac cells

from hibernating mammals to uncover the mechanisms that govern their ability to adapt
to extreme fluctuations in physiological demands.

Whereas the response of MEF2 transcription factors has been evaluated

thoroughly in skeletal muscle during hibernation, MEF2 has also been shown to play an

important role in the regulation of cardiac hypertrophy [Molkentin & Markham, 1993;

Lin et al, 1997; Naya et al, 2002; Streitcher et al, 2010;]. For example, Meßa null mice

die shortly after birth with dilated right ventricles and myofribrillar disorganization [Naya

et al, 2002] whereas Meßc null mice have altered cardiac gene expression [Lin et al,

1997]. Moreover, signaling pathways that are activated in hypertrophy, such as the

Ras/mitogen-activated protein kinase (MAPK), lie directly upstream of MEF2 and

impose regulatory control via reversible protein phosphorylation [Streitcher et al, 2010;

Czubryt & Olson, 2004]. Recent evidence has also shown that activated p38 and its

downstream target MAPK-activated protein kinase-2 (MK2) led to rapid onset of
cardiomyocyte hypertrophy [Streitcher et al, 2010]. Indeed, MEF2A and MEF2C are

preferentially phosphorylated and activated by p38 family members [Yang et al, 1999].

This finding was substantiated in Richardson's ground squirrels where active,

phosphorylated p38MAPK was elevated in heart during torpor and MK2 activity was

approximately doubled in both heart and skeletal muscle [MacDonald & Storey, 2005].

Furthermore, MEF2 DNA binding activity has been shown to be elevated in myopathic

hearts [Molkentin & Markham, 1993]. Therefore, MEF2 transcription factors represent a

focal point in cardiac muscle metabolism and place MEF2 in the spotlight as a master
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regulator of cardiac muscle specific genes.

I hypothesized, therefore, that MEF2 transcription factors would have a

significant role to play in cardiac metabolism of hibernating species. Utilizing reverse

transcriptase PCR and immunoblotting analysis, the responses of MEF2A and MEF2C

were analyzed over the torpor-arousal cycle in cardiac muscle of thirteen-lined ground

squirrels, S. tridecemlineatus. The data revealed that MEF2 genes are positively regulated

during torpor and that expression of known downstream genes under MEF2 control,

glucose-transporter 4 (GLUT4) and myogenic differentiation (MyoD), is also enhanced.

Materials & Methods

Animals.

All animals were captured, treated and organs harvested following the same

protocol as previously described in Chapter 2. The cardiac muscle used was a mixture of

atrial and ventricular tissue.

Total RNA isolation and quality assessment.

Total RNA was separately extracted (N=5) from cardiac muscle (-100 mg) from

six time points in the torpor-arousal cycle; ACR, ENT, EHIB, LHIB, EAR, LAR.

Protocol followed the manufacturer's directions as previously described in Chapter 2.

T^YlWiOY JtUCI CtVi SITiSl \?yT?tl·ì£^pìvA. I VltVy-l ?^t^??????? \Arl 1>\?> UJfI if III H^UMJ.

Primers for Mef2a, Mef2c, Glut4 and MyoD were designed using the Primer

Designer Program, v3.0 (Scientific and Educational Software) based on consensus

sequences for these genes derived from comparisons of several mammalian species and
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as previously described in Chapter 2. The primer sequences were as follows:

(1) Mefìa forward 5' -TTGCCACCTCAGAACTTCTC-3' and reverse 5'-

TTCATTCCAAGAYTGCCACC-3 ' ,

(2) Mefìc forward 5'-CCAGTGTCCAGCCAYAACAG-3' and reverse 5'-

TGTAGGTGYTGCTGTTGCCA-3 ' ,

(3) Glut4 forward 5'-CCCGMTACCTCTAYATCATC-3' and reverse 5'-

TTGACCACACCAGCTCCTAT-3' ,

(4) MyoD forward 5'-GACCCGTGTTTCGACTCCCC-3' and reverse 5'-

TCGATRTAGCGGATGGCGTT-3 ' ,

(5) a-tubulin forward 5'-AAGGAAGATGCTGCCAATAA-3' and reverse 5'-

GGTCACATTTCACCATCTG-3 ' .

cDNA synthesis and PCR amplification.

cDNA was synthesized as described in Chapter 2. The resulting cDNA from 6

time points in the torpor-arousal cycle; ACR, ENT, EHIB, LHIB, EAR, LAR were serial

diluted (IO"1, 10"2, 10~3, 10"4) and PCR amplified using primers specific to Mef2a, Mef2c,
Glut4, and MyoD. The cycles performed for amplification consisted of an initial step of

7 min at 95°C, followed by 37 cycles at 950C for 1 min, annealing at 53-68.10C for 1 min

720C for 1 min; the final step was 72°C for 10 min. Annealing temperature was 53.8,

68.1, 60, 58, 530C for Mef2a, Mefìc, Glut4, MyoD, and a-tubulin, respectively.
Products were separated on a 1 % agarose gel, stained with ethidium bromide.

The bands from the most dilute cDNA sample were used for quantification purposes to

make sure that the products had not reached amplification saturation. For cardiac muscle,



all genes were quantified from the 10"3 cDNA dilution. Samples of Mef2a, Mefìc, Glut4
and MyoD PCR products were sequenced as previously described and verified using the

BLASTN and BLASTP (using deduced amino acid sequences) programs.

Total protein extraction and cytoplasmic/nuclear extract preparation.

Samples of frozen cardiac muscle (-500 mg) were homogenized as previously

described. Separate tissue samples were used to prepare cytoplasmic and nuclear extracts

for use in the western blot and ELISA protocol, essentially as described previously.

Western Blotting.

Western blotting was performed as described in Chapter 2. Equal amounts of

protein from each sample was loaded onto 10% Polyacrylamide gels and run at 180 V for

45 minutes. To evaluate relative protein levels of MEF2A, p-MEF2A, MEF2C, and p-

MEF2C, 25 µg of protein was loaded into each well. To evaluate the relative protein

levels of MyoD only 10 µg of protein was loaded into each well. PVDF membranes to be

probed with antibodies specific for MEF2A, p-MEF2A, and p-MEF2C were blocked with

5% w/v non-fat dried milk dissolved in TBST (0.05% Tween-20) for 40 minutes. MEF2C

and MyoD were blocked with 30-70 kDa PVA [1 ^gInA w/v in TBST (0.05% Tween-

20)] for 45 seconds.

Antibodies specific for proteins of interest were purchased as explained in

Chapter 3 (Materials and Methods, Western blotting). MEF2A, p-MEF2A, MEF2C, p-

MEF2C and GLUT4 antibodies were used at 1:2000 v/v dilution in TBST (20 mM Tris

base, pH 7.6, 140 mM NaCl, 0.05% v/v Tween-20) whereas MyoD antibodies were used

at 1:250 v/v dilution in TBST (0.05% Tween-20). All membranes were probed with

primary antibody for 12 hours at 4°C except for MyoD which was probed for 24 hours at
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40C. Membranes that had been probed with MEF2C were then incubated with HRP-

linked anti-goat IgG secondary antibody (1:4000 v:v dilution), MyoD antibodies were

detected with HRP-linked anti-mouse IgG secondary antibody (1:2000 v:v dilution) and

all other antibodies were detected using HRP-linked anti-rabbit IgG secondary antibody
(1:4000 v:v dilution). All membranes were washed three times between incubation

periods in IX TBST (0.05% Tween-20) for approximately 5 minutes/wash. MEF2C and

MyoD required more washes in TBST (0.5% Tween-20) after probing with secondary
antibody ranging from -40 minutes to 2 hours, respectively. Signal detection and

quantification were as described in Chapter 2.

Enzyme-linked immunosorbent assay (ELISA).

ELISA was performed as described in Chapter 2. Probes for MEF2 were

purchased from Sigma Genosys including both the biotinylated probe MEF2 5'-Biotin-

GATCGCGCTAAAAATAACCCTGTCG -3' and the complement probe (MEF2 5'-c-

CGACAGGGTTATTTTTAGCGCGATC-3'). The quantitative run for MEF2A utilized

the following conditions; 30 µg of protein/well, 2 µg of salmon sperm/well, 60 rriM NaCl,

1/2000 v/v MEF2A primary antibody in TBST (0.05% Tween-20), 1/2000 v/v anti-rabbit

secondary antibody in TBST (0.05% Tween-20). The quantitative run for MEF2C

utilized the following conditions: 35 µg protein/well, 3 µg of salmon sperm/well, 60 mM

NaCl, 1/2000 v/v MEF2C primary antibody in TBST (0.05% Tween-20), 1/2000 v/v anti-
20at secondarv antibodv in TRST (O 0^% ?«/??.?-9?? Ahem-han™» wqc ^a?™?a^? oc

described in Chapter 2.

Quantification and statistics.

Band densities, for Mef2a, Mef2c, Glut4 and MyoD, on ethidium bromide stained
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agarose gels and band densities, for MEF2A, p-MEF2A, MEF2C, p-MEF2C, GLUT4,

and MyoD, on chemiluminescent immunoblots were visualized and quantified as

described in Chapter 2. Relative binding affinity for the ELISA protocol were quantified

as described in Chapter 2. Data are expressed as means ± SEM, ? = 5 independent

samples for cDNA quantification and n=4 independent samples for chemiluminescent
immunoblots.

Results

Analysis ofMEF2 protein levels and nuclear localization

MEF2 protein levels in cardiac muscle were measured by immunoblotting,

comparing hearts from animals that had not yet entered a torpor cycle in the cold room

(ACR) with five time points on the torpor-arousal cycle: ENT, EHIB, LHIB, EAR, LAR

(Fig. 4.1). The antibodies used cross-reacted with a single band on the immunoblots at

the expected molecular mass for MEF2 of 44 kDa. As compared with ACR controls,

MEF2A total protein levels increased during entry into torpor and peaked during torpor

(values in ENT, EHIB and LHIB were 2, 2.4 and 2.6 fold higher, respectively, p<0.05).

Levels remained elevated over ACR values during early and late arousal (by 1.7 and 1.6

fold higher in EAR and LAR, respectively, p<0.05) although they were reduced from the
np.ak" values in tnrnnr 1VÍF.F9P tritai nrntein cíinwprl a cimilcir natton-i· lpvp'o mom 1 'î 1 A

and 2.0 fold higher than ACR during ENT, EHIB and LHIB, respectively (p<0.05).

MEF2C decreased again during EAR (to a level 1.4 fold higher than ACR, p<0.05)

before returning to control levels during LAR (Fig. 4.1a).
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MEF2 transcriptional activity is regulated by posttranslational modifications such

as protein phosphorylation at several distinct sites. Transcriptional activity is enhanced

when MEF2A is phosphorylated at Thr312 and MEF2C at Ser387 and, therefore,

antibodies that recognize these phosphorylation sites were used to monitor changes in the

activity state of MEF2 isoforms over the torpor-arousal cycle [Cox et al, 2003; Yoon et

al, 2005]. The amount of p-MEF2A protein increased during ENT (2 fold higher than

ACR, p<0.05), stayed elevated in EHIB (1.4-fold higher than ACR, p<0.05), and peaked

during LHIB (2.5-fold higher than ACR, p<0.05) (Fig. 4.1b). Subsequently, p-MEF2A

Thr312 levels returned to control values when animals aroused from torpor.

Phosphorylation of MEF2C showed the same pattern, although less pronounced, with

significant increases in p-MEF2C Ser387 content during ENT, EHIB and LHIB (1.4, 1.7

and 1.5 fold higher than ACR, p<0.05). Again, levels returned to control values during
arousal (Fig. 4. Ib).

MEF2 must be active in the nucleus in order to modify gene transcription levels

and so I also evaluated the distribution of MEF2 and p-MEF2 isoforms between

cytoplasmic and nuclear fractions of ground squirrel heart (Fig. 4.2). MEF2A total

protein levels increased significantly in both cell fractions when ACR controls were

compared with the LHIB group; levels rose by 1.5 fold in the cytoplasmic fraction and by

1.6 fold in the nuclear fraction, as compared with the corresponding ACR values for these

fractions (p<0.05) (Fig. 4.2a). The amount of MEF2C in each cell fraction did not change

significantly between the ACR and LHIB conditions but phosphorylated MEF2C

increased in both fractions during torpor (by 1.4 and 1.2 fold compared with cytoplasmic

and nuclear ACR values, respectively, p<0.05) (Fig. 4.2b). Phosphorylated MEF2A also
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increased strongly (by 1.4 fold, p<0.05) in the nuclear fraction of torpid animals) (Fig.
4.2b).

Analysis ofGLUT4 and MyoD protein levels

Two of the important downstream genes under MEF2 control are GLUT4 and

MyoD and, hence, I chose to monitore changes in their protein levels over the torpor-

arousal cycle in ground squirrel heart (Fig. 4.3a & Fig. 4.4a). Antibodies for GLUT4 and

MyoD cross-reacted with single bands on immunoblots at the expected molecular masses

of the mammalian proteins of 50 and 45 kDa, respectively. GLUT4 relative protein levels

increased significantly during ENT (1.4 fold higher than ACR, p<0.05) and remained

high over all subsequent sampling times (Fig. 4.3a). GLUT4 levels were 1.6 and 1.4 fold

higher than ACR during EHIB and LHIB, respectively (p<0.05), and rose higher during
arousal to 1.8 fold and 2.2 fold higher than ACR values in EAR and LAR, respectively
(p<0.05). MyoD relative protein levels were stable from ACR to EAR but increased

sharply during the late arousal period (4.7 fold higher than EAR, p<0.05) (Fig. 4.4a).

Analysis ofMeß, Glut4 and MyoD transcript levels

Primers designed to amplify Mef2a, Meßc, Glut4, and MyoD were first used to

amplify these genes from ground squirrel skeletal muscle (Chapter 3) and were confirmed
as also amplifying the cardiac genes. RT-PCR was used to evaluate relative mRNA

transcript levels in heart over the torpor-arousal cycle. Neither Meßa nor Meßc

transcript levels increased during entry into torpor but both were elevated over the

remainder of the torpor-arousal course (Fig. 4.5). As compared with ACR values, Meßa
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expression levels were elevated in EHIB (1.4 fold higher, p<0.05) and remained

significantly higher (p<0.05) in LHIB (1.26 fold), EAR (1.4 fold) and LAR (1.5 fold).

Mefìc transcript levels were 1.3, 1.26, 1.4 and 1.35 fold higher than ACR values (p<0.05)

in EHIB, LHIB, EAR, LAR, respectively. Figure 4.3b shows Glut4 transcript levels were

also elevated during LHIB (1.4 fold higher than ACR, p<0.05) and LAR (1.5 fold) but

not at other points in the torpor-arousal cycle. Figure 4.4b depicts expression levels of

MyoD transcripts which showed an interesting pattern. Transcript levels fell as animals

entered hibernation to 47% in EHIB as compared to ACR (p<0.05). However, levels rose

again during LHIB (to 2.6 fold higher than in EHIB, p<0.05) and then fell as animals

aroused from torpor with levels in LAR that were just 41% of the LHIB values (p<0.05).

Analysis ofMEF2 relative DNA binding

Relative MEF2 binding to DNA in nuclear extracts of cardiac muscle was

measured by an enzyme-linked immunosorbent assay comparing hearts from animals that

had not entered cold torpor with those from four time points on the torpor-arousal cycle:

ENT, EHIB, LHIB, EAR (Fig. 4.6a,b). The probes were designed based on the specific

DNA binding element of MEF2 and the mammalian MEF2A and MEF2C primary

antibodies were the same as those used for immunoblotting. As compared with ACR

controls, MEF2A total protein binding rose during entry into torpor (by 1.9-fold, p<0.05)

and remained high during EHIB, LHIB and EAR (2.1, 2.1, and 2.8 fold higher than ACR,

respectively, p<0.05) (Fig. 4.6a). MEF2C total protein binding increased in ENT (by 1.9-

fold compared with ACR, p<0.05) but decreased again to levels not significantly different
from ACR during EHIB, LHIB, and EAR (Fig. 4.6b).
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Fig. 4.1. Changes in the protein levels of MEF2 Tfs over the course of the torpor-arousal
cycle in cardiac muscle of S. tridecemlineatus. Sampling points were: active in the cold

room (ACR), entrance into torpor (ENT), early hibernation (EHIB), late hibernation

(LHIB), early arousal (EAR) and late arousal (LAR). See the Materials and Methods for

more extensive definitions, (a) MEF2A and MEF2C total protein expression at six

sampling points, (b) Levels of phosphorylated MEF2A (Thr312) and MEF2C (Ser387).

Representative Western blots are shown along with histograms showing mean normalized

band densities (± S.E.M., n=4 independent trials on tissue from different animals). Data

were analyzed using analysis of variance with a post hoc Student-Newman-Keuls test;

different letters denote values are significantly different from each other, P<0.05.
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Fig. 4.2. Changes in the distribution of total MEF2 protein and phosphorylated MEF2

content in nuclear and cytoplasmic fractions over the course of a torpor-arousal cycle in

cardiac muscle of S. tridecemlineatus. Representative Western blots show the distribution

of (a) MEF2A and MEF2C between cytoplasm and nucleus, and (b) p-MEF2A (Thr 312)

and P-MEF2C (Ser 387) between cytoplasm and nucleus between control (ACR) and

long-term torpor (LHIB) conditions. Histograms show mean normalized band densities

(± S.E.M., n=4 independent trials on tissue from different animals). * - Significantly

different from the corresponding ACR value for the same cell fraction using the Student's

t-test, P<0.01.
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Fig. 4.3. Changes in glucose transporter isoform 4 protein and mRNA transcript levels in
cardiac muscle of S. tridecemlineatus over the torpor-arousal cycle, (a) Representative

Western blots and histogram showing mean GLUT4 protein levels, (b) Representative

transcript bands on agarose gels and histogram showing mean normalized glut4 transcript
levels. Glut4 bands were normalized against tubulin bands amplified from the same

sample. Data are means (± S.E.M., ? = 4 samples from different animals). Other

information as in Fig. 4. 1 .
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Fig. 4.4. Changes in myogenic differentiation protein and mRNA transcript levels in

cardiac muscle of S. tridecemlineatus over the torpor-arousal cycle, (a) Representative

Western blots and histogram showing mean MyoD protein levels, (b) Representative

transcript bands on agarose gels and histogram showing mean normalized MyoD

transcript levels. MyoD bands were normalized against tubulin bands amplified from the

same sample. Data are means (± S.E.M., ? = 4 samples from different animals). Other

information as in Fig. 4.3.



62

OMEF2A -MEF2C

d 0.8

ACR ENÎ EHIS LHiI EAR LAR

MEF2A **·» J *-· ) *w» \ \ - - [ ·¦·
MEF2C

a-Tubulin

I ¦* < P » I fu»

I I G

Fig. 4.5. Changes in the levels of Mef2a and Mef2c mRNA transcript levels in cardiac

muscle of S. tridecemlineatus over the torpor-arousal cycle. Shown are representative

bands on agarose gels (and bands for a-tubulin that was used for normalization) and

histograms of means (± S.E.M., n=4 independent trials on separate RNA isolations from

different animals) for six sampling points. Other information as in Fig. 4.1.
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Fig. 4.6. Changes in the DNA binding of MEF2 Tfs over the course of a torpor-arousal

cycle in cardiac muscle of S. tridecemlineatus. Sampling points are: active in the cold

room (ACR), entrance into torpor (ENT), early hibernation (EHIB), late hibernation

(LHIB), and early arousal (EAR), (a) MEF2A relative DNA binding at five sampling

points, (b) MEF2C relative DNA binding at five sampling points. Other information as in

Fig. 4.1.
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Discussion

The present study aimed at deepening our understanding of the molecular

regulation of cardiomyocytes during hibernation in the thirteen-lined ground squirrel. The

ground squirrel represents a natural model system where euthermic cardiac function can

be compared to processes which maintain cardiomyocyte viability under cold exposure

and reversible cardiac hypertrophy. Whereas hypertrophy of the human heart is also a

natural phenomenon for humans in the first few weeks of life, after the terminal

differentiation of cardiomyocytes, prolonged hypertrophy is detrimental to the normal

function of the cardiac muscle [Czubryt & Olson, 2004]. In addition, cellular mechanisms

which counter the effects of low body temperatures can help design new preservation

techniques for extant organs for transplant. Therefore, it is of great interest to highlight

the elicited responses of transcription factors in order to expose the biochemical pathways

that regulate cardiac muscle plasticity during hibernation.

The present chapter evaluated two MEF2 transcription factors, MEF2A and

MEF2C, using a multidimensional approach that assessed relative transcript levels,

protein expression and DNA binding over the torpor-arousal cycle in ground squirrel

heart. Furthermore, two downstream genes under MEF2 regulatory control, MyoD and

GLUT4, were evaluated because of their potential importance to cardiac metabolism

during hibernation. MEF2 transcription factors are vital MyoD regulators [Leibham et al,

1994] and MEF2 and MyoD have been shown to act synergistically to activate muscle

specific genes [Yu et al, 1992; Ornatsky et al, 1997]. Glucose transporters are membrane

proteins that in most cases mediate glucose uptake into cells, except for the bifunctional

GLUT2 of liver that conducts both uptake and release of glucose [Patterson et al, 2009].
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In humans, accumulating evidence suggests that impaired myocardial glucose uptake

may contribute to the pathogenesis of cardiomyocyte hypertrophy [Patterson et al, 2009;

Domenighetti et al, 2010]. In a recent study, researchers linked GLUT4 deficiency with

profound alterations in cardiomyocyte Ca2+ and pH homeostasis [Domenighetti et al,
2010]. Since GLUT4 is under MEF2 control it is of interest to determine its role during

hibernation when, notably, ground squirrels rely primarily on the liberation and

mobilization of fatty acid stores from white adipose tissue for their fuel needs [Andrews

et al, 2009; Storey & Storey, 2010].

The responses of total MEF2A and 2C protein and the phosphorylated forms, p-

MEF2A Thr312 and p-MEF2C Ser387, were evaluated over the torpor-arousal cycle in

ground squirrel heart and the results demonstrate that MEF2 transcription factors are

positively regulated during hibernation (Fig. 4.1a,b). MEF2A relative protein levels

increased significantly during ENT and remained high throughout the cold torpor periods

before returning to control levels in the fully aroused animal. The amount of

phosphorylated MEF2A was similarly elevated (by 1.4-2.5 fold) during ENT and

throughout torpor. Similarly, MEF2C total protein levels and phosphorylation state

increased during ENT, EHIB, LHIB and fell again during arousal. Phosphorylation of

MEF2A at Thr3 12 and MEF2C at Ser387 are both known to enhance transcriptional

capacity of these MEF2 isoforms [Cox et al, 2003; Yoon et al, 2005] and therefore the

data suggest downstream genes under MEF2 control would be up-regulated during
torpor. In addition, both total MEF2A and the amount of p-MEF2A increased in the

nucleus during torpor and p-MEF2C content also increased in the nucleus during LHIB

(Fig. 4.2a, b). Nuclear translocation is an essential prerequisite for enhanced transcription
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and, hence, these data provide further evidence that MEF2 mediated gene transcription is

up-regulated in heart when ground squirrels enter torpor. Finally, binding of MEF2

isoforms to DNA was also enhanced over the torpor-arousal cycle; for MEF2C, DNA

binding was highest during ENT (Fig. 4.6b) whereas DNA binding capacity of MEF2A

remained elevated (at about 2 fold higher than the ACR value) from ENT through to

EAR (Fig. 4.6a). Overall, these data provide strong evidence for an important role of

MEF2 transcription factors in the selective expression of genes that aid heart function

under cold torpor conditions in the hibernating ground squirrel.

Curiously, phospho-MEF2C levels remain elevated throughout EHIB (1.7-fold

higher than ACR, p<0.05) and LHIB (1.5 fold higher than ACR, p<0.05) (Fig. 4.1b);

however, post-translational states which are characterized with enhanced transcriptional

capacity did not demonstrate higher DNA binding under the same experimental

conditions. While further studies are required to elucidate the relevance of this data, it

could indicate that MEF2C effects on gene expression might be most potent, localized

and/or important during ENT. Furthermore, MEF2A DNA binding remained significantly

higher than ACR throughout the entire torpor-arousal cycle (Fig. 4.6a). Notably, DNA

binding peaked during EAR (2.8 fold higher than ACR, p<0.05) when p-MEF2A levels

had returned to euthermic levels. It is possible that other post-translational modifications

are also important in increasing DNA binding [Wei et al, 2008; Riquelme et al, 2006]

and perhaps play a vital role during arousal of the ground squirrel. The data suggests that

genes that are MEF2C regulated are more likely to be up-regulated in ENT whereas

MEF2A might support genes that are more generally elevated throughout torpor.

The enhanced protein expression and transcriptional capacity of MEF2 in heart
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during torpor potentially represents important adaptive changes in gene expression for

ground squirrels that activate key gene loci when the animals enter into hypometabolism.

Downstream genes under MEF2 regulation indicate that MEF2 enhanced transcriptional

capacity is synchronized with the expression of target genes in cardiomyocytes during

hibernation. During LHIB, when both p-MEF2 and DNA/protein binding were elevated,

MyoD transcript levels increased significantly by 2.6 fold compared with EHIB (Fig.

4.4b). Subsequently, MyoD relative protein levels increased during LAR to levels 3.8

fold higher than in ACR (Fig. 4.4a). Conversely, the pattern of GLUT4 expression

showed elevated protein levels in the early stages of hibernation that persisted throughout

torpor and actually increased further during LAR (Fig. 4.3a). Peculiarly, GLUT4

transcript levels showed a much later response and were significantly elevated during

LHIB and LAR (Fig. 4.3b). This incongruence was also demonstrated by the mRNA

versus protein changes observed with MEF2A and MEF2C (Fig 4.1a and 4.5). Transcript

levels for MEF2 transcription factors increased during EHIB whereas protein expression

increased during ENT. Hibernation represents a cyclical phenomenon where successive

rounds of deep torpor and arousal are closely regulated. Therefore, increases in transcript

levels during later phases of hibernation may prepare cardiac cells for the next

hibernation cycle.

In summary, the present study provides a dynamic view of the regulation of

MEF2 transcription factors and their downstream genes in cardiac muscle of the thirteen-

lined ground squirrel over the course of a torpor-arousal cycle. MEF2 transcription

factors are regulated at multiple checkpoints including transcription, translation, and post-

translationally in order to elicit downstream responses that include enhanced expression
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of MyoD and GLUT4 proteins. These changes occur, in part, to aid cardiac muscle in

maintaining function in the face of the physiological challenges associated with torpor

that include low Tb values near to 00C, increased blood viscosity, and low rates of blood

flow that would be considered ischemic during euthermia. This display of cardiac muscle

plasticity, makes the thirteen-lined ground squirrel an excellent model for the study of
various cardiomyopathies.
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Chapter 5

Molecular adaptations of structural proteins in striated muscle

of the thirteen-lined ground squirrel during hibernation
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Introduction

In order to further explore the extent and nature of muscle remodeling under

strong environmental pressures, five proteins related to the structural apparatus of striated

muscle (troponin, tropomyosin, myomesin, desmin, vimentin) were evaluated using

immunoblot techniques over a time course of torpor and arousal in hibernating 13-lined

ground squirrels. Troponin and tropomyosin play an integral role in skeletal and cardiac
muscle contraction. Initiated by action potentials, calcium is released from the

sarcoplamic reticulum, binds to troponin C which releases troponin I, and subsequently,

tropomyosin from actin sites for the binding of myosin cross-bridges [Watkins et al,

1995; Kostin et al, 2000; Chang et al, 2008]. Myomesin is an end line protein, attaching
myosin thick filaments to the M line and maintaining the thick filament lattice [Agarkiva

& Perriard, 2005]. Myomesin has a complex elastic structure which allows it to adapt to
the thick filament lattice during contraction [Agarkiva & Perriard, 2005]. Intermediate

filaments (IFs) interconnect myofibrils through the Z-disk and link the contractile

apparatus to the sarcolemma as well as to the nucleus, thereby playing a role in cellular

integrity, force transmission, and integration of organelle structure [Capetanaki et al,

2007]. Moreover, IFs also participate in signaling cascades that are linked to both integrin
and dystroglycan complex (DGC) signaling [Chockalingam et al, 2002; Capetanaki et al,

2007]. Desmin, a Z-disk protein, is the dominant muscle specific type III IF and is

essential for the proper development of both cardiac and skeletal muscle [Goldfarb &

Dalakas, 2009]. Vimentin is another type III intermediate filament which is responsible
for the organization of proteins involved in adhesion, migration, and cell signaling
[Ivaska et al, 2007]. Vimentin filaments are connected to integrins via connector proteins
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and may play a role in integrin signaling [Ivaska et al, 2007]. Additionally, many studies

have linked vimentin to signal transduction pathways such as Erk signaling [Ivaska et al,

2007]. The present chapter explores the changes in expression of these five structural

proteins in both cardiac and skeletal muscles over the course of torpor and arousal in

hibernating 13-lined ground squirrels.

Materials & Methods

Animals.

All animals were captured and treated, and organs were harvested following the
same protocol as previously described in Chapter 2. The skeletal muscle used was a

mixture of several hind limb muscles while the cardiac muscle used was a mixture of

atrial and ventricular tissue.

Total protein extraction.

Samples of frozen hind leg skeletal muscle (-500 mg) and cardiac muscle (-500

mg) were homogenized as previously described.

Western Blotting.

Western blotting was performed as described in Chapter 2. Equal amounts of

protein from each sample (10-25 µg) were loaded onto 8-12% Polyacrylamide gels and

run at 180 V for 45-60 minutes. To evaluate relative protein levels of troponin and

tropomyosin a 12% Polyacrylamide gel was run for 60 minutes, 20 µg protein/well; for

desmin and vimentin a 10% gel for 45 minutes, 10 µg protein/well; for myomesin a 8%

gel for 60 minutes, 25 µg protein/well. PVDF membranes to be probed with antibodies

specific for troponin, tropomyosin and myomesin were not blocked, while membranes to
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be probed with desmin and vimentin were blocked with 30-70 kDa PVA [1 µg/µl w/v in

TBST (0.05% Tween-20)] for 45 seconds.

Antibodies specific for mammalian desmin, myomesin, tropomyosin, troponin,

and vimentin were purchased from Developmental Studies Hybridoma Bank (University

of Iowa). All primary antibodies were used at 1:500 v/v dilution in TBST (0.05% v/v

Tween-20) and were probed for 24 hours at 40C. All antibodies were detected with HRP-

linked anti-mouse IgG secondary antibody (1:2000 v:v dilution). All membranes were

washed three times between incubation periods in IX TBST (0.05% Tween-20) for

approximately 5 minutes/wash. Desmin and vimentin required more washes after probing

with secondary antibody ranging from -40 minutes to 2 hours. Signal detection and

quantification were as described in Chapter 2.

Quantification and statistics.

Band densities on chemiluminescent immunoblots were visualized and quantified

as described in Chapter 2. Data are expressed as means ± SEM, ? = 4 independent

samples.

Results

Troponin I, a/ß-tropomyosin, and myomesin in skeletal muscle

Troponin I, a/ß-tropomyosin, and myomesin protein levels in skeletal muscle

were measured by immunoblotting comparing the control condition (ACR) to five other

experimental conditions; ENT, EHIB, LHDB, EAR, LAR (Fig.5.1 a-c). The antibodies

used each cross-reacted with single bands on the immunoblots at the expected molecular
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respectively. Troponin I total protein levels did not change significantly over the torpor-

arousal cycle when compared to ACR controls (Fig. 5.1a). However, significant changes

were observed when ERJBfLHTB values were compared with values in EAR/LAR;

troponin I protein levels in EAR were 1.5 and 1.46 fold higher than in EHIB and LHIB,

respectively (p<0.05). a/ß-Tropomyosin protein levels remained constant in the early

stages of the torpor-arousal cycle, but rose significantly during LHIB (1.54 fold

compared with ACR; 1.8 fold compared with ENT, p<0.05), and returned to control

conditions in EAR and LAR. Myomesin total protein levels remained fairly stable from

ACR to LHIB before increasing during arousal. Myomesin was significantly higher

during LAR as compared with ACR (by 1.6 fold, p<0.05) and values in EAR and LAR

were significantly higher when directly compared with ENT (by 2 and 2.3 fold, p<0.05).

Desmin and vimentin in skeletal muscle

Fig. 5.2 shows the changes in desmin and vimentin protein levels in skeletal

muscle over the torpor-arousal course. The antibodies used cross-reacted with single
bands on the immunoblots at the expected molecular masses for desmin and vimentin of

52 and 55 kDa, respectively. Desmin total protein levels increased significantly in EHIB

(2.0 fold higher than ACR, p<0.05) but were similar to ACR values at all other sampling

times. Vimentin total protein levels were unchanged throughout the ENT, EHIB and

LHIB periods but increased significantly by 2.7 and 3.1 fold in EAR and LAR,

respectively (as compared to ACR, p<0.05).
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Troponin I, a/ß-tropomyosin, and myomesin in cardiac muscle

Troponin I, a/ß-tropomyosin, and myomesin protein levels were also assessed in

ground squirrel heart over the course of torpor and arousal (Fig. 5.3). Troponin I total

protein levels changed dramatically over time; spiking during ENT (2.3 fold higher than

ACR, p<0.05), returning to near-ACR levels during early and late torpor periods, and

finally decreasing strongly as animals moved into the arousal phase. Levels during EAR

and LAR were just 10 and 11%, respectively, of the maximum levels measured during

ENT (p<0.05). Similarly, a/ß-tropomyosin total protein levels increased significantly

during ENT (by 1.8 fold higher than ACR, p<0.05), but, returned to levels comparable to

ACR for the rest of the torpor-arousal cycle. Myomesin total protein also increased

during ENT (2.3 fold higher than ACR, p<0.05), and remained high throughout the torpor

period; values during EHIB and LHIB were 2.0 and 1.8 fold higher than ACR,

respectively (p<0.05). Myomesin protein levels during EAR and LAR were not

significantly different from ACR.

Desmin and vimentin in cardiac muscle

Desmin and vimentin protein levels in cardiac muscle are shown in Fig. 5.4.

Desmin total protein levels increased strongly during entry into torpor (2.3 fold higher

than ACR, p<0.05) but then fell back to a constant level over the remainder of the torpor-

arousal cycle. Vimentin total protein levels also increased during ENT (by 2.5 fold higher

than ACR, p<0.05), but were reduced again during ??G? and LHIB. Levels rebounded

again during arousal with values in EAR being 4.0 fold higher than in ACR (p<0.05),

before dropping again to basal levels during LAR.
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Fig. 5.1. Changes in the protein levels of troponin I, a/ß-tropomyosin, and myomesin
over the course of a torpor-arousal cycle in skeletal muscle of S. tridecemlineatus.

Sampling points are: active in the cold room (ACR), entrance into torpor (ENT), early
hibernation (EHIB), late hibernation (LHIB), early arousal (EAR) and late arousal

(LAR). See the Materials and Methods for more extensive definitions. Panels show

protein expression levels at six sampling points for (a) troponin I, (b) a/ß-tropomyosin,

and (c) myomesin. Representative Western blots accompany histograms showing mean

normalized band densities (± S.E.M., n=4 independent trials on tissue from different

animals). Data were analyzed using analysis of variance with a post hoc Student-

Newman-Keuls test; different letters denote values that are significantly different from

each other, P<0.05. * - values are significantly different from the corresponding ACR
value using the Student's t-test, P<0.05.
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Fig. 5.2. Changes in the protein levels of desmin and vimentin in skeletal muscle of S.

tridecemlineatus over the torpor-arousal cycle. Western blots and histograms show

relative protein levels of (a) desmin, and (b) vimentin at six sampling points. Other

information as in Fig. 5.1.
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Fig. 5.3. Changes in the protein levels of troponin I, a/ß-tropomyosin, and myomesin in

cardiac muscle of S. tridecemlineatus over the torpor-arousal cycle. Western blots and

histograms show relative protein levels of (a) troponin I, (b) a/ß-tropomyosin, and (c)

myomesin at six sampling points. Other information as in Fig. 5.1.
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Fig. 5.4. Changes in the protein levels of desmin and vimentin in cardiac muscle of S.

tridecemlineatus over the torpor-arousal cycle. Western blots and histograms show

relative protein levels of (a) desmin, and (b) vimentin at six sampling points. Other
information as in Fig. 5.1.
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Discussion

In the present chapter, the responses of five structural proteins were examined in

ground squirrel skeletal and cardiac muscle over the torpor-arousal cycle. Troponin I total

protein levels did not change substantially in skeletal muscle during hibernation; only a

small increase was seen when arousal conditions were compared with torpor (Fig. 5.1a).

This might be interpreted as a recovery during arousal to reset troponin to baseline

euthermic levels after a downward reduction in the protein during torpor. By contrast,

a/ß-tropomyosin protein levels were elevated during LHIB by 1.8-fold, as compared to
ENT (Fig. 5.1b). In nonhibernating mammals, muscle wasting due to disuse or

denervation is largely attributable to increases in protein degradation which target

components of the myofibrillar apparatus and result in a decrease in force production

[Cohen et al, 2009]. Components of the myofiber, including troponin I, are targets of the

ubiquitin-proteosome pathway [Solomon & Goldberg, 1996] and two muscle specific

ubiquitin ligases, atrogin-1/MAFbx and muscle RTNG-finger 1 (MuRFl), are both

significantly induced upon disuse [Cohen et al, 2009]. Studies in our lab found an -20%

decrease in atrogin-1/MAFbx ubiquitin ligase protein levels in the ground squirrel

skeletal muscle during torpor, which suggests that one possible mechanism that could be

involved in resisting muscle atrophy in the hibernator may involve regulation of the
amount or activity of this enzyme [Mamady, 2006]. However, other evidence has

indicated that additional factors must also be involved as Rourke et al (2004) noted no

changes in MAFbx mRNA in the soleus muscle in ground squirrel during torpor and Stitt

et al (2004) demonstrated that overexpression of MAFbx/atrogin-1 alone does not cause

muscle atrophy. Regardless, the present study suggests that simply maintaining troponin
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at levels similar to euthermic values under the inactivity conditions of torpor may

represent a significant change to the standard pattern of mammalian skeletal muscle

response to disuse. Furthermore, stabilizing troponin levels during torpor may in fact

require molecular readjustments and the concerted efforts of various upstream signals

including Akt and FOXO transcription factors that regulate the expression of ubiquitin-

proteosomal machinery [Mamady, 2006]. The small increases in both troponin and a/ß-

tropomyosin late in the hibernation cycle, EAR and LHIB respectively, may reflect

anticipatory changes for the high metabolic demands of shivering thermogenesis,

whereby muscle cells create warmth by expending energy.

Myomesin total protein levels showed a similar pattern to that seen for troponin

(and also vimentin), remaining virtually stable in skeletal muscle until EAR and LAR

where levels increased by 2- and 2.3-fold, respectively, as compared to ENT (Fig. 5.1c).

During muscle wasting, skeletal muscle disassembles from the M line to the Z-disk [Peng

et al, 2006]. Contained within the M line are important proteins responsible for providing

an anchor for myosin thick filaments including the 185 kDa myomesin protein [Peng et

al, 2006]. Therefore, reduced stability of the M line during atrophy is directly related to

the loss of myomesin which may become aggravated by strain [Peng et al, 2006]. In

addition, M line myomesin is almost exclusively expressed in Type I muscle fibers [Peng

et al, 2006] and may give additional support to the hypothesis for a preference for Type I

muscle fibers, increasing oxidative capacity during hibernation. Alternatively, myomesin

may simply be important for additional structural support when dramatic changes in body

temperatures within a few short hours accompany the arousal phase.

In cardiac muscle, troponin I and a/ß-tropomyosin showed similar trends in
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relative expression levels over the torpor-arousal cycle. Both peaked during ENT,

increasing by 2.3- and 1.8-fold respectively, as compared to ACR controls, and then

declined gradually to levels at or below ACR during the arousal (Fig. 5.3). During

hibernation, cardiac contraction, while slower in frequency, must generate more force in

order to deal with cold body temperatures [Dawe & Morrison, 1955]. Elevation of

troponin I and a/ß-tropomyosin may reflect a potential compensation tool, providing the

ground squirrel with the necessary changes to contractile protein composition that are

needed to maintain strong cardiac contractions throughout the period of cold torpor when
Tb is only 5-7°C. In accordance with these data, previous research has shown that

hibernators show a unique ability to enhance intracellular calcium stores in the torpid

state [Wang et al, 2002], perhaps providing the necessary cellular signaling to support
strong and consistent contractions of the heart during torpor. Furthermore, various

cardiac myopathies that lead to hypertrophy in humans involve mutations in contractile

proteins such as troponin and tropomyosin [Watkins et al, 1995]. These mutations

correlate strongly with alterations in calcium sensitivity and force production in cardiac

muscle [Chang et al, 2008; Ohtsuki & Morimoto, 2008]. It is hypothesized that shifts in

intracellular calcium levels reflect changes in contractile proteins which play a role in

remodeling cardiac muscle in an attempt to deal with stress [Chang et al, 2008; Ohtsuki

& Morimoto, 2008]. Therefore, changes in both troponin I and a/ß-tropomyosin over

torpor-arousal cycles may represent important molecular adaptations to the altered

metabolic/physiological conditions encountered by heart during cold torpor. Myomesin

protein levels in cardiac muscle also rose strongly during ENT but remained high

throughout the torpor period (Fig. 5.3c). Similar to its function in skeletal muscle,
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myomesin maintains stability of the sacromere at the M line. Interestingly, studies using

confocal microscopy and antibodies against myomesin, discovered that this protein was

largely missing, perhaps degraded, in myocytes from failing hearts [Kostin et al, 2000].

Therefore, it is possible that enhanced myomesin content helps to provide the necessary
framework for the increased strength of muscle contractions during cold torpor.

Desmin protein levels also responded strongly to torpor in both muscle types,

doubling in ground squirrel skeletal muscle during EHIB (Fig. 5.2a) and rising about 2.4-

fold in cardiac muscle during ENT (Fig. 5.4a). Interestingly, misfolded desmin, caused

by genetic mutations in skeletal and cardiac muscle in humans, results in severe muscle

wasting characterized by myofibril dissolution and aggregations of degraded proteins

[Bar et al, 2005; Goldfarb & Dalakas, 2009]. The primary components of these

aggregates are desmin, its molecular chaperone aß-crystallin, and dystrophin, myotilin,

and ubiquitin [Bar et al, 2005]. Indeed, several desminopathies have been characterized

in humans [Goebel, 1995] and show a critical role for desmins in the normal development
and maintenance of the highly organized sarcomere. The current data indicate another

potential facet of muscle remodeling for cold torpor potentially contributing to

minimizing disuse atrophy by skeletal muscle and to the enhanced strength required for

increased cardiac output at cold Tb. This evidence is further substantiated by the

responses of upstream effectors that exert control on desmin expression levels (Chapter

3). Myocyte enhancer factor-2 (MEF2) transcription factors regulate the expression of

desmin [Black & Olson, 1998] and increase their transcriptional capacitance in both

skeletal and cardiac muscle during hibernation (Chapter 3). The earlier rise of desmin

expression levels in cardiac versus skeletal muscle may reflect the heart's need to quickly



resculpt itself to support the changing demands on heart as the animal enters cold torpor.

Vimentin protein levels in skeletal muscle responded differently, rising during

EAR and LAR by 2.7 and 3.1 fold compared with ACR (Fig. 5.2b). This may touch on

the hypothesis that desmin and vimentin have overlapping functions [Capetanaki et al,

1997; Colucci-Guyon et al, 1994], yet perhaps also distinct actions. Desmin and vimentin

show considerable overlap in function, as illustrated from studies with knock-out mice

[Capetanaki et al, 1997; Colucci-Guyon et al, 1994]. Surprisingly, both desmin and

vimentin null mice were viable, despite the importance of these IFs for cellular

organization, but it has been hypothesized that these proteins (along with other IFs such

as nestin and synemin) can compensate for one another to produce normal phenotypies

[Capetanaki et al, 1997; Colucci-Guyon et al, 1994]. Interestingly, desmin levels were

enhanced during the stage of declining Tb whereas vimentin levels rose strongly when Tb

was rising. Temporally separating their expression profiles may ensure that the muscle

cell has ample cytoskeleton support over the whole torpor-arousal course. In heart,

vimentin levels peaked twice, once during ENT (2.5 fold higher than ACR) and again

during EAR (4-fold higher than ACR) (Fig. 5.4b). This suggests a role for cardiac

vimentin in transitional times to/from the torpid state. Perhaps the large temperature

changes that accompany entrance/arousal require selective cytoskeleton reorganization in

order to support functionality of myocytes. Regardless, as evidenced from these results,

modification of desmin and vimentin levels is clearly an integral response of skeletal and

cardiac muscle to changing physiological demands over the torpor-arousal cycle.

In summary, the present data elucidate important muscle protein expression

profiles that are altered during hibernation, potentially contributing to the optimal
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remodeling of heart and skeletal muscle for function in torpor. Modulation of

components of the contractile apparatus (e.g. troponin I, tropomyosin), of the sarcomere

(e.g. myomesin), and of the cytoskeleton (e.g. desmin, vimentin), may play a coordinated

role in minimizing the strain placed on striated muscle during cold torpor. This study
highlights excellent candidates for further research on the cell signaling events which
underlie these remodeling processes. Obtaining a more in depth view of myocytes at the
molecular and biochemical level will bring progress in understanding myocyte atrophy
and hypertrophy.
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Chapter 6

General Discussion
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The study of hibernating mammals is a powerful instrument for untangling the
molecular and biochemical mechanisms, existing in lineages quite close to man, for
coping with environmental conditions that are known to be harmful or lethal for

nonhibernating mammals (such as Tb lower than 50C). A variety of gene adaptations have
been identified in ground squirrels which ensure survival during these adverse conditions

including; enhanced antioxidant defenses and cellular preservation strategies, inhibition
of ubiquitin-proteosomal pathways, improved mechanisms to deal with protein
misfolding, the storage of transcripts in stress granules and microRNA regulation, as well
as modification of chromatin structure [Storey & Storey, 2010; Storey, 2010]. In

particular, a number of studies have demonstrated the usefulness of the ground squirrel
model in the field of skeletal and cardiac myopathies [Fahlman et al, 2000; Rourke et al,

2004; Zuikova et al, 2005; Eddy & Storey, 2007; Malatesta et al, 2009; Lee et al, 2010].

The thirteen-lined ground squirrel exemplifies a level of muscle plasticity far in excess of
that known for humans; drastically modifying physiological parameters based on

extrinsic demands. By understanding how ground squirrel muscle adjusts its cellular

environment to maintain function at high versus low temperatures, respond to different

work load demands in euthermia versus torpor (e.g. prolonged inactivity by skeletal
muscle, greater contractive force needed to pump cold viscous blood at slow heart beat

rates) and optimize shivering thermogenesis, we can gain increased understanding of the
mechanisms of adaptation and compensation that are available to mammalian muscle.

The work presented in this thesis highlights two themes in hibernation

biochemistry: 1) adaptations of transcription factor regulation, and 2) muscle remodeling
through alterations of structural proteins in skeletal and cardiac muscle. Conserving
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metabolic energy in all tissues during torpor relies on turning down or turning off the

majority of metabolic functions which are not needed in the torpid state. However, as

evidenced in this thesis, a subset of metabolic functions must be activated in order to

ensure that transitions into and out of torpor, as well as extended periods in deep torpor,

do not result in cellular damage. Incidentally, transcription factors and structural proteins

in both skeletal and cardiac muscle work in tandem to reduce the negative effects of low

body temperature and depressed metabolic rate during hibernation. Nevertheless, the

temporal expression of proteins illustrates discrete differences between skeletal and

cardiac muscle during hibernation and these divergent responses may reflect the different

challenges faced by each tissue. The typical response associated with unloaded skeletal

muscle is the activation of catabolic pathways, such as proteosomal networks, and the

inactivation of anabolic pathways, such as the insulin-mTOR pathway [Glass, 2010].

Therefore, ground squirrel skeletal muscle must possess enhanced regulatory pathways

which serve to both suppress the degradation of myofibrilar proteins while

simultaneously directing transcription to enhance the expression of proteins critical for

the minimization of muscle atrophy. Conversely, cardiac muscle hypertrophy is

characterized by enhanced protein synthesis, changes in the structural proteins of the

sarcomere and changes in gene transcription [Frey et al, 2004]. In humans, these changes

may at first be beneficial, however, over time they lead to impaired cardiac function and

heart failure [Frey et al, 2004]. This suggests that the hibernator heart possesses an

unusual pattern of response, which may include differential transcription factor regulation

and muscle remodeling, as a critical cell preservation strategy.
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Adaptations of transcription factor regulation in skeletal muscle

This thesis has identified roles of MEF2 transcription factor regulation in skeletal

muscle highlighting its importance in hibernation success. MEF2 relative protein levels

were significantly upregulated during deep torpor and levels of the activated

(phosphorylated) MEF2 were also enhanced. This expression pattern indicates that MEF2

Tfs are positively regulating skeletal muscle gene transcription and, therefore, do not play

an inhibitory role during hibernation. The upregulation of downstream genes under

MEF2 control further corroborates the significant role of MEF2 during hibernation.

MyoD is another Tf which plays a critical role in muscle metabolism and Chapter 3

highlights a potential tissue specific synergy between MEF2 and MyoD during

hibernation. In addition, GLUT4 levels rise during hibernation and may be important in

optimizing the aerobic capacity of cells for function in cold torpor. Notably, skeletal

muscle plays a key role in the process of shivering thermogenesis during arousal,

contributing to the rapid rise in body temperature to euthermic levels. Therefore, proteins

which are elevated during arousal in skeletal muscle, such as MyoD and GLUT4, may be
important for this response.

The typical response associated with endurance training is the differentiation of

myocytes towards a phenotype associated with high mitochondrial density, increase in

capillary density, and a shift in sarcomeric components toward slow-type muscle fibers

[Fluck, 2006]. Glucose transporter 4 is tightly correlated with this response in humans,

whereby molecular expression levels of GLUT4 (through MEF2 regulation) increase

significantly following a single bout of aerobic exercise [McGee & Hargreaves, 2006].

During development, the re-entrance of mitotically quiescent muscle cells to the cell
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cycle is dependent on MyoD expression [Sabourin & Rudnicki, 2000]. Following

multiple rounds of division these cells fuse with existing myofibers and promote muscle

growth [Sabourin & Rudnicki, 2000]. Additionally, MyoD expression is enhanced in

skeletal muscle following a single bout of aerobic exercise [Sabourin & Rudnicki, 2000].

Therefore, evidence from this thesis suggests two central adaptations of transcription

factor regulation in the skeletal muscle of ground squirrel; 1) pathways which mediate the

changes associated with endurance training and aerobic exercise are mimicked in

hibernation and represent an important defense mechanism against disuse, and 2)

developmental pathways, whereby increases in cell size and growth are most profound,

may be activated during hibernation in order to compensate for the effects of disuse.

Curiously, the transcript and protein levels of MEF2 analyzed in skeletal muscle

show protein levels increasing prior to transcript levels. While the torpor-arousal cycle is

a cyclical phenomenon and increases in transcripts during arousal may actually be

preparing tissue for the next bout of deep torpor, alternative reasons for this response may

be proposed. The process of transferring information from DNA to amino acid

polypeptides via mRNA is fundamental to our understanding of all cellular processes,

however, an overwhelming body of evidence suggests that this classical model is far

more complex than previously thought [Maier et al, 2009; Le Quesne et al, 2010]. For

example, stress granules form when translation initiation is impaired, such as during

global suppression of translation, resulting in the accumulation and repression of mRNA

transcripts [Buchan & Parker, 2009]. Therefore, it is possible that stress granules are

important post-transcriptional regulators during hibernation where strong suppression of

translation has been demonstrated [Storey & Storey, 2004]. Stress granules, therefore,



yu

have the potential to alter translation and degradation of mRNA and could be responsible

for the incongruent transcript and protein data observed in the present study.

Studies which unravel the complex molecular mechanisms responsible for
shaping healthy skeletal muscle cells, under conditions which would be unfavorable to

non-hibernators, could have far-reaching benefits. For example, a multitude of

neuromuscular diseases, including all forms of muscular dystrophies, are tightly

associated with muscle weakness, degeneration and muscle atrophy [Marston &

Hodgkinson, 2001]. The symptoms of muscle atrophy are due to the fact that, relative to

normal living, muscles are activated less frequently and for shorter periods [Chambers et

al, 2009]. Additionally, muscles are exposed to lower mechanical loads and sustain these

loads for less time [Chambers et al, 2009]. Finally, muscular strength continually

deteriorates and the mechanical unloading stimulates degradation pathways and

downregulates those which replenish and preserve cellular function [Chambers et al,

2009]. In addition, critically ill patients confined to bed rest and astronauts exposed to the

weightlessness of space flight suffer from severe consequences of skeletal muscle

atrophy due to disuse. In this capacity, muscle disuse atrophy contributes significant

burdens to patients with a wide range of injuries and disease pathologies. Therefore, the

hibernator model provides a system which illustrates the natural defense strategies

against disuse atrophy and is an excellent comparative system to use to help identify the

sites that are critical to atrophy regulation in human skeletal muscle, potentially
illuminating therapeutic targets.



Adaptations of transcription factor regulation cardiac muscle

Hibernation poses a unique natural model whereby transitions into and out of

cardiomyocyte hypertrophy can be compared to human cardiac muscle which experiences
severe fibrosis and hypothermia under the same conditions. This thesis has elucidated the

response of MEF2 in cardiac muscle during hibernation as an important promoter of cell

growth and key player in the transition into and out of torpor. Importantly, entrance and

arousal from torpor highlight the importance of MEF2 in the transitional phases in

cardiac muscle. For example, MEF2A and MEF2C relative protein levels significantly

increased earlier (ENT) and remain elevated later (EAR/LAR) in cardiac muscle as

compared to skeletal muscle. Additionally, in cardiac muscle, MEF2A DNA-binding

remained elevated for longer periods and all structural proteins showed significantly

higher values (as compared with ACR) during entrance. This response is different than in

skeletal muscle which showed that relative protein levels of MEF2 were more important

during deep torpor and the associated upregulation of downstream genes during arousal

was probably important for shivering thermogenesis. The downstream genes in cardiac

muscle, GLUT4 and MyoD, have also been shown to be pivotal during torpor-arousal

cycles. During hibernation, profound alterations in cardiomycoyte calcium regulation

occur as well as changes in pH homeostasis [Wang et al, 2002; Wang & Lee, 1996].

Importantly, GLUT4 deficiency has been linked to alterations in these two pathways and

given its response in hibernators may be crucial to maintaining calcium homeostasis

which is critical for hibernator survival under cold temperatures [Domenighetti et al,

2010]. Additionally, similar to the response seen in skeletal muscle, increases in MyoD

may be the result of the hibernator' s molecular profile mimicking an early stage of



development when cardiac muscle is undergoing its greatest changes in cell size and

growth [Rudnicki et al, 2008]. Therefore, evidence from this thesis suggests two central

adaptations of transcription factor regulation in the cardiac muscle of ground squirrel

during hibernation; transcription factor regulation is critical for (1) maintaining cardiac

functionality during drastic changes in body temperature and, (2) to support cellular

growth necessary for hypertrophy of myofibers.

Similar to the response seen in skeletal muscle, cardiac muscle transcript and

proteins levels demonstrated unique patterns of expression. The weak mRNA vs protein

correlations that are seen actually draw attention the idea that other regulatory

mechanisms may be in play, specifically to the role of small interfering RNAs (siRNA),

microRNAs (miRNA) and PIWI interacting RNAs (piRNA). These are all now believed

to play key roles in global post-transcriptional regulation. Indeed, a substantial output of

the cell is represented by non-protein coding RNA molecules which are responsible for

orchestrating diverse cellular responses [Taft et al, 2010]. For example, microRNA-133

has been shown to play a critical role in cardiac hypertrophy [Dong et al, 2010] and the

transcription factors evaluated in this study, MEF2 and MyoD, activate microRNA-1 and

microRNA-133 [Liu et al, 2007; Sweetman et al, 2008]. Therefore, microRNAs represent

another level of translational control that may reflect the differences in mRNA-protein

expression observed in the present study.

Cardiac hypertrophy is characterized by differential gene expression and,

therefore, it is reasonable to assume that transcription factors play a vital role in this

process. The present thesis provides support for this hypothesis and indicates that MEF2

is a critical regulator of this response. As such, a deeper understanding of transcription
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factor regulation during hibernation and how it is divergent from the "normal" response

in sustained euthermia is extremely important for our understanding of the molecular

aspects of cardiac muscle health and viability. Therefore, hibernation gives us a unique

opportunity to show how extracellular stimulation is first perceived and then converted

into intracellular signals which program the response.

Muscle remodeling

A central part of metabolic rate depression is the suppression of the highly

energy-expensive process of translation [Storey & Storey, 2004]. Strikingly, during

hibernation the skeletal and cardiac muscle contractile apparatus is remodeled in a

process that involves considerable protein synthesis against a backdrop of strong global

suppression of translation [Tinker et al, 1998]. This response is a departure from that seen

in non-hibernating mammalian cells which, under conditions of reduced energy or amino

acid availability, react with an overall suppression of protein synthesis. Therefore,

hibernating mammals must have unique or unusual patterns of response as compared with

the "normal" response to ATP or nutrient availability (e.g. hypoxia, starvation, muscle

disuse). These changes presumably occur during hibernation in order to equip striated

muscle with the optimal composition of proteins to resist dramatic changes in body

temperature and physiological demands. Therefore, hibernating models suggest that

striated muscle reacts to homeostatic perturbations provoked by differing physiological

needs and these changes are integrated into alterations in signaling pathways which
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induce gene and protein expression which ultimately provide the signal for muscle

remodeling.

Muscle cells possess a remarkable ability to modify the biochemistry of the cell in

order to meet fluctuating environmental conditions [Joanisse, 2004]. Thus, muscle

plasticity is extremely important for life in general, however, the homeostatic balance of

the cell must always be attuned to both growth versus death signals. Muscle remodeling

is a vital process for hibernators as the extreme change in physiology necessitates an

altered metabolic balance and the controlled suppression versus directed upregulation of

critical structural proteins and the signaling pathways which produce these changes. This

thesis supports the idea that skeletal muscle requires important adaptive changes during

both deep torpor and under the metabolically demanding process of shivering

thermogenesis. For example, myomesin upregulation in LAR suggests the need for

enhanced structural support of the sarcomere during shivering thermogenesis whereas

desmin and vimentin, showing different temporal expression patterns, may reflect

skeletal muscle needs for extra support during both deep torpor and arousal to euthermic

levels. In cardiac muscle, all proteins were significantly upregulated during entry into

torpor and vimentin was also increased during arousal. This evidence suggests that major

changes in body temperature require important changes in the molecular profile of the

cell to ensure signaling pathways that promote cellular death are not activated.

Changes in the structural apparatus of hibernator muscle are extremely instructive

to our understanding of muscle metabolism in non-hibernating mammals, including man.

While the modifications of muscle documented in the present thesis represent adaptive

changes, many muscle remodeling events in humans can be maladaptive leading to
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patients confined to bed rest may go unused for long periods and the signaling pathways

which degrade structural proteins of the myofiber are attractive candidates as therapeutic

targets. Therefore, how do ground squirrels alter their molecular pathways to counteract

degradation pathways while also actively transcribe more signal for important structural

proteins? Unraveling these mysteries will provide a wealth of information on the tools

available to mammalian cells and how these pathways can be manipulated during

conditions such as bed rest. Heart failure represents one of the leading causes of heart

disease in the United States and often the pathology is accompanied by cardiac muscle

remodeling, however, these changes ultimately result in damaged heart tissue, necrosis,

and cell death [Roger, 2010]. Therefore, how does the hibernator heart alter its molecular

profile in ways which are beneficial, given its change in physiology, yet ensure pathways

which are deleterious to healthy cardiomyocytes remain inactivated? This thesis suggests

that structural proteins of the sarcomere, contractile proteins, and intermediate filaments

provide the framework for the healthy function of heart cells during extreme fluctuations

of body temperature and strength of cardiac contraction.



Future directions

Nuclear factor of activated T-cells (NFAT) are a family of transcription factors,

for which there are five members NFATcI, NFATc2, NFATc4, NFAT5, which have

been shown to be involved in the development of cardiac and skeletal muscle [Horsley &

Pavlath, 2002]. Of these members NFATcI and NFATc4 are regulated by calcium

signaling which must be tightly regulated to ensure skeletal and cardiac muscle

homeostasis [Horsley & Pavlath, 2002]. The general response includes the activation of

the calcium-sensitive phosphatase, calcineurin which dephosphorylates NFAT and

unmasks a nuclear localization signal which results in NFAT translocation [Horsley &

Pavlath, 2002]. In contrast, nuclear export is promoted by kinases in the cytoplasm and

nucleus [Horsley & Pavlath, 2002]. For example, protein kinase A (PKA) must be

inactivated for NFAT nuclear retention [Horsley & Pavlath, 2002]. Together with nuclear

residents (NFATn), transcription factor-DNA binding initiates the expression of

important downstream signals [Horsley & Pavlath, 2002]. Additionally, NFAT has been

shown to be coregulated by MEF2 [Putt et al, 2009], a transcription factor for which this

thesis has highlighted to be important for hibernation success. Recent evidence suggests

that the disregulation of NFAT holds strong links to heart failure [Rinne et al, 2010] and

in atrophy associated with unloading in skeletal muscle [Al-Shanti & Stewart, 2009].

Therefore, it would be of interest to study the thirteen-lined ground squirrels natural

response to NFAT regulation during hibernation. Subsequent analysis of both upstream

and downstream signals in this response would elucidate additional adaptations of

skeletal and cardiac muscle during hibernation.
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GATA4 activation has been documented in cardiomyocyte hypertrophy, as

evidenced by overexpression studies in cultured cardiomyocytes [Akazawa & Komuro,

2008], and therefore would be an interesting subject for further studies in the hibernator

hypertrophic heart. GATA4 is a member of the family of zinc-finger transcription

factors which bind to the promoter regions of genes which regulate myocardial

differentiation and function [Okay et al, 2007]. Key downstream genes under GATA4

regulation include atrial natriuretic peptide (ANP) and B-type natriuretic peptide (BNP)

[Okay et al, 2007]. ANP is a polypeptide hormone secreted by heart which causes a

reduction of blood volume and reduction in cardiac output upon binding to ANP

receptors [Temsah & Nemer, 2005]. BNP is also an important polypeptide hormone

secreted by ventricles of the heart in response to excessive stretching of cardiomyocytes

[Temsah & Nemer, 2005]. GATA4 is regulated by cytoplasmic-nuclear shuttling and

reversible phosphorylation [Akazawa & Komuro, 2008]. The ERK pathway, a branch of

the mitogen-activated protein kinase cascades, is a key biochemical signal which

mediates GATA4 regulation and the hypertrophic response [Akazawa & Komuro, 2008].

In addition to phosphorylation, the transcriptional acitivity of GATA4 is also mediated

through interactions with co-factors such as Csx/Nkx2-5, MEF2, NFAT, amongst other

important Tfs [Akazawa & Komuro, 2008]. A mutli-dimensional approach which

analyzed transcription factors, co-factors, downstream and upstream signals would

elucidate the role of GATA4 during hibernation.

Transcription factor regulation is fundamental to molecular regulation of

genes/proteins during hibernation. Therefore, I would be interested in pursuing a more in

depth look at transcription factor regulation by highlighting prominent post-translational
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modifications. Reversible phophorylation is surely an important regulator and signal

transduction mechanism utilized in all aspects of metabolic regulation (Storey & Storey,

2010). However, little is known about other post-translational modifications such as

ubiquitination, sumoylation, acetylation, and methylation and the regulatory control they

impose on the hibernating cell. For example, acetylation is now known to occur in more

than 80 transcription factors and has been predicted by Kouzarides to "rival

phosphorylation" [Yang & Seto, 2008; Kouzarides, 2000]. Moreover, there is

accumulating evidence for extensive cross-talk between different post-translational

modifications and all of these signals mingle to form complex regulatory programs [Yang

& Seto, 2008]. Ubiquitination involves the attachment of the 76-residue protein ubiquitin

to other proteins, often targeting the substrate for degradation by proteosomal pathways

[Johnson, 2004]. However, accumulating evidence indicates that ubiquitination may also

serve several other functions including development and apoptosis [Hershko &

Ciechanover, 1998]. Several small ubiquitin-like modifier proteins (SUMO) share a

common chemistry with ubiquitin in that that become attached to lysine residues in

substrate proteins, however, have a variety of different functions and do not directly

target proteins for degradation [Johnson, 2004]. Although further evidence is required, it

is generally accepted that SUMO attachment to transcription factors results in repression

of gene expression [Johnson, 2004]. Moreover, methylation is another post-translational

modification which has been shown to regulate transcription factors and its role has been

linked with signals involved in cellular localization and compartmentalization as well as

activation of transcription [Rathert et al, 2008]. Elucidating these regulatory mechanisms

will provide a multi-dimensional view of transcription factor regulation during
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hibernation and highlight mechanisms which may be applicable to multiple disease states

in humans.

In summary, this thesis studied the molecular response of striated muscle to

decreased metabolic rate, cold body temperatures, and drastic alterations in physiology.

Analysis of transcription factors, MEF2A and MEF2C and selected downstream genes

(GLUT4 and MyoD), elucidate the importance of these Tfs for hibernation success and

outline their possible role in typical human responses to skeletal muscle disuse atrophy,

cardiomyocyte hypertrophy, and hypothermia. In addition, directed changes in the

structural proteins of striated muscle (such as troponin, tropomyosin, myomesin, desmin,

vimentin) provide the framework for the proper functioning of myocytes at cold body

temperatures and altered physiological demands. Given the strong metabolic suppression

of all energy expensive cell functions, the increased expression of the mRNA/proteins in

this study highlights their importance for hibernation success. The highly regulated

process of hypometabolism gives us the opportunity to take a snap shot of the inter-

workings of the cell and observe the complex molecular attributes which fuel our same

organs and tissues. Comparing systems during hibernation provides insight into how we

cope with undesirable conditions and will, in the future, help design treatment methods to

oppose numerous human ailments.
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Appendix I

Examples of constantly expressed proteins in our animal tissues
conditions proteins

Actin, GRP78, ATF4, elF2, PKD/PKCmu, c-Myc, Nrf2, 57kDa, Nrf2 10OkDa,
i3-iined hibernation KID Cu/?p SOD, MnSOD, TrxR2,

GRP75, GRP94, HSP72, EGR-I
Actin, Alpha-tubulin, GRP78, HIF-Ia, Nrf2 57kDa, Nrf2 WOkDa, Cu/Zn

ground LUNG SOD, MnSOD, GRP75, HSP90a/b
Actin, Alpha-tubulin, Beta-tubulin, ATF6, GADD153, BcI-XL, Etsl/2,

squirrei BRN E2F1, c-Myc, Cu/Zn SOD,
MnSOD, HSP73, HSP40

Actin, HOl, Nrf2 57kDa, Nrf2 10OkDa, MafG, Cu/Zn SOD, MnSOD,
WAT HSP90a/b

Actin, Alpha-tubulin, Beta-tubulin, Bcl-2, Peroxiredoxin-3, C0X4, HOl,
BAT Cu/Zn SOD, MnSOD, TrxR2,

GRP75, GRP94, HSP73
Actin, Alpha-tubulin, Myosin, GRP78, GADD34, BAD, histone H3, RNA

MUS polymerase II, A TF-2, HSP2 7 ,
elF2ct, eEF2, Rb, E2F1, SUV39H1, HOl,
Nrf257kDa, Nrf2 10OkDa, MafG, TrxR2, HSP73, elF4E, 4E-
BPl, elF4B
Actin, Alpha-tubulin, Beta-tubulin, AJFA, BcI-XL, HIF-Ia, EGFR, Cu/Zn

LIV SOD, MnSOD,
HSP72, HSP73, HSP90a/b, 4E-BP1, elF4B
Actin, Alpha-tubulin, ATF6, BAD, p38, CREB, ELK-l,elF2a, eEF2, Rb, Cu/Zn

HRT SOD, MnSOD, TrxR2, GRP9A

Examples of constantly expressed mRNAs from our animals
conditions Genes

13-
iined hibernation KID grp78, atfA, cox-4, fasn, ho-2, grp9A
ground LUNG grp78, hifl, nrf2, fasn, bcl2, ho-2, grp75
squirrel BRN ho-2, grp75, grpl70

WAT h-fabp, a-fabp, ho-2
BAT atf4, hifl, nrf2, cox-A, ho-1, ho-2

grp78, atfA, foxola,hifl, cox-A, a-fabp, ho-1, Cu/Zn SOD, MnSOD,
MUS grp75
LIV grp78, bcl-xl, hifl, ho-2, grp75, grp9A, grpl70
HRT grp78, cox-A, H-FABP, a-fabp, esl, bcl2 ,ho-2, grp75, grp9A
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