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ABSTRACT

Many small mammals enter hibernation to survive the winter. Metabolic rate 

during torpor can drop to just 1-5 % of the euthermic rate providing energy savings of 

-90% compared to the costs of remaining euthermic. Hibernation consists of cycles of 

torpor bouts interspersed by short arousal periods. Regulation of torpor-arousal requires 

tight overall control of energy-consuming metabolic processes as well as selective 

expression of genes to accomplish these transitions and readjust metabolism for long term 

viability in a hypometabolic, hypothermic state. Hence, despite overall metabolic rate 

depression in hibernation, certain processes must be activated to ensure survival. The 

present studies examined transcriptional control in the hibernating thirteen-lined ground 

squirrel, Spermophilus tridecemlineatus. Regulation of gene expression by the hypoxia- 

inducible transcription factor (HIF-1) pathway was shown to be important in hibernation; 

HIF-la subunit levels rose by 60-70 % in skeletal muscle and brown adipose tissue 

(BAT) during hibernation and HIF-1 DNA-binding activity increased 6-fold in 

hibernating BAT. By contrast, the overall transcriptional state in muscle was strongly 

suppressed during torpor. Both activity and protein levels of histone deacetylases, 

enzymes involved in transcriptional repression, were elevated during torpor whereas the 

activity of RNA Polymerase II, a key enzyme of gene transcription, was strongly reduced 

by 43 %. To evaluate the involvement of oxidative stress and antioxidant defenses in 

hibernation, the responses of the Nrf2 transcription factor, involved in the oxidative stress 

response pathway, were evaluated as well as antioxidant genes/proteins under Nrf2 

control. Nrf2 protein levels were elevated (by 1,4-fold) in all heterothermic parts of the 

hibernation cycle whereas the protein contents of three downstream gene targets of Nrf2

in
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were only elevated during entrance into hibernation. This suggests a Nrf2-mediated 

anticipatory enhancement of antioxidant defenses to deal with oxidative stress during 

torpor and/or arousal. Other antioxidant enzymes, the 2-Cys peroxiredoxins, also showed 

enhanced protein levels in torpor and increased enzyme activity (1.5-fold in heart and 

3.4-fold in BAT) indicating a potential role in ROS detoxification during hibernation. 

The data reported in this thesis provides new insights on the roles of selected 

transcription factors and on the importance of their tight regulation during all stages of 

hibernation.

iv
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Chapter 1 
General Introduction

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Hibernation is used by a variety of small mammals to survive the low ambient 

temperatures and food restriction typically associated with the winter months. This 

strategy involves a controlled and coordinated regulation of all metabolic and 

physiological processes such that a strong suppression of overall metabolic rate occurs 

(typically to <5% of the euthermic rate) (Wang and Lee, 1996), body temperature (Tb) 

falls to ambient and/or is regulated at about 0-5°C, physiological functions such as heart 

rate (Frerichs et al., 1994), breathing and kidney function are strongly reduced, and 

multiple cell functions are inhibited. The decrease in heart rate produces a corresponding 

strong reduction in organ perfusion rate, a condition that would impose severe ischemia 

on a non-hibemator, but that does not harm hibemators. Similarly, hibemators survive for 

weeks at Tb values that are near 0°C but with none of the metabolic injuries that are 

caused by hypothermia in non-hibernating mammals.. Humans, for example, show severe 

damage if core Tb drops below 27°C. It has beep calculated that by using hibernation 

small mammals can save as much as 90% of the energy that would otherwise be required 

to remain euthermic (Tb = 37-38°C) over the winter months (Wang and Lee, 1996).

A typical hibernation cycle

A wide variety of mammalian species possess the ability to hibernate. It is 

currently believed that hibernation and daily torpor are plesiomorphic (ie. ancestral, 

primitive), that heterothermy is common among endotherms, and that homeothermic 

endothermy in mammals evolved via heterothermy (Grigg et al., 2004). Hence, in a 

sense, hibernation represents an abandonment of euthermy and a return to an ancestral 

facultative endothermic state where body temperature is allowed to fluctuate with
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ambient temperature except for regulation in some situations; for the hibernator, there are 

two such situations: (a) to prevent Tb from falling below 0°C, and (b) to intermittently 

return the animal to the euthermic state.

The hibernating season consists of prolonged torpor bouts that are interspersed 

with short periods of arousal when animals rewarm themselves to 37-38°C and maintain 

euthermia for several hours (Figure 1.1). Four physiological phases of hibernation can be 

distinguished: entry into torpor, torpor, arousal from torpor, and interbout arousal. 

Typically, there is a progressive increase in the length of torpor bouts during the autumn 

and early winter with maximum lengths in midwinter followed by shortening again in the 

spring (Figured.l): The maximum length of tp ^o r bouts varies froin species to species 

and also with ambient; temperature during hibernation (Figure 1.2) (Buck and Barnes, 

2000). Since smaller mammals have a higher metabolic rate in the euthermic state than 

larger mammals, the extent of the metabolic inhibition can be considerable; indeed, Qio 

values, ratio of the rate of a reaction at one temperature divided by the rate of the same 

reaction at a temperature 10 C° less, can be 3-4 for the difference between euthermic and 

hibernating metabolic rates for some species with smal) body masses (Geiser, 2004).

This translates to important energy savings for smaller hibernating mammals. Torpor is 

not continuous over the hibernation season but instead is interspersed with arousals 

during which the animal returns to euthermic Tb for a short time. Arousal is initially and 

primarily fueled by non-shivering thermogenesis in brown adipose tissue (BAT) but after 

Tb rises above about 15°C skeletal muscle shivering also contributes to re warming. The 

whole process is quite drastic as it involves raising Tb by more than 30°C, increasing 

heartbeat from 5-10 beats per minute to the euthermic rate of 350-400 beats per minute,
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and increasing the breaths taken per minute from 4-6 to more than 100 breaths per minute 

(Zatzman, 1984; McArthur and Milsom, 1991). All of these feats are accomplished 

within minutes to hours without harming the animal. Arousal usually occurs only every 

3-4 weeks during the midwinter months and lasts for a few hours. Multiple reasons have 

been postulated for these periodic arousals from torpor including a need to eliminate 

metabolic wastes, to readjust neural circuits, or for species that eat during arousal to stock 

up on fuel reserves (Heller and Ruby, 2004).

Transcriptional control in hibernation

Energetically expensive biochemical processes in hibernation must be tightly 

coordinated and regulated so that energy is not wasted and stored metabolic fuels are 

conserved to last over the full winter hibernation season (and often well into spring 

before eating resumes). In general, just as physiological functions are suppressed during 

torpor (see above), all cellular metabolic processes that have been examined are also 

strongly suppressed during torpor. These include rates of fuel catabolism, transmembrane 

ion pumping, gene transcription, and protein translation (Frerichs et a l, 1998;

MacDonald and Storey, 1999; yan Breukelen and Martin, 2002; Storey and Storey,

2004). However, the hibemator must still retain the ability to selectively activate specific 

pathways and processes when needed at all stages of the hibernation cycle. For example, 

selected genes may need to be transcribed during entry into torpor even though overall 

rates of gene transcription are being strongly suppressed during this time. Multiple 

mechanisms can be involved in metabolic regulation but one of the prominent ones that 

provides tight control of biological processes during major changes in metabolic state is
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reversible protein phosphorylation. For example, when hibernating mammals descend 

into torpor, carbohydrate catabolism is inhibited and animals switch to a primary 

dependence on lipid fuels. Inhibition of carbohydrate catabolism comes from reversible 

phosphorylation control of several glycolytic enzymes as well as pyruvate 

dehydrogenase, the entry point of carbohydrate fuel into the tricarboxylic acid cycle 

(Storey, 1987; Brooks and Storey, 1992). Suppression of protein translation during torpor 

also comes from phosphorylation-mediated inactivation of selected ribosomal initiation 

and elongation factors (Frerichs et al., 1998; Chen et al., 2001). Indeed, down-regulation 

of translation in torpor has been confirmed by studies that monitored 14C leucine or 3H 

leucine incorporation into proteins; incorporation of both radiolabels was strongly 

reduced in tissues of hibernating 13-lined ground squirrels when measured both in vivo 

and in vitro (Frerichs et al., 1998; Hittel and Storey, 2002). The same thing can be said 

about gene transcription, although studies on the subject are more sparse. It was 

previously estimated that out of the total energy budget of cells, 1-10% is allocated to 

transcription (Rolfe and Brown, 1997). In hibernating golden-mantled ground squirrels 

(Spermophilus lateralis) transcription initiation was reduced two-fold in torpid versus 

aroused animals (van Breukelen and Martin, 2002) whereas results from a study that 

monitored the incorporation of [3H]-uridine into RNA of hibernating hamsters also 

showed reduced RNA synthesis in torpid animals (Osborne et al., 2004).

Despite this decrease in the overall rate of transcription, certain genes and their 

protein products are still upregulated during torpor in ground squirrels. Of particular 

interest to the research reported in this thesis are the genes that are up-regulated during 

entry into or exit from torpor; these potentially represent genes that are key to the
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6

hibernation phenotype and that are expressed to achieve specific goals for survival during 

torpor. Arousal from hibernation also includes activation of selected genes that could 

deal with potential problems that arise when oxygen consumption and metabolic 

functions increase rapidly. The switches that govern transcription are transcription 

factors; these bind to response elements present in the promoter region of genes under the 

transcription factor’s control.

One of the metabolic concerns during hibernation is antioxidant defense. For 

hibemators, it has been shown that the repeated cycles of torpor and arousal lead to 

variations in the perfusion rate that might lead to ischemic events. The arousal period is 

particularly susceptible to ROS generation as it has been shown that the rate of oxygen 

consumption can raise by many-fold over a short period of time (Boyer and Barnes,

1999). Furthermore, hibemators maintain high levels of polyunsaturated fatty acids 

(PUFAs) (e.g. linoleic acid) in their lipid depots in order to maintain lipid fluidity at cold 

body temperatures but these PUFAs increase the risk for oxidative stress because they are 

susceptible to ROS attack and can autoxidize very easily (Carey et al., 2000). All of these 

factors can explain the need for hibemators to upregulate their antioxidant defenses to 

deal with the potential high levels of oxidative stress throughout hibernation. It has 

previously been shown that activities of antioxidant enzymes increase in tissues of 

hibernating animals (Buzadzic et al., 1990; Carey et al., 2000). Furthermore, data from 

our lab using DNA microarrays to search for hibernation-responsive genes also showed 

putative up-regulation of several genes associated with antioxidant defense during 

hibernation (Storey, 2003). Based on these pieces of information, transcription factors
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responsible for stimulating the expression of genes associated with antioxidant defense 

should have important roles in hibernation.

Another pathway that could come into play in regulating hibernation is the 

hypoxia response pathway. Some researchers have argued that hibemators could be good 

models for studying ischemia, but this argument has been contested because the decrease 

in metabolic rate and oxygen demand of tissues during torpor goes hand in hand with the 

reduction in oxygen delivery to tissues. Still, the fact that hibernating animals show an 

increase in multiple hypoxia related genes suggest that hypoxic conditions and 

hibernation are connected somehow. Overall, this thesis will look at transcription and its 

control by transcription factors in selected tissues of a hibernating mammal.

Model Animal

The model animal used in our laboratory to explore the metabolic responses in 

hibernation is the thirteen-lined ground squirrel, Spermophilus tridecemlineatus. It is one 

of several ground squirrel species that can hibernate. Ground squirrels typically initiate 

torpor bouts in late September or early October and the hibernation season can last 

through until late March to early May. Ground squirrels primarily feed on seeds, insects 

and flowers (Wang and Lee, 1996). During the late summer animals enter a period of 

hyperphagia and raise their body mass by about 50% (adult mass typically increases from 

130-180 g in the summer to 220-240 g before hibernation begins) with a massive 

accumulation of lipid reserves. Diet selection is also used to elevate the proportion of 

PUFAs in lipid depots so that these remain fluid, and therefore can be metabolized, when 

Tb sinks to near 0°C during torpor (Frank and Storey, 1995).
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This thesis focuses on the changes at the gene and protein levels of selected 

transcription factors and antioxidant-related proteins in hibemator tissues and an 

overview of how each tissue deals with hibernation is necessary at this point.

Heart

The hibernating heart is able to function efficiently despite the low body 

temperatures and the drastic reduction in heart rate of about 100-fold when compared to 

euthermic levels (Zatzman, 1984). Evidently, an emphasis on the transcription of 

selected genes and gene products that allows the heart to cope with these fluctuations is 

necessary. Such is the case for the gene coding for the enzyme pyruvate dehydrogenase 

kinase isozyme 4 (PDK4) that shows a marked increase in hibernating heart (Buck et al., 

2002). PDK4 inhibits pyruvate dehydrogenase, a key enzyme of carbohydrate 

catabolism, and the up-regulation of this gene correlates with the known switch from a 

carbohydrate-based metabolism to a lipid-fueled metabolism during torpor (Andrews et 

al., 1998). Other hibernation-responsive genes in heart include some that enhance lipid 

catabolism including the heart and adipose isoforms of fatty acid binding protein (Hittel 

and Storey, 2001) and pancreatic triacylglycerol lipase (Andrews et al., 1998) and, hence, 

further highlight the importance of lipid-fueled metabolism in hibemators. Other genes 

that are up-regulated in ground squirrel heart include the ventricular isoform of myosin 

light chain 1 (MLClv), indicative of myosin restructuring for function at low Tb 

(Fahlman et al., 2000), and four genes on the mitochondrial genome: NADH ubiquinone- 

oxidoreductase subunit 2 (ND2), cytochrome c oxidase subunit 1 (COX1) and ATPase 

subunits 6 and 8 (Fahlman et al., 2000; Hittel and Storey, 2002a).
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Brown adipose tissue

The primary purpose of this tissue is to generate heat through a process called 

non-shivering thermogenesis (NST) (Foster, 1984). NST is key to the arousal process but 

is also employed to generate low level heating while the animal is in deep torpor so that 

the animal does not freeze if ambient temperature drops below 0°C. NST is fueled 

through the oxidization of lipids by the high numbers of mitochondria in BAT. The 

electron transport system in BAT can be uncoupled from oxidative phosphorylation so 

that the energy produced from substrate oxidation is released as heat instead of being 

used to synthesize ATP. This is accomplished by the action of a BAT-specific 

uncoupling protein, UCP1 (Kuroshima, 1993). UCP1 is seasonally up-regulated in 

hibemator BAT and can also be further elevated when the demand for heat production by 

BAT is high (ie. during hibernation at subzero ambient temperatures) (Boyer et al.,

1998).

Skeletal muscle

During the hibernating season, animals are largely inactive; skeletal muscle is 

inactive during torpor and even during the periods of interbout arousal, the animals spend 

most of their time asleep. However, shivering by skeletal muscle does contribute to 

reheating the animal during interbout arousals. A prolonged period of skeletal muscle 

inactivity such as occurs during weeks of torpor would result in serious muscle atrophy in 

non-hibernating mammalian species. However, it has been shown that hibemators 

experience less muscle atrophy during torpor than would be expected from about eight 

months of inactivity (Wickler et al., 1991). Certain physiological changes have been 

identified that might help the skeletal muscle of hibemators to cope with the long
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sedentary months of winter. For example, capillarity is increased in the hibernating 

skeletal muscle to maximize blood delivery and an increase in myoglobin content has 

also been reported (Postnikova et al., 1999). At the gene level, hibernation-responsive 

genes in skeletal muscle are very similar to those identified in heart. An increase of H- 

FABP gene expression has been reported and this is an indicator that skeletal muscle also 

relies on lipid metabolism in hibernation (Hittel and Storey, 2001). Similarly, PDK4 

expression was also increased under hibernating conditions (Buck et al., 2002). MLClv 

and selected mitochondrially-encoded genes are also up-regulated (Fahlman et al., 2000).

Objectives and Hypotheses 

Objective 1: Hibernation and the hypoxia-inducible transcription factor

During hibernation, blood flow and oxygen delivery are strongly reduced. This 

reduction in organ perfusion would lead to levels that would usually be considered 

ischemic for other mammals. Hibernating species also tend to breathe irregularly, 

leading to fluctuations in tissue oxygen levels. Finally, an ancient link involving hypoxia 

and hypothermia could be part of the mechanism by which core body temperature is 

reduced during entry into torpor. Hypoxia exposure can lead to a drop in Tb for certain 

mammals. Lower amounts of oxygen could reduce ATP supply and the animal would 

reduce its ATP demand by lowering its Tb. All of these factors, along with the fact that 

various genes associated with the hypoxic response are up-regulated in hibernating 

animals, suggest that low oxygen signals and the intracellular signaling mechanisms that 

are stimulated by low oxygen are involved in regulating hibernation-responsive changes 

in gene expression.
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Hypothesis: Regulatory proteins involved in the hypoxic 

response, such as the hypoxia inducible factor-1 (HIF-1), are activated 

during hibernation and show enhanced transcriptional activity.

Chapter 2 tests this hypothesis by examining the gene and protein expression of 

the inducible subunit of this transcription factor. RT-PCR and Western blotting were 

used to show that whereas HIF-la mRNA levels remained stable, HIF-la protein levels 

were significantly increased in BAT and skeletal muscle of 13-lined ground squirrels 

during hibernation. This suggests either an increase in HIF-la translation or a decrease 

in HIF-la degradation via interaction with the von Hippel-Lindau protein (pVHL); a 

protein forming an ubiquitin ligase complex with other proteins that can lead to HIF-la 

ubiquitinylation and degradation. Furthermore, an increase in HIF-1 DNA binding 

activity correlated with the increase in HIF-la protein levels in hibernating BAT. The 

complete sequence of ground squirrel HIF-la, the first HIF-la cloned from a hibernating 

species, was also deduced and a sequence comparison with non-hibernating mammals 

was used to look for specific amino acid substitutions that could aid HIF-la function at 

the low Tb values during torpor.

Objective 2: Hibernation and transcriptional suppression 

For hibernating animals, reducing the rates of energetically costly processes is 

necessary to survive the long winter months. Previous studies have shown that protein 

translation is one such process that is reduced in torpid animals. On the other hand, not 

much is known about transcriptional status in hibernating animals.

Hypothesis: Since gene transcription can consume 1-10 % of the 

energy available in cells, I hypothesize that this process would be strongly
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suppressed during hibernation.

Chapter 3 uses a three-step approach to analyze this problem. The first two steps 

rely on the post-transcriptional modifications of histones and the resulting implications 

for gene silencing or activation. Histone acetylation is linked with transcriptional 

activation (Brownell et al., 1996) whereas histone deacetylation leads to hypomethylation 

and repression of gene transcription (Wade, 2001). Deacetylation is performed through 

the activity of histone deacetylases (HDACs) which are divided into three different 

classes; the classical HDAC family (class I and II) and the NAD+-dependent HDAC 

(class III) (Thiagalingam et al., 2003). Protein levels and enzyme activity of class I and 

II HDACs were measured. Results presented in this chapter highlight the increase in 

HDAC activity, the up-regulation of HDAC protein levels during hibernation and the 

reduction of modified histone H3. All these changes are associated with a reduced 

transcriptional state. The third step uses a non-radioactive assay to measure RNA 

Polymerase II activity in muscle of hibernating ground squirrels. The RNA Polymerase 

II assay also demonstrates a significant reduction in the activity of this enzyme in 

hibernating muscle.

Objective 3: Hibernation and the Nrf2 transcription factor 

Genes and proteins involved in the oxidative stress response are specifically up- 

regulated during hibernation. Enzymes with antioxidant properties are also activated to 

deal with potentially harmful ROS.

Hypothesis: A transcription factor involved in the detoxification of 

ROS such as the Nrf2 transcription factor and its associated downstream 

gene products are over-expressed during hibernation.
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Chapter 4 analyzes Nrf2 gene and protein expression in ground squirrel heart to 

test this hypothesis using methods of RT-PCR and Western blotting. Changes in Nrf2 

protein levels are measured at multiple time points over a hibernating cycle to identify the 

time at which the Nrf2 pathway is solicited. To further analyze the importance of this 

pathway, Nr£2 downstream gene targets were measured. Using Western blotting, protein 

levels of Cu/Zn SOD, HO-1 and AFAR1 were measured in hibernating heart.

Objective 4: Hibernation and the 2-Cvs Peroxiredoxins 

Brown adipose tissue is the main site for fatty acid degradation during hibernation 

and this has been associated with generation of hydrogen peroxide. Meanwhile, heart 

tissue subjected to ischemia and reperfusion also shows an increase in hydrogen 

peroxide. Hydrogen peroxide is a stable, uncharged and freely diffusible ROS that can 

attack proteins, lipids and DNA. A means to deal with this particular ROS must be used 

by the hibemators to prevent harmful actions.

Hypothesis: To deal with oxidative stress during hibernation, 

animals will up-regulate a principal set of enzymes responsible for 

hydrogen peroxide detoxification, the 2-Cys peroxiredoxins, increasing 

both their expression and activity.

This hypothesis is tested in Chapter 5 where RT-PCR and Western blotting are 

used to look at changes in the levels of peroxiredoxin family members brown adipose 

tissue and heart during hibernation. Activity of the 2-Cys peroxiredoxin family is also 

assayed to see if it correlates with measured protein levels.
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Chapter 2 

Role of the hypoxia-inducible factor 
1a in hibernation of 13-lined ground 

squirrels
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INTRODUCTION

As discussed in Chapter 1, mammalian hibernation involves extended periods of 

deep torpor characterized by a profound metabolic rate depression. Metabolic rate often 

falls to just 1-5 % of the normal euthermic rate and body temperature decreases to near 

ambient (often falling to 0-5°C). Transitions to and from torpor are closely regulated in 

part by the enhanced expression of selected genes whose protein products address 

specific needs of the animal in the hypometabolic, hypothermic state of torpor. While 

hibernating both heartbeat and breathing rate are profoundly depressed and organ 

perfusion rates can drop to -10% of normal (Frerichs et al., 1994), a level that would be 

considered severely ischemic under normal circumstances. Furthermore, many 

hibernating species breath irregularly while in torpor and show long periods of apnea so 

that tissues could experience a wide range of oxygen levels, potentially even hypoxic 

values. An ancient link between hypoxia and hypothermia occurs in mammals -  core 

temperature falls when oxygen is limiting and hibernating species show a more 

pronounced drop in body temperature under hypoxia than do nonhibemators (Barros et 

al., 2001). Indeed, this hypoxia-hypothermia connection is one of the mechanisms that 

has been proposed to help initiate and manage the fall in body temperature that occurs 

during entry into hibernation (Barros et al., 2001; Storey, 2003).

This potential link led me to wonder about the regulation of gene expression 

during entry into hibernation and the role that might be played by the hypoxia-inducible 

factor 1 (HIF-1), a transcription factor that responds to low oxygen. HIF-1 is known to 

upregulate the transcription of a variety of genes that enhance hypoxia tolerance 

including those that improve the delivery of oxygen to tissues (e.g. vascular endothelial
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growth factor, erythropoietin) and those that enhance ATP generation by anaerobic 

glycolysis (e.g. several glycolytic enzymes, glucose transporter isoform 1) in order to 

enhance/replace the ATP output from oxidative phosphorylation (Ratcliffe et al., 1998; 

Semenza, 2000; Hopfl et al., 2003). Intermediate metabolites of the glycolytic pathway 

are also precursors of purine, pyrimidine and phospholipids and these have been linked to 

cell growth and maintenance of cells under stress (Vander Heiden et al., 2001) which 

highlights the importance of activating such a pathway under potentially harmful 

conditions. HIF-1 has also been linked to the cell proliferation/survival pathway. Genes 

such as the insulin-like growth factor-2 (IGF2) and the transforming growth factor-a 

(TGF-a) are hypoxia-induced growth factors and are HIF-1 target genes (Feldser et al., 

1999; Krishnamachary et al., 2003).

HIF-1 is composed of a and P subunits, both of which are members of the bHLH- 

PAS (Per/Amt/Sim) family of transcription factors. The bHLH and PAS domains are 

both important for the subunits to bind to each other and for DNA binding (Jiang et al., 

1996). Levels of the a  subunit are the limiting factor in net HIF-1 amount and activity 

since the p subunit is constitutively expressed and its activity is regulated in an oxygen- 

independent manner (Wang and Semenza, 1993). When oxygen levels are high, HIF-1 a 

is susceptible to the oxygen-dependent hydroxylation of two proline residues within its 

oxygen dependent degradation domain (ODD), Pro 402 and Pro 564, via the enzyme 

prolyl-4-hydroxylase. Proline hydroxylation leads to HIF-1 a  interaction with the von 

Hippel-Lindau (pVHL) protein, a protein that has E3 ubiquitin ligase activity (Iwai et al.,

1999). This 213-amino acid protein is known to be part of an ubiquitin ligase complex 

capable of interacting with HIF-1 a  ODD. pVHL is associated with elongins B and C,
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and cullin-2 (Cul-2), forming the VHL-BC-Cul-2 complex (Kaelin and Maher, 1998). 

Elongins B and C and Cul-2 are homologous to the SCF (Skpl-Cul-l-F-box protein) 

multiprotein complex, which targets cell cycle regulatory proteins for ubiquitin-mediated 

proteolysis (Ciechanover, 1998). Hence, modification of the two proline residues in the 

ODD targets HIF-la for rapid ubiquitinylation and degradation (Huang et al., 1998; 

Maxwell et al., 1999; Jewell et al., 2001) (Figure 2.1a). Hydroxylation of an asparagine 

residue on the C-terminal of HIF-la, Asn 803, also plays a role in the HIF-la 

degradation pathway. The factor inhibiting HIF-1 (FIH-1) hydroxylates this asparagine 

residue under normoxic conditions and this prevents HIF-1 association with 

transcriptional coactivators such as p300/CBP (Hewitson et al., 2002; Lando et al.,

2002).

Under low oxygen conditions, the rate of proline hydroxylation is reduced and, 

therefore, HIF-la is stabilized and can move into the nucleus to form the HIF-1 

heterodimer and then stimulate the transcription of genes. Whereas HIF-la via the 

proline hydroxylation mechanism has received by far the most experimental attention, 

HIF-la can also be controlled by another mechanism -  this is activation by protein 

phosphorylation. HIF-1 transcriptional activity can be increased through direct 

phosphorylation of the HIF-la subunit by the p42/p44-mitogen-activated protein kinases 

(p42/p44-MAPK) (Richard et al., 1999). Phosphorylated HIF-la then moves to the 

nucleus where it can bind to the HRE of genes under its control. More recent discoveries 

have shown that HIF-la can also be induced and activated under non-hypoxic conditions 

through the PI3 kinase (PI3K) pathway (left panel, Figure 2.1b) (Dery et al., 2005). In 

this case, the rate at which HIF-la is degraded does not change, but the rate of HIF-la

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



20

mRNA translation rises. Cytokines and hormones have also been shown to induce HIF-1 

under non-hypoxic conditions (Hellwig-Burgel et al., 1999; Gorlach et al., 2001).

The goal of research described in this chapter was to investigate the potential 

relationship between HIF-la mediated gene regulation and hibernation in tissues of 

thirteen-lined ground squirrels, Spermophilus tridecemlineatus. I hypothesized that the 

physiological conditions of hibernation would elevate HIF-la transcript and/or protein 

levels in hibemator organs, thereby leading to increased HIF-1 DNA binding activity to 

the hypoxia response element (HRE) to increase expression of selected HIF-1 regulated 

genes. H IF-la mRNA and protein levels were quantified in four organs of ground 

squirrels and HIF-1 DNA binding activity was assessed in brown adipose tissue (BAT). 

The full length HIF-la sequence from ground squirrels, the first HIF-la sequenced from 

a hibernating species, was also retrieved and probed for key amino acid differences that 

could aid the function of the transcription factor under the low body temperature 

conditions of the hibernating state.

MATERIALS AND METHODS 

Animals.

Thirteen lined ground squirrels, Spermophilus tridecemlineatus (130-180 g) were 

captured by a licensed trapper (TLS Research, Michigan) and transported to the Animal 

Hibernation Facility (NIH, Bethesda, MD). Hibernation experiments were conducted by 

the laboratory of Dr. J.M. Hallenbeck (National Institute of Neurological Disorders and 

Stroke). Animals were kept on a fall day/night light cycle in shoebox cages maintained at 

21°C and fed ad libitum until they entered and finished the pre-hibernation phase of
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hyperphagia that maximizes lipid stores. A sensor chip was introduced under the squirrel 

skin and the body temperature of each animal was monitored electronically. When 

squirrels had reached a plateau weight gain of 220-240g, they were randomly divided into 

two groups. One group (euthermic controls) was maintained under the same conditions as 

previously and body temperatures of the animals were confirmed as being 36-38°C at the 

time of tissue sampling. The other group was placed in a dark chamber at 5-6°C (food 

was withdrawn) to induce hibernation. Individuals settled into hibernation after different 

lengths of time but all were sampled on the same day after each individual had been 

hibernating for 2-5 days (as indicated by continuous body temperature readings of ~6°C). 

Euthermic control animals were sampled on the same day. All animals were sacrificed by 

decapitation and tissues were excised, frozen immediately in liquid nitrogen and then 

transported to Ottawa on dry ice where they were then placed at -80°C until use.

Total RNA isolation and quality assessment.

Total RNA was isolated from tissue samples using Trizol reagent (Gibco BRL), 

according to manufacturer’s instructions, and resuspended in diethylpyrocarbonate 

(DEPC) treated water. RNA concentration was determined by absorbance at 260nm and 

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

quality was also assessed by running samples on a 1.2% agarose denaturing gel and 

staining with ethidium bromide to reveal two sharp bands in every sample. 

cDNA synthesis and PCR amplification o f  HIF-la.

An aliquot containing 30 pg of total RNA from BAT of hibernating S. 

tridecemlineatus was used for first strand cDNA synthesis using Superscript II reverse 

transcriptase (Invitrogen) and following the manufacturer’s protocol. Serial dilutions of
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the cDNA in water were prepared (10'1-10'4) and were used to amplify both HIF-la and 

a-tubulin. The primers used for amplification of HIF-la were designed using the Primer 

Designer program, version 3.0 (Scientific and Educational Software) based on the 

consensus sequences of mammalian HIF-la. The forward primer sequence was 5’- 

TGCTCATCAGTTGCCACTTC -  3’ and the reverse primer sequence was 5’- 

GTACTGTCCTGTGGTGACTT -  3’. For a control gene, a-tubulin was amplified with 

forward (5’ -  AAGGAAGATGCTGCCAATAA -  3’) and reverse (5’ -  

GGTCACATTTCACCATCTG -  3’) primers. The PCR reaction was performed by 

mixing 5 pL of each cDNA dilution with 1.25 pL of primer mixture (0.5 pM forward and 

0.5 pM reverse), 15 pL of sterile water, 2.5 pL of 10X PCR buffer (Invitrogen), 1.25 pL 

of 50 mM MgCb, 0.5 pL of 10 mM dNTPs and 0.125 pL of Taq Polymerase (Invitrogen) 

for a total volume of 25 pL. The cycles performed for amplification consisted of an initial 

step of 2 min at 94°C, followed by 94°C for 1 min, 63°C for 1 min, and 72°C for 1 min 

repeated 37 times; the final step was at 72°C for 2 min. PCR products were separated on a 

1.0% agarose gel. The gel was prepared by adding 3 g of agarose to 300 mL of IX TAE 

buffer prepared by mixing 6 mL of 50X TAE buffer (242 g Tris base, 57.1 mL 

concentrated acetic acid, 100 mL of 0.5 M EDTA in 1L water, adjusted to pH 8.5) with 

294 mL of DEPC treated water. Ethidium bromide (0.3 mg/ 300 mL) was added in the 

solution and the mixture was heated. The heated solution was then poured in a gel tray 

and the gel was allowed to cool down and solidify. A 10 pL aliquot of the PCR product 

was mixed with 2 pL of 6X blue/orange loading dye (Promega, USA) and the solution 

was loaded on the 1% agarose gel. The gel was run in IX TAE buffer. After separation, 

the bands were visualized with ethidium bromide on a UV box. The bands from the most
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dilute cDNA sample were used for quantification purposes to make sure that the products 

had not reached amplification saturation. A HIF-la fragment o f -800 bp was retrieved 

and sequenced by Canadian Molecular Research Services (Ottawa, ON). The sequence 

was confirmed as encoding HIFUa by sequence comparison in BLAST.

The 3’ end of HIF-la was amplified using the BD Biosciences SMART RACE kit 

(Clontech, USA). The cDNA was amplified using a forward primer with the sequence 5’

-  CTTGTGAGGAAACTTCTGGATGCTGGTGA -  3’. The protocol used was as 

supplied by the manufacturer. The annealing temperature was 65°C and a product of 

-2000 bp was obtained and sequenced. The 5’ end was amplified using the same kit. The 

primer used was 5’ -  GCAAGCATCCTATACTGTCCTGTGGTGAC - 3 ’. Annealing 

temperature was 63°C and a PCR product of -900 bp was obtained and sequenced. 

Sequences were assembled and the complete transcript of S. tridecemlineatus HIF-la was 

obtained and submitted to Genbank.

Western blotting.

Frozen tissue samples (-500 mg) were homogenized in 2 mL of buffer containing 

100 mM MOPS, 25 mM HEPES, 25 mM [3-glycerophosphate, 5 mM EDTA, 1 mM 

EGTA and 250 pM NaV0 4 , adjusted at pH 7.4, with 1 mM phenylmethylsulphonyl 

fluoride (PMSF) added immediately before homogenization. After centrifugation at 

10,000 g for 10 min at 4°C, supernatants were collected and soluble protein 

concentrations were determined using the Coomassie blue dye-binding method and the 

BioRad prepared reagent (BioRad, Hercules, CA). Samples were then diluted to the 

desired concentration in sample buffer containing 100 mM Tris-HCl (pH 6.8), 4% SDS, 

20% v/v glycerol, 5% v/v (3-mercaptoethanol, and 0.2% w/v bromophenol blue. Samples

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



24

were boiled for 5 min, cooled and then frozen at -20°C until use. SDS-polyacrylamide gel 

electrophoresis used 10 % gels (5% stacking gel), 20 pg of protein per well, and 

electrophoresis at 200 V for 45 min. Proteins were then wet transferred onto 

polyvinylidene difluoride membranes using a transfer buffer solution containing 25 mM 

Tris (pH 8.5), 192 mM glycine and 10% v/v methanol at 4°C for 1.5h at 0.3mA. 

Following transfer, the PVDF membrane was blocked for 1 h in TBST (50 mM Tris-HCl 

pH 6.8, 150 mM NaCl, 0.05% v/v Tween 20) with 2.5% w/v powdered skim milk. This 

was decanted and then membranes were incubated overnight at 4°C with primary 

antibody (polyclonal chicken anti-HIF-la, kindly provided by Dr. M. Gassmann, 

Physiologisches Institut, Universitat Zuerich-Irchel, Switzerland) at a 1:500 v:v dilution 

in 5 mL of TBST. Subsequently, the membrane was incubated with HRP-linked anti

chicken IgG secondary antibody (1:2000 v:v dilution) in TBST for 1 h and then blots 

were developed using the SuperSignal West Pico Chemiluminescent Substrate (Pierce) 

according to the manufacturer’s protocol. Bands were visualized using a ChemiGenius 

(Syngene, MD, USA), and band intensities were quantified using the GeneTools 

program (Syngene, MD, USA). Preliminary trials used two-dimensional electrophoresis 

to confirm that the chicken antibody cross-reacted with only a single protein in hibemator 

tissues, with the appropriate molecular mass and isoelectric point for HIF-la.

DNA Binding Assay.

Nuclear extracts were prepared from BAT. Briefly, tissue samples were disrupted 

using a Dounce homogenizer in homogenization buffer (10 mM HEPES, 10 mM KC1, 10 

mM EDTA, 1 mM DTT, pH 7.9) with 1 mM PMSF was added prior to homogenization. 

Samples were centrifuged at 10,000 g for 10 min at 4°C. Supernatants were discarded and
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pellets were resuspended in extraction buffer (20 mM HEPES, 0.4 M NaCl, 1 mM 

EDTA, 50% v/v glycerol, 1 mM DTT, pH 7.9). Tubes containing samples were put on ice 

horizontally on a rocking platform for 1 h. Samples were then centrifuged at 10,000 g for 

10 min at 4°C. Supernatants containing nuclear extracts were collected and protein 

concentration was measured with the BioRad assay. Aliquots containing an equal amount 

of protein from each sample were then used to assess the amount of binding by HIF-1 to 

its response element using a DNA binding assay from ActiveMotif. This is an ELIS A- 

type assay that uses 96 well microplates that have been coated previously with the 

oligonucleotide corresponding to the hypoxia response element (HRE) that is recognized 

by HIF-1. Binding assays were performed according to the manufacturer’s protocol. HIF- 

1 binding was carried out for 1 h at 21°C with mild agitation on a rocking platform at 100 

rpm. The plates were then washed three times with phosphate buffer (10 mM phosphate 

buffer, pH7.5, 50 mM NaCl, 0.1% Tween-20) to remove unbound transcription factors. 

HIF-la specific primary antibody diluted 1:1000 v:v in washing buffer was then added to 

each well and incubated for 1 h at 21°C without agitation. The wells were then washed 

three times with washing buffer and the secondary antibody HRP-linked anti-mouse IgG 

was added to the wells in a 1:1000 v:v dilution in washing buffer for 1 h at 21°C. The 

wells were then washed four times with washing buffer and the manufacturer’s 

developing solution was then added. After developing for 10 min in the dark, the stop 

solution was added and color development was quantified by absorbance readings at 460 

nm using a microplate reader.

Quantification and Statistics.
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RT-PCR and Western bands were scanned and densitometric analysis was 

performed using the GeneTools program (Syngene, MD, USA). HIF-la mRNA RT-PCR 

bands were normalized relative to RT-PCR bands of a-tubulin run from the same cDNA 

reaction. Band intensities of immunoreactive material on Western blots were first 

normalized against three Coomassie stained protein bands that did not appear to change 

between euthermic and hibernating states. Mean normalized band densities ± SEM were 

then calculated for samples from hibernating versus euthermic animals and significant 

differences between the groups were tested using the Student’s t-test. The ratio 

hibemating:euthermic was calculated and plotted; error bars on the final histograms are 

the sum of SEM values for hibernating and euthermic trials.

RESULTS 

cDNA cloning of HIF-la

Using RT-PCR and primers derived from the consensus sequence of H IF-la from 

other mammalian species, a PCR product of 796 bp was retrieved from total RNA 

prepared from BAT of hibernating S. tridecemlineatus. The product was confirmed as 

encoding a portion of the HIF-la sequence and then 5’ and 3’ RACE were used to extend 

the sequence and a final assembled sequence of 2466 bp was achieved. The ground 

squirrel HIF-la sequence was submitted to GenBank with accession number AY713478. 

The nucleotide and deduced amino acid sequences of ground squirrel H IF-la are shown 

in Figure 2.2. Figure 2.3 shows the translated amino acid sequence of ground squirrel 

H IF-la aligned with the sequences for human, mouse and rat HIF-la. The ground 

squirrel protein contained 821 amino acids compared with 823-836 for the other species.
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The amplified ground squirrel HIF-la was 95 % identical to the human sequence and 

showed 90 % identity with the mouse or rat sequences. Ground squirrel HIF-la contained 

a few unique amino acid substitutions that were not seen in non-hibemating mammals 

(shown in bold underline in Figure 2.3). Figure 2.4 shows that ground squirrel HIF-la is 

quite similar to HIF-la from other non-hibemating species. Multiple sequencing runs 

used during the course of assembling the full sequence (both initial sequencing of the 

PCR product and sequencing of 5’ and 3’ RACE segments) showed that these 

substitutions were not artifacts due to sequencing errors. These included the substitution 

of a hydrophobic leucine for a basic arginine residue at position 68, a glycine substitution 

for aspartic acid at residue 349, and two serine substitutions, one for proline at position 

208 and one for asparagine at position 440. In addition, there was a tryptophan 

substitution for proline at position 637 and a glutamine substitution for histidine at 

position 719. Finally, two arginine residues at positions 713 and 715 were changed to 

lysine and alanine in the ground squirrel sequence, respectively.

HIF-la gene expression in S. tridecemlineatus

HIF-la mRNA transcript levels were assessed in four tissues (BAT, skeletal 

muscle, liver, lung) from euthermic and hibernating S. tridecemlineatus using RT-PCR. 

HIF-la primers were designed from a consensus sequence made from human, mouse and 

rat sequences and were used to amplify mRNA from ground squirrel tissues. Figure 2.5 

shows the relative levels of HIF-la mRNA expression in each organ. Alpha-tubulin 

mRNA, a constitutively expressed gene, was also amplified from the same samples and 

HIF-la transcript levels were normalized against the tubulin transcript level in each 

sample. Figure 2.5B shows the ratio of normalized HIF-la transcript levels in tissues
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from hibernating versus euthermic animals. H IF-la transcript levels did not change 

significantly during hibernation in any of the four tissues analyzed.

HIF-la protein levels in S. tridecemlineatus

HIF-la protein levels were assessed via Western blotting in four tissues of 

euthermic and hibernating S. tridecemlineatus (Figure 2.6). The polyclonal chicken 

antibody crossreacted with a single protein band of ~110 kDa that corresponded with the 

known size of the HIF-la protein in other mammals. Figure 2.6B shows the ratio of HIF- 

la  protein levels in hibernating versus euthermic situations for BAT, skeletal muscle, 

liver and lung. HIF-la protein content was significantly higher (P < 0.05) in both BAT 

and muscle of hibernating S. tridecemlineatus', values were 1.70-and 1.55-fold higher 

than in tissues from euthermic animals, respectively. HIF-la protein levels did not 

change significantly in either liver or lung during hibernation.

HIF-1 DNA binding activity in S. tridecemlineatus

In the nucleus HIF-la dimerizes with HIF-1 p and stimulates the transcription of 

genes. Transcriptional activity is proportional to the amount of HIF-1 bound to DNA. To 

assess the effects of hibernation on the amount of HIF-1 dimer present, and therefore, the 

probable transcriptional activity of HIF-1 during torpor, changes in HIF-1 DNA binding 

activity between euthermic and hibernating states were assessed in nuclear extracts from 

BAT. Mean absorbances at 460 nm corresponding to HIF-1 DNA binding activity were 

0.056 + 0.005 (n = 3 independent trials) for extracts from euthermic animals and 5.6-fold 

higher at 0.311 + 0.048 (n=3; P<0.05) in extracts from hibernating animals (Figure 2.7).
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DISCUSSION

Soon after a hypoxia-inducible transcription factor was identified, studies showed 

that while HIF-la protein levels increased in hypoxia, hif-la mRNA transcript levels 

remained largely unchanged (Wenger et al., 1997). Indeed, subsequent studies suggested 

that HIF-1 a  levels were regulated primarily at the protein level by post-translational 

modifications of the protein via phosphorylation (Wang et al., 1995) and hydroxylation 

(Jaakkola et al., 2001) which play roles in HIF-la activation and degradation, 

respectively. Modulation of HIF-1 a protein levels with respect to changes in oxygen 

availability is derived from oxygen dependent hydroxylation of two proline residues on 

HIF-1 a  that target it for degradation. Under low oxygen conditions this process is 

inhibited so that HIF-la protein levels rise allowing increased formation of the HIF-1 

dimer and enhanced HIF-1 binding activity to the hypoxia response element (HRE) of 

various genes (Wang and Semenza, 1993). The object of this study was to probe the 

potential link between HIF-1 and hibernation. Arguments have been made that suggest 

that this link may be present: (a) an interaction seems to exist between hypoxia and 

hypothermia that could participate in the mechanism of metabolic rate depression 

observed in hibemators, and (b) a number of hypoxia-related genes are up-regulated in 

various tissues of hibernating mammals (Storey, 2003).

The present study analyzed HIF-1 a gene and protein expression in four main 

organs of hibernating ground squirrels (BAT, skeletal muscle, liver, lung). The levels of 

hif-la  mRNA remained constant in all four organs of hibernating animals compared with 

euthermic controls but HIF-1 a protein content rose significantly in two organs during 

torpor. Interestingly, all four organs displayed detectable HIF-1 a  protein levels under
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euthermic conditions. Considering the rapid degradation of HIF-1 a  under normoxic 

conditions, this result might be surprising at first, but in vivo HIF-1 a  expression in tissues 

sampled from normoxic mice has been shown previously (Stroka et al., 2001). 

Furthermore, the presence of HIF-1 a in euthermic tissues could indicate, as reported 

before in euthermic Arctic ground squirrels, a state of hypoxic preconditioning prior to 

hibernation (Ma et al., 2005; Zhu et al., 2005). The increase in HIF-la protein levels 

measured here was 1.70-fold in BAT and 1.55-fold in muscle. This could result from a 

more active translation of hif-la  transcripts during torpor. Indeed, despite a strong 

general suppression of translation during hibernation, the translation of a selected few 

proteins that aid hibernation is strongly increased (Hittel and Storey, 2002b; Storey 

2003). HIF-la may be one of these. Alternatively, apnoic breathing patterns in torpor 

could create conditions of declining oxygen levels in ground squirrel organs during most 

of a torpor bout, compared with high and constant oxygenation during euthermia, and this 

could lead to enhanced stability of HIF-1 a in torpor. HIF-1 a protein stability might also 

be improved by other mechanisms such as an effect of low body temperatures on the 

relative rates of HIF-1 a  synthesis versus degradation. A relative reduction in HIF-1 a 

degradation during hibernation might be suspected but, interestingly, results from cDNA 

array screening in our laboratory (using human 19K gene chips from the Ontario Cancer 

Institute) have revealed that prolyl hydroxylase transcript levels are up-regulated in 

tissues from hibernating animals. Furthermore, mRNA and protein levels of protein 

disulfide isomerase, a subunit of the prolyl-4-hydroxylase enzyme family, are known to 

be up-regulated in several hibernating tissues of the thirteen-lined ground squirrels 

(Morin and Storey, unpublished data). A family of cytoplasmic prolyl 4-hydroxylases
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playing a role in the regulation of the hypoxia-inducible transcription factor HIF-1 a has 

recently been identified (Bruick and McKnight, 2001). This suggests that the whole 

oxygen sensing mechanism may be up-regulated during hibernation, at least in the 

thermogenic organs that need to conduct high rates of aerobic lipid oxidation for heat 

production during arousal: ie. BAT that conducts nonshivering thermogenesis and 

skeletal muscle that contributes shivering thermogenesis. Indeed, this interpretation is 

also supported by the observed 6-fold increase in HIF-1 a DNA binding capacity in BAT 

from hibernating animals which strongly indicates that multiple genes under HIF-1 a 

control are probably up-regulated during hibernation. The differential between the 6-fold 

increase in DNA binding activity of HIF-1 and the 1.7-fold increase in HIF-1 a protein 

levels in BAT suggests that an additional factor(s) is involved in HIF-1 activation in 

hibernation. This factor may be protein phosphorylation. Phosphorylation of HIF-1 a by 

p42/p44 mitogen-activated protein kinases (MAPKs; also known as ERK2 and ERK1, 

respectively) leads to increased transcriptional activity of the HIF-1 complex (Dery et al., 

2005). Furthermore, p42/p44 MAPKs also phosphorylate the p300/CBP co-activator 

proteins that aid HIF-1 binding to DNA (Sang et al., 2003). New studies in our lab have 

shown that ERK2 activity is strongly increased in skeletal muscle of hibernating ground 

squirrels (MacDonald and Storey, 2005), muscle being the other tissue that, like BAT, 

showed increased HIF-1 a in hibernation. Although the status of ERK activation in BAT 

during hibernation is not yet known, it is tempting to speculate the ERK-mediated 

phosphorylation of HIF-1 a might account for the strong increase in DNA binding to the 

HRE by HIF-1 in BAT of hibernating animals.

Interestingly, another mechanism of HIF-1 activation has recently been
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demonstrated and this may be important in torpor. The argument can be made that 

hibemators are not hypoxic; oxygen levels drop over the course of apnoic periods but 

metabolism remains firmly lipid-based both in torpor and during arousal which suggests 

that oxygen is never limiting to cellular energy metabolism. Then how and why is HIF-1 

activated? New research has shown that HIF-1 can also be activated under normoxic 

conditions to mediate biological functions unrelated to hypoxia defense (Dery et al., 

2005). A non-hypoxic activation of HIF-1 has been demonstrated as a response to various 

growth factors, cytokines, vascular hormones and viral proteins (Dery et al., 2005). 

Furthermore, in this situation, activation does not appear to result from HIF-1 a 

stabilization (e.g. hydroxylation vs phosphorylation) but rather from an increase in HIF- 

la  protein translation. This could also be the mechanism of HIF-1 a  increase in hibemator 

tissues. To date, only a few gene targets of non-hypoxic HIF-1 activation are known and 

so it is not yet possible to suggest a potential function for non-hypoxic HIF-1 activation 

in hibernation. Nonetheless, the present data, by showing that HIF-1 a  levels are elevated 

in hibernation and HIF-1 DNA binding is enhanced, strongly indicates that a suite of 

HIF-1 regulated genes are up-regulated during torpor in selected tissues (at least BAT 

and skeletal muscle). Identification of the genes involved and their functions in 

hibernation is the next challenge.

The complete sequence of ground squirrel HIF-1 a was obtained and analyzed.

The ground squirrel protein showed 90-95% identity with the sequences for 

nonhibemating mammals (human, mouse, rat) with most of the variation in the ground 

squirrel protein, compared with the others. Unfortunately, as this is the first HIF-1 a 

sequence reported from a hibernating source, comparison with another hibernating HIF-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



33

la  was impossible. Specific functional groups that characterize HIF-la from other 

nonhibemating species were present. For example, the two proline residues of the 

oxygen dependent domain, Pro402 and Pro564, that are hydroxylated in order to target 

HIF-1 a  for degradation (Ivan et al., 2001) were conserved in S. tridecemlineatus. 

Considerable variability between species was seen in the C-terminal region. In particular, 

four unique sequence changes occurred in the hibemator protein (residues 637, 713, 715 

and 719) within the inhibitory domain (amino acids 576-785) that separates the two C- 

terminal transactivation domains (Jiang et al., 1997). For example, the replacement of the 

proline residue at 637 with a tryptophan could cause a significant change in conformation 

because proline residues are commonly found at turns. These four substitutions in the 

inhibitory domain could be important in adjusting protein conformation/function with 

respect to temperature change and influencing the transactivation ability of HIF-1 (e.g. 

transactivation domains bind with the co-activator CBP/p300) under the low body 

temperatures of the hibernating state. On the other hand, no changes were found in the 

key amino acid residues that are responsible for HIF-1 a  binding to the HRE: Ser22, 

Ala25, Arg30 (Michel et al., 2002) and only one unique substitution (arginine to leucine 

at residue 68) occurred within the N-terminal bHLH domain. The fact that this HRE- 

binding region is conserved in a hibemator as compared with other non-hibemating 

mammals highlights the importance of a conserved DNA binding region and suggests 

that no modifications to DNA binding capacity are needed to support HIF-1 function at 

the low body temperatures of the hibernating state. In the region associated with the PAS 

domain of HIF-1 a, amino acids 106-526, three unique substitutions were observed 

(proline to serine at 208, aspartic acid to glycine at 349, and asparagine to serine at 440).
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Due to their small size, glycine residues are also known to be located at turns in a protein 

and hence both the loss of the proline at 208 and the gain of the glycine at 349 could 

contribute to conformational changes to better sustain dimerization ability with HIF-1B at 

low body temperatures.
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Figure 2.2

1 ATGGAGGGCGCCGGAGGCACGAACGACAAGAAAAAGATAAGTTCTGAACGTCGAAAAGAA
1 M E G A G G T N D K K K I S S E R R K E

61 AAGTCTAGAGATGCAGCCAGATCTCGACGAAGCAAAGAGTCTGAAGTTTTTTATGAACTT
21 K S R D A A R S R R S K E S E V F Y E L

121 GCTCATCAGTTGCCACTTCCCCATAWCGTGAGCTCACATCTTGATAAGGCTTCTGTTATG
41 A H Q L P L P H X V S S H L D K A S V M

181 AGGCTTACCATCAGTTATTTGCTTGTGAGGAAACTTCTGGATGCTGGTGACCTGGATATT
61 R L T I S Y L L V R K L L D A G D L D I

241  GAAGATGAAATGAAGGCACAGATGAACTGCTTTTATTTGAAAGCCCTGGATGGCTTTGTT
81 E D E M K A Q M N C F Y L K A L D G F V

301 ATGGTGCTCACAGATGATGGCGACATGATTTACATTTCTGATAACGTGAACAAATACATG
101 M V L T D D G D M I Y I S D N V N K Y M

361 GGATTAACTCAGTTTGAACTAACTGGACACAGTGTGTTTGATTTTACTCATCCGTGTGAC
121 G L T Q F E L T G H S V F D F T H P C D

421 CATGAGGAAATGAGAGAAATGCTTACACACAGAAATGGCCCTGTGAAAAAGGGTAAAGAA
141 H E E M R E M L T H R N G P V K K G K E

481 CAAAACACACAGCGAAGCTTTTTTCTTAGAATGAAGTGTACCCTGACTAGCCGGGGAAGA
161 Q N T Q R S F F L R M K C T L T S R G R

541 ACTATGAACATAAAGTCTGCAACATGGAAGGTACTTCACTGTACAGGCCATATTCACGTA
181 T M N I K S A T W K V L H C T G H I H V

601 TATGATACCAACAGTAACCAATCTCAGTGTGGATACAAGAAACCACCAATGACATGCCTG
201 Y D T N S N Q S Q C G Y K K P P M T C L

661 GTATTGATTTGTGAACCCATTCCTCATCCATCAAAT ATTGAAATTCCTTT AGACAGCAAG
221 V L I C E P I P H P S N I E I P L D S K

721 ACTTTTCTCAGTCGACACAGTCTGGATATGAAATTTTCTTATTGTGATGAAAGAATTACT
241 T F L S R H S L D M K F S Y C D E R I T

781 GAATTGATGGGATATGAGCCAGAGGAACTTTTGGGCCGCTCAATTTATGAATATTATCAT
261 E L M G Y E P E E L L G R S I Y E Y Y H

841 GCTTTGGACTCTGATCATCTGACCAAAACTCATCACGATATGTTTACTAAAGGACAAGTC
281 A L D S D H L T K T H H D M F T K G Q V

901 ACCACAGGACAGTATAGGATGCTTGCCAAAAGAGGTGGATATGTCTGGGTAGAAACTCAA
301 T T G Q Y R M L A K R G G Y V W V E T Q

961 GCAACTGTTATATATAACACCAAGAACTCTCAACCACAATGCATTGTATGTGTAAATTAT
321 A T V I Y N T K N S Q P Q C I V C V N Y

1021 GTTGT AAGTGGTATTATTCAGCACGGCTTGATTTTCTCCCTTCAACAAACTGAATGTGTC
341 V V S G I  I  Q  H G L I  F S L Q Q T E C V

1081 CTCAAACCAGTTGAATCTTCAGATATGAAAATGACTCAGCTCTTCACCAAAGTTGAATCA
361 L K P V E S S D M K M T Q L F T K V E S

1141 GAGGATACAAGTAGCCTCTTTGATAAACTTAAGAAGGAACCTGATGCTTTAACTTTGCTG
381 E D T S S L F D K L K K E P D A L T L L

1201 GCCCCAGCTGCTGGAGACACAATCATATCTTTAGATTTTGGCAGCAATGACACAGAAACT
401 A P A A G D T I I S L D F G S N D T E T

1261 GAAGACCAACAACTTGAAGAAGTTCCACTGTATAATGATGT AATGTTCCCCTCATCCAGT
421 E D Q Q L E E V P L Y N D V M F P S S S
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1321 GAGAAATTACAAAATATTAATCTGGCCATGTCTCCACTACCTGCCTCTGAAACTCCAAAG
441 E K L Q N I N L A M S P L P A S E T P K

1381 CCACTTCGAAGTAGTGCTGACCCAGCACTCAATCAAGAAGTTGC ATT AAAATTAGAGCCA
461 P L R S S A D P A L N Q E V A L K L E P

1441 AATCCAGAGTCACTGGAACTTTCTTTTACCATGCCCCAGATTCAAGATCAACCAGCCAGT
481 N P E S L E L S F T M P Q I Q D Q P A S

1501 CCTTCTGATGGAAGCACTAGACAGAGTTCACCTGAGCCTAACAGTCCCAGTGAATACTGT
501 P S D G S T R Q S S P E P N S P S E Y C

1561 TTTGACGTGGATAGTGATATGGTCAATGTATTCAAGTTGGAATTGGTGGAGAAACTTTTT
521 F D V D S D M V N V F K L E L V E K L F

1621 GCTGAAGACACAGAAGCAAAGAATCCATTTTCAACTCAGGACACTGATTTAGACTTGGAG
541 A E D T E A K N P F S T Q D T D L D L E

1681 ATGTTGGCCCCCTATATCCCAATGGATGATGATTTCCAGTTACGTTCCTTCGATCAGCTG
561 M L A P Y I P M D D D F Q L R S F D Q L

1741 TCACCATTAGAAAGCAGTTCTTCAAGCCCTCAAAGTGTGAGCACAATTTCAGTATTCCAG
581 S P L E S S S S S P Q S V S T I S V F Q

1801 CAGACTCAAATTCAAGAACCTACTATTAATACCACCACTGCCACCACTGATGAATTAAAA
601 Q T Q I  Q E P T I  N T T T A T T D E L K

1861 ACAGTGACAAAAGATGATATGGAAGACATTAAAATACTGATTGCATCTTGGTCTCCCACC
621 T V T K D D M E D I K I L I A S W S P T

1921 CATGCACCTAAAGAAACTACTAGTGCCACAACATCTTCATATAATGATACTCAAAGTCGA
641 H A P K E T T S A T T S S Y N D T Q S R

1981 ACCGCCTCACCAAACAGAGCAGGAAAAGAAGTCATAGAACAGACAGAAAAATCTCATCCA
661 T A S P N R A G K E V I E Q T E K S H P

2041  AGAAGCCCTAACGTGGTATCTGTCACTTTGAGTCAAAGAAATACAGTTCCTGAGGAAGAA
681 R S P N V V S V T L S Q R N T V P E E E

2101  TTAAATCCAAAGATATTAGCTTTGCAGAATGCTCAGAAGAAAGCGAAAATGGAACAGGAT
701 L N P K I L A L Q N A Q K K A K M E Q D

2161 GGTTCACTTTTTCAAGCAGTAGGAATTGGTACACTATTACAGCAACCAGATGATCGTGCA
721 G S L F Q A V G I G T L L Q Q P D D R A

2 221 ACTACTACATCACTTTCTTGGAAACGTGTAAAAGGATGCAAATCTAGTGAACAGAATGGA
741 T T T S L S W K R V K G C K S S E Q N G

2 281 ATGGAGCAAAAGACAATTATTTTAATACCCTCTGATTTAGCATGTAGACTGCTGGGGCAA
761 M E Q K T I . I  L . I  P S D L A C R L L G Q

2341 TCAATGGATGAGAGTGGATTACCACAGCTGACCAGTTATGATTGTGAAGTTAACGCTCCT
781 S M D E S G L P Q L T S Y D C E V N A P

2401  ATACAAGGCAGCAGAAACCTACTGCAGGGTGAAGAATTACTCAGAGCTTTGGATCAAGTT
801 I Q G S R N L L Q G E E L L R A L D Q V

2461  AACTGA
821 N *
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Figure 2.3
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Figure 2.4
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Figure 2.5
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Figure 2.6
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INTRODUCTION

The profound metabolic rate depression during hibernation is largely achieved by 

active controls that suppress the rates of all ATP-consuming processes in cells. Some of 

the major ATP-consuming processes in cells include transmembrane ion transport, gene 

transcription, and protein translation. Not surprisingly, then, the activity of the plasma 

membrane NaK-ATPase is strongly reduced during hibernation (MacDonald and Storey,

1999) as is the activity of the sarco(endo)plasmic reticulum Ca-ATPase and the levels of 

other proteins associated with calcium signaling (Malysheva et al., 2001). Rates of 

protein translation are well known to be reduced in mammals in the face of stresses such 

as starvation or hypoxia (Casey et al., 2002; DeGracia et al., 2002) and in hibernation the 

rate of protein synthesis can be reduced to extremely low levels by combining the effects 

of reversible phosphorylation controls on the translation apparatus with the rate effects of 

a >30°C decrease in body temperature. Indeed, the rate of radiolabelled leucine (14C) 

incorporation in brain of torpid 13-lined ground squirrels, Spermophilus tridecemlineatus, 

was only 0.04% of the value measured in euthermic brain (Frerichs et al., 1998). Similar 

findings using polysome analysis were reported for S. tridecemlineatus kidney (Hittel and 

Storey, 2002b).

Gene transcription is another of the major energy consuming processes in cells, 

typically requiring -1-10 % of the oyerall cell energy budget (Rolfe and Brown, 1997). 

Given the strong suppression of translation in hibernation, it is reasonable to propose that 

the overall rate of transcription would also be reduced. Indeed, studies with several 

different animal systems suggest that transcriptional suppression is a general component 

of hypometabolism (reviewed in Storey and Storey, 2004). Data for hibernating
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mammals is limited to date but tends to concur. For example, the rate of incorporation of
•j

[ H]-uridine into RNA in brain decreased 8-fold in torpid compared with euthermic 

ground squirrels (Bocharova et al., 1992). The same principle was documented when 

[ H]-uridine into RNA was monitored in multiple organs of hamsters (Osborne et al., 

2004) and from nuclear run-on assays performed on liver extracts of S. lateralis (van 

Breukelen and Martin, 2002).

Multiple regulatory controls could be involved in reducing the rate of gene 

transcription during hibernation. It is well known that histone acetylation and 

deacetylation are linked to transcriptional activity and that histone deacetylases (HDACs) 

are associated with gene silencing. Acetylation of histones neutralizes the positive 

charge on the histone and leads to a modification of the higher structural organization of 

the chromatin. This conformational change allows transcription factors and 

transcriptional regulatory complexes to have easier access to DNA promoter regions. On 

the other hand, deacetylation of histones by histone deacetylases allows the histones to 

become positively charged again and this leads to transcriptional silencing (Davie, 1998). 

It has also been shown that HD AC activity can be affected by changes in oxygen levels 

and is known to be both induced under hypoxic conditions (Kim et al., 2001c) and 

reduced under oxidative stress (Adcock et al., 2005).

Other posttranslational modifications of histones can also affect transcriptional 

activity. Histones can be phosphorylated by protein kinases and phosphorylation of 

histone H3 on serine 10 is known to be present only in proliferative cells whereas cells 

undergoing interphase show a neglectable amount of this modification. Indeed, 

antibodies that target the phosphorylated form of histone H3 at serine 10 have been used
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as a mitotic marker (Hendzel et al., 1997). Lysine residues present on histone H3 can 

also be modified posttranslationally via acetylation to increase gene expression.

Transcriptional controls during torpor could also be applied in other ways such as 

by regulation of key enzymes including RNA polymerase II. Stresses that could occur 

during torpor have been shown to affect transcriptional activity. Hypoxic conditions can 

lead to an increase in the expression of specific genes that are linked with selective 

transcriptional repression (Denko et al., 2003). Oxidative stress seems to elicit similar a 

response since hydrogen peroxide can slow down the cell cycle and induce growth arrest 

in a variety of mammalian cell types (Wiese et al., 1995).

The study presented in this chapter looks at the transcriptional state of skeletal 

muscle in euthermic versus hibernating S. tridecemlineatus and assesses multiple 

parameters that could be involved in regulating the overall rate of transcription including 

analysis of RNA polymerase II, HD AC and histone H3. The information gathered here 

provides strong evidence of an overall suppression of gene transcription in ground 

squirrel muscle during hibernation.

MATERIALS AND METHODS 

Animals

Animals were prepared and treated as described in Chapter 2.

Western blotting

Western blotting was performed as described in Chapter 2. Antibodies specific 

for HDAC1, HDAC4, total histone H3, phosphorylated histone H3 (serine 10) and 

acetylated histone H3 (lysine 23) were purchased from Cell Signaling. The RNA
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polymerase antibodies, 8WG16 and H14, recognizing total RNA polymerase II and a 

phosphorylated form of RNA polymerase II (serine 5), respectively, were purchased from 

Covance Research.

RNA Polymerase II assay

RNA Polymerase II activity was assayed using a PCR-based approach. Nuclear 

extracts were prepared from skeletal muscle. Briefly, tissue samples were disrupted 

using a Dounce homogenizer in homogenization buffer (10 mM HEPES, 10 mM KC1, 10 

mM EDTA, 1 mM DTT, pH 7.9) with 1 mM PMSF added prior to homogenization. 

Samples were centrifuged at 10,000 g for 10 min at 4°C and then supernatants were 

discarded. Pellets were resuspended in extraction buffer (20 mM HEPES, 0.4 M NaCl, 1 

mM EDTA, 50% v/v glycerol, 1 mM DTT, pH 7.9) and then placed horizontally on ice 

and rocked on a rocking platform for 1 h. Samples were then centrifuged at 10,000 g for 

10 min at 4°C. Supernatants containing nuclear extracts were collected and protein 

concentrations was measured with the BioRad assay. A series of samples were made up 

containing an amount of supernatant representing 100 pg of nuclear protein combined 

with 100 pL of transcription buffer (100 mM HEPES, 400 mM KC1, 25 mM MgCb, 5 

mM EDTA and 10% v/v glycerol), 5 pL of 0.1 M DTT, 3 pL each of 100 mM NTPs 

(ATP, CTP, GTP, UTP) (Fermentas), and 1 pg (a saturating amount of this substrate) of a 

Promega PGL3-Promoter Vector containing the gene for EGFP (enhanced green 

fluorescent protein) with a SV40 promoter inserted in the multiple cloning site, kindly 

provided by Dr. W. Willmore, Carleton University. Initial trials were run in the presence 

of 0.1 mg of alpha-amanitin, a RNA polymerase II inhibitor, to confirm that the activity 

detected was specific to RNA polymerase II action. Samples were adjusted to a final
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volume of 500 pL with distilled water and then reactions were incubated at 37°C. 

Individual samples were removed at 1, 5,10,25 and 45 min and total RNA was isolated 

immediately using Trizol reagent (Gibco-BRL, Bethesda, MD). Each sample was mixed 

in 1 mL Trizol followed by the addition of 200 pL of chloroform and mixing. Samples 

were centrifuged at 10,000 rpm at 4°C for 15 min, and then the top layer was removed 

(-600 pL) and transferred into another tube. A 500 pL aliquot of isopropanol was added, 

followed by incubation at 21°C for 10 min to precipitate the RNA. Samples were 

centrifuged at 10,000 rpm for 10 min at 4°C to pellet the RNA; the supernatant was 

discarded and the RNA pellet was washed with 70% ethanol and then resuspended in 

DEPC-treated water. A 30 pg aliquot of this total RNA was used for first strand cDNA 

synthesis using Superscript II reverse transcriptase (Invitrogen) and following the 

manufacturer’s protocol. Primers for the EGFP gene were designed. The forward primer 

was 5’-GGCCACAAGTTCAGCGTGTC-3’ and the reverse was 5’- 

TGCCGTCCTCGATGTTGTGG-3’. PCR was conducted as described in Chapter 2. 

Initial PCR runs were performed with PCR products samples that had gone through 15 to 

35 cycles of amplification to make sure that the amplified product used for quantification 

was in the linear range of the amplification curve.

PCR products were separated on a 1.0% agarose gel. Bands were visualized with 

ethidium bromide on a UV box. A product of -420 bp corresponding to EGFP was 

obtained. Band intensities in sutbermic and hibernating samples at each time point were 

determined. A standard curve of band intensity versus ng of DNA was constructed from 

a low mass DNA ladder (Invitrogen) loaded on the same gel as the sample and used to 

determine the ng DNA produced at each time point. Data were plotted (ng DNA vs time),
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the initial rates were calculated for euthermic and hibernating samples (ng DNA 

produced per minute per pg of nuclear protein, and mean rate + SEM was determined for 

n=3 individual trials on separate nuclear extracts. The ratio of hibernating to euthermic 

initial rates was determined.

Histone deacetylase assay

Histone deacetylase (HD AC) was assayed using the HD AC assay kit from 

Cayman Chemicals (Ann Harbor, USA), according to manufacturer’s instructions.

Briefly, ~100 mg of muscle was homogenized in 50 mM Tris buffer, pH 7.4, followed by 

centrifugation at 10,000 g for 10 min at 4°C and collection of the supernatant. A 15 pL 

aliquot of sample was added to 10 pL of HD AC assay buffer and equilibrated at room 

temperature for 10 minutes before addition of 15 pL of HD AC assay substrate and 

incubation for 1 h at 30°C. Then 20 pL of the diluted activator solution was added and 

the mixture was incubated at room temperature for 10 min. Fluorescence of samples was 

then measured in a microplate reader (excitation = 350-380nm, emission = 440-460nm). 

Data are reported as means + SEM for n=3 independent trials using separate preparations. 

Significant differences between euthermic and hibernating groups were tested using the 

Student’s t-test.

RESULTS

Histone deacetylase protein levels

HD AC protein was assessed via Western blotting in skeletal muscle from 

euthermic and hibernating S. tridecemlineatus using polyclonal antibodies recognizing 

HDAC1 and HDAC4, a class I and class II HDACs, respectively (Figure 3.1). Each
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antibody crossreacted with a single protein band on the blot at 62 kDa and 140 kDa, 

respectively, the known molecular weights of these two isozymes. The histogram in 

Figure 3. IB shows the ratio of HD AC 1 and HDAC4 protein levels in hibernating versus 

euthermic muscle. The amounts of HD AC 1 and HDAC4 protein were significantly 

higher in muscle from hibernating squirrels; levels were 1.21-and 1.48-fold higher, 

respectively, compared with euthermic controls (P < 0.05).

Histone deacetylase activity in 13-lined ground squirrel muscle

Histone deacetylase (HD AC) activity has been associated with the silencing of 

genes (Ng and Bird, 2000). Total HD AC activity was assayed using a kit from Cayman 

Chemicals following the manufacturer’s protocol. Mean HD AC activity in muscle from 

euthermic ground squirrels was 31,878 + 2135 relative fluorescence units per gram fresh 

weight (RFU/gfw) and significantly higher, 57,972 + 7471 RFU/gfw, in hibernating 

squirrels, a 1.82-fold increase (data are mean + SEM, n=3; P < 0.05).

Histone H3 protein levels in S. tridecemlineatus muscle

Histone H3 also seems to play a role in the silencing of genes. Polyclonal 

antibodies for total histone H3, phosphorylated histone H3 (Ser 10), and acetylated 

histone H3 (Lys 23) were used to quantify histone H3 expression during hibernation 

(Figure 3.2). Total histone H3 protein did not change in muscle of hibernating animals 

compared with euthermic samples. However, both the amount of phosphorylated histone 

H3 and the amount of acetylated protein decreased significantly in muscle during 

hibernation to values that were 61 % and 62 % of the comparable values in euthermic 

muscle (P < 0.05).

RNA Polymerase II protein expression in S. tridecemlineatus
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RNA polymerase II protein levels were measured in ground squirrel muscle.

Both total protein and the amount of phosphorylated RNA polymerase II were measured 

using Western blotting (Figure 3.3). Figure 3.3B shows the ratio of RNA polymerase 

protein levels in muscle from hibernating versus euthermic animals. Total protein 

content of RNA polymerase II remained unchanged during hibernation whereas, 

interestingly, the amount of phosphorylated enzyme (phospho-Ser 5 in the heptapeptide 

repeat YSPTSPS in the C-terminal domain) increased significantly by 1.79-fold (P <

0.05) in torpid animals.

RNA Polymerase II activity in S. tridecemlineatus

RNA polymerase II activity was measured by its ability to transcribe the EGFP 

gene with the mRNA product which was then amplified by PCR before visualization on 

ethidium bromide stained agarose gels. The purpose of this assay was to compare the 

state of RNA polymerase II activity in euthermic and hibernating muscle samples and 

37°C was chosen as the standard temperature at which all the assays would be conducted. 

Typical assay results are shown in Figure 3.4. Initial trials used a series of incubation 

times (1, 5,10,25 and 45 min at 37°C) but Figure 3.4b shows that DNA production 

reached a plateau after 5 min and a 5 min incubation was used in all subsequent analyses 

and for calculations of enzyme activity. Calculated RNA polymerase II activity in nuclear 

extracts from euthermic muscle was 0.63 + 0.03 ng DNA produced/min/pg nuclear 

protein. The value in muscle from hibernating squirrels was significantly lower, 0.36 + 

0.01 ng DNA produced/min/pg nuclear protein, or 57% of the euthermic value (data are 

mean + SEM, n=3; P < 0.05).
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DISCUSSION

While many recent studies have shown that the rates of protein translation are 

strongly suppressed during hibernation, much less is known about transcription during 

torpor. Selected genes are clearly up-regulated (as is the synthesis of selected proteins) 

(Storey, 2003; Storey and Storey, 2004) and several studies indicate that the overall rate 

of transcription is reduced in torpor (Bocharova et al., 1992; van Breukelen and Martin, 

2002; Osborne et al., 2004). However, the mechanisms of transcriptional control in 

hibernation have not previously been explored. The data in this chapter provide the first 

exploration of transcriptional regulation in hibernating S. tridecemlineatus and identify 

several mechanisms that could contribute to global transcriptional suppression in torpor.

Histone acetylation has been linked with transcriptionally active chromatin 

(Hebbes et al., 1988). The principle behind this is that acetylation of histones can make 

chromatin more accessible to the transcriptional machinery (Lee et al., 1993) due to 

modification of nucleosomal conformation (Norton et al., 1989). Phosphorylation of 

histone H3 at serine residue 10 has also been linked with transcriptional activation 

(Cheung et al., 2000). Examination of both of these modifications of histone H3 in 

ground squirrel muscle are consistent with a state of reduced transcriptional activity in 

the torpid state. Hence, although histone H3 total protein levels remained constant 

between euthermic and hibernating states, both the amount of phosphorylated histone H3 

(Ser 10) and the amount of acetylated histone H3 (Lys 23) were reduced by 38-39% in 

hibernation as compared with euthermia. These findings suggest that at least two forms 

of posttranslational modification contribute to regulating histones during hibernation and
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that the actions of both of these mechanisms on histone H3 are consistent with an overall 

decrease in transcriptional activity in skeletal muscle during hibernation. Histones 

H2A/H2B and H4 are also subject to acetylation that regulates their activity (O’Neill and 

Turner, 1995; Puerta et al., 1995) and these may also be modified in a parallel way 

during hibernation.

To further analyze transcriptional control in hibernation, histone deacetylase 

activity and protein levels were measured. Since histone acetylation is associated with 

active transcription, an increase in histone deacetylase activity would predictably result in 

a slow down of transcriptional activity. Three major classes of mammalian histone 

deacetylases are known. Class I consists of HDAC 1, HD AC 2, HD AC 3 and HD AC 8 

and these are known to be recruited by DNA binding factors and to act as transcriptional 

repressors (Knoepfler and Eisenman, 1999). Class II histone deacetylases consist of 

HDAC 4, HDAC 5, HDAC 6 and HDAC 7 and function as transcriptional corepressors 

(Bertos et al., 2001). A third class of HDAC consists of enzymes that are analogous to 

the yeast Sir2 protein which is also involved in transcriptional silencing (Imai et al.,

2000). Total HDAC activity was 1.82-fold higher in skeletal muscle of hibernating 

squirrels versus euthermic controls. Furthermore, both HDAC 1 and HDAC 4 protein 

levels were elevated in hibernation (by 1.21- and 1.48-fold, respectively); other Class I 

and class II HDACs may similarly increase in torpor. Both the increase in HDAC activity 

and in HDAC protein levels point to a regulated reduction in transcriptional activity in 

muscle of thirteen-lined ground squirrels during hibernation.

RNA polymerase II activity was also measured in muscle of euthermic and 

hibernating ground squirrels. Previous data gathered from nuclear run-on assays in
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golden-mantled ground squirrels or from rates of 3H-uridine incorporation into RNA in 

hamsters indicated that the overall rate of transcription was reduced in organs of torpid 

animals (Bocharova et al., 1992; van Breukelen and Martin, 2002; Osborne et al., 2004). 

Direct analysis of RNA polymerase II in the present study showed a substantial reduction 

in enzyme activity in muscle from torpid animals; the activity in nuclear extracts from 

hibemator muscle was only 57% of the value in euthermic muscle. Note that these values 

are for polymerase activity measured in 37°C incubations; polymerase activity in vivo 

during hibernation would be very much lower due to the effects of a body temperature 

that could be as much as 35°C lower than euthermic values. The present data showing a 

change in polymerase activity between the euthermic and torpid states (when measured at 

a constant assay temperature) is consistent with transcriptional repression during 

hibernation by stable molecular modification(s). Total polymerase protein did not change 

in hibernation so this argues that the change in activity is the result of a modification of 

the enzyme protein. RNA polymerase II is known to be covalently modified by 

phosphorylation at Ser 2 and Ser 5 of a peptide sequence (YSPTSPS) that is repeated 

multiple times in the C terminal domain (CTD) and phosphorylation at these sites has 

been linked with transcriptional control. The Pol IIH14 Ab used in the present study 

recognizes enzyme that is phosphorylated on the 5th serine residue in this sequence. The 

data show that the amount of phosphorylated (Ser5) RNA polymerase II protein rose by 

1.79-fold during hibernation suggesting that transcriptional control during hibernation 

may also be applied by modifying the phosphorylation state of RNA polymerase II. This 

specific form of RNA polymerase II is interesting. It was initially thought that the 

phosphorylated form of the enzyme was associated with active transcription (Kranias and
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Jungmann, 1978); if this were so, the change in phosphorylation state measured in 

hibernation would contradict our other findings. However, subsequent studies have 

monitored RNA polymerase II phosphorylation states at both transcriptionally active and 

inactive stages of the cell cycle and showed that hyperphosphorylation of the RNA 

polymerase II CTD could not be used as an indicator of transcriptional activity (Kim et 

al., 1997). While it seems that a hyperphosphorylated CTD correlates with polymerase 

being located at the transcription initiation position of genes, phosphorylation of Ser 2 

and Ser 5 is not a prerequisite for transcription. In fact, it has been shown that inhibiting 

the kinases responsible for phosphorylating the CTD did not lead to transcription 

inhibition (Serizawa et al., 1993) and that CTD-less RNA polymerase II can still 

transcribe genes (Buratowski and Sharp, 1990). The increase in phosphorylated RNA 

polymerase content measured here may just mean that RNA polymerase II in hibernating 

muscle is positioned at the initiation position, waiting to transcribe selected genes, but 

without necessarily being transcriptionally active.

Overall, then, the results presented in this chapter point towards a decrease in 

transcriptional activity in skeletal muscle of hibernating S. tridecemlineatus. This 

supports the idea that metabolic rate depression during hibernation involves a coordinated 

and regulated suppression of the rates of multiple energy-expensive cellular activities 

including the overall rate of gene transcription.
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Chapter 4
Expression of Nrf2 and downstream 

targets in ground squirrel heart
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INTRODUCTION

Hibernating mammals show a strong reduction of heart rate and blood flow 

during torpor bouts that can last for weeks. These conditions would be considered 

severely ischemic for non-hibernating mammals. During arousal from torpor, hibemators 

rewarm their bodies very rapidly, a situation that leads to a sudden increase in oxygen 

levels and oxygen consumption by tissues. Thus, the torpor-arousal cycle has multiple 

features of an ischemia-reperfusion cycle which is well-known to lead to oxidative stress 

in other systems (e.g. human heart attack or stroke). Another factor that can contribute to 

the generation of reactive oxygen species (ROS) in the hibemator is the altered 

composition of lipid reserves that is necessary to maintain lipid fluidity at low body 

temperatures. For hibernation to be optimal, lipid depots must be high in polyunsaturated 

fatty acids (PUFAs) such as linoleic acid (Frank, 1992) but PUFAs are highly susceptible 

to free radical attack leading to autoxidation and the generation of lipid peroxide radicals 

(Gunstone, 1996). Hence due to multiple factors that increase susceptibility to ROS 

damage during the hibernating season, mammalian hibemators must set up efficient 

antioxidant defenses that will efficiently deal with wide variations in ROS generation 

over torpor-arousal cycles.

Regulation of antioxidant defenses is under the control of specific transcription 

factors that alter the expression of antioxidant genes in response to various stimuli on 

cells. One of the most prominent signal transduction pathway involved in regulating 

antioxidant enzymes is the Nrf2/ARE pathway. Nr£2, the NF-E2-related factor-2, is a 

basic leucine zipper transcription factor that can bind to a cytoplasmic repressor, Keapl, 

or to different nuclear binding partners. Generally, Nrf2 is attached to Keapl and
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sequestered in the cytoplasm where it is unable to stimulate transcriptional actions. 

Furthermore, it was recently shown that Nrf2 can be degraded by proteasomes via 

interaction with Keapl (Stewart et al., 2003). However, under oxidative stress 

conditions, Nrf2 is released from Keap 1 and translocates into the nucleus (Itoh et a l, 

1999). Once inside the nucleus, Nrf2 has been shown to dimerize with proteins such as 

the small Mafs, Jim and activating transcription factor-4 (ATF-4) which are all basic 

leucine zipper proteins (Itoh et al., 1997; Venugopal et al., 1996; He et al., 2001). It then 

binds to the antioxidant response element (ARE) that is present in the promoter regions of 

genes that are known to respond to oxidative stress such as thioredoxin and GSTs 

(Chanas et al., 2002; Kim et a l, 2001b).

Cu/Zn superoxide dismutase (Cu/Zn SOD) and heme oxygenase-1 (HO-1) are two 

enzymes that have been linked to the Nrf2 pathway. HO-1 is an inducible enzyme that is 

involved in heme degradation and the subsequent production of biliverdin, a known 

antioxidant (Tenhunen et al., 1968). This enzyme has been shown to be activated under 

many conditions that lead to ROS generation such as anoxia, hypoxia and ischemia (Lee 

et al., 1997; Semenza, 2000). HO-1 is activated by transcription factors involved in 

mediating responses to changes in oxygen such as HIF-1 and Nrf2 (Alam et al., 1999;

Lee et al., 1997). Cu/Zn SOD is an enzyme that catalyzes the breakdown of harmful 

superoxide into hydrogen peroxide and water. It is involved in regulation of ROS 

generation and the Cu/Zn SOD gene has been shown to be up-regulated in response to 

oxidative stress. Furthermore, Cu/Zn SOD promoter region analysis has lead to the 

discovery of an ARE that Nrf2 could bind to in order to activate its gene transcription 

(Park et al., 2002). It has also been shown that Cu/Zn SOD can help to reduce cellular
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injury following reperfusion of tissues that were previously ischemic (Wang et al., 1998). 

Besides these two enzymes, the enzyme aflatoxin aldehyde reductase, AFAR1, is an 

aldo-keto reductase that is involved in the detoxification of various aldehydes and 

ketones including the environmental carcinogen aflatoxin Bi (Ellis et al., 1995). A recent 

study has shown that the enzyme contains multiple AREs in its promoter region (Ellis et 

al., 2003). Preliminary work in our lab (Ni, 2004) has also shown that Nrf2 and HO-1 

were elevated in tissue samples from ground squirrels that had been hibernating for more 

than 3 days.

The potentially harmful oxidative stress conditions that hibemators may 

experience over the course of torpor-arousal cycles lead me to hypothesize that the Nrf2 

pathway, well-known to be involved in ROS detoxification in mammals, should play a 

role in providing the hibemator with the necessary antioxidant defenses required to deal 

with hibernation-related oxidative stress. This could potentially be done by an increase in 

levels of the transcription factor Nrf2 and an associated increase in the downstream gene 

products that are under Nrf2 control such as Cu/Zn SOD and HO-1. The results 

presented in this chapter substantiate this hypothesis: Nrf2 gene and protein expression in 

ground squirrel heart were elevated throughout the hibernating cycle and this correlated 

with a significant increase in the expression of downstream antioxidant enzymes that are 

known targets of Nrf2.

MATERIALS AND METHODS 

Animals

Initial trials to characterize organ-specific expression of nrf2 were done
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comparing control vs hibernating animals as described in Chapter 2. Subsequent studies 

monitored changes in the protein levels of Nrf2 and associated proteins under Nrf2 

control using tissues from ground squirrels sampled over a detailed time course of torpor 

and arousal. Pre-hibernation treatment of these squirrels was the same as described in 

Chapter 2 but animals were sampled at the following time points: (1) active in the 4°C 

cold room (ACR) euthermic squirrels that had not yet entered a torpor bout after 3 days in 

the cold as determined from body temperature readings, (2) early entrance into torpor 

with falling Tb, (3) early in the stable torpid state (<24 h) with a stable Tb at ~5-7°C, (4) 

later in the stable torpid state (at least 3 d) with Tb at ~5-7°C, (5) early in arousal with 

rising Tb, and (6) fully aroused in interbout with Tb back at 37°C for at least 18 h before 

sampling (after at least 3 d in continuous torpor). All animals were sacrificed by 

decapitation and tissues were excised, frozen immediately in liquid nitrogen and then 

transported to Ottawa on dry ice where they were then placed at -80°C until use. 

cDNA synthesis and PCR amplification o f Nrf2.

Total RNA isolation and assessment of its quality were conducted as described in 

Chapter 2. The amplification of nrfz via PCR was performed as in Chapter 2 using the 

following primers: the forward primer was 5’- TCCCAGGTTGCCCACAT - 3’ and the 

reverse primer was 5’- AATGCCRGAGTCAGARTC -  3’. A nrfl fragment of 717 bp 

was found and sequenced by Canadian Molecular Research Services (Ottawa, ON). The 

sequence was confirmed as encoding Nrf2 by sequence comparison in BLAST.

Western blotting

Western blotting was performed as described in Chapter 2. An antibody specific 

to Nr£2 was purchased from Santa Cruz Biotechnologies. Antibodies specific to Cu/Zn
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SOD and to HO-1 were purchased from Stressgen. AFAR1 antibody was a gift from Dr. 

John D. Hayes, University of Dundee, Scotland.

RESULTS 

cDNA cloning of Nrf2

Using RT-PCR and primers derived from the consensus sequence of nrf2 from 

other mammalian species, a PCR product of 717 bp was retrieved from total RNA 

prepared from heart of hibernating S. tridecemlineatus. The nucleotide and deduced 

amino acid sequences are shown in Figure 4.1. The product was confirmed as encoding a 

portion of the nrf2 sequence and the sequence was submitted to GenBank with accession 

number DQ328859. Figure 4.2 shows the translated amino acid partial sequence of 

ground squirrel Nr£2 aligned with the sequences for the human, mouse and rat protein. 

The full Nrf2 sequence has 605 residues in humans and 597 residues in mice and rats 

whereas the amplified portion of S. tridecemlineatus Nrf2 encoded 239 amino acids 

residues, corresponding to approximately 40% of the full sequence. Figure 4.3 shows 

that ground squirrel Nrf2 is quite similar to Nrf2 from other mammals. The homology 

tree and homology matrix show that the ground squirrel Nrf2 amino acid sequence shares 

87.9%, 77.4% and 78.3% identity to human, mouse and rat Nrf2 over the amplified 

region, respectively. Ground squirrel Nrf2 contained a few unique amino acid 

substitutions that were not seen in non-hibernating mammals; these are shown in bold 

underline in Figure 4.2. These included substitutions of two proline residues at positions 

111 and 230 of the human sequence. One asparagine residue was substituted for a 

tyrosine residue at position 226 and one tyrosine residue was substituted for a histidine
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residue at position 227.

Nrf2 gene expression in S. tridecemlineatus

Levels of nrf2 mRNA transcripts were measured in three tissues of euthermic and 

hibernating S. tridecemlineatus (BAT, heart and lung). Specific primers for nrf2 were 

designed based on known mammalian nrfl gene sequences and a partial nfr2 sequence 

from ground squirrel was amplified using RT-PCR. Figure 4.4 shows the relative levels 

of nrf2 mRNA expression in each organ. Alpha-tubulin mRNA, a constitutively 

expressed gene, was also amplified from the same samples and nfr2 transcript levels were 

normalized against the tubulin transcript level in each sample. Figure 4.4B shows the 

ratio of normalized nrf2 transcript levels in tissues from hibernating versus euthermic 

animals. Levels changed significantly only in heart, with a 1.6-fold increase in transcript 

levels during hibernation.

NrO protein levels in S. tridecemlineatus

Nrf2 protein expression was measured at 6 different points over the course of the 

hibernation cycle: (1) active in the cold room (ACR) euthermic squirrels that had not yet 

entered hibernation, (2) early entrance into torpor with falling Tb, (3) early in the torpid 

state (<24 h) with a stable Tb at ~5-7°C, (4) later in the stable torpid state (at least 3 d) 

with Tb at ~5-7°C, (5) early in arousal with rising Tb, and (6) fully aroused in interbout 

with Tb back at 37°C (Figure 4.5). Nrf2 protein content in ground squirrels entering 

hibernation rose to levels that were 1,4-fold higher than the values in ACR controls. 

Levels remained high throughout torpor and arousal but declined back to control levels in 

fully aroused animals.

Cu/Zn SOD protein levels in S. tridecemlineatus
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Cu/Zn SOD protein levels were measured over the same time course as for Nrf2 

(Figure 4.6). Cu/Zn SOD protein levels rose significantly during entrance into torpor and 

peaked during early hibernation with a 1.6-fold increase over the ACR control value (P < 

0.05). Cu/Zn SOD protein levels declined during longer term hibernation and after full 

arousal were reduced to a mean value that was 30 % lower than control.

AFAR1 protein levels in S. tridecemlineatus

Figure 4.7 shows AFAR1 protein levels over the hibernation time course. Levels 

rose significantly during entrance into torpor (1.5-fold higher than in ACR controls) and 

remained high in early hibernation. AFAR1 protein levels then gradually decreased and 

were not significantly different from controls when the animals were fully aroused.

Heme Oxygenase-1 protein levels in S. tridecemlineatus

HO-1 protein levels also changed over the hibernation cycle. Levels in the early 

stable torpid state were 1.3-fold higher than ACR control samples (P < 0.05) (Figure 4.8). 

Subsequently, HO-1 protein content declined at later time points.

DISCUSSION

Direct evidence that oxidative stress occurs during hibernation has been produced 

from studies with intestine of 13-lined ground squirrels (Carey et a l,  2000). Studies with 

black bears have also highlighted increases in a marker for lipid peroxidation during 

hibernation (Chauhan et al., 2002). Indirect evidence of oxidative stress comes from 

analysis of antioxidant defense mechanisms in hibemators which has shown specific 

activation of selected antioxidant enzymes such as glutathione peroxidase in the ground 

squirrel Citellus citellus liver and BAT (Buzadzic et al., 1990) as well as elevation of low
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molecular weight antioxidants (e.g. ascorbate). Plasma ascorbate levels build up by 3-5 

fold during each torpor bout and are then rapidly depleted during arousal, the highest rate 

of decrease correlating with the time when oxygen consumption is maximal (Drew et al., 

2002). Microanalysis of tissue and extracellular fluid in brain of hamsters also showed 

depletion of ascorbate during arousal, consistent with oxidative stress in this stage of the 

hibernation cycle (Osbome and Hashimoto, 2006).

Clearly, then, hibemators need well-developed antioxidant defenses and this 

includes increased expression of the genes coding for various antioxidant enzymes. One 

way to stimulate the antioxidant response is through activation of transcription factors 

that regulate these genes and this chapter looked at the expression of the transcription 

factor Nrf2. Many studies have shown the importance of this transcription factor in 

protecting cells against oxidative stress. For example, studies using Nrf2 knockout mice 

showed that expression of several detoxification enzymes is strongly reduced in the 

knockout strain (Chan and Kan, 1999). Similar mice submitted to hyperoxic stress were 

shown to have considerably reduced amounts of antioxidant enzymes such as 

NAD(P)H:quinone oxidoreductase 1 (NQOl) and HO-1 to deal with the resulting ROS 

produced (Cho et al., 2002). Hence, Nrf2 and its downstream enzymes are good 

indicators of the oxidative stress status of hibemator tissues.

The Nrf2 transcription factor from ground squirrel heart was partially cloned in 

the N-terminal region of the protein. The amplified fragment was 239 amino acids long 

and started at position 103 of the human Nrf2 sequence. Several amino acids 

substitutions were identified when the ground squirrel partial Nrf2 sequence was 

compared to Nrf2 sequences from non-hibemating mammals. It has been previously
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reported that Nrf2 can be phosphorylated by PKC at serine 40 and that this could lead to 

its detachment from Keapl in the cytoplasm and potentially facilitate its nuclear 

translocation (Huang et a l, 2000; Huang et al., 2002). Unfortunately, the amplified 

ground squirrel Nrf2 fragment did not include that particular serine residue so it was 

impossible to tell if this amino acid was different in the hibemator. Nonetheless, the Nrf2 

segment that was retrieved did contain two key domains, Neh4 (within residues 98-156) 

and Neh5 (within residues 153-227), which have both been shown to act synergistically 

to allow Nrf2 transactivation through CREB binding (Katoh et al., 2001). Deletion of 

these domains leads to a severe disruption in Nrf2 transactivation activity. It has also 

been demonstrated that phosphorylation of residues within these domains by mitogen- 

activated kinase family members, ERK and/or JNK, leads to a positive regulation of Nrf2 

transactivational activity (Shen et al., 2004). Only a few minor modifications were seen 

in the Neh4 and Neh5 domains of the ground squirrel suggesting that the transactivational 

process is largely conserved in the hibemator. Two changes of interest occurred near 

these regions; the substitutions of two proline residues for a serine or arginine residue at 

position 111 and for a serine residue at position 230. These modifications, along with the 

other substitutions that were not exclusive to the ground squirrel, could result in a 

conformational change to the hibemator Nrf2 protein that might aid its transcriptional 

activity at low body temperatures.

Levels of nrf2 mRNA transcripts were measured in different ground squirrel 

tissues using RT-PCR. Of the three tissues analyzed, nrf2 transcript levels were 

significantly elevated only in hibernating heart (by 1.6-fold) whereas amounts in other 

tissues appeared to be down-regulated. Data presented in the literature have shown
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contradictory results as to whether or not nrf2 transcript levels rise under oxidative stress 

conditions. While Cho et al. (2002) reported an induction of nrfi transcripts by 2.0- and 

2.6-fold in lungs of mice subjected to 48 and 72 hours of hyperoxia, a more recent study 

by Papaiahgari et al. (2004) points toward the contrary. Data gathered here seems to 

agree with the former group as a nrf2 gene induction was observed.

Western blotting was then performed to determine if the increase in nrf2 mRNA 

levels correlated with an increase in Nrf2 protein in ground squirrel heart. Nrf2 protein 

levels were assessed over a cycle of hibernation and showed a significant increase in the 

level of this transcription factor over all heterothermic portions of the time-course: entry 

into torpor, early and late torpor, and arousing from torpor. Nrf2 protein levels increased 

by 1.4-fold over controls as the animal’s body temperature started to drop and remained 

elevated until the animal was completely aroused. Reports have suggested that Nrf2 

protein levels increase under oxidative stress (Pi et al., 2003; Qiang et al., 2004). Hence, 

the general elevation of Nrf2 protein over the torpor portions of the hibernation cycle 

suggests that hibemator heart is trying to increase its antioxidant defenses via the Nrf2 

regulatory pathway throughout the stress period.

Based on these results, it was reasonable to think that genes under the control of 

Nrf2 would also show increased expression over the hibernation cycle. Three enzymes 

that have ARE binding sites in their promoter regions were chosen for study: Cu/Zn 

SOD, AFAR1 and HO-1. These enzymes all play important roles in the detoxification of 

either ROS (SOD, HO-1) or aldehydes and ketones (AFAR1) in cells and they could all 

be used to protect the animal against oxidative stress. Since the Nr£2 transcription factor 

was elevated at both the mRNA and protein levels over the hibernation time-course,
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protein levels of these enzymes were measured over the same cycle to see if they 

correlated with the measured Nr£2 levels. In all three cases, Western blotting showed that 

the protein content of these enzymes was significantly increased at the early hibernation 

time point (ie. <24 h in full torpor with Tb -5-7 °C). In the case of Cu/Zn SOD and 

AFAR1, protein levels had already increased significantly as the animals were entering 

torpor which suggests that induction of the synthesis of these AOE proteins is triggered 

as one of the first events when animals begin to suppress metabolic rate. This highlights 

the possibility that the hibemator increases antioxidant defenses as an anticipatory 

response in order to deal with the oxidative stress that is sure follow either over 

prolonged torpor or during arousal. Furthermore, the levels of the Nrf2 transcription 

factor probably remained elevated in case the synthesis of more of these antioxidant 

enzymes was required. It is important to point out that none of these proteins were up- 

regulated at the early arousal time point when the animal’s body temperature is returning 

to euthermic values. This is the point at which one would predict that antioxidant 

defenses would be needed the most and the fact protein levels of these three enzymes did 

not increase during that time stands out. One explanation might be that their activities are 

actually higher even if their protein levels are unchanged; further studies to assess 

regulatory parameters and/or post-translational modifications of the proteins would be 

necessary to evaluate this possibility. Alternately, it is possible that other Nrf2 gene 

targets that were not measured in this study could be up-regulated or activated as a result 

of the continued high Nrf2 levels that are maintained into the early arousal phase.

Overall, these results have highlighted a few amino acid changes in the sequence 

of ground squirrel Nrf2 that might cause a conformational change in the transcription
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factor and which could affect the function of the transcription factor at low Tb. Nrf2 

gene and protein levels were both found to be upregulated in hibernation. In addition, the 

protein levels of selected Nrf2 gene targets showed a significant increase at the beginning 

of the time course, as the animal entered hibernation. This further reinforces the idea that 

hibemators, as a preventative measure, increase their antioxidant defenses at the onset of 

torpor.
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Figure 4.1

1 TCCCAGGTTGCCCACATTCCCAAACCAGATGCTCTGTACTTCGATGACTGTATGCAGCTT
1 S Q V A H I  P K P D A L Y F D D C M Q L

61 TTGGCAGAGACATTCCCATTTGTAGATGACAATGAGGTTTCTTCAGCTACATTTCAGTCG
21  L A E T F P F V D D N E V S S A T F Q S

1 2 1  CTTGTTCCTGATATTCCCAGCCACATCGAGAGCCCAGTCTTCAATGCTCCTCCTCAGGCC
41  L V P D I P S H I E S P V F N A P P Q A

1 8 1  CAGTCACCTGAAACTTCTCTTGATGGAGCCATGGCTGATTTAAACAACATCCAACAGGAT
61  Q S P E T S L D G A M A D L N N I Q Q D

2 4 1  ATTGAGCAAGTTTGGCAGGAGCTATTTTCCATTCCAGAATTACAGTGTCTTAATATTGAA
81  I E Q V W Q E L F S I P E L Q C L N I E

3 0 1  AATGATAAGCTGGTTGAGACTACCACCGTTCCAAGCCCAGAAGCCAAGCTGACAGAAATC
1 0 1  N D K L V E T T T V P S P E A K L T E I

3 6 1  GACAACAATTATTTCTACCCATCCATCCCCTCACTGGAGAAAGAAGTAGGGAACTGCAGT
1 2 1  D N N Y F Y P S  I P S L E K E V G N C S

4 2 1  CCACATTTTCTGAATGCTTTTGAGGATTCCTTCAGCAGCATCCTCTCCACAGAAGATCCC
1 4 1  P H F L N A F E D S F S S I L S T E D P

4 81  AATCAGTTGACAGTGAATTCATTAAATTCAGATGCCACATTAAACACAGATTTTGGTGAT
1 6 1  N Q L T V N S L N S D A T L N T D F G D

5 4 1  GAATTTTATTCTGCTTTCATAGCAGAACCTAGTACCAGCAATAGCATGCCCTCCTCTGCT
1 8 1  E F Y S A F I A E P S T S N S M P S S A

6 0 1  ACTGTCAGTCAGTCACTCTCTGAACTTTTGTATGGTTCTGACCTTTCACTCTGTAAAGCT
2 0 1  T V S Q S L S E L L Y G S D L S L C K A

6 6 1  TTCAACCAAAATCATCCTGAAAGCACAGCAGAATTCAATGATTCTGACTCTGGCATT
2 2 1  F N Q N H P E S T A E F N D S D S G I
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Figure 4.2

s q u i r r e l  ...............................................................................................................  0
human m m d l e l p p p g l p s q q d m d l i d i l w r q d i d l g v s r e v f d f s  4 0
m o u s e  m m d l e l p p p g l q s q q d m d l i d i l w r q d i d l g v s r e v f d f s  4 0
r a t  m m d l e l p p p g l q s q q d m d l i d i l w r q d i d l g v s r e v f d f s  40

s q u i r r e l  ...............................................................................................................  0
human q r r k e y e l e k q k k l e k e r q e q l q k e q e k a f f a q l q l d e e t  80
m o u s e  q r q k d y e l e k q k k l e k e r q e q l q k e q e k a f f a q f q l d e e t  80
r a t  q r q k d y e l e k q k k l e k e r q e q l q k e q e k a f f a q l q l d e e t  80

s q u i r r e l   SQVAHIPKPDALYFDDCM 18
human g e f  l p i q p a q h i q s e t s g s a n y ---------------- s ------------------- 1 2 0
m o u s e  g e f  l p i q p a q h i q t d t s g s a s y -------------------q --------- e ------ 1 2 0
r a t  g e f l p i q p a q h i q t d t s g s v s y -------------------q --------- e   1 2 0

s q u i r r e l  QLLAETFPFVDDNEVSSATFQSLVPDIPSHIESPVFNAPP 58
human --------q ------------------------------------------------ g  i - t n  1 6 0
m o u s e   h - ..— a l ------------a — s — t — h 1 5 3
r a t   h - ..- - a l  v — s — t t - d  1 5 3

s q u i r r e l  QAQSPETSLDGAMA.DLNNIQQDIEQVWQELFSIPELQCL 97
human ---------------- v a q v a p v — dgm----------------- e — 1 ---------------- 2 0 0
m o u s e  --------I n s — e a — t . — s s - e — m---------------------------------- 1 9 2
r a t  --------I d s — e t — t . — s s  m---------------------------------- 192

s q u i r r e l  NIENDKLVETTTVPSPEAKLTEID. NNYFYPSIPSLEKEV 1 3 6
human  m-------------------- v - . - y h — s  m  2 3 9
m o u s e  - t — k q - a d — a - ----------- 1 ----m - s - y h — s - - s -------------  2 3 2
r a t  - t  —  k q q a ----------------------1 ----m - s - y h — s -------------------- 2 3 2

s q u i r r e l  GNCSPHFLNAFEDSFSSILSTEDPNQLTVNSLNSDATLNT 17 6
human--------------------------------------------------------------------------------------------- v —  27 9
m o u s e  ------g  h g -----------------------d - a s — . . t — d - n p   2 7 0
r a t  d s ------------ h g -----------------------d - a s — . .  d - n p   2 7 0

s q u i r r e l  DFGDEFYSAFIAEPSTSNSMPSSATVSQSLSELLYG. . . .  2 1 2
human ------------------------------- i ------------ p - - l - h  n - p i d v  3 1 9
m o u s e  ------------------------------- d g g ------------ a i  d - t i e g  3 1 0
r a t   1 -------- g g g -------------a i  g - p i e g  3 1 0

s q u i r r e l  SDLSLCKAFNQNHPESTAEFNDSDSGI.................................... 2 3 9
human------------------------------------------------------------------------s l n t s p s v a s p e h  3 5 9
m o u s e  c ---------------------p k - a - g - m ------------------ s l n t s p s r a s p e h  3 5 0
r a t  c ----------------------- k - t - g - v ------------------ s l n t s p s r a s p e h  3 5 0

s q u i r r e l  .................................................................................................................. 2 3 9
human s v e s s s y g d t l l g l s d s e v e e l d s a p g s v k q n g p k t p v . h 398
m o u s e  s v e s s i y g d p p p g f s d s e m e e l d s a p g s v k q n g p k a q p a h  3 9 0
r a t  s v e s s i y g d p p p g f s d s e m e e l d s a p g s v k q n g p k a q p t h  3 9 0

s q u i r r e l  .................................................................................................................. 2 3 9
human s s g d m v q p l s p s q g q s t h v h d a q c e n t p e k e l p v s p g h r k  4 3 8
m o u s e  s p g d t v q p l s p a q g h s a p m r e s q c e n t t k k e v p v s p g h q k  4 30
r a t  s s g d t v q p l s p a q g h s a a v h e s q c e n t t k k e v p v s p g h q k  4 30
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s q u i r r e l  ................................................................................................................ 2 3 9
human t p f t k d k h s s r l e a h l t r d e l r a k a l h i p f p v e k i i n l p v  478
m o u s e  a p f t k d k h s s r l e a h l t r d e l r a k a l h i p f p v e k i i n l p v  4 7 0
r a t  v p f t k d k h s s r l e a h l t r d e l r a k a l h i p f p v e k i i n l p v  4 7 0

s q u i r r e l  ..........................................    2 3 9
human v d f n e m m s k e q f n e a q l a l i r d i r r r g k n k v a a q n c r k r k  518
m o u s e  d d f n e m m s k e q f n e a q l a l i r d i r r r g k n k v a a q n c r k r k  5 1 0
r a t  d d f n e m m s k e q f n e a q l a l i r d i r r r g k n k v a a q n c r k r k  5 1 0

s q u i r r e l  ................................................................................................................ 2 3 9
human l e n i v e l e q d l d h l k d e k e k l l k e k g e n d k s l h l l k k q l s  558
m o u s e  l e n i v e l e q d l g h l k d e r e k l l r e k g e n d r n l h l l k r r l s  5 5 0
r a t  l e n i v e l e q d l g h l k d e r e k l l r e k g e n d r n l h l l k r k l s  5 5 0

s q u i r r e l  ................................................................................................................ 2 3 9
human t l y l e v f s m l r d e d g k p y s p s e y s l q q t r d g n v f l v p k s k  5 9 8
m o u s e  t l y l e v f s m l r d e d g k p y s p s e y s l q q t r d g n v f l v p k s k  5 9 0
r a t  t l y l e v f s m l r d e d g k p y s p s e y s l q q t r d g n v f l v p k s k  5 9 0

s q u i r r e l  .................. 2 3 9
human k p d v k k n  ■' 6 0 5
m o u s e  k p d t k k n  597
r a t  k p d t k k n  5 9 7
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Figure 4.3
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Figure 4.4
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Figure 4.6
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Figure 4.7
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Figure 4.8
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Chapter 5 

Peroxiredoxins and antioxidant 
defense in mammalian hibernation
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INTRODUCTION

One need that the hibemator has is to protect its cells against oxidative damage 

occurring both over the long term while in torpor, as highlighted in Chapter 4, and as a 

result of the huge increase in oxygen consumption that occurs during arousal. Previous 

studies performed with brown adipose tissue (BAT) of rats have shown that prolonged 

exposure to cold leads to an activation of the antioxidant defense system, presumably to 

defend against high rates of reactive oxygen species (ROS) generation associated with the 

very high oxygen consumption of this organ during the uncoupled respiration that 

provides thermogenesis (Spasic et al., 1993). Lipid-fueled thermogenesis by BAT of 

hibemators results in a huge increase in oxygen consumption, often overshooting normal 

euthermic rates, and raises Tb back to euthermic values within minutes. The potential for 

ROS generation during this time is very high and requires that hibemators are protected 

with well-developed antioxidant defenses. Indeed, studies of hibemator BAT provided 

some of the first examples of adaptive change in antioxidant enzyme activities in 

response to physiological oxidative stress (Buzadzic et al., 1990; Barja de Quiroga,

1992). Recently, a new group of antioxidant enzymes has been discovered: the 

peroxiredoxins. These intracellular enzymes reduce and detoxify a wide range of 

hydroperoxides in cells, typically using thioredoxin as the electron donor (Hofmann et 

al., 2002; Rhee et al., 2005). Peroxiredoxins are actually major components of cells, 

representing about 0.1-0.8% of the total soluble protein fraction in most mammalian cell 

types (Chae et a l, 1999). The six known family members in mammals are divided into 

two classes, 1-Cys and 2-Cys peroxiredoxins, depending on the number of cysteine
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residues involved in catalyzing the reaction (Chae et a l,  1994) and recent data suggests 

that the 2-Cys peroxiredoxin subclass can be further divided into two more categories 

based on mechanistic and structural differences. Studies have shown that peroxiredoxins 

can counteract oxidative stress arising from a variety of sources in different organisms 

(Akerman and Muller, 2003; Kim et a l, 2001a; Mitsumoto et a l, 2001). Apart from 

their role in antioxidant defense in the detoxification of hydroperoxides (in the presence 

of thioredoxin and thioredoxin reductase) (Chae et a l,  1999), recent studies have also 

shown strong evidence that H2O2 is involved in intracellular signal transduction (Rhee et 

al., 2003; Wood et a l , 2003). For example transient elevations of intracellular H2O2 

occur in response to various cytokines and peptide growth factors, elevated H2O2 affects 

the function of various protein kinases and phosphatases, transcription factors, and G 

proteins, and inhibition of H2O2 generation results in a complete blockage of signaling by 

various growth factors (Rhee et al., 2003). Studies that have looked at H2O2 generated as 

a result of membrane receptor activation have shown that 2-Cys peroxiredoxins not only 

eliminate the intracellular H2O2 produced during receptor activation but also prevent 

further downstream signaling events from occurring (Kim et a l, 2000). A report has 

even shown that overexpression of peroxiredoxins could ultimately suppress the 

transcriptional activity of the nuclear factor (NF)-kB transcription factor (Kang et a l , 

1998). This ability of peroxiredoxins to affect transcriptional activity made them an even 

more interesting set of enzymes to study in the hibemator model.

Given the importance of antioxidant defenses to successful hibernation, we 

reasoned that hibernation-responsive changes in peroxiredoxins may be part of the 

adaptive strategy that provides defense against oxidative stress for the hibernating
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mammal. The present chapter examines the responses to hibernation by peroxiredoxin 1,

2 and 3 (Prdx 1, Prdx2, Prdx3), all 2-Cys subfamily members, in BAT and heart of 

thirteen-lined ground squirrels, Spermophilus tridecemlineatus. Western blotting was 

used to quantify Prdx protein levels in tissue samples from euthermic versus torpid 

animals, a partial prdx2 sequence was amplified and used to assess prdx2 transcript levels 

by RT-PCR, and total 2-Cys peroxiredoxin enzymatic activity was measured. The data 

highlight the importance of peroxiredoxins in the defense mechanisms for dealing with 

oxidative stress in hibemator organs and their potential involvement in intracellular 

signaling over torpor-arousal cycles.

MATERIALS AND METHODS 

Animals

Animals were prepared and treated as described in Chapter 4.

Total RNA isolation and quality assessment.

Total RNA and the assessment of its quality were performed as described in 

Chapter 2.

cDNA synthesis and PCR amplification o f prdx2.

The amplification of prdx2 was performed as described in Chapter 2 but with 

different primers. The forward primer sequence was 5’- CKGTSGACTCTCAGTTCA -  

3’ and the reverse primer sequence was 5’- TATTCCTTGCTGTCRTCCAC -  3’. A 

prdx2 fragment of 303 bp was retrieved and sequenced by Canadian Molecular Research 

Services (Ottawa, ON). The sequence was confirmed as encoding prdx2 by sequence 

comparison in BLAST.
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Western blotting

Western blotting was performed as described in Chapter 2. Antibodies specific 

for Prdxl, Prdx2 and Prdx3 (polyclonal rabbit antibodies raised against human Prdxl, 

Prdx2 or Prdx3) were purchased from LabFrontier, Korea.

Peroxiredoxin activity assay

The assay was performed as described in Kim et al. (2005). Extracts for enzyme 

assay were prepared by homogenizing weighed samples of frozen tissue 1:10 w:v in lysis 

buffer (20 mM HEPES buffer, pH 7.0, 1 mM EDTA, 1 mM EGTA, 150 mM NaCl, 1 % 

v/v Triton X-100) with a few crystals of PMSF added immediately before 

homogenization. Samples were centrifuged at 10,000 g for 15 min at 4°C and 

supernatants were collected, stored on ice and assayed for 2-Cys peroxiredoxin activity. 

Protein concentration was determined using the Coomassie blue dye-binding method and 

the BioRad prepared reagent (BioRad, Hercules, CA). A pre-reaction cocktail was 

prepared that contained 50 mM HEPES-NaOH (pH 7.0), 1 mM EDTA, 200 pM NADPH, 

1.5 pM E. coli thioredoxin and 0.8 pM thioredoxin reductase (kindly provided by Dr. 

Sylke Muller, University of Glasgow). Then 100 pM H2O2 and 15 pL of enzyme extract 

were added into reaction wells on a 96-well microplate. The reaction was started by 

adding 180 pL of the pre-reaction cocktail to the wells and NADPH oxidation was 

monitored for 30 min.

RESULTS

cDNA cloning of peroxiredoxin 2 in S. tridecemlineatus

Using RT-PCR and primers derived from the consensus sequence ofprdx2 from
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other mammalian species, a PCR product of 303 bp was retrieved from total RNA 

prepared from heart of hibernating S. tridecemlineatus. The product was confirmed as 

encoding a portion of the prdx2 sequence and the sequence was submitted to GenBank 

with accession number DQ201844. Figure 5.1 shows the nucleotide sequence of ground 

squirrelprdx2 and its translated amino acid partial sequence. In Figure 5.2 the amino 

acid sequence of ground squirrel Prdx2 is aligned with the sequences for the human, 

mouse and rat protein. The full mammalian Prdx2 sequence has 198 residues whereas the 

amplified portion of S. tridecemlineatus prdx2 encoded 101 amino acids residues, 

corresponding to 51% of the foil sequence. Figure 5.3 shows that ground squirrel Prdx2 is 

quite similar to Prdx2 from other mammals. The homology tree and homology matrix 

showed 96 % identity with human and rat Prdx2,95 % identity with mouse Prdx2 and 92 

% identity with cow Prdx2 over the amplified region. Ground squirrel Prdx2 contained a 

few unique amino acid substitutions that were not seen in non-hibernating rodents; these 

are shown in bold underline in Figure 5.2. These included substitutions of an arginine 

residue for a lysine residue at position 109 of the rat sequence. Other substitutions 

included a serine for an asparagine residue substitution at position 120 and a glycine for 

alanine substitution at position 134.

Peroxiredoxin 2 gene expression in S. tridecemlineatus

Transcript levels of prdx 2 mRNA were assessed in BAT and heart from euthermic 

and hibernating S. tridecemlineatus using RT-PCR. Primers for prdx2 were designed 

from a consensus sequence made.from human, mouse and rat sequences and were used to 

amplify mRNA from ground squirrel tissues. Figure 5.4 shows the relative prdx2 mRNA 

expression in each organ. a-Tubulin mRNA, a constitutively expressed gene, was also
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amplified from the same samples and prdx2 transcript levels were normalized against the 

tubulin transcript level in each sample. Figure 5.4B shows the ratio of normalized prdx2 

transcript levels in hibernation .versus euthermia. Prdx2 transcript levels increased 

significantly during hibernation in both organs; levels were 1.7-fold and 3.7-fold higher 

in BAT and heart, respectively, from hibernating versus euthermic animals (P < 0.05). 

Peroxiredoxin protein levels

Protein levels of peroxiredoxin isozymes 1,2 and 3 were measured by 

immunoblotting (Figure 5.5). Each antibody crossreacted with only a single protein band 

at 23, 25 or 28 kDa for Prdxl, Prdx2 and Prdx3, respectively. Figure 5.5B shows the ratio 

of Prdxl, Prdx2 and Prdx3 protein in BAT and heart from hibernating versus euthermic 

ground squirrels. Prdxl and.Prdx2 protein content increased significantly in both tissues 

of hibernating animals, compared with euthermic ground squirrels (P < 0.05). Prdxl 

protein content increased by 4.0- and 12.9-fold in BAT and heart, respectively, during 

hibernation whereas Prdx2 protein was 2.4-fold and 3.7-fold higher in the same tissues. 

Prdx3 protein levels increased significantly only in heart during hibernation by 3.1-fold 

(P < 0.05).

2-Cys peroxiredoxin activity assay

Total 2-Cys peroxiredoxin activity was assayed in ground squirrel BAT and heart 

using a spectrophotometric assay that follows the decrease in absorbance at 340 nm due 

to NADPH oxidation. Peroxiredoxin catabolism of H2O2 oxidizes thioredoxin which is 

then regenerated via thioredoxin reductase with the consumption of NADPH. Mean 

enzymatic activity in BAT was 0.45 + 0.18 mU/g fresh weight (n=3) in samples from 

euthermic ground squirrels and significantly higher, 1.52 + 0.14 mU/gfw (n=3, P<0.05)
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in samples from hibernating animals, a 3.4-fold increase. In heart, activity increased 

significantly (P<0.05) by 1.5 fold during hibernation, from 1.96 + 0.09 mU/gfw in 

euthermia to 2.96 + 0.16 mU/gfw in hibernation (both n=3).

DISCUSSION

Oxidative stress is a condition that affects small mammalian hibemators. Cycles 

of torpor-arousal result in huge differences in tissue oxygenation and oxygen 

consumption by tissues that will also cause associated wide variation in ROS generation. 

Studies with ground squirrel intestine have shown that this assumption could be true as a 

redox-sensitive transcription factor is up-regulated during both short and long torpor 

(Carey et al., 2000). ROS are highly damaging to biomacromolecules and, hence, 

effective antioxidant defense mechanisms are needed. Indeed, it has been reported earlier 

that arousing hibemators showed an increase in superoxide dismutase and glutathione 

peroxidase activities, two well-known antioxidant enzymes (Buzadzic et al., 1990). 

Recent studies have also shown that organs of hibernating bats (Myotis lucifugus) are 

responding to oxidative stress; both message and protein levels of Prdxl were up- 

regulated during hibernation and other oxidative stress markers, p- IxB-a (Ser 32) and p- 

HSP27 (Ser 78/82), were also up-regulated in heart and skeletal muscle during 

hibernation (Eddy et al., 2005). The peroxiredoxins have been linked to the oxidative 

stress response in a variety of situations and the data in this chapter also suggest that they 

are part of the antioxidant defense of organs during hibernation. Besides responding to 

oxidative stress, 2-Cys peroxiredoxins have also recently been linked with intracellular 

signaling (Kang et al., 2005). Increased levels of peroxiredoxins seem to inhibit certain
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pathways. Such is the case of Prdx2 and the platelet-derived growth factor (PDGF) 

receptor. Reports have shown that increased levels of Prdx2 can successfully inhibit the 

initiation of the signaling cascade that would normally originate from this receptor (Choi 

et a l, 2005). Studies using Prdx2 gene knockout have also previously reported activation 

of JNK and p38 MAP kinase pathways (Guyton et al., 1996). Hence, modification of 

Prdx levels in hibemator organs could also result in changes in signal transduction and 

cellular responsiveness to growth factors and other signals at different stages of the 

hibernation cycle (euthermia-entry-torpor-arousal).

It is well-known that brown fat activated during thermogenesis can experience 

oxidative stress due to the sudden increase in oxygen consumption and the generation of 

ROS that ensues (Baija de Quiroga, 1992). Heart has also been linked to oxidative stress 

following ischemia and reperfusion cycles (Marczin et al., 2003). Hibernating mammals, 

which have to deal with multiple bouts of torpor and arousal (and possibly associated 

ischemia and reperfusion as well), would also be confronted with cycles of free radical 

generation and therefore require substantial antioxidant defenses in these two tissues. 

Transcript levels of prdx2 were measured in BAT and heart of hibernating ground 

squirrels. Prdx-2 transcripts were up-regulated in both BAT and heart (by 1.7- and 3.7- 

fold, respectively) in torpid squirrels as compared with euthermic controls (Figure 5.4). 

Furthermore, Western blotting with a Prdx2 antibody confirmed that the transcriptional 

up-regulation led to significant increases in Prdx2 protein levels in these tissues, by 2.4- 

and 3.7-fold in BAT and heart, respectively (Figure 5.5). These data suggest the 

importance of Prdx2 in the oxidative stress response associated with hibernation.
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Prdx2 is a member of the 2-Cys peroxiredoxin family and to determine if the 

Prdx2 response was a specific or a general response by the whole family, I decided to 

evaluate the protein levels of other 2-Cys Prdx family members to see if they also 

responded to hibernation. Western blotting confirmed that a general elevation of 2-Cys 

Prdxs occurred during hibernation. Thus, Prdxl protein content increased significantly 

during torpor by 4.0- and 12.9-fold in BAT and heart, respectively, whereas Prdx3 

protein rose by 3.1-fold in heart (Figure 5.5). This elevation of Prdxl protein correlates 

with previous work undertaken on hibernating bats (Myotis lucifugus) that showed that 

levels of the protein PAG (now known as Prdxl) rose by ~2.0-fold in bat heart during 

hibernation (Eddy and Storey, 2005). Furthermore, studies performed with bovine aortic 

endothelial cells submitted to different oxidative stresses showed comparable increases 

Prdx3 protein under stress (Araki et a l, 1999). Hence, it appears that up-regulation of 2- 

Cys Prdx family members is an integral response to hibernation, and given that these 

proteins are known to respond to oxidative stress in other mammalian systems, we can 

postulate that their up-regulation in hibernation is due to either direct or anticipated 

oxidative stress associated with torpor-arousal cycles. Indeed, an anticipatory 

enhancement of antioxidant defenses is a commonly seen adaptive response by species 

that endure frequent bouts of oxidative stress as a result of exposure to various 

environment stresses (Hermes-Lima et al., 2001).

Increased levels of Prdx protein in ground squirrel tissues during torpor does not 

necessarily mean that the enzyme is more active since the activities of enzymes can be 

modified in may different ways. For example, it has been recently shown that Prdx can be 

overoxidized and inactivated when dealing with oxidative stress (Rabilloud et al., 2002).
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This phenomenon was subsequently shown to be reversible in radiolabelling studies 

(Woo et a l, 2003). Hence, I decided to quantify 2-Cys activity and, using a newly 

devised assay for 2-Cys Prdx activity (Kim et a l,  2005), activities in brown adipose and 

heart tissues were assayed. In both cases, a significant increase in 2-Cys Prdx activity was 

found during torpor, as compared with euthermia, with a 3.4- and 1.5-fold increase in 

brown adipose and heart, respectively. Thus, the hibernation-responsive gene and protein 

up-regulation of Prdx seen in ground squirrels was paralleled by increased Prdx activity. 

This increase in activity further indicates the potential importance of peroxiredoxins 

during hibernation. This activity is most likely directed towards H2O2 detoxification, but 

it could also be a means for hibemators to turn down certain signaling pathways that 

would not be needed in the torpid state. Studies performed with Prdx2 gene knockouts 

have revealed that deleting Prdx2, can affect activity of a variety of protein kinases 

(Guyton et a l,  1996). Previous work from our laboratory has revealed the importance of 

signaling cascades via protein kinase activities in the hibernating Richardson's ground 

squirrels, Spermophilus richardsonii (MacDonald and Storey, 2005). Therefore, the 

differential regulation of 2-Cys peroxiredoxins might also be used by hibemators to 

tightly regulate protein kinase cascades that are sensitive to hydrogen peroxide signals 

during torpor.

Analysis of the putative protein sequence of ground squirrel Prdx2 revealed 

strong identity with the protein from non-hibemating mammals (rat, mouse, human) 

(Figures 5.2 and 5.3). The cysteine residue in the C-terminal region, a feature of 2-Cys 

Prdx family members (Kang et a l,  2005), was conserved in the ground squirrel protein. 

However, a few specific substitutions were noted when the ground squirrel sequence was
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compared with other rodents: substitution of an arginine residue for a lysine occurred 

position 109, serine was substituted for asparagine at position 120, and a glycine replaced 

alanine at position 134. Unique amino acid substitutions in the sequences of ground 

squirrel proteins have been identified in several cases, for example in fatty acid binding 

proteins (Hittel and Storey, 2001), and these appear to cause protein conformational 

changes that benefit low temperature function in the torpid animal. The substitutions in 

ground squirrel Prdx2, as compared with the rat or mouse enzyme, might also be 

important for sustained function of the enzyme at low Tb but since these substitutions 

were not seen when human and ground squirrel Prdx2 were compared, the purpose of 

these amino acid changes can not yet be determined.

In conclusion, while the cloning of a partial prdx2 from ground squirrel 

highlighted the high identity of the ground squirrel protein sequence with other 

mammals, the strong increase in both prdx2 transcript and Prdx2 protein expression in 

heart and BAT suggested an important role for this antioxidant enzyme in hibernation. 

Indeed, the concurrent increase in Prdxl and Prdx3 protein levels as well as the strong 

increase in total 2-Cys Prdx activity during torpor, suggests that the entire 2-Cys Prdx 

family has a key role to play in hibernation success. This data further reinforce the fact 

that small hibemators such as the thirteen-lined ground squirrel are confronted with 

oxidative stress during hibernation and must up-regulate their antioxidant defenses to 

prevent oxidative injuries. Furthermore, peroxiredoxin activity might also be solicited to 

control certain signaling pathways during deep torpor.
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Figure 5.3
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Figure 5.4
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Figure 5.5
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The work presented in this thesis highlights two themes in hibernation 

biochemistry: overall transcriptional repression and selective transcriptional activation. 

These two themes are obviously opposite and, hence, regulating them requires a complex 

suite of tools. The hibernating animal undergoes an overall strong decrease in metabolic 

rate in order to save as much energy as possible over the winter months. This is 

accomplished by turning down or turning off the vast majority of metabolic functions that 

are not needed in the torpid state. However, a subset of metabolic functions is directly 

linked to survival in the cold and must be up-regulated as the animal enters torpor. For 

example, metabolic pathways involved in thermogenesis and fatty acid catabolism are 

crucial for the hibernating animal.: .One way to make selective changes to individual 

metabolic functions is to control the expression of specific genes via the use of specific 

transcription factors. By increasing the binding activity of these proteins, hibemators can 

increase the transcription of a group of genes by turning on one transcription factor 

“switch”. Whether it is activation of the transcription factor via phosphorylation or a 

suppression of transcription factor degradation, hibernating mammals are able to use 

selected changes in the amount of these factors to control a range of genes that will elicit 

the various responses needed for hibernation success.

The importance of two different transcription factors in hibernation was first 

examined by looking at their protein levels in tissues of euthermic versus hibernating 

ground squirrels. Following identification of the organs that showed up-regulation of 

these transcription factors, further experiments were conducted to verify that elevated 

protein levels of these factors also correlated with an increase in DNA-binding activity 

and active gene transcription. To do this, DNA-binding studies and Western blotting of
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known downstream gene protein products under the control of these transcription factors 

were performed. Levels of mRNA transcripts of the two transcription factors were then 

measured by RT-PCR to determine if the hibemator also turned on the transcription 

factor genes during torpor. It is known that hibemators exert tight control over multiple 

energy-consuming processes in order to suppress overall metabolic rate by >95%. To 

determine if this included transcriptional suppression, an analysis of the transcriptional 

state in skeletal muscle of euthermic versus torpid ground squirrels was performed. By 

looking at protein levels via Western blotting and activity of selected enzymes involved 

in transcription control using enzymatic approaches including fluorometric and PCR- 

based assays, it was determined that hibernating ground squirrels showed transcriptional 

suppression during torpor. These results further highlight the importance of transcription 

factor control of specific genes during torpor because it allows for selective up-regulation 

of specific genes that aid hibernation survival against a background of overall 

transcriptional suppression. Together these different techniques provided insights on the 

use of transcription factors to activate specific pathways that are required by animals to 

make smooth transitions into and out of their hibernation cycles.

Transcriptional control during hibernation

In chapter 2 ,1 looked at the involvement of the transcription factor HIF-1 in 

ground squirrel hibernation. HIF-1 a gene and protein levels were measured in different 

organs of hibernating versus euthermic squirrels using RT-PCR and Western blotting, 

respectively. Interestingly, significant changes were seen at the protein level in two 

tissues involved in thermogenesis; muscle and BAT. However, unlike HIF-1 a  protein
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levels, levels of HIF-1 a  mRNA transcripts were stable across the tissues examined. This 

suggests that HIF-1 a  protein degradation could be reduced during hibernation leading to 

more HIF-la protein remaining intact in the cytoplasm. HIF-1 DNA-binding activity 

was assessed in BAT, the tissue that showed the biggest increase in HIF-la protein. It 

was shown that HIF-1 DNA-binding activity went up 6.0-fold in hibernating BAT, 

demonstrating that HIF-1 is more transcriptionally active during torpor versus euthermia. 

This fold-increase in DNA-binding activity was substantially greater than the measured 

1.7-fold rise in HIF-la protein levels during torpor which suggests that an additional 

activation of existing HIF-la protein could occur during hibernation that allows for the 

greatly increased DNA binding activity.

One such mechanism that has been reported is protein phosphorylation of HIF-la 

(Dery et al., 2005). HIF-1 transcriptional activity and downstream gene activation can be 

increased following stimulation of the p42/44 MAPK pathway (Richard et al., 1999). 

Stimulation of this pathway can also result in phosphorylation of the co-activator 

p300/CBP and this also leads to an increase in HIF-1 transcriptional activity (Sang et al.,

2003). Indeed, this pathway is solicited during hibernation; recent studies showed that 

the p42/44 MAPK (ERK1 and ERK2) is activated in selected tissues of hibernating 

Richardson's ground squirrels, Spermophilus richardsonii (MacDonald and Storey,

2005). This significant increase in HIF-1 binding to the HRE reported here further 

confirms that this transcription factor plays a role in hibernation. But what exact role 

does HIF-1 play?

HIF-1 is best known for its actions in mediating gene responses to hypoxia, 

triggering the expression of numerous genes involved in increasing oxygen delivery to
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tissues (VEGF, EPO, etc) or in enhancing glycolytic capacity. But while oxygen delivery 

and blood flow are strongly reduced in hibemators, the argument can be made that torpid 

animals are not subjected to hypoxic conditions since metabolism in torpor remains lipid- 

based and oxygen does not seem to be a limiting factor. Recent discoveries on the 

subject might explain what seems to be a contradiction. Studies are now showing that 

HIF-1 can also be activated under normoxic conditions in response to non-hypoxic 

stimuli including growth factors and cytokines (Dery et al., 2005). The mechanism in 

this case relies on an increase in HIF-la translation via activation of the PI3 kinase 

(PI3K) pathway and its downstream effectors mTOR and p70S6 kinase. Not much is 

known about the expression of these two proteins during hibernation, but it is tempting to 

speculate that they could play a role in the non-hypoxic activation of HIF-1. Data from 

this thesis could support this mechanism since stable levels of HIF-la gene transcripts 

and increased levels of HIF-la protein were measured. Further studies on these potential 

H IF-la activators in hibernating ground squirrels are warranted to better define the role 

that HIF-1 plays in hibernation.

Using 3’ and 5’RACE techniques, the research in this thesis also reported the first 

amplification and sequencing of HIF-la from a hibernating mammal. When ground 

squirrel HIF-la was compared to the protein from non-hibernating mammals, it was 

found that this transcription factor is well-conserved among mammals. No major 

changes were found in the domains responsible for dimerization with HIF-1p or for HIF- 

la  degradation in normoxia.. On,the other hand, key substitutions were found in the HIF- 

la  transactivation domain and further studies into whether or not these changes improve 

the transactivation properties of HIF-1 at low temperatures is needed.
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In general, the results gathered on the HIF-1 pathway in ground squirrel provide 

novel insights into the biochemical mechanisms of survival under conditions of 

hypothermia and hypometabolism that would be lethal to most other mammals, including 

man. That HIF-la plays an important role in cold tolerance and mammalian hibernation 

is also supported by additional studies that I have undertaken but are not reported in this 

thesis. Analysis of HIF-la protein responses during hibernation in selected tissues of a 

distinctly different type of hibemator, the little brown bat Myotis lucifugus, showed that 

HIF-la protein levels are also elevated during torpor in this species (Figure 6.1), 

indicating a possible universal role for HIF-la in hibernation. Furthermore, a positive 

response by HIF-1 to cold exposure also occurs in cold-hardy insects. My studies with 

the freeze-tolerant goldenrod gall fly Eurosta solidaginis showed that HIF-la protein 

levels increased over the midwinter months when the larvae must endure severe subzero 

temperatures and freezing exposures (Figure 6.2) (Morin et al., 2005). Finding the exact 

purpose of the increased expression of this important transcription factor under what 

seems to be non-hypoxic conditions will be the next challenge.

The specific activation of selected transcription factors is only one side of the 

hibernating story. In fact, the profound metabolic rate suppression in hibernation is 

associated with such a decrease in the major metabolic pathways that an increase in a 

specific transcription factor and its pathway is the exception rather than the rule in 

hibernating animals. Hibemators use these DNA-binding proteins to activate only a 

small set of metabolic functions that address very specific problems in torpor survival. 

Therefore, it is reasonable to think that the overall rate of transcription is strongly 

decreased during hibernation and, indeed, the results presented in Chapter 3 strongly
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suggest this. Using an approach that combined enzyme assays and Western blots, the 

transcriptional state of ground squirrel muscle during hibernation was assessed. The 

major part of the analysis consisted of an examination of the state of nuclear proteins 

called histones. Posttranslational modifications of histones by acetylation or 

phosphorylation lead to chromatin remodeling that facilitates transcription (Lee et al., 

1993). Histone H3 protein levels were shown to remain constant during hibernation, but 

levels of the modified protein forms were significantly reduced. Both reduced 

phosphorylation and reduced acetylation of histones is associated with a reduction in the 

overall transcription rate of DNA. Other data that concurred with this evidence came 

from the measurement of histone deacetylase (HD AC) protein levels and enzymatic 

activity. The function of histone deacetylases is to remove the acetyl groups attached to 

the histone proteins which then facilitates transcriptional silencing. My data showed that 

both the total amount of these proteins and their activity were increased in skeletal 

muscle of hibernating ground squirrels. The last step designed to evaluate transcriptional 

activity during hibernation involved the measurement of RNA Polymerase II activity. 

Using a PCR-based approach, it was shown that the ability of the enzyme to transcribe a 

pre-selected gene on a plasmid was significantly reduced in samples from hibernating 

ground squirrels compared with euthermic controls. All these data indicate a decrease in 

overall transcriptional rate in ground squirrel muscle during torpor. These finding are in 

line with previous work that used other methodologies to also indicate a decrease in gene 

transcriptional rates in torpid animals (van Breukelen and Martin, 2002; Osborne et al.,

2004). The data reported here clearly support a change in the transcriptional state of the 

muscle genome during hibernation and reinforces the importance of transcription factor-
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mediated gene transcription for the selective expression of key genes against the 

background of overall strong transcriptional suppression during torpor.

Evidence for oxidative stress in hibernating S. tridecemlineatus

Hibemators also go through phases during a hibernation bout that are associated 

with oxidative stress. Indeed, whether because of autoxidation of PUFAs during the 

period of deep torpor or high rates of ROS generation during arousal periods when blood 

flow, oxygen delivery and oxygen consumption increase markedly, hibemators need to 

tightly regulate their antioxidant defenses. Several studies have reported increased 

antioxidant enzyme activities in hibernating ground squirrels (Buzadzic et al., 1990; 

Carey et a l , 2000), but not much was previously known about the expression of 

transcription factors involved in the oxidative stress response in hibernation. One 

transcription factor known to play a role in the response to oxidative stress is Nrf2.

Using a similar experimental approach to that taken in the HIF-1 study, Nrf2 gene and 

protein levels were measured and presented in Chapter 4 along with an examination of 

the responses of various downstream proteins. In this case, Nrf2 protein levels were 

quantified over a full hibernation cycle consisting of animals that were active in cold 

room versus entrance in hibernation, early and deep hibernation, early arousal and fully 

arousal. This allowed me to locate the time in the torpor-arousal cycle when Nrf2- 

controlled antioxidant defenses were activated. Nrf2 transcript and protein levels 

increased significantly during entry into torpor in heart of S. tridecemlineatus (Figures 

4.4, 4.5). Nrf2 protein levels were significantly elevated during entry into torpor and 

remained high throughout torpor, dropping back to initial levels only in fully aroused
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animals. Using Western blotting, the protein content of three enzymes known to have the 

Nrf2-binding antioxidant response element (ARE) in their promoter regions were 

measured; Cu/Zn SOD, AFAR1 and HO-1 (Figures 4.6,4.7 and 4.8). Protein levels of all 

three increased during entry into or early torpor in heart. Overall, these results 

demonstrated that while Nrf2 levels are sustained at high levels throughout the 

hibernation cycle, the genes under its control, albeit their protein products, are apparently 

up-regulated only as a very early response in torpor. This suggests that these responses 

act to build up the hibemator’s antioxidant defenses before going into deep torpor. It is 

also interesting to note that the antioxidant enzymes measured here were not further 

elevated during arousal when one might think that they would be. This suggests that 

other types of antioxidant defenses may be up-regulated to meet ROS challenge during 

arousal.

Another group of enzymes that is involved in detoxifying ROS is the 

peroxiredoxins. Chapter 5 looked at the gene and protein expression of selected 

peroxiredoxins in S. tridecemlineatus organs. The gene for one of them, Prdx2, has also 

been shown to possess ARE binding sites in its promoter region. Using RT-PCR, prdx2 

transcript levels were shown to be up-regulated in hibernating heart and BAT and 

subsequent Western blotting showed that the increase in mRNA levels was also 

correlated with elevated protein levels. Indeed, Prdxl, Prdx2 and Prdx3 proteins were all 

significantly up-regulated during torpor in the two tissues, with the exception of Prdx3 in 

BAT. Measurement of 2-Cys peroxiredoxin activity further confirmed that elevated 

protein content led to an increase in enzymatic activity. These data further suggest that
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hibemators are exposed to conditions of elevated ROS generation and that up-regulation 

of peroxiredoxins is one of the ways used by the animals to deal with this problem.

Furthermore, peroxiredoxins might also play a role in hydrogen peroxide 

signaling in hibemators. Recent studies suggest that intracellular protein kinase pathways 

are affected when peroxiredoxin levels are altered. Considering the fact that these 

signaling pathways are often used to activate transcription factors by phosphorylation, an 

increase in peroxiredoxins during hibernation could have a direct impact on the 

transcription of selected genes. Indeed, peroxiredoxins can inhibit the activity of 

transcription factors such as NFkB (Kang et al., 1998). Added to this, it is known that 

activity of this redox-sensitive transcription factor is low in BAT of hibernating ground 

squirrels (Carey et al., 2000). Thus, elevated 2-Cys peroxiredoxins activity in BAT 

during hibernation could lead to altered regulation of NFkB and/or other transcription 

factors in torpor. This ability of peroxiredoxins in hibernation remains to be clarified. 

Overall, peroxiredoxins do show an increase in protein levels and activity during 

hibernation and this, along with the results presented in Chapter 4, further highlights the 

importance of well-developed antioxidant defenses during hibernation.

Outlook

The data gathered in this thesis focused mainly on the transcriptional status of 

hibernating ground squirrels. Two transcription factors; HIF-1 andNrf2, were identified 

that showed differential expression during hibernation. These transcription factors were 

chosen initially because of the molecular pathways that they are known to regulate. 

Variations in oxygen levels along with the generation of ROS during the various phases
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of hibernation lead me to propose that these transcription factors could have important 

roles to play over the cycles of torpor and arousal that occur during the winter season.

An examination of DNA microarray data gathered by our laboratory was another means 

to verify if  these projects were viable. An increase in the expression of downstream 

genes is usually a good sign that the Upstream transcription factor is activated and, 

notably, microarray data comparing euthermic and torpid ground squirrels indicated 

putative up-regulation of several downstream genes of HIF-1 and Nrf2 during torpor. 

Following this initial lead, Western blotting to measure transcription factor protein levels 

was performed and subsequent studies involving RT-PCR and measurement of 

downstream gene targets were performed to highlight the activity of the transcription 

factor at different points in the hibernation cycle. Future studies involving transcription 

factor control in hibernation will also now be able to rely on specific transcription factor- 

DNA microarrays which allow a complete screening of all known transcription factors 

that might be involved during hibernation (or in other states of metabolic depression).

This approach will allow researchers to identify transcription factors that have never 

before been considered as contributing to hibernation and, by identifying those 

transcription factors, whole new groups of downstream genes may be highlighted and 

suggest new avenues of research into the metabolic functions that define the hibernation 

phenotype. Transcription factor-DNA arrays basically function as a modified EMSA 

(electrophoretic mobility shift assay) and rely on the fact that the response elements to 

which individual transcription factors bind are now known in most cases. These response 

elements are typically highly conserved across species and this allows for cross-species 

hybridization. Following this analysis, traditional EMSAs can then be performed to
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validate, quantify and monitor the pattern of stress-induced changes in transcription 

factors. This approach, along with DNA microarrays, is a powerful tool to generate leads 

and to get a good overview of the metabolic pathways and functions involved in creating 

the hibernation phenotype. Techniques such as these will surely be needed to perform a 

thorough search of the transcription factors involved in the hibernating response.

This thesis looked at four hypotheses related to the molecular control of 

mammalian hibernation. The expression and the potential role of the transcription factor 

HIF-1 was addressed first. HIF-la was shown to be elevated at the protein level and 

activated in tissues of hibernating ground squirrels. HIF-la sequence analysis, the first 

HIF-la from a mammalian hibemator, revealed key amino acid substitutions that could 

lead to significant conformational changes that might enhance H IF-la function at the low 

body temperatures in the torpid state. Secondly, transcriptional status was analyzed in 

skeletal muscle during hibernation. Enzymatic analysis revealed that RNA Polymerase II 

activity was significantly reduced during torpor. Additional studies looked at the protein 

levels and activity of histone deacetylases (HDACs), enzymes involved with 

transcriptional repression. In both cases, the levels were significantly elevated in 

hibernating samples. Post-translational modifications of histone H3 were also assessed 

and the results also supported a reduction in the transcriptional state in muscle during 

hibernation. Overall, the data were consistent with significant transcriptional repression 

during hibernation. The third hypothesis dealt with the transcriptional response to 

oxidative stress during hibernation. Analysis of levels of the Nrf2 transcription factor as 

well as several of its downstream gene targets in ground squirrel tissue revealed that this 

pathway was indeed turned on during hibernation. While levels of Nrf2 were elevated
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over all heterothermic portions of the hibernation time course, increased protein levels of 

Nrf2 downstream genes were elevated only as an early response to torpor, suggesting that 

elevation of antioxidant defenses is an anticipatory response as animals enter torpor. 

Finally, a need to deal with another aspect of ROS stress, hydrogen peroxide production, 

was hypothesized and led to an examination of 2-Cys peroxiredoxins in BAT and heart. 

This group of enzymes was recently identified as playing a key role in detoxifying ROS 

and is also involved in the down-regulation of specific transcription factors. Results 

presented here showed that these enzymes were increased at the protein level during 

hibernation and that this correlated with an increase in activity. This suggests that 

hibemators use this class of enzymes to detoxify certain ROS generated during torpor and 

this highlights a possible new means used by hibemators to control transcription factors 

by interfering with certain signaling pathways.

In summary, this thesis examined transcriptional control during hibernation by 

studying transcription factors and downstream genes targets that are differentially 

regulated in selected tissues of hibernating thirteen-lined ground squirrels. The overall 

transcriptional state of gene expression was shown to be suppressed during torpor but 

selected transcription factors were activated including the oxygen-sensitive HIF-1 and the 

ROS-sensitive Nrf2. Elevated levels of antioxidant proteins that are downstream targets 

of Nrf2 as well as enhanced levels of 2-Cys peroxiredoxins in organs during torpor 

document the key importance of antioxidant defenses to hibernation success.
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