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ABSTRACT OF THE DISSERTATION

Contraction-Induced Elevation of Heat Shock Protein 72 mRNA Content in Isolated 

Single Skeletal Muscle Fibers

by

Creed Michael Stary

Doctor of Philosophy in Biomedical Sciences

University of California, San Diego, 2006

Professor Michael C. Hogan, Chair

Professor Peter D. Wagner, Co-Chair

Heat shock protein 72 (HSP72) is a cytoprotective element that is induced 

during conditions of cell stress, and which has been shown to restore intracellular 

homeostasis following cell stress in a variety of tissues, including skeletal muscle.  

Exercise is a non-specific stress, particularly to skeletal muscle, and it has been 

previously demonstrated in whole animal and human preparations that exercise can 

induce elevations in skeletal muscle HSP72 transcription.  However, due to fiber-type 

and muscle recruitment heterogeneity, generation of heat, and the multitude of 

intracellular disruptions which may occur during whole body exercise, the 



xiv

xiv

mechanisms of transcriptional activation remain unknown.  This dissertation extends

previous knowledge of exercise-induced HSP72 activation from whole animal and 

human models to the single cell level.  Specifically, this dissertation describes the 

development of an isolated single skeletal muscle fiber model of contraction-activated 

elevation in HSP72 mRNA via development of quantitative PCR methodology 

enhanced for these single fibers.  This model is used to demonstrate the temporal 

kinetics of contraction-induced increases in HSP72 mRNA in skeletal muscle, and to 

test the hypotheses that increased HSP72 mRNA transcription following contractions

in single skeletal muscle fibers is independent of the development of heat or 

extracellular signaling sources, and dependent on the development of fatigue, and on 

fiber type.  Finally this model is employed to test the hypotheses that free cytosolic 

Ca2+, alterations in phosporylation potential and/or reactive oxygen species generation 

contribute to contraction-induced elevations of HSP72 mRNA in single skeletal 

muscle fibers.



CHAPTER 1

INTRODUCTION

1-1 Abstract

Heat shock proteins (HSP’s) are heat-inducible elements present in the cells of 

all organisms, which exhibit cytoprotective function to varying degrees.  Heat shock 

protein 72 (HSP72) is a well studied HSP which has been shown to reduce disruptions 

in intracellular homeostasis and to restore cellular function in a variety of tissues.  It 

has been recently established that elevation of HSP72 has a profound effect in skeletal 

muscle, including protection during and following injury as well as regulation of 

apoptosis, and decreases in HSP72 may be associated to the age-related decline in 

skeletal muscle function.  Although the factors which induce HSP72 in most tissues 

are varied, a notable inducer of this protective element in skeletal muscle is exercise.  

However, due to factors inherent with whole animal and exercising human models, 

including fiber-type and motor unit recruitment heterogeneity, delineation of the 

particular intracellular factors which may contribute to the exercise-induced elevation 

of HSP72 in skeletal muscle (including generation of reactive oxygen species, 

elevations in cytosolic [Ca2+], alterations in phosphorylation potential, heat, etc.) 

remain unknown.  Single cell models are free from these constraints, and the isolated 

single skeletal muscle fiber model used in the present studies permits more precise 

control over the individual factors that may contribute to the cell-specific exercise -

1
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induced elevation of HSP72.  Discovering and describing the primary intracellular 

factor(s) which contribute to the exercise-induced of HSP72 in skeletal muscle will 

facilitate the development of therapeutic strategies which can exploit the protective 

benefits of HSP72 as it pertains to aging, apoptosis and cellular necrosis in skeletal 

muscle.

1-2 Preface

This dissertation will outline the development of methods to measure 

contraction-induced elevations in mRNA content in isolated single skeletal muscle 

fibers, and the implementation of that model in testing hypotheses concerning the 

mechanisms controlling HSP72 expression in response to contractions in skeletal 

muscle.   The first chapter begins with an introduction to skeletal muscle and HSP72, 

and on the protective role it plays in tissues, particularly in skeletal muscle, during and 

following cell stress.  The known mechanism of activation and a summary of research 

investigating the factors currently known to stimulate expression of HSP72 in muscle, 

in particular exercise and the alterations in intracellular homeostasis associated with 

exercise, will be provided.  Finally, an overview of the benefits of utilizing the 

Xenopus laevis isolated single skeletal muscle fiber model for investigating the 

cellular response to contractions will be presented, followed by a summary of 

hypotheses to be tested.

The second chapter outlines the development of a single cell model of 

contraction-induced elevations in mRNA using the Xenopus isolated single skeletal 
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muscle fiber.  This model is used to establish the novel use of two internal endogenous 

controls (“housekeeping genes,” HKG’s), HSP60 and cardiac α-actin, and to test the 

hypothesis that a single bout of fatiguing contractions can induce an acute elevation in 

relative HSP72 mRNA content in single fibers.  This study demonstrated that the 

relative ratio of HSP60 and cardiac α-actin mRNA remain stable following a 15 min 

bout of fatiguing, tetanic contractions, indicating their suitability as HKG’s in skeletal 

muscle studies incorporating contractile paradigms.  Furthermore, results from this 

study indicate that a single 15 min bout of fatiguing tetanic contractions induces an 

elevation in relative HSP72 mRNA content 2 hrs after the cessation of contractions 

when normalized to either HSP60 or cardiac α-actin mRNA content.  These results 

suggest that the elevation in HSP72 mRNA content following a single bout of 

contractions may arise from an intracellular source (as opposed to an extracellular 

signaling pathway), and that the elevation in transcription occurred despite the absence 

of temperature changes. 

Using the techniques developed in Chapter 2, the third chapter addresses the 

hypotheses that the contraction-induced elevation of HSP72 mRNA content in the 

Xenopus isolated single skeletal muscle fiber model is dependent on and fiber type and 

the development of fatigue.  Specifically, the following hypotheses are tested: 1) that 

slow-twitch fibers, which have a higher mitochondrial volume density, have a higher 

constitutive expression of HSP72 mRNA than fast-twitch glycolytic fibers; 2) that 

fast-twitch glycolytic fibers, which are more susceptible to intracellular perturbations, 

are more responsive to contraction-induced elevations in HSP72 mRNA than slow-

twitch oxidative fibers; and 3) that the development of fatigue is necessary to induce 
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elevations in HSP72 mRNA following contractions in single skeletal muscle fibers.  

These hypotheses are tested by subjecting individual fibers of both types to low 

frequency non-fatiguing tetanic contractions, and to high-frequency fatiguing tetanic 

contractions, followed by analysis of HSP72 mRNA content.  The results of this study 

indicate that the development of fatigue [and the associated intracellular disruptions 

which occur during fatigue, such alterations in pH and/or the phosphorylation 

potential, generation of reactive oxygen species (ROS), etc.] is not necessary to induce 

elevation of HSP72 mRNA in fast twitch single skeletal muscle fibers.  Furthermore, 

results from this study indicate that neither 15 min non-fatiguing, nor 15 min fatiguing 

contractions, are sufficient to induce an elevation of HSP72 mRNA in slow twitch 

fibers.  These results may be explained by the finding that constitutive expression of 

HSP72 mRNA is significantly higher in slow twitch fibers, relative to fast-twitch 

fibers.

The hypothesis that the transient elevation in free cytosolic Ca2+ associated 

with skeletal muscle contraction is a primary factor in the contraction-induced 

elevation of HSP72 mRNA content in single skeletal muscle fibers is investigated in 

Chapter 4.  Single fibers exposed to the crossbridge-cycling inhibitor BTS (which 

resulted in >90% impairment in developed tension) demonstrate an elevated relative 

HSP72 mRNA content following 15 min of electric stimulation similar to fibers 

stimulated in the absence of BTS.  As peak Ca2+ release from the sarcoplasmic 

reticulum (SR) during stimulation was unchanged following BTS exposure (observed 

via the ratiometric Ca2+-indicator fura 2), it is concluded that the transient elevation in 

peak free cytosolic [Ca2+] associated with contractions was sufficient to elevate
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HSP72 mRNA content in these single fibers.  Follow up studies, in which single fibers 

were exposed to hypoxia, hypoxia/reperfusion during contractions, and incubation 

with the AMP-dependent kinase activator AICAR all failed to increase HSP72 mRNA

content, suggesting that alterations in phosphorylation potential, generation or ROS 

and/or reductions in O2 availability per se were not significant factors in the elevation

of HSP72 mRNA content in this model.  These results point to the transient elevation 

in Ca2+ associated with contractions as a primary stimulus to elevate HSP72 mRNA 

content in the Xenopus  single skeletal muscle fiber model

The final chapter is a conclusion summarizing these studies, and outlining the 

significance and future application of this data in therapeutic strategies.

1-3  Skeletal Muscle

Skeletal muscle is remarkable in its array of measures to counter and adapt to 

challenges from the environment that result in regeneration, hypertrophy, and 

enhanced metabolic potential.  Naturally, as the function of skeletal muscle (i.e. 

locomotion) suggests, one of the most powerful stimuli for inducing changes in 

skeletal muscle phenotype is physical exercise (Holloszy and Coyle, 1984).  Skeletal 

muscle is also particular in that it is not unusual for the myocyte to experience 

metabolic extremes in its intracellular environment, such as decreases in intracellular 

PO2 (Hogan, 2001; Richardson et al., 1995), increases in intracellular metabolites (H+, 

inorganic phosphate, ADP) (Fitts, 1994; Fitts, 1996; Westerblad et al., 2002), 

generation of reactive oxygen species (Reid, 2001; Vandenboom, 2004), mechanical 
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stress, and the generation of heat (which may reach 45oC in contracting whole muscle

(Brooks et al., 1971), particularly during high intensity exercise.  Perhaps out of 

necessity, the skeletal muscle myocyte has evolved mechanisms to counter the routine 

exposure to such extreme cellular stresses, in order to avoid the deleterious effects on 

enzymatic function and protein synthesis that these noxious stimuli can wield 

(Banerjee et al., 2003; Caso and Garlick, 2005; Corbucci et al., 2005).  

Maintenance of skeletal muscle intracellular homeostasis during and following 

exposure to cellular stressors is critical not only to maintain the locomotive function of 

skeletal muscle, but also because skeletal muscle plays a key role in whole-body 

metabolic homeostasis. It is a primary site of glucose and lipid metabolism, and 

defects in metabolic pathways within skeletal muscle manifest in various clinical 

disorders associated with high morbidity and mortality, including insulin resistance, 

dyslipidemia, obesity, type II diabetes, and hypertension (Bassett, 1994).  Recently, 

the relevance of the heat shock class of proteins (HSP’s) to maintenance of skeletal 

muscle homeostasis, and their effect on preservation of metabolic and contractile 

function during and following exposure to unfavorable stimuli, has been recognized 

and intensely investigated (for reviews see (Lepore et al., 2001; Powers et al., 2001).

1-4 Heat Shock Protein 72 and Protection in Striated Muscle

HSP’s are a conserved, ubiquitous class of proteins first described in 1962 by 

F.M. Ritossa (Ritossa, 1962), when it was discovered that exposure of Drosophilia to 

heat and other unfavorable stimuli increased transcriptional activity (observed as 
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“chromosomal puffs”).  All prokaryotic and eukaryotic organisms to date express 

HSP’s, which are generally classified according to molecular weight.  The most 

inducible and well conserved HSP among species (60-80% homology between 

prokaryote and eukaryote) is the ubiquitous 72 kDa protein HSP72 (Craig, 1985; 

Kregel, 2002).  HSP72 functions as a molecular chaperone to partially folded cytosolic 

and mitochondrial proteins, thus assisting their assembly and employment, and 

prevents protein aggregation and degradation during conditions of cell stresses 

(Giffard and Yenari, 2004; Lepore et al., 2001). Among the first physiological effects 

demonstrated by HSP72 was a role in acquired thermotolerance, or the ability to 

become resistant to a normally lethal level of heat following a prior sublethal heat 

exposure (Li et al., 1983; Li and Werb, 1982).  Additional correlative evidence was 

produced which temporally linked the expression of HSP72 and acquired 

thermotolerance (Landry et al., 1982), although a causal relationship between 

cytoprotection and production of HSP72 was not established until more recent studies 

incorporating advances in molecular detection and engineering techniques (e.g. 

transfection and transgenesis models). 

Protective effects of HSP72 in myocardium.  Due to the significant mortality and 

morbidity of heart disease, initial investigations of the cytoprotective effects of HSP72 

were largely focused performed in the myocardium.  With the structural and metabolic 

similarities between skeletal and cardiac muscle, a short review of previous significant 

findings in myocardium are pertinent to this dissertation.  Early studies investigating

the response to ischemia/reperfusion in myocardium demonstrated a correlation 
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between the amount of HSP72 induced from a prior stress and the ability of 

myocardium to recover from ischemia/reperfusion (Hutter et al., 1994; Latchman, 

2001; Marber et al., 1994).  Subsequently, transfection with HSP72 of whole heart and 

cell culture provided protection from necrotic cell death due to thermal and ischemic 

insult (Heads et al., 1994; Mestril et al., 1994; Mestril et al., 1996).  The development 

of a transgenic mouse with the HSP72 element under control of a β-actin promoter, 

resulting in constitutive HSP72 over-expression in muscle (Marber et al., 1995), 

provided a more specific assessment of the effects of HSP72 upregulation.  Use of this 

model has provided compelling evidence that HSP72 indeed plays a protective role in

myocardium when exposed to a variety of noxious stimuli (Hutter et al., 1996; Marber 

et al., 1995; Trost et al., 1998).   More recent work has delineated intracellular effects 

of HSP72 in cardiac muscle such as ion channel repair, maintenance of mitochondrial

function, inhibition of proinflammatory cytokines, suppression of the c-Jun apoptotic 

signaling pathway (Christians et al., 2002; Latchman, 2001; Snoeckx et al., 2001), 

thereby providing protection against necrotic and apoptotic cell death (Giffard and 

Yenari, 2004; Lepore et al., 2001; Selsby and Dodd, 2005).

Protective effects of HSP72 in skeletal muscle.  Substantial evidence of the protective 

action of HSP72 in skeletal muscle has been recently established.  For example, Selby 

and Dodd have demonstrated correlative evidence that whole body heat treatment of 

rats during and prior to limb immobilization resulted in elevated HSP72 and decreased 

muscle wasting and oxidative stress (Selsby and Dodd, 2005).  However, whole body 

heat shock is a non-specific stress that induces many consequences, including 
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alterations in inflammatory cells, gene regulation, cellular proteins, and cell signaling 

sensitivity (Oglesbee et al., 1999; Sawaji et al., 2002; Shimizu et al., 1997).  Using 

localized heat treatment to whole skeletal muscle, Lepore et al. demonstrated that the 

viability of skeletal muscle significantly improved following ischemia/reperfusion

(Lepore et al., 2000).  As with studies investigating myocardium (see above), more 

direct studies investigating a causative relationship between upregulated HSP72 and 

protection of skeletal muscle were permitted with the development of the 

constitutively upregulated HSP72 transgenic mouse model (Marber et al., 1995). 

Miyabara et al. utilized this model to demonstrate that increased expression of HSP72 

resulted in decreased necrosis and improved recovery from applied cryolesioning to 

skeletal muscle, and that chemical induction of HSP72 in wildtype mice provided a 

similar protective effect (Miyabara et al., 2006).

In a study with perhaps more potential for direct therapeutic applications, 

McArdle et al. demonstrated that transgenic over -expression of HSP72 decreases the 

loss of force generating capacity following damaging eccentric contractions of isolated 

muscle in aged mice (McArdle et al., 2004).  The age-related decline in human 

skeletal muscle function is well documented (Lexell et al., 1988; Porter et al., 1995; 

Skelton et al., 1994), beginning around age 25, and appears primarily due to absolute 

loss of muscle fibers.  This loss of fiber number with aging may be a result of 

apoptotic events (Dirks and Leeuwenburgh, 2005; Gabai et al., 1998), and is 

temporally correlated with a decline of inducibility of HSP’s, including HSP72 

(Heydari et al., 1994).  Apoptosis has also been implicated in skeletal muscle wasting 

resulting from heart failure, pulmonary disease, and HIV/AIDS (Degens and Alway, 
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2006; Phaneuf and Leeuwenburgh, 2001).  As HSP72 has been implicated in the 

regulation of the apoptotic pathway (Gabai et al., 1998; Siu et al., 2004), it is possible 

that a causal relationship exists between the age-associated decline in HSP72 

induction and skeletal muscle function.  Evidence for this association may be found in 

the decrease in apoptosis in response to exercise (Dirks and Leeuwenburgh, 2005; 

Phaneuf and Leeuwenburgh, 2001).  For example, Siu et al. have recently 

demonstrated that exercise training results in decreased pro-apoptotic markers, while 

anti-apoptotic markers and HSP72 became elevated (Siu et al., 2004).  These findings 

suggest that delineating the factors which regulate the induction of HSP72 in skeletal 

muscle likely has relevance in therapeutic interventions for skeletal muscle injury, 

apoptosis, and the age- and disease-related decline in skeletal muscle function.

1-5 HSP72 Induction and Exercise

During the non-stressed state, HSP72 is bound to heat shock transcription 

factor (HSF).  Upon exposure to a noxious stimulus HSF dissociates from bound 

HSP72 and becomes phosphorylated by an active serine/threonine protein kinase.  

Potential phosphorylating candidates include protein kinases A and C (PKA, PKC; 

(Ohnishi et al., 1999)), calcium/calmodulin-dependent kinase (CaMK; (Le Bihan et 

al., 1998)) and AMP-dependent kinase (AMPK; (Ecochard et al., 2004)).  The 

upregulation of HSP72 occurs following activation and trimerization of HSF, 

permitting binding to the heat shock response promoter element with subsequent 

initiation of transcription (Amin et al., 1988).  Although HSP72 mRNA expression 
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may be regulated following activation of HSF (Chen et al., 1999), protein expression 

generally appears to be controlled at the level of transcription (Ohnishi et al ., 1999; 

Schett et al., 1999; Wang et al., 2004).  Release and phosphorylation of HSF, and 

induction of HSP72, has been demonstrated following a variety of noxious stimuli 

apart from high temperature, including exposure to oxidants, ischemia/reperfusion, 

increased cytosolic Ca2+, decreased high energy phosphate availability, and decreased 

pH (Kilgore et al., 1998; Kregel, 2002; Lepore et al., 2001; Powers et al., 2001).

Exercise has the capacity to induce extreme metabolic disruptions in skeletal 

muscle, (such as intracellular hypoxia, altered phosphorylation potential, and 

disruptions in cytosolic Ca2+-handling), as described above, and increased 

transcription of HSP72 mRNA in skeletal muscle following a single, acute bout of 

exercise has been previously described in both exercising animals (Hernando and 

Manso, 1997; Locke et al., 1990; McArdle et al., 2001; Milne and Noble, 2002; Salo 

et al., 1991; Skidmore et al., 1995) and humans (Febbraio et al., 2002; Khassaf et al., 

2001; Khassaf et al., 2003; Morton et al., 2006; Puntschart et al., 1996; Thompson et 

al., 2002; Thompson et al., 2003; Thompson et al., 2001; Walsh et al., 2001).

Although these results suggest an importance of HSP72 induction in skeletal muscle, 

the mechanisms of exercise-induced skeletal muscle HSP72 induction have been 

largely speculative (for reviews see (Kilgore et al., 1998; Lancaster and Febbraio, 

2005; Liu and Steinacker, 2001; Locke and Noble, 1995; Powers et al., 2001).  

However, evidence in whole animal and human studies has suggested that high 

intensity, fatiguing exercise, results in a greater elevation of HSP72 than more 

moderate exercise (Liu et al., 2004; Milne and Noble, 2002).  These results suggest 
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that one or all of the intracellular disturbances (as discussed above) which occur 

during high-intensity fatigue, such as decreases in intracellular PO2, alteration of the 

phosphorylation potential, generation of reactive oxygen species, alterations of 

cytosolic Ca2+-handling, mechanical stress, and the generation of heat, may contribute 

to the exercise-induced elevation of HSP72 (Figure 1-1).

Previous experiments in whole animal models investigating the exercise-

induced increase in HSP72 transcription have also demonstrated a differential HSP72 

response between fiber types (Locke et al., 1994; Locke et al., 1991; Milne and Noble, 

2002), with muscle composed of predominantly fast-twitch muscle fibers showing a 

greater elevation in HSP72 than muscle composed of slow-twitch oxidative fibers.  

Furthermore, it’s been observed that slow-twitch oxidative muscle has a greater 

constitutive expression of HSP72 (Locke et al., 1994; Locke et al., 1991; Ogata et al., 

2003; O'Neill et al., 2006).  As different training paradigms recruit different fiber-

types, and aging is associated with fiber-type switching (Dirks and Leeuwenburgh, 

2005), these findings suggest that elucidating potential intensity- and fiber type-

specific HSP72 responses is critical in the future development of appropriate 

therapeutic strategies employing or restoring HSP72 activation in skeletal muscle.

However, muscle fiber-type heterogeneity and fiber-type recruitment patterns in these 

whole animal studies make a precise determination of fiber-type specific responses to 

exercise difficult to achieve.  Furthermore, due to the heterogeneous mix of tissue 

contained in whole muscle or biopsy homogenates which have been shown to produce 

HSP72 in response to stress, including nervous tissue (Sharp and Sagar, 1994), 

endothelium (Jornot et al., 1991), and phagocytic cells (Khassaf et al., 2003), the 
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increase in HSP72 mRNA arising from the skeletal muscle myocyte alone can not be 

established from these studies.  Finally, due to the various intracellular metabolic 

complexities that occur during very high intensity exercise, it remains largely 

undetermined, and likely variable, which intracellular stimuli are responsible for the 

induction of HSP72 during high intensity exercise in skeletal muscle.

1-6 The Single Skeletal Muscle Fiber Model

Unlike whole animal and whole muscle models, in the isolated single skeletal 

muscle fiber preparation (Figure 1-2), problems associated with fiber-type recruitment 

heterogeneity are eliminated.  Furthermore, the extracellular environment is 

homogeneous, and can be easily adjusted and determined, therefore eliminating 

complications associated with substrate availability, extracellular pH, and/or metabolic 

waste product removal.  Although internal labile heat production cannot be eliminated 

during contraction (Lannergren et al., 1993), such nominal levels of heat are rapidly 

dissipated through conduction and convection in a well stirred medium.  Therefore cell 

temperature during contractions is predominantly determined by extracellular sources, 

which can be easily set and maintained.  In addition, as the single skeletal muscle fiber 

preparation is free from interaction with other cell types, it can be determined if the 

signal to increased HSP72 transcription following contractions arises from an 

intracellular source, and is not a result of signal transduction originating from 

extracellular sources (e.g. cytokine, catecholamine, hormones; Johnson et al., 2005).
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The isolated single skeletal muscle fiber model is ideal for studies delineating 

the cellular response to contractions because control over contractile activity can be 

maintained while discrete intracellular events such as free cytosolic [Ca2+] are 

observed in situ using fluorescence imaging (Figure 1-3).  Due to their large size and 

relative ease of isolation, isolated single skeletal muscle fibers of the frog Xenopus 

laevis have been previously employed by other laboratories in delineating mechanisms 

of fatigue (Westerblad and Allen, 2002; Westerblad and Allen, 2003; Westerblad et 

al., 1991), and we have utilized the single fiber model in our laboratory to investigate 

muscle bioenergetics (Hogan et al., 2005; Howlett et al., 2001; Walsh et al., 2006), 

kinetics of metabolism (Kindig et al., 2005a; Kindig et al., 2003; Kindig et al., 2005b; 

Kindig et al., 2005c; Stary and Hogan, 2005; Walsh et al., 2005), and cytosolic Ca2+-

handling (Stary and Hogan, 2000; Stary et al., 2003) during contractions.  

Furthermore, individual Xenopus single skeletal muscle fiber types (Figure 1-4) of 

either fast twitch (fatigue sensitive, glycolytic) or slow twitch (fatigue resistant, 

oxidative) are relatively easy to identify and select for (Stary et al., 2004; van der 

Laarse et al., 1991), making this model suitable for studies delineating fiber-type 

specific responses.  Finally, the Xenopus HSP72 gene has been previously cloned 

(Bienz, 1984; Klein et al., 2002) and it has been demonstrated that Xenopus skeletal 

muscle responds to heat stress with increased transcription of HSP72 (Ali et al., 1997).  

Although isolation and quantification of mRNA has not been previously performed in 

these single skeletal muscle fibers, relative increases in transcription of select genes 

from human skeletal muscle fiber segments has recently been measured using relative 

quantification analyses of real-time PCR amplicons (Jemiolo and Trappe, 2004; Livak 
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and Schmittgen, 2001), suggesting that similar quantification techniques can be 

employed in these single fibers.  These characteristics contribute to the suitability of 

utilizing the Xenopus single skeletal muscle fiber to investigate the cellular response 

of HSP72 to contractions.

1-7 Hypotheses of the Dissertation

The purpose of these studies was to delineate the mechanisms which contribute 

to the elevation of HSP72 mRNA in skeletal muscle as a consequence of contractions.  

In order to circumvent the confounding variables associated with whole body and 

whole muscle exercise models (as described above), methods employing qPCR to 

detect mRNA levels in isolated single skeletal muscle fibers were developed and 

optimized for single cells.  This model was then used to test the following primary 

hypotheses:

1. The HSP72 mRNA content of skeletal muscle is elevated in response 

to a single, acute bout of contractions.

2. The contraction-induced elevation of HSP72 mRNA in skeletal 

muscle is dependent on the development of fatigue.

3. Constitutive content of HSP72 mRNA is greater in slow twitch, 

oxidative skeletal muscle fiber type.

4. The contraction-induced elevation of HSP72 mRNA in skeletal 

muscle is dependent of fiber type, with fast twitch, glycolytic fibers 

responding to a greater degree.
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5.  The transient increase in cytosolic [Ca2+] associated with 

contractions is a primary factor in the contraction-induced elevation 

of HSP72 mRNA in skeletal muscle.

6. Alterations in phosphorylation potential and/or generation of reactive 

oxygen species contribute to the contraction-induced elevation of 

HSP72 mRNA in skeletal muscle.

It is the long-term objective of these studies that testing these hypotheses will 

provide information which ultimately facilitates the development of therapeutic 

strategies to counter and treat disorders in skeletal muscle, such as non-specific 

necrotic-inducing events (e.g. ischemia/reperfusion), contraction-induced injury, and 

muscle wasting associated with age and disease.
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Figure 1-1 
0-1 
A proposed pathway outlining the potential intracellular activating signals involved in 
the exercised-induced elevation of HSP72 in skeletal muscle.
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Figure 1-2 
0-2 
A single skeletal muscle fiber isolated from Xenopus laevis.  Single fibers are intact 
and living, and have been widely utilized for studies investigating the parameters of 
contraction, metabolic onset kinetics and mechanisms of  fatigue.
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Figure 1-3 
0-3 
Tracings of stress (developed tension/cross-sectional area) and fura 2 fluorescence 
ratio (an indicator or free cytosolic [Ca2+]) in an individual Xenopus single skeletal 
muscle fiber.
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Figure 1-4 
0-4 
Examples of stress (developed tension/cross sectional area) recordings and 
corresponding cross-sectional electron photomicrographs of representative individual 
skeletal muscle fibers with fast-fatiguing properties (panels A and B) and slow-
fatiguing properties (panels C and D).  Examples of mitochondria are 
denoted by “M,” and lipid droplets by “L.”
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CHAPTER 2

ELEVATIONS IN HEAT SHOCK PROTEIN 72 MRNA FOLLOWING FATIGUING 
CONTRACTIONS IN ISOLATED SINGLE SKELETAL MUSCLE FIBERS OF 

XENOPUS LAEVIS

2-1 Abstract  

The purpose of the present study was to 1) develop a stable model for 

measuring contraction-induced elevations in mRNA in single skeletal muscle fibers; 

and 2) to utilize this model to investigate the response of heat shock protein 72 

(HSP72) mRNA following an acute bout of fatiguing contractions.  Living, intact 

skeletal muscle fibers were microdissected from lumbrical muscle of Xenopus laevis

and mounted in a glass perfusion chamber maintained at 22oC.  Individual fibers were 

either electrically stimulated for 15 min of tetanic contractions at 0.33Hz (EX; n=26) 

or not stimulated to contract (REST; n=14).  The relative mean developed tension of 

fibers of EX fibers decreased to 29+7% of initial peak tension at the stimulation end-

point.  Following treatment, individual fibers were allowed to recover for 1 hr (n=9), 2

hr (n=8) or 4 hr (n=9) prior to isolation of total cellular mRNA. HSP72, heat shock 

protein 60 (HSP60) and cardiac α-actin mRNA content were then assessed in 

individual fibers using qPCR detection with TaqMan-MGB probes.  Comparative 

quantification (∆Ct method) revealed no significant difference (p>0.05) in the ratio of 

HSP60 to cardiac α-actin mRNA content at any time point following contractions.  

However, relative HSP72 mRNA content was significantly (p<0.05) elevated a t the 2 
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hr post-contraction time point relative to REST fibers when normalized to either 

HSP60 (18.5+7.5 fold) or cardiac α-actin (14.7+4.3 fold), although not at the 1 hr or 4 

hr time points.  These data indicate that: 1) extraction of RNA followed by relative 

quantification of mRNA of select genes and isolated single skeletal muscle fibers can 

be reliably performed; 2) HSP60 and cardiac α-actin are suitable endogenous 

normalizing (“housekeeping”) genes in skeletal muscle following contractions; 3) a 

significantly elevated content of HSP72 mRNA is detectable in skeletal muscle 2 

hours after a single bout of fatiguing contractions; and 4) the significantly increased 

content of HSP72 mRNA following contractions in single skeletal muscle fibers 

occurred despite stability of temperature and without influence from extracellular 

sources.

2-2 Introduction

It has been well documented that stimuli which disrupt intracellular 

homeostasis such as thermal elevation, ischemia-reperfusion, alterations in pH, and 

application of free radicals can induce the transcription of a highly conserved group of 

cytoprotective elements termed heat shock proteins (HSP’s) in a variety of tissues 

(Morimoto, 1993; Kiang & Tsokos, 1998; Lepore et al., 2001).  A prominent and well 

studied HSP is the 72 kDa protein, HSP72, which has been shown to prevent protein 

aggregation and degradation during conditions of cell stress, thereby promoting 

subsequent recovery by protection and restoration of dysfunctional enzymes

(Latchman, 2001; Lepore et al., 2001; Snoeckx et al., 2001; Christians et al., 2002; 

Giffard & Yenari, 2004).  
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Exercise is a non-specific stress that particularly affects skeletal muscle, and it 

has been demonstrated in whole animal and human models that a single bout of high-

intensity exercise can induce an acute, immediate elevation in skeletal muscle HSP72

transcription (Salo et al., 1991; Skidmore et al., 1995; Puntschart et al., 1996; 

Febbraio & Koukoulas, 2000; Thompson et al., 2001; Walsh et al., 2001; Febbraio et 

al., 2002; Poso et al., 2002; Vissing et al., 2005).  However, due to the multiplicity of 

non-specific stresses which can occur simultaneously within intensely contracting 

skeletal muscle, such as alterations of the phosphorylation potential (Hultman & 

Greenhaff, 1991; Nagesser et al., 1992; Febbraio & Dancey, 1999), decreases in 

intracellular PO2 (Richardson et al., 1995; Hogan, 2001), alterations in cytosolic Ca2+ 

(Westerblad et al., 1989; Williams et al., 1993), accumulation of metabolic byproducts 

in the extracellular medium, and, particularly, the generation of heat (which may reach 

450C in contracting whole muscle (Brooks et al., 1971), it remains uncertain which, if 

any, intracellular disruptions may be responsible for the observed increased production 

of HSP72, or if extracellular sources serve as the stimuli.  Furthermore, using whole 

animal and isolated muscle preparations make it difficult to isolate and determine the 

precise signaling mechanisms for induction HSP72 transcription difficult to determine 

at the cellular level.

Unlike whole animal and whole muscle models, in the isolated intact single 

skeletal muscle fiber preparation, the extracellular environment is homogeneous, and 

can be easily adjusted and determined, therefore eliminating complications associated 

with extracellular stimuli, intracellular substrate availability, extracellular pH, and/or 

metabolic waste product removal.  In addition, through conduction and convection in a 
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well stirred medium, internal labile heat production is rapidly dissipated, and 

temperature is therefore predominantly determined by the extracellular environment, 

which can be easily set and maintained.  Therefore, in order to determine whether an 

intracellular signal independent of heat production is responsible for the immediate 

elevation of HSP72 mRNA in skeletal muscle following exercise, we developed 

protocols to recover total cellular RNA from isolated single fibers, and to amplify and 

measure relative content of specified transcripts from individual fibers via qPCR with 

TaqMan®-minor groove binder (MGB) probes.  We then employed this protocol to 

test the hypothesis that a single bout of fatiguing, tetanic contractions will induce an 

acute elevation of HSP72 mRNA in isolated single skeletal muscle fibers.

2-3 Methods

Female adult Xenopus laevis were used in this investigation.  All procedures 

were approved by the University of California, San Diego Animal Use and Care 

Committee and conform to National Institutes of Health standards.

Experimental protocol. Single muscle fibers were isolated and prepared as described 

previously (Hogan, 1999).  Briefly, frogs were doubly pithed and the lumbrical 

muscles (II-IV) were removed.  In order to reduce possible fiber-type variability of 

HSP72 expression, primarily type I (fast-twitch glycolytic) skeletal muscle fibers were 

selected for use in the present study, as previously described (Lannergren & Smith, 

1968; Stary et al., 2004).  Individual skeletal muscle fibers (n=54) were dissected with 
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tendons intact in a chamber of physiological Ringer’s solution at a pH = 7.0.  Platinum 

clips were attached to the tendons of each muscle fiber to facilitate positioning within 

the Ringer’s solution-filled chamber.  One tendon was fixed, whereas the contralateral 

was attached to an adjustable force transducer (model 400A, Aurora Scientific, 

Aurora, Ontario, CAN), allowing the muscle to be set at optimum muscle length. The 

analog signal from the force transducer was recorded via a data acquisition system 

(AcqKnowledge, Biopac Systems, Santa Barbara, CA, USA) for subsequent analysis.  

Individual fibers were perfused throughout the experiment with air-equilibrated 

Ringer’s solution to maintain a stable temperature (22oC) and to reduce the occurrence 

of an appreciable unstirred layer surrounding the cell.

Immediately following microdissection, individual fibers were randomly 

assigned to either the contraction treatment group (EX; n=26), consisting of 15 min of 

tetanic contractions at a 0.33 Hz stimulation frequency, or to the no-contraction 

treatment group (REST; n=14).  REST fibers were kept in solution following 

microdissection for either 0hr (n=4) 1hr (n=3), 2hr (n=4) or 4hr (n=3).  Tetanic 

contractions were elicited using direct (8–10 V) stimulation of the muscle (model S48, 

Grass Instruments, Warwick, RI, USA). The stimulation protocol consisted of ~250 

ms trains of 70-Hz impulses of 1-ms duration.  Following contractions, fibers were 

processed for isolation of total cellular RNA at either 1 hr (n=9), 2 hr (n=8) or 4 hr 

(n=9) post- treatment. Prior to processing for RNA isolation, individual fibers were 

electrically stimulated to test for fiber viability.
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RNA extraction and cDNA synthesis.  Isolation of total cellular RNA from individual 

fibers was performed using a novel protocol incorporating TRIzol® reagent 

(Invitrogen, Carlsbad, CA) and the Micro RNeasy Total RNA isolation kit (Qiagen, 

Valencia, CA).  Specifically, individual fibers were manually cleaned of residual 

cellular debris and removed from the tendon.  Fibers were then introduced into 0.5 ml 

of TRIzol® reagent in RNase-free 2ml micro tubes, vortexed for 30 sec and allowed to 

stand for 5 min at room temperature. Chloroform (100 µl , Fisher Scientific) was 

added to the suspension, vigorously shaken for 15 sec, and allowed to stand 2-15 min 

at room temperature.  Following centrifugation at 12000 × g for 15 min at 4°C, the 

aqueous top layer was transferred to new RNase-free micro-tubes, and thoroughly 

mixed with an equal volume (300 µl) of 70% ethanol, and allowed to stand at room 

temperature for 5 min.  The sample was then applied to a column supplied in the 

Micro RNeasy Total RNA isolation kit (Qiagen), and the column was centrifuged at 

>8000g for 30 sec. Washing of the column, DNase-treatment and elution of RNA in 

14 µl of DEPC-treated water were then performed using the protocol supplied by 

Qiagen.  Quantification of RNA content of 14 separate fibers was performed in 

triplicate using a NanoDrop fluorospectrometer (ND-3300) with Ribogreen RNA 

fluorescent indicator dye (NanoDrop, Wilmington, DE). The amount of total mRNA 

recovered from these single fibers was 14+2 pg/ul/fiber, indicating a similar level of 

recovered RNA from each fiber.  Due to the extremely low mean concentration values, 

quantification and dilution of RNA of experimental fibers was inadvisable, and it was 

therefore necessary to utilize all of the recovered RNA for amplification and detection 

via qPCR.
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First-strand cDNA synthesis was performed on the DNase-treated total RNA 

using a Thermoscript Taq-free kit (Invitrogen). RNA was reverse-transcribed by first 

combining 1µl Oligo (dT) primer (50 µM), 2 ml dNTP Mix (10 mM) and 9 µl total 

cellular RNA into 0.6 ml PCR reaction tubes heated to 65oC for 5 min, in order to 

denature components.  Following cooling on ice, 4 µl 5X cDNA Sythesis Buffer, 1 µl 

DTT (0.1 M), 1 µl RNaseOUTTM (40 U/µl), 1 µl ThermoScriptTM RT (15 U/µl), and 1 

µl DEPC-treated water were added to each reaction tube, and heated to 50oC for 60 

min followed by 85oC for 5 min. All resulting cDNA was subjected to qPCR 

amplification using TaqMan®-minor groove binder (MGB) probes with 6-FAM 

fluorescence detection.

Taqman®-MGB Primers and Fluorogenic Probe Design. Taq DNA polymerase-based 

probes offer a lower detection threshold than comparable non-specific double stranded 

DNA fluorescent reporter dyes, such as Sybr-Green, due to increased sequence 

specificity and decreased background fluorescence (Livak et al., 1995). In brief, the 

TaqMan® assay requires a forward primer, a reverse primer, and a probe that 

hybridizes between the forward and reverse primers. The TaqMan® PCR technology 

exploits the 5'-3' nuclease activity of Taq DNA polymerase, allowing direct detection 

of the PCR product by the uncoupling of a reporter dye from its quencher dye during

PCR. TaqMan®-MGB probes (Applied Biosystems, Foster City, CA) are a new class 

of TaqMan® probes which incorporate a 5’ reporter dye (6-FAM) and a 3’ non-

fluorescent quencher (NFQ; Kutyavin et al., 2000). The NFQ offers the advantage of 

lower background signal, which results in better precision in quantification while the 
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MGB moiety stabilizes the hybridized probe and effectively raises the melting 

temperature (Tm), increasing sequence specificity.  When the probe is intact, the 

fluorescence from the reporter dye is suppressed by the proximity of the non-

fluorescent quencher. During PCR, if the target is present, the probe specifically

anneals between the forward and reverse primer sites, permitting the 5'-3' exonuclease 

activity of Taq DNA polymerase to cleave the oligonucleotide probe that links the 

reporter and quencher. The extent of digestion, which depends directly on the amount 

of PCR that occurs, can be quantified accurately by measuring the increment in 6-

FAM fluorescence.

Sequence-specific TaqMan® primers and probes were designed to definitive 

Xenopus laevis gene sequences recorded in GenBank 

(http://www.ncbi.nlm.nih.gov/GenBank) for HSP72 (GenBank ascension number 

BC078115), HSP60 (GenBank ascension number BC041192) and cardiac α-actin 

(GenBank ascension number X03469) with Primer Express v2.0 (Applied Biosystems) 

according to the parameters incorporated in the Primer Express software. Specifically, 

optimal primers and probes were 20-80% GC rich, between 9-40 bases in length, 

primer Tm values were 58-60°C (<2°C difference between forward and reverse 

primer), with probes ideally having a Tm 10°C higher than the primer Tm. The probe 

selected was close to the 3’ end of the forward primer, had more bases of Cs than Gs 

and with <4 contiguous Gs in the strand (as recommended by the manufacturer & 

described by Livak et al., 1995). Probes with a G at the 5' end were avoided as this has 

been shown by the manufacturer to exert a quenching effect on the reporter 

fluorophore. Finally, the amplicons (typically 50 –70 base pairs long) were homology-
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searched to ensure that they were specific for the target mRNA transcript using an 

NCBI BLAST search. All Taqman®-MGB probes were labeled with a reporter dye (6-

FAM) to the 5'-end of the probe and minor groove binder/nonfluorescent quencher at

the 3'-end of the probe (Applied Biosystems). Primers and probe sequences are 

presented in Table 2-1.

Real time quantitative PCR with TaqMan®-MGB probes. Quantitative PCR was 

performed using an MX3000P real-time PCR system (Stratagene, La Jolla, CA) 

incorporating TaqMan® 6-FAM detection assays. Each reaction contained: 15 µl of 

2× TaqMan® Master Mix (Applied Biosystems), 0.27 uL ROX reference dye 

(Stratagene) diluted 1:200 with RNase-free H20, 0.9 µl of 10 µM forward and reverse 

sequence detection primers (Applied Biosystems), and 2.0 µl cDNA brought to a final 

volume of 30 µl with ultrapurified H20.  In addition, no-template control (No-TC) and 

no-reverse transcription control (No-RT; DNase-treated total RNA not subjected to 

cDNA synthesis) reactions were included to test for any degree of contaminating 

genomic DNA in the RNA or reaction samples and/or primer-dimer amplification.  

Amplification was performed in 0.6 ml 96 well polypropylene real-time PCR 

plates (Stratagene). Quantitative PCR parameters were as follows: 95°C for 10 

minutes followed by 40 cycles at 95°C for 15 seconds and 60°C for 1 minute.  The 

fluorescent signal (∆Rn) generated by the degradation of the hybridized probe was 

automatically calculated by the MX Pro v3.00 software that normalized the reporter 

emission signal to the emission of the reference dye (ROX) present in the PCR 

mixture, and further by subtracting all background signals generated in the first 15 
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cycles of the PCR. The algorithm then calculated the threshold cycle (Ct) at which 

each PCR amplification reached a ∆Rn threshold value that was inversely proportional 

to the log number of target copies present in the sample. For each sample of RNA 

tested, duplicate Ct values were obtained and averaged.  As the comparative 

quantification calculation is based on the assumption that amplification of individual 

genes occurs with similar reaction efficiencies, qPCR assays of 3-step 10X serial 

dilutions of RT product from heat-shocked (37oC; 1 hr; n=6) Xenopus muscle bundles

were performed with each gene primer set using, and the reaction efficiencies 

calculated and compared.  Heat shock was necessary to generate sufficient HSP72 

mRNA content for an accurate serial dilution. Following amplification, select 

amplicons were electrophoresed on a 1.5% agarose gel adjacent to a 100bp ladder, and 

visualized with Et-bromide for fragment size.

Calculations.  The suitability of cardiac α-actin and HSP60 as internal, endogenous 

normalizers (“housekeeping genes.” HKG’s), and the fold change of HSP72 mRNA 

between treatment groups were determined by the relative quantification method

(∆Ct), as originally reported by Livak and Schmittgen (Livak & Schmittgen, 2001), 

according to the equation:

Fold change=2−∆∆Ct

where ∆∆Ct=(Ct target−Ct reference)treatment 1−(Ct target−Ct reference)treatment 2, and the target gene 

in each treatment group is normalized to the reference gene. To compare the suitability 

of HSP60 and cardiac α-actin as housekeeping genes, the fold change in single fibers 
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from the contraction treatment group (treatment 2) of HSP60 mRNA (target) was 

calculated with cardiac α-actin as the reference (HKG) gene, and relative to the 

expression of HSP60 in single fibers from the rest (no contractions) treatment group 

(treatment 1).  Using this analysis, if the level of the two HKGs was not affected by 

experimental conditions the values of the mean fold change at each time point should 

be very close to 1 (i.e., since 20=1; Livak & Schmittgen, 2001).  In a similar manner, 

the fold change of HSP72 of single fibers in the contraction treatment group was 

analyzed with either HSP60 or cardiac α-actin as the reference gene, and relative to 

the expression of HSP72 in single fibers from the rest treatment group.  An increase in 

HSP72 mRNA resulting from the treatment effect will be reflected by values of fold 

change greater than 1.

Data and statistical analysis.  Changes in force over time were tested via a repeated 

measures 2-way ANOVA. Relative fold change in qPCR amplicon content between 

treatment groups was tested via a 2-way ANOVA.  When significant F-values were 

present, the Bonferroni post-hoc test was employed for determination of between-

group differences. Relative fold changes from mean rest values in qPCR amplicon

content were tested via a one sample t-test, with 1 as the test variable, since 20=1.    

Statistical significance was accepted at p < 0.05.
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2-4 Results

Examples of fluorescence emission during PCR amplification for 10X serial 

dilutions of RT product from a heat shocked Xenopus skeletal muscle bundle are 

illustrated in Figure 2-1 for HSP60 (Panel A), cardiac α-actin (Panel B), and HSP72 

(Panel C).  When the Ct’s of individual TaqMan® primer/probe sets are plotted against 

the base 10 log of the dilution, (Figure 2-1, panel D), individual amplification 

efficiencies of RT product from this bundle for each primer/probe set can be 

calculated. The mean amplification efficiencies for all serial dilutions (n=3) of 

individual Taqman® primer/probe sets yielded a mean efficiency of 101.7+2.3% 

(HSP60 = 99%; cardiac α-actin = 101%; HSP72 = 106%), suggesting that these 

primer/probe sets are suitable for comparative Ct analysis of their respective genes.

In fibers subjected to 15 min of 0.33 Hz tetanic contractions (EX fibers), force 

fell significantly (p<0.05, Figure 2-2) in all fibers to 29.3+6.7% of initial developed 

tension, with no difference between 1 hr, 2 hr or 4 hr groups at the fatigue end-point, 

demonstrating development of fatigue.  Mean cross-sectional area of all fibers was 

285+13 µm2.  The development of fatigue and cross-section measurements suggest 

that the fibers used in the present study were primarily fast, type I fibers (Stary et al., 

2004).

The mean fold change of HSP60 mRNA normalized to cardiac α-actin for all 

single fibers from the EX groups compared to fibers from the REST treatment group is 

shown for each time point in Figure 2-3, panel A.  No significant difference (p<0.05) 
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from rest was observed at any time point, suggesting that the relative ratio of 

concentrations of HSP60 mRNA to cardiac α-actin did not change in response to the 

contraction treatment.   The mean fold change of HSP72 mRNA normalized to HSP60 

and to cardiac α-actin for contracted fibers is illustrated in Figure 2-3, panel B.  A 

significant difference in relative fold change of HSP72 mRNA was observed at the 2 

hr time point when normalized to either HSP60 or cardiac α-actin, relative to REST. 

Although a trend in increased fold change of HSP72 was observed at the 1 hr and 4 hr 

time points, these points were not significantly different from REST fibers.  Finally, 

no significant difference (p>0.05) was observed between time points within the REST

group in relative HSP72 content (normalized to either HSP60 or cardiac α-actin), or in 

HSP60 (relative to cardiac α-actin), indicating that microdissection did not 

significantly induce HSP72 transcription in these single skeletal muscle fibers (data 

not shown).

Figure 2-4 illustrates electrophoresis of amplified product for select negative 

controls (NTC and NoRT), and HSP72, HSP60 and cardiac α-actin TaqMan 

primer/probe sets with template for a rest single fiber and a post-contraction single 

fiber.  Band location of amplicon for HSP72, HSP60 and cardiac α-actin corresponded 

to sequence size (~60 b.p.), indicating specific amplification of the desired sequence.  

No bands were detected in the negative control No-TC or No-RT lanes, indicating that 

these samples were free from both genomic DNA contamination and amplified 

primer-dimer.
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2-5 Discussion

The results of the present study, in which isolated single skeletal muscle fibers 

were subjected to an acute bout of fatiguing contractions followed by comparative 

analysis of HSP72, HSP60 and cardiac α-actin mRNA demonstrate that: 1) isolation 

of mRNA followed by quantitative PCR can be reliably performed in isolated single 

skeletal muscle fibers; 2) HSP60 and cardiac α-actin are suitable HKG’s for 

comparative analysis of transcription in skeletal muscle in response to contractions; 3) 

HSP72 mRNA content significantly increases in these single skeletal muscle fibers 2 

hrs following a single bout of fatiguing contractions; and 4) the contraction-related 

stimulus for increased HSP72 mRNA in these skeletal muscle fibers is intracellular in 

nature, and occurs independently of alterations in temperature.

Single skeletal muscle fiber model of transcriptional activation following contractions.

The upregulation of HSP72 occurs following activation and trimerization of heat 

shock transcription factor (HSF), permitting binding to the heat shock response 

promoter element with subsequent initiation of transcription (Amin et al., 1988).

Although HSP72 mRNA expression is regulated following activation of HSF (Chen et 

al., 1999), protein expression appears to be controlled at the level of transcription 

(Ohnishi et al., 1999; Schett et al., 1999; Wang et al., 2004).  Increased transcription 

of HSP72 mRNA in skeletal muscle following a single, acute bout of exercise has 

been previously described in both exercising animals (Locke et al., 1990; Salo et al., 

1991; Skidmore et al., 1995; Hernando & Manso, 1997; McArdle et al., 2001; Milne 
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& Noble, 2002) and humans (Puntschart et al., 1996; Khassaf et al., 2001; Thompson

et al., 2001; Walsh et al., 2001; Febbraio et al., 2002; Thompson et al., 2002; Khassaf

et al., 2003; Thompson et al., 2003; Morton et al., 2006).  However, an accurate 

assessment of the cellular transcriptional response of skeletal muscle to contractions in 

these models is precluded by heterogeneity of tissue, motor unit recruitment, and 

muscle fiber type.  Furthermore, due to the heterogeneous mix of tissue contained in 

whole muscle or biopsy homogenates which have been shown to produce HSP72 in 

response to stress, including nervous tissue (Sharp & Sagar, 1994), endothelium 

(Jornot et al., 1991), and phagocytic cells (Khassaf et al., 2003), the increase in 

HSP72 mRNA arising from the skeletal muscle myocyte alone can not be established 

from these previous studies.

The isolated single skeletal muscle fiber preparation used in the present study 

is free from these above mentioned constraints, and was therefore utilized in the to

establish a model of gene analysis following contractions in skeletal muscle.  Isolated 

single skeletal muscle fibers from Xenopus laevis have been commonly employed in 

delineating mechanisms of fatigue (Westerblad et al., 1991; Westerblad & Allen, 

2002, 2003) and muscle bioenergetics during contractions (Nagesser et al., 1992; 

Stary & Hogan, 2000b; Hogan, 2001; Stary & Hogan, 2005).  Furthermore, the 

Xenopus HSP72 gene has been cloned (Bienz, 1984; Klein et al., 2002) and it has been 

demonstrated that Xenopus skeletal muscle responds to heat stress with increased 

transcription of HSP72 (Ali et al., 1997).  However, prior to the present study, it was 

unknown whether Xenopus skeletal muscle increases transcription of HSP72 mRNA 

in response to contractions, as has been documented in other species.
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In the present study, the limited amount of total mRNA recovered from these 

single fibers prevents utilization of the standard dilution technique of quantitative PCR 

analyses of mRNA content.  For example, while the standard dilution technique, in 

which the absolute quantification of starting material is determined through 

calculations of reaction efficiency (determined from serial dilutions of known 

concentrations of genetic material), provides an estimate of absolute copy-count of 

starting genetic material, comparisons between samples is improved with a

standardized amount of genetic material (da Costa et al., 2002).  However, relative 

increases in transcription of select genes from human skeletal muscle fiber segments

has recently been measured using relative quantification analyses of real-time PCR 

amplicons (Livak & Schmittgen, 2001; Jemiolo & Trappe, 2004).  This technique 

utilizes a normalizing gene (HKG) to standardize the number of duplicative cycles 

necessary to achieve a given level of fluorescence (Ct), and thereby the relative

quantity of starting material, between samples.

Endongenous normalizers (“housekeeping genes”). In order for a HKG to 

successfully function as an effective normalizer, the content of the HKG mRNA must 

not change in response to the treatment, the amplification efficiency must not differ 

from the gene of interest (GOI), as was demonstrated in the present study (Figure 2-1), 

and the quantity of the HGK should be similar to that of the GOI.  A commonly used 

endogenous control gene in skeletal muscle is the glycolytic enzyme glyceraldehyde 

3-phospahate dehyrdogenase (GAPDH).  However, while GAPDH has been 

previously employed as an HKG for relative quantification of gene content of single 
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skeletal muscle fiber fragments following exercise (Jemiolo & Trappe, 2004), it has 

been demonstrated that the expression of GAPDH mRNA may become unstable 

following exercise paradigms (Murphy et al., 2003; Mahoney et al., 2004), suggesting 

that its use as a HKG may be inappropriate in studies investigating the transcriptional 

response to exercise.  Mahoney et al. (2004) have hypothesized that the type and 

degree of exercise is a determinant of the suitability of GAPDH as a HGK.  A similar 

debate exists over the common use of the skeletal muscle structural protein β-actin as 

a suitable HKG in skeletal muscle following exercise (Jemiolo & Trappe, 2004; 

Mahoney et al., 2004), suggesting that the frequent use of these genes as endogenous 

internal controls may be inappropriate in studies incorporating skeletal muscle 

contraction. In the present study, cardiac α-actin and HSP60 were employed as novel 

internal HKG’s in skeletal muscle following contractions.  

Cardiac α-actin and skeletal muscle α-actin are thin filament variants of the 

contractile apparatus that are co-expressed in both heart and skeletal muscle (Gunning

et al., 1983; Vandekerckhove et al., 1983), yet are likely differentially regulated 

(Gunning et al., 1983; Gunning et al., 1984).  While the abundance of skeletal muscle 

α-actin is too great to serve as an effective endogenous control, cardiac α-actin is 

present in much lower concentrations in skeletal muscle (Gunning et al., 1983; 

Vandekerckhove et al., 1983; Gunning et al., 1984).  Although stable expression of 

cardiac α-actin following exercise has been demonstrated in cardiac muscle (Tate et 

al., 1996), the results of the present study are the first to employ cardiac α-actin as an 

endogenous control in single skeletal myocyte gene expression assays.  Heat shock 
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protein 60 is a component of mitochondrial chaperonin, the major site of 

mitochondrial protein folding for import, and increased expression has been 

demonstrated to preserve mitochondrial function and to diminish apoptosis in cardiac 

myocytes following ischemia-reperfusion (Lin et al., 2001).  While HSP60 protein has 

been shown to increase in muscle many hours to days following exhaustive exercise 

(Khassaf et al., 2001; Morton et al., 2006), skeletal muscle HSP60 mRNA has been 

shown to be stable 2 hrs post-exercise (Febbraio et al., 2004).  In the present study, the 

relative ratio of HSP60 mRNA to cardiac α-actin mRNA in isolated single skeletal 

muscle fibers remained unchanged at all time points following 15 min tetanic 

fatiguing contractions (relative to REST fibers), although a trend towards increased 

HSP60 mRNA content was observed at 4 hrs post-contractions (Figure 2-3, panel A).  

As the likelihood is small that transcription of both genes increased in response to 

contractions to the same degree with a similar temporal pattern, these results suggest 

that HSP60 and cardiac α-actin mRNA content remained unchanged following 

contractions, demonstrating the potential suitability of either gene as a general internal 

control for studies investigating the acute transcriptional response of skeletal muscle to 

contractions.

HSP72 mRNA in  response to contractions. Similar to the stable expression of 

HSP60, the expression of HSP72 mRNA remained stable in all REST fibers, 

independent of post-dissection recovery time, indicating that any possible 

transcriptional activation induced by stretch (Boppart et al., 2001; Wretman et al., 

2001) or cytoskeletal mechanical stress (Barash et al., 2004) during the 
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microdissection process was negligible.  However, the relative HSP72 mRNA content 

of EX single fibers significantly increased 2 hrs following 15 min of fatiguing tetanic 

contractions when normalized to either HSP60 or cardiac alpha-actin mRNA content 

(Fig. 2-3, panel B).  Band size of electrophoresed amplification product from HSP60, 

cardiac α-actin and HSP72 reactions corresponds to sequence length (~60 base pairs, 

Figure 2-4), indicating specific amplification of sequence.  No observable bands in 

lanes with negative controls (No-TC and No-RT) indicate that reactions were free 

from genomic DNA contamination and that primer-dimer amplification did not 

contribute to measurable fluorescence.

While cultured myotubes have demonstrated increased HSP72 mRNA 

production in response to hypoxia (Benjamin et al., 1990) and heat shock (Suzuki et 

al., 2000; Maglara et al., 2003), the findings of the present study are the first to 

demonstrate an elevation of HSP72 mRNA content in individual adult isolated skeletal 

muscle cells in response to contractions, thereby confirming previous findings that 

adult skeletal muscle significantly increases HSP72 mRNA content following 

exercise.  The findings of the present study are in temporal agreement with Walsh et 

al. ( 2001) who demonstrated a significant acute elevation of HSP72 mRNA (7.5 fold) 

only at the 2 hr time point following the completion of a single bout of high intensity 

exercise in humans.  Although the relative linear fold change from rest of HSP72 

mRNA (18.5+7.5 fold when normalized to HSP60) in the present study is substantially 

higher than the acute response previously reported by Walsh et al., Neufer et al.(1996)

have reported larger (50 fold) changes in HSP72 mRNA after 24 hrs following the 

cessation of exercise.  However, the large acute increase in HSP72 mRNA in the 
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present study may be partly a result of large inter-cell variations in the HSP72 mRNA

response, which are amplified in single cell studies.  For example, if the relative linear 

fold change of HSP72 mRNA content from rest of individual fibers in the 2 hr group 

is converted to base 2 log fold change (which minimizes the influence of individual 

outliers) the result is 2.39+0.8 (normalized to HSP60).  When this mean base 2 log 

fold change value is transformed directly back to linear fold change, the result is a 

relative linear fold change of 5.2+1.7, a value close to that described by Walsh et al. 

(2001).

Immediate, acute elevations of HSP72 mRNA in response to exercise has also 

been demonstrated in excised whole muscle (Salo et al., 1991), and in skeletal muscle 

biopsied from exercising humans (Puntschart et al., 1996; Febbraio et al., 2002; 

Vissing et al., 2005) and horses (Poso et al., 2002).  However, debate regarding heat 

as a mitigating influence in transcriptional activation in these studies has remained 

(Vissing et al., 2005; Morton et al., 2006).  The findings of the present study, in which 

labile heat production was negligible (Lannergren et al., 1993), appear to confirm the 

notion that factors other than heat exposure, such as alterations in cytosolic [Ca2+] 

(Kiang & Tsokos, 1998), decreases in phosphorylation potential (Febbraio et al., 2002; 

Ecochard et al., 2004), or reactive oxygen species production (Fischer et al., 2006), 

contribute to exercise-induced transcription of HSP72.  These findings may be 

pertinent in the design of future therapeutics for, and prevention of, skeletal muscle 

injury and aging, as increased levels of HSP72 has been shown to be beneficial in 

skeletal muscle following damaging (eccentric contractions) (McArdle et al., 2004), to 

inhibit necrosis and improve recovery from cryolesioning (Miyabara et al., 2006), and 
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HSP72 may be associated with the age-related decline in skeletal muscle function 

(McArdle et al., 2004).  The single skeletal muscle fiber model of contraction-induced 

transcription developed in the present study permits greater control, specificity and 

fidelity of the intracellular factors that regulate the induction of specific genes in 

skeletal muscle following exercise.

2-6 Summary

The present study describes the development of methods to quantify the

contraction-induced gene response in isolated single skeletal muscle fibers.  This 

model was utilized to demonstrate the following novel findings:  1) isolated adult 

skeletal muscle fibers increase HSP72 mRNA content in response to an acute bout of 

contractions; 2) HSP60 and cardiac α-actin are potentially effective endogenous 

controls when measuring contraction-induced activation of transcription in skeletal 

muscle; 3) elevations of HSP72 mRNA content in skeletal muscle following 

contractions occurs independently of alterations in temperature; and 4) the signal to 

increased increase HSP72 mRNA content following contractions can arise from an 

intracellular source, and is not solely due to signal transduction originating from 

extracellular sources (e.g. cytokine, catecholamine, hormone, etc.).
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Table 2-1 

0-1 
TaqMan®-MGB qPCR primer and probes sets specific for Xenopus HSP72, HSP60 
and cardiac α-actin mRNA sequences.

Gene Direction TaqMan®-MGB 
probe sequence

TaqMan®-MGB
primer sequence

HSP72 +Sense TCCAAGTGGTGAGCGAT TGTAGTGCAGTGTGACTTGAAGCA

HSP72 -Sense TTCTCCTTTATACTCCACTTTGACCTT

HSP60 +Sense CCCAAGGGAAGAAC GATGCTGTGGCTGTGACAATG

HSP 60 -Sense ACTTCCCCAGCTTTGTTCGA

Cardiac 
α−actin

+Sense CACAGGTATCGTTCTTGAC CCCTGTACGCTTCTGGTCGTA

Cardiac 
α-actin

-Sense CATTGTGGGTGACACCATCAC
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Figure 2-1 
0-2 
Individual qPCR plots of HSP60 (panel A), cardiac a-actin (panel B), 
and HSP72 (panel C), amplified from serial 10X dilutions of RT 
product isolated from a heat shocked Xenopus muscle bundle.  When 
plotted against the log of template concentration, the threshold cycle 
(Ct) can be used to estimate efficiency of amplification (panel D) by 
comparing the slope to -3.32 (100% efficiency).
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Figure 2-2 
Figure 2-2 
0-3 
Representative stress (developed tension/cross-sectional area) recording of an 
individual fiber (A) and relative mean peak developed tension of all fibers subjected to 
15 min of 0.33 Hz tetanic contractions (B; mean+SEM; n=26).  Significant 
development of fatigue was demonstrated at the stimulation end-point 
in all fibers, however no difference in relative developed tension was 
observed at the stimulation end point between fibers allowed to recover 
1 hr, 2 hr or 4 hr.
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Figure 2-3 
Figure 2-3 
0-4 
Relative mean fold change from rest of HSP60 mRNA normalized to 
cardiac α-actin mRNA remained stable at 1 hr (mean+SEM; n=9) and 2 hr post-
exercise (mean+SEM; n=8), yet had an upward (yet not statistically significant) trend 
4hr (mean+SEM; n=9) following exercise (panel A).  When normalized to HSP60 or 
cardiac α-actin, HSP72 mRNA was significantly (p<0.05) elevated at the 2 hr time 
point, relative to rest fibers (panel B).  A significant increase above rest (>1 fold, since 
20=1) is indicated by *.
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Figure 2-4 
0-5 
Electrophoresed amplification product of HSP60, cardiac α-actin and HSP72 
from a rest fiber and a fiber subjected to 15 min of contractions.  Band size 
corresponds to sequence length (~60 base pairs), indicating specific amplification of 
sequence. Absence of bands in the no-template control (No-TC) and no-reverse 
transcription control (No-RT) lanes indicates that reactions were free from genomic 
DNA contamination and that primer-dimer amplification did not contribute to 
measurable fluorescence.
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CHAPTER 3

CONTRACTION-INDUCED ELEVATION OF HEAT SHOCK PROTEIN 72 MRNA
IN SINGLE XENOPUS SKELETAL MUSCLE FIBERS IS FIBER TYPE- AND NOT 

FATIGUE-DEPENDENT

3-1 Abstract

It is unclear what conditions lead to the exercised-induced elevation in heat 

shock protein 72 (HSP72) in skeletal muscle.  The aims of the present study were to 

determine in isolated single skeletal muscle fibers: 1) whether resting (pre-contraction) 

levels of HSP72 mRNA differ between fiber types; 2) whether the increase in HSP72 

mRNA content following an acute bout of contractions is fiber-type dependent; and 3)

whether the development of fatigue is necessary to elevate HSP72 mRNA content

following contractions.  Living, intact skeletal muscle fibers of type I (fatigue 

sensitive, glycolytic) or type III (fatigue resistant, oxidative) were microdissected from 

lumbrical muscle of Xenopus laevis and mounted in a glass perfusion chamber 

maintained at 22oC.  Individual fibers were either electrically stimulated for 15 min of 

tetanic contractions at low frequency (LOW; type I: 0.1 Hz, n=8; type III: 0.33 Hz, 

n=10), high frequency (HIGH; type I: 0.33 Hz, n=8; type III: 1.0 Hz, n=10), or not 

stimulated to contract (REST; type I: n=7; type III: n=6). The mean force of fibers in 

the LOW treatment groups did not significantly (p>0.05) fall throughout the 

contraction period, whereas force in the HIGH groups significantly (p<0.05) decreased 

64
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in both type I (21.6+6.3% initial peak tension) and type III fibers (48.9+8.8%) at the 

stimulation end-point.  Following treatment, individual fibers were allowed to recover 

for 2 hrs before total cellular mRNA was analyzed for mRNA of HSP72 and heat 

shock protein 60 (HSP60, housekeeping gene).  When normalized to same- fiber 

HSP60 content (∆Ct method), REST type III fibers had a higher relative level (7.6+1.8

fold) of HSP72 mRNA content compared to REST type I fibers.  Following 

contractions, a significant increase (p<0.05) in HSP72 mRNA content was observed in 

type I fibers in both the LOW group (11.8+6.2 fold) and HIGH (12.9+3.4) relative to 

REST type I fibers.  However, no significant increase was observed following 

contractions of type III fibers in either the LOW group (5.1+2.4 fold) or HIGH

(6.5+4.3 fold) relative to REST type III fibers.    These data indicate in single Xenopus

skeletal muscle fibers that: 1) type I fibers have a greater elevation in HSP72 mRNA

in response to contractions than type III fibers; 2) the development of fatigue is not 

necessary to elevate HSP72 mRNA content in type I fibers; and, 3) this differential 

response may be related to the significantly higher constitutive content of HSP72 

mRNA in type III fibers.  These results indicate that the severe disruptions in 

intracellular homeostasis associated with the development of fatigue (ATP depletion, 

decreased pH, reactive oxygen species production) are not necessary to elevate 

skeletal muscle HSP72 mRNA content, and suggest that the higher constitutive 

expression in HSP72 in type III fibers is due to greater recruitment and submaximal 

activity.
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3-2 Introduction

Heat shock protein 72 (HSP72) is a cytoprotective protein that protects

intracellular proteins during and following acute periods of imposed cell stress, 

thereby promoting restoration of intracellular homeostasis (Latchman, 2001; Lepore et 

al., 2001; Snoeckx et al., 2001; Christians et al., 2002; Giffard & Yenari, 2004).  

Exercise is a non-specific stress to skeletal muscle, and it has been demonstrated that a 

single bout of exercise in whole animal and human models can induce elevations in 

HSP72 mRNA (Salo et al., 1991; Puntschart et al., 1996; Febbraio & Koukoulas, 

2000; Thompson et al., 2001; Walsh et al., 2001; Febbraio et al., 2002; Poso et al., 

2002).  However, it has been shown that high intensity “strength” training may be a 

stronger stimulator of HSP72 transcription than low intensity “endurance” training 

(Milne & Noble, 2002; Liu et al., 2004).  For example, a single bout of high-intensity, 

fatiguing exercise in whole animal and human models has been shown to induce 

elevations in local and serum HSP72 levels (Febbraio & Koukoulas, 2000; Thompson

et al., 2001; Walsh et al., 2001; Milne & Noble, 2002; Thompson et al., 2003), 

whereas a bout of moderate, non-fatiguing exercise does not (Milne & Noble, 2002; 

Thompson et al., 2003; Kim et al., 2004; Kinnunen et al., 2005).  These findings 

suggest that the transcriptional response of HSP72 to exercise may be dependent on 

the development of fatigue, which is associated with larger alterations in 

phosphorylation potential (Hultman & Greenhaff, 1991; Nagesser et al., 1992; 

Febbraio & Dancey, 1999), disruptions in cytosolic Ca2+-handling (Westerblad et al., 

1991; Williams et al., 1993; Westerblad & Allen, 2003), and increases in intracellular 
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metabolites (H+, inorganic phosphate, ADP; Fitts, 1994, 1996; Westerblad et al., 

2002).

Previous experiments in whole animal models investigating the exercise-

induced increase in HSP72 transcription have also demonstrated a differential HSP72 

response between fiber types (Locke et al., 1991; Locke et al., 1994; Milne & Noble, 

2002).  However, muscle fiber-type heterogeneity and fiber-type recruitment patterns 

in whole animal and human studies make a precise determination of fiber-type specific 

responses to exercise difficult to achieve.  Furthermore, the generation of heat, which 

may reach 45oC in contracting whole muscle (Brooks et al., 1971) and induce HSP72 

transcription, cannot be entirely accounted for in these models. Recently, we have 

developed an isolated single skeletal muscle fiber model of contraction-induced 

transcriptional activation (Chapter 2).  Unlike whole animal and whole muscle models, 

in the isolated, intact, single skeletal muscle fiber preparation, problems associated 

with fiber-type recruitment heterogeneity are eliminated, and cell temperature during 

contractions is predominantly determined by extracellular sources, which can be easily 

set and maintained.  Furthermore, the development of fatigue (and therefore the degree 

of disruption of intracellular homeostasis) can be effectively controlled.  The purpose 

of the present study was to test the hypotheses that the elevation of skeletal muscle

HSP72 mRNA content in response to contractions is determined by: 1) fiber type; and, 

2) the development of fatigue.  This was accomplished by inducing tetanic 

contractions at varied frequencies in individual Xenopus single skeletal muscle fibers 

of different type, followed by quantification of HSP72 mRNA content using qPCR

with TaqMan®-minor groove binder (MGB) fluorescent probes.
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3-3 Methods

Female adult Xenopus laevis were used in this investigation.  All procedures 

were approved by the University of California-San Diego animal use and care 

committee and conform to National Institutes of Health standards.

Experimental protocol. Single muscle fibers were isolated and prepared as described 

previously (Hogan, 1999).  Briefly, frogs were doubly pithed and the lumbrical 

muscles (II-IV) were removed.  Single skeletal muscle fibers were dissected with 

tendons intact in a chamber perfused with physiological Ringer’s solution at a pH = 

7.0.  Individual skeletal muscle fibers of either type I (fatigue-sensitive, glycolytic, 

n=23) or type III (fatigue-resistant, oxidative, n=26) were isolated according to 

appearance under dark-field illumination and diameter, as previously described (Stary 

et al., 2004).  Cross-section area (CSA) of each fiber was determined using a pre-

calibrated ocular reticle, and platinum clips were attached to the tendons of each 

muscle fiber to facilitate positioning within the Ringer’s solution-filled chamber.  

Fibers were perfused throughout the experiment with air-equilibrated Ringer’s 

solution to maintain a stable temperature (22oC) and to reduce the occurrence of an 

appreciable unstirred layer surrounding the cell.

Individual type I and type III fibers were randomly assigned to either 15 min of 

low frequency contractions (LOW; 0.1 Hz for type I fibers, n=8, and 0.33 Hz for type 

III fibers, n=10), 15 min of high frequency contractions (HIGH; 0.33 Hz for type I 

fibers, n=8, and 1.0Hz for type III fibers, n=10), or to the no-contraction treatment 

group (REST; type I, n=7; type III, n=6).  One tendon was fixed, whereas the 
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contralateral was attached to an adjustable force transducer (model 400A, Aurora 

Scientific, Aurora, Ontario, CAN). Optimal sarcomere length (Lo) was set by altering 

pre-load tension until the maximal developed tension from individual tetanic 

contractions was observed (Hogan, 1999). The analog signal from the force transducer 

was recorded via a data acquisition system (AcqKnowledge, Biopac Systems, Santa 

Barbara, CA, USA) for subsequent analysis.  Tetanic contractions were elicited using 

direct (8–10 V) stimulation of the muscle (model S48, Grass Instruments, Warwick, 

RI, USA). Stimulation consisted of ~250 ms trains of 70 Hz impulses of 1 msec

duration.  Following contractions, fibers were allowed to recover for 2 hrs prior to 

isolation of total cellular RNA.

RNA extraction and cDNA synthesis.  Isolation of total cellular RNA from individual 

fibers was performed as previously described (Chapter 2). Briefly, individual fibers 

were manually cleaned of residual cellular debris and removed from the tendon.  

Fibers were then introduced into 0.5 ml of TRIzol® reagent where total cellular RNA 

was extracted via phenol/chloroform dissociation.  RNA was precipitated and applied 

to a column supplied in the Micro RNeasy Total RNA isolation kit (Qiagen). Washing 

of the column, DNase-treatment and elution of RNA in 14µl of DEPC-treated water 

were then performed per the protocol supplied by Qiagen. First-strand cDNA synthesis 

was performed on the DNase-treated total RNA using a Thermoscript Taq-free kit 

(Invitrogen) as previously described (Chapter 2). All resulting cDNA was then subjected 

to qPCR amplification using TaqMan®-MGB probes with 6-FAM fluorescence detection.
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Real time quantitative PCR with TaqMan-MGB probes. Taq DNA polymerase-based 

(TaqMan®) probes provide increased sequence specificity and decreased background 

fluorescence (Livak et al., 1995) than comparable non-specific double stranded DNA 

fluorescent reporter dyes, such as Sybr-Green.  TaqMan®-MGB probes (Applied 

Biosystems, Foster City, CA) are a new class of TaqMan® probes which result in 

better precision in quantification and increase sequence specificity (Salmon et al., 

2002).  Sequence-specific TaqMan®-MGB primers and probes were designed to definitive 

Xenopus laevis gene sequences recorded in GenBank for HSP72, HSP60 and cardiac α-

actin as previously described (Chapter 2). All Taqman®-MGB probes were labeled with 

a reporter dye (6-FAM) to the 5'-end of the probe and minor groove 

binder/nonfluorescent quencher at the 3'-end of the probe (Applied Biosystems).  

Primers and probe sequences are previously described (Table 2-2). 

Quantitative PCR was performed using an MX3000P real-time PCR system 

(Stratagene, La Jolla, CA) incorporating TaqMan® 6-FAM detection assays as 

previously described (Chapter 2).  Each reaction contained: 15 µl of 2× TaqMan®

Master Mix (Applied Biosystems), 0.27 uL ROX reference dye (Stratagene) diluted 

1:200 with RNase-free H20, 0.9 µl of 10 µM forward and reverse sequence detection 

primers (Applied Biosystems), and 2.0 µl cDNA brought to a final volume of 30 µl 

with ultrapurified H20.  In addition, no-template control (NTC) and no-reverse 

transcription control (NoRT; DNase-treated total RNA not subjected to cDNA 

synthesis) reactions were included to test for any degree of contaminating genomic 

DNA in the RNA sample and and/or primer-dimer amplification.  Quantitative PCR 

parameters were as follows: 95°C for 10 minutes followed by 40 cycles at 95°C for 15 



71

seconds and 60°C for 1 minute.  The threshold cycle of fluorescence detection (Ct) of

each reaction was calculated with MX-Pro software v3.0 (Stratagene) algorithms as 

described previously (Stary et al., 2006).  For each amount of RNA tested, duplicate 

Ct values were obtained and averaged. Following amplification, select amplicons were 

electrophoresed on a 1.5% agarose gel adjacent to a 100bp ladder, and visualized with 

Et-bromide for fragment size to ensure correspondence with sequence-specific length.

Calculations.  The fold change of HSP72 mRNA of individual fibers was determined 

by the relative quantification method (∆Ct) as originally reported by Livak and 

Schmittgen (Livak & Schmittgen, 2001), and as employed previously in the single 

skeletal muscle fiber model (Chapter 2), according to the equation:

fold change=2−∆∆Ct

where ∆∆Ct=(Ct target−Ct reference)treatment 1−(Ct target−Ct reference)treatment 2, and the target gene 

in each treatment group is normalized to the reference gene (or “housekeeping gene,” 

HKG. The fold change of HSP72 mRNA content of single fibers in the contraction 

treatment group was analyzed with HSP60 as the reference gene as previously 

described (Stary et al., 2006), and relative to the expression of HSP72 mRNA content

in single fibers from the mean of the rest treatment group.  An increase in HSP72 

mRNA resulting from the treatment effect will be reflected by values of fold change 

greater than 1.
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Data and statistical analysis.  Changes in force over time between treatments were 

tested via a repeated measures 2-way ANOVA.  Differences in cross-sectional area 

between groups were determined with a 1-way ANOVA.  When significant F values 

were present, the Bonferroni post-hoc test has employed to determine between-group 

differences.  Relative fold changes from control (rest) in qPCR amplicon content were 

tested via a one-sample t-test, with 1 (standardized control) as the test value (since 

20=1).  Statistical significance was accepted at p<0.05.

3-4 Results

The mean CSA of all type I fibers (284+13 µm2) was significantly larger 

(p<0.05) than the mean CSA of all type III fibers (119+8 µm2) fibers.  Figure 3-1 

illustrates sample force recordings for representative individual fibers in the LOW and 

HIGH groups for both fiber types (type I=top two panels, type III=bottom two panels).  

While relative mean peak developed tension of type I LOW fibers did not significantly 

decrease throughout the stimulation period, type I fibers demonstrated significant 

(p<0.05) development of fatigue (21+6% of initial developed tension; Figure 3-2, 

panel A).  Similar to type I fibers, relative mean peak tension remained unchanged in 

LOW type III fibers, yet fell significantly (p<0.05) in HIGH type III fibers (to 49+9% 

initial developed tension; Figure 3-2, panel B).  These results (mean CSA and force) 

corresponded with previously determined fiber-type characteristics (van der Laarse et 

al., 1991; Stary et al., 2004).
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Figure 3-3 illustrates the fold difference of HSP72 mRNA content normalized 

to within-fiber HSP60 mRNA content, as previously described (Chapter 2), between

type I and type III REST fibers (panel A), and in type I and type III fibers in response 

to contractions (panel B). When compared to REST type I fibers, REST type III fibers 

had a greater (7.6+1.8 fold) mean relative HSP72 mRNA content (Figure 3-3, panel 

A).  The difference in constitutive HSP72 mRNA content between fiber types was 

likely not due to differences in HSP60 mRNA content as the relative content of 

HSP60 mRNA (normalized to cardiac α-actin) in REST type III fibers was not 

significantly different (0.87+0.6 fold; p>0.05) than REST type I fibers.  In response to 

15 min of tetanic contractions (Figure 3-3, panel B), a significant (p<0.05) elevation in 

HSP72 mRNA content was observed in type I fibers in both the LOW group (11.8+6.2 

fold), and HIGH (12.9+3.5 fold), relative to REST type I fibers , with no difference 

between treatments. However, no significant elevation was observed in either LOW 

type III fibers (5.1+2.4 fold), or HIGH (6.5+4.3 fold), relative to type III rest fibers.  

As with type I fibers, a trend in elevated HSP72 mRNA content was present in HIGH 

type III fibers relative to LOW type III fibers, but no significant difference between 

stimulation groups was observed (Figure 3-3, panel B).

3-5 Discussion  

The purpose of the present study was to test the hypotheses that the 

contraction-induced elevation in skeletal muscle HSP72 mRNA content is dependent 

on fiber, and on the development of fatigue.  When isolated single skeletal muscle 
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fibers of type I and type III were subjected to an acute bout of either fatiguing or non-

fatiguing contractions followed by qPCR analysis of HSP72 and HSP60 mRNA

content, we found: 1) the constitutive level of HSP72 mRNA content in type III fibers 

was significantly higher than type I fibers; 2) elevation of HSP72 mRNA content 

occurs in type I fibers following 15 min of both fatiguing and non-fatiguing 

contractions; and, 3) type III fibers do not respond with elevated HSP72 mRNA to 15 

min of either fatiguing or non-fatiguing contractions.

HSP72 in skeletal muscle. A central role for HSP72 in the maintenance of cellular 

homeostasis in skeletal muscle following acute exposure to cellular stressors has 

recently been demonstrated.  For example, in whole muscle studies, upregulation of 

HSP72 can provide a protective effect following damaging contractions (McArdle et 

al., 2004), decrease necrosis following cryolesioning (Miyabara et al., 2006) reduce 

skeletal muscle atrophy following limb immobilization (Selsby & Dodd, 2005), and 

affect regulation of apoptotic events (Siu et al., 2004).  While these results 

demonstrate the importance of HSP72 induction in skeletal muscle, investigations into 

the mechanisms of adult skeletal muscle HSP72 induction have largely revolved 

around the non-specific stress of exercise (for reviews see (Locke & Noble, 1995; 

Kilgore et al., 1998; Liu & Steinacker, 2001; Powers et al., 2001; Lancaster & 

Febbraio, 2005).  However, evidence in whole animal and human studies has 

suggested that high intensity, fatiguing exercise, which leads to much greater 

disturbances in intracellular homeostasis than non-fatiguing contractions (Westerblad

et al., 1991; Fitts, 1994, 1996; Westerblad & Allen, 2003), results in a greater 
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elevation of HSP72 than more moderate exercise (Milne & Noble, 2002; Liu et al., 

2004).  

In the present study, we employed a recently developed (Chapter 2) single 

skeletal muscle fiber model for measuring contraction-induced elevations in mRNA 

content to investigate whether intracellular signals associated with the development of 

fatigue are necessary to augment HSP72 mRNA levels.  This model, which is free of 

the fiber-type and motor unit recruitment constraints which confound interpretation of 

results in exercising animal and human models, is independent of extracellular 

signaling sources (e.g from cytokines, catecholamines, hormones, etc) and from 

alterations in temperature (Lannergren et al., 1993).

Contraction-induced elevation HSP72mRNA and fatigue development. The 

development of skeletal muscle fatigue is associated with disruptions in intracellular 

homeostasis, such as alterations in phosphorylation potential (Hultman & Greenhaff, 

1991; Nagesser et al., 1992; Febbraio & Dancey, 1999), disruptions in cytosolic [Ca2+] 

(Westerblad et al., 1991; Williams et al., 1993; Westerblad & Allen, 2003), increases 

in intracellular metabolites (H+, inorganic phosphate, ADP; Fitts, 1994, 1996; 

Westerblad et al., 2002) and generation of reactive oxygen species (Reid, 2001; 

Vandenboom, 2004).  We have recently demonstrated in single skeletal muscle fibers 

that intracellular signals associated with contractions can result in elevated levels of 

HSP72 mRNA (Chapter 2).  Although the intracellular mechanisms of exercise-

induced HSP72 induction in skeletal muscle remain unknown, evidence that oxidative 

and metabolic stress may contribute to the elevation HSP72 during exercise has been 
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previously demonstrated (Paroo & Noble, 1999; McArdle et al., 2001; Ecochard et al., 

2004; Fischer et al., 2006).

In the present study, fatiguing and non-fatiguing contractions were elicited 

from single skeletal muscle fibers of type I and type III (Figures 3-1, 3-2), followed by 

analysis of HSP72 mRNA, in order to determine whether the metabolic alterations 

associated with the development of fatigue are necessary to induce elevations in 

skeletal muscle HSP72 mRNA content.  Both fatiguing and non-fatiguing contractions 

elicited an increase in relative HSP72 mRNA content when normalized to HSP60

mRNA content in type I fibers (Figure 3-3, panel B), as previously reported (Chapter 

2).  These findings suggest that the development of fatigue per se, and the associated 

intracellular disruptions which occur during fatigue, is not necessary to elevate HSP72 

mRNA content in type I single skeletal muscle fibers.  Furthermore, labile heat 

generation in isolated single skeletal Xenopus muscle fibers is likely negligible 

(Lannergren et al., 1993), and would be quickly dissipated through conduction and 

convection in the well-stirred medium, suggesting that the elevation of HSP72 mRNA 

following contractions observed in the present study likely occurred independently of 

alterations in temperature.  Therefore, other factors associated with the contractile 

process (transient increases in cytosolic [Ca2+], cytoskeletal mechanical stress) may be 

more direct inducing elements. Although the greater response in HSP72 transcription 

to high intensity exercise than low previously reported by Milne et al. (Milne & 

Noble, 2002) are in apparent disagreement with the results of the present study, it is 

possible that muscle recruitment patterns and a differential fiber-type response may be 

responsible for the observed differences (see below). 
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Contraction-induced elevation of HSP72 mRNA content is dependent on fiber type.

Although in the present study an elevation in relative HSP72 mRNA content was 

observed in type I fibers following both fatiguing and non-fatiguing contractions, no 

significant (p>0.05) change in relative HSP72 mRNA content was observed in type III 

fibers following either fatiguing or non-fatiguing contractions (Figure 3-3, panel B).  

A differential response of fiber types to contraction-induced HSP72 transcription has 

also been reported by Neufer et al. ( 1996) during a continuous-stimulation paradigm 

of whole muscle analyzed by in situ hybridization.  Oishi et al. (2003) reported a 

differential HSP72 transcriptional response between fast and slow twitch whole 

skeletal muscle to heat shock, with fast twitch glycolytic regions of gastrocnemius 

having a greater response to heat shock than slow twitch oxidative regions.    

An explanation for the differential transcriptional response of HSP72 to 

contractions between fiber types observed in the present study is that type III fibers 

have a greater constitutive expression of HSP72 mRNA relative to type I fibers.  This 

was not due to a lower constitutive expression of HSP60 mRNA, as evidenced by 

similar relative HSP60 mRNA content between fiber types when normalized to 

cardiac α-actin.  This finding was originally reported by Locke et al. who examined 

HSP72 content from whole muscle with varying relative fast and slow twitch fiber 

compositions at rest (Locke et al., 1991) and following training (Locke et al., 1994)

and later confirmed by Ogata et al. ( 2003) and most recently by O’Neill et al. ( 2006).  

In the present study a higher constitutive level of relative HSP72 mRNA content was 

observed in type III fibers relative to type I (Figure 3-3, panel A).  It has been 
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suggested in studies reporting similar findings (Locke et al., 1991; Ogata et al., 2003; 

Oishi et al., 2005; O'Neill et al ., 2006) that this may be due to the more frequent 

recruitment of slow twitch, oxidative fibers, relative to fast twitch, oxidative fibers, 

and that the more frequent use for general locomotion may contribute to the higher 

basal levels of HSP72.  This is in accordance with data from the present study 

demonstrating a significant elevation in HSP72 mRNA following non-fatiguing 

contractions (Figure 3-2, panel A), indicating that contractions per se, as would occur 

during general locomotion, are sufficient to elevate HSP72 mRNA content.  

Therefore, although the mechanisms of HSP72 induction are likely similar between 

fiber types, the higher basal content of HSP72 mRNA in type III fibers may have 

masked any transcriptional response to contractions.

3-6 Summary

This study utilized the single skeletal muscle fiber model to investigate the 

response of HSP72 to fatiguing and non-fatiguing contractions in fast-twitch 

glycolytic (type I) and slow-twitch oxidative (type III) skeletal muscle fibers.  

Significant findings from the present study include: 1) no significant elevation in 

relative HSP72 mRNA content in type III single fibers following either fatiguing or 

non-fatiguing contractions, likely due to a higher constitutive resting level of relative 

HSP72 mRNA content in type III fibers compared to type I; and 2) an increase in 

relative HSP72 mRNA content of type I single fibers following both non-fatiguing and 

fatiguing contractions, with no difference between contraction groups, suggesting that 
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intracellular metabolic alterations associated with the development of fatigue are not 

necessary for contraction-induced elevations in HSP72 mRNA.
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Figure 3-1 
0-1 
Stress recordings (developed tension/cross-sectional area) for representative individual 
type I fibers (fast-twitch, glycolytic) and type III fibers (slow twitch, oxidative) during 
15 min of either high frequency, fatiguing or low frequency, non-fatiguing tetanic 
contractions.
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Figure 3-2 
0-2 
Mean peak developed tension during 15 min of either low or high frequency tetanic
contractions in isolated single fibers of type I (panel A) or type III (panel B).  Whereas
mean peak developed tension at the stimulation end-point remained unchanged from
initial peak tension following 15 min of low frequency contractions in both type I and
type III fibers, high-frequency stimulation resulted in significantly (p<0.05) decreased
peak developed tension relative to initial peak tension in both type I and type III fibers 
at the stimulation end point.
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0-3 
Mean fold difference in relative HSP72 mRNA content (normalized to within-fiber 
content of HSP60 mRNA), for type I fibers subjected to low (mean+SEM; n=8) and 
high-frequency tetanic contractions (mean+SEM; n=8) relative to rest type I fibers 
(mean+SEM; n=7; left, panel A), and type III fibers subjected to low (mean+SEM; 
n=10) and high-frequency tetanic contractions (mean+SEM; n=10) relative to rest type 
III fibers (mean+SEM; n=6; right, panel A).  A significant (p<0.05) elevation in 
relative content of HSP72 mRNA from rest was observed in type I fibers during both 
stimulation paradigms (indicated by fold change>1, as 20=1, and represented by *), 
however no difference was observed in type III fibers in either stimulation paradigm.  
This difference may be due to a significantly (p<0.05) greater constitutive expression 
of relative mRNA HSP72 content in type III fibers relative to type I fibers (panel B), 
indicated by *.
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CHAPTER 4

CALCIUM TRANSIENTS CONTRIBUTE TO THE CONTRACTION-INDUCED 
ELEVATION OF HEAT SHOCK PROTEIN 72 MRNA IN ISOLATED SINGLE 

SKELETAL MUSCLE FIBERS

4-1 Abstract

The aim of the present study was to test the hypothesis that the increase in heat 

shock protein 72 (HSP72) transcription in skeletal muscle which occurs in response to 

a single bout of contractions is primarily due to the repeated transient increase in 

cytosolic [Ca2+] ([Ca2+]c) associated with skeletal muscle contraction.  Living, intact 

fast-twitch glycolytic skeletal muscle fibers were microdissected from lumbrical 

muscle of Xenopus laevis and injected with the cytosolic Ca2+ indicator fura 2.  Fibers 

were mounted in a glass perfusion chamber maintained at 22oC while force and [Ca2+]c

were continuously recorded.  Individual fibers were incubated for 15 min in either 

standard Ringer’s solution (EX; n=6), or in 10 µM N-benzyl-p-toluene sulfonamide

(BTS, n=6), an inhibitor of cross-bridge cycling, prior to 15 min of tetanic contractions 

at 0.33Hz.  Following treatment, individual fibers were allowed to recover for 2 hr

before isolation of total cellular mRNA, followed by relative quantification of HSP72 

and HSP60 mRNA via qPCR.  Initial peak developed tension of BTS fibers 

significantly (p<0.05) decreased to 8+3% (of pre-BTS values), whereas peak relative 

[Ca2+]c remained unchanged from pre-BTS incubation values, thereby demonstrating 

dissociation of excitation-contraction coupling.  Mean relative peak developed tension
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and relative peak [Ca2+]c of EX fibers significantly (p<0.05) decreased throughout the 

contractile protocol (developed tension: 12+6% initial values; [Ca2+]cyt: 31+7% initial 

values).  However, while peak developed tension remained depressed in BTS fibers, 

peak [Ca2+]c was significantly elevated relative to EX fibers throughout the contractile 

period.  When normalized to within-fiber HSP60 content, comparative quantification

of HSP72 mRNA content (∆Ct method) revealed a significant increase (p<0.05) in 

fibers of both the BTS-treated group (12.9+5.7 fold) and EX fibers (16.3+6.5 fold) 

relative to rest fibers (n=13), with no difference between groups.  In additional 

experiments, no significant (p>0.05) increase in relative HSP72 mRNA content was 

observed in single fibers following: 1) 15 min incubation in 2 mM of the AMP-

dependent kinase activator AICA-riboside (1.2+0.3 fold; n=6); 2) 15 min incubation in 

low PO2 Ringers (0.8+0.34 fold; n=7); or, 3) 5 min low PO2 perfusion followed by 

reoxygenation during 10 min of low frequency 0.1Hz contractions (4.6+3 fold; n=9), 

despite significant depression in both mean relative tension (41+9% initial values) and 

relative peak [Ca2+]c (71+8% initial values). These data suggest that in these single 

skeletal muscle fibers, increased [Ca2+]c is a primary factor in the elevation of HSP72 

mRNA content in response to contractions, whereas alterations in the phosphorylation 

potential and/or generation of reactive oxygen species likely played a more limited 

role. 
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4-2 Introduction

Heat shock protein 72 (HSP72) is a protective, inducible protein, which has 

been shown to promote restoration of intracellular homeostasis during and following 

exposure to noxious stimuli, including ischemia/reperfusion, reactive oxygen species,

and alterations in the phosphorylation potential in a variety of tissues (Kiang & 

Tsokos, 1998; Latchman, 2001; Lepore et al., 2001; Snoeckx et al., 2001; Christians

et al., 2002; Giffard & Yenari, 2004).  In skeletal muscle, increased levels of HSP72 

have been demonstrated to provide a protective effect following damaging 

contractions (McArdle et al., 2004), to decrease necrosis following cryolesioning 

(Miyabara et al., 2006), to reduce skeletal muscle atrophy following limb 

immobilization (Selsby & Dodd, 2005), and to play a role in the regulation of 

apoptotic events (Siu et al., 2004).  Furthermore, the age-related decrease in skeletal 

muscle function may be related to decreases in HSP72 expression (McArdle et al., 

2004). 

Exercise is a non-specific stress to skeletal muscle, and it has been 

demonstrated that a single bout of high intensity exercise in whole animal and human 

models can induce elevations in HSP72 mRNA (Salo et al., 1991; Puntschart et al., 

1996; Febbraio & Koukoulas, 2000; Thompson et al., 2001; Walsh et al., 2001; 

Febbraio et al., 2002; Poso et al., 2002).  However, fiber type and motor unit 

recruitment heterogeneity preclude an accurate assessment of exercise-induced 

transcription of HSP72 at the cellular level. Furthermore, due to the various 

intracellular metabolic complexities that occur during high intensity exercise, such as 

decreases in intracellular PO2 (Richardson et al., 1995; Hogan, 2001), alterations in 
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the phosphorlaytion potential (Hultman & Greenhaff, 1991; Nagesser et al., 1992; 

Febbraio & Dancey, 1999), accumulation of metabolic byproducts, the generation of 

heat (which may reach 45oC in contracting whole muscle (Salo et al., 1991), and 

disruptions in free cytosolic [Ca2+] ([Ca2+]cyt) (Westerblad et al., 1991; Williams et al., 

1993), it remains largely undetermined, which intracellular stimuli are responsible for 

the induction of HSP72 during exercise in skeletal muscle.

Although the mechanisms which activate HSP72 transcription in skeletal 

muscle are not clearly understood, a key transcriptional regulator in skeletal muscle is 

free cytosolic Ca2+, which increases in skeletal muscle during contractions 

(Westerblad & Allen, 2003) and following heat stress (Schertzer et al., 2002), and 

which has been shown to play an important role in regulating oxidative enzyme 

expression, mitochondrial biogenesis and expression of fiber-type specific proteins 

(Chin, 2004).  Activation of HSP72 transcription has been observed following 

elevations in intracellular Ca2+ with ionomycin (a Ca2+-ionophore), and to decrease in 

response to Ca2+-chelation, in a variety of other cell types (Kiang & Tsokos, 1998).  

However, whether the transient increases in [Ca2+]cyt associated with skeletal muscle 

contraction are sufficient to contribute to the exercise-induced activation of HSP72 

transcription has not been investigated, likely due to the complexities of altering and 

adequately observing Ca2+ in whole muscle and animal models.

The isolated single skeletal muscle fiber model has been previously established 

as an effective tool for monitoring free [Ca2+]cyt during contractions (Westerblad et al., 

1989; Westerblad & Allen, 2003), and has recently been employed to investigate the 

HSP72 transcriptional activation in individual single cells in response to contractions 
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(Chapter 2).  This model has the added advantage of temperature stability during 

contractions (Lannergren et al., 1993), and, by virtue of being a single cell model, is 

devoid of possible extracellular HSP72 activation pathways (Johnson et al., 2005).  

This model was utilized in the present study to test the hypothesis that that the 

depolarization-induced transient increases in free [Ca2+]cyt contribute to the 

contraction-induced elevation of HSP72 mRNA content in skeletal muscle.  The 

competitive inhibitor of myosin II, N-benzyl-p-toluene sulfonamide (BTS), was used 

to uncouple cytosolic Ca2+-cycling from contraction-relaxation (Cheung et al., 2002), 

permitting examination of Ca2+-induced elevations in HSP72 mRNA, independent of 

contractile considerations.  In addition to testing this primary hypothesis, we 

conducted further experiments to test the hypotheses that hypoxia, 

hypoxia/reperfusion and activation of the AMP-dependent kinase elevate HSP72 

mRNA content in this model.

4-3 Methods

Female adult Xenopus laevis were used in this investigation.  All procedures 

were approved by the University of California-San Diego Animal Use and Care 

Committee and conform to National Institutes of Health standards.

Experimental model. Single skeletal muscle fibers were isolated and prepared as 

described previously (Hogan, 1999).  Briefly, frogs were doubly pithed and the 

lumbrical muscles (II-IV) were removed.  Individual, living skeletal muscle fibers of 
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type I (fatigue-sensitive, glycolytic) were isolated according to appearance under dark-

field illumination and diameter (determined with a pre-calibrated ocular reticle), as 

previously described (Stary et al., 2004).  Single fibers were dissected with tendons 

intact in a chamber perfused with physiological Ringer’s solution at a pH = 7.0 and 

platinum clips were attached to the tendons.  Fibers were then mounted in a Ringer’s 

solution-filled glass chamber, and placed on the stage of an inverted microscope 

equipped for epi-illumination.  One tendon was fixed, whereas the contralateral was 

attached to an adjustable force transducer (model 400A, Aurora Scientific, Aurora, 

Ontario, CAN), allowing the muscle to be set at optimum sarcomere length. The 

analog signal from the force transducer was recorded via a data acquisition system 

(AcqKnowledge, Biopac Systems, Santa Barbara, CA, USA) for subsequent analysis.  

Individual fibers were perfused throughout the experiment with air-equilibrated 

Ringer’s solution to maintain a stable temperature (22oC) and to reduce the occurrence 

of an appreciable unstirred layer surrounding the cell.  Low PO2 Ringer’s was 

generated via equilibration with 3.5% CO2, balance N2, and perfused with glass 

syringes.  In-chamber PO2 was monitored with a pre-calibrated Clark-style PO2

electrode with internal reference (Aurora Scientific, Aurora, Ontario, Canada), with 

the output signal collected on the data acquisition system (AcqKnowledge v3.8, 

Biopac, CA).  Tetanic contractions were elicited using direct (8–10 V) stimulation of 

the muscle (model S48, Grass Instruments, Warwick, RI, USA). All stimulation 

protocols consisted of ~250 ms trains of 70-Hz impulses of 1-ms duration.  
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Experimental protocols. Individual fibers were randomly assigned to one of the 

following experimental groups: 15 min of 0. 33 Hz contractions following a 15 min 

incubation period in standard Ringer’s solution (EX; n=6); 15 min incubation period 

in Ringer’s solution plus 10 µM N-benzyl-p-toluene sulfonamide (BTS, Sigma 

Chemicals) followed by 15 min of 0.33 Hz tetanic contractions (BTS; n=6); or no-

BTS incubation and no contractions (REST; n=13).  Force was continually monitored 

throughout the stimulation protocol.  In addition, in order to test whether BTS 

incubation alone was sufficient to activate HSP72 transcription, some fibers (n=4) 

were treated with 15 min incubation in Ringer’s solution with 10 µM BTS, without 

contractions.  Following treatment, single fibers were allowed to recover for 2 hrs 

prior to isolation of total cellular RNA.

In order to determine if elevations in HSP72 mRNA content occur in response 

to alterations in the phosphorylation potential, decreased O2 availability, and/or 

production of ROS, the following experiments were performed in single fibers prior to 

RNA isolation and gene analysis via qPCR: 1) incubation in 2 mM of the AMP-

dependent kinase activator 5-aminoimidazole-4-carboxamide-1-b-riboside Z -riboside 

(AICAR; Calbiochem, La Jolla, CA; n=6) for 15 min; 2) 15 min incubation in low 

PO2 (~3 mmHg) Ringer’s solution (HYP; n=7); 3) a 10 min period of 0.1 Hz 

contractions concurrent with either a 5 min period of low PO2 perfusion followed by 3 

min perfusion with room air ambient Ringer’s (HYP-EX; n=9), or continuous 

perfusion with room air ambient (NORM; n=9) Ringer’s solution, with continuous 

assessment of force and [Ca2+]c.  In all experiments, a 2 hr period of recovery in 

normal Ringer’s was maintained prior to isolation of total cellular RNA.
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Cytosolic [Ca2+] measurement.  In experiments where [Ca2+]c was measured, fibers 

were microinjected with the cytosolic Ca2+-indicator fura 2 (Invitrogen, Carlsbad, CA) 

immediately following dissection and allowed to recover for 1 hr.  Individual Ca2+

transients were measured using an epifluorescent microscope system that consisted of 

a Nikon inverted microscope with a x40 fluor objective and a DeltaScan illumination 

and detection system (Photon Technology International, South Brunswick, NJ, USA) 

as described previously (Stary & Hogan, 2000).  Fibers injected with fura 2 were 

illuminated sequentially (20 Hz) with two excitation wavelengths of 340 and 380 nm, 

and the resulting fluorescence emission was measured at 510 nm. The ratio of 

340/380-nm fluorescence was used to obtain the Ca2+-dependent signal (Grynkiewicz

et al., 1985).  In order to determine whether microinjection induced an elevation of 

HSP72 mRNA content, fibers injected with fura 2 (n=7) were compared with a group 

of non-injected fibers (n=6) and analyzed for relative HSP72 mRNA.

RNA extraction and cDNA synthesis.  Isolation of total cellular RNA from individual 

fibers was performed as previously described (Chapter 2). Briefly, individual fibers 

were manually cleaned of residual cellular debris and removed from the tendon.  

Fibers were then introduced into 0.5 ml of TRIzol® reagent and RNA was precipitated 

and applied to a column supplied in the Micro RNeasy Total RNA isolation kit 

(Qiagen).  Washing of the column, DNase-treatment and elution of RNA in 14µl of 

DEPC-treated water were then performed using the protocol supplied by Qiagen.  

First-strand cDNA synthesis was performed on the DNase-treated total RNA using a 
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Thermoscript Taq-free kit (Invitrogen) as previously described (Chapter 2). All 

resulting cDNA was subjected to qPCR amplification using TaqMan®-minor groove 

binder (MGB) probes with 6-FAM fluorescence detection as previously described 

(Chapter 2). 

 

Real time quantitative PCR with TaqMan®-MGB probes. We have previously 

employed TaqMan® qPCR assays in analysis of transcriptional activation in isolated 

single skeletal muscle fibers (Chapter 2).  The TaqMan®-MGB probes (Applied 

Biosystems, Foster City, CA) employed in the present and previous (Chapter 2)

studies are a new class of TaqMan® probes which incorporate a 5’ reporter dye (6-

FAM) and a 3’ non-fluorescent quencher (NFQ) (Kutyavin et al., 2000) which 

decrease background fluorescence and increase sequence specificity.  Sequence-

specific TaqMan®-MGB primers and probes were designed to definitive Xenopus 

laevis gene sequences recorded in GenBank  for HSP72 (GenBank ascension number 

BC078115) and HSP60 (GenBank ascension number BC041192) as previously 

described (Chapter 2). All Taqman®-MGB probes were labeled with a reporter dye (6-

FAM) to the 5'-end of the probe and minor groove binder/nonfluorescent quencher at

the 3'-end of the probe (Applied Biosystems). Primers and probe sequences are 

previously described (Table 2-1). 

Quantitative PCR was performed using an MX3000P real-time PCR system 

(Stratagene, La Jolla, CA) incorporating TaqMan 6-FAM detection assays as 

previously described (Chapter 2).  Each reaction contained: 15 µl of 2× TaqMan 

Master Mix (Applied Biosystems), 0.27 µL ROX reference dye (Stratagene) diluted 
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1:200 with RNase-free H20, 0.9 µl of 10 µM forward and reverse sequence detection 

primers (Applied Biosystems), and 2.0 µl cDNA brought to a final volume of 30 µl 

with ultrapurified H20.  In addition, no-template control (No-TC) and no-reverse 

transcription control (No-RT; DNase-treated total RNA not subjected to cDNA 

synthesis) reactions were included to test for contaminating genomic DNA in the RNA 

sample and and/or primer-dimer amplification.  Quantitative PCR parameters were as 

follows: 95°C for 10 minutes followed by 40 cycles at 95°C for 15 seconds and 60°C 

for 1 minute.  Threshold cycle (Ct) of each reaction was calculated with MX-Pro 

software v3.0 (Stratagene) algorithms as described previously (Chapter 2).  For each 

amount of RNA tested, duplicate Ct values were obtained and averaged. Following 

amplification, select amplicons were electrophoresed on a 1.5% agarose gel adjacent 

to a 100bp ladder, and visualized with Et-bromide for fragment size.

Calculations.  The fold change of HSP72 mRNA of individual fibers was determined 

by the relative quantification method (∆Ct) as described previously (Chapter 2), and as 

originally reported by Livak and Schmittgen (Livak & Schmittgen, 2001), according 

to the equation:

fold change=2−∆∆Ct

where ∆∆Ct=(Ct target−Ct reference)treatment 1−(Ct target−Ct reference)treatment 2, and the target gene 

in each treatment group is normalized to the reference gene. The fold change of 

HSP72 mRNA content of single fibers in the contraction treatment group was 
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analyzed with HSP60 as the reference gene, and normalized to the expression of 

HSP72 mRNA of the group mean of single fibers from the rest treatment group.  An 

increase in HSP72 mRNA resulting from the treatment effect will be reflected by 

values of fold change from the group mean of the control group of greater than 1

(since 20=1).

Data and statistical analysis.  Changes between groups over time were tested via a 

repeated measures 2-way ANOVA, and relative fold changes in qPCR amplicon 

content between treatment groups (when compared to the same control group) were 

tested via a 1-way ANOVA.  When significant F-values were present, the Bonferroni 

post-hoc test was employed for determination of between-group differences.  

Individual group changes from control were tested with a one-sample t-test, with 1 as 

the test value (since 20=1). Statistical significance was accepted at p < 0.05.

4-4 Results

No significant difference in CSA was observed between BTS fibers subject to 

contractions (285+23 µm2), EX fibers (280+16 µm2), or control rest fibers (253+15 

µm2), suggesting that fibers in all groups were primarily type I fast-twitch glycolytic 

(van der Laarse et al., 1991; Stary et al., 2004).  Figure 4-1 illustrates sample force 

during 15 min of electrical stimulation for an individual “EX” fiber (contractions 

without BTS incubation. upper panel), and an individual fiber after 15 min incubation 

with 10µM BTS (lower panel).  We have previously demonstrated that 15 min of 0.33 
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Hz tetanic contractions is sufficient to induce fatigue in these type I single fibers 

(Chapter 2), which was also observed in the present study as peak developed tension 

of EX fibers fell to 12+6% of initial peak developed tension (Figures 4-1, 4-2).  

Incubation with BTS resulted in a significant (p<0.05) reduction in developed peak 

tension to 8+3% of pre-BTS values as previously demonstrated by Cheung et al

(Cheung et al., 2002), which was maintained throughout the stimulation protocol in all 

fibers (Figure 4-2).

Cytosolic Ca2+ fluorescence (indicated by the fura 2 340/380nm ratio) during 

15 min 0.33Hz contractions for representative individual EX and BTS fibers are 

illustrated in Figure 4-3 (upper and lower panels respectively).  No significant 

difference was observed within fibers in mean cytosolic Ca2+ fluorescence following 

incubation with BTS (Figures 4-3, 4-4).  Similar to force development, mean relative 

peak Ca2+ fluorescence of EX fibers decreased significantly by the stimulation end-

point to 30.8+7.3% of initial peak Ca2+ fluorescence (Figures 4-3, 4-4).  However, 

despite the impairment in mean developed tension of BTS-treated fibers, mean relative 

peak Ca2+ fluorescence of BTS fibers remained significantly higher than EX fibers 

throughout the stimulation period (Figure 4-4).

Figure 4-5 illustrates mean relative content of HSP72 mRNA of rest (no-

contractions) fibers incubated in BTS, and fibers in the EX and BTS groups, compared 

to rest fibers receiving no treatment.  A significant (p<0.05) elevation in HSP72 

mRNA content relative to rest was observed in both EX (16.3+6.5 fold), and BTS 

(12.9+5.7 fold) fibers.  However, no significant difference was observed between 

BTS-incubated rest fibers and non-BTS rest fibers (1.8+1.07 fold), suggesting that 
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BTS alone did not elevate HSP72 mRNA.  Although relative mRNA content tended to 

be higher in EX fibers than BTS-EX fibers, no significant difference was observed 

between groups (Figure 4-5), suggesting that increased [Ca2+]c is at least one 

important factor in the elevation of HSP72 mRNA content in response to contractions

in this model.

Peak tension, peak Ca2+ fluorescence and extracellular PO2 for a representative 

single fiber subjected to low duration (10 min), low frequency (0.1 Hz) tetanic 

contractions with hypoxia/reperfusion (“HYP-EX”) are shown in Figure 4-6.  Relative 

to fibers subjected to 10 min of 0.1 Hz contractions with continuous high PO2

perfusion (“NORM-EX”), mean relative peak developed tension (Figure 4-7) and 

mean relative peak Ca2+ fluorescence (Figure 4-8) of HYP-EX fibers had significantly 

decreased to 41+8.6% and 71+8.2% of initial values, respectively, indicating 

significant disruption in intracellular homeostasis. However, despite the impairment 

in contractility and peak Ca2+ release, no significant elevation was observed in HSP72 

mRNA content from NORM-EX cells (Figure 4-9, panel A), or in rest cells treated 

with hypoxia alone (Figure 4-9, panel A).  Finally, no significant difference from non-

treated rest cells in HSP72 mRNA content was observed in cells treated with 2 mM of 

the AMP-dependent kinase activator AICAR (Figure 4-9, panel B), a concentration 

previously demonstrated to activate AMPK in skeletal muscle cell culture (Fediuc et 

al., 2006).
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4-5 Discussion  

In the present study, the single Xenopus skeletal muscle fiber model of 

contraction-stimulated gene activation was utilized to demonstrate: 1) contractions 

following incubation with 10 uM of the excitation-contraction uncoupler BTS resulted 

in an increased level of relative HSP72 mRNA content, despite a reduction in peak 

developed tension to <10%; 2) that neither 15 min hypoxic incubation, nor low 

frequency contractions during hypoxic conditions resulted in significant elevation of 

relative HSP72 mRNA content; and 3) that activation of the AMPK pathway with 2 

mM AICAR does not result in a significant elevation of HSP72 mRNA in this model.

Free cytosolic Ca2+ and elevated HSP72 mRNA content. Free cytosolic Ca2+ is a 

fundamental second messenger in cell signaling, and has been implicated in the 

activation of a variety of cell signaling pathways in skeletal muscle including 

Ca2+/calmodulin- dependent protein kinase (CaMK), protein kinase A (PKA) and C 

(PKC), mitogen-activated protein kinase (MAPK), and phosphatidylinositol (PI)-3 

kinase (Morelli et al., 2001; Carrasco et al., 2004; Chin, 2004; Richter et al., 2004).  

The upregulation of HSP72 protein occurs following phosphorylation of heat shock 

transcription factor(s) (HSF), permitting translocation to the nucleus and binding to 

the heat shock response promoter element, with subsequent initiation of transcription 

(Amin et al., 1988; Kiang & Tsokos, 1998).  Chelation of Ca2+ and inhibition of Ca2+-

associated pathways has been shown to inhibit HSF activation and subsequent HSP72 

transcription during heat shock (Kiang & Tsokos, 1998; Ohnishi et al., 1999; 
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Holmberg et al., 2001; Kiang et al., 2002; Chang et al., 2006), and increased 

activation and translocation of HSF has been observed following elevations in

intracellular Ca2+ (Kiang & Tsokos, 1998) in a variety of other cell types, suggesting 

that availability of free cyctosolic Ca2+ is associated with upregulation of HSP72 

expression.

The transient release and resequestration of Ca2+ from the sarcoplasmic 

reticulum (SR) is a necessary, fundamental component of skeletal muscle excitation-

contraction (E-C) coupling.  However it has not been previously demonstrated that the 

transient increases in free [Ca2+]cyt associated with contractions can trigger the 

exercise-induced activation of HSP72 transcription observed in skeletal muscle.  The 

myosin-II inhibitor BTS inhibits cross-bridge cycling, and therefore decreases ATP 

utilization (thereby decreasing alterations in the phosphorylation potential and 

possibly ROS generation), and cytoskeletal mechanical stress [(which has been 

demonstrated to induce transcription in skeletal muscle, (Barash et al., 2004)], yet 

maintains Ca2+ release and resequestration by the SR.  This permits a more 

physiologic (transient and pulsitile) elevation in Ca2+ than comparable methods 

utilizing ionophores or caffeine (inducing a chronic elevation is Ca2+), while 

minimizing other potential transcription-activating factors.  In the present study, the 

isolated single skeletal model of contraction-induced elevation of HSP72 mRNA

content (Chapter 2) was utilized to test whether E-C uncoupling by BTS alters the 

elevation of HSP72 mRNA content in response to 15 min of fatiguing tetanic 

contractions.  In the present study, incubation with BTS resulted in almost complete 

abolition in relative developed tension throughout the contractile period (Figures 4-1, 
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4-2). However, mean peak relative [Ca2+]cyt values were not affected by BTS 

incubation, and were maintained to a greater extent throughout the stimulation period 

(Figures 4-3, 4-4).  When normalized to HSP60 mRNA content, as previously 

described (Chapter 2), HSP72 mRNA content was elevated 2 hrs after contractions in 

both the control and BTS treatment groups, relative to non-stimulated fibers (Figure 4-

3).

As metabolic activity and cytoskeletal mechanical stress was diminished but 

SR Ca2+-cycling was maintained, these findings suggest that the transient elevations in 

[Ca2+]cyt associated with 15 min of 0.33 Hz contractions are sufficient to elevate 

HSP72 mRNA content in these single fibers.  However, these findings do not 

eliminate other metabolic factors as activators of transcription.  For instance, although 

Ca2+ was significantly greater following BTS incubation than contractions without 

BTS throughout the stimulation period (Figure 4-2), no differences in relative HSP72 

mRNA content were observed between groups (Figure 4-3).  This suggests that while 

the transient increases in free [Ca2+]cyt associated with contractions was sufficient to 

increase HSP72 mRNA, elevations in cytosolic Ca2+ may not be the only factor 

contributing to the elevation of HSP72 mRNA content in response to contractions.  

Furthermore, we have recently demonstrated that cytosolic Ca2+-cycling by the SR 

during contractions may account for >40% of the total metabolic cost of contractions 

(Walsh et al., 2006), and that despite inhibition of crossbridge cycling, at least 

minimal alterations in phosphorylation potential and/or generation or reactive oxygen 

species (ROS; Reid, 2001), which have been shown to activate HSP72 transcription in 

skeletal muscle (McArdle et al., 2001), occurred during contractions following 
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incubation with BTS.  Finally, we have previously demonstrated in single skeletal 

muscle fibers that non-fatiguing contractions elevate HSP72 mRNA (Chapter 3), 

suggesting that severe alterations in metabolic homeostasis are not necessary to initiate 

elevate HSP72 mRNA content.  These findings suggest that the metabolic activity, 

though reduced, of fibers in the BTS group may have been sufficient to elevate HSP72 

mRNA content.  Therefore the results of the present study utilizing BTS can not 

exclude activation by alterations in the phosphorylation potential, and or generation of 

reactive oxygen species as mitigating factors in the elevation of HSP72 mRNA 

content in this model.

Hypoxia/reoxygenation and AMP-dependent kinase activation. In order to investigate 

whether more severe disruptions in the phosphorylation potential, and/or increased 

generation of reactive oxygen species, have the capacity to elevate HSP72 mRNA 

content in skeletal muscle, single skeletal muscle fibers were exposed to hypoxia with 

and without contractions.  As the terminal electron acceptor of oxidative 

phosphorylation, O2 has the capacity to regulate cellular function both acutely and 

chronically (Schumacker, 2003; Giordano, 2005).  For example, decreased O2

availability to myocardium can immediately disrupt intracellular homeostasis and 

impair contractility (Ferrari, 1995; Giordano, 2005), as well as induce the expression 

of a variety of genes (Giordano, 2005), including HSP72 (Lepore et al., 2001).  Acute 

restrictions in O2 availability to contracting skeletal muscle also have the capacity to 

disrupt intracellular homeostasis and downregulate force production in whole animal 

and isolated muscle preparations (Faulkner et al., 1968; Hughes et al., 1968; Adams & 
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Welch, 1980; Hogan & Welch, 1986; Hogan et al., 1988; Cerretelli, 1992; Hogan et 

al., 1992), as well as in isolated single fiber preparations (Stary & Hogan, 1999, 

2000), while also altering gene expression (Breen et al., 1996; Hoppeler et al., 2003; 

Tang et al., 2004).  Interestingly, Ca2+-chelation decreases hypoxia-induced HSP72 in 

other cell types (Kiang & Tsokos, 1998), suggesting a role for O2 in Ca2+-induced 

activation of HSP72 transcription.

In the present study, contractions during low PO2 (~3 mmHg) perfusion 

resulted in significant depression of peak relative developed tension (Figures 4-6, 4-7) 

and relative peak Ca2+ (Figures 4-6, 4-8), demonstrating the acute effect of restricted 

O2 availability on intracellular homeostasis, contractility, and SR Ca2+-release.  While 

the phosphorylation potential was not measured in this study, we have previously

demonstrated in these single fibers (Hogan et al., 2005) that similar reductions in O2

availability during contractions have the capacity to disrupt the relative level of 

mitochondrial reducing equivalents, likely leading to increased levels of ADP.  

Although ATP availability has not been previously measured in these single fibers 

following low PO2-induced decreases in force production, fatigue to a similar level 

during high PO2 conditions results in decreased [ATP] in these single fibers (Nagesser 

et al., 1992).  The AMP-dependent kinase pathway is activated by disruptions in the 

phosphorylation potential, and has been shown to modulate transcription in skeletal 

muscle (Stoppani et al., 2002; Holmes et al., 2005), thereby providing a possible route

of HSF phosphorylation during hypoxia.  Furthermore, Zuo and Clanton (2005) have 

demonstrated that both hypoxia during rest and hypoxia during contractions result in 

generation of ROS in skeletal muscle.  However, HSP72 mRNA content was not 
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significantly elevated 2 hrs following either 15 min incubation in low PO2 Ringer’s, or 

following 10 min tetanic contractions with low PO2 perfusion (Figure 4-9, panel A), 

suggesting that this degree of hypoxia, ROS production and/or altered phosphorlyation 

potential was insufficient to significantly elevate HSP72 mRNA content in this model.   

Furthermore, chemical activation of the AMP-dependent kinase pathway with 2mM 

AICAR, a concentration previously shown to fully activate AMP-dependent kinase in 

skeletal muscle myotubes (Fediuc et al., 2006), did not result in increased HSP72 

mRNA content (Figure 4-9, panel B). These observations suggest that alterations in 

the phosphorylation potential are not primary factors in the elevation of HSP72 

mRNA content in these single muscle fibers, which is in agreement with our previous 

findings in this model (Chapter 3) where no difference was observed in HSP72 mRNA 

content between non-fatiguing and fatiguing contractions, despite a greater disruption 

in phosphorylation potential during fatigue (Nagesser et al., 1992).

While these data do not exclude ROS and alterations in the phosphorylation 

potential as mitigating influences in the exercised-induced elevation of HSP72 mRNA 

content, the findings in the present study suggest that the transient increases in free 

[Ca2+]cyt associated with 15 min of skeletal muscle contraction play a direct role in the 

elevation of HSP72 mRNA content following contractions in the Xenopus single 

skeletal muscle fiber model.  These findings agree with previous studies in other cell 

types demonstrating that HSF phosphorylation and translocation, with subsequent 

HSP72 transcription, is dependent on the activity of the Ca2+-regulated kinase PKC 

(Yamamoto et al., 1994; Ding et al., 1996).  Furthermore, translocation of HSF to the 

nucleus, binding to HSE and transcription and translation of HSP72 is facilitated by 
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the availability of free Ca2+ in other cell types (Kiang et al., 1994).  In the present 

study, although we have previously demonstrated that a 15 min stimulation period of 

low frequency (0.1 Hz) tetanic contractions was sufficient to elevate HSP72 mRNA 

content in the single fiber model (Chapter 2), a 10 min period of 0.1 Hz contractions 

was not (Figure 4-9, panel A).  While this might be expected during hypoxic perfusion 

(where relative peak [Ca2+]cyt was depressed), this finding suggests that an “activation-

threshold” of Ca2+-exposure was not achieved.  Although Ca2+-activated expression of 

contractile elements in skeletal muscle is linked to the amplitude and duration of the 

cytosolic Ca2+-transient (Chin, 2004), it is not known whether the insufficiency to 

elevate transcription following 10 min of contractions in the present study was due to 

the decreased number of peak Ca2+ transients (relative to 15 min of contractions), or to 

a decrease in the net elevation of [Ca2+]cyt. 

4-6 Summary

In the present study, we utilized the recently developed single Xenopus skeletal 

muscle fiber model of contraction-induced gene activation to test the hypothesis that 

free cytosolic Ca2+ is an activating factor for elevations in HSP72 mRNA in skeletal 

muscle in response to contractions.  The results of the present study indicate that: 1) 

the increase in relative HSP72 mRNA content following contractions is likely due to 

the transient increases in free cytosolic Ca2+ associated with contractions; 2) neither 

alterations in the phosphorylation potential nor generation of ROS are primary factors 

in the contraction-induced elevation of HSP72 mRNA content; and 3) activation of the 
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AMPK pathway does not induce elevations of HSP72 mRNA in this model.  These 

results suggest that the elevation of HSP72 mRNA content following contractions in 

this model is primarily modulated by alterations in free cytosolic Ca2+.
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Figure 4-1 
 
Figure 4-1 
0-1 
Stress (developed tension/cross-sectional area) tracings for representative individual 
fibers during 15 min 0.33 Hz tetanic contractions under control conditions (top panel), 
and after 15 min incubation with 10 µM of the excitation-contraction uncoupler, BTS 
(bottom panel).  Force was dramatically reduced following BTS incubation relative to 
a pre-BTS test-contraction (bottom panel, left).
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Figure 4-2 
 
Figure 4-2 
0-2 
Mean relative peak developed tension during 15 min 0.33 Hz tetanic contractions for 
fibers under control conditions (EX; mean+SEM; n=9), and for fibers incubated with 
BTS (normalized to pre-BTS contractions; mean+SEM; n=9).  Mean relative peak 
developed tension was significantly (p<0.05) depressed in BTS fibers compared with 
EX fibers at all time points throughout the contractile period.
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Figure 4-3 
 
Figure 4-3 
0-3 
Representative tracings of the fura 2 fluorescence ratio (340/380nm), an indicator of 
free cytosolic Ca2+, for an individual EX fiber (top panel) during 15 min 0.33 Hz 
tetanic contractions, and a fiber incubated with BTS for 15 min (bottom panel).  The 
fura 2 ratio was unchanged following BTS incubation (compared to the pre-BTS 
value, bottom left), and coincident with abolishment of force production, indicating 
dissociation of excitation-contraction coupling.
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Figure 4-4 
0-4 
Mean relative fura 2 fluorescence ratio (a cytosolic Ca2+ indicator) during 15 min 0.33 
Hz tetanic contractions for fibers in control conditions (EX; mean+SEM; n=9), and for 
fibers incubated with BTS (normalized to pre-BTS contractions; mean+SEM; n=9).  
Mean relative peak developed tension was significantly (p<0.05) depressed in BTS 
fibers compared with EX fibers at all time points throughout the contractile period.  
Compared with EX fibers, the fura 2 ratio of BTS fibers was significantly (p<0.05) 
higher throughout the stimulation paradigm (as indicated by *).
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Figure 4-5 
0-5 
Mean fold change of relative HSP72 content (normalized to within- fiber HSP60 
content) from rest of fibers subjected to 15 min 0.33 Hz contractions in normal 
Ringer’s (EX, n=9), and contractions following BTS incubation (n=9).  A significant 
(p<0.05) elevation from rest (indicated by fold change>1, since 20=1) was observed in 
both EX and BTS fibers, represented by *.
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Figure 4-6 
0-6 
Representative tracings of stress (panel A), fura 2 ratio (indicating free cytosolic Ca2+, 
panel B) and extracellular PO2 (panel C) for an individual fiber subjected to 10 min of 
0.1 Hz tetanic contractions during a hypoxia/reperfusion protocol (3 min high PO2, 5 
min low PO2, 2 min high PO2).
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Figure 4-7 
0-7 
Mean relative peak developed tension for single fibers treated with either continuous 
high PO2 perfusion (159 mm Hg; mean+SEM; n=9), or with hypoxia (~3 mm Hg) and 
reperfusion (mean+SEM; n=9) during 10 min of 0.1 Hz tetanic contractions.  Mean 
peak tension decreased significantly during low PO2 perfusion, relative to continuous 
high PO2 perfusion, as indicated by *, indicating acute impairment of contractility.
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Figure 4-8 
0-8 
The mean relative peak fura 2 ratio (i.e. free [Ca2+]cyt) for single fibers treated with 
either continuous high PO2 perfusion (159 mm Hg; mean+SEM; n=9), or with hypoxia 
(~3 mm Hg) and reperfusion (mean+SEM; n=9) during 10 min of 0.1 Hz tetanic 
contractions.  The mean relative peak fura 2 ratio decreased significantly during low 
PO2 perfusion, relative to continuous high PO2 perfusion, as indicated by *, indicating 
impairment of Ca2+ release from the sarcoplasmic reticulum.
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Figure 4-9 
0-9 
Mean fold difference in relative HSP72 mRNA content (normalized to HSP60) from 
control (non-treated single fibers; n=7) of fibers incubated in low PO2 for 15 min 
(mean+SEM; n=7) and single fibers subjected to 10 min tetanic contractions during 
either continuous high PO2 perfusion (mean+SEM; n=9), or during a 
hypoxia/reperfusion protocol (mean+SEM; n=9), is represented in panel A.  No 
significant difference from rest (as indicated by fold change>1, since 20=1) in relative 
HSP72 mRNA content was observed following these treatments.  Similarly, no 
significant difference in relative HSP72 mRNA content was observed in fibers treated 
with 2mM AICAR (mean+SEM; n=6), compared with non-treated control fibers 
(n=6).
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CHAPTER 5

CONCLUSIONS

5-1 The Single Skeletal Muscle Fiber Model for Analysis of Gene Regulation

The studies described in this dissertation outline the methodological 

development of gene analysis in Xenopus single skeletal muscle fibers, and the 

employment of this model to investigate the factors implicated in the exercise-induced 

elevation in skeletal muscle HSP72 previously described in whole animal and human 

models (Salo et al., 1991; Skidmore et al., 1995; Puntschart et al., 1996; Febbraio & 

Koukoulas, 2000; Powers et al., 2001; Thompson et al., 2001; Walsh et al., 2001; 

Febbraio et al., 2002; Poso et al., 2002; Vissing et al., 2005). This model was 

developed to circumvent the confounding variables which prevent an accurate 

description of the cellular response to contractions in whole animal or human models, 

such as cell- and fiber-type heterogeneity, motor unit recruitment heterogeneity, and 

the potential for extracellular signaling.  Furthermore, the multiplicity of non-specific 

stresses which can occur simultaneously within intensely contracting skeletal muscle,

such as alterations of the phosphorylation potential (Hultman & Greenhaff, 1991; 

Nagesser et al., 1992; Febbraio & Dancey, 1999), decreases in intracellular PO2

(Richardson et al., 1995; Hogan, 2001), alterations in cytosolic Ca2+ (Westerblad et 

al., 1989; Williams et al., 1993), accumulation of metabolic byproducts in the 

extracellular medium, and, particularly, the generation of heat [which may reach 450C 
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in contracting whole muscle ((Brooks et al., 1971)], can be better partitioned for 

individual study in the isolated single skeletal muscle fiber preparation.

  Chapter 1 introduces the Xenopus laevis single skeletal muscle fiber model 

and previous applications of the model in studies investigating mechanisms of fatigue 

(van der Laarse et al., 1991; Westerblad et al., 1991; Westerblad & Allen, 2002; Stary

et al., 2004), metabolic onset kinetics (Hogan, 1999; Kindig et al., 2003; Kindig et al., 

2005; Stary & Hogan, 2005), and cytosolic Ca2+-handling (Westerblad et al., 1989; 

Westerblad et al., 1990; Stary & Hogan, 2000a, b) during contractions.  The 

development of the Xenopus single skeletal muscle fiber gene assay model is 

described in detail in Chapter 2.  A description of the optimization of methodology for 

isolation of total cellular RNA and comparative quantification of relative mRNA 

content using qPCR is provided.  In particular, the relevance and justification of the 

novel use of HSP60 and cardiac α-actin as internal controls (“housekeeping genes,” 

HKG’s) is described.  The single fiber gene assay developed in these studies is then 

employed to test hypotheses designed to delineate the factors regulating the exercise-

induced activation of skeletal muscle HSP72 (see below).

5-2 Skeletal Muscle HSP72 and Exercise 

A background and summary of HSP72 is provided in Chapter 1, with emphasis 

on the role HSP72 may play in preserving skeletal muscle function, and therefore 

whole-body metabolic homeostasis.  A synopsis of the previously demonstrated 

protective effects of HSP72 in skeletal muscle includes protection from damaging 
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contractions (McArdle et al., 2004), improved recovery following cryolesioning 

(Miyabara et al., 2006), decreased necrosis following ischemia/reperfusion (Lepore et 

al., 2000) and decreased atrophy following limb immobilization (Selsby & Dodd, 

2005).  Particular attention is paid to the protective effects of HSP72 in aged skeletal 

muscle (Heydari et al., 1994; McArdle et al., 2001), and related to the regulatory 

effects of HSP72 on apoptosis and skeletal muscle atrophy (Heydari et al., 1994; Siu

et al., 2004).  As whole body exercise has been demonstrated to slow the age-related 

decline in muscle wasting (Phaneuf & Leeuwenburgh, 2001; Dirks & Leeuwenburgh, 

2005), and recently demonstrated to elevate HSP72 in aged skeletal muscle (Murlasits

et al., 2006), these findings suggest that delineation of the cellular factors which 

promote the induction of HSP72 in skeletal muscle are relevant to the development of 

therapeutic strategies to counter and treat disorders in skeletal muscle, such as non-

specific necrotic-inducing events (e.g. ischemia/reperfusion), contraction-induced 

injury, and muscle wasting associated with age and disease.

In Chapter 2, the single skeletal muscle fiber model is employed to test the 

hypothesis that an acute bout of fatiguing contractions can elevate skeletal muscle 

HSP72 mRNA.   A time-course of expression indicated that the relative content of

HSP72 mRNA (when normalized to within-fiber HSP60 or cardiac α-actin mRNA 

content) was significantly elevated 2 hrs after the cessation of contractions, similar to 

previous findings in skeletal muscle from exercising humans (Walsh et al., 2001).  

These results demonstrated that increased transcription of HSP72 mRNA in skeletal 

muscle following contractions occurs independently of alterations in temperature, as 

temperature likely remained stable throughout the stimulation paradigm (Nagesser et 
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al., 1992).  Furthermore, the results suggest that the contraction-associated signal for 

elevating HSP72 mRNA can arise from an intracellular source, and is not solely due to 

signal transduction originating from extracellular sources (e.g. cytokines, 

catecholamines, or hormones).  Finally, direct comparisons of the two HKG’s 

confirmed that relative expression of both genes remained stable following fatiguing 

contractions, suggesting that either HKG is effective to employ as an endogenous 

control gene

5-3 Fiber-type Considerations and the Development of Fatigue

While the studies described in Chapter 2 demonstrate that fatiguing 

contractions result in an intracellular signal which can induce elevations in HSP72 

mRNA in isolated single skeletal muscle fibers, they do not address which potential

intracellular factors play an active role in the contraction-induced elevation of HSP72 

mRNA.  Chapter 3 describes studies which investigate the hypothesis that the 

development of fatigue, and the associated disruptions in intracellular homeostasis 

[including alterations in phosphorylation potential (Hultman & Greenhaff, 1991; 

Nagesser et al., 1992; Febbraio & Dancey, 1999), disruptions in cytosolic [Ca2+] 

(Westerblad et al., 1991; Williams et al., 1993; Westerblad & Allen, 2003), increases 

in intracellular metabolites (H+, inorganic phosphate, ADP) (Fitts, 1994, 1996; 

Westerblad et al., 2002) and generation of reactive oxygen species (Reid, 2001; 

Vandenboom, 2004)] is necessary to elevate HSP72 mRNA content in single skeletal 

muscle fibers.  This chapter also describes studies which investigate the hypothesis 
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that fiber-type differences exist in the constitutive expression of HSP72 mRNA, and in 

the contraction-induced elevation of HSP72 mRNA in single skeletal muscle fibers.  

Results from these studies indicate that slow-twitch oxidative fibers have a 

higher constitutive HSP72 content, which may be due to a greater frequency of use 

during general locomotion (O'Neill et al., 2006), or may be related to the greater 

capacity of this fiber type to buffer disruptions in intracellular homeostasis (Nagesser

et al., 1992).  This fiber-type difference may also be related to observations in the 

studies presented in Chapter 3 that slow-twitch oxidative fibers do not respond to 

either fatiguing or non-fatiguing contractions with elevations in HSP72 mRNA 

content, whereas fast-twitch glycolytic fibers do.  Furthermore, the development of 

fatigue, and the associated disruption in intracellular homeostasis (described above), 

was not necessary to induce an elevation in HSP72 mRNA content, suggesting that an 

intracellular event related to the contractile process itself, such as the transient increase 

in free cytosolic [Ca2+] ([Ca2+]cyt) and/or cytoskeletal mechanical stress, may have 

played an active role in the contraction-induced elevation of HSP72 mRNA in single 

skeletal muscle fibers.

5-4 Ca2+-induced Elevation in HSP72 mRNA

Chapter 4 describes the utilization of the excitation-contraction (EC) uncoupler 

BTS in isolated single skeletal muscle fibers in order to test the hypothesis that the 

transient increase in free cytosolic Ca2+ which occurs as part of skeletal muscle EC 

coupling is sufficient to elevate HSP72 mRNA content.  Despite a >90% abolition of 
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peak developed tension (and mechanical stress on the cytoskeletal elements), 

stimulation following BTS incubation resulted in elevated HSP mRNA content.  As 

peak free [Ca2+]cyt was unchanged from pre-BTS values, the results from this study 

suggest that the transient increases in free [Ca2+]cyt associated with skeletal muscle 

contraction is sufficient to elevate HSP72 mRNA levels.  However, as we have 

previously demonstrated that incubation with BTS decreases metabolic activity by 

only ~60% (Walsh et al., 2006), elevations in HSP72 mRNA due to alterations in 

phosphorylation potential and/or reactive oxygen species (ROS) can not be discounted 

in this study.  

However, subsequent studies described in this chapter, in which neither 

exposure of single fibers to hypoxia or to hypoxia/reoxygenation during contractions 

[likely resulting in elevated ROS and disruption in the phosphorylation potential 

(Nagesser et al., 1992; Reid, 2001; Zuo & Clanton, 2005)] did not result in significant 

elevation of HSP72 mRNA, suggest that these factors play a reduced role in the 

contraction-induced elevation in HSP72 mRNA in isolated single skeletal muscle 

fibers.  This notion was further supported by incubation in the AMP-dependent kinase 

activator AICAR (Fediuc et al., 2006), which failed to induce an elevation in HSP72 

mRNA content.  Finally, as peak free [Ca2+]cyt was significantly decreased (during 

contractions with hypoxia/reperfusion), these studies summarily suggest that the 

transient increases in free [Ca2+]cyt associated with skeletal muscle contraction is a 

significant factor in the contraction-induced elevation of HSP72 mRNA in single 

skeletal muscle fibers.
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An interesting finding in this study was that although 15 min of non-fatiguing 

tetanic contractions was sufficient to elevate HSP72 in previous studies (Chapter 3), 

10 min of tetanic contractions was not, suggesting a “threshold” of activation by free 

[Ca2+]cyt. Chin et al. (2004) suggest that alterations in the amplitude and duration of 

elevations in free [Ca2+]cyt can determine the activation of specific genes in skeletal 

muscle, suggesting regulation of gene transcription by coding of the Ca2+-transient

(Figure 5-1). However, the results of the studies described in Chapter 4 do not address 

these parameters, and it cannot be determined whether the decreased number of peak 

Ca2+ transients (60 in the 10 min stimulation compared with 90 in the 15 min protocol) 

or the decreased net elevation in [Ca2+]cyt was primarily responsible for the insufficient 

stimulus to elevate HSP72 mRNA in these single skeletal muscle fibers.

5-5 Future Directions and Therapeutic Strategies

Elucidating the pathway of Ca2+-induced activation of HSP72 would provide a 

greater resolution and specificity in the design of potential therapeutics which exploit 

the protective effects of HSP72 for skeletal muscle disease and aging.  Activation of 

the upstream regulator of transcription, heat shock factor (HSF), occurs following 

phosphorylation by a serine/threonine kinase (Amin et al., 1988; Kiang & Tsokos, 

1998).  Possible Ca2+-regulated kinase pathways include protein kinase A and C 

(PKA, PKC) and calcium/calmodulin-dependent kinase (CAMK) which can be 

investigated using inhibitors and activators specific for the kinase of interest.  While it 

has been previously demonstrated that these kinases play a role in the activation of 
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HSP72 in other cell types (Le Bihan et al., 1998; Ohnishi et al., 1999), investigations 

of these pathways in skeletal muscle have not yet been performed.

Although the studies presented in this dissertation did not indicate that 

generation of ROS and/or alterations in the phosphorylation potential were 

contributing factors to the contraction-induced elevation of HSP72 mRNA content in 

Xenopus single skeletal muscle fibers (see above), it has been previously demonstrated 

that they play a significant role in exercising humans and rodents (Ecochard et al., 

2004; Fischer et al., 2006).  Future studies employing ROS donors and scavengers and 

chemicals which decrease the availability of ATP in the Xenopus single muscle fiber 

model would provide a more definitive assessment of the contribution of these factors 

to the contraction-induced elevation of HSP72 mRNA.  Furthermore, differences in 

mechanisms of induction may exist between the amphibian skeletal muscle used in the 

present study, and mammalian skeletal muscle.  While it has not been previously 

performed, the establishment of techniques to quantify mRNA content in the isolated 

mammalian single skeletal fiber model would be advantageous in the pursuit of 

therapeutic strategies exploiting the beneficial effects of HSP72 in skeletal muscle.

It is the long-term objective of these studies to provide information which 

facilitates the development of strategies for treatment of skeletal muscle disorders and 

the age-related decline in skeletal muscle function.  Further investigations are 

necessary to determine whether the age- and disease-related decline in skeletal muscle 

HSP72 is related to Ca2+-activation, and if so, interventions which maximize the 

interaction between free [Ca2+]cyt and HSP72 activation could be employed to counter 

and treat disorders in skeletal muscle, such as non-specific necrotic-inducing events 
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(e.g. ischemia/reperfusion), contraction-induced injury, and muscle wasting associated 

with age and disease  A more immediate intervention based on the results from the 

studies presented in this dissertation is the implementation of exercise paradigms 

which maximize the recruitment of muscle composed predominantly of fast-twitch 

glycolytic fibers (i.e. higher intensity “strength” training), in both the elderly and 

infirm.
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Figure 5-1 
0-1 
A proposed model of the contraction-induced elevation of HSP72 mRNA content in 
Xenopus isolated single skeletal muscle fibers, based on evidence from studies 
presented in this dissertation.  A pathway which involves the transient elevation in free 
cytosolic [Ca2+] is emphasized, while pathways involving other potential factors are 
de-emphasized.
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