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ABSTRACT 

Despite diversity in locomotion, the mammalian pattern of metabolic fuel use 
appears highly conserved, and in most circumstances relative exerci se intensity dictates 
the proportionate contribution of carbohydrates and lipids to energy supply. However, 
the mechanisti c explanations for unity of fuel use patterns are not known. The aim of my 
study was to determine if fuel use during exercise could be adaptively altered or 
differenti ally regulated in animals selected for high acti vity . 

To thi s end, I used a model of experimental evolution in which mice are 
selectively bred for high locomotion . Within this model, there are two distinct 
phenotypes of high running (HR) mice: HRlllilli mice, characterized by hal f-s ized hindlimb 
muscles with increased mass-specific aerobic capacity, and HRllorlllal mice, with a normal 
muscle phenotype. I eva luated aerobic capacity (V02Illax), fu el use during exerci se, 
cardiac properties, and physiological factors involved in regulating fuel use, in one line 
each of: 1) non-selected control mice, 2) HRlllilli mice, and 3) HRllonnal mice. 

HR mice exhibited an increased V021llax compared to controls; moreover, HRlllini 
mice had a greater V021llax than HRllorlllal mice. Metabolic and physical cardiac changes 
may have contributed to these V021llax differences. However, HRlllini , HRnormal, and 
control mice did not differ in the mixture of fuels supplying energy demand, when 
exercise intensity was scaled to V021llax. HR mice achieved enhanced absolute f'uel 
oxidation rates via different means. HRlllilli mice had increased cytosolic fatty acid 
binding protein (H-FABP), fatty acid transporter (FATICD36) mRNA, peroxi some 
proliferator-activated receptor (PPAR) a mRNA, and activities of aerobic enzymes in 
skeletal muscle, as well as a different muscle recruitment pattern. Conversely, HRllonnal 
mice had enhanced whole-muscle enzyme activities. Therefore, there are multiple 
mechanisms to enhance fuel oxidation rates with an elevated V021llax, and diverse 
mammals can differentially utilize these mechanisms without deviating from a conserved 
pattern of fuel use. 
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CHAPTER 1: GENERAL INTRODUCTION 

One of the fundam ental requirements of survival for any organism is the balance 
of A TP production and utilization. Exercise, for instance, requires a great deal of energy, 
primarily consumed by skeletal muscle (Taylor, 1987). This necessitates an increase in 
A TP production, which is achieved via metabolism of fuels that have either been ingested 
or stored within the body, primarily by aerobic metabolic pathways and oxidative 
phosphorylation (Hochachka and Somero, 2002). 

Along with ensuring adequate oxygen deli very, a major component of maintaining 
energetic homeostas is during periods of increased ATP demand is the coordinated ability 
to both increase total flux of substrates through metabolic pathways and adjust the 
proportionate mixture offuels contributing to total oxidation (Hochachka and Somero, 
2002; Weber and Haman, 2004). The appropriate mi xture of fuels is influenced by the 
metabolic properties of the fuels themselves. For instance, lipids are stored in large 
quantities in the body because they are hi ghly reduced and anhydrous, thus providing the 
most light-weight, concentrated source of stored energy (Hochachka and Somero, 2002; 
Weber and Haman, 2004) . Carbohydrates, on the other hand, are required for immediate 
and/or high rates of A TP production, and can support anaerobic metabolic pathways, 
unlike lipids (Brooks and Mercier, 1994; Hochachka and Somero, 2002; Weber and 
Haman, 2004). Therefore, lipids seem to be the most appropriate of these fuels for 
supporting endurance locomotion, whereas carbohydrates have many properties that are 
important for exercise performance at a high intensity or when oxygen is limited (i .e. 
hypoxia ; Weber and Haman, 2004). 

Despite apparent advantages of adjusting preferred utili zation of these substrates 
with adaptive or environmental variation, the mammalian pattem of fuel use during 
exercise appears to be highly conserved, and in most circumstances relative exercise 
intensity dictates the proportionate contribution of carbohydrates and lipids to energy 
supply (McClelland, 2004) . However, the hypothesis that lipids would be favored in 
animals adapted for endurance exercise has not been fully tes ted. In my study, I will use 
a model of experimental evolution to determine whether the pattem of whole-body 
metabolic fuel use during exercise can be adaptively altered or differentially regulated 
when animals are under selection for high locomotor activity. 

F uel use in exercising mammals 

In mammals, lipids and carbohydrates are the two predominant substrates fu eling 
energy supply during exercise (Weber and Haman, 2004). Amino acid metaboli sm in 
skeletal muscle might be important for maintaining the metabo li c flu x of these substrates, 
via anapleurotic reactions to supply intermediates for th e citri c ac id cycle (Wagenmakers, 
1998). However, the direct protein contribution to energy production is minimal in 
mammals, and often considered negli gible (Brooks and Mercier, 1994; Rerulie et aI. , 
198 1; Wagenmakers, 1998). 
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The metabolic properties of these fuels play an important role in governing when 
and where they are used. While lipids have the capacity for highly reduced, anhydrous 
storage, thereby providing approximately 10-fold more energy per gram wet weight than 
carbohydrates, their hydrophobic nature means that they require carrier molecules for 
circulatory and cytoplasmic movement (Hochachka and Somero, 2002; Weber and 
Haman, 2004). Therefore, lipids comprise a large fraction of total energy stores, 
primarily as triacylglycerides in adipose ti ssue, but they can only sustain moderate ATP 
turnover rates in mammals (Hochachka and Somero, 2002; Weber and Haman, 2004). 
Thi s makes lipids well-suited for fueling endurance locomotion (Weber and Haman, 
2004). Conversely, carbohydrates have many qualities that are important for exercising at 
a high intensity or under conditions of limited oxygen avai labi I ity. Carbohydrates y ield 
approximately 15-18% more A TP per mole O2 than lipids (Brand, 2005), demonstrated il1 
vivo in terms of energetic outputs per V02 when hummingbirds exclusive ly utilize each 
of these fuels (Welch et aI., 2007). Furthermore, they can be readily mobilized from 
intramuscular and hepatic storage depots, and in mammals they are able to sustain 
maximal A TP turnover rates that are approximately 50% greater than lipids (Hochachka 
and Somero, 2002; Weber and Haman, 2004). 

Lipid oxidation in skeleta l muscle is the primary source of energy for low-to
moderate intensiti es of aerobic exercise (Brooks and Mercier, 1994; Felig and Wahren, 
1975; Roberts et aI., 1996; Romijn et aI., 1993). As exercise intensity increases, absolute 
rates of both lipid oxidation and carbohydrate metabolism increase, but there is also an 
escalating reliance on carbohydrate metaboli sm to supply a greater proportion of total 
energy (Bergman and Brooks, 1999; Brooks and Mercier, 1994; Edwards et aI., 1934; 
Felig and Wahren, 1975; Roberts et aI., 1996; Romijn et aI. , 1993). Total lipid oxidation 
rates reach a maximum during moderate-intensity exercise, at approximately 40-60% of 
the maximal aerobic capacity for exercise (V021l1ax) in humans; beyond this point there is 
a decline in absolute lipid flux as well as the proportionate contribution of lipids to energy 
expenditure (Bergman and Brooks, 1999; Brooks, 1998; Romijn et aI. , 1993). 
Approaching V0 21l1ax , it is primarily an increasing carbohydrate flux that sustains the 
ri sing ATP demand. At this point, carbohydrates are the predominant fuel used within the 
body, and energy is theoretically supplied exclusively by carbohydrate metabolism at 
V021l1ax (Bergman and Brooks, 1999; Brooks and Mercier, 1994; Brooks, 1998; Roberts et 
aI. , 1996; Romijn et aI. , 1993). 

The duration of locomotion also affects both the mix of fuels being utili zed and 
the source of fuel substrates. When locomotion is prolonged, circulatory substrates 
become increas ingly more important, relative to intramuscular fuel sources (Felig and 
Wahren, 1975; Hochachka and Somero, 2002; Romijn et aI. , 1993). Also, the 
contribution of lipids to total energy expenditure, particularly the contribution by plasma 
free fatty acids, gradually increases when exercise at a low-to-moderate intensity is 
susta ined for an extended duration (Felig and Wahren , 1975; Hochachka and Somero, 
2002; Romijn et aI. , 1993). 

In general, lipid oxidation in th e muscle can draw from both intramuscular 
triacylglycerol and plasma free fatty acids released from tri acylglycerides stored in 
adipose ti ssue; carbohydrate metaboli sm similarly reli es on both intramuscul ar glycogen 
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stores and circulatory sources of glucose, primarily released from li ver glycogen depots 
(Hochachka and Somero, 2002; McClelland, 2004; Weber et a\., 1996a; Weber et a\. , 
1996b; Weber and Haman, 2004). It is not well known how partitioning of these 
intramuscular and exogenous substrates changes with exercise intensity or duration, but it 
does seem that w ith esca lating exerci se intens ity there is an increasing preference for the 
utilization of intramuscular substrates (particularly glycogen), and the depletion of 
intramuscular glycogen stores corresponds with the onset of exhaustion or fatigue 
(Brooks and Mercier, 1994; Felig and Wahren, 1975; McClelland, 2004; Romijn et al. , 
1993 ; Weber et a\. , 1996a; Weber et al. , 1996b). Although it has not been widely 
investigated, there is al so inter-spec ies variation in the partitioning of intramuscular and 
exogenous substrates (McClelland, 2004). For example, compared to goats, dogs appear 
to place a greater dependence on intramuscular fuel stores, and thus relatively less 
reliance on circulatory supply (Vock et a\. , 1996a; Weber et al. , 1996a; Weber et al. , 
1996b). 

Conserved aspects of mammalian fuel use patterns 

To achieve improved athletic performance, "more aerobic" animals such as dogs 
(Labrador retrievers, Canis lupusfamiliaris) express biochemical and morphological 
properties that allow for increased substrate flux through metabolic pathways, compared 
to less aerobic animals of the same body size, like goats (Capra hircus; McClelland, 
2004; Roberts et al. , 1996; Weber and Haman, 2004) . However, this tends to occur in 
conjunction with an enhanced capacity for delivery and utilization of oxygen, or V021l1ax 

(Hochachka and Somero, 2002). Therefore, when the energetic requirements of 
locomotion are scaled according to the maximal capacity for supporting A TP demand, a 
specific absolute exercise intensity becomes a comparatively lower relative exercise 
intensity (i.e. relative to V021l1ax) in more aerobic individuals (Brooks and Mercier, 1994; 
Brooks, 1998). When accounting for variation in V021l1ax , it becomes clear that the 
re lationship between re lative exerci se intensity and the proportional mix of carbohydrates 
and lipids fueling energy expenditure appears to be widely conserved among mamma lian 
species examined to date (Fig. 1.1; McClelland, 2004; Roberts et a\. , 1996; Weber and 
Haman, 2004). 

Furthermore, thi s conserved relationship has been demonstrated across allometric 
variation , adaptive variation, and phenotypic plasticity in response to environmental 
changes. Mass-specific V021l1ax varies greatly with body mass, but mammals ranging 
from the size of rats to the size of humans follow a closely conserved pattern, in which 
relat ive exercise intensity dictates the proportional mix of lipids and carbohydrates 
(McClell and , 2004; Roberts et al. , 1996; Weber and Haman, 2004) . Dogs have evolved 
with an enhanced ability to perform endurance exercise, and therefore have adaptive 
alterations that provide an increased tota l capacity for lipid oxidation, compared to less 
aerobic an imals of a simi lar body size, like goats (Roberts et a \. , 1996). However, dogs 
do not show a shi ft in fu el preference towards a greater proportional lipid contributi on to 
A TP demand, when compared to goats at any given relative exercise intensity (Roberts et 
a \. , 1996). Likewise, an imals acclimated to hypobaric hypoxia have a decreased V021l1ax 

under hypox ia, and do not shift fuel use towards a higher utiliza tion of carbohydrates 
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(which provide more ATP yield per mole O2) compared to animals exercised in 
normoxia, at least when exercise intensity is expressed relative to V0 21l13X (McClell and et 
a1. , 1998; McClelland et a1. , 1999; McClelland et a I. , 2001 ). 

Even so, there are some exceptions to thi s conserved relationship. It seems that in 
addition to aerobic capacity, vari ables such as di et, training, and gender can impact fuel 
use pattern s. For instance, mammals can maintain an unchanged V0 21l1ax after consuming 
a low-carbohydrate/high-fat diet for several weeks, despite depleted carbohydrate stores, 
by increasing capacity for lipid oxidation across a range of relati ve exercise intensiti es 
(Miller et a I. , 1984; PhinJley et aI. , 1983). Similarly, endurance training can enhance 
capacity for lipid ox idation , in terms of both the absolute oxidation rates and the 
proportional contribution to energy supply at low-to-moderate relati ve exercise intensities 
(Bergman and Brooks, 1999; Friedlander et aI. , 1998; Venables et aI. , 2005) . There is 
also evidence that females exhibit hi gher max imal rates of lipid oxidati on and an 
increased proportional contribution of lipids to energy expenditure across a range of 
relative exercise intensities, compared to men (Fri edlander et a1. , 1998; Tarnopolsky et 
aI. , 1990; Venables et aI. , 2005). 

Despite the effect of these additi onal variables, it seems that exercise intensity is 
the primary determinant of fuel use during exercise (Edwards et a I. , 1934; Tarnopolsky et 
aI. , 1990), and the mammali an fuel use pattern is widely conserved when exercise 
intensity is scaled to V021l1ax (McClelland et aI. , 1998; McClell and, 2004; Weber and 
Haman, 2004). However, the underlying explanations for thi s evident unity in fuel use 
patterns are not currently known. It is also unclear what mechanisms explain the 
variation between animals in absolute ox idation rates, or if these mechani sms are 
common across taxa . 

Fatty acid uptake and oxidation 

Due in part to the complexi ty of metabolic regulation during exerc ise, it is not 
we ll understood which, if any, of the underlying mechanisms govern ing whole-body fue l 
use mi ght be important in maintaining its conserved aspects. For instance, there are 
myri ad points along the fatty acid catabolic pathway which could be targeted for 
regulation , including free fatty acid mobiliza tion from triacylglycerides, exportation out 
of adipocytes, circulatory transportation, uptake into myocytes , transport across the 
mitochondrial membrane, and ~-ox i dat i on (Fig. 1.2; Jeukendrup, 2002; McClelland, 
2004) . 

Fatty acids are released from triacylglyceride stores (in both the muscle and 
adipose ti ssue) via hydrolys is by hormone-sensitive lipase (McClell and, 2004) . In the 
adipocyte, the hydrophobic free fatty ac ids are transported through the cytoplasm and 
across the cell membrane by carri er proteins and transporters, and once released into 
circulation they travel throughout the body bound to albumin (reviewed in McClelland, 
2004). 

Upon reaching the muscle, fa tty ac ids cross the endothelium and interstiti al space, 
and are taken into the myocyte itself, although there is some debate surrounding the 
mechani sms for thi s uptake. Passive di ffusion was long believed to be the primary means 
fo r free fatty acids to cross the sarcolemmal membrane, bu t there is now evidence 
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suggesting that uptake is largely facilitated by fatty acid transporter proteins, such as fatty 
acid translocase (FA T/CD36) and plasma-membrane fatty acid binding protein 
(FABPpm; Glatz et aI. , 2010; Luiken et aI., 1999). Independent in11ibition ofFAT/CD36 
and F ABPpm reduces fatty acid uptake by as much as 50%, although the effects are not 
additive, which supports the possibility that they function in a collaborative manner 
(Luiken et aI., 1999). Furthermore, independent overexpression of several putative fatty 
acid transporters in rat skeletal muscle stimulates increased fatty acid oxidation in 
addition to increasing rates of fatty acid transport, and FAT/CD36 was found to be one of 
the most effective of these transporters in both capacities (Nickerson et aI., 2009). These 
fatty acid transporters have substantial potential for very rapid and localized regulation 
(Glatz et aI., 2010) . For instance, muscle contraction induces the translocation of 
FA T/CD36 from intracellular pools to the cell surface, thus enabling increased rates of 
fatty acid uptake (Bonen et aI., 2000). This is a reversible process, as the transporter is 
reinternalized after muscle contraction ceases (Bonen et aI., 2000). 

In the cytoplasm, fatty acids are shuttled intracellularly by cytoplasmic fatty acid 
binding proteins (F ABP; Glatz et a1., 2003). The family of intracellular lipid-binding 
proteins comprises at least nine different tissue-specific types; of these, heart-type F ABP 
(H-F ABP) is found within skeletal muscle and is the most abundant cytoplasmic protein 
therein (Glatz et aI., 2003; Paulussen et aI., 1989; van Nieuwenhoven et aI., 1995). H-
F ABP performs an important function as an intracellular sink for fatty acids transported 
into the cytoplasm (Binas et aI., 1999; Glatz et aI. , 2003). However, this role may be 
permissive rather than limiting to fatty acid uptake under normal conditions (i.e. without 
changing fatty acid transporter content), on account of the abundance of H-F ABP protein 
content in the cytoplasm (Luiken et aI., 2003). 

Within the myocyte, transportation across the mitochondrial membrane is believed 
to be another important controlling step in the regulation of fatty acid oxidation, 
particularly at the level of carnitine palmitoyltransferase (CPT) I in the outer 
mitochondrial membrane (Jeukendrup, 2002; McClelland, 2004) . CPT I converts fatty 
acyl-CoA (i.e. the complex formed by fatty acids within the myocyte) into fatty acyl
carnitine, which can be transferred across the membrane and into the mitochondrial 
matrix . Inside the inner mitochondrial membrane, CPT II converts fatty acyl-carnitine 
back into fatty acyl-CoA, which can then enter the ~-oxidation spiral. This is a series of 
reactions catalyzed by such enzymes as medium-chain acetyl-CoA dehydrogenase 
(MCAD) and ~-hydroxyacyl-CoA dehydrogenase (HOAD), ultimately producing acetyl
CoA. Acetyl-CoA is fed into the citric acid cycle at the first step (catalyzed by citrate 
synthase, CS) and eventually contributes to the production of A TP via oxidative 
phosphorylation (reviewed in Jeukendrup, 2002; McClelland, 2004). 

Mechanisms to control flux through the fatty acid metabolic pathway include 
translocation of enzymes and transporters within the cell , allosteric or covalent regulation 
of activity, and modifications to synthesis-degradation pathways (McClelland, 2004). In 
addition to these mechani sms, chronic regulation of many fatty acid catabolic enzymes 
and transporters appears to be under some degree of transcriptional control by perox isome 
proliferator-activated receptors (PPARs), such as PPARa (McClelland , 2004). PPARa is 
one of the most predominant isoforms of the PPAR nuclea r receptor family in skeletal 
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muscle, and it is in volved in th e upregulation of many genes in the fa tty acid metabolic 
pathway (Aoyama et al. , 1998; Brandt et al. , 1998; Gulick et al. , 1994; Zhang et al. , 
1992). Upon activation, PP ARs bind to peroxisome-proliferator-response elements 
(PPREs) in the promoter regions of these genes (rev iewed in McClelland, 2004) . 
Activa tion ofPPARa can occur by the binding of free fatty acids, and this may be one 
way to regulate the ~-oxidation pathway when fatty ac ids are abundant (McClelland, 
2004). Interestingly, there is some implication that members of the F ABP family can 
interact w ith nuclear receptors, perhaps to transfer long-chain fatty acid li gands as a 
component of the signaling pathway for fatty acid ox idation (see Schroeder et al. , 2008) . 
H-FABP, for instance, may act in concert with PPARa and enhance its transcriptional 
activity (Tan et al. , 2002). Although there is currently little empirical ev idence to support 
H-F ABP 's praposed rale in cytosolic trafficking of fatty acids to nuclear receptors, it 
remains an intriguing hypothesis for future research. 

Carbohydrate utilization 

As with the fatty acid metabolic pathway, carbohydrate utilization by muscle 
involves numerous steps that can be targets for regulation to mediate carbohydrate flux 
during exercise. One of the most important regulatory points in carbohydrate metaboli sm 
appears to be substrate supply to the glycolyti c pathway, in the form of exogenous 
glucose and intramuscular glycogen (Stanley and Connett, 1991). 

Unlike fatty acids, carbohydrates are soluble in aqueous fluid s and are readily 
avail able for sustaining ATP demand during exerci se, as they are easily mobilized from 
glycogen storage depots following the relatively rapid activation of glycogen 
phosphorylase (Hochachka and Somera, 2002; Stanley and COlmett, 1991; Weber and 
Haman,2004). Because of this, the main limitations to glucose utilization during exercise 
seem to occur at the level of transportation across the sarcolemma, or furth er downstream 
(Hochachka and Somera, 2002; Rose and Ri chter, 2005) . However, glucose supply, 
affected by both circulatory perfusion of the muscle and blood glucose concentrati on, is 
clearly an important factor for influencing glucose uptake and carbohydrate use (Rose and 
Richter, 2005) . 

Skeletal muscle expresses two isoforms of glucose transporters, and of these, 
insulin-responsive GLUT-4 appears to be the most important regul ator of glucose uptake 
during exercise (Hochachka and Somera, 2002; Rose and Richter, 2005; Stanley and 
Connett, 1991 ). It seems that glucose uptake by GLUT-4 is a pivota l limiting fac tor in 
the utilization of exogenous glucose, particularly during moderate-intensity exercise 
(Hochachka and Somero, 2002; Rose and Ri chter, 2005; Stanl ey and Connett, 199 1). 
Interestingly, glucose uptake appears to be acutely regulated in a similar maImer as 
transporter-mediated fatty acid uptake: GLUT -4 is translocated from intracellular 
locations to the plasma membrane when triggered by muscle contraction or insulin 
stimulation (reviewed in Rose and Richter, 2005; Stanl ey and Connett, 1991 ). 

Upon entering the myocyte, glucose is phosphorylated to generate glucose-6-
phosphate in the initi al step of g lycolys is. Thi s reaction , catalyzed by hexokinase (HK), 
is another key regul atOlY point for determining exogenous carbohydrate utiliza ti on during 
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exercise, as it maintains the downhill glucose gradient from the blood (Ha lseth et aI. , 
1999; Rose and Ri chter, 2005). However, it has been suggested that HK is only 
important as a limiting factor in carbohydrate utilizati on during high intensity exercise, 
when build-up of glucose-6-phosphates exerts negative feedback (Rose and Richter, 
2005). 

As for glycogen, the endogenous source of substrate for the glyco lyti c pathway, 
the rate of glycogenolysis is primarily dependent on the activity of glycogen 
phosphorylase (Stanley and Connett, 199 1). This enzyme is subj ect to mult iple levels of 
regul ation, and is therefore an important point for acutely controlling the utiliza tion of 
intramuscular glycogen during exercise (Stanley and Connett, 1991 ). Once both 
g lycogen and glucose have been fed into the glycolyti c pathway, subsequent regulatory 
points for determining carbohydrate flux primarily involve key metabolic enzymes, such 
as phosphofructokinase and pyruvate dehydrogenase (PDH; Spriet and Watt, 2003; 
Stanley and Connett, 199 1). 

Regulation of whole-body fu el use 

Any of the regulatory po ints of lipid and carbohydrate muscle metabolism could 
be potential targets for plastic or adaptive alterations to alter substrate flux through a 
metabolic pathway and/or adjust the mix of utilized fu els (McClelland, 2004). Therefore, 
the coordinated regulation of substrate transporter and enzyme activities and amount in 
the skeletal muscle is likely an important mechani sm for mediating whole-body fuel use 
during exercise (Jeukendrup, 2002; McClelland, 2004) . For instance, it has been 
observed that structural constraints at the level of trans-sarcolemmal transport appear to 
factor in the greater dependence on intramuscul ar fuels that occurs with increasing 
exercise intensity in mammals (Vock et aI. , 1996b; Weber et aI. , 1996b). 

Substrate availabili ty for metaboli sm is an obvious fac tor in the regulation of fuel 
use in the muscle (McClelland, 2004). Furthermore, it seems that there is interaction 
between the carbohydrate and lipid metaboli c pathways, although the mechanisms are not 
well understood at present (S priet and Watt, 2003). Carbohydrate fl ux appears to di rectly 
modulate fa tty acid oxidation in skeletal muscle during exercise, potenti ally by 
interference at three key regulatory points: fatty acid uptake into the myocyte, lipolys is of 
intramuscular triacylglycerol, and CPT I activity (Jeukendrup, 2002; Randle et aI. , 1963; 
Spriet and Watt, 2003). Likew ise, regulation of carbohydrate flux by the fa tty acid 
metaboli c pathway may take place at the level of glucose uptake in to the myocyte, 
glycogenolysis, the glycolytic pathway, and PDH activity (Randle et aI. , 1963; Spriet and 
Watt, 2003). 

Other putative mechani sms regul ating fue l use that act on a larger sca le include 
recruitment pattern of musc le fib er types and the endocrine system, specifica lly changes 
in norepinephrine, epi nephrine, insulin, glucagon, cortisol, and leptin levels (McClell and , 
2004) . For instance, the increasing proporti onal rel iance on carbohydrates for supplying 
energy is thought to be parti ally due to the gradual eleva tion in sympathetic nervous 
system stimulati on, contracti on-induced muscle glycogenolysis, and recruitment of fas t 
glyco lytic muscle fi bers that occurs with increas ing exercise intensity (B rooks and 
Mercier, 1994) . In fac t, it has been observed that whole-body fue l use tends to match 
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progressive muscle fiber type recruitment, and increasing reliance on carbohydrates 
corresponds w ith th e recruitment of glycolytic muscle fibers (McClelland , 2004; Roberts 
et aI. , 1996). 

Oxygen ava ilabili ty is another crucial component influencing fu el use, therefore 
the oxygen cascade plays a role in determining metabolic fuel use during exercise 
(McClelland , 2004; Weibel et aI. , 1996). Considering that the mammalian pattern of fuel 
use appears widely conserved when exercise intensity is scaled to V021llax, it seems likely 
that determinants ofV021llax might be important contributors to fu el use regulation. 

Maximal aerobic capacity 

Maximal aerobic capacity (V02Illax ) can be defined as the highest rate at whi ch an 
animal can take in and utilize oxygen during exercise; this utmost rate of oxygen 
consumption represents the peak intensity of aerobic exercise (Bassett Jr. and Howley, 
2000; Hi ll and Lupton, 1923). The oxygen cascade consists of a series of steps: 1) 
ventilation , or intake of oxygenated ai r into the lungs, 2) diffusion of oxygen into the 
blood, 3) transport throughout the body via the circulatory system, 4) oxygen diffusion 
into and within tissues, and lastly 5) utili za tion at the level of oxidative phosphorylation 
(Bassett Jr. and Howley, 2000; Hill and Lupton, 1923; Taylor and Weibel, 1981; Wagner, 
1996). Oxygen flux (and therefore V021llax) could theoretically be impeded at any of 
these steps (Bassett Jr. and Howley, 2000; Taylor and Weibel , 1981). Putative central 
determinants ofV021llax include the pulmonary diffusion capacity, maximal cardiac 
output, and oxygen carrying capacity of the blood (Bassett Jr. and Howley, 2000; 
Wagner, 1996). Peripheral determinants are primarily skeletal muscle characteristics, 
such as muscle capillarity and oxidative capacity (Bassett Jr. and Howley, 2000; Wagner, 
1996). 

Historically, there has been considerable debate as to which step of the oxygen 
cascade is the most influential in res tricting the limits of V02max in exercising animals . 
The concept of symmorphosis postulates that structura l components of all parts of a 
system should match overall functional demand, and therefore alterations to enhance flux 
through all steps of the oxygen cascade would be necessary to increase V021llax (Taylor 
and Weibel, 1981; Weibel et aI. , 1991). Thi s hypothesis may be supported by some lines 
of evidence, such as comparative physiology studi es in which most steps of the oxygen 
cascade were shown to be quantitatively adjusted to match V021llax across a range of 
allometric and adaptive species variation (Taylor and Weibel, 1981; Weibel et aI. , 199 1). 
However, while symmorphosis presents an interesting and potentially useful principle for 
examining physiologica l systems, it has been widely critiqued as a rigid hypothes is for 
numerous reasons (Suarez and Darveau, 2005). For instance, it is improbable that forces 
acting in natural selection impart an "optimal" solution to each biological problem, and 
furthermore, morphological structures are complex and tend to have multiple, 
interdependent phys iologica l functions (Dudl ey and Gans, 1991 ; Garland and Huey, 
1987). 

In fact, while it is unli ke ly that there is a single limiting facto r for V021llax , it 
seems that each step in the oxygen cascade has an integrated effect, and the relative 
contribution of each step vari es, depending on phys iologica l conditi ons (Bassett Jr. and 
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Howley, 2000; Suarez and Darveau, 2005; Wagner, 1996). For example, under hyperoxic 
conditions there can be an elevation in V02max , but thi s effect may only be significant in 
highly trained individuals (Powers et aI. , 1989). This suggests that with increased oxygen 
availability, the ability to increase flux through the oxygen cascade depends on 
physiological variables such as training status, and untrained individuals may be 
differentially limited at some step in the oxygen transport pathway. In general, it seems 
that central factors influencing oxygen supply to the muscle - primarily those related to 
cardiac output - are the dominant constraints of V02max , at least in humans under normal 
conditions (Bassett 1r. and Howley, 2000; Wagner, 1996). 

As oxygen is the terminal electron acceptor in oxidative phosphorylation, oxygen 
availability is an important factor in regulating fuel use and substrate selection in skeletal 
muscle; conversely, ATP demand has a major role in dictating oxygen intake and delivery 
(Hochachka and Somero, 2002). Furthermore, many of the steps in the oxygen cascade 
that constrain V02max are also influential in the regulation of whole-body fuel use. For 
instance, such cardiovascular factors as cardiac output and muscle capillarity influence 
the delivery of oxygen and circulatory fuels to the muscle, as both share a convective 
supply pathway. In addition, muscle oxidative capacity, with respect to maximal 
activities of metabolic enzymes for instance, is a peripheral determinant of V02m3x, 

Given the integrated nature of the oxygen transport pathway and metabolic fuel use, it is 
perhaps unsurprising that absolute rates of fuel use are scaled with differences in aerobic 
capacity in mammals. 

Thus, it seems probable that an underlying explanation for the conserved 
mammalian fuel use pattern might lie within some matched, interdependent aspect of 
these two systems. Selective breeding experiments allow for an examination of complex 
physiological traits without the complications of phylogenetic diversity, in contrast to 
most of the comparative approaches that use diverse species. In light of this, a model of 
experimental evolution which features ilmate differences in locomotor activity and 
maximal aerobic capacity could be useful for an investigation of fuel use patterns and 
regulatory mechanisms of metabolic flux. 

Selectively bred high-running mice 

An experimental evolution project was started in 1993, to develop a selectively 
bred mouse model that exhibits high levels of voluntary wheel-rUlming (see Table 1.1). 
Voluntary wheel-running may be an ecologically relevant indicator of locomotor activity 
in the wild, and rodents engage in it to the extent that it is physically demanding exercise 
which elici ts morphological and physiological changes (Garland, 2003 ; Swallow et aI. , 
1998a). Furthermore, the large amount of individual variation in voluntary locomotion 
seems to be heritable, to some degree, and may have been a selectively-important trait in 
the past (Swallow et aI. , 1998a). Natura l sclcction is based to some degree upon 
eco logica l performance (i.e. how organisms choose to utili ze performance abi liti es) , as 
opposed to so lely operating on max imal capacity for performance (Husak, 2006). 

This selective breeding project has been described in detail by Swallow and 
colleagues (Swallow et aI. , 1998a). In brief, a founder population of outbred , genetically 
variable house mice (Hsd:ICR strain) was randomly mated for two generations. Ten pairs 
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were then ass igned to each of eight closed lines: four selectively bred "high ruru1ing" 
(HR) lines, and four non-selected control lines. When mi ce reach 6-8 weeks of age, they 
are individually housed with continuous access to activity wheels for six consecutive 
days, during which time the number of wheel revolutions per minute is measured. 
Selection is based on the total number of revolutions on days five and six. In the HR 
lines, the highest running male and female from each family are selected as breeders. In 
control lines, one male and one female from each family are randomly chosen to be 
breeders. In all cases, sibling mating is disallowed. 

By generation ten of selection , mice from the HR lines ran on average 75% more 
than control mice (Swallow et al. , 1998a). Since generation 16, di vergence in locomotion 
seems to have reached a relatively stable plateau, with HR mice exhibiting approximately 
170% more voluntary wheel-running than control mice (Fig. 1.3 ; Garland, 2003) . This 
range in vo luntary locomoti on is comparable to the range across 13 species of wild murid 
rodents, which suggests that the divergence between HR and control lines is ecologically 
and evolutionarily relevant (Dewsbury, 1980; Garland, 2003) . Furthermore, HR mice 
demonstrate a significantly increased capacity for endurance locomotion, compared to 
control mice (Meek et aI., 2009) . Given that lipids are an important fuel for endurance
type exercise, it is likely that HR mice will therefore have an enhanced capacity for lipid 
oxidation. 

HR mice appear to primarily achieve greater levels of locomotor activ ity (i. e. 
increased wheel revolutions per day) by means of increased running speeds, rather than 
more time spent running (Garland, 2003 ; Garland et aI. , 2010; Girard et al., 2001 ; 
Swallow et aI. , 1998a) . However, there is some component of sex-specific response in 
locomotor behavior, as HR males spend more time ruru1ing than control males, in 
addition to rulming at higher speeds; HR females simply run faster and more 
intennittently than control females (Garland et aI. , 2010; Girard et aI. , 2001 ; Rezende et 
al. , 2009) . 

Selection for high locomotor activity has also led to an increased aerobic capac ity 
in HR lines, particularly amongst male mice (Rezende et aI., 2006; Rezende et al. , 2006b; 
Swallow et aI., 1998b) . Moreover, the phys iologica l constraints of V0 2m3x appear to 
differ between control and HR mice, which suggests that selection for hi gh locomotor 
activity has affected some components of the oxygen transport pathway (Rezende et al., 
2006). It seems that while both peripheral and central factors playa ro le in restricting 
V02m3x for all mice, control mice might be limited to a greater degree by central facto rs in 
the oxygen cascade (Rezende et aI. , 2006a; Rezende et aI. , 2006). 

However, HR mice do not di ffer from control mice in a number of subordinate 
traits that are potentially important for oxygen transport or aerobic metaboli sm (Table 
l.1 ). There does not appear to be signifi cant differences in aerobic capacity of cardi ac or 
skeletal muscles , at least with respect to myoglobin concentration or maximal CS activity 
(Rezende et al. , 2006a) . Furthermore, HR and control mice do not differ in the oxygen 
carry ing capacity of the blood, in terms of haematocrit, blood hemoglobin content, or the 
affi ni ty of blood hemoglobin for oxygen (Rezende et a l. , 2006a; Swallow et a l. , 2005). 
However, with continuous access to running wheels, the training- induced elevation in 
hematocrit and blood hemoglobin content is significantly augmented in the HR lines 
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(Swallow et aI., 2005). Notably, this does not appear to be entirely a function of the 
increased amount of wheel-running by HR mice during this " training period." Rather, it 
is an example of enJ1anced phenotypic plasticity, which is the ability to adjust phenotype 
in response to changed conditions (Garland and Kelly, 2006). 

This is reflective of another component of selective breeding experiments. 
Artificial selection favors a particular trait, but it can also favor alleles that increase 
phenotypic plasticity towards the trait in question (Garland and Kelly, 2006). In other 
words, since the selective regime for these HR mice is based on the amount of voluntary 
locomotion on the fifth and sixth days of wheel access, it may be inadvertently selecting 
for the ability to enhance the training effects of wheel access (i .e. increased phenotypic 
plasticity), in addition to selecting for innate or in stantaneous traits that impact 
locomotion (Garland and Kelly, 2006). 

In this manner, it appears that HR mice have a greater plasticity or capacity for 
adjusting hematocrit and blood hemoglobin content with exercise training, but no innate 
differences in these traits without exercise training (Garland and Kelly, 2006; Swallow et 
aI., 2005). This also appears to be the case for the aerobic enzymes PDH and cytochrome 
c oxidase (CCO), where training HR fem ales show a greater capacity to increase the 
maximal activities of these enzymes in mixed hindlimb muscle, compared to control mice 
(Garland and Kelly, 2006; Houle-Leroy et aI., 2000) . Similarly, w ith access to activity 
wheels, HR mice also have augmented protein levels of the glucose transporter GLUT-4 
in the gastrocnemius, relative to control mice (Gomes et aI., 2009) . 

The "mini muscle" phenotype 

Selection for high levels of locomotion has resulted in a number of additional 
physiological modifications in the HR lines that are independent of training (Table 1.1). 
For instance, adult HR mice are significantly smaller in total body mass and have reduced 
body fat content, compared to control mice (Dumke et aI., 2001 ; Swallow et aI., 1999). 
But perhaps the most unexpected physiological change that has appeared in the HR lines 
is the "mini muscle" phenotype, caused by a single autosomal recessive allele (Garland et 
al.,2002). 

The emergence of this phenotype was evident as early as the sixth generation of 
selection, with increasing frequency in two of the four HR lines that became significant 
by generation 22 (Fig. 1.4; Garland et a I. , 2002). In the other two HR lines, this allele 
was presumably lost due to random genetic drift (Garland et aI., 2002). In mice with this 
unique phenotype, the mass of the triceps surae complex - comprised of the 
gastrocnemius, plantari s, and soleus muscles - of "mini muscle" (HRmjJ1j) mice is halved, 
compared to the normal phenotype (Garland et aI., 2002). The " mini muscle" phenotype 
is characterized by thi s reduction in hindlimb muscle mass, coupled with increased mass
spec ific acrobic capacity of the muscles (Table 1.1 ; Garland et a I. , 2002; Houle-Leroy et 
aI. , 2003) . 

By generation 35, HRmjJ1j mice were demonstrating even greater levels of 
voluntary locomotion than selected HR mice w ith the normal muscle phenotype (HRJ1onnal 
mice) , predominately due to increased running speeds (Gomes et aI. , 2009; Syme et a I. , 
2005) . Moreover, female HRmj J1 j mice were able to achieve a higher V02max than HRJ10Imal 
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mice at generation 36, but only under hypoxic conditions (Rezende et aI. , 2006) . It was 
proposed that increased card iac output due to heart enlargement in HRmini mice cou ld 
contribute to thi s improved aerobic performance under hypoxia (Rezende et aI. , 2006a; 
Rezende et aI. , 2006). 

The reduction in "mini muscle" size is largely compensated by an increase in 
mass-spec ific aerobic capacity, evidenced by substantially enhanced mass-specifi c 
activiti es ofHK, total PDH, and the mitochondri al enzymes CPT II , CS, and ceo 
(B ilodeau et al. , 2009; Guderley et a l. , 2006; Guderley et al. , 2008; Houle-Leroy et al. , 
2003; Rezende et aI., 2006a). There also seems to be a simultaneous reduction in the 
mass-specific anaerobic capacity of these muscles, indicated by lowered maximal activ ity 
of lactate dehydrogenase, as well as a reduced whole-muscle glycogen phosphorylase 
content (both the activated form and total content; Guderley et aI., 2006; Guderley et aL, 
2008; Houle-Leroy et al. , 2003). 

The primary physical bas is for differences in "mini muscle" size and metabolic 
properties appears to be a loss or dramatic reduction of type lIB (fast glycolytic) fibers in 
many of the hindlimb muscles (Bilodeau et aI. , 2009; Guderley et aI. , 2006; McGillivray 
et aI. , 2009) . The reduced proportion of type lIB fibers corresponds with the appearance 
of small , minimally di fferentiated fibers or atypical disordered regions in the 
gastrocnemius and plantaris (Bilodeau et aI. , 2009; Guderley et aI. , 2006; Guderley et al. , 
2008). Furthermore, it occurs in conjunction to an increased proportion and fiber size of 
the oxidative type I and IIA fibers, a higher mitochondrial volume density in the muscle, 
and increased mass-specifi c myoglobin content (Bilodeau et aI. , 2009; Guderley et al. , 
2006; Guderley et aI. , 2008; Rezende et al., 2006a) . 

In fact, hindlimb muscles with a normally higher proportion of type IIB fibers 
such as the gastrocnemius, show the greatest reduction in mass; the soleus, which is 
normally primarily composed of type I and type IIA fibers, actually shows a relative 
enlargement in the HRmini mice (Guderley et aI. , 2006; Syme et aI. , 2005). Mechanical 
performance of the altered gastrocnemius suggests that both the speed of contraction and 
the absolute power potential is reduced, and that it is more resistant to fatigue (Syme et 
aI., 2005). Together, these relative changes in sizes of "slow-twitch" and "fast-twitch" 
muscles would theoretically increase endurance capacity of HR1l1 ini mice (Syme et aI. , 
2005) . 

However, altered "mini muscles" do not have increased mechanical efficiency 
(McGillivray et aI. , 2009), and HR1l1 in i mice actually appear to exhibit an increased whole
body energetic cost of transport, compared to HRnor1l1al mice (Dlugosz et aI. , 2009). This 
suggests that some aspect other than physical muscle size confers the selective benefit of 
this unusual phenotype (D lugosz et a I. , 2009). For instance, a hi gher cap illary-to-fiber 
ratio and higher capi ll ary density in the HRmini mouse hindlimb muscles likely contributes 
to their superior mass-specifi c aerobic function (Wong et a I. , 2009). Moreover, HRmini 
females without prior wheel access a lso have higher mass-specifi c glycogen stores in the 
gastrocnemius and the liver, compared to mice with the normal muscle phenotype 
(Gomes et aI. , 2009). 

Interest ingly, many aspects of the "mini muscle" phenotype (Table l.l ) are 
consistent with the changes that occur with aerob ic exercise training (Houle-Leroy et aI. , 
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2003) . These include increased intramuscular content of fuel substrates, increased levels 
of key enzymes in aerobic metabolic pathways, reduced activ ity levels of anaerobi c 
enzymes concurrent to elevated aerobic capacity, and increased skeletal muscle capillarity 
(Hochachka and Somero, 2002). Furthermore, interspecies comparisons revea l that an 
increased proportion of more oxidative fiber types in the skeletal muscle is correlated 
with increased aerobic perform ance (Hochachka and Somero, 2002). 

On the other hand, skeleta l muscle hypertrophy would theoretically enhance 
whole-body aerobic performance (Hochachka and Somero, 2002), but HRlllini mice show 
quite the opposite characteri stic. Nonetheless, considering that endurance training 
appears to increase the proportional contribution of lipids to energy supply at low-to
moderate relative exercise intensiti es (Bergman and Brooks, 1999; Venables et aI. , 2005), 
it seems likely that HRlllini mice might exhibit a similar shift in the whole-body metabolic 
fuel use pattern during exercise. 

Objectives 

The aim of my investigation was to use thi s model of experimental evolution to 
determine if whole-body metaboli c fuel use during exercise can be adaptively altered or 
differentially regulated if animals are under selection for high locomotor activity. To 
fulfill this goal , my specific objectives were: 
1) To assess V021llax in an HRlllini line (in which the "mini muscle" phenotype has become 
fixed), an HRnorlllal line (in which the "mini muscle" allele has been lost) , and a non
selected control line. 
2) To determine whole-body fu el use across a range of submax imal relative exercise 
intensities in HRlllini , HRnorlllaJ, and control mice. 
3) To characterize some physica l and metabolic cardiac properties in these mice. 
4) To evaluate physiological factors involved in the regulation of skeletal muscle fuel use, 
specifically : intramuscular glycogen stores; muscle recruitment patterns (as represented 
by exercise-induced glycogen depletion) ; maximal activity levels of the metabolic 
enzymes CPT II, HOAD, CS, and HK; mRNA content of FATICD36; cytosolic protein 
content of H-FABP; and mRNA levels of several transcriptional factors invo lved in 
mediating metabolic pathways, including PPARa. 

In thi s investigation, I tested the fo llowing hypotheses: 
Hypothesis 1) HRlllini mice will have an enhanced whole-body ab ili ty to oxidize lipids, 
and will exhibit a shift in the fue l use pattern towards the utilization of a greater 
proportion of lipids than HRnonllal or control mice at any given relative exercise intensity . 
Hypothesis 2) lfthe fuel use pattern is conserved amongst all mice, the two phenotypes 
ofHR mice (HRlll ini and HRnol111 al) wi ll diverge at some regulatory points in substrate 
uptake and metabolic pathways, thus achieving a common pattern of fuel use via 
differential mechanisms. 
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Figure 1.1: The relationship between relative exercise intensity and the 

proportionate mix of lipids and carbohydrates supplying total A TP demand in 

mammals. 

The relationship (r2 = 0.83 , not including altitude data) between relative exercise intensity 

(%V02max) and percentage of to tal fuel oxidation (%V02) supplied by (A) lipids and (B) 

carbohydrates (CHO) in animals of th e same (dogs and goats) or di fferent (rats and 

humans) sizes but all w ith di fferent aerobic capacities. Data are from dogs and goats; 

trained and untrained rats; trained men; trained and untrained women; and altitude 

acclimated (HA) and sea level (SL) rats. Figure reproduced from McClelland (2004). 
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Figure 1.2: Pathway of fatty acid mobilization, uptake, and oxidation. 

As fatty acids (fi lled circles) move fro m storage sites to muscle mitochondria to provide 

A TP for contraction, they must be mobilized (M) fro m storage forms , pass through 

specific membrane transporters (TR), and undergo either circulatory or cytoso l transport 

(T) steps. Entry into the mitochondria is through specific transporters , and free fatty acids 

undergo ~-oxidation W-ox) with each pass through the reaction spira l that yields acetyl-

CoA. Acetyl-CoA then enters the tricarboxylic acid cycle (TCA) or citric acid cycle, 

producing reducing equiva lents for the production of A TP and the subsequent generation 

of C02. Figure reproduced from McClelland (2004). 
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Table 1.1 : Overview of behavioral and physiological changes that emerged in selectively bred high running mice. 

i or l signifies significant difference compared to non-selected control mice (in "HR mice" column) or compared to normal muscle 

phenotypc (in "Mini muscle" column). A dash (-) indicates that no significant effect was detected. 

Trait HR mice "Mini Comments References 
muscle" 

Locomotor Voluntary locomotion i (~ 1.8x) - Detected at 10tl1 generation Swallow et aI. , 1998a 
behavior i (~2.6x) i Plateau by 16tl1 generation; Garland, 2003; 
and capacity Effect of "mini muscle" detected Gomes et aI., 2009; 

35th . at generation Syme et aI., 2005 
RUlming speed i i Detected at 10111 generation; Girard et aI., 2001; 

rei Gomes et aI., 2009; At 23 generation, more 
intermittent running in HR Swallow et aI., 1998a; 
females also detected Syme et aI., 2005 

Time spent running i - Trend detected at lOth aeneration· Garland, 2003; b , 

(males Statistical significance at 32nd Garland et aI., 20 I 0; 
only) generation Rezende et aI. , 2009; 

Swallow et aI., 1998a 
Endurance capacity i - Detected at 49111 generation Meek et aI., 2009 

Aerobic capacity i i Detected at 10111 generation; Rezende et aI., 2006; 
(V02max) (6- 18%) (only with Effect of "mini muscle" (hypoxia) Rezende et a\., 2006b; 

hypoxia) detected at 361h generation Swallow et aI., 1998b 
Cost of transport - t Detected at 461h generation Dlugosz et aI., 2009 

Cardiac Cardiac myoglobin - - At 36th generation Rezcnde et aI., 2006a 
properties Cardiac CS activity - - At 361h generation Rezende et aI., 2006a 

Relative heart size - i Detected at 36th generation Rezende et aI., 2006a 
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Blood O2 Hct, hemoglobin - - At 36111 generation Swallow et aI., 2005 
carrying Sedentary mice 
capacity Hct, hemoglobin t - Detected at 14t11 generation Swallow et aI., 2005 

With wheeL access 
Hindlimb Muscle mass see ~ (~0_5x) Increasing frequency of "mini Garland et aI., 2002 
muscle: comments muscle" in generations 6-22 
physical Proportion of type lIB - ~ (~Ox) Detected at 26tl1 generation Bilodeau et aI., 2009; 
properties muscle fibers Guderley et ai., 2006; 
and fiber Guderley et ai., 2008; 
types Capillarity - t Detected at 36111 generation Wong et aI., 2009 

Myoglobin content - t Detected at 36111 generation Rezende et ai., 2006a I 

Mechanical efficiency - - At 46th generation McGillivray et aI., 2009 
. 

Hindlimb PDH, CCO (Ug-1
) - t Detected at 14th generation Houle-Leroy et ai., 2000; I 

muscle: Sedentary mice Houle-Leroy et aI., 2003 
metabolic PDH, CCO (Ug- 1

) t - Detected at 14th generation Houle-Leroy et aI., 2000 
properties With wheeL access 

HK, CPT II, CS (Ug- 1
) - t (~2x) Detected at 14th generation Guderley et aI., 2006; 

Guderley et aI., 2008; 
Houle-Leroy et a\., 2003 

LDH (Uil) - ~ Detected at 14tl1 generation Guderley et a\., 2006; 
Guderley et aI., 2008; 
Houle-Leroy et aI., 2003 

Whole-muscle - ~ Detected at 14th generation Guderley et aI., 2006; 
glycogen Guderley et a\., 2008; 

phosphorylase Houle-Leroy et a\., 2003 
Glycogen content - t Detected at 35th generation Gomes et aI., 2009 
GLUT-4 protein - - At 35 th generation Gomes et aI., 2009 
Sedentary mice 
GLUT-4 protein t - Detected at 35 111 generation Gomes et a\., 2009 

With wheel access 
-----
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Figure 1.3: Voluntary locomotion in male mice from selected HR lines and non-

selected control lines 

Wheel running (line means) of eight lines of house mice either selected for hi gh wheel 

runn ing or bred randomly as control s. Dips in wheel rulming that occur approximately 

every four generations correspond to summer generations, during which elevated 

humidi ty (and sometimes temperature) may reduce activity . Figure reproduced from 

Garland (2003). 
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Figure 1.4: Emergence of "mini muscle" phenotype in response to selective breeding 

for high locomotor activity. 

Frequency of small-muscle phenotype in selected and control treatments over 22 

generations (sample s ize is 10 males and 10 females per line for each generation, with the 

exception of occasional missing data). Phenotype was never observed in two of the 

selected and in three of th e control lines. Figure reproduced from Garland et al. (2002). 
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CHAPTER 2: DIVERSITY IN THE REGULATION OF METABOLIC 

FUEL USE IN MICE SELECTED FOR HIGH LOCOMOTOR 

ACTIVITY 

Abstract 

Despite diversity in locomotion, the mammalian pattern of metabolic fu el use 
appears highly conserved , with relati ve exerci se intensity dictating the proportionate 
contribution of carbohydrates and fats to energy supply . To determine if select ion for 
hi gh locomotion can change this fue l use pattern or its regulation, I used mice selecti vely 
bred for high wheel running (HR mice) . Within thi s model, a "mini muscle" phenotype 
of half-sized hindlimb muscles with increased mass-specific aerobic capacity has 
emerged in two of four HR lines. I used indirect calorimetry to assess fuel use during 
exerci se, in one line each of: 1) non-selected controls, 2) HR "mini -muscle" (HRlllini) 
mice, and 3) HR mice with the normal muscle phenotype (HRnonnal mice). I also 
evaluated cardiac properties and factors that regulate skeletal muscle fuel use . 

HR mice had an increased V021llax , compared to control mice, and V02111ax was 
also higher in HRlllini than HRnonnal mice. A greater relative heali mass in HRlllini mice and 
cardiac metabolic remodeling in both HR lines may support their enhanced V02111ax . 
However, there were no significant differences in the pattern of proportionate fuel use 
across a range of relative exerci se intensities for HRlllini, HRnorlllal, and control mice. In 
HR mice, absolute lipid oxidation rates were greater at moderate exercise intensities, 
commensurate with elevations in V02max . 

HRmini mice and HRnormal mice appear to have alternate means of increasing lipid 
ox idation capacity. HRmini mice have increased skeletal muscle cytosolic fatty acid 
binding protein (H-FABP), fatty acid transporter (FATICD36) mRNA, peroxisome 
proliferator-activated receptor (PPAR) a mRNA, and mass-spec ific activities of aerobic 
enzymes, as well as a different pattern of muscle recruitment during exerci se. 
Conversely, HRnormal mice have greater whole-muscle metabolic enzyme activities due to 
muscle enlargement. Therefore, mammals can differentially utili ze mechanisms for 
enhancing fuel oxidation rates, without dev iating from a conserved pattern of fuel use. 
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Introduction 

A major component of maintaining the essenti al ba lance between A TP production 
and A TP demand when there is increased energy demand, such as during exerci se, is the 
abili ty to both select an appropriate mixture of metabolic fuels and adjust total flux of 
substrates through metabolic pathways (Hochachka and Somero, 2002; Weber and 
Haman, 2004). In exerc ising mammals, the tv..,o predominant substrates susta ining energy 
expenditure in the muscles are lipids (drawing from intramuscular triacylglycerides and 
plasma free fa tty acids) and carbohydrates (sources of intramuscular glycogen depots and 
blood glucose; Weber and Haman, 2004). The synthesis of required intermediates for the 
citric acid cycle, a component of amino acid metabolism in muscle, may be important for 
supporting substrate flux through metabolic pathways, but the direct protein contribution 
to energy supply is minimal in mammals (Brooks and Mercier, 1994; Wagenmakers, 
1998). 

Low-to-moderate intensity exerci se is primarily fueled by the oxidation of lipids, 
which constitute a large fraction of energy reserves in mammals due to their concentrated, 
highly reduced storage form (mainly as tri acylglycerides stored in adipose tissue; Brooks 
and Mercier, 1994; Felig and Wahren, 1975; Romijn et aI. , 1993; Weber and Haman, 
2004) . As exercise intensity increases, the proportion of energy expenditure supported by 
carbohydrates escalates, partially due to a gradual elevation in contraction-induced 
muscle glycogenolysis, sympathetic nervous system stimulation, and recruitment of fast 
glycolytic muscle fibers (Brooks and Mercier, 1994; Edwards et aI. , 1934; Felig and 
Wahren, 1975). Approaching the maximal aerobic capacity (V02max), lipid flux and the 
lipid contribution to ATP demand declines, while carbohydrates - capable of sustaining a 
high ATP tumover rate, with a greater yield of ATP per mole O2 than lipids (Brand, 2005; 
Welch et aI. , 2007) - become the predominant fu el (Brooks and Mercier, 1994; Brooks, 
1998; Roberts et aI. , 1996; Romijn et aI. , 1993 ; Weber and Haman, 2004). Theoreti ca lly, 
carbohydrates are the sole suppliers of energy at V0 2max . 

Species that are adaptively "more aerobic" tend to have a greater capacity for total 
substrate flux through metabolic pathways than less aerobi c spec ies. For example, across 
a range of submaximal exercise intensiti es, lipid and carbohydrate ox idation rates in dogs 
are approximately double the rates achieved by goats, although these are similarly sized 
animals (Roberts et aI. , 1996). The same can be sa id of mammals ranging in body size, 
with small er mammals exhibiting greater mass-specific rates of fuel oxidation , in 
conjunction with their enhanced mass-specific aerobi c capacity (Weber and Haman, 
2004). 

However, if variation in V0 2mHx is accounted for by assess ing relative exercise 
intensity (i.e. relative to V0 2max), the relati onship between intensity and the proportional 
mix of lipids and carbohydrates contributing to energy supply is closely conserved 
amongst a wide range of mammalian spec ies, irrespective of all ometric variation or 
diversity in locomotor capabiliti es (McClell and, 2004; Roberts et al. , 1996; Weber and 
Haman,2004). Furthermore, this relationship may w ithstand modifica tions to aerobi c 
capacity, such as those ensuing from acclimation to low O2 (McClelland et al. , 1998 ; 
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McClelland et aI. , 1999; McClell and et aI. , 2001). Even variabili ty in the source of the 
fue l substrates utilized by working muscle does not tend to alter the proportionate mi x of 
carbohydrates and lipids. For instance, dogs appear to place a greater dependence on 
intramuscular glycogen and triacylglyceride stores (and are correspondingly less reliant 
on circulatory fu el supply) compared to goats, but both species utili ze an equivalent mix 
of carbohydrates and lipids at a given relative exerci se intensity (Roberts et aI. , 1996; 
Vock et aI., 1996a; Weber et aI., 1996a; Weber et a!. , 1996b). 

Despite the conserved nature of this relationship, there are some exceptions. It 
seems that in addition to aerobic capacity, variables such as di et, tra ining status, and 
gender can impact fu el use patterns. Specifically, females (Friedlander et aI. , 1998; 
Tarnopolsky et a!., 1990; Venables et a!. , 2005) as well as individuals that have either 
been endurance-trained (Bergman and Brooks, 1999; Friedlander et aI. , 1998; Venables et 
aI. , 2005) or maintained on a low-carbohydrate/high-fat di et (Miller et aI., 1984; Phinney 
et aI. , 1983) all exhibit an enhanced capacity for lipid oxidation and an increased 
proportional contribution of lipids to energy expenditure across a range of relative 
exerci se intensities, in comparison to their counterparts. Even so, the relationship 
between relati ve exercise intensity and the proportionate mix of carbohydrates and lipids 
fu eling exercise in mammals is surprisingly robust and conserved (McClelland, 2004; 
Weber and Haman, 2004). An animal model which features innate variation in the 
complex trait of voluntary locomotion might reveal some of the underlying means by 
which genetically and phenotypically distinct mammals retain a conserved pattern of fuel 
use, or alternately, what might contribute to deviations from that conserved pattern. 

An experimental evolution project was begun in 1993 to develop a mouse model 
selectively bred for high levels of voluntary wheel-rUlU1ing (see Swallow et a!. , 1998a for 
details). In brief, there are eight closed lines in this project: four "high rulU1ing" (HR) 
lines in which there is selective breeding for hi gh levels of locomotion, and four nOI1-
selected control lines. When the mice are 6-8 weeks old, they are individually housed 
with continuous access to activity wheels fo r six days; selection in the HR lines is based 
on the total number of wheel revolutions on the fifth and sixth days (Swallow et aI., 
1998a). By generation 16 of selection , HR lines were running on average 170% more 
than control lines, although they seem to have reached a plateau in voluntary locomotion 
by this point (Garland, 2003). 

A major strength of this model was the incorporation of multiple replicates for 
both HR lines and non-sel ected contro l lines in the experimental design. This provided 
opportunities for the development of "multiple solutions" (i.e. differential adaptive 
changes in subordinate traits) in response to a uniform selective influence (Garland, 
2003). For instance, a "mini muscle" phenotype - characterized by half-s ized hindlimb 
muscles with a doubling of mass-specific aerobic capacity, caused by a single autosoma l 
recess ive allele - has emerged in p"vo of the HR lines (Garland et aI. , 2002; Garland , 
2003) . By generation 35 , HR mice with this "mini muscle" phenotype (HRmini mice) 
were exhibiting even greater levels of voluntary running than selected HR mice with the 
" normal" musc le phenotype, referred to as HRllormal mice (Gomes et aI. , 2009; Syme et aI. , 
2005). 
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The primary phys ical basis for the di stinctive skeletal muscle properties of HRmini 
mice appears to be a drastic reduction in type UB (fast g lycolytic) muscle fibers (B ilodeau 
et aI. , 2009; Guderley et aI. , 2006) . This reduction corresponds with an increased fiber 
size and proportion of the oxidative type I and IIA muscle fibers and a higher 
mitochondrial volume density in hindlimb muscles (Bilodeau et aI. , 2009; Guderl ey et aI. , 
2006; Guderley et a I. , 2008) . In add ition, thi s has led to increased mass-specific activities 
of aerobic enzymes and reduced mass-spec ifi c activiti es of anaerobic enzymes (B ilodeau 
et aI. , 2009; Guderley et a I. , 2006; Guderl ey et a I. , 2008 ; Houle-Leroy et a I. , 2003). In 
light of these alterati ons, it is particularly notable that progressive recruitment of type UB 
muscle fibers with increasing exercise intensity is thought to be instrumental in 
influencing the gradual shift of fuel preference towards carbohydrates; coordinated 
regulation of enzyme activities also plays a role in adjusting flux through a metabolic 
pathway (Brooks, 1998; McClelland et aI. , 1998; McClelland, 2004; Roberts et a I. , 1996) . 
It is therefore possible that HRmini mice, exhibiting many traits that are characteristic of 
endurance-trained mammals, may show a shift in their fuel use pattern. 

In addition to the emergence of the "mini muscle" phenotype, selection for high 
locomotor activity also led to an increased aerobic capacity (V02max) in HR lines, 
particularly amongst males (Rezende et aI. , 2006; Rezende et aI. , 2006b; Swallow et a I. , 
1998b) . Furthermore, female HRmini mice can achieve a greater V02max than HRnormal 
mice, but only under hypoxic conditions (Rezende et aI. , 2006). It was proposed that 
heart enlargement in HRmini mice could contribute to this increased aerobic performance 
under hypox ia, which is interes ting because cardiac output centrally restricts V02max, and 
there is some indication that the aerobic capacity of HR mice is limited to a lesser degree 
by central determinants in the O2 cascade (i.e. factors affecting oxygen delivery to the 
muscle), compared to control mice (Rezende et aI. , 2006a; Rezende et aI. , 2006) . 
However, beyond the evidence that HR mouse hearts do not have enhanced citrate 
synthase (CS) activity or myoglobin content (Rezende et a I. , 2006a), there has been 
limited characterization of the hearts of these mice, and it has not yet been ascerta ined if 
they show significant physical (i. e. hypertrophic) or metabolic remodeling. 

Based on the differences observed between HR and control lines, it seemed that 
there would also be changes to fuel use during exercise. I predicted that HR mice -
HRmini mice in particular, cons idering the increased mass-specific muscle aerobic 
capaci ty and reduction in type UB muscle fibers - would have an enhanced capacity for 
lipid oxidation to support their sustained aerobic exercise. However, given to the 
robustness of the mammalian fuel use pattern, it also seemed likely that this increased 
lipid oxidation would scale with changes in aerobic capacity, resulting in a similar mix of 
fu els supporting energy expenditure for both HR and control mice, across a range of 
relative exerci se intensiti es. If tha t were the case, I predicted that there would be 
differences between HRmini mice and HRnormal mice at specific steps in substrate deli very 
and metabolic pathways, considering the divergence in skeletal muscle phenotypes. 

Although the mechani stic explanation for the unity of fu el use patterns in 
mammals has not been full y delineated, the proportionate contribution of ca rbohydrates 
and lipids to energy supply is like ly influenced by many facto rs, including recruitment of 
di ffe rent muscle fib er types, the endocrine system, substrate and oxygen ava ilab ili ty , and 
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the regulation of enzyme and substrate transporter quantities and activities (Brooks, 1998; 
McClellaml et aI. , 1998; McClelland, 2004). In my study, I examined severa l 
contributing regulators of whole-body fu el use in HRllli ni , HRnollllal, and contro l mice, 
namely: intramuscular glycogen stores, muscle recruitment patterns, maximal activity 
levels of metabolic enzymes, mRNA and protein content of fatty acid transporters and 
carriers, and mRNA levels of transcriptional factors invo lved in mediating metabolic 
pathways. The fatty acid metabolic pathway was the main focus of thi s investigation; it 
seemed likely there wou ld be changes in thi s pathway resulting in an increased fatty acid 
oxidative capacity in HR mice. As the gastrocnemius is a major hindlimb muscle in 
rodents, with a normally high proportion of type lIB fibers (Armstrong and Phelps, 1984; 
Hamalainen and Pette, 1993) - and therefore striking alterations in muscle size and 
properties in HRlll ini mice (Guderley et aI., 2006; Guderley et aI. , 2008) - it was used as 
the primary representative skeletal muscle. 

Thus, the objectives of my study were: 
1) To assess V021llax in an HRlll ini line (in which the "mini muscle" phenotype has become 
fixed) , an HRnollllal line (in which the "mini muscle" allele has been lost), and a non
selected control line; 
2) To determine whole-body fuel use across a range of submaximal relative exerci se 
intensities in HRlllini , HRnollllaJ, and control mice; 
3) To characterize some physical and metabolic cardiac properties in these mice; and 
4) To eva luate several physiological factors involved in the regulation of skeletal muscle 
fu el use. 

My ultimate aim was to determine if whole-body metabolic fuel use during 
exercise could be adaptively altered or differentially regulated if animals were under 
selection for high levels of voluntary locomotion. To thi s end, I tested the following 
hypotheses: 
Hypothesis 1) HRlllini mice will have an enhanced whole-body abi li ty to oxidize lipids, 
and will exhibit a shift in the fuel use pattern towards the utilization of a greater 
proportion of lipids than HRnollllal or control mice at any given re lative exercise intensity; 
Hypothesis 2) If the fuel use pattern is conserved amongst all mice, the two phenotypes 
of HR mice (HRlllini and HRnonnal) wi ll diverge at some regulatory points in substrate 
uptake and metabolic pathways, thus achieving a common pattern of fue l use via 
differential mechanistic changes . 
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Materials and methods 

This study used mice from an experimental evolution project, in which four closed 
lines are selectively bred for high voluntary locomotion (HR), and the other four lines 
contain non-selected controls. For details about the selective breeding regime and animal 
husbandry, refer to Swallow and colleagues (Swallow et aI. , 1998a). Animals in thi s 
study were from three of the eight lines : line 2 (a control line), line 3 (an HR line in which 
the " mini muscle" phenotype has become fixed) and line 8 (an HR line in which the "mini 
muscle" phenotype is not found). Mice from each line are referred to as control mice, 
HRlllini mice, and HRnOllllaJ mice, respectively. 

For all cardiac measurements, hearts sampled from 8-9 week old male mice (n = 

10) from generation 57 of selection were used. Mice from generation 58 were used for all 
in vivo and skeletal muscle measurements. These animals were 6-9 weeks old at the 
begilming of in vivo experiments. 30 mice (n = 10) were randomly distributed into two 
batches for exercise trials. 28 non-exerci sed mice (n = 10 for HRnol'lllaJ and control mice, n 
= 8 for HRlllini mice), referred to as "pre-exerci se" or sedentary mice, were also sampled 
with these two batches, so that age and other conditions were consistent. 

During the course of the in vivo experiments, mice were housed individually at 
22°C, and maintained on a 12: 12 h light dark cycle. Water and laboratory chow (8604 
Teklad rodent diet, Harlan Laboratories) were available ad libitum. All experimental 
procedures were approved by the University of California Riverside Institutional Animal 
Care and Use Committee (AUP #A-200800 18) and the McMaster University Animal 
Research Ethics Board. 

In vivo: treadmill exercise and indirect calorimetry 

In vivo experiments used to assess V02111ax and fuel use patterns across a range of 
submaximal exercise intensities were performed at the University of California Riverside 
(Riverside, CA), at room temperature (22-25 °C). A positive-pressure flow-through 
respirometry system was used for all measurements of oxygen consumption rates (V02) 

and carbon dioxide consumption rates (VC02). Animals were force-exercised on a 
custom-made motorized treadmill (modified commercial unit from Columbus 
Instruments, Columbus, OH) at an incline of 10°, enclosed in a Plexiglass metabolic 
chamber (approximate volume 800 mL) . Air entering the chamber was scrubbed of H20 
by Drierite (W.A. Hammond Drierite Company, Xenia, OH) and of CO2 by soda lime and 
ascarite (Fisher Scientific, Pittsburgh, PA), and maintained at a constant flow of 2000 mL 
min-J by a mass flow meter (Sable Systems International, Las Vegas, NV). Excurrent air 
was scrubbed of H20 by magnes ium perchlorate (Fisher Scientific) , and subsa mpled at 
200 mL min- J by a CO2 analyzer in series with an 0 2 analyzer (FoxBox portable analysis 
instrument; Sable Systems International). Data were collected with a computer and data 
acqui sition software (Expedata, Sable Systems International) at a sampling rate of I 
sample s-J. The accuracy of this set-up was verified by burning methanol in the enclosed 
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chamber (McClelland et aI. , 1998), with the theoretical rates matching the actual rates 
w ithin ± 1%. 

Prior to the V0211lax trials, mice exercised for 10-15 min for two consecutive days, 
to become familiar with forced treadmill rUlU1ing. For fa mili arization trials, as with all 
subsequent V0211lax trials, mice had a 5 min adjustment period in the chamber before 
exercise began w ith a starting speed of 10 or 13 m min-I, and incrementally increased by 
3 m min-I every 2 min. As ide from treadmill familiari zation , there was a minimum of24 
h between exercise bouts for any indi vidual mouse. The criteria for definin g V0211l3X 
included: 1) no change in V0 2 w ith increasing speed, 2) a respiratory exchange ratio 
(RER: VC0 2/V02) value ~ 1.0, and 3) the mouse could no longer maintain position on 
the treadmill (McClelland et a I. , 1998; Seeherman et aI. , 1981 ). Tri al quali ty was also 
assessed subj ectively by ass igning a score between 1 and 5 (w ith 5 being a perfect run) , 
and "poor" runs (scores below 3) were repeated. For all mice, the maximal 10-1 5 s 
plateau ofV0 2 was used for V0 211lax analyses. V0 211lax va lues are presented as mL O2 h-I 
per g body mass. 

The order of the two submaximal exercise intensity trials (on average, 66% 
V0211lax and 78% V021l1ax) was randomi zed for each mouse. Mice were fa sted 6-8 h, to 
ensure a postabsorptive state during exercise. These trials were performed between 13.00 
and 19.00 h. Each trial started with a 5 min adjustment period, and lasted for 25-30 min. 
For exercise of a higher absolute intensity (i. e. > 10 m min- I), treadmill speed was 
increased from 10m min-I by incrementa l steps of 3 m min-I every 1-2 min, until the 
designated speed was reached. For all submaximal exerci se bouts, the appropriate speed 
was determined in rea l time, and was defined as the speed at which V02 relative to the 
individual 's V0211lax (i. e. real-time relative exercise intensity) was approximately matched 
with the target relative exerci se intensity (i. e. 65% V0 2max or 80% V02max); minor 
adjustments to treadmill speed were made during the exercise trial to maintain a constant 
relative exercise intensity. 60 s of continuous data from between minute 9- 11 of the trial 
was used for analyses, to ensure that there were no temporal arti facts on RER. 

Rates of VC0 2 and V0 2 (mL min-I) were ca lculated using equations 1 and 2, 
respectively (equation 3b from W ithers, 1977) : 
veo2 = V • FEC0 2 (1) 
V0 2 = [V • (FI02 - FE0 2) - (VC0 2 • FI02)] / (1 - FI02) (2) 
where FEC0 2 is the fractional concentration of CO2 in excurrent gas; FI02 and FE0 2 are 
the fractional O2 concentrations in incurrent and ex current gases, respectively; and V is 
the rate of airflow (mL min-I) into the metabolic chamber. 

Lipid and carbohydrate ox idation rates (g min-I) were determined us ing indirect 
calorimetric equations 3 and 4 (Frayn, 1983), based on the assumption that protein 
contributions to total oxidation were neglig ible during aerobi c exercise in the 
postabsorptive state (Rennie et a I. , 198 1): 
Lipid oxidation rate = ( 1.67 • V0 2) - (1.67 • VC0 2) (3) 
Carbohydrate oxidation r a te = (4.55 • VC0 2) - (3.2 ] • V0 2) (4) 
w ith V02 and VC0 2 in L min-I . Absolute fuel ox idati on rates are presented as ~tmo l O2 h
I per g body mass, based on the conversion fac tor of22.4 L mo r l for gases at standard 
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temperature and pressure. The proportional fuel contribution to total oxidation was 
des ignated as the absolute fllel oxidation rate relative to the total rate of O2 consumption. 

Tissue sampling 

All ti ssue sampling took place between 13.00 and 18.00 h. Mice were fasted for 
6-8 h and were euthani zed by cervica l dislocation, either within ~30 s of completing a 30 
min exercise bout (at an average of74% V0 2m3x), or without prior treadmill exercise 
("pre-exercise" or sedentary mice). Within ~ 10 min of euthani zation , all ti ssues (right 
and left gastrocnemius, plantaris, soleus, and tibialis anterior muscles) had been removed, 
weighed, and flash-frozen in dry ice with alum inum clamps. Tissues were stored at -
80°C. Right and left ventricles were sampled in a similar maImer, except that generati on 
57 mice were not fas ted. 

Samples were transported to McMaster University (Hamilton, ON) in a vapor 
shipper (Taylor-Wharton CX I00 dry shipper) . All tissues were powdered in liquid 
nitrogen with a mortar and pestle, and stored at -80°C until used for the following 
analyses. For these assays, chemica ls were purchased from Sigma-Aldrich (Oakville, 
ON, Canada), unless otherwise indicated. 

Glycogen assay 

Glycogen content was determined in the right side hindlimb muscles 
(gastrocnemius , soleus, plantari s, and tibiali s anterior) of both pre- and post-exercise 
mice, using perchloric acid hydrolysis, amyloglucosidase digestion, and 
spectrophotometer quantifi cation based on a hexokinase/glucose-6-phosphate 
dehydrogenase assay (Passonneau and Lauderda le, 1974; Suzuki et aI., 2001) . 

Powdered tissue (whole muscle for soleus and plantaris, 20-40 mg of mixed tissue 
for gastrocnemius and tibiali s anterior) was homogenized in 200 flL perchloric acid (6%) 
using a motorized homogeni zer (PowerGen 125 , Fisher Scientific) . 100 flL of the 
homogenate was mixed with 50 flL KHC03 (1 M) and 100 ~lL acetate buffer (0.4 M, pH 
4.8) . Half of the mixture was set as ide to measure pre-digestion glucose content, while 7 
flL amyloglucosidase enzyme (4 U/~lL) was added to the remaining 125 flL (and to 100 
flL glycogen standards, 0 - 4.0 mM) for di gestion. A ll samples, along with glycogen and 
glucose (0 - 2.0 mM) standards, were incubated in a shaking water bath at 40°C for 2 h, 
fo llowed by neutraliza tion with 1 M KHC03. 

To quantify samples, 1 0 ~lL of each standard or sample (in triplicate) was mixed 
with 1 0 ~lL glucose-6-phosphate dehydrogenase (0.05 UhlL in TRA buffer: 0.3 M 
tri ethanolamine-HCI, 4 .05 mM MgS04, pH 7.5; Roche Diagnostics, Indianapolis, IN) and 
200 ~lL glucose assay solution (0.8 mM NADP, 10 mM ATP) in a 96-well plate. 
Absorbance was pre-read at 340 nm using a SpectraMax Plus 384 spectrophotometer 
(Molecular Devices, Sunnyva le, CA, USA), and the plate was then incubated at 37°C for 
10 min , prior to the additi on of hexokinase (0. 1 U/~lL in TRA buffer; Roche Diagnostics). 
After a second incubation at 37°C for 30 min, the fina l absorbance was measured at 340 
nm. Glycogen content (~lmol) is presented both per g wet weight and per whole muscle. 
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Enzyme activity assays 

Maximal activities of ~-hydroxyacyl-CoA dehydrogenase (HOAD), hexokinase 
(HK), carnitine palmitoyltransferase II (CPT II), and citrate synthase (CS) were measured 
in left ventricles and in right gastrocnemius muscles, following previously described 
procedures (Houle-Leroy et aI., 2000; Leonard, 1999; McClelland et aI., 2004) with slight 
modifications. 20-50 mg of powdered ti ssue was diluted 1 :20 (mg tissue: /-tL) with cold 
extraction buffer (100 mM K 2HP04/KH2P04, 5 mM EDTA, 0.1 % Triton X-I 00, pH 7.6) 
and homogenized for 1 min , using a cooled glass on glass homogeni zer. 

HOAD activity was measured in fresh homogenate that was further diluted with 
extraction buffer to a fina l concentration of 1 :80 (mg:/-tL) in the case of cardiac ti ssue. 
Maximal HOAD activity was assayed at 340 nm in tri ethanolamine-HCI (TEA-HCI; 100 
mM, pH 7.0), in the presence ofNADH (0.28 mM) and ethylenediaminetetraacetic acid 
(EDT A; 5 mM), with acetoacetyl-CoA (0.1 mM) added as substrate. Maximal HK 
activity was also measured in fresh homogenate at 340 nm. This assay was performed 
using Hepes as the buffer (50 mM, pH 7.6), in the presence ofMgCb (8 mM), NADP (0.5 
mM) , A TP (8 mM), and excess levels of glucose-6-phosphate dehydrogenase (4 U), with 
glucose (5 mM) added as substrate. 

For CS and CPT II, activity was measured after tissue homogenates were frozen 
and re-thawed . In the case of CS, tissue homogenates were further diluted with extraction 
buffer, to a final concentration of 1: 1 00 (mg:~lL) for gastrocnemius or 1 :240 (mg:/-tL) for 
ventricles. Maximal CS activity, measured at 412 11m, was assayed i11 Tris-HCI (l00 mM, 
pH 8.0), in the presence of 2,2'-nitro-5,5'-dithiobenzoic acid (DTNB; 0.1 mM) and acetyl
CoA (0 .3 mM) , with oxaloacetate (0.25 mM) added as substrate. Maximal CPT II 
activity, measured at 412 nm, was assayed in Tris-HCI (40 mM, pH 8.0), in the presence 
ofDTNB (0.2 mM), EDT A (l.5 mM) and palmitoyl-CoA (0.05 mM), with L-carnitine (5 
mM) added as substrate. This assay measures CPT II activity because CPT I is 
inactivated by freezing and detergent treatment (see McClelland et aI., 2004) . 

All maximal enzyme activity levels were assayed at 37°C in 96-well plates using a 
SpectraMax Plus 384 spectrophotometer (Molecular Devices) . Assays were performed in 
triplicate, with an additional negative control well (lacking substrate) to correct for 
background activity. Enzyme activity data are presented as the mean rate of conversion 
of substrate to product (Unit = /-tmol min-I). 

DNA quantification 

Total DNA content was quantifi ed in the left ventricles (as previously described in 
Templeman et aI., 20 10). It was measured in tissue homogenates that had been used for 
the enzyme activity assays, after they were frozen and re-thawed, and further diluted to 
1:40 (mg ti ssue:~lL extraction buffer) . In brief, aliquots of tissue homogenates in 2x 
digestion buffer (100 mM NaCI, 10 mM Tris-HCI, 25 mM EDTA, 0.5% SDS, 0.2 mg 
mL-1 proteinase K, pH 8.0) were di gested overnight (1 8 h) at 55 °C. A DNA standard 
curve (I - 100 ng /-tL- I) was constructed from the purified (via phenol extraction and 
ethanol prec ipitation) and re-suspended DNA from a mixture of these di ges ted samples . 
Duplicates of each DNA standard re-suspended in TE buffer (10 111M Tris-HCl , I mM 
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EDTA, pH 7.5) and triplicates of digested samples were loaded onto a 96-well black 
flu orometri c plate with PicoGrccn (diluted 1 :400 in TE buffe r). The plate was incubated 
for fi ve minutes at room temperature, in the dark. Fluorescence was then measured 
(excitation 480 nm, emission 535 nm, cut-off 530 nm) by a SpectraMax Gemini XPS 
fluorescence spectrophotometer (Molecular Devices). DNA content (mg) is presented per 
g wet weight and per whole ventricle. 

Sample preparation for ELISA 

The cytosolic fraction of left gastrocnemius tissue was prepared as previously 
described (Butz et al. , 2004; Dubouchaud et al. , 2000; McClelland and Brooks, 2002), 
with slight modifications. 50-100 mg of powdered tissue was homogenized for 1 min 
with a cooled glass on glass homogenizer, in a buffer containing Hepes (3 0 mM), sucrose 
(210 mM), ethylene glycol tetraacetic acid (EGT A; 2 mM), NaCI (40 mM), and a 
protease inhibitor cocktail (Complete MINI, Roche Diagnostics), at pH 7.4 . This 
homogenate was centrifuged at 600 g for 10 min (4°C) to remove erythrocyte material, 
and then supernatant from this step was centrifuged at 10,000 g for 20 min (4°C). The 
ensuing supernatant (with the mitochondrial fraction removed) was diluted (0.75 x 
volume) with a buffer containing KCI (1 .167 M) and Na4PPi (58.3 mM), at pH 7.4, and 
centrifuged at 230,000 g for 2 h (4°C). The resulting supernatant was collected as pure 
cytosol, and aliquots were frozen at -80°C. 

H-FABP ELISA 

Heart-type fatty acid binding protein (H-FABP) content was determined in 
cytosolic fractions of left ventricles, using an enzyme-linked immunosorbent assay 
(ELISA) based on the sandwich principle (see York et al., 1991). Total protein content in 
the cytosol samples was quantifi ed with the commercial Pierce BCA Protein Assay kit 
(Thermo Scientific, Whitby, ON, Canada) . H-FABP content was measured in equal 
amounts of total cytosolic protein (0.015 !-lg) fo r each sample, using a commercial ELISA 
kit des igned for mouse H-FABP (HK403 , Hycult Biotech) . H-FABP protein levels are 
expressed relative to total cytosolic protein content. 

Real-time peR 

In the left and ri ght ventricles, real-time PCR was used for the relati ve 
quantification of peroxisome proli ferator-acti vated receptor (PPAR) a , medium-chain 
acetyl-CoA dehydrogenase (MCAD), and muscle- and liver- type CPT-J (Cpt-J f3 and Cpt

J a, respectively) mRNA levels was perfonned in right and left ventricles, using TAT A
binding protein (TBP) as the housekeep ing gene (Templeman et aI. , 2010) . Relat ive 
quantification of the metabolic transcriptional factors PPARa, peroxisome proliferator
activated receptor gamma coactiva tor I -a (PGC-Ja) , PPARf3/ o, NAD-dependent 
deacelylase sirtuin- l (5IRTl ), and also of fatty acid translocase (FA T/CD36) was 
performed in the left gastrocnemius muscles, using J 85 ribosomal protein as the 
housekeeping gene. 185 was selected as an internal control for these samples because it 
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is a relatively stabl e housekeeping gene and skeletal muscle i 8S rRNA levels are not 
affected by endurance exercise (Siu et a I. , 2004; Thellin et aI. , 1999). Primer sequences 
(Table 2. 1) were either previously published sequences (Asher et aI. , 2008 ; Templeman et 
aI., 2010) or designed using Primer 3 software. The specificity of primer pairs (Mobix, 
Hamilton, ON, Canada) was tested separately for each mouse line, using PCR and gel 
electrophoresis. 

RNA from 15-40 mg of ti ssue was extracted by homogeni zat ion with TRlzol 
reagent (Invitrogen , Burlington, ON), based on the acid guanidinium thiocyanate-phenol 
chloroform extraction method . Total RNA concentration of each sample was measured in 
duplicate, using a NanoDrop ND-I 000 spectrophotometer (Fisher Scientific) to quanti fy 
RNA at 260 nm by UV spectrophotometry. RNA purity was verified by assess ing the 
ratio of absorbances at 260:280 nm, with a minimum value of 1.90. To generate cDNA, 1 
[-lg of total RNA was treated with DNase I, and then reverse transcription to cDNA was 
carried out by SuperScript II RNase H- reverse transcriptase w ith random primers and 
Oligo dT primers , in the presence of a dNTP mixture (Invitrogen). 

5 ~LL of 1:5 (cDNA:~LL water) diluted cDNA was mi xed with 12 .5 ~LL SYBR 
green (Bio-Rad Laboratories, Mississauga, ON), 5.5 [-lL RNase/DNase-free water, and I 
~lL each of forward and reverse primers (5 [-lM) for quantitati ve rea l-time PCR reactions. 
A negative control (containing water in li eu of cDNA) was run on each plate to ensure a 
lack of contamination. Reactions were performed in duplicate on a Stratagene MX3000P 
QPCR system (Stratagene, La Jolla, CA, USA), which detected SYBR green with ROX 
as the reference dye. In all cases, the thermal program consisted of a 3 min initial 
denaturation at 95°C, then 40 cycles of 95°C for 15 s, 60°C for 45 s, and noc for 30 s. 
A dissociation curve analysis was performed to verify the specificity of PCR products. 
For each target gene, the amplification efficiency (E) was determined using the slope of a 
standard curve (see Cikos et ai., 2007) constructed from serial dilutions of pooled cDNA, 
using an equal mix of all mouse phenotypes: 
E = lO-I /Slope - 1 (5) 

The re lative mRNA levels of each sample was then calculated based on the amplification 
efficiency, using the comparative Ct method (Cikos et aI. , 2007): 
mRNA quantity = 1 / (E + I)Ct (6) 
where Ct is the number of amplification cycles to reach the fluorescence threshold. All 
values were normalized aga inst mRNA levels of the housekeeping gene, which did not 
differ between groups (p > 0.2 for each housekeeping gene), and expressed relative to 
mean control values (arbitrarily set at 1). 

Statistics 

All stati stical analyses were performed using SPSS 11 .0 software. Analysis of 
covari ance (ANCOV A) models were used for each dependent variable, to determine the 
effect of the fixed factor " mouse phenotype" (HRmini, HRnonnal, control). Because body 
mass di ffered between lines, body mass was always included as a covariate, except when 
it had been accounted for in the dependent variable (e.g. V02max per g body mass), or 
when the analys is was meant to determine the effect of mouse phenotype on absolute 
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ventricle or heart sizes. However, it is not clear whether statistical ana lyses shou ld adjust 
for body sizc when testing metabolic variables, such as enzyme activity levels (Houle
Leroy et aI. , 2000). Therefore, analyses of glycogen content, maximal enzyme activity, 
H-FABP, and mRNA content were also performed without body mass as a covariate 
(Hou le-Leroy et aI. , 2000; Houle-Leroy et aI. , 2003) , and thi s did not notably alter results. 
In all analyses, age, batch , and dam identity (as a limited number of the mice were 
siblings) were also tested as covariates, and were removed from the ANCOVA model if 
they had no significant effec t. 

Absolute substrate oxidation rates and the proportional contributions of fuels to 
total oxidation were analyzed at two separate exercise intensities, designated as 66% 
V021l1ax and 78% V02max . However, to account for individual variation in the relative 
exercise intensity of each exercise bout, the covariate of "relative exerci se intensity" (i. e. 
V02 of the run relative to individual V021l1ax) was incorporated into these ANCOVA 
models. 

To determine ifthere was significant exercise-induced glycogen depl etion in 
hindlimb muscles, an additional fixed factor of "exercise" was added to the model , to test 
the effect of pre- versus post-exercise glycogen content in a 2-way ANCOV A. When 
there was a significant interaction between the main effects of "mouse phenotype" and 
"exercise," the data were split by mouse phenotype, and separate I-way ANCOVAs were 
performed within each mouse phenotype to determine how exercise affected glycogen 
content. In these cases, the main effect of mouse phenotype could not be interpreted. 

For analyses in which a significant effect was detected, either pairwise 
comparisons with a Bonferroni correction (for ANCOVA models) or Tukey's post hoc 
testing (for ANOVA models, when all covariates were removed) was used to compare 
mouse phenotypes. For all statistical analyses, the critical a-level was set at p = 0.05 . 
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Table 2.1: Primer sequences used for real-time peR mRNA quantification in mouse 

ventricles and/or gastrocnemius. 

Gene Forward Primer (5'-3') 

Cpt-J a! AAACCCACCAGGCTACAGTG 
Cpt-J (3! CCCATGTGCTCCTACCAGAT 

FAT/CD36 CAACTGGTGGATGGTTTCCT 
MCAD! TCGGAGGCTATGGATTCAAC 
PGC- Ja ATGTGTCGCCTTCTTGCTCT 
PPARa! TCATACATGACATGGAGACCTTG 
PPAR(3/{; GGTAGAAGCCATCCAGGACA 

SIRTJ 2 GATACCTTGGAGCAGGTTGC 
TEP! GGCCTCTCAGAAGCATCACTA 
J8S TGTGGTGTTGAGGAAAGCAG 

j (Templeman et aI., 2010) 
2 (Asher et aI., 2008) 
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Reverse Primer (5'-3') 

TCCTTGTAATGTGCGAGCTG 

CCTTGAAGAAGCGACCTTTG 

GCAGAATCAAGGGAGAGCAC 
TCAATGTGCTCACGAGCTATG 
ATCTACTGCCTGGGGACCTT 

ACTGGCAGCAGTGGAAGAATC 

CCGTCTTCTTTAGCCACTGC 
CTCCACGAACAGCTTCACAA 
GCCAAGCCCTGAGCATAA 
TCCCATCCTTCACATCCTTC 
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Results 

111 vivo: V02max and fuel use during exercise 

Both lines ofHR mice exhibited a greater mass-specific maximal aerobic capacity 
(V02Ill ax , expressed per g body mass) than non-selected control mice, with the V021llax of 
HRlllin i mice slightly enhanced above that ofHRnonnal mice (p < 0.05 ; Fig. 2.1). This 
variation in aerobic capacity was accounted fo r in subsequent exercise bouts, as mice 
were exerci sed at common relative intensities (i. e. relative to each individual ' s mass
spec ific V02Illax). 

During low intensity exercise (for all mice, an average of 66% V021llax ; 66 ± 1 % 
V0 21llax for controls, 64 ± 2% V021llax for HRlllini mice, and 68 ± 2% V021llax fo r HRnorlllal 
mice), approximately 70% of energy was supplied via the oxidation of lipids, with the 
remaining 30% fueled by carbohydrates (Fig. 2.3A). The increased total energy 
consumption ofHR mice exercising at 66% V021llax (necessitated by their higher aerobic 
capacities) appears to have been largely supplied by an increased flux of lipids, with 
abso lute lipid ox idation rates of 215 ± 11 f-lmol O2 h(1 i l for HRlll ini mice and 229 ± 16 
~tmol O2 h(1 g-I for HRnorlllal mice, compared to 183 ± 13 ~t1nol O2 111'-1 g-I for control mice 
(p < 0.05 ; Fig. 2.2B). The rates of carbohydrate oxidation were not significantly different 
beh¥een mouse phenotypes (90 ± 10 f-lmol 0 2111.- 1 g-I for control mice, 91 ± 8 f-lmol O2 hr-
1 i l for HRlllini mice, and 82 ± 9 ~tmol O2 111'-1 g-I for HRnorlllal mice; Fig. 2.2A). However, 
when fuel oxidation rates were expressed relative to total V02 during exercise, there were 
no statistically significant differences in the mix of fuels supplying oxidation at 66% 
V021llax (Fig. 2.3A). 

During moderately high intensity exerci se (for all mice, an average of 78% 
V021llax ; 78 ± 1 % V021llax for controls, 76 ± 1 % V0211lax for HRlllini mice, and 79 ± 1 % 
V0211lax for HRnonnal mice), the absolute lipid ox idation rates in contro l mice were 
equiva lent to those in HR mice (196 ± 13 ~tmol O2 111.-1 g-I for control mice, 197 ± 14 
~tmol O2 h(1 g-I for HRl1l ini mice, and 197 ± 18 ~tmol O2 h(1 g-I for HRnorl1lal mice; Fig. 
2.2D). At this increased intensity, carbohydrate flux in all mice reached a level where 
carbohydrates contributed to more than 40% of total oxidation, at 126 ± 13 ~tmol 0 2111'-1 
g-I for control mice, 165 ± 12 f-lmol 0 2Iu·-1 g-I for HRmini mice, and 163 ± 19 f-lmol O2 hr-I 

g-I for HRnorl1lal mice (Figs. 2.2C and 2.3B). There is a trend suggesting elevated absolute 
carbohydrate oxidation rates in HR mice at 78% V0211lax , but it is not statistically 
signifi cant (p = 0.098; Fig. 2.2C). 

Cardiac properties 

The characteri zation of some of physical, molecular, and biochemical properties 
of control and HR mouse hearts revealed several phys iologica l di fferences. Relative to 
body mass, HRmini mice had significantly larger left ventricles (and thus whole hearts) 
than both control and HRnonnal mice (p :S 0.001 ; Table 2.2). This seemed to primarily 
result from HRmini mice hav ing a reduced body mass (p < 0.05 ; Table 2.4), al though the 
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slight enlargement of whole heart size in HRmini mice approached significance even 
without thc inclusion of body mass as a covariate (p = 0.096; Table 2 .2) . There were no 
signifi cant differences in left ventricle DNA content, whether on a per g wet weight or per 
whole ventricle basis , which further supports a lack of significant cardiac hypertrophy 
(Table 2.2) . In addition to these phys ical changes, both lines ofHR mice exhibited some 
degree of cardiac metabolic remodeling compared to control mice, with increased 
maximal HK activity (p < 0.05 ; Fig. 2.4), concurrent to a reduction in the max imal 
activity of CPT II in HRmini mice (p < 0.05) that approached s ignificance in HRnonnal mice 
(p = 0.100; Fig. 2.4) . However, there were no significant di fferences in the mRNA 
content of PPARex, MCAD, CPT-J ex, or CPT- J f3 in either the right or left ventricles of 

HRmini , HRnorlllal, or control mice (Table 2.3). 

Hindlimb muscle masses 

Several of the hindlimb muscles of HRmini mi ce were significantly reduced in size 
compared to the "normal muscle" phenotype, specificall y the gastrocnemius, the 
plantaris, and the tibialis anterior (p < 0.05; Table 2.4) . These reduced muscles masses 
likely contribute to the reduced whole body mass ofHRmini mice, compared to HRnonnal 
and control mi ce (p < 0.05; Table 2.4). On the other hand , selectively breed HR mice 
referred to as "HRnormai" mice (due to their lack of thi s "mini muscle" phenotype) also 
showed some muscle size divergence from control mice, in particular with respect to the 
slightly (but significantly) larger s ize of the gastrocnemius (p < 0.05; Table 2.4). 

M uscle glycogen content 

In the gastrocnemius and plantaris, HRmini had signifi cantly greater mass-specifi c 
glycogen stores than HRnormal or control mice, with as much as twice the amount of 
glycogen stored per g wet weight in some of these hindlimb muscles (p < 0.05 ; F ig. 2.5). 
It is possible that this was also the case in the tibialis anterior, but a signifi cant statistica l 
interaction precluded the interpretation of the main effect of mouse phenotype. For all 
muscles, when accounting for the large variation in hindlimb muscle masses betvv'een 
mouse phenotypes (see Table 2.4), it was revealed that there were no significant 
differences in total glycogen stores on a whole muscle basis (Fig. 2.6) . 

There were vary ing patterns of muscle glycogen depletion between the mouse 
phenotypes after a common exercise regime (30 min, an average of 74% V02max for all 
mice; 74 ± 1 % V0 2max for controls, 73 ± 1 % V02max for HRlll ini mice, and 72 ± 2% 

V021llax for HRnonnal mice). Significant di fferences between pre- and post-exercised 
muscle glycogen content were generally consistent beh.yeen per g wet weight and per 
whole muscle measurements. For instance, HRnonnal and control mice, but not HRmini 
mice, exhibited exerci se- induced glycogen depleti on in the tibialis anterior (per g W.w.: p 
< 0.05 for HRnorlllal mice, p = 0.057 for controls; per whole muscle: p < 0.05 for both 
mouse phenotypes; Figs. 2.5B and 2.6B) . While a ll mouse phenotypes had exerci se
induced glycogen depleti on in the plantari s (p :S 0 .001 ; Figs. 2.5C and 2.6C), only HRmini 
and control mice had signifi cantly reduced glycogen in the soleus of post-exercise 
animals (per g W.w.: p < 0.05 fo r both mouse phenotypes; per whole muscle: p < 0.05 for 
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controls, p = 0.101 for HRlllini mice; Figs. 2.5D and 2.6D). Unlike other hindlimb 
muscles, there was no significant g lycogen depletion in the gas trocnemi us due to 
exerc ise, despite a trend suggesting glycogen depletion in the whole muscle ofHRnonnal 
mice (Figs. 2.5A and 2.6A). 

Facilitators of fatty acid uptake: H-FABP protein and FATICD36 mRNA 

Resting HRlllini mice had nearly double the amount ofcytosolic H-FABP protein 
(per mg total cytosolic protein) of HRnorlllal or control mice in the gastrocnemius (p < 0.05; 
Fig. 2.7 A). Although sarcolemmal protein content ofFAT/CD36 in these mice has not 
been successfull y measured to date, FATICD36 mRNA levels were also greatly 
augmented in the gastrocnemius of resting HRlllini mice, at nearly three-fold hi gher than 
the gene transcript content in HRnonnal or contro l mice (p ::: 0.001; Fig. 2.7B). 

Metabolic enzyme activities 

Both HRmilli and HRllonnal mice appeared to diverge from control mice with respect 
to the maximal activities of several metabolic enzymes in the gastrocnemius of resting 
animals. The mass-specific maximal activities of CS, HOAD, and HK were greatly 
augmented in the gastrocnemius ofHRlllilli mice, compared to mice with a normal muscle 
phenotype (p < 0.0 I ; Fig. 2.8A). In fact , due to mass-spec ific enzyme activities nearly 
doub le those of control mice (Fig. 2.8A), in a gastrocnemius less than half the mass 
(Table 2.4), HRmilli mice had equivalent total maximal enzyme activities as control mice, 
in the whole muscle (Fig. 2.8B) . Conversely, while HRllorlllal mice did not have notably 
altered mass-specific enzyme activities compared to control mice, on a whole muscle 
basis they exhibited significantly greater maximal activities of CS, HOAD, CPT II, and 
HK compared to HRlllilli (with the exception ofHOAD, p = 0.140) and control mice (p < 
0.05; Fig. 2.8B). This elevation in the total metabolic enzyme activity of the 
gastrocnemius was predominately refl ective of the increased mass of that muscle in 
HRllonnal mice (Table 2.4). 

Gene expression and transcriptional regulation 

Lastly, I examined gene expression of several transcriptional facto rs that are 
instrumental in mediating metabolism. W hile mRNA levels ofPGC- 1a, PPARB/o, and 
SIRTl were not significantly di fferent between mouse phenotypes, PPARa mRNA 
content was approximately 2.5-fold greater in the resting gastrocnemius ofHRmini mice 
than in HRnormal or contro l mice (p < 0.05; F ig. 2.9A.). Furthermore, transcript levels of 
FA T/CD36 were closely correlated wi th PPARa amongst a ll mice (r2 = 0.84, p ::: 0.001 ; 

F ig.2.9B). 
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Figure 2.1: Maximal aerobic capacity of HRmin ;, HRnormal, and control mice. 

Maximal aerob ic capac ity (V02max per g body mass) of non-selected control mice and 

selectively bred HRmini and HRnonnal mice (n = 10). Data are presented as means ± SEM. 

Bars not sharing a common letter are significantly different (p < 0.05). 
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Figure 2.2 : Absolute oxidation rates of carbohydrates and lipids during exercise in 

HRmini , H Rnormah and control mice. 

Whole-body oxidation rate (relative to body mass) of (A. and C.) carbohydrates and (B. 

and D.) lipids, at an average exercise intensity of (A. and B.) 66% V0 2max and (C. and D.) 

78% V0 21l1ax, in non-selected control mice and selec ti vely bred HRmini and HRnormal mice 

(n = 9-10). Data are presented as means ± SEM. For each vari able, the presence of letters 

denotes stati stica l signi ficance, where bars not sharing a common letter are s ignificantly 

di fferent (p < 0.05). 
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F igure 2.3 : Proportional contribution of carbohydrates and lipids to total oxidation 

during exercise in HRlIlini, HRnorlllal, and control mice. 

Proportionate contributions to whole-body oxidation rates by carbohydrates and lipids at 

average exercise intensities of (A.) 66% V0211lax and (B.) 78% V021l1ax , in non-selected 

control mice and selective ly bred HRll1ini and HRnonnal mice (n = 9-10). Data are presented 

as means ± SEM. 
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Table 2.2: Physical and molecular cardiac characteristics of non-selected control 

mice and selectively bred HRmini and HRnormal mice. 

Control HRmini HRnormal 

Relative left ventricle mass 3.24 ± 0.07 a (10) 3.68 ± 0.06 b (10) 3.29 ± 0.06 a (10) 
(mg/g body mass) 

Relative right ventricle mass 0.63 ± 0.02 (10) 0.75 ± 0.04 (10) 0.70 ± 0.06 (10) 
(mg/g body mass) 

Relative whole heart mass 3.87 ± 0.06 a (10) 4.43 ± 0.09 b (10) 3.99 ± 0.08 a (10) 
(mg/g body mass) 

Whole heart mass 124.4 ± 2.8 (10) 133.4 ± 2.7 (10) 126.8 ± 3.1 (10) 
(mg) 

Left ventricle DNA 5.59 ± 0.42 (8) 5.65 ± 0.38 (8) 4.99 ± 0.43 (8) 
(mg/g w.w.) 

Total left ventricle DNA 0.60 ± 0.05 (8) 0.62 ± 0.04 (8) 0. 50 ± 0.06 (8) 
(mg/left ventricle) 

Note: Data are presented as means ± SEM, with sample size in parenthesis; 
For each variable, the presence of letters denotes statistical significance, 
where values not sharing a common letter are significantly different (p :::; 0.001). 
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Figure 2.4: Metabolic enzyme activities in the left ventricles of HRminh HRnormah and 

control mice. 

Maximal enzyme act ivities (relative to tissue wet weight) for CS, HOAD, CPT II, and 

HK in the left ventricle of non-selected contro l mice and selectively bred HRmi ni and 

HRnormal mice (n = 7-8) . Data are presented as means ± SEM. For each enzyme, the 

presence of letters denotes statistica l significance, where bars not shar ing a common letter 

are significantly different (p < 0.05). U = 1111101 min-I. 
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Table 2.3: mRNA levels of metabolic genes in the hearts of HRmini, HRnormal, and 

control mice. 

Relative gene expression for PPARa. and the PPARa-transcriptionally regulated enzymes 

MCAD and liver- and muscle-type CPT-1 (CPT- 1a. and CPT- 1jJ, respectively) in the left 

and right ventricles of non-selected control mice and selectively bred HRmilli and HRnormal 

mIce. 

Control HRmini HRnormal 

PPARa relative mRNA Left Ventricle 1.00 ± 0.18 (7) 0.78 ± 0.03 (7) 1.05 ± 0.14 (8) 

Right Ventricle 1.00 ± 0.09 (6) 0.88 ± 0.10 (7) 1.28 ± 0.20 (8) 

MCAD relative mRNA Left Ventricle 1.00 ± 0.13 (7) 0.99 ± 0.11 (7) 0.94 ± 0.13 (8) 

Right Ventricle 1.00 ± 0.14 (7) 0.94 ± 0.14 (8) 1.31 ± 0.23 (8) 

CPT-Ja relative mRNA Left Ventricle 1.00 ± 0.22 (7) 0.74 ± 0.10 (7) 0.79 ± 0.10 (8) 

Right Ventricle 1.00 ± 0.17 (6) 0.92 ± 0.18 (7) 1.42 ± 0.32 (8) 

CPT-JfJ relative mRNA Left Ventricle 1.00 ± 0.17 (7) 0.86 ± 0.06 (7) 0.82 ± 0.06 (8) 

Right Ventricle 1.00 ± 0.09 (6) 0.88 ± 0.10 (7) 1.28 ± 0.20 (8) 

Note: Data are presented as means ± SEM, with sample size in parenthes is; 
mRNA levels are expressed corrected aga inst TBP, and normalized to mean control 
values (arbitrarily set at 1.00). 
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Table 2.4: Whole body and hindlimb muscle masses of non-selected control mice and 

selectively bred HRmini and HRnol'mal mice. 

Control HRmini HRnol'mal 

Body mass (g) 29.8 ± 0.6 {/ (20) 27.5 ± 0.6 b (18) 30.1 ± 0.5 {/ (20) 

Gastrocnemius mass (mg) 125 .1 ± 4.0 {/ (20) 58.7 ± 2.2 b (17) 134.7 ± 2.8 c (20) 

Plantaris mass (mg) 11.5 ± 0.8 {/ (19) 7.9 ± 0.6 b (16) 12.7 ± 0.5 (/ (20) 

Soleus mass (mg) 7.3 ± 0.5 (19) 7.3 ± 0.7 (18) 6.5 ± 0.3 (10) 

Tibialis anterior mass (mg) 52.5 ± 1.8 {/ (20) 42.4 ± 2. 1 b (18) 52.3 ± 2.2 {/ (19) 

Note: Data are presented as means ± SEM, with sample size in parenthes is ; 
For each variable, the presence of letters denotes statistical significance, 
where values not sharing a common letter are significantly different (p < 0.05). 
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Figure 2.5: Mass-specific glycogen content in hindlimb muscles of pre- and post-

exercise HRmini, HRnorma" and control mice. 

Glycogen content (relative to tissue wet weight) in the (A.) gastrocnemius, (B.) tibiali s 

anterior, (C.) plantaris, and (D.) soleus of non-selected contro l mice and selectively bred 

HRmini and HRnoJ'm al mice, either pre-exercise (n = 7- 10) or post-exerci se (30 min , average 

intensity 74% V02max ; n = 9- 10). Data are presented as means ± SEM. For each muscle, 

the presence of letters denotes stati stical significance, where mouse phenotypes not 

sharing a common letter are significantly different; asteri sks represent significant 

differences between pre- and post-exerci se glycogen levels (p < 0.05) . 
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Figure 2.6: Total glycogen content in hindlimb muscles of pre- and post-exercise 

HRlllini , HRnorlllah and control mice. 

Total glycogen content (per whole muscle) in the (A.) gastrocnemius, (B.) tibiali s 

anterior, (C.) plantaris, and (D.) soleus of non-selected control mice and selectively bred 

HRlllini and HRnorlllal mice, either pre-exerci se (n = 7- 10) or post-exerci se (30 min , average 

intensity 74% V0 21llax ; n = 9-10). Data are presented as means ± SEM. Aster isks represent 

sign ifi cant differences between pre- and post-exercise glycogen levels (p < 0.05). 

53 



M.Sc Thesis - N.M. Templeman 
Department of Biology - McMaster University 

~ 2.0 
U 
(/) 
:l 

E 1.5 ... 
QI 
a. 

~ 1.0 
~ 

t: 
QI 0.5 
OJ 
o 
u 
>-

A. Gastrocnemius 

(3 o. 0 -L-.L-.--lL_-'-----'_~_L_____'_=.lL_____'._ 

Control HRmini HRnormal 

~ 0.3 
U 
(/) 
:l 
E 
~ 0.2 a. 
'0 
E 
~ 

-;; 0.1 
QI 
OJ 
o 
u 
>-

Phenotype 

C. Plantaris 

(3 0.0 -L-l=w.L_L_-'---'"---L_ -'-'--"-_"---

Control HRmlll1 HRnormal 
Phenotype 

~ 1.2 
U 
(/) 
:l 
E 
~ 08 

'0 
E 
~ 

-;; 0.4 
QI 
OJ 
o 
u 
>

B. Tibialis Anter ior 

(3 00 -'-'----lL_.L-.---'_..J.L..----'L-----'-~1L_----'-_ 

54 

~ 
u 
(/) 

E 0.2 
... 
QI 
a. 
'0 
E 
..:; 0.1 
t: 
QI 
OJ 
o 
u 
>-

Control H Rmini H Rnormal 
Phenotype 

D. Soleus 

(3 00 -'----'-=""-'-'---'-----'-"--'-"---'---- -'-'--'-'-'---'--

Control 



M.Sc Thesis - N.M. Templeman 
Department of Biology - McMaster University 

Figure 2.7 : Gastrocnemius H-FABP protein content and FATICD36 mRNA content 

in HRlllini, HRnorlllal, and control mice. 

Fatty ac id uptake capacity, with respect to (A.) H-FABP protein content (relat ive to total 

cytosoli c protein) and (B.) mRNA levels ofFATICD36 (expressed corrected against i 8S, 

and normalized to mean control va lues, arbitrarily set at 1.0), in the gastrocnemius of 

non-selected contro l mice and selectively bred HRlllini and HRnorlllal mice. Data are 

presented as means ± SEM. Bars not sharing a common letter are signifi cantly different 

(p < 0.05). 
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Figure 2.8: Metabolic enzyme activities in the gastrocnemius of HRmini , HRnormah and 

control mice, expressed on a mass-specific and whole-muscle basis. 

Maximal enzyme activities for CS, HOAD, CPT II, and HK in the gas trocnemius of non-

selected control mice and selectively bred HRmini and HRnormal mice, expressed CA.) 

relative to tissue wet weight (n = 8-10) or (B.) per whole muscle (n = 7- 10). Data are 

presented as means ± SEM. For each enzyme, the presence of letters denotes statistical 

significance, where bars not sharing a common letter are significantly different (p < 0.05). 

U I · -I 
= flmo mm . 
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Figure 2.9 : mRNA levels of transcriptional factors and metabolic genes in the 

gastrocnemius of HRminh HRnormah and control mice. 

Relati ve gene express ion of transcriptional factors in the gastrocnemius of non-selected 

control mice and selectively bred HRmi ni and HRnolinal mice (n= 7-9). In CA.), mRNA 

levels of transcriptional factors PPARo. , PGC- }o., PPARjJlo, and SIR T} are expressed 

corrected against }8S, and normalized to mean control values (arbitrari ly set at l.0) . For 

each gene, the presence of letters denotes stati stical s igni fica nce, where mouse 

phenotypes not sharing a common letter are significantly di ffe rent (p < 0.05) . In (B .), the 

relat ionship between the transcript levels of PPARo. and FATICD36 is presented, where 

mRNA levels of individual mice are expressed corrected against} 8S. The solid line 

represents a linear regression of all mice (all mouse phenotypes pooled) , with dotted lines 

as 95% confidence limits. r2 = 0.84, p :::; 0.00 1. 
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Discussion 

It seems that it would be advantageous to adjust the mix of fu els sustaining 
exercising muscles to suit adaptive alterations. For instance, while carbohydrates can 
support high rates of ATP production and anaerobic metaboli sm, lipids constitute the 
majority of a mammal 's energy stores , and are thereby the most appropriate fue l for 
endurance locomotion (Weber and Haman, 2004). However, I demonstrated that desp ite 
changes in voluntary locomotion, aerobic capacity, and skeletal muscle propel1i es in 
response to selective breeding for hi gh locomotor activity, there were no significant 
differences in the proportional mix of lipids and carbohydrates supporting A TP demand 
across a range of relative exercise intensities for HRmill i' HRllonnaJ, and control mice. 

Rather, absolute rates of fuel oxidation were increased in selected HR lines 
commensurate with changes in aerobic capacity. This is consistent w ith the notion that 
there is a conservation of a fuel use pattern amongst diverse mammals ranging in aerobic 
capacities, wherein relative exerci se intensity dictates the proportionate contribution of 
carbohydrates and lipids to energy supply (McClell and, 2004). In other words, absolute 
rates offuel use scale with differences in aerobi c capac ity in the mammals evaluated to 
date, including mice selectively bred for hi gh locomotor activity. This model of 
experimental evo lution was ideal to test the hypothesis that animals selected for increased 
voluntary locomotion or exhibiting an enhanced mass-specific aerobic capacity in skeletal 
muscle would have a greater proportionate reliance on lipids during exercise. However, it 
was also useful for an examination of alternate mechanisms used to increase absolute 
lipid oxidation rates in divergent HR lines . 

Aerobic capacity and cardiac properties 

As early as generation ten of selective breeding for high locomotor activity, an 
increased aerobic capacity (V02max, per g body mass) was observed in selected HR lines, 
compared to non-selected contro l lines (Rezende et aI. , 2006; Rezende et aI. , 2006b; 
Swall ow et aI., 1998b). Here I confirm that there is a 10-14% rise in V02max in HR mice 
(generation 58), but I also show that relative to body mass, male HRmilli mice achieve a 
greater V0 2max than HRllonnaJ mi ce (Fig. 2. 1). This had been detected in generation 36 
females , but only under hypoxic conditions (Rezende et aI., 2006) . 

It was previous ly demonstrated that the physiological constraints ofV02max likely 
differ between control and HR mice - specifica lly, that control mice might be limited to a 
greater degree by centra l factors in the oxygen cascade (Rezende et aI. , 2006) . 
Furthermore, Rezende and colleagues proposed that capacity for circulatory oxygen 
delivery might contribute to this variation between control and HR mice (Rezende et a I. , 
2006a ; Rezende et a I. , 2006) . As cardiac output is an important component of oxygen 
delivery, we characteri zed some physica l and metaboli c properties ofHRmilli, HRnonnaJ, 
and control mouse hearts. 

Allometric sca ling of organs in the card iorespiratory system is a key central 
determinant of an animal 's V02max (Bishop, 1999). In fact, max imal cardiac output may 
be the primary limi ting factor ofV02max, at least in humans (Bassett Jr. and Howley, 
2000). Interes tingly, HRmilli mice have a significantly greater left ventricle mass and thus 
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whole heart mass than both control and HRllorlllal mice, relative to body mass (Table 2.2; 
consistent with the findings of Rezendc ct aI. , 2006a) . However, without body mass as a 
covariate, neither left ventricles nor whole hearts are significantly larger in HRIll ill i mice, 
and left ventricles of all mouse phenotypes contain comparable levels of DNA (both on a 
per g wet weight and per whole ventricle basis; Table 2.2). Therefore, thi s di fference in 
relative heart size seems to be predominately due to the reduced body masses of HRllli ll i 
mice, as opposed to the increased cardiac cell size or quantity that would be expected 
with hypertrophy. However, relative heart mass can g ive a good indication of an animal 's 
adaptive ability to perform sustained aerobic locomotion, and there is a strong 
relationship between relative heart mass and V02m3x in birds and mammals (Bishop, 
1997; Weibel et aI., 2004). It is therefore likely that while HRlllilli mice do not have 
significantly larger hearts per se, the increased ratio of heart to body size contributes to 
their elevated V021llax by increasing oxygen and fuel delivery to working locomotor 
muscles. This allometric divergence may have emerged in HRlllilli mice as a direct 
response to selective breeding for high locomotor activity. 

Additionally, both phenotypes of HR mice show evidence of metabolic altera tions 
in the left ventricle that are independent of phenotypic plasticity, as these changes are in 
sedentary mice without prior exposure to running wheels. In this first report of 
significant metabolic changes in the hearts ofHR mice, I show that there is increased 
maximal activity of the glycolytic enzyme HK in the left ventricles of sedentary HR mice, 
compared to control mice (Fig. 2.4). This is also a feature of physiologically 
hypertrophic hearts in exercise-trained rats (Ji et aI., 1987), as a component of the 
elevated overall cardiac metabolic capacity induced by exercise (see Booth and 
Thomason, 1991). However, in HRlllilli mice this increased capacity for carbohydrate 
utilization is concurrent to a reduction in the mass-specific maximal activity of CPT II , an 
enzyme in the fatty acid metabolic pathway. A trend suggests the same change in 
HRllonnal mice (p = 0.1 00; Fig. 2.4). This is unusual , as adult mammalian hearts 
predominately utilize fatty acids, and the sustained switch in preferred fuel substrate from 
fatty acids to carbohydrates (referred to as a reversion to the fetal phenotype) is often 
regarded as a deleterious hallmark of pressure- or volume-overloaded hypertrophic hearts 
(reviewed in Rajabi et aI. , 2007). 

Metabolic remodeling in the heart is not well understood. It has been suggested 
that reversible switches in cardiac fuel substrate prefere nce could be compensatory in 
some situations (Essop, 2007; Sharma et aI., 2004) , and there appears to be a di ssociation 
between the physical and metabolic cardiac remodeling which occurs under 
environmental conditions that place pressure- andlor volume-overloading stress on hearts 
(Templeman et aI. , 2010). Furthermore, there were no s ignifi cant di fferences in 
ventricular mRNA leve ls of several genes involved in fatty acid catabolism, including 
PPARa, MCAD, and muscle- and liver-type CPT-i , between the mouse phenotypes 

(Table 2.3). Thus, slightly lowering the max imal act ivity of CPT II (but not of another 
fatty acid cataboli c enzyme, HOAD) in the left ventric les of HRlllilli mice could potentially 
be an energy-sav ing mechanism. Specifically, they may be reducing the energeti c "costs" 
of mai ntaining an enzyme in excess, without sign ifi cantly diminishing flux through the 
fatty acid pathway or alter ing fuel preference of the heart. 

62 



M.Sc Thesis - N.M. Templeman 
Department of Biology - McMaster University 

I thereby propose that differences in cardiac metabolic enzyme activities in HR 
mouse hearts are indicative of potentially improved energetic efficiency; in conjunction 
with the increased relative heart size ofHRlllini mice, these metabolic changes could 
contribute to the enhancement ofV02111ax and capacity for sustained aerobic exercise in 
selected HR mice. Since the hearts ofHR mice are ultimately capable of supporting a 
greater maximal aerobic capacity than control mice, and moreover, since HR mice seem 
to be less constrained by central factors in the oxygen transport pathway (e.g. cardiac 
output) than control mice (Rezende et aI. , 2006a; Rezende et aI. , 2006) , it is highly 
unlike ly that the cardiac metabolic remodeling in sedentary HR mice represents a 
deleterious reversion to the fetal phenotype. 

Whole-body fuel use during exercise 

To maintain A TP homeostasis when faced with increased energetic demand , it is 
important for an organism to make adjustments to the proportionate mixture offuels 
contributing to total oxidation , in addition to increasing total flux of substrates through 
metaboli c pathways (Weber and Haman, 2004) . Contradi ctory to my initi al hypothes is, 
there were no statistically significant differences in the mix of metabolic fuels across a 
range of submaximal relative exerci se intensities for HRlllini, HRnonnaJ, and control mice, 
when fu el oxidation rates were expressed as a percentage of total V02. Therefore, while 
these mouse phenotypes have diverged physiologically with respect to maximal aerobic 
capacity, cardiac properti es that may influence V02111ax , and numerous skeletal muscle 
characteristics, these differences do not appear to have induced notable changes in the 
whole-body pattern of fuel selection during exercise. 

During low intensity exercise (66% V02111ax), HRlllini , HRnorlllaJ, and control mice 
primarily rely on lipid oxidation for energy supply. There is a higher absolute rate of 
lipid oxidation (i. e. enhanced total lipid flux) in both HR lines, compared to control mice, 
despite no significant differences in the flux of carbohydrates (Figs. 2.2 and 2.3). When 
exerc ising at a higher intensity (78% V02111ax), the increased energetic demand in all mice 
is supported by an elevated flu x of carbohydrates, while the absolute rate of lipid 
oxidation in control mice matches the rates in HR mice (Figs. 2.2 and 2.3). This suggests 
that HR mice do not have a markedly enhanced capacity to utilize lipids during high 
intensity exercise, or that it is not physiologically optimal to rely on lipids to support high 
intensity exercise, even if the capacity to use them at high rates exists. 

Although the underlying explanation for unity of fuel use patterns in mammals has 
not been determined, the contribution of carbohydrates and lipids to whole-body energy 
supply may be influenced by numerous factors , including muscle fiber recruitment, the 
endocrine system, substrate availability, oxygen levels, and coordinated regulation of 
enzyme and substrate transporter activities and amount (Brooks, 1998; McClelland et aI., 
1998; McClelland, 2004) . I investigated severa l of these vari ables to identi fy potenti al 
mechani sms used by HR mice to increase capacity for fuel ox idation, in order to revea l 
some alternate means by which diverse mammals mi ght adju st metaboli c flux without 
deviation from a conserved pattern of proportionate fuel mi x during exercise. 
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Intramuscular glycogen stores and exercise-induced depletion 

Intramuscul ar glycogen depots are crucial for high intensity exerci se when an 
increasing reliance on carbohydrate metabolism is constrained at the level of circulatory 
glucose uptake (Vock et aI., 1996a; Weber et aI. , 1996b) ; complete depletion of 
intramuscular glycogen stores is associated with the limits of endurance exercise and the 
threshold of exhaustion (Felig and Wahren , 1975) . Pre-exercise intramuscular glycogen 
stores are therefore traditionally recognized as an indicator of an animal's endurance 
capacity and ability for sustained locomotion, although the relati ve importance of these 
stores may be somewhat dimini shed in rodents (in favor of an increased reliance on liver 
glycogen; Baldwin et aI. , 1973 ; Pederson et aI. , 2005). Male HRll1 ini mice have 
significantly greater mass-specific glycogen content in the gastrocnemius and plantari s 
(F ig. 2 .5), as prev iously detected in the gastrocnemius of female HRll1ini mice (Gomes et 
aI. , 2009). HRll1 ini mice are thereby able to store an equivalent whole-muscle quantity of 
glycogen as HRnol"ll1a l and contro l mice, in hindlimb muscles that are much smaller (Fig. 
2.6). This is particularly interesting considering that these "mini muscles" have a 
decreased proportion of type liB fibers (Bilodeau et aI. , 2009; Guderley et aI. , 2006; 
Guderley et aI. , 2008), the fiber type which predominately relies on intramuscular 
glycogen for anaerobic glycolysis and tends to contain a high fraction of total muscle 
glycogen stores (Burke et aI. , 1971 ; Peter et aI., 1972). 

Aside from the enhanced mass-specific glycogen storage in several hindlimb 
muscles of HRll1 ini mice, there were striking di ss imilariti es between mouse phenotypes in 
the pattern of muscle glycogen depletion following a 30 minute exerci se bout at a 
common relative intensity of 74% V021l1ax (Figs 2.5 and 2.6). These differences suggest 
severa l interpretations that are not necessarily irreconcilable. First of all , glycogen 
deplet ion due to exercise gives an indirect indication of muscle activity, and therefore 
also of muscle fiber recruitment (Armstrong and Laughlin, 1985; Baldwin et aI., 1973). 
The pattern of glycogen depletion in the so leus shows enhanced recruitment of thi s 
oxidative muscle in HRll1ini and control mice, in contrast to HRnonnal mice. Therefore , 
HRnol"ll1al mice may be placing less energeti c demands on the soleus due to increased 
recruitment of faster-twitch glycolytic fib ers in synergistic muscles, like the 
gastrocnemius (see Roy et aI. , 1991). There is a trend (a lthough not stati sti cally 
signifi cant) of exercise- induced glycogen depletion in the gastrocnemius of HRnonnal 
mIce. 

Similarly, post-exerci se glycogen depletion in the tibiali s anterior and plantari s 
suggests that under this exercise regime, HRnorJna l and control mice are recruiting 
glycolytic fibers in these muscles, which normally contain a hi gh proportion of type liB 
fibers (Armstrong and Phelps, 1984; Hamalainen and Pette, 1993), whereas in HRll1i ni 
mice these same muscles do not have a measurable quantity of type liB fib ers ava ilable 
for recruitment (B ilodeau et aI. , 2009; Guderley et aI., 2006). Although the tibialis 
anterior muscle is composed entirely of type lIA and lID muscle fibers in the HRmini mice 
(B il odea u et aI. , 2009) , and these oxidative muscle fibers tend to have a lower recruitment 
threshold than typc liB fibers (Armstrong and Phelps, 1984; Armstrong and Laugh lin , 
1985; Hamalainen and Pette, 1993), HRll1ini mi ce did not show signifi ca nt glycogen 
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depletion in the tibialis anterior after the bout of exercise. 
Preservation of musc le glycogen depots may signify that during this moderately 

high intensity exercise HRmini mice do not place as much physical demand on the tibialis 
anterior muscle as the other mice. However, there is also a strong possibility that there is 
a greater dependence on aerobic metaboli sm in HRmini mice, thus sparing some muscle 
glycogen reserves. Muscles with a higher proportion of oxidative fibers tend to show 
minimal glycogen depletion during prolonged contractile activity, likely because they are 
supported by a greater capacity for fatty acid oxidation (Baldwin and Tipton, 1972). The 
hindlimb muscles ofHRmini mice have been shown to contain reduced glycogen 
phosphorylase (both the activated form and total content) on a whole muscle basis, which 
further supports the proposed sparing of intramuscular g lycogen stores during exercise 
(Houle-Leroy et ai., 2003). 

Nonetheless, HRmini mice do not have a significantly reduced rate of carbohydrate 
utili za tion compared to the other mice, under a common exercise regime. Thus, perhaps 
they are more dependent on circulatory glucose to achieve a comparable degree of 
carbohydrate metaboli sm as mice that are recruiting type IIB fibers and placing a greater 
reliance on muscle glycogen stores . Indeed, liver glycogen appears to be a more crucial 
source of energy than muscle glycogen during exerci se in rodents (Baldwin et ai. , 1973 ; 
Pederson et ai. , 2005). Resting HRmini mice (without prior wheel access) have larger liver 
glycogen reserves than the other mouse phenotypes, and with wheel access, all HR mice 
have augmented protein levels of the glucose transporter GLUT-4 in the gastrocnemius, 
relative to control mice (Gomes et aI. , 2009). HR mice also show enhanced insulin
stimulated glucose uptake in the extensor digitorum longus muscle, irrespective of wheel 
access (Dumke et aI. , 2001) . Furthermore, HRmini mice have a higher capillary-to-fiber 
ratio and higher capillary density in the gastrocnemius, compared to mice with the normal 
muscle phenotype (Wong et ai., 2009) . An increased capillarity of hindlimb muscles is 
likely to play an important role in enhancing utilization of circulatory fuels in HRmini 
mice, as structural constraints in the delivery of exogenous fu els may factor in the greater 
dependence on intramuscular fuels that occurs with increas ing exercise intensity in 
mammals (Vock et ai. , 1996b; Weber et ai., 1996b). 

Previous experiments have highlighted differences betvv'een di stinct mammals in 
the preferred source of substrates metabolized by working muscle. In an example of 
similar sized mammals differing in aerobic capacity, dogs appear to have a relatively 
greater dependence on intramuscular glycogen and triacylglyceride stores than goats; 
despite wide divergence in whole-animal metabolic rates, the maximal rates of circulatory 
fuel oxidation are only sli ghtly different between these animals (Vock et ai. , 1996a; 
Weber et ai. , 1996a; Weber et aI. , 1996b). However, these studi es used phylogeneti ca lly 
di stant species, so it is unclear if inter-animal differences were solely due to differences in 
aerobic capacity. It would be valuable to empirically determine the partitioning of 
intramuscular versus circulatory fuel sources during exercise in selectively bred HR mice 
and non-selected controls. 

Numerous di screpancies in experimental des ign preclude a direct comparison of 
my glycogen results with those of Gomes and colleagues, whose experiments involved 
vo luntary wheel-running, variable exercise intensiti es and running duration, previous 
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wheel exposure, fed mice, females, and the confounding effect of circadi an glycogen 
rhythms (Gomes et a!. , 2009) . Nonetheless, it is apparent that in both studi es there was a 
di stinct effect of the mini muscle phenotype on muscle glycogen depletion patterns . 

. Although it is unfeas ible to make definitive conclusions about hindlimb muscle 
recruitment patterns without glycogen measurements fo r every muscle, my results show 
that at a common relative exercise intensity, HRmini mice di ffer from HRnonnal and control 
mice in their utili zation of various muscles and fi ber types. I propose that compared to 
mice with the normal muscle phenotype, HRmini mice have a greater reliance on ox idati ve 
fi bers and aerobic metaboli sm, as well as an increased dependence on circulatory (rather 
than intramuscular) fuels. Intriguingly, these results insinuate that the mammalian whole
body fu el use pattern can be maintained despite di fferential muscle fiber recruitment 
patterns. This is incongruent to the observati on that the pattern of whole-body fue l use 
tends to match progressive muscle recruitment, where increasing reliance on 
carbohydrates at higher exerc ise intensiti es occurs in conjunction with increas ing 
recruitment of glycolytic muscle fibers (McClelland, 2004; Roberts et aI. , 1996) . 

Fuel uptake into working muscle 

In further support of the proposed increased utiliza tion of exogenous glucose in 
skeletal muscle, HRmi ni mice have enhanced mass-spec ific maximal HK activity in the 
gastrocnemius (Fig. 2.8A). HK phosphorylates glucose to generate glucose-6-phosphate, 
and in doing so is an essentia l coordinator of glucose uptake into the myocyte, as thi s 
reaction serves to maintain the downhill glucose gradient from the blood (Halseth et a!. , 
1999). Transgenic mice overexpress ing HK II show increased glucose uptake into 
skeletal muscle during moderate-intensity exercise (Halseth et aI. , 1999), and in a similar 
mmm er increased mass-specific maximal HK activity in the gastrocnemius of HRmini mice 
may enable enhanced glucose uptake from the circulatory system (see also Bilodeau et 
aI. , 2009; Guderl ey et aI. , 2006; Houle-Leroy et aI. , 2003). HK activity is an especially 
important controlling fac tor for regulating glucose uptake during exercise in more 
ox idative muscles (Fueger et a!. , 2003), such as those of HRmini mice. 

HRmini mice also have an increased capac ity for fa tty acid uptake into working 
muscles. Due to an 80% higher cytosolic content of H-FABP (F ig. 2.7A), a protein 
which serves as an intracellular sink for fa tty acids transported across the sarcolemma and 
fac ilitates their movement through the cytoplasm (Glatz et aI. , 2003), it is like ly that the 
" mini muscle" gastrocnemius has a greater capabili ty to increase flux of exogenous fa tty 
acids into the muscle than the normal muscle phenotype. This concurs w ith the 
observation that muscles with a higher proportion of oxidative fib ers tend to have a hi gher 
cytoso lic content of H-FABP (van N ieuwenhoven et aI. , 1995; Vork et aI. , 199 1). 
Although it seems that H-FABP is not a direct regul ator of fatty ac id transloca tion across 
the sarcolemma (on account of its abundance in the cytoplasm, it has a permissive, albeit 
important, role in muscul ar fatty acid uptake), increased H-F ABP levels could 
accommodate rapid changes in substrate flux, such as during the transition fro m resting to 
contracting muscle (Luiken et ai. , 2003). 
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Furthermore, HRlllini mice show greatly enhanced gastrocnemius gene expression 
of fatty acid translocase, FATICD36, whi ch is a pivotal sarcolemmal transporter of long
chain fatty acids (Fig 2.7B). Overexpression of FAT/CD36 in rat skeletal muscle leads to 
elevated fatty acid oxidation, in addition to increased rates of fatty acid transport 
(Nickerson et aI., 2009). It seems likely that increas ing the muscle protein content of 
FAT/CD36 would be an important mechani sm for alter ing the whole-body fuel use, 
considering that this fatty acid transporter may faci litate as much as 50% offatty acid 
uptake in muscl e (Luiken et aI., 1999). Although increased gene transcription of 
FATICD36 does not mean that protein content of this fatty acid transporter is also 
elevated, it is plausible that in the gastrocnemius of HRlllini mice there may be more 
FA T/CD36 protein available for translocation to the sarcolemma during periods of acute 
demand for increased fatty acid uptake (i. e. during exercise). 

These changes implicating an increased capacity for fatty acid uptake into the 
skeletal muscle ofHRlllini mice are pertinent in light of the fact that my in vivo results 
suggest that these mice do not have (or do not capitali ze upon) an enhanced whole-body 
ability to utilize lipids during high intensity exerci se. This implies that fatty acid uptake 
from circulation is not the sole factor restricting lipid oxidation during high-intensity 
exercIse. 

Skeletal muscle capacity for oxidative metabolism 

The increased capacity for fatty acid uptake into the skeletal muscle of HRlllini 
mice is accompanied by an enhanced mass-specific capacity to utilize fatty acids. In 
addition to the increased mass-specific maximal activities ofHK and CS, which is a 
trademark of the " mini muscle" phenotype 's enhanced aerobic capacity (Guderley et aI., 
2006; Houle-Leroy et a I. , 2003), I show that sedentary HRlllini mice also have an enl1anced 
capacity for ~-oxidation at the level ofHOAD activity (Fig. 2.8A). Coordinated elevation 
of maximal activities of enzymes in both fatty acid and carbohydrate metabolic pathways 
(see also Houle-Leroy et aI. , 2003) supports the concept of an increased mass-specific 
aerobic capacity of skeletal muscle without a shift towards preferential utilization of fatty 
acids in HRlllini mice. 

On a whole-muscle basis, HRlllini mice have equivalent maximal enzyme activities 
as control mice (F ig 2.8B; see also Houle-Leroy et aI., 2003), with the reduced energetic 
costs associated with smaller gastrocnemius muscles that are res istant to fatigue (Syme et 
al.,2005). Conversely, HRnollnal mice appear to exhibit an enhancement of the overall 
metabolic capacity of the gastrocnemius, for due to the slight muscle enlargement 
compared to control mice, HRnorlllal mice have greater who le-muscle maximal activities of 
CS, HOAD, CPT II, and HK in the gastrocnemius, compared to HRlll ini (with the 
exception of HOAD) or contro l mice (Fig. 2.8B). This may be one contributing 
mechanism by wh ich HRnonnal mice achieve an equivalent rate of lipid and carbohydrate 
utiliza tion as HRlllini mice (i. e. higher whole-muscle enzyme activities in contrast to 
hi gher mass-spec ific enzyme activities in small er muscles). 
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Transcriptional regulation of skeletal muscles properties 

The increased mass-specific HOAD acti vity in th e HRl11ini gastrocnemius is likely 
under some degree of transcriptional control , as there are significantly elevated mRNA 
levels of PPARa, compared to control or HRnorl11al mice (Fig. 2.9A). PPARex is an 
important transcriptional regulator of a series of genes that includes HOAD (Zhang et aI. , 
1992) . Changing the express ion of metabolic enzyme genes is one putative mechanism 
for chronically altering flux through a metaboli c pathway, and thus influencing whole
body fuel use patterns (McClelland, 2004). 

Elevated PPARa express ion may in fact be an underlying basis fo r multipl e 
altered metabolic characteristics of the "mini muscle." In skeletal muscle, PP ARex is a 
predominant isoform of the PPAR family of transcriptional regulators; upon activation 
PPARex is involved in the regulation of many genes in the fatty acid metabo lic pathway 
(see McClelland, 2004). My results show a very strong correlation between mRNA 
leve ls of PPARa and FATICD36 amongst all mice (Fig. 2.9B) , which suggests a close 
relationship between the transcript levels of these two genes. Indeed, it has been shown 
that PPARex-activating drugs induce gene express ion of FATICD36 (Motojima et aI. , 
1998), and the murine FATICD36 gene promoter may contain two perox isome
proliferator-response elements (PPREs), which are the specific response elements through 
which PPARs regulate gene transcription (Teboul et aI. , 2001). 

It is improbable that the increased mRNA levels of PPARa and FATICD36 in the 
gastrocnemius of HRl11ini muscles is an effect of differential gene dosage, because gene 
expression of PGC-J a , PPAR/310, and SJRTJ are not significantly different between 
HRl11 ini, HRnorl11a)' or control mice (Fig. 2.9A). These factors are involved in coordinating 
various cellular responses, including the enhancement of PPARex binding to DNA by the 
transcriptional coactivator PGC- 1 ex (Vega et aI. , 2000), the express ion of genes assoc iated 
with mitochondrial biogenes is and fatty acid oxidation by PPAR~/o (Wang et aI. , 2004), 
and the coupling of energy requirements to transcriptional regulation by the NAD
dependent deacetylase SIRT 1 (see Freyssenet, 2007) . Increased activation of PGC- 1 ex 
(Lin et aI. , 2002) or PPAR~/o (Luquet et aI. , 2003; Wang et aI. , 2004) has been 
implicated in the induction of muscle fiber type switching (i. e. transition into more 
oxidative fiber types). In addition, SIRTl has been shown to be an important functional 
regulatory of PGC-1 ex, and to be crucial for the upregulation of fatty acid oxidation under 
certain conditions (Gerhart-Hines et aI., 2007) . However, based on unchanged mRNA 
levels amongst all mice in thi s study, it does not seem likely that these transcriptional 
factors playa major role in altered characteri sti cs of the " mini muscle ." 

Summary and concluding remarks 

Selective breeding for high levels of vo luntary locomotion resulted in an increased 
aerobic capacity amongst all HR mice, relati ve to non-selected controls, w ith HRl11ini mi ce 
demonstrating a furth er elevation in mass-specific V0 2 1113X above HRnonnal mice. This 
enhancement of aerobic capacity mi ght be parti ally supported by allometric adjustments 
resulting in a greater relative heart mass in the HRl11ini mice, and changes in the max imal 
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activiti es of cardiac metabolic enzymes in HR mouse hearts. However, despite divergent 
patterns in exercise behavior and aerobic capacity, there are no statistically significant 
differences in the whole-body pattern of proportionate fuel use across a range of relati ve 
exercise intensities for HRmini , HRnormal, and control mice. In selected HR mice, absolute 
fuel oxidation rates are greater, commensurate with increases in aerobic capacity. By 
investigating some of the physiolog ical factors thought to be instrumental in dictating 
who le-body fuel use, I demonstrated that phenotypically diverse HR mice maintain an 
apparently conserved fue l use pattern via alternate mechanisms for enhancing flux 
through metabolic pathways. 

Under a common exercise regime, HRmini mice differ from HRnormal and contro l 
mice with respect to muscle recruitment, suggesting that HRmini mice might place a 
greater dependence on oxidative muscle fibers and aerobic metabolism, as well as a 
potentially increased reliance on circulatory (rather than intramuscular) carbohydrate 
supply. Furthermore, compared to mice with a normal muscle phenotype, HRmini mice 
may have an increased capacity for fatty acid uptake into exercising muscl e, at the level 
ofmRNA content of trans-sarcolemmal transporter FATICD36 and cytosolic H-FABP 
protein content. This is concurrent to an enhanced mass-specific capacity for fatty acid 
utilization (evidenced by increased maximal activities ofHOAD and CS) and circulatory 
glucose uptake (at the level of maximal HK activity) . Gastrocnemius PPARa mRNA 
levels are substantially greater than those of HRnormal or control mice, and are closely 
correlated with FATICD36 mRNA levels, which implies that this transcriptional regulator 
likely plays an important role in mediating the metabolic di ffe rences in the "mini muscle" 
phenotype. HRnormal mice on the other hand seem to have evolved w ith divergent 
mechanisms from HRmini mice for enhancing muscle oxidative capacity, perhaps partially 
by increasing whole-muscle metabolic enzyme activities . 

It is notable that these skeletal muscle differences between sedentary HRmini , 
HRnonnal, and control mice are innate, rather than resulting from exercise-induced 
phenotypic plasticity. Consequently, this animal model hi ghlights numerous 
physiological traits involved in the mediation of whole-body fuel use that can be 
divergently altered during the evolution of a mammal w ith enJlanced voluntary locomotor 
activity and aerobic capacity. These include some features previously postulated to be 
conserved amongst diverse mammals, such as the pattern of muscle fiber recruitment 
during exercise (see McClelland, 2004; Roberts et aI. , 1996) and the limitations of 
circulatory fuel supply during hi gh intensity exercise (see Vock et aI. , 1996b; Weber et 
aI. , 1996a; Weber et aI., 1996b). Thus, it seems that there are multipl e mechanisms to 
enJlance fuel oxidation rates with the development of an elevated aerobic capacity, and 
mammals can differentially utilize these mechani sms without deviating from a conserved 
whole-body pattern of fue l use. Plastic or adaptive alterations to all or any of these 
physiological factors likely contribute to the underlying means by which genetically and 
phenotypically distinct mammals retain a conserved pattern of fu el selection during 
exercise. 
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CHAPTER 3: GENERAL SUMMARY AND CONCLUSIONS 

In this study, I demonstrated that despite changes in voluntalY locomotion, aerobic 
capacity, and skeletal muscle properties in response to selective breeding for high 
locomotor activity, there were no significant differences in the proportional mix of lipids 
and carbohydrates supporting A TP demand across a range of relative exercise intensiti es 
for HRlllini, HRnonnal, and control mice (Figs. 2.1-2.3). 

HR mice primarily achi eve greater levels of voluntary locomotion by running 
faster than control mice on the running wheel (Garland et aI., 2002; Garland et aI., 2010; 
Girard et aI., 2001; Swallow et aI., 1998a). My findings suggest that due to an increased 
aerobic capacity, HR mice are able to run at these faster speeds while still predominately 
sustained by lipid oxidation. In contrast, control mi ce would need to utilize a higher 
proportion of carbohydrates to achieve equiva lent absolute exerci se intensities. 
Therefore, although selective breeding did not alter fuel preference in the sense that there 
was shift towards a grea ter proportion of lipids contributing to total oxidation at a ll 
relative exercise intensiti es, I believe that metabolic fuel use was an important trait in thi s 
selective regime. An enhanced capacity for lipid oxidation in conjunction with an 
increased V021llax may have enabled the shift in locomotor speed preference in HR mice, 
thus allowing them to achieve greater levels of voluntary locomotion, for which they are 
selectively bred . 

This is consistent with observations made by Roberts and colleagues: that dogs 
"choose" (or have the capacity for) higher locomotor speeds and endurance in their 
natural habits than more sedentary goats, but as these diverse animals range in aerobic 
capacity, both are predominately utilizing lipids during the low-to-moderate relative 
exerci se intensities of everyday locomotion (Roberts et aI., 1996). Therefore, my study 
has confirmed one of the major findings of these comparative experiments, using an 
experimental evolution approach. It appears that mammals can achi eve divers ity in 
locomotor behavior through adaptive adjustments to both aerobic capacity and lipid 
oxidative capacity. This may be an underlying explanation for evident unity in fuel use 
patterns amongst mammals ranging in aerobic capacities, when absolute rates of 
oxidation are scaled to V021llax . 

However, my investi gation also indicates that mammals can diverge in their 
mechanisms for enhancing fuel oxidation rates. In the case of selectively-bred high 
running mice, HRlllini and HRnorlllal mice differ with respect to their muscle fiber 
recruitment patterns during exercise, capacity for fatty ac id uptake into skeletal muscle, 
metabolic enzyme activities (i.e. hi gher mass-specific activities in smaller muscles 
contrasting with greater whole muscle activities due to muscle enlargement), and gene 
expression of PPARa, a transcriptional regulator of fatty acid metabolic pathways (F igs. 
2.5-2.9). 

Notably, some of the metabolic regulatory mechani sms that may diverge between 
HRlllini and HRnonnal mi ce have previously been sugges ted to be pervas ive amongst 
mammals, thus potentially contributing to the unity in fuel use patterns. For instance, the 
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progression of muscle fiber recruitment has been observed to match whole-body fuel use, 
with the increasing proportionate reliance on carbohydrates at higher exercise intensiti es 
corresponding to the recruitment of fast glycolytic muscle fibers (McClelland, 2004; 
Roberts et ai. , 1996). However, my investigation demonstrates that mammals may differ 
in their muscle recruitment patterns during exercise, and yet maintain an apparently 
conserved pattern of fue l select ion. It is particul arly intriguing that HRlllini mice do not 
seem to have type IIB muscle fibers in hindlimb muscles avai lable for recruitment, but 
they still show an equiva lent proportional reli ance on carbohydrates for total ox idation at 
hi gher exercise intensiti es. 

It has also been suggested that structural constraints at the level of trans
sarcolemmal transport might be an important limiting factor in the utilization of 
circulatory substrates for mammals, particularly at higher exercise intensiti es (Yock et ai. , 
1996a; Weber et ai. , 1996a; Weber et ai. , 1996b). It seems logical that animals 
selectively bred to exhibit increased locomotion would have adaptations to enable 
augmented utilization of exogenous fuel reserves, since the quantity of fu el that can be 
stored intramuscularly is limited and could not exclusively sustain exercise for a 
prolonged duration (McClelland et ai. , 1994). However, despite no di ffe rences in fatty 
ac id utiliza tion, HRlllini mice have a greater capacity for using circulatory sources of 
metabolic fuels compared to HRnorlllal mice, at least on a mass-specific basis. This is 
ev idenced by their higher cytosolic H-FABP content, increased transcript levels of 
FATICD36, an enhanced mass-specific capacity for glucose phosphorylation by HK, and 
sparing of intramuscular glycogen stores in the tibialis anterior muscle (Figs. 2.S-2.8A). 
HRnorlllal mice appear to have alternate means to elevate metabolic flux above control 
mice, and this may not include an increased dependence on circulatory fue l supply. 

Based on this investigation , it seems unlikely that the proportional contribution of 
lipids to total oxidation is constra ined at one crucial step that is common for a ll mammals. 
Rather, total lipid flux appears to be regulated by multiple integrated factors, and the 
relative importance of each of these factors can vary amongst genotyp ically and 
phenotypically diverse mammals. 

Future directions 

My study presents a number of implications that could be further va lidated using 
this model of experimenta l evo lution. For instance, it wou ld be valuable to empirically 
determine the partitioning of intramuscular versus circu latory fuel sources during exercise 
in these mice. Thi s could be done through continuous infusions of isotopically labeled 
glucose or palmitate, indirect ca lorimetry, and measurements of intramuscular fue l 
substrates depletion due to exercise. By using all eight lines of selec tively bred HR mice 
and non-selected controls, these experiments could provide some indicat ion of whether 
there are conserved aspects of fuel partitioning amongst "high nllUling" or aerob ic 
mammals during exercise. 

Furthermore, this animal model could be utilized to tes t the importance of various 
regulatory steps in the fatty ac id metabolic pathway. For instance, ifHRlll ini mice have 
increased protein content of FA T/CD36 compared to mice with the normal muscle 
phenotype, it could be determined whether upregul at ion of this fatty ac id transporter is a 
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crucial adaptation for HRm in i mice to achi eve enhanced mass-specific fatty ac id ox idation . 
This could be assessed through a series of in vitro experiments in which FA T/CD3 6 
acti vity is blocked by the specific inhibitor sulfo-N-succimidyl oleate (SSO). 

Lastly, it would be of interest to evaluate the female mice in thi s animal model. 
There appears to be a di fference between males and females in terms of fuel use patterns, 
with females exhibiting higher maximal rates of lipid oxidation and an increased 
proportional contribution of lipids to energy expenditure across a range of relative 
exercise intensiti es, compared to men (Friedlander et aI. , 1998; Tarnopolsky et aI. , 1990; 
Venables et aI. , 2005). Furthermore, there is a sex-specifi c component of locomotor 
behavior in selecti vely bred mice, as HR males spend more time running than control 
males, in addition to running at higher speeds; HR females simply run faster and more 
intermittently than control females (Garland et a I. , 2010; Girard et aI. , 2001 ; Rezende et 
aI. , 2009) . This is also evident in their cage activity w ithout access to wheels: during 
nighttime activity, HR females exhibit increased utilization of carbohydrates compared to 
control females (suggestive of increased burst exercise), whereas HR males appear to 
have slightly higher rates of fa tty acid oxidation, compared to control males (Jonas et aI. , 
2010). Therefore, thi s model of experimental evolution could potenti ally be used to tease 
out some of the mechani stic explanations for di ffe rences between males and females in 
the fuel use pattern during exercise. 

My study highli ghts some innate subordinate traits that may contribute to the hi gh 
locomotor activity in selective ly bred HR mice. Specifically, in the HR lines tes ted, 
increasing capacity for lipid oxidation in conjunction with increasing aerobic capacity 
might be an important component of attaining higher levels of voluntary locomotion. 
Metabolic alterations such as increased content of H-F ABP cytosolic protein, FATICD36 
mRNA, and PPARa mRNA, in addition to the enhanced activities of aerobic enzymes, 
may thereby provide the selective benefit of the "mini muscle" phenotype. 

Moreover, by demonstrating that HRmini mice and HRnol111al mice have evolved 
with alternate means of achiev ing an increased capac ity for lipid oxidation , thi s 
investigation has furth ered our understanding of the mammalian fuel use pattern during 
exercise. There are multipl e mechani sms to enhance fuel ox idation rates w ith the 
development of an elevated aerobic capacity, and mammals can di fferenti ally utilize these 
mechanisms without deviat ing from a conserved whole-body pattern of fuel use. 
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