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ABSTRACT OF THE DISSERTATION 
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 Animals interact with their environment in a myriad of ways.  One central 

component of this interaction is behavior.  Critical for many behaviors are the 

neurobiological mechanisms for motivation, which depend on the neural reward pathway.  

If the outcome of a behavior is rewarding in some way, then the behavior will be 

reinforced by the reward pathway and subsequently will occur with heightened frequency 

or intensity or both.   

I characterized modifications in the reward pathway in lines of house mice 

selectively bred for high voluntary wheel running.  I measured dopamine receptor 

densities in these high-runner (HR) mice and in non-selected control (C) lines in brain 

regions involved in reward and motor ability, characterized brain mass and volume, and 

juxtaposed competing rewards with wheel running to test incentive salience.  I also 

assessed withdrawal symptoms in HR mice by comparing cardiovascular measures 

before, during, and following two weeks of wheel access.  Finally, I administered an 
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analog of erythropoietin (EPO) and measured hemoglobin (Hb) concentration, maximal 

aerobic capacity (V
.
 O2max), and wheel running to test whether further increases in 

running in the HR phenotype may be limited by oxygen (O2) transport or V
.
 O2max. 

Dopamine receptor densities did not differ between HR and C lines in the brain 

regions tested (caudate-putamen and prefrontal cortex).  However, HR mice had higher 

brain masses (excluding cerebellum) when corrected for body mass, and larger midbrain 

volumes.  When HR mice were given simultaneous access to wheels and solutions of 

artificial sweeteners, they consumed less of the artificial sweeteners than C mice 

suggesting an altered incentive salience for the sweet-taste reward.  Additionally, HR 

mice displayed a reduction in blood pressure during withdrawal from running.  Following 

EPO administration, [Hb] and V
.
 O2max were elevated, but not wheel running, suggesting 

that HR mice are not limited by O2 transport or V
.
 O2max. 

In conclusion, my research supports the hypothesis that the reward pathway is 

altered in HR mice.  Also, my results provide evidence for both neurobiological and 

physiological changes that have evolved as components of the HR phenotype.  Taken 

together, these findings offer new insight into the proximate control of behavior.  
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Dissertation Introduction 

 

The reward pathway of the central nervous system is highly conserved throughout 

the vertebrate lineage (Kapsimali et al., 2003).  Its significance in the formation of 

behavior and in assigning a positive value to stimuli is important in both an evolutionary 

and ecological sense.  Without the incentive provided by this pathway, behaviors would 

not be reinforced and the impetus for an organism to change behavioral patterns would be 

impaired (Nesse and Berridge, 1997; Kelley and Berridge, 2002; Panksepp et al., 2002; 

Wise et al., 2004).  In nature, animals vary widely in activity levels, which are in turn 

closely tied to ecology, physiology, morphology, and evolutionary history.  Presumably, 

animals with high activity levels are compelled in part by the motivation to seek out a 

natural reward (e.g., food, shelter, mates).  Alternatively, the engagement in high activity 

may be rewarding in and of itself.  Studies of humans and other animals demonstrate that 

exercise can be self-rewarding (Sherwin 1998; Bréne et al., 2007; Boecker et al., 2008).  

For example, human marathon runners and other highly-aerobic athletes often cite the 

self-rewarding nature of exercise and the “runner’s-high” that accompanies their bouts of 

activity (Boecker et al., 2008).  This “high” may serve as an evolutionary adaptation to 

reinforce high activity in animals that must traverse a large home range to forage, search 

for mates, etc.  The question remains as to whether high-activity is concurrent with an 

enhanced reward value for exercise.  Although the molecular basis of enhanced reward 

(e.g., addiction) has been investigated extensively in chemical dependencies (reviewed in 



 2

Koob and Volkow, 2010), the physiology underlying enhanced reward in high-activity 

has not been studied. 

 

Reward and Dopamine 

Dopamine (DA) is important to three major modulatory pathways in the brain: 

mesocorticolimbic, nigrostriatal, and tuberoinfundibular.  Two of these pathways have 

been associated with distinct functions: nigrostriatal (movement) and tuberoinfundibular 

(hormone release).  The remaining pathway is the mesocorticolimbic 

(reward/motivation).  The function of this pathway is to assign reward and create 

incentive for future behavior (Wise et al., 2004; Schultz, 2010), and it is often thought of 

as the brain’s ‘common neural currency for reward’ (Björklund and Lindvall, 1984; 

Berridge and Robinson, 1998).  Thus, interspecific and inter-individual differences in this 

pathway may underlie variation in rewarding behaviors.   

Despite the long-standing literature on the behavioral aspects of reward (Olds and 

Milner, 1954), it has only been within the last three decades that the cellular and 

molecular pathways of reward have been closely examined (Corbett and Wise, 1980; 

Wise, 1981; Hernandez and Hoebel, 1988; McCullough and Salamone, 1992; Salamone 

et al., 1994; Wilson et al., 1995; Schultz, 1998; Schultz, 1999; Volkow et al., 2004; 

Volkow et al., 2009; Schultz, 2010).  The reward pathway in mammals originates in the 

midbrain, with tracts extending into areas of the limbic system and frontal cortex (hence 

the name, mesocorticolimbic) (Waxman, 2010).  Major structures along this pathway 
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include the ventral tegemental area, nucleus accumbens, and prefrontal cortex (Fig. 0.1).  

Studies of primate neurophysiology have shown significant activation of dopaminergic 

neurons in this pathway in response to rewarding stimuli (Schultz, 1998; Schultz, 1999; 

Schultz, 2010).  The subtlety of this response is illustrated in the finding that dopamine 

neurons are activated before an anticipated reward, but their output is significantly 

reduced during  an anticipated reward.  This is consistent with the theory of incentive 

salience put forward by Berridge and Robinson (1998), who suggest that 

mesocorticolimbic dopamine is involved in the incentive salience, or “wanting” of a 

reward, whereas, the hedonic response to a positive stimulus, the “liking” of the reward, 

is mediated by other neurotransmitters (e.g., opioids). 

DA is the primary neurotransmitter in the mesocorticolimbic pathway, and the 

dopaminergic synapse is an important site for modulation of the reward signal as it 

travels from the midbrain to the cortex.  The dopaminergic synapse contains four major 

structural components: the neurons, DA, DA receptors, and DA reuptake transporters.  

The number and distribution of these components give each dopaminergic synapse its 

character.  DA is a biogenic amine derived from the amino acid tyrosine.  The rate-

limiting step in the synthesis of DA is the conversion of L-tyrosine to L-DOPA by the 

enzyme tyrosine hydroxylase (Nestler et al., 2008).  DA is stored prior to exocytosis at 

the axon terminal in membrane-bound vesicles.  An action potential-initiated calcium 

influx causes the release of DA into the synapse (Nestler et al., 2008).  Following 

exocytosis, either DA may bind to postsynaptic receptors or it may act as a ligand to 
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presynaptic receptors that function as a feedback mechanism on DA release (D2 

autoreceptors).   

Once in the synapse, the transmitter may bind to two categories (or subtypes) of 

DA receptor (D1- or D2-like).  Although five distinct dopamine receptors have been 

recognized (D1-D5) via mRNA expression (Meador-Woodruff, 1994), the 

pharmacological activities of these five receptor subtypes condense into the two 

aforementioned subtypes (D1- vs. D2-like receptors) (Missale et al., 1998).  Functionally, 

D1 and D2 receptors are transmembrane G protein-linked receptors that initiate signal 

transduction pathways (metabotropic) that result in the stimulation (D1) or inhibition 

(D2) of adenyl cyclase (Seeman, 2010).  The stimulation of adenyl cyclase can 

upregulate a variety of intracellular outcomes including protein synthesis (e.g., of new 

DA receptors), changes in metabolic activity, and alterations in plasma membrane 

potential (Missale et al., 1998; Seeman, 2010; Missale et al., 2010).  Adenyl cyclase 

inhibition can downregulate any of the aforementioned processes. 

DA reuptake transporters (DAT) are also present on the presynaptic cell and 

function to clear the synapse of dopamine and prevent over-stimulation of the 

postsynaptic neuron (Kimmel et al., 2005).  DAT is the target site for many different 

drugs that co-opt the reward circuit (Corbett and Wise, 1980; Wise and Rompre, 1989; 

Fang et al., 1997; Berridge and Robinson, 1998; Hastrup et al., 2003; Di Chiara et al., 

2004; Colado et al., 2004; Gnegy et al., 2004).  DAT has a high affinity for endogenous 

DA and is readily up-regulated (DA-depleted conditions [e.g., Parkinson’s disease]) and 
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down-regulated (DA over-stimulation [e.g., cocaine addiction]) in response to changes in 

synaptic concentrations of DA (reviewed in: Schmitt and Reith, 2010).  

 

Reward and Exercise 

As mentioned above, one self-rewarding behavior is physical exercise (see below: 

Wheel-Running Behavior).  In addition to being rewarding, it has been hypothesized 

that physical exercise can be addicting (Thaxton, 1982; Wichman and Martin, 1992; 

Griffiths, 1997).  Exercise addiction has received limited attention in humans, with the 

primary focus being on psychosocial effects (Griffiths, 1997; Bamber et al., 2000; 

Thorburn and Proietto, 2000; Aidman and Woolard, 2003; Hale et al., 2010).  The animal 

studies examining exercise addiction have done so primarily in the context of its 

biomedical significance as a condition plaguing a subset of human anorexia patients (i.e., 

“activity anorexia”) (Kanarek et al., 2009).  Evidence suggests that exercise addiction 

utilizes the mesocorticolimbic pathway, as do other forms of addiction (Ussher et al., 

2001; Aidman and Woolard, 2003; Daniel et al., 2004; Ussher et al., 2004; Ussher et al., 

2008).  It has been shown in humans, for example, that bouts of moderate exercise can 

help attenuate symptoms of both nicotine and alcohol withdrawal (Ussher et al., 2001; 

Daniel et al., 2004; Ussher et al., 2004; Ussher et al., 2008).  This implies that exercise 

can be highly motivated in humans and in other animals (although obviously with 

variation among individuals and among species [e.g., wolf vs. sloth]), and that the pursuit 

of or engagement in locomotor activities can even substitute for chemical addiction.  This 
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principle that one reward can partially substitute for another is called reward substitution 

(Ussher et al., 2001; Daniel et al., 2004; Ussher et al., 2004; Ozburn et al., 2008; Ussher 

et al., 2008).  Reward substitution is of obvious use as a clinical tool in managing the 

symptoms of drug withdrawal, but it also allows two rewards to be juxtaposed and the 

relative incentive salience (i.e., reward value) of each to be ascertained. 

Certain dopaminergic regions in the brain are modified in addiction (Wise and 

Rompre, 1989; Wise and Hoffman, 1992; Volkow et al., 2009).  A wealth of research has 

been conducted on substance abuse and altered dopamine signaling in humans (reviewed 

in Koob and Volkow, 2010).  Additionally, animal models have provided insight into the 

perturbations of the dopaminergic system that occur with addiction (Volkow et al., 2004; 

Volkow et al., 2009; Schmitt and Reith, 2010).  Alterations in components of the 

dopaminergic synapse, specifically in the dopamine reuptake transporter (DAT), have 

been found in addictions to methamphetamine (Khoshbouei et al., 2003; Gnegy et al., 

2004), 3,4-Methylenedioxymethamphetamine or “ecstasy” (Green et al., 2003; Colado et 

al., 2004), and cocaine (Sora et al., 2001; Hastrup et al., 2003; Lindsey et al., 2004).  

Many studies also show reductions in both D1 (Dagher et al., 2001) and D2 (Volkow et 

al., 2004; Volkow et al., 2009) postsynaptic receptor densities in drug addiction, coupled 

with hyposecretion of dopamine.  

 Further evidence has arisen that phenotypes that display abnormally elevated 

activity levels may be prone to addictive behavior.  Recent work in humans has addressed 

the correlation between Attention Deficit Hyperactivity Disorder (ADHD) and a 
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predisposition to addictive behavior (Biederman et al., 1998; Tapert et al., 2002; Yoo et 

al., 2004).  These studies have suggested that ADHD may be a risk factor for addiction 

due to the increased impulsivity or, perhaps combined with, the concomitant lack of 

attentiveness in these individuals.  Given that the primary method for the treatment of 

ADHD is DAT-blocking stimulants, such as methylphenidate (Ritalin®), and that 

addiction is known to co-opt the mesocorticolimbic dopaminergic pathways, a link 

between these two types of conditions may not be surprising.   

Likewise, lines of mice selectively bred for high levels of voluntary wheel 

running display an ADHD-like response to methyphenidate (Rhodes and Garland, 2003), 

whereas C mice do not.  Moreover, when duration of wheel access was conditioned with 

bar-pressing, HR and C mice responded equally to successive 30-min. bouts of wheel 

running, but had very low rates of bar-pressing for successive 90-sec. bouts of wheel 

running (Belke and Garland, 2007).  This suggests that the reward value of 90 seconds of 

running was insufficient to motivate HR mice.  This could be attributable to the reward 

gained from a short (90 sec.) versus long (30 min.) wheel-running bout, which could be 

due to running duration, running speed, or a product of both.  Haenlein and Gaul (1987) 

theorized that ADHD children have an elevated reward threshold for activity compared to 

normal children, and that the magnitude of an activity that would sustain a normal child 

would be insufficient for an ADHD child.  It is possible that selection for high-activity 

has raised the reward threshold in HR mice such that higher levels of activity are needed 

to achieve a similar reward threshold to control mice that are active at lower levels.  
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Wheel-Running Behavior 

Many rodents traverse large home ranges in the wild, and locomotion is therefore 

important for these animals.  In a laboratory setting, mice have long been given running 

wheels as elements of behavioral enrichment and for the study of locomotor activity.  A 

high degree of intraspecific variation (even within sex and age-classes) occurs in activity 

levels (Friedman et al., 1992).  Phenotypes predisposed to hyperactive behavior receive 

attention because of their relevance to such neuropsychiatric disorders as ADHD and its 

associated subtypes (Viggiano et al., 2003; Viggiano et al., 2004).  Voluntary wheel 

running has been demonstrated to be a classically self-rewarding behavior in both rats 

and mice (Premack, 1964; Timberlake and Wozny, 1979; Belke and Heyman, 1994; 

Belke, 1996; Sherwin and Nicol, 1996; Sherwin, 1998).  Evidence for this self-rewarding 

character has come from several lines of inquiry.  The first, devised by Sherwin and 

Nicol (1996), introduced mice into mazes with optional wheel access.  The intensity of 

the rewarding nature of exercise was determined indirectly by the fact that the mice 

continued to seek wheel access despite the cost of traversing a water barrier that became 

progressively larger (Sherwin and Nicol, 1996).  Operant conditioning models have also 

been used to test motivation for wheel running.  These studies have conditioned animals 

to associate wheel-access with bar-pressing behavior.  The aforementioned study of long 

versus short-duration reinforcement in HR mice (Belke and Garland, 2007), as well as a 

study in rats where bar-pressing occurred at a rate of 30 times per minute when 
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conditioned with wheel-access (Belke, 1996), have shown the wheel running is a highly 

motivated behavior.  Other evidence for wheel running as a highly motivated behavior 

comes from studies in which eating and drinking were associated with access to a running 

wheel (Premack et al., 1964; Timberlake and Wozny, 1979).  In these studies, animals 

engaged in increased drinking and/or food intake when these activities were conditioned 

with the opportunity to run on wheels.  More recently, higher levels of wheel running 

have been associated with alterations in both dopamine concentration (Knab et al., 2009; 

Knab and Lightfoot, 2010; Mathes et al., 2010; Waters et al., in prep) and dopamine 

receptor (Mathes et al., 2010) reductions in the dorsal striatum and nucleus accumbens. 

 

Model of Study 

 The model used in this dissertation consists of four replicate lines of house mice 

that have been selectively bred for high voluntary wheel running, as compared with four 

non-selected control lines.  This model was developed by Ted Garland and colleagues 

beginning in 1993 (Swallow et al., 1998; Garland, 2003).  Beginning from an outbred 

base population of 224 Hsd:ICR mice, the high-runner (HR) and control (C) counterparts 

were produced.  Each generation, mice (6-8 weeks of age) from all 8 lines are given 

wheel access for 6 days.  Wheel revolutions are recorded in one-minute bins for ~ 23 

hours during each of six consecutive days, and the average number of wheel revolutions 

on days 5 + 6 is used as the selection criterion.  During wheel testing, mice are housed 

singly in standard cages with a 7.7-cm-diameter hole and a 5.5-cm-long stainless steel 
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tube connecting the housing cage to a large (rat-sized) running wheel (1.12 m 

circumference).  Therefore, mice may voluntarily choose to stay in their cage or run in 

the wheel.  The highest-running male and female from each HR family are selected as 

breeders (within-family selection), a randomly chosen male and female from each C 

family are retained for breeding in C families, and sibling matings are disallowed in all 

lines.   

As of August 2010, these 8 lines have been studied for almost 60 generations.  By 

generation 16, the HR mice ran ~170% more than C mice (see Fig. 5.2); interestingly, no 

further increases have occurred despite contined selection.  This difference occurs 

primarily through an increase in the speed of wheel running, especially for females 

(Koteja et al., 1999; Garland et al., 2010).  Although HR and C mice differ in some 

measures of whole-animal performance including maximal aerobic capacity (V
.
 O2max) 

(Rezende et al., 2006a,b; Kolb et al., 2010) and endurance ability (Meek et al., 2009), 

these differences have generally been modest (e.g., Kolb et al., 2010: HR V
.
 O2max ~ 

8.2% greater than C) compared to the ~170% elevation in wheel running.  This 

extraordinary increase in wheel running with relatively small changes in performance 

ability emphasizes the importance of a neurobiological focus in exploring the HR 

phenotype.  Importantly, the selection in this experiment is on voluntary locomotor 

activity.  These mice are not being selected for forced treadmill exercise or other 

compulsory performance ability, and therefore must make the “decision” to run on the 

wheels.  This inherent motivational component, along with the performance-associated 
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components (e.g., morphology, muscle physiology), creates a complex phenotype 

comprising both motivation and ability (see also Garland et al., in press).  With regard to 

the motivational component of the HR phenotype, previous studies on the neurobiology 

of these mice have implicated the dopaminergic (Rhodes et al., 2001; Rhodes and 

Garland, 2003; Li et al., 2004; Rhodes et al., 2005) and endocannabinoid (Keeney et al., 

2008) systems as important components of the increased wheel-running capability, at 

least for females.  

Pharmacological studies with the HR mice (Rhodes et al., 2001; Rhodes and 

Garland, 2003, Li et al., 2004; Rhodes et al., 2005) have demonstrated an alteration in the 

dopaminergic system (Rhodes et al., 2001; Rhodes and Garland, 2003; Rhodes et al., 

2005) but not in the serotinergic (Rhodes et al., 2001) nor the opioidergic (Li et al., 2004) 

systems.  Specifically, Rhodes and Garland (2003) found that HR mice have a reduced 

D1 receptor functionality.  In that study, mice were given three doses of the D1 receptor 

antagonist SCH-23390.  Although wheel running in both HR and C lines was depressed 

following the administration of this antagonist, when compared to C mice, HR mice were 

less sensitive to the effects of both the middle (F1,6 = 11.55, p = 0.01) and high (F1,6 = 

12.33, p = 0.01) doses (Rhodes and Garland, 2003, Table 1).  This differential response 

was not observed with the D2 receptor antagonist raclopride at any dose.   

Brain activation during wheel running has been examined in HR mice through the 

immunocytochemical quantification of the transcription factor cFos (Rhodes et al., 2003), 

which was used to assay neuronal activation in areas of the brain during wheel running 
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and during wheel deprivation.  Wheels access was given to all animals for 6 days, but on 

the 7th day, wheel access was denied for half of the animals.  Areas of the brain that were 

differentially activated in HR lines as compared to C lines during the forced wheel 

deprivation included the caudate-putamen complex, lateral hypothalamus, prefrontal 

cortex (PFC), medial frontal cortex (MFC), nucleus accumbens (NA), piriform cortex, 

and sensory cortex.  The authors concluded that these brain regions may underlie 

increased motivation for exercise in the HR lines.  Many of these areas (e.g., MFC, PFC, 

NA) have been previously implicated in reward (Kelley and Berridge, 2002).   

Additionally, HR mice engage in wheel running with high intensity (and high 

bout frequency) (Girard et al., 2001).  However, as noted above, measurements of whole-

animal performance have shown only modest differences between HR and C mice 

(Rezende et al., 2006a,b; Meek et al., 2009; Kolb et al., 2010).  The elevated levels of 

wheel running, therefore, appear to be related primarily to an increase in the motivation 

to run rather than an elevated ability to run (Rhodes et al., 2005).  However, the 

behavioral consequences (e.g., dependence, withdrawal) of a heightened motivation for 

running, and the specific mechanisms underlying the heightened motivation, remain 

outstanding questions.  Given that the reward circuit is highly conserved throughout the 

vertebrate lineage (Kapsimali et al., 2003), an assessment of the alterations in this 

pathway could lead to a better understanding of the proximate control of behavior. 

 

Dissertation Research Summary 
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  For my dissertation research, I first examined DA receptor densities in the 

caudate-putamen (nigrostriatal pathway) and prefrontal cortex (mesocorticolimbic 

pathway), which regulate movement and reward respectively (Chapter One).   DA 

receptor densities did not significantly differ between HR and C mice in either of these 

brain regions.  I then measured brain mass in two regions (cerebellum and non-cerebellar 

brain) and brain volume in five regions: forebrain, caudate-putamen, hippocampus, 

midbrain, and cerebellum (Chapter Two).  The midbrain volume was increased in HR 

mice, and the mass of the brain, not including the cerebellum, was greater (when 

corrected for variation in body mass) in HR mice than in C mice.  To explore behavioral 

alterations in reward within the HR phenotype, I tested the incentive salience of six 

sweet-taste rewards while HR and C mice were given access to running wheels (Chapter 

Three).  For three of these rewards (all artificial sweetener blends), HR mice had a 

smaller increase in fluid consumption than C mice, despite running 2.6-fold more than C 

(sweetener concentration * line type interaction; P = 0.0172, P = 0.0116, and P = 0.0076 

for Sweet ‘N Low, Equal, and Splenda treatments, respectively).  This alteration in 

incentive salience for a competing reward is characteristic of reward substitution, where a 

highly valued reward (wheel running) substitutes or obscures the effect of a competing 

reward (sweet taste), and this characteristic is often observed in addiction.  To begin to 

explore whether HR mice display characteristics of addiction, I tested whether 

cardiovascular symptoms of withdrawal were expressed in HR mice deprived of running 

wheels (Chapter Four).  Systolic, diastolic, and mean arterial pressure were lower in HR 
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mice deprived of running wheels.  This finding is consistent with cardiovascular 

symptoms of withdrawal observed in drug addiction.  However, the motivation 

hypothesis for wheel running (Chapters Three and Four) does not preclude alterations in 

locomotor ability that may also underlie the HR phenotype.  Additionally, since 

generation 16, wheel running in the HR mice has plateaued, and further increases in 

wheel running, despite continued selection, have not occurred.  Therefore, I sought to test 

an ability-based hypothesis for high voluntary wheel running that might explain this 

apparent selection limit.  I investigated whether an artificial elevation of oxygen 

convection in the blood, leading to an elevation in maximal aerobic capacity, would also 

result in high voluntary wheel running in the HR mice (Chapter Five).  The erythrocyte-

stimulating hormone erythropoietin (EPO) was administered in two dose levels, and 

resulted in an elevation in maximal aerobic performance but not voluntary wheel running.  

Therefore, wheel running was not limited by oxygen convection in the blood or by 

VO2max per se. 

 In sum, the results of these studies offer insight into the neurobiological and 

physiological correlates of heightened motivation, and more broadly, propose proximate 

mechanisms underlying volition. 
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Fig. 0.1. Major components of the mesocorticolimbic pathway with sites of dopamine neurotransmission 
labeled.  Positive signs indicate stimulation, negative signs indicate inhibition. 
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Summary 

Dopamine receptors exist in two functional subtypes: D1 and D2.  D1/D2 

receptors are G protein-coupled metabotropic receptors that initiate signal transduction 

pathways that stimulate (D1) or inhibit (D2) adenyl cyclase.  Variations in dopamine 

receptor expression underlie a variety of behavioral phenotypes, including hyperactivity 

phenotypes.  Animal models of hyperactivity have generally been achieved through 

transgenic techniques in inbred strains, which have low genetic variance and therefore 

limited relevance to natural populations.  In contrast, high-runner (HR) mice have been 

developed through selective breeding over more than 40 generations from an outbred 

base population and have high levels of daily activity.  Pharmacological studies indicate 

that these HR mice display reduced D1 function coincident with their nearly 3-fold 

greater daily running distances.  Using radioligand binding assays, we examined D1 and 

D2 receptor densities in the caudate-putamen (CPu) and D1 receptor density in the 

prefrontal cortex (PFC).  The CPu and the PFC represent the major destinations for 

dopaminergic motor and reward pathways respectively.  Given the paucity of D2 

receptors in the PFC, we examined D1 receptors along with the norepinephrine reuptake 

transporter (NET).  The NET is known to have a relatively high density in the PFC and to 

be a high-affinity target for drugs that treat hyperactivity disorders.  We found no 

statistical difference in receptor or transporter densities between HR mice and their non-

selected control lines.  However, D1 and D2 receptors were positively correlated in the 
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CPu (R = 0.794, P < 0.0001), as were D1 and NET in the PFC (R = 0.528, P = 0.0003).  

The strong correlations suggest a co-regulation of expression of these proteins.   
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Introduction  

The neurotransmitter dopamine (DA) is known to function in specific brain 

pathways that regulate reward (Nesse and Berridge, 1997; Kelley and Berridge, 2002; 

Panksepp et al., 2002; Wise, 2004; Nestler et al., 2008; Waxman, 2010) and motor ability 

(Calabresi et al., 2000; Haber and Gdowski, 2004; Waxman, 2010).  The dopaminergic 

system contains G protein-coupled receptors (GPCRs) that are classified into two 

subtypes: D1 and D2 (Kapsimali et al., 2003; Seeman, 2010).  These two receptor 

subtypes can have either opposing or synergistic downstream effects based on the type of 

postsynaptic neuron in which they are expressed (e.g., excitatory vs. inhibitory) as well as 

the type of G protein linked to the GPCR.  Like all metabotropic GPCRs, DA receptors 

initiate complex signal transduction pathways (Traynor, 2010).  Functionally, D1 and D2 

GPCRs are distinguished by the stimulation (D1) or inhibition (D2) of adenyl cyclase 

(Seeman, 2010).  Studies in rats and mice have shown that both D1 and D2 receptors play 

a central role in behavioral reward via the mesocorticolimbic pathway (Wade et al., 2000; 

van Gaalen et al., 2006; Loos et al., 2010).  The mesocorticolimbic pathway is composed 

of three main nuclei projecting from the midbrain into the cortical regions (Fig. 0.1): the 

ventral tegmental area (midbrain), the nucleus accumbens (limbic system), and the 

medial prefrontal cortex (frontal cortical region) (Waxman, 2010).  Additionally, 

dopaminergic regulation of motor activity occurs in the nigrostriatal pathway.  This 

pathway is composed of projections from the substantia nigra (midbrain) to the caudate-

putamen (striatum) which function to regulate voluntary activity (Haber and Gdowski, 
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2004; Waxman, 2010).  Damage to the substantia nigra, which regulates “smoothing” of 

motor outputs, results in a bradykinesia or akinesia (most notably in Parkinson’s disease) 

(reviewed in Poewe, 2009).    

 Understanding of the function of DA receptors in behavioral reward has 

benefitted from research on addiction.  The reward pathway can be hijacked by drugs that 

alter DA signaling, such as cocaine, and methamphetamine (Koob and Bloom, 1988; 

McClure et al., 2003; Wise, 2004; Volkow et al., 2009).  Reductions in both D1 (Dagher 

et al., 2001) and D2 (Volkow et al., 2004; Volkow et al., 2009) receptor densities have 

been observed in multiple types of drug addiction and are coupled with hyposecretion of 

DA that putatively decreases sensitivity of reward circuits to stimulation by natural (non-

drug) rewards.  In humans, this may lead to a greater risk of drug-seeking behavior as 

‘self-medication’ to temporarily activate these desensitized reward circuits (Volkow et 

al., 2004).     

 However, drug-seeking is just one behavior in which a reward value is placed on 

a specific activity.  Other “natural rewards” such as sex or food (e.g., sweet-taste reward; 

see chapter 3 of this dissertation) that benefit the survival and reproductive success of the 

organism are the prima facie reason for the existence of the reward pathway (Nesse and 

Berridge, 1997; Kelley and Berridge, 2002; Panksepp et al., 2002).   

One self-rewarding behavior is physical exercise (Garland et al., in review).  In 

addition to being rewarding, it has been hypothesized that physical exercise can be 

addicting (Thaxton, 1982; Wichman and Martin, 1992; Griffiths, 1997).  Moreover, 
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phenotypes that display abnormally elevated activity levels may be prone to addictive 

behavior, suggesting either a broad alteration in behavioral reward or a confluence of 

motor and reward activation (Biederman et al., 1998; Tapert et al., 2002; Yoo et al., 

2004; O’Sullivan et al., 2009; Pine et al., 2010).  For example, studies in humans have 

addressed the correlation between Attention Deficit Hyperactivity Disorder (ADHD) and 

a predisposition to addictive behavior (Biederman et al., 1998; Tapert et al., 2002; Yoo et 

al., 2004; Pine et al., 2010).  These studies have suggested that ADHD may be a risk 

factor for addiction due to the increased impulsivity or, perhaps combined with, the 

concomitant lack of attentiveness in these individuals.  Interestingly, some Parkinson’s 

disease patients that receive DA replacement therapy develop DA dysregulation 

syndrome, which results in an elevation of impulsive behavior (O’Sullivan et al., 2009; 

Pine et al., 2010).  Recent work has shown that D1 receptor activation in the medial 

prefrontal cortex promotes the choice of large delayed rewards, whereas blockade of 

these receptors increases impulsive choice for small immediate rewards (Loos et al., 

2010).   

Additionally, high-activity phenotypes in rodents are related to alterations in DA 

receptor expression (Knab et al., 2009; Knab and Lightfoot, 2010; Mathes et al., 2010).  

In particular, pharmacological manipulations with selective anatagonists of DA receptor 

subtypes have indicated a reduced D1, but not D2-receptor function in lines of mice 

selectively bred for high voluntary wheel running (Rhodes and Garland, 2003).  

Moreover, these same high-runner (HR) mice respond differently than unselected control 
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lines to drugs that enhance dopaminergic activity (Rhodes et al., 2001; Rhodes and 

Garland, 2003) and show different patterns of brain activity when deprived of the 

opportunity to run on wheels (Rhodes et al., 2003).  Furthermore, a recent study by 

Mathes et al. (2010) (sampling just one HR line and comparing with a line similar to a 

control line) found that both D1 and D2 receptor expression in HR mice were reduced in 

the dorsal striatum and nucleus accumbens, and these reductions were coincident with 

higher DA and DA metabolite levels.  Taken together, these findings suggest that 

alterations in the function of the dopaminergic system in HR mice may be reflected in 

DA receptor densities, and that this influences locomotor activity directly or indirectly by 

altering the reward value of activity. 

 In the present study, DA receptor densities were evaluated in the HR mice in two 

candidate brain regions: the prefrontal cortex (PFC) and the caudate-putamen (CPu).  The 

PFC is a major destination for dopaminergic projections from the reward pathway 

(Nestler et al., 2008; Waxman, 2010), and as mentioned previously, plays a role in 

impulsivity.  The CPu, however, receives dopaminergic projections that regulate motor 

ability (Poewe, 2009; Waxman, 2010).  The CPu is known to have significant 

concentrations of both D1 and D2 receptor subtypes (Dearry et al., 1990; Choi et al., 

1995), whereas the PFC contains primarily D1 receptor subtypes (Smiley et al., 1994; 

Bergson et al., 1995).  Given the paucity of D2 receptors, D1 receptors in the PFC were 

compared with the norepinephrine reuptake transporter (NET), which has a higher 
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density than the dopamine reuptake transporter (DAT) in this brain region and is a major 

target of ADHD medications (Hannestad et al., 2010).   

 In the selection experiment for high voluntary wheel running, the trait under 

selection is the total number of wheel revolutions averaged over the final two days of a 6-

day wheel-running trial (for details see Swallow et al., 1998 and the Introduction to this 

dissertation).  Because wheel running is voluntary, the total distance run is a function of 

both the motivation to run and the ability to run (Garland et al., in review).  In response to 

over 40 generations of selection, the HR mice run nearly 3-fold farther per night than 

randomly bred control (C) mice.  This increased locomotor performance has evolved 

together with a suite of traits that underlie both running (i.e., motor) ability (Dumke et al., 

2001; Garland and Freeman, 2005; Rezende et al., 2006a; Rezende et al., 2006b; Meek et 

al., 2009) and motivation to run (Rhodes et al., 2005; Belke and Garland, 2007; Keeney 

et al., 2008; Garland et al., in review).  Given the difference in D1 function in HR mice 

(Rhodes and Garland, 2003), and given the suite of correlated traits effecting both ability 

and motivation to run, an examination of DA receptor densities in the motor and reward 

pathways of HR mice is warranted. 

 

Methods 

Study animals 

 The mice used in this study were sampled from an ongoing selection experiment 

for high-voluntary wheel running in house mice.  For details on the experimental design 



 36

of the selection experiment see Swallow et al. (1998) as well as the introduction to this 

dissertation.  Male mice (N = 64) from generation 43 of the selection experiment were 

used in this study.  These mice did not undergo the typical 6-day selection protocol.  

Instead, they were separated from their littermates at weaning (21 days old) and housed 

4/cage, with 50-50 representation of line types (2 HR; 2 C per cage) across cages.  

Throughout this study, mice were maintained on a 12:12-h light:dark cycle with lights on 

at 07:00 h, and were provided with food and water ad libitum.   

 

DA receptor / NET binding 

 To measure receptors and transporters in mouse brain tissue, we used a 

modification of methods that have previously been reported using human brain tissue 

(Eshleman et al. 2001), transfected cells expressing recombinant proteins (Eshleman et 

al., 1999), and brain tissue from recombinant inbred mice (Janowsky et al., 2001).  

Briefly, mouse brains were dissected on ice and stored at -70 °C until assayed.  To 

characterize the NET, the PFC from a single animal was homogenized with a Teflon-

glass homogenizer in 600 volumes (original wet weight) of ice-cold sucrose (0.32 M).  

The suspension was centrifuged at 1,000g for 10 minutes at 4 °C, and the resulting 

supernatant was centrifuged at 33,000g for 25 minutes at 4 °C.  The final pellet was 

resuspended in 80 volumes (original wet weight) of ice-cold sucrose (0.32 M) using a 

Polytron (setting 7, 10 seconds). 
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 Assays, in duplicate, contained 50 µl of membrane preparation (approximately 50 

µg of protein), 25 µl of [125I]RTI-55 (50 pM) diluted with 12 different concentrations of 

RTI-55 (0.1-20 nM final concentration), and assay buffer (Krebs-HEPES buffer: 25 mM 

HEPES, 122 mM NaCl, 5 mM KCl, 1.2 mM MgSO4, 2.5 mM CaCl2, 1 µM pargyline, 

100 µM tropolone, 0.2% glucose, 0.02% ascorbic acid, pH 7.4) in a final volume of 250 

µl.  Nonspecific binding was defined as the difference in binding observed in the 

presence and absence of mazindol (5 µM).  The reaction was incubated for 60 minutes at 

room temperature in the dark, and was terminated by filtration over Wallac flitermat A 

filters using a 96-well Tomtec cell harvester (PerkinElmer/Wallac, Gaithersburg, MD, 

USA).  Scintillation fluid (50 µl) was added to each filtered spot and radioactivity 

remaining on the filter was determined using a Wallac β-plate reader.   

Very similar methods were used to measure DA D1 and D2 receptors except that 

different radioligands were used.  For DA D1 receptors, [3H]SCH-23390 was used and 

SCH-23390 (5 µM) was used to define nonspecific binding.  For DA D2 receptors, 

[3H]spiroperidol was used, and butaclamol (5 µM) was used to define nonspecific 

binding.  In these latter assays, ketanserin (40 nM) was used to block radioligand binding 

to serotonin receptors. 

 

Statistical analysis 

 The analyses were performed with SPSS 11.5 for Windows (SPSS Inc., Chicago, 

IL, USA) or SAS 9.1 statistical software package (SAS Institute Inc., Cary, NC, USA) 
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using the PROC MIXED procedure.  A nested one-way ANCOVA (time of day, squared 

Z-transform time of day used as covariates) was used to analyze differences in 

receptor/transporter binding in the cortex and caudate-putamen.  This was a mixed model 

analysis with line type (HR vs. C) as a fixed effect and line as a random effect nested 

within line type.  Degrees of freedom for testing the effect of line type were always 1 and 

6.  Time of day at sacrifice and the square of Z-transformed time of day were used as 

covariates to allow for possible circadian variation.  Additionally, relationships between 

receptor and transporter densities were examined using Pearson product-moment 

correlations.  All statistical tests were two-tailed, and results were considered significant 

at P < 0.05. 

 

Results 

 High Runner and control lines of mice showed no statistically significant 

differences for D1 (F1,6 = 0.28, P = 0.6188) or D2 (F1,6 = 0.63, P = 0.4559) densities in 

the CPu, or D1 (F1,6 = 0.14, P = 0.7168) or NET (F1,6 = 0.77, P = 0.4127) densities in the 

PFC.  However, receptor and transporter densities were significantly correlated within 

each brain region, but not between regions (Table 1.1).  The correlation between the D1 

and D2 receptors in the CPu was stronger (Table 1.1, Fig. 1.1) than between D1 and NET 

in the PFC (Table 1.1, Fig. 1.2).  However, for 22 mice (34% of the total sample size), 

adequate radioligand binding was not achieved in the PFC, whereas only 2 mice did not 

have adequate binding in the CPu.  This reduced the samples sizes to 42 in the PFC and 
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62 in the PFC.  One statistical outlier was removed from all of the analyses (Control Line 

5, mouse ID 45021). 

 

Discussion 

 The strong correlations between DA receptor subtypes in the CPu and between 

NET and the D1 receptors in the PFC suggest a co-regulation of expression of these 

synaptic components.  Co-regulation of expression has been found previously via mRNA 

in situ hybridization (Schwartz et al., 1998) and patch-clamp techniques (Surmeier et al., 

1996) in rats, particularly between D1- and D2-type receptors expressed in the 

nigrostriatal projections to the dorsal striatum (which includes the CPu).  Moreover, 

recent work indicates that DA receptor subtypes form heterodimers in the striatum that, 

when activated, act synergistically on downstream targets (Marcelino et al., 2008; 

Missale et al., 2010).  If the outcome of D1 and D2 receptor activation is similar, and this 

outcome (e.g., protein synthesis, excitatory postsynaptic potential) is being selected for, 

then this synergism would provide a functional explanation for why these two receptor 

subtypes had significant positive correlations in the present study.   

The absence of line type differences in DA receptor density does not exclude the 

possibility of differential dopaminergic regulation between line types in these brain areas.  

One of the intermediate signaling molecules in the intracellular second-messenger 

cascade, called dopamine- and cAMP-regulated protein, with a molecular weight of 32 

kDa (DARPP-32), is elevated in rodent models of addiction (reviewed in Svenningsson et 
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al., 2005) and is independent of DA receptor density.  Additionally, recent findings 

indicate that a class of regulatory proteins called GPCR regulator proteins negatively 

modulate the intracellular effects of DA receptors in response to drug addiction (Traynor 

and Neubig, 2005; Traynor, 2010).  These regulator proteins represent an additional level 

of control over dopaminergic signaling that could differ between HR and C mice, which 

an assay cataloguing receptor densities would not detect. 

 Although no line type differences were observed in the Cpu and PFC, recent 

findings indicate that DA receptor expression is related to high-activity phenotypes in 

mice (Knab et al., 2009; Knab and Lightfoot, 2010), including the HR phenotype (Mathes 

et al., 2010).  For example, relatively high-activity C57/LJ strain mice have lower 

expression of D1 receptor mRNA in the nucleus accumbens and dorsal striatum than low-

activity C57/HeJ strain mice (Knab et al., 2009).  This is consistent with a 

pharmacological study in the HR mice in which selective antagonists for D1 and D2 

receptors were administered and mice were allowed to run on wheels (Rhodes and 

Garland, 2003).  The D1 anatagonist caused a greater reduction in wheel running in C 

mice as compared to HR mice, whereas the D2 antagonist caused equivalent reductions in 

both line types.  Therefore, a pharmacological blockade of both DA receptor subtypes 

revealed an alteration in D1 (but not D2) receptor function.  In addition to the alterations 

in DA receptor function (Rhodes and Garland, 2003) and densities (Mathes, et al., 2010), 

HR and C mice show differing responses to drugs (i.e., Ritalin, cocaine) that block the 

DA transporter (Rhodes et al., 2001).  In conjunction with the present findings, these 
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results suggest that a suite of modifications affecting components of the dopaminergic 

system, but not D1/D2 receptor densities in the PFC or CPu, are working to alter 

voluntary activity in the HR mice. 

 However, the studies mentioned above form an incomplete picture of how the 

dopaminergic system is up-regulating voluntary activity in HR mice.  Are the 

dopaminergic inputs to the reward circuit governing an altered motivation for activity 

(see Rhodes et al., 2005; Belke and Garland, 2007)?  Or are dopaminergic pathways in 

the basal ganglia influencing (or being influenced by) increased motor activity?   Either 

way, the role of the dopaminergic system in high voluntary locomotor activity is an 

important and relatively unexplored area of study.  The present study, along with the 

aforementioned literature on the HR phenotype, represents a first step in understanding 

the relation between exercise volition and ability (see also Garland et al., in review).  

Future directions of study should include a detailed and systematic analysis of DA 

receptors in HR mice within other components of the reward and motor pathways, 

including the two midbrain nuclei in which these respective pathways originate (i.e.., 

ventral tegmental area, substantia nigra). 
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LIST OF ABBREVIATIONS 

 

DA dopamine 

 

GPCR G protein coupled receptors; a superfamily of transmembrane proteins that 

include all types of dopamine receptors 

 

D1 dopamine receptor subtype 1; initiates a signal transduction pathway that 

stimulates the activity of adenyl cyclase 

 

D2 dopamine receptor subtype 2; initiates a signal transduction pathway that 

inhibits the activity of adenyl cyclase 

 

ADHD attention deficit hyperactivity disorder; a psychiatric disorder 

characterized by inattentiveness and hyperactivity 

 

HR high-runner lines of laboratory house mice; selectively bred for high 

voluntary wheel running 

 

C control lines of mice that were bred without regard to amount of wheel 

running 
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CPu caudate-putamen; a region of the striatum 

 

PFC prefrontal cortex; the most anterior region of the frontal cortex 

 

NET norepinephrine reuptake transporter; removes norepinephrine from the 

synaptic cleft 

 

DAT dopamine reuptake transporter; removes dopamine from the synaptic cleft 

 

DARPP-32 dopamine- and cAMP-regulated protein with a molecular weight of 32 

kDa; an intracellular signaling molecule that is part of the second 

messenger cascade intiated by dopamine 
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Table 1.1.  Pearson product-moment correlations between NET and D1 densities in the 

prefrontal cortex and between D1 and D2 densities in the caudate. 

   
D1  

(PFC) 
NET  

(PFC) 
D1  

(CPu) 
D2  

(CPu) 
D1 

(PFC) 
Pearson Correlation 

    

 Sig. (2-tailed)     
 N     

NET  
(PFC) 

Pearson Correlation 0.5283**    

 Sig. (2-tailed) 0.0003    
 N 42    

D1 
(CPu) 

Pearson Correlation 
0.1623 0.0565   

 Sig. (2-tailed) 0.3106 0.7255   
 N 41 41   

D2 
(CPu) 

Pearson Correlation 
0.1900 0.1443 0.7941**  

 Sig. (2-tailed) 0.2340 0.3682 < 0.0001  
 N 41 41 62  

 
** Correlation was significant at P < 0.01 (2-tailed). 
One outlier was removed for all of the above analyses (control line 5, mouse ID 45021). 
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Fig. 1.1.  D1 versus D2 receptor densities in the caudate.  Values are individual data from D1 and D2 
receptor binding in the caudate (N = 62 mice).  A square-root transform has been applied to the data for 
both traits to increase normality in the distribution.  Open circles represent HR mice and closed circles 
represent Control mice.  Pearson’s product-moment correlation between square-root transformed D1 and 
D2 binding was significant within individuals (R = 0.794, P < 0.0001).  There was no statistically 
significant difference between the HR and C line types for either receptor density.
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Fig. 1.2.  NET (norepinephrine reuptake transporter) versus D1 receptor densities in the prefrontal cortex.  
Values are individual data from NET and D1 receptor binding in the prefrontal cortex (N = 42 mice).  
Closed circles represent HR mice and open circles represent Control mice.  Pearson’s product-moment 
correlation between NET and D1 binding was significant within individuals (R = 0.528, P = 0.0003).  
There was no statistically significant difference between the HR and C line types for either receptor 
density.  
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Summary 

 An enlargement in relative brain size has been one of the primary characteristics 

distinguishing the mammalian lineage.  This increased encephalization has come with 

increased behavioral complexity and, accordingly, it has been suggested that selection on 

behavioral traits has been a significant factor leading to the evolution of larger brains.  It 

has also been suggested that the brain can evolve in a mosaic fashion, with functional 

components of the brain having some freedom to evolve independently from other 

components or the size of the whole brain.  In this study, we tested whether long-term 

selective breeding for high voluntary wheel running has resulted in changes in brain size, 

and whether those changes have occurred in a concerted or mosaic fashion.  We 

measured wet and dry brain mass via dissections and brain volume via magnetic-

resonance imaging of ex vivo brains, in separate cohorts of mice.  For brain mass, 

cerebellum was weighed separately from the rest of the brain.  Five regions of the brain 

were measured in the volumetric analysis: caudate-putamen, hippocampus, midbrain, 

cerebellum, and forebrain.  Adjusting for body mass as a covariate, High-Runner (HR) 

mice had statistically larger non-cerebellar dry brain masses (P = 0.0193), but no 

difference in cerebellum dry mass (P = 0.3839) (Generation 52).  Moreover, the midbrain 

volume in HR mice was ~13% larger (P < 0.05) (Generation 41).  The volumes of the 

caudate-putamen, hippocampus, cerebellum, and forebrain did not differ between HR 

mice and controls.  We hypothesize that the enlarged midbrain in the HR mice may be 
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related to previous findings of altered neurophysiological function in the dopaminergic 

system of these animals.   
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Introduction  

 Increases in relative brain size in mammals have been correlated with enhanced 

sensory abilities (Jerison, 1973; Catania, 2005), spatial memory (Krebs et al., 1989; 

Krebs, 1990; Jacobs and Liman, 1991; Jacobs and Spencer, 1994), and aspects of 

cognition (Jerison, 1973; Byrne and Corp, 2004; Peper et al., 2009; Mehlhorn et al., 

2010).  The ‘principle of proper mass’, first articulated by Jerison (1973), states that the 

size of a given neural structure reflects the complexity of the function that it subserves.  

This observation was applied primarily to sensory processing areas of the brain (e.g., 

enlarged auditory cortex in subterranean insectivores).  However, there is a general trend 

in mammals for increased behavioral complexity with increased brain size (i.e., 

encephalization) (Changizi, 2003).  Differences in behavioral complexity are difficult to 

quantify and are subject to variable interpretation (Changizi, 2003; Chittka and Niven, 

2009).  Both increased sensitivity to sensory stimuli (Land and Nilsson, 2002) and 

precision in motor ability (Sparks, 2002) is directly related to increases in neuron 

number, which, in turn, is directly related to brain size (Herculano-Houzel et al., 2006; 

Herculano-Houzel et al., 2007; Herculano-Houzel, 2010).  Likewise, mammals (Sol et al., 

2008) and birds (Sol et al., 2005) with larger brains have higher survivability in novel 

environments, which has been attributed to an enhanced behavioral flexibility and 

innovation (Reader and Laland, 2002; Reader, 2003; Marino, 2005; Sol et al., 2005).   

It is unclear whether selection on a behavioral trait would result in a coordinated 

enlargement of the entire brain (Finlay and Darlington, 1995; Clancy et al., 1999) or size 
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changes only in regions whose function was closely related to the behavioral trait under 

selection (Barton and Harvey, 2000).  This latter theory, called the ‘mosaic evolution of 

the brain’, suggests that brain systems mediating specific behavioral capacities have the 

“freedom” to change size in response to selection (Barton and Harvey, 2000; de Winter 

and Oxnard, 2001).  A comparative study of mammals by de Winter and Oxnard (2001) 

has shown that grade shifts exist in allometric scaling among brain regions.  The authors 

sampled species from five mammalian orders and found relationships between the 

convergent evolution of lifestyle traits within orders and the size of brain structures 

underpinning those convergences among relatively unrelated species (e.g., locomotor 

convergences within primates, spatio-sensory convergences within insectivores).  Similar 

evidence for mosaic evolution in the avian brain has also been found and correlated to 

functional differences in the enlarged brain regions (Iwaniuk et al., 2004). 

  Cellular changes have also been observed with increased brain size.  As brain 

volume increases, axon diameters and the fraction of myelinated axons increase, thereby 

reducing the delay in neural signaling between more distant regions (Wang et al., 2008).  

Moreover, different cellular scaling rules apply across different mammalian orders 

(Herculano-Houzel, 2010).  For example, in rodents, neuronal cell size increases with 

brain size, such that neuronal density is lower in larger-brained species (albeit with a 

greater absolute number of neurons) (Herculano-Houzel et al., 2006).  Conversely, in 

primates, neuronal cell size is constant and neuron density is constant, such that total 

neuron number is much greater with increasing brain size (Herculano-Houzel et al., 
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2007).  Therefore, an increase in the size of a brain region could be the product of a 

variety of cellular changes (e.g., neuron number, neuron density, glial density, gray-to-

white matter ratio, dendritic arborization).  

 A number of hypotheses have been generated to explain how selection may have 

driven changes in brain size (Francis, 1995; Barton and Harvey, 2000; de Winter and 

Oxnard, 2001; Hutcheon et al., 2002; Byrne and Corp, 2004; Lefebvre et al., 2004; 

Marino, 2005; Sol et al., 2005; Lefebvre and Sol, 2008; Rehkämper et al., 2008; Sol et 

al., 2008; Chittka and Niven, 2009; Roth and Pravosudov, 2009).  However, most, if not 

all of these hypotheses suggest that selection is acting on behavior [e.g., behavioral 

flexibility – environmental change hypothesis (Sol et al., 2005; Lefebvre and Sol, 2008; 

Sol et al., 2008), social brain hypothesis (Byrne and Whiten, 1988; Brothers, 1990; Byrne 

and Corp, 2004)].  The primary question in the present study is whether selection on a 

behavioral trait, using an experimental evolution paradigm (Garland and Rose, 2009), 

will result in a change in brain size.  An additional question is whether any change in 

brain size will be concerted, involving the entire brain, or mosaic. 

 Voluntary wheel running is a behavioral trait that involves both motor 

performance (ability) and the will to engage in the activity (motivation) (Garland et al., in 

press).  Motivation is a product of the brain, and motor planning and motor recruitment 

are ultimately controlled through the central nervous system.  In fact, recent work in 

human “ultra-endurance” athletes (Pearson, 2006) suggests that neurobiological attributes 

make a greater contribution to maximum performance ability than has previously been 
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acknowledged (Kayser, 2003; Baden et al., 2005; Noakes, 2007; Rose and Parfitt, 2007; 

Noakes, 2009).  In our lab, selection for high voluntary wheel running in outbred 

laboratory house mice has been ongoing for over 40 generations, and has already resulted 

in numerous physiological (Girard et al., 2007; Malisch et al., 2008; Gomes et al., 2009; 

Meek et al., 2009), behavioral (Rhodes et al., 2001; Rhodes and Garland, 2003; Belke 

and Garland, 2007; Meek et al., 2010; chapter 3 of this dissertation), and neurobiological 

(Rhodes et al., 2003a, b) changes.  Therefore, in this study we tested whether selection 

for high voluntary wheel running in house mice has altered their brain size. 

 

Materials and Methods 

Selection experiment 

 Analyses of brain mass and volume were conducted on independent samples of 

mice, taken from an ongoing selection experiment for high voluntary wheel running.  For 

details on the experimental design, see Swallow et al. (1998a).  

 

Brain mass 

Three cohorts of mice were used: females from generation 34 (N = 46; same 

individuals studied in Rezende et al. 2006b), retired male breeders from generation 39 (N 

= 138), and retired male and female breeders from generation 52 (N = 311).  All mice 

were sexually mature adults (> 7 weeks old) at the time of measurement (Table 2.1); 

during this life stage in laboratory house mice the brain exhibits little growth, resulting in 
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a negligible allometric slope (see Martin and Harvey, 1985).  All mice had previously 

undergone 6 days of wheel testing in the usual selection protocol.  The brains were 

harvested in slightly different ways for each cohort.  For generation 34, mice were frozen 

following euthanasia, and then whole brains were dissected and weighed at a later date.  

For generation 39, the whole brain was removed and weighed wet immediately after 

euthanasia, and then the cerebellum was removed and weighed separately.  For 

generation 52, the cerebellum was removed prior to weighing, and the cerebellum and 

non-cerebellar brain were weighed separately.  After “wet” masses were obtained, 

samples from each cohort were placed in a drying oven at 60 °C for 7 days (to constant 

mass), and then weighed to obtain a dry mass.   

 

Brain volume 

Retired female breeders from generation 42 were re-housed 4/cage after the 

weaning and separation of their first litters.  All had previously undergone the standard 6 

days of wheel testing.  A total of 48 (6/line) animals were used in this experiment.  The 

48 individuals were separated into 12 housing cages with 2 high-runner (HR) and 2 

control (C) line animals in each cage.  At all times during this 2-week housing period, 

mice were given food (Teklad Rodent Diet 8604) and water ad libitum.  At the time of 

perfusion, mice were anesthetized (4% isoflurane) and then maintained (Ketamine [90 

mg/kg] and Xylazine [20 mg/kg], i.p. injection) in deep anesthesia for the duration of the 

procedure.  Mice were perfused transcardially with 4% paraformaldehyde (PFA) at a rate 
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of 4 mL/min for 10-15 min.  The brain was removed and bathed in 4% PFA for 1 hour 

with gentle shaking, then bathed in 0.12 mM Milliongs buffer 3 x 30 min.  Brains were 

stored in 4% PFA at 2 °C until MR (magnetic resonance) imaging. 

 

Imaging 

 Imaging for the brain volume analyses was conducted on a Bruker Advance 11.7-

Tesla MR imager (8.9-cm bore) with a 3.0 cm (ID) volume radiofrequency coil (Bruker 

Biospin, Billerica, MA, USA).  T2-weighted magnetic resonance image (MRI) scanning 

was used in the present study, and is defined by a long echo time (TE) and long repetition 

time (TR) (McRobbie and Moore, 2003).   

The specific imaging parameters were as follows.  Scout images were obtained in 

axial and coronal planes to position slices accurately.  Coronal and axial T2 sequences 

were obtained each with a TR/TE of 4600/10.2 ms, a 256 matrix, a 2-cm field of view 

(FOV), and an acquisition time of 40 minutes.  A 3D rapid acquisition with relaxation 

enhancement (RARE) sequence was obtained with a TR/TE of 1000/31.8, a 256 matrix, a 

2-cm FOV, and an acquisition time of 2 hours 20 minutes.  The 3D RARE scan allows 

for multiple lines of data to be collected from a single train of MR echoes while 

maintaining the T2-weighting, thus allowing a larger amount of data to be collected in a 

shorter imaging time (McRobbie and Moore, 2003).   

The brain regions were delineated manually from the coronal view of the 3D 

RARE sequence.  Image slices had a slice thickness of 0.75 mm and a slice interval of 
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1.25 mm.  Therefore, the resulting 3D reconstructions do not include the 0.5 mm of tissue 

that lies between the end of one image slice and the interval to the next image slice.  

Image analysis was conducted using Amira® imaging software (Amira® 5.2, Visage 

Imaging, San Diego, CA, USA). 

 

Brain regions 

 Volumes were measured for five brain regions: caudate-putamen, hippocampus, 

midbrain, cerebellum, and remaining forebrain (i.e., the forebrain area not containing the 

hippocampus or caudate-putamen) (Figs. 1 and 2)  Ventricles were originally delineated 

as well, but difficulty in distinguishing consistent boundaries for these structures 

precluded their inclusion in the study.  Each of the regions was delineated using major 

anatomical landmarks and cross-referenced with images in the Mouse Brain in 

Stereotaxic Coordinates (Paxinos and Franklin, 2003).   

 The caudate-putamen was defined as the ovoid area bound dorsolaterally by the 

corpus callosum and ventrally by the anterior comissures.  The hippocampus was defined 

as the area bound by the cingulum dorsally, and the lateral and third ventricles laterally 

and medially.  These boundaries provided a strong contrasting outline (cingulum: dark, 

ventricles: light [3D RARE imaging technique]) surrounding the hippocampus.  Given 

the difficulty of discerning specific nuclei and landmarks within the midbrain, the 

anterior boundary was uniformly set as the first image slice in which the hippocampus 

merged with the ventral surface of the forebrain.  This boundary occurs around Bregma -
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2.75 mm (Paxinos and Franklin, 2003), which coincides with the presence of various 

midbrain nuclei (e.g., subgeniculate nucleus, substantia nigra).  The midbrain region was 

bound dorsolaterally by the hippocampus.  The boundary of the midbrain and cerebellum 

was defined as the most anterior coronal image slice in which the dorsal surface of the 

brain displays the characteristic double arches of the inferior colliculus and the anterior 

lobes of the cerebellum become visible (~Bregma -5.09 mm).  Caudal to the midbrain 

boundary, the spinal cord (i.e., the region below the fourth ventricle) was excluded from 

the analysis.  Given that the spinal cord was cut during brain dissection, the variation in 

the dissection of that structure could have obscured differences in total brain volume if it 

had been included.  Additionally, the paraflocculus of the cerebellum was also excluded 

due to variations in its presence after dissection.  Therefore, cerebellum volume will be 

slightly underestimated using this methodology.   

The forebrain region that was manually delineated during the MR image slice 

analysis (labeled as ‘other forebrain’ in the results section) excluded the volumes of the 

caudate-putamen and the hippocampus (see Fig. 2.1).  Therefore, a separate variable 

called “total forebrain” was calculated as the sum of forebrain, caudate-putamen, and 

hippocampus.  Additionally, a variable called “whole brain” was calculated as the sum of 

all the measured brain regions.  The olfactory bulbs were removed at dissection and were 

not included in the analysis of forebrain volume.   

 

Statistical analysis 
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 Nested analyses of covariance (ANCOVA) models were used for all analyses.  

These are mixed models, with line type (HR vs. C) as a fixed effect and line as a random 

effect nested within line type.  Degrees of freedom for testing the effect of line type were 

always 1 and 6.   

 Body mass was analyzed separately for all three generational cohorts that 

provided data on brain masses.  For the analyses of brain masses from generations 34 and 

39 (females and retired male breeders, respectively), one-way ANCOVAs with line type 

as the main effect were used.  Body mass and age were used as covariates in both of these 

analyses.  For analysis of brain masses in generation 52 (retired male and female 

breeders), a two-way ANCOVA with line type and sex as the main effects was used.  

Mini-muscle status was included as an additional factor (Garland et al., 2002).  Degrees 

of freedom for testing the effects of line type, sex, and the line type X sex interaction 

were always 1 and 6.  Body mass was used as a covariate in these analyses, but age was 

not because retired male breeders were sampled earlier than female breeders, thus 

confounding age and sex.     

 Brain volumes were analyzed in a one-way ANCOVA with body mass and age as 

covariates.  Additionally, brain volumes were analyzed without the covariates of body 

mass and age. 

Analyses were run in the SAS 9.1 statistical software package (SAS Institute Inc., 

Cary, NC, USA) using the PROC MIXED procedure.  Values are reported as least 
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squares means and associated standard errors.  Statistical tests were two-tailed and 

significance was defined as a P value < 0.05. 

 

Results 

Brain mass 

 In all analyses, HR mice had smaller body mass than C mice (Table 2.1).  In 

generation 34, HR females were 15.8% smaller.  In generation 39, HR males were 12.5% 

smaller.  In generation 52, HR females and males were 13.9% and 12.0% smaller 

respectively.    

Whole brain mass did not differ significantly between HR and C lines in 

generation 34 females (after accounting for body mass differences), although the HR 

lines tended to have heavier brains (Table 2.2).  In generation 39 males, HR lines had 

significantly larger non-cerebellar brain mass (5.7% greater wet mass, 7.0% greater dry 

mass), but did not differ in cerebellum mass.   

 In generation 52, non-cerebellar brain mass was again significantly greater in HR 

lines, for both sexes (females = 5.2%; males = 4.9%, dry mass) (Table 2.2).  Females had 

significantly greater masses for both non-cerebellar and cerebellar components than 

males, with no line type X sex interaction.  

 

Brain volume 
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 HR lines had a 13.4% larger midbrain volume than C mice (from LS means with 

body mass and age as covariates; Table 2.3).  The significantly enlarged midbrain volume 

was a consistent result, regardless of the inclusion of body mass and age in the statistical 

model.  There were no statistical differences for either total brain volume or the 

remaining constituent regions.        

 

Discussion 

 Mice from the selectively bred HR lines run voluntarily on wheels for more 

revolutions•day-1, at higher speeds, and in a more intermittent fashion, as compared with 

those from non-selected control lines (Girard et al., 2001).  HR mice exhibit various 

anatomical (Garland and Freeman, 2005; Kelly et al., 2006; Wong et al., 2009) and 

physiological differences from C mice (Rezende et al., 2006a; Rezende et al., 2006b; 

Gomes et al., 2009; Meek et al., 2009) that appear to support their 2.5-3-fold greater daily 

wheel-running distances.  Although previous studies have revealed physiological (Dumke 

et al., 2001; Rezende et al., 2006a; Rezende et al., 2006b; Gomes et al., 2009; Meek et 

al., 2009;), morphological (Garland and Freeman, 2005; Kelly et al., 2006), and 

motivational components underlying this high-runner phenotype (Rhodes et al., 2005; 

Belke and Garland, 2007), the present findings are the first evidence of neuroanatomical 

changes in the HR lines.  To our knowledge, this is the first time that intraspecific 

changes in brain mass or volume have been associated with increased locomotor activity 

in any mammal.   
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 In our analyses of brain mass and volume, we used body mass as a covariate since 

the HR mice from the four generations sampled all had significantly smaller body masses 

than the control lines, despite differences in both mean ages and age ranges among the 

samples.  Lower body mass in HR lines has been a consistent finding in the selection 

experiment since generation 14 (13.6% smaller at 79 days old) (Swallow et al., 1999), 

and a trend for reduced body mass was observed at generation 10 (e.g., Swallow et al., 

1998b).  The difference in body mass between HR and control lines makes it important to 

include body mass as a covariate in statistical comparisons of organ sizes, including brain 

masses and volumes (see Tables 2 and 3). 

Whole brain mass (corrected for body mass) was not statistically different 

between the line types in our initial cohort of females from generation 34, although a 

trend for HR > C was apparent (Table 2.2), and this stimulated our more detailed 

measurements.  Therefore, in the subsequent cohorts, the cerebellum was separated from 

the rest of the brain and this exposed underlying mass differences in the non-cerebellar 

brain (HR > C).  Similarly, total brain volume (corrected for body mass) was not 

significantly different between line types, but midbrain was enlarged in HR lines (Table 

2.3). 

The midbrain contains a variety of sensory and motor nuclei.  These include the 

corpora trigemina, red nuclei, substantia nigra (SN), and ventral tegmental area (VTA), as 

well as various efferent projections from the cortex to brain stem and spinal cord 

(Waxman, 2010).  Without further information on the relative size of each of these 
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nuclei, it is impossible to say which (if not all) might be contributing to the overall 

enlargement of the midbrain region.  Two of these nuclei (SN, VTA) are of particular 

interest, based on their function and on previous findings regarding the HR lines.  The SN 

and the VTA are components of two central dopaminergic axes in the mammalian brain: 

the nigrostriatal and the mesocorticolimbic pathways, respectively (Waxman, 2010).   

The SN is involved in “smoothing” of motor impulses, and when it is damaged 

(most notably in Parkinson’s disease), a bradykinesia or akinesia results (reviewed in 

Poewe, 2009).  Previous work has shown that blocking wheel access after 6 days of 

wheel running elevates activity in the SN in mice (Rhodes et al., 2003b).  The same study 

showed a trend for the distance run (accumulated over an approximate 5-hr period prior 

to sampling) to be positively correlated with neuronal activation (via expression of the 

transcription factor Fos-IR) in the SN (F1,14 = 4.1, P = 0.06; pg. 1251 of Rhodes et al., 

2003b).  The enhanced activity of the SN in response to wheel running coupled with its 

high concentrations of dopaminergic neurons make this region worthy of future study.  

The VTA is an integral part of the reward circuit that motivates and reinforces 

behaviors (Wise and Bozarth, 1987; Fibiger and Phillips, 1986; Koob, 1992; Pierce and 

Kumaresan, 2006; Ikemoto, 2007, 2010).  Previous work (Belke and Garland 2007; 

chapter 3 of this dissertation) suggests that HR lines have alterations in aspects of their 

reward system.  Moreover, a general alteration of function in dopaminergic D1 receptor-

mediated signaling exists in HR lines (Rhodes et al., 2001; Rhodes and Garland, 2003), 

and recent work in one of the HR lines demonstrated elevated dopamine concentrations 
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in both the nigrostriatal and the mesocorticolimbic pathways (Mathes et al., 2010).  Both 

the SN and VTA contain high densities of dopaminergic neurons, and a modification in 

either one could be related to the functional changes already observed in the HR mice. 

Should a modification in function necessarily lead to an expansion in the size of a 

brain region?  The hippocampus is important in spatial orientation, and examples exist of 

enlargement of the hippocampus in both birds (Krebs et al., 1989; Krebs, 1990; Jacobs 

and Liman, 1991) and mammals (Sherry et al., 1992; Jacobs and Spencer, 1994; Lavenex 

et al., 2000) involved in seasonal caching behavior, as well as sex differences in space 

use (related to breeding system) in some small mammals (Jacobs and Spencer, 1994; 

Sherry et al., 1996; Lavenex et al., 2000).  Moreover, among species of primates, 

enlargement of the neocortex has been correlated with the likelihood of using deception 

as a strategy for social advancement (Byrne and Corp, 2004).  Additionally, recent work 

has found an enlargement in associative cortical regions (but not sensory and motor 

regions) in tool-making New Caledonian crows (Corvus moneduloides) (Mehlhorn et al., 

2010). 

Our initial question was whether selection on a behavioral trait would result in a 

change in brain size, and if so, whether that change would be concerted or mosaic.  The 

finding that HR lines of mice, bred for high levels of voluntary exercise, have an enlarged 

non-cerebellar brain mass and an enlarged volume of the midbrain, but do not show an 

increase in overall brain mass or volume, supports the mosaic theory of brain evolution.     

Whether this change in midbrain size is primarily being driven by alterations in motor 
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ability or aspects of behavioral reward is an open question, and represents a future 

direction of study.  
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LIST OF ABBREVIATIONS 

 

HR high-runner lines of laboratory house mice; selectively bred for high 

voluntary wheel running 

 

C control lines of mice that were bred without regard to amount of wheel 

running 

 

PFA paraformaldehyde 

 

MR magnetic resonance 

 

MRI magnetic resonance image 

 

TR the repetition time within an MR sequence 

 

TE the echo time within an MR sequence 

 

FOV  the field of view of the MR image slice 

 

RARE rapid acquisition with relaxation enhancement MR scan 
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SN the substantia nigra; a midbrain nucleus 

 

VTA the ventral tegmental area; a midbrain nucleus 
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Table 2.1.  Body mass analysis for each generational cohort from which brain mass data were collected 

SAS Syntax Gen. Sex N Mean Age 
(Range)a 

PSex PLine-
type 

PLine-type 
X Sex 

PAge HR LSMean 
(S.E.) 

C LSMean 
(S.E.) 

C:\SELECT\g35\VO2
\HBM2_Mix.sas 

34 F 46 78 (54-101)  0.0007-  <0.0001+ 23.1748 
(0.4996) 

27.5314  
(0.4783) 

C:\SELECT\g40\Brai
ns\KMASS.sas 39 M 138 91 (76-97)  0.0158-  0.3070+ 32.6852  

(0.9780) 
37.3369  
(0.9969) 

C:\SELECT\g53\Brai
ns\KDMASS.sas 52 M/F 311 165 (126-186) 0.0055- 0.0420- 0.7362 not used F 31.4427 

(1.3944) 
M 34.1602 
(1.3910) 

F 36.5357 
(1.5054) 
M 38.8347 
(1.5046) 

 
a Ages are presented in number of days. 
A nested ANCOVA with line type as the main effect and age as a covariate was conducted on generations 34 and 39. 
A nested ANCOVA with mini-muscle phenotype, line type, sex, and the line type X sex interaction was conducted on generation 52.  Mini-muscle 
individuals tended to be smaller in body mass (F = 3.58, d.f. = 1,207; 2-tailed P = 0.0599) (LSMean + S.E. = 36.4 + 0.95 and 34.1 + 1.37, respectively, 
for normal and mini-muscle individuals).  
Age was not used as a covariate in generation 52 because age was confounded with sex (males were sampled first; females second) 
Positive sign following P value indicates HR>C, females>males or positive effect of body mass. 
P values in bold were considered statistically significant (P < 0.05), and all statistical tests were two-tailed. 
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Table 2.2.  Brain mass analysis across three generations. 

SAS Syntax Gen. Sex N Mean 
Age 
(Range)a 

Brain Mass, 
Wet or Dry 

PSex PLine-
type 

PLine-
type X 
Sex 

PBody 
Mass 

PAge HR  
LS Mean 
(S.E.) (g) 

C  
LS Mean 
(S.E.) (g) 

C:\SELECT\g35\VO2\ 
OWBRAIN_HBM2_ 
Mix 

34 F 46 78 
(54-101) 

Whole, Wet  0.0768+  0.0103+ 0.8377+ 0.4345 
(0.01290) 

0.3910 
(0.01218) 

C:\SELECT\g35\VO2\ 
ODBRAIN_HBM2_Mix 

" " " " Whole, Dry  0.0650+  0.0241+ 0.5074+ 0.09708 
(0.002719) 

0.08741 
(0.002567) 

             C:\SELECT\g40\Brains\ 
G40_Brain_Wet_Mass 

39 M 13
8 

91 
(76-97) 

Whole, Wet  0.2462+  0.0239+ 0.6071+ 0.3786 
(0.009818) 

0.3597 
(0.01042) 

C:\SELECT\g40\Brains\ 
G40_Brain_Dry_Mass 

" " " " Whole, Dry  0.1727+  0.0144+ 0.3888+ 0.08278 
(0.002244) 

0.07758 
(0.002372) 

C:\SELECT\g40\Brains\ 
G40_Non-
Cerebellum_Wet_Mass 

" " " " Non-Cereb., 
Wet 

 0.0452+  0.0087+ 0.7565- 0.3279 
(0.004378) 

0.3102 
(0.004989) 

C:\SELECT\g40\Brains\ 
G40_Non-
Cerebellum_Dry_Mass 

" " " " Non-Cereb., 
Dry 

 0.0341+  0.0044+ 0.8807+ 0.07091 
(0.001071) 

0.06629 
(0.001197) 

C:\SELECT\g40\Brains\ 
G40_Cerebellum_Wet_Mas
s 

" " " " Cerebellum, 
Wet 

 0.9190+  0.4031+ 0.1077+ 0.05060 
(0.006129) 

0.04964 
(0.006371) 

C:\SELECT\g40\Brains\ 
G40_Cerebellum_Dry_Mas
s.sas 

" " " " Cerebellum, 
Dry 

 0.7836+  0.3451+ 0.0892+ 0.01187 
(0.001320) 

0.01131 
(0.001374) 
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Table 2.2.  Brain mass analysis across three generations.(cont.) 

SAS Syntax Gen. Sex N Mean 
Age 
(Range)a 

Brain Mass, 
Wet or Dry 

PSex PLine-
type 

PLine-
type X 
Sex 

PBody 
Mass 

PAge HR  
LS Mean 
(S.E.) (g) 

C  
LS Mean 
(S.E.) (g) 

             C:\SELECT\g53\Brains\ 
WFOR_Both 

52b B 311 165 
(126-
186) 

Non-Cereb., 
Wet 

0.0281+ 0.0343+ 0.9871 0.5065+ not used F 0.3535 
(0.003515) 
M 0.3492 
(0.003367) 

F 0.3405 
(0.003991) 
M 0.3361 
(0.004050) 

C:\SELECT\g53\Brains\ 
DFOR_Both 

" " " " Non-Cereb., 
Dry 

0.0323+ 0.0193+ 0.7220 0.1698+ not used F 0.07702 
(0.000865) 
M 0.07571 
(0.000830) 

F 0.07318 
(0.000974) 
M 0.07217 
(0.000987) 

C:\SELECT\g53\Brains\ 
WCER_Both 

" " " " Cerebellum, 
Wet 

0.0091+ 0.7491+ 0.4742 0.0030+ not used F 0.1263 
(0.002935) 
M 0.1177 
(0.002816) 

F 0.1236 
(0.003227) 
M 0.1179 
(0.003276) 

C:\SELECT\g53\Brains\ 
DCER_Both 

" " " " Cerebellum, 
Dry 

0.0049+ 0.3839+ 0.5351 <0.0001+ not used F 0.02838 
(0.000648) 
M 0.02636 
(0.000616) 

F 0.02734 
(0.000721) 
M 0.02584 
(0.000735) 

 
 

a Ages are presented in number of days. 
b Mini-muscle status used as an additional factor for generation 52.  Mini-muscle individuals tended to have larger values in all cases, but the effect 
was never statistically significant (For wet non-cerebellar brain, P = 0.7197; For dry non-cerebellar brain, P = 0.5977; For wet cerebellum, P = 0.2465; 
For dry cerebellum, P = 0.1057). 
For Gen. 35, mice were sacrificed and frozen, then whole brain was dissected at a later date. 
For Gen. 39, the whole brain was weighed wet, then the cerebellum was removed and it was weighed. 
For Gen. 52, the brain was divided into two pieces prior to weighing.   
Positive sign following P value indicates direction HR>C, females>males or positive effect of body mass. 
P values in bold were considered statistically significant (P < 0.05), and all statistical tests were two-tailed. 
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Table 2.3.  Volume analysis of brain regions from female mice from post-selection generation 41 with and without body mass 

and age as covariates. 

SAS Syntax N Mean Age 
(range)a 

Brain Mass PLine-
type 

PBody 
Massb 

Pagec HR  
LS Mean 
(S.E.) (cm3) 

C  
LS Mean 
(S.E.) (cm3) 

C:\SELECT\g42\MRV
ol\BRAIN.sas 

29 162 
(145-174) 

Whole Brain 0.1757+   0.4077 (0.008436) 0.3896 (0.008150) 

C:\SELECT\g42\MRV
ol\FORETOT.sas 

30 162 
(145-174) 

Total Forebrain  0.1765+   0.2877 (0.005958) 0.2748 (0.005958) 

C:\SELECT\g42\MRV
ol\FORE.sas 31 162 

(145-174) 
Other Forebrain 0.1489+   0.2278 (0.004718) 0.2169 (0.004568) 

C:\SELECT\g42\MRV
ol\CAUD.sas 32 162 

(145-174) 
Caudate 0.7061-   0.02975 (0.001010) 0.03032 (0.001010) 

C:\SELECT\g42\MRV
ol\HIPP.sas 33 161 

(145-174) 
Hippocampus 0.3549+   0.02959 (0.001531) 0.02744 (0.001510) 

C:\SELECT\g42\MRV
ol\MID.sas 

32 161 
(145-174) 

Midbrain 0.0317+   0.04434 (0.001430) 0.03887 (0.001343) 

C:\SELECT\g42\MRV
ol\CERE.sas 

32 161 
(145-174) 

Cerebellum 0.8535-   0.07447 (0.002531) 0.07516 (0.002531) 
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Table 2.3.  Volume analysis of brain regions from female mice from post-selection generation 41 with and without body mass 

and age as covariates. (cont.) 

SAS Syntax N Mean Age 
(range)a 

Brain Mass PLine-
type 

PBody 
Massb 

Pagec HR  
LS Mean 
(S.E.) (cm3) 

C  
LS Mean 
(S.E.) (cm3) 

C:\SELECT\g42\MRVo
l\BRAIN.sas 29 162 

(145-174) 
Whole Brain 0.1392+ 0.5146+ 0.1870+ 0.4094 (0.008729) 0.3880 (0.008414) 

C:\SELECT\g42\MRVo
l\FORETOT.sas 30 162 

(145-174) 
Total Forebrain  0.1224+ 0.3719+ 0.1725+ 0.2894 (0.006142) 0.2732 (0.006142) 

C:\SELECT\g42\MRVo
l\FORE.sas 

31 162 
(145-174) 

Other Forebrain 0.1573+ 0.5969+ 0.4175+ 0.2284 (0.005222) 0.2162 (0.005070) 

C:\SELECT\g42\MRVo
l\CAUD.sas 

32 162 
(145-174) 

Caudate 0.9695- 0.4865+ 0.0505+ 0.03001 (0.001002) 0.03006 (0.001002) 

C:\SELECT\g42\MRVo
l\HIPP.sas 

33 161 
(145-174) 

Hippocampus 0.1328+ 0.0656+ 0.0163+ 0.03012 (0.001319) 0.02683 (0.001299) 

C:\SELECT\g42\MRVo
l\MID.sas 32 161 

(145-174) 
Midbrain 0.0479+ 0.6213- 0.4670+ 0.04420 (0.001497) 0.03898 (0.001402) 

C:\SELECT\g42\MRVo
l\CERE.sas 32 161 

(145-174) 
Cerebellum 0.8273- 0.8740- 0.2580+ 0.07444 (0.002467) 0.07526 (0.002474) 

 
a Ages are presented in number of days. 
One-way ANOVAs with line type as the main effect were conducted in SAS Procedure Mixed. 
b,c The analyses were conducted both without and with body mass and age as covariates. 
For analysis of body mass (N = 33), P for line type = 0.2035, P for age = 0.2555 (LSM and S.E. = 32.1533 and 1.0789 for HR, 34.3193 and 1.0677 for 
C).  Excluding age as a covariate, P for line type = 0.2180 (LSM and S.E. = 32.1691 and 1.1089 for HR, 34.3163 and 1.0981 for C).   
Positive sign following P value indicates direction HR>C, or positive effects of body mass or age. 
P values in bold were considered statistically significant (P < 0.05), and all statistical tests were two-tailed. 
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Fig. 2.1.  Mouse brain 3D reconstructions based on MR image slices using Amira® imaging software.  Reconstructions were based on image 
slices of 0.75 mm thickness at 1.25 mm intervals with a field of view of 2 cm.  Panel A shows a whole mouse brain (oblique angle) with 
forebrain (green), caudate (red), hippocampus (blue), midbrain (yellow), and cerebellum (orange).  The forebrain region (green) has been made 
partially transparent to show the underlying regions (i.e., caudate and hippocampus).  Panel B shows the same brain but with the forebrain 
region removed (with the exception of the caudate and hippocampus).  The midbrain (yellow) and cerebellum (orange) are more easily viewed 
in this panel.  This brain is from a Control mouse (Control Line 1; mouse ID 441007). 
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Fig. 2.2.  Dorsal view of a mouse brain 3D reconstruction.  The following brain regions are visible: caudate 
(red), hippocampus (blue), midbrain (yellow), and cerebellum (orange).  The forebrain region has been 
removed so that the midbrain may be more easily viewed.  This brain is from a Control mouse (Control 
Line 1; mouse ID 441007).  
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Summary 

Mice from lines that that have been selectively bred for high voluntary wheel 

running were given access to running wheels and offered palatable solutions as 

competing rewards with wheel running.  These high-runner (HR) mice, along with those 

from non-selected control (C) lines, were allowed free access to wheels and to solutions 

containing the artificial sweetener saccharin (0.1, 0.2% w/v), common artificial sweetener 

blends that contained saccharin (Sweet ‘N Low®) (0.1, 0.2% w/v), aspartame (Equal®) 

(0.04, 0.08% w/v), and sucralose (Splenda®) (0.08, 0.16% w/v), as well as solutions 

containing sucrose (3.5, 10.5% w/v), and alcohol (2, 5% v/v) in a repeated-measures 

design.  Wheel running and fluid consumption were measured daily, with free access to 

each dose lasting for two days, and with 3 “washout” days before each type of solution.  

Wheel running was not affected by exposure to either the artifical sweeteners or alcohol.  

Sucrose significantly elevated wheel running in C but not HR mice.  Fluid consumption 

increased in a dose-dependent manner with saccharin, sucrose, Sweet ‘N Low, Equal, and 

Splenda.  HR mice had a smaller increase in fluid consumption and with the artificial 

sweetener blends than C mice, despite running 2.6-fold more than C (dose*line type 

interaction; P = 0.0172, P = 0.0116, and P = 0.0076 for Sweet ‘N Low, Equal, and 

Splenda treatments, respectively).  These results suggest that HR mice have a reduced 

incentive salience for artificial sweeteners and that this is likely attributable to the 

stronger competing reward of wheel running that has evolved in these lines.    
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Introduction 

 Generally speaking, the mammalian brain has evolved such that it reinforces 

behaviors that benefit the individual, while avoiding aversive stimuli.  The reward 

pathway in the brain is responsible for integrating a myriad of sensory information and 

for conferring an incentive salience onto some behaviors, such that those behaviors are 

reinforced (Schultz, 1998; Berridge and Robinson, 1998).  We use "incentive salience" in 

the manner proposed by Berridge and Robinson (1998, p. 313), who describe the 

attribution of incentive salience to an otherwise neutral stimulus as transforming “the 

neural representation of a stimulus into an object of attraction that animals will work to 

acquire.”  This hypothesis distinguishes between motivational ("wanting") and hedonic 

("liking") aspects of reward.  In the present study, we use the term incentive salience to 

underscore the motivational or “wanting” aspect of reward, because this is the component 

that compels the organism to seek out the reward (Berridge and Valenstein, 1991; 

Robinson and Berridge, 1993).   

The mesocorticolimbic pathway is composed of three main nuclei projecting from 

the midbrain into the cortical regions: the ventral tegmental area (midbrain) – the nucleus 

accumbens (limbic system) – and the medial prefrontal cortex (frontal cortical region) 

(Waxman, 2010).  This dopaminergic pathway, which comprises the reward circuit of the 

mammalian brain, is known to convey an incentive salience to such diverse activities as 

listening to music (Menon and Levitin, 2005), social-play behavior (Vanderschuren et al., 

1997), gambling (Dodd et al., 2005), sexual behavior (López and Ettenberg, 2002), drug 



 99

abuse (Wise and Hoffman, 1992), and pair-bonding (Aragona et al., 2003).  It is also a 

primary component in the search for and acquisition of palatable substances (Rada et al., 

2005).  Moreover, administering dopamine receptor antagonists attenuates the incentive 

salience of a palatable reward (Baker et al., 2003).  Although much is known about the 

reward system in mammals, many questions remain, especially concerning the specificity 

of behavioral rewards (e.g., is food reward equivalent to the reward for sex?).  To what 

extent can one rewarding behavior substitute for another?  How does the strength of a 

reward influence its ability to substitute for another reward?   

 In human and rodents, rewarding substances are known to partially substitute for 

other rewarding substances or behaviors (Marcus et al., 1999; Silva and Heyman, 2001; 

Schluze et al., 2002; Ussher et al., 2001; Ussher et al., 2004; Belke et al., 2006; Ozburn et 

al., 2008; Van Rensburg et al., 2009; Belke and Pierce, 2009).   For example, in rats, 

consumption of a saccharin solution lowers cocaine consumption (Schulze et al., 2002), 

and chronic self-administered morphine consumption decreases wheel running (Silva and 

Heyman, 2001).  Likewise, in C57BL/6J mice, chronic alcohol consumption decreases 

wheel running, and wheel running is elevated after cessation of alcohol consumption 

(Ozburn et al., 2008).  Moreover, there is evidence that reward substitution is not 

reciprocal between reinforcers.  Belke and colleagues (2006) found that in male Wistar 

rats, sucrose can partially substitute for wheel running but not vice versa.  The fact that 

rewards are ascribed a relative value and, moreover, that one reward can partially 

substitute for another is exploitable.  For example, it has been shown in humans that 
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bouts of moderate exercise can help attenuate symptoms involved in both nicotine and 

alcohol withdrawal, including the “desire” and/or “craving” for these substances.  This 

occurs putatively by substituting the reward gained from exercise for the desire (i.e., 

reward seeking) for the substance of abuse (Ussher et al., 2001; Daniel et al., 2004; 

Ussher et al., 2004; Taylor et al., 2007). 

 For more than 40 generations, we have conducted an artificial selection 

experiment for high voluntary wheel running with four replicate lines of laboratory house 

mice (Swallow et al., 1998, 2009).  The response to selection on voluntary activity has 

been striking, with an average 2.5-3.0-fold difference in wheel running between the high 

runner (HR) and control (C) lines maintained since approximately generation 16.  

Previous work has shown that HR mice have increased their daily revolutions primarily 

by increasing running speed instead of overall time spent running, especially for females 

(Swallow et al., 1998; Koteja et al., 1999).  As might be expected, the HR mice show 

elevated endurance (Meek et al., 2009) and aerobic capacity (Rezende et al., 2006; Kolb 

et al., 2010) when tested with forced exercise on a motorized treadmill.  The HR mice 

also exhibit reduced body mass (Swallow et al., 1999, 2001; Meek et al., 2009; chapter 5 

of this dissertation), lower body fat (Swallow et al., 2001), and changes in a variety of 

subordinate traits -- many presumed to enhance sustained, aerobic endurance capacity -- 

including a larger ventricular mass of the heart (Rezende et al., 2006; chapter 5 of this 

dissertation), elevated GLUT-4 transporter plasticity in skeletal muscle (Gomes et al., 
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2009), a larger femoral head (Garland and Freeman, 2005; Kelly et al., 2006), and more 

symmetrical hind limb bones (Garland and Freeman 2005).   

 In addition to alterations in locomotor capacity per se, alterations in the 

dopaminergic (Rhodes and Garland 2003) and endocannabinoid (Keeney et al., 2008) 

systems have been observed in HR mice.  Moreover, in an experiment in which wheel 

access was provided for 6 days and then suddenly denied, HR mice had a differential 

activation of brain regions known to be involved in reward, motivation, and anxiety 

(Rhodes et al., 2003).  However, despite these indications that the reward system is 

altered in HR mice, a behavioral test to assay putative alterations in incentive salience has 

remained elusive (Belke and Garland 2007).   

 Voluntary wheel running in rodents is self-rewarding (Premack, 1964; Timberlake 

and Wozny, 1979; Belke and Heyman, 1994; Belke, 1996; Sherwin and Nicol, 1996; 

Sherwin, 1998; Belke and Garland, 2007).  The incentive salience of this activity has 

been quantified via various methodologies, including increasing the cost of the reward 

(Sherwin and Nicol, 1996); classical operant conditioning (Belke and Heyman, 1994; 

Belke, 1996; Belke and Garland, 2007); and operant conditioning with consummatory 

reinforcers (Premack 1960; Timberlake and Wozny, 1979).  Given the elevated wheel 

running in HR mice, and the evidence for an elevated incentive salience underlying that 

running, can a competing reward reduce wheel running?  Conversely, if wheel running 

has a higher incentive salience in HR mice, will the response to the competing reward be 

blunted?   
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 Palatable taste rewards have a high incentive salience in mice, and directly elevate 

dopamine levels in the reward circuit (Hernandez and Hoebel, 1988).  Therefore, a sweet 

solution (Flaherty and Mitchell, 1999; Spangler et al., 2004; Liu and Grigson, 2005) 

should act as a competing reward with wheel running, and should partially substitute for 

the reward gained from that behavior (Belke and Hancock, 2003).  Accordingly, in the 

present study, we administered artificial sweeteners to separate the rewarding effects of a 

sweet-tasting solution per se from the energetic effects provided by a metabolizable sugar 

(e.g., sucrose).  The metabolic effects of artificial sweeteners are negligible because these 

compounds maximize sweetness at very low concentrations and caloric doses (Table 3.1).  

Although there is individual and strain variation in the consumption of artificial 

sweeteners, mice readily consume artificial sweeteners at low concentrations and exhibit 

a parabolic dose-dependent response.  In this dose response, consumption initially 

increases up to a plateau, and then decreases at higher concentrations at which the 

bitterness of the compound overwhelms additional increases in sweetness (Bachmanov et 

al., 2001).  Therefore, even at very low concentrations (< 1% w/v) like those used in the 

present study (see Methods), artificial sweeteners have a high relative sweetness (Table 

3.1).  Thus, using artificial sweeteners maximizes the incentive salience of the sweet taste 

while minimizing the post-digestive metabolic effects.  By juxtaposing two rewarding 

stimuli – voluntary exercise and a highly palatable solution – we attempted to evaluate 

alterations in the incentive salience of both exercise and a sweet taste in HR and C mice. 
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Materials and Methods 

Animals 

 The mice used in this study were sampled from an ongoing selection experiment 

for high-voluntary wheel running being conducted in house mice for over 40 generations.  

For details on the experimental design of the selection experiment see Swallow et al. 

(1998) as well as the introduction to this dissertation.  Females were used for the present 

study because they run more total revolutions/day and at higher speeds than males 

(Swallow et al., 1998; Koteja et al., 1999; Swallow et al., 1999; Rhodes et al., 2000; 

Girard et al., 2001; Rezende et al., 2009), and for consistency with previous behavioral 

studies aimed at elucidating reward alterations (Belke and Garland, 2007).  For the 

saccharin, sucrose, and Splenda® trials, 72 mice (N = 9/line) from generation 42 were 

tested.  For the Sweet ‘N Low®, Equal®, and alcohol trials, 72 mice (N = 9/line) from 

generation 53 were tested.   

 

Experimental design 

 Six compounds were tested in this study:  saccharin, Sweet ‘N Low®, Equal®, 

Splenda®, sucrose, and alcohol.  Each was combined with tap water at two concentrations 

and administered to the mice daily during the trial period.   

A wheel-access acclimation period of two weeks was given to all subjects, 

beginning at 9-11 weeks of age.  Wheel running was recorded for 23 h/day throughout 

this period and for the remainder of the study, as previously described (Swallow et al., 
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1998).  During the acclimation period, all mice had ad libitum access to tap water.  Each 

day, water bottles were removed and weighed.  Additionally, two water bottles were 

placed in empty cages at opposite sides of the study room to serve as evaporative 

controls.  These water bottles were weighed daily and changes in mass due to evaporation 

were recorded, averaged, and subtracted from the fluid-consumption data.  Water 

consumption was then calculated as the difference in daily water bottle mass.  Food 

(Harlan Teklad Rodent Diet [W] 8604, Madison, WI, USA) was provided ad libitum 

throughout the study.   

 As mentioned previously, two generations of mice, designated as ‘cohorts’, were 

used in the present study.  For logistical reasons, each of these cohorts was split into three 

treatment batches (N = 24/batch) with N = 3/line in each batch.  Only mice from the 

generation 42 cohort were given saccharin, sucrose, and Splenda®, and only mice from 

the generation 53 cohort were given Sweet ‘N Low®, Equal®, and alcohol.  Within every 

trial (1 trial = 1 sweet solution) each mouse received every concentration in random 

sequence, according to treatment batch (repeated-measures design).  Following the 

acclimation period, each treatment batch received a 2-day trial at each concentration level 

(e.g., for saccharin: 0.1% and 0.2% w/v) as well as a 2-day tap water (sham) dose.  The 

total trial length for each solution was 6 days.  Between solutions, mice were given 3 

“washout” days during which they received only tap water (modified from Ramirez and 

Fuller, 1976).  Thus, for an individual mouse in the generation 43 cohort, the testing 
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sequence during the saccharin trial might be as follows: 2 days, low dose saccharin – 2 

days, tap water – 2 days, high dose saccharin.   

 

Palatable solutions 

 Sodium saccharin (Alfa Aesar; Ward Hill, MA) solutions of 0.1% (low dose) and 

0.2% (high dose) were used because of the known palatability of these concentrations 

across many strains of mice (Pelz et al., 1973; Fuller, 1974; Blizard et al., 1999).  The 

artificial sweetener blends Sweet ‘N Low® (Cumberland Packing Corp., Brooklyn, NY), 

Equal® (Merisant, Chicago, IL), and Splenda®(McNeil Nutritionals, Fort Washington, 

PA) were purchased over-the-counter.  Sweet ‘N Low® solutions were constituted to a 

0.1% (low dose) and 0.2% (high dose) saccharin concentration, and thus, at parity with 

the sodium saccharin solutions.  Equal® concentrations were 0.04% (low dose) and 0.08% 

(high dose).  Splenda® concentrations were 0.08% (low dose) and 0.16% (high dose).  

These concentrations were based on the relative per gram concentrations of aspartame 

and sucralose in each sweetener blend.  Artificial sweetener concentrations were chosen 

based on maximum concentration preference in studies of inbred strains (Pelz et al., 

1973; Fuller, 1974; Blizard et al., 1999; Bachmanov et al., 2001).  Sucrose (C&H Sugar 

Company, Crockett, CA) concentrations were 3.5% (low dose) and 10.5% (high dose), 

based on a number of studies that have shown that sucrose consumption is maximized at 

doses between 2% - 12% w/v (Bachmanov et al., 2001; Sangler et al., 2004; Lewis et al., 

2005; Belke et al., 2006)  
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 Alcohol (ethanol) was purchased from Gold Shield Chemical Company 

(Hayworth, CA).  Alcohol solutions in the range of 2-10% are preferred in many strains 

of mice (Ozburn et al., 2008; Yoneyama et al., 2008; Ehringer et al., 2009), and solutions 

of 2% (low dose) and 5% (high dose) were used in the present study.  When constituting 

the solutions, we added water to the alcohol to prevent any dilution error resulting from 

volume contraction.   

 

Statistical analyses 

 The analyses were performed with SPSS 11.5 for Windows (SPSS Inc., Chicago, 

IL, USA) or SAS 9.1 statistical software package (SAS Institute Inc., Cary, NC, USA) 

using the PROC MIXED procedure.  Wheel running and fluid consumption were 

analyzed as 2-day averages (corresponding to the 2-day concentration trials).  Separate 

two-way, repeated-measures, nested ANCOVAs, in which line type (HR vs. C) and 

solution concentration were the main effects, were used to analyze the dependent 

variables of wheel running and fluid consumption.  The statistical design of the 

ANCOVA included line as a random effect nested within line type (fixed effect), with 

degrees of freedom always 1 and 6 for testing the effects of line type, dose, and the 

dose*line type interaction.  A compound symmetry covariance structure was used in all 

the repeated-measures analyses.  In the wheel-running analyses, wheel freeness and age 

were used as covariates.  In the fluid-consumption analyses, body mass and age were 

used as covariates.  Fluid-consumption data for the artificial sweeteners and alcohol were 
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log transformed, and sucrose data were squared to improve normality of residuals.  

Wheel-running data were not transformed. 

 Additionally, proportional analyses were conducted on both the fluid-

consumption and wheel-running data.  Ratios of fluid consumption to water consumption 

(from that trial only) were calculated for each individual at each dose level.  Separate 

one-way ANCOVAs were performed on these ratios at the high and low dose level.  

Larger mice would be expected to drink more water on an absolute basis, so body mass 

was used as a covariate for all of the proportional analyses of fluid consumption.  Ratios 

of wheel running at each dose level to wheel running during water consumption were 

analyzed with one-way ANCOVAs.  Wheel running declines with age (Bronikowski, et 

al., 2006), so age was used as a covariate for all of the proportional analyses of wheel 

running.    

Water consumption (i.e., sham dose within each trial) data were also analyzed via 

one-way ANCOVAs, with and without wheel running as a covariate.  Line type was the 

main effect, and age and body mass were covariates.  For all of the statistical analyses, P 

values were for two-tailed tests and were considered significant at P < 0.05. 

 

Results 

Biometric data 

 Mice from generation 42 were 61-76 days old (mean = 73, S.D. = 3) and those 

from generation 53 were 71-75 days old (mean = 73, S.D. = 1) at the time of initial wheel 
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access.  HR mice were smaller than C mice, as has been reported previously (Swallow et 

al., 1999, 2001; Meek et al., 2009; chapter 5 of this dissertation).  Average body mass 

(simple means ± s.e.) for HR and C mice, respectively, was 25.1 ± 0.4 g and 27.1 ± 0.4 g 

in generation 42, and 25.7 ± 0.4 g and 28.4 ± 0.5 g in generation 53.  This difference 

emphasizes the importance of using body mass as a covariate in analyses of fluid 

consumption.  The grand average body mass pooled across line type and cohort was 27.6 

± 0.4g (range: 20.8-37.1 g). 

 

Wheel running 

 The ratio of total wheel revolutions (HR/C) on the last 2 days of acclimation 

(preceding the treatment phase) was 2.8 (12,361/4,400 revolutions) in generation 42 and 

2.3 (9,777/4,268 revolutions) in generation 53 (simple means).  The average ratio across 

both generations was 2.6.   

 When administered the various solutions, HR mice still always ran significantly 

more than C (see Fig. 3.1 for example), and solution concentration for either the artificial 

sweeteners or alcohol had no detectable effect on wheel revolutions for the HR mice 

(Tables 3.2 and 3.3), with no statistical interactions between line type and solution 

concentration (Table 3.2).  These combined analyses indicated that sucrose increased 

total wheel revolutions (Table 3.2, P = 0.0386) but this positive dose effect was primarily 

due to an increase in wheel revolutions in C mice only (Fig. 3.1).  Separate analyses of 

the proportional responses for revolutions run at individual doses indicated that C mice 
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were significantly higher at the 3.5% sucrose dose only (Table 3.3).  Although the 

proportional difference between HR and C mice was not significant at the 10.5% dose, 

the ratios (i.e., high dose / tap water drinking) were larger in both line types at this higher 

dose (1.14 vs. 1.07 in HR mice, and 1.05 vs. 0.97 in C mice respectively: Table 3.3).  

The number of 1-min intervals run did not differ between HR and C mice, nor did 

they vary with regard to concentration for either the artificial sweeteners or alcohol 

treatments (results not shown).  Sucrose, however, increased the number of 1-min 

intervals run in a dose-dependent manner (P = 0.0058), and there was a marginal 

interaction between line type and dose (P = 0.0580), with the increase being somewhat 

greater in the C mice. Thus, sucrose increased wheel revolutions in the C mice, and this 

was primarily due to an increase in the time spent running.  Finally, the average and 

maximum running speeds (RPMs) were always higher in HR mice (results not shown), 

but were not affected by any of the sweeteners or alcohol.   

 

Water consumption 

 Evaporative water loss generally accounted for less than 1% of the daily reduction 

in water volume.  Overall mean daily consumption of water (i.e., with no sweetener or 

alcohol) was 8.06 ml (range = 4.18-14.86 ml) for mice that averaged 27.6 ± 0.4g in body 

mass.  However, differences did exist in water consumption between the two generational 

cohorts used in the present study.  HR mice sampled from generation 42 had higher levels 

of water consumption than C mice, but in generation 53 the opposite was true (HR < C).  
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Nevertheless, results from the absolute and proportional analyses of water consumption 

were consistent across both generations.  Therefore, for simplicity, proportional 

responses are presented here (Figs. 2-4).  For all mice, wheel running (revolutions/day) 

was always a positive predictor of water consumption (P = 0.0384, 0.0020, 0.0702, 

0.0698, 0.0529, respectively, during the Sweet ‘n Low, sucrose, saccharin, Equal, and 

Splenda treatments).   

 

Sweeteners 

 Saccharin significantly increased fluid consumption in both HR and C mice, at 

both doses (Table 3.2, Fig. 3.2).  Sweet ‘N Low, Equal, and Splenda also increased fluid 

consumption, but with significant dose*line type interactions (Table 3.2), such that the 

increases were mainly in C mice at the higher doses (Fig. 3.2).  Sucrose treatment had a 

larger positive effect on fluid consumption than any of the artificial sweeteners, elevating 

fluid consumption in HR and C mice, respectively, 2.0 and 2.6-fold at the lower dose and 

2.8 and 3.3-fold at the higher dose (Fig. 3.3). 

 

Alcohol 

 Alcohol significantly decreased fluid consumption in both line types at the higher 

dose (Table 3.2, Fig. 3.4).  

 

Discussion 
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 The lines of mice selectively bred for high voluntary wheel running did not 

change their wheel-running behavior when consuming solutions containing any of the 

artificial sweeteners or alcohol (see Table 3.3).  Although sucrose increased the time 

spent running (i.e., number of 1-min intervals) in HR mice, it did not significantly affect 

running speed (either average or maximum RPMs) or total wheel revolutions (Fig. 3.1).  

Conversely, there was a trend for mice from the C mice to spend more time running (and 

to log significantly more total revolutions: Table 3.3, Fig. 3.1) as the sucrose dose 

increased.  The increase in time spent running by the C mice was the source of the overall 

positive dose effect on wheel revolutions (Table 3.2).   

 A recent study by Chambers et al. (2009) in trained human cyclists found that oral 

rinses of a glucose solution increased maximal aerobic performance (VO2max), whereas 

solutions containing saccharin did not, and that those increases were associated with 

activation of reward-related brain regions (cingulated cortex and striatum).  The authors 

hypothesized that this differential response suggested “a class of so far unidentified oral 

receptors that respond to carbohydrate independently of those for sweetness.”  Therefore, 

the increased wheel running observed in C mice during the sucrose treatment may arise 

from the differential sensory processing of natural sugars rather than their metabolic 

effects per se.  However, in HR mice, even though sucrose increased the time spent 

running, maximum performance (i.e., maximum RPMs and total revolutions) was at an 

apparent selection limit that was unaffected (Table 3.3) by either the metabolic or reward-

related effects of sucrose. 
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 Access to artificial sweeteners increased fluid consumption in both HR and C 

mice (Table 3.2 and Fig. 3.2).  Moreover, all of the commercially manufactured artificial 

sweetener blends (Sweet ‘N Low, Equal, and Splenda) caused a significant dose*line 

type interaction (Table 3.2), where C mice had a greater elevation in fluid consumption 

with increasing artificial sweetener concentration.  Interestingly, the pure saccharin 

solutions did not elicit this interaction and instead produced a smaller proportional 

increase at the higher dose level (Fig. 3.2, first panel).  This is likely attributable to an 

increased bitterness (bitter aftertaste) that counters the sweet taste at higher 

concentrations of pure (unblended) artificial sweeteners.   

When the proportional differences at each dose level (high or low dose of 

sweetener / tap water consumption) were analyzed there was a significant, or nearly 

significant, increase in fluid consumption in C mice for each of the artificial sweetener 

blends (see Fig. 3.2).  Interestingly, this response was robust across both generational 

cohorts, despite the fact that water consumption differed between these two groups (see 

Results).  Given that the C mice had greater fluid consumption in response to increased 

sweetness, why did the HR mice display a diminished or blunted response (by both 

absolute and relative comparisons of line type differences)?  Sweet taste is the primary 

means by which artificial sweeteners affect the body (i.e., the caloric value is negligible), 

and therefore, reduced consumption of a sweet-tasting solution is most likely the result of 

a lower incentive salience for the sweet-taste reward.   
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 Previous studies of HR mice have demonstrated alterations in the dopaminergic 

system (Rhodes et al., 2001), the endocannabinoid system (Keeney et al. 2008), and brain 

activity in regions associated with anxiety, reward, and/or anticipation (Rhodes and 

Garland, 2003).  Given that the trait under selection is voluntary activity, it is not 

surprising that an elevated motivation to run may underpin the HR phenotype.  The 

reduced incentive salience for a competing reward lends support to the hypothesis that 

there are alterations in the reward system of HR mice, and that these alterations have 

resulted in a greater incentive salience attributed to wheel running.  What is interesting is 

that a completely different trait (i.e., the incentive salience of a sweet taste reward) is 

altered in these animals.  The most parsimonious explanation is that the reward system, 

when up-regulated for one trait, is less sensitive to a competing trait (i.e., there is a 

limited capacity to the reward pathway).  Similarly, Belke and Garland (2007) have 

suggested that there may be an inherent trade-off between reward systems "tuned" for 

different stimulus intensities and durations (e.g., long- vs. short-duration stimuli).  

Moreover, the sensitivity to behavioral rewards may also be influenced by biometric 

factors, such as body weight (Belke and Pierce, 2009).   

 Results of the present study emphasize the important role of motivation in 

voluntary exercise.  Although specific anatomical and physiological traits are necessary 

to sustain high levels of activity, recent studies have suggested that the brain plays an 

underappreciated role in regulating exercise capacity (Kayser, 2003; Baden et al., 2005; 
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Noakes, 2007; Rose and Parfitt, 2007; Noakes, 2009).  Further studies of the evolution of 

altered incentive salience, and its neurobiological underpinnings, are warranted. 
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LIST OF ABBREVIATIONS 

 

HR high-runner lines of laboratory house mice; selectively bred for high 

voluntary wheel running 

 

C control lines of mice that were bred without regard to amount of wheel 

running 
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Table 3.1.  Composition of the artifical sweeteners used in this study. 

Sweetener Primary sweetener 
Secondary 
compounds 

Secondary compound 
purpose 

Relative sweetness* 

     
Saccharin sodium saccharin None  300 
     
Sweet ‘n Low sodium saccharin Dextrose bulking agent 300 
  cream of tartar   
  calcium silicate anti-caking agent  
     
Equal aspartame Dextrose bulking agent 200 
  Maltodextrin bulking agent  
     
Splenda sucralose Dextrose bulking agent 650 
  Maltodextrin bulking agent  
     

 

Relative sweetness relationships were adapted from Kirk-Othmer Encyclopedia of Chemical Technology and Ellis (1995), and are scaled to 
sucrose (sucrose = 1). 
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Table 3.2.  Significance levels for wheel running and fluid consumption based on two-way nested ANOVAs with covariates. 

Treatment Wheel Running (revolutions/day)*  Fluid Consumption** 
 

 PLine type PDose PLine type x Dose  PLine type PDose PLine type x Dose  
Saccharin <0.0001 0.8552 0.3755  0.2155 <0.0001 0.7692  
Sweet ‘N Low   0.0031 0.6728 0.3627  0.0903 <0.0001 0.0172  
Equal   0.0040 0.6869 0.3208  0.0324 <0.0001 0.0116  
Splenda <0.0001 0.9909 0.9525  0.2518 <0.0001 0.0076  
Sucrose <0.0001 0.0386 0.1598  0.5916 <0.0001 0.1423  
Alcohol   0.0035 0.9541 0.3396  0.5090 <0.0001 0.4643  
         

 
P values were considered significant at P < 0.05 (in bold). 
*For wheel running, age and wheel freeness were used as covariates, but neither was ever statistically significant. 
** In the fluid consumption analyses, age and body mass were used as covariates. 
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Table 3.3.  Effects of palatable substances on voluntary wheel-running behavior (proportional responses) from 1-way 

ANOVAs with covariates. 

Substance Dose Control 95% C.I. High Runner 95% C.I. Transform 
Line type 

F1,6 

Line 
type P 

Saccharin 0.1% 1.01 (0.92, 1.10) 1.00 (0.92, 1.09) x^0.1 <0.01 0.9802 
 0.2% 1.04 (0.96, 1.12) 0.98 (0.90, 1.07) x^0.5 1.34 0.2907 
         
Sweet ‘N Low 0.1% 1.13 (1.00, 1.26) 1.03 (0.90, 1.17) None 1.49 0.2683 
 0.2% 1.17 (1.03, 1.33) 1.01 (0.87, 1.16) x^0.6 3.60 0.1065 
         
Equal 0.04% 1.04 (0.91, 1.19) 0.96 (0.83, 1.11) x^0.1 0.97    0.3636 
 0.08% 1.09 (0.94, 1.25) 0.97 (0.83, 1.12) x^0.1 1.85     0.2227 
         
Splenda 0.08% 1.01 (0.92, 1.09) 1.02 (0.93, 1.11) None 0.05 0.8311 
 0.16% 1.02 (0.92, 1.13) 1.02 (0.92, 1.13) None <0.01 0.9660 
         
Sucrose 3.5% 1.07 (1.00, 1.14) 0.97 (0.90, 1.04) None 6.08 0.0488 
 10.5% 1.14 (1.04, 1.24) 1.05 (0.95, 1.15) x^0.5 2.21 0.1877 
         
Alcohol 2% 1.04 (0.90, 1.20) 0.94 (0.80, 1.10) x^0.5 1.24 0.3076 
 5% 1.03 (0.88, 1.17) 1.00 (0.83, 1.13) None 0.31 0.5968 
         

 
P values were considered significant at P < 0.05 (in bold). 
Values are backtransformed means and 95% confidence intervals for proportional responses (computed as wheel revolutions during treatment with 
a palatable solution divided by revolutions with tap water access only). 
Age was used as a covariate in all the wheel running analyses 
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Fig. 3.1.  Wheel revolutions during sucrose trials. These wheel revolution data are from the sucrose trial 
and represent adjusted means + s.e. derived from a two-way ANCOVA with line type and sucrose dose as 
the main effects.  Light-colored bars indicate C mice and dark-colored bars indicate HR mice.  Line type 
and sucrose dose were significant effects (P < 0.0001, P = 0.0386, and P = 0.1598 respectively; see Table 
2) but there was no interaction between the two.
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Fig. 3.2.  Proportional changes in fluid consumption in response to artificial sweetener administration from 
one-way ANOVAs with covariates.  The proportional data presented are ratios of sweetener consumption 
to water consumption at each sweetener dose.  P values are from one-way ANCOVAs of fluid consumption 
with line type as the main effect and body mass as a covariate.  Shown are least squares means and 95% 
C.I.  P values are for effect of line type (HR vs. C), and are shown in bold if P < 0.05.  Light-colored bars 
indicate C mice and dark-colored bars indicate HR mice.  A reference line has been drawn to demarcate a 
ratio of 1. 
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Fig. 3.3.  Proportional changes in fluid consumption in response to sucrose administration from one-way 
ANOVAs with covariates.  The proportional data presented are ratios of sucrose consumption to water 
consumption at each sucrose dose.  P values are from one-way ANCOVAs of fluid consumption with line 
type as the main effect and body mass as a covariate.  Shown are least squares means and 95% C.I.  P 
values are for effect of line type (HR vs. C), and are shown in bold if P < 0.05.  Light-colored bars indicate 
C mice and dark-colored bars indicate HR mice.  A reference line has been drawn to demarcate a ratio of 1. 
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Fig. 3.4.  Proportional changes in fluid consumption in response to alcohol administration from one-way 
ANOVAs with covariates.  The proportional data presented are ratios of alcohol consumption to water 
consumption at each alcohol dose.  P values are from one-way ANCOVAs of fluid consumption with line 
type as the main effect and body mass as a covariate.  Shown are least squares means and 95% C.I.  P 
values are for effect of line type (HR vs. C), and are shown in bold if P < 0.05.  Light-colored bars indicate 
C mice and dark-colored bars indicate HR mice.  A reference line has been drawn to demarcate a ratio of 1. 
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Summary 

 Exercise is known to be rewarding and have positive effects on mental and 

physical health.  Excessive exercise, however, can be the result of an underlying 

behavioral/physiological addiction.  Both humans who exercise regularly and rodent 

models of exercise addiction sometimes display behavioral withdrawal symptoms, 

including depression and anxiety, when exercise is denied.  However, few studies have 

examined the physiological state that occurs during this withdrawal period.  Alterations 

in blood pressure (BP) are common physiological indicators of withdrawal in a variety of 

addictions.  In this study, we examined exercise withdrawal in lines of mice selectively 

bred for high voluntary wheel running (HR lines).  Mice from the HR lines run almost 3-

fold greater distances on wheels than those from non-selected control lines, and have 

altered brain activity as well as increased behavioral despair when the opportunity to run 

is denied.  We tested the hypothesis that male HR mice have an altered cardiovascular 

response (heart rate, systolic, diastolic, and mean arterial pressure [MAP]) during 

exercise withdrawal.  Measurements were taken during 8 days of baseline, 6 days of 

wheel access, and 2 days of withdrawal (wheel access blocked).  During withdrawal, the 

high-runner mice had lower systolic BP, diastolic BP, and MAP (P = 0.0268, P = 0.0271, 

and P = 0.0302, respectively, unadjusted for multiple comparisons) than controls.  This is 

the first characterization of a cardiovascular withdrawal response in an animal model of 

high voluntary exercise.   
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Introduction  

 Physical exercise is a self-rewarding behavior (Brené et al., 2007) that has been 

hypothesized to have addictive properties (Thaxton, 1982; Wichman and Martin, 1992; 

Griffiths, 1997).  Exercise addiction has received limited attention in humans (Griffiths, 

1997; Bamber et al., 2000; Thorburn and Proietto, 2000; Aidman and Woolard, 2003), 

and even then, the primary focus has been on the psychosocial ramifications (Griffiths, 

1997; Bamber et al., 2000; Smith and Hale, 2005).  Studies examining exercise addiction 

in non-human animals have done so primarily in the context of its biomedical 

significance as a condition plaguing a subset of human anorexia patients (i.e., “activity 

anorexia”, reviewed in Baranowska et al., 2008).   

Evidence suggests that exercise addiction involves the brain’s reward pathway, as 

do other forms of addiction (Ussher et al., 2001; Aidman and Woolard, 2003; Daniel et 

al., 2004; Ussher et al., 2004; Kanarek et al., 2009; Hale et al., 2010).  In humans, for 

example, bouts of moderate exercise can help attenuate symptoms of both nicotine and 

alcohol withdrawal (Ussher et al., 2001; Daniel et al., 2004; Ussher et al., 2004; Ussher et 

al., 2008).  This observation implies that exercise can be highly motivated (although 

obviously with variation among individuals and among species), and that the pursuit of or 

engagement in exercise can substitute for aspects of chemical addiction.  Moreover, after 

withdrawal from exercise, some studies have found signs of depression and anxiety, or 

other indications of negative affective states in both mice and humans (Hoffman et al., 

1987; Aidman and Woolard, 2003; Malisch et al., 2009).    
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Two common physiological indicators of withdrawal are alterations in blood 

pressure (BP) and heart rate.  Alterations in these two indicators at rest have been 

observed over an array of withdrawal disorders in humans (Hughes, 1992; Aidman and 

Woolard, 2003; Kähkönen, 2004; Kähkönen et al., 2007), rats (Cruz et al., 2000; 

Michaud and Couture, 2003; McNally and Carrive, 2006), and mice (Gan and Abdul 

Sattar, 1982).  Withdrawal symptoms vary with the type of addiction.  Studies of nicotine 

withdrawal in humans report decreased heart rate and systolic blood pressure (SBP) 

(Hughes, 1992; Sommese and Patterson, 1995; Giannakoulas et al., 2003; Morrell et al., 

2008).  Conversely, alcohol withdrawal causes an increase in both SBP and heart rate in 

humans (Bannan et.al., 1984; King et.al., 1991; King et.al., 1996; Kähkönen, 2004).  Rats 

undergoing opiate withdrawal (Chan et al., 1999; Hoffman et al., 1998; Buccafusco et al., 

2000; Michaud and Couture, 2003) display elevated BP but highly variable heart rate.  

Although each of these withdrawal syndromes is unique, all result in altered resting SBP. 

Additionally, one human study (Aidman and Woolard, 2003) measured resting heart rate 

during withdrawal from high levels of exercise, and found it to be elevated.  To our 

knowledge, no study has evaluated BP during withdrawal from exercise.  

We studied lines of mice bred for high voluntary wheel running, which is a self-

rewarding behavior in rodents (reviewed in Sherwin, 1998).  These mice have been 

selectively bred for over 40 generations from an original base population of outbred 

Hsd:ICR mice (Swallow et al., 1998, 2009).  As a result of the selective breeding, the 

four replicate high-runner (HR) lines of mice run nearly 3-fold farther per day as 
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compared with four non-selected Control (C) lines.  Pharmacological evidence suggests 

that alterations in dopamine (Rhodes and Garland, 2003; Rhodes et al., 2005) and 

endocannabinoid (Keeney et al., 2008, and unpublished results) signaling underlie the 

elevated wheel running of HR mice.  When housed without wheels, HR mice exhibit 

elevated home-cage activity (Malisch et al., 2009).  During exercise withdrawal (removal 

of wheels following several days of access), HR mice exhibit altered brain activity 

(Rhodes et al., 2003; only females were studied) and elevated behavioral despair 

(Malisch et al., 2009; for males but not for females). 

HR mice have larger heart ventricular mass than C mice (Rezende, et al., 2006; 

chapter 5 of this dissertation), which could have implications for stroke volume, cardiac 

output, and BP.  Likewise, elevated blood hemoglobin concentrations following EPO-

injection are associated with a larger spleen mass in both line types (Kolb et al., 2010; 

chapter 5 of this dissertation).  The spleen is an erythrocyte storage and processing center 

that contributes to blood viscosity, and can play an indirect role in BP.  Therefore, heart 

ventricular mass and spleen mass were also measured in the present study.  

Additionally, a genetic polymorphism resulting in a 50% reduction in mass and a 

doubling of mass-specific aerobic capacity of the triceps surae muscle group is currently 

expressed in two of the HR lines (Garland et al., 2002; Houle-Leroy et al., 2003; Hannon 

et al., 2008).  Dubbed the “mighty mini-muscle”, this polymorphism also results in a 

smaller body mass, a larger heart mass (when corrected for body mass), and higher 

muscle capillarity (Meek et al., 2009; Wong et al., 2009; references therein).  Previously, 
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we hypothesized that mini-muscle individuals might experience higher BPs that had led 

to cardiac hypertrophy (Hannon et al., 2008).  Therefore, in the present study, mini-

muscle status was used as an additional factor in the statistical analysis of BP.  

 

Materials and Methods 

Selection experiment and housing 

 House mice (Mus domesticus) from generation 41 of the selection experiment for 

high voluntary wheel running (for details, see Swallow et al., 1998, 1999, as well as the 

introduction to this dissertation) were used in this study.  A total of 72 males (44 HR; 28 

C) were removed from their parents at weaning and housed 4 per cage.  One of the HR 

lines (designated #6) remains polymorphic for the Mendelian recessive “mighty mini-

muscle” trait (Garland et al., 2002; Houle-Leroy et al., 2003; Syme et al., 2005; Hannon 

et al., 2008), so we included a larger sample size (N = 23) from that line.  All other HR 

and C lines had equal representation (N = 7/line).  Four animals died during the course of 

the study, and the final sample size at the time of dissection was N = 68.  Mice were re-

housed individually two days before the start of the baseline measurements, and remained 

so throughout the course of the experiment.  A 12-hour light/dark cycle (lights on: 0700, 

lights off: 1900) was maintained at all times, and mice were given food (Harlan Teklad 

Rodent Diet 8604 [W], Harlan Teklad, Madison, WI, USA) and water ad libitum.  Daily 

room temperature was measured and the average room temperature was 22 °C (range: 21 

- 23 °C). 
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Experimental design 

Mice were separated into three batches (N = 24/batch) to keep BP measurements 

within a standardized 4-hour daily time range and minimize any time-of-day effects.  

Each mouse underwent 16 days of BP testing in three sequential phases (measurements 

were obtained every day on all mice, regardless of treatment group).  First, mice were 

given 8 days of baseline BP measurements (days 1-8) without wheel access (‘baseline’ 

phase).  Next, mice were given wheel access for 6 days (days 9-14; ‘wheel access’ 

phase).  Finally, for the last two days (‘withdrawal’ phase), half of the mice (selected 

randomly) had their wheel access blocked and half were allowed continued wheel access 

(days 15-16; Fig. 4.1).  BP measurements during the baseline, wheel access, and 

withdrawal phases were made on batch 1 before proceeding to batch 2 and batch 3.  An 

effort was made to assign younger mice to later batches to offset any potential age 

differences due to the 8-week interval between the start of batch 1 and the start of batch 

3.  Nevertheless, age was used as a covariate in the final analyses. 

All BP measurements were made between 1000 and 1500 h daily, with six mice 

tested simultaneously (next paragraph). The entire procedure lasted approximately 1 hour 

for each group of six mice.  Therefore, each batch of 24 mice completed the BP 

measurements within a 4-hour period each day.  The sequence of testing and the cohort to 

which a given mouse belonged was randomly selected each day.  
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After the final day of BP measurements, mice were euthanized and body mass, 

body length, heart ventricle mass, spleen mass, and presence/absence of the mini-muscle 

phenotype were ascertained.  Mini-muscle status was determined via dissection and 

weight of the triceps surae muscle group. 

 

Blood pressure measurements 

  BP was non-invasively measured by determining the tail blood volume with a 

volume pressure recording sensor and an occlusion tail-cuff (CODA 6 System, Kent 

Scientific, Torrington, CT).  Mice were warmed with heating lamps for 15 minutes prior 

to the start of the BP trial to increase peripheral circulation (Krege et al., 1995; Johns et 

al., 1996; Daugherty et al., 2000; Meneton et al., 2000; Daugherty et al., 2001; Cervenka 

et al., 2002; Deschepper et al., 2004; Hosoda et al., 2007).  Mice were then placed into 

restraint tubes and BP tail cuffs were attached.  In the literature on BP in mice, the 

number of measurement cycles per day varies from 3 - 30 (Krege et al., 1995; Daugherty 

et al., 2000; Meneton et al., 2000; Daugherty et al., 2001; Cervenka et al., 2002; 

Deschepper et al., 2004; Hosoda et al., 2007).  We chose 30 cycles to maximize the 

number of measurements we could obtain within the given time constraints.  The first 10 

cycles were considered to be acclimation and were not used in the final analysis.  The 

remaining 20 were evaluated and excluded if they did not meet specific inclusion criteria 

based on tail blood flow, heart rate, and integrity of the inflation cuff pressure traces.  

The inclusion criteria were as follows: tail blood flow above 20 µl/min, heart rate below 
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900 beats/minute, and absence of “noise” due to tail movement or improper tail cuff 

inflation.  These criteria were derived from the BP literature (Krege et al., 1995; Johns et 

al., 1996; Daugherty et al., 2000; Meneton et al., 2000; Daugherty et al., 2001; Cervenka 

et al., 2002; Deschepper et al., 2004; Hosoda et al., 2007) as well as manufacturer 

recommendations (CODA System, Kent Scientific, Torrington, CT).  In addition, 

statistical outliers were removed as indicated below in the Statistical analyses section.  

Sixty-second intervals separated each of the 30 measurement cycles, with a 

cumulative measurement time of approximately 45 minutes/mouse/day.  Following each 

trial, mice were weighed and body temperature readings were taken via a digital rectal 

thermometer (± 0.1 °C).  Both body mass and body temperature were used as covariates 

in the final analyses.  

BP measurements were taken for every mouse on all 16 days of the study.  During 

the 8 days of baseline, only the measurements from the final three days (days 6-8) were 

used to assess baseline BP.  The first 5 days served to estimate repeatability of the 

measurements (results not shown).  During the 6-day wheel access phase, only the final 

three days (days 12-14) were used to calculate BP.  During the withdrawal phase, both 

days (days 15-16) were used to calculate BP.  The aforementioned days were chosen so 

that comparisons could be made between phases with different durations.  For each of the 

phases, we report the single day in which the greatest number of individuals had BP 

measurements (see Results).  Most of the measures showed statistically significant 

reproducibility across days within a phase (results not shown). 
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Statistical analyses 

The analyses were performed with SPSS 11.5 for Windows (SPSS Inc., Chicago, 

IL, USA) or SAS 9.1 statistical software package (SAS Institute Inc., Cary, NC, USA) 

using the PROC MIXED procedure.  A one-way mixed model ANCOVA with line type 

(HR vs. C mice) as the main effect was used for the analyses of BP measures during both 

the baseline and wheel access phases.  The withdrawal phase was analyzed both as a two-

way mixed model ANCOVA with line type and wheel access as the main effects, and as 

separate one-way ANCOVAs for mice in the wheels-blocked and wheels-free conditions, 

respectively.  Additionally, a repeated-measures analysis was conducted across the three 

sampling phases.  All animals were included in the repeated-measures analyses (even 

animals that did not have measurements from every sample phase).  In all of the models, 

body mass, body temperature, and age were used as covariates.  Batch and the 

presence/absence of the mini-muscle phenotype were tested as cofactors, but batch was 

never significant, and was therefore removed from the final analyses.  The mixed-model 

ANCOVA used in these analyses includes line type as a fixed effect with line as a 

random effect nested within line type; degrees of freedom for testing the effects of line 

type, wheel access, and their interaction are 1 and 6.  Outliers were determined using a 

formal statistical test (see Cook and Weisberg, 1999; Belter et al., 2004).  Variables were 

transformed as needed to improve normality of residuals from statistical models (Tables 

4.1-4.4).  All tests are 2-tailed, and statistical significance is defined as P < 0.05. 
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To compensate for simultaneous multiple comparisons, we used the q-value 

procedure developed to control false discovery rates (FDR) (Storey and Tibshirani, 

2003a,b).  The overall proportion of true null hypotheses and corresponding q-values 

were generated with the ‘Qvalue’ library run in the R statistical package (The R 

Foundation for Statistical Computing) using the ‘Bootstrap’ option.  We considered only 

the P values for Selection (line type) and Mini-Muscle in Tables 4.1, 4.2, 4.3, 4.4, and 

4.5.  We excluded nuisance variables of age and body mass used as covariates, and we 

also excluded redundant measures of body mass, yielding a total of 65 P values for 

analysis.  Based on these analyses, one would reset the significance level at P<0.0017 to 

control the experiment-wise α level at P<0.05. 

 

Results 

  Body mass and body temperature did not differ between line types.  However, 

mice expressing the mini-muscle phenotype had a lower body mass than HR or C mice 

that did not express the phenotype (Tables 4.1-4.5).  Additionally, mini-muscle mice had 

lower core body temperatures during baseline measurements (Table 4.2), but not during 

measurements in the wheel-access or withdrawal phases (Table 4.2-4.4).   

 Wheel running data were analyzed from the last two days of the wheel access 

phase (Table 4.1; Fig. 4.1).  As expected, HR mice had higher wheel revolutions than C 

mice, and the ratio of mean wheel revolutions (HR/C) was 2.8 (Fig. 4.2).  Both mean 

revolutions per minute (RPM) and maximum RPM were higher in HR mice (Table 4.1).  
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However, there was no statistical difference in the amount of time spent running between 

the two line types.  There was a significant effect of age, with older animals running less 

for all measures except time spent running.  A separate set of analyses that included body 

mass as a covariate are also reported (Table 4.1); however, body mass was never a 

significant predictor of wheel running.  Line differences were significant for both body 

mass and revolutions/day (see also Garland et al., 2010).  

Given the strict inclusion criteria we imposed on our data set, we report 

measurements from the days with the highest sample sizes only (baseline day 7, wheel 

access day 6, and withdrawal day 2) (Tables 4.2-4.4).  HR and C mice did not differ 

statistically for any BP measurement during baseline or wheel access phases (Table 4.2), 

and heart rate was not significantly different between the line types at any phase (Tables 

4.2-4.4).   

When the three sample phases were analyzed together in a repeated-measures 

design (N = 68-69 mice), all mice showed a significant increase in SBP (P = 0.0005), 

DBP (P = 0.0006), and MAP (P = 0.0005) across the sampling phases (Fig. 4.3), but there 

was no significant interaction between sample phase and line type for SBP, DBP, or 

MAP (P = 0.1496, P = 0.0776, and P = 0.0900 respectively).  However, in a separate 

analysis of the wheels-blocked mice from the withdrawal phase, the HR mice had a lower 

SBP, DBP and MAP than C mice (Table 4.3 and Fig. 4.3).  When pooled together with 

the wheels-free mice, this effect was not detectable (Table 4.4).  Heart rate did not differ 

significantly across phases in a repated-mesures analysis (results not shown). 
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Mini-muscle mice had a smaller body mass than normal mice (statistically 

significant after correction for multiple comparisons) (Table 4.5).  Ventricle mass was 

smaller in HR mice and in mini-muscle mice (statistically significant in mini-muscle but 

not HR mice after correction for multiple comparisons).  Neither spleen mass nor body 

length differed between line types or with regard to the presence / absence of the mini-

muscle trait.   

 

 

Discussion 

To our knowledge, this is the first time the physiological effects of exercise 

withdrawal have been studied in mice.  The BP inclusion criteria used in the present 

study were conservative, so the physiological effects reported here may underestimate the 

cardiovascular response to exercise withdrawal.  Many previous studies using indirect BP 

measurements via tail cuff methodology have neglected to account for confounding 

variables (e.g., heart rate in excess of 900 beats/minute) that invalidate BP measurements 

(e.g., Daugherty et al., 2000; Wang et al., 2001; Cervenka et al., 2002; Kuru et al., 2009; 

Sánchez et al., 2010).  We individually evaluated each measurement cycle and used 

multiuple inclusion criteria (heart rate, tail blood volume, pressure curves) in selecting 

good-quality BP measurements. 

The present study is the first examination of BP in the High Runner lines of mice, 

and therefore a secondary finding involving BP in the mini-muscle mice, which represent 
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a subset of the HR phenotype (Garland et al., 2002; Kolb et al., 2010), is also reported 

here.  We hypothesized previously (Hannon et al., 2008) that mini-muscle mice would 

have higher BP values both because of their larger ventricle mass (Table 4.5), and also 

because of their smaller muscle mass that has the same whole-animal metabolic rate per 

gram of body mass (Kolb et al., 2010), and presumably requires more blood per gram to 

adequately perfuse the muscle, thus elevating BP.  Additionally, the finding that mass-

specific aerobic capacity (Houle-Leroy et al., 2002) and muscle capillarity is higher in 

mini-muscle mice seems consistent with a higher oxygen demand and greater blood flow 

per gram of muscle tissue (Wong et al., 2009).  However, BP did not differ significantly 

between mini-muscle mice and other mice during any of the phases of the present study.  

There was a trend at baseline, however, for a higher resting BP (P < 0.1 for SBP, DBP, 

and MAP: Table 4.2) in mini-muscle mice.  Given the increased ventricular mass of the 

heart, peripheral resistance may play a larger role in cardiovascular dynamics “at rest” in 

these mice.  Interestingly, this trend disappeared during both the wheel-access and 

withdrawal periods, which suggests that increased stroke volume or enhanced peripheral 

vasodilation may be compensating for greater peripheral resistance during these phases.  

However, given that we measured BP during the day (i.e., the inactive period for these 

nocturnal animals), what BP does during exercise in mini-muscle mice remains an open 

question.  

Only a few studies in humans have examined the physiological effects of exercise 

withdrawal (Thaxton, 1982; Aidman and Woolard, 2003), and these studies have not 
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measured BP.  However, alterations in BP are known to be a key component in 

physiological withdrawal from addictive drugs (Bannan et.al., 1984; King et.al., 1991; 

Hughes, 1992; Sommese and Patterson, 1995; King et.al., 1996; Hoffman et al., 1998; 

Chan et al., 1999; Buccafusco et al., 2000; Giannakoulas et al., 2003; Michaud and 

Couture, 2003; Kähkönen, 2004; Morrell et al., 2008).  A wide variety of withdrawal 

syndromes have been defined, and the neurobiology of many chemical and behavioral 

dependencies has been characterized (reviewed in Koob and Volkow, 2010).  Despite this 

work, the suite of physiological events in exercise withdrawal has not been systematically 

explored.  Exercise is a self-rewarding behavior in rodents (Sherwin, 1998), and multiple 

generations of selection have increased voluntary wheel-running in HR mice by nearly 3-

fold.  Consequently, the lower BP (SBP, DBP, and MAP) observed in HR mice with 

wheels blocked (Table 4.3, Fig. 4.3) is indicative of an altered physiological state that is 

consistent with withdrawal (e.g., similar to the lower SBP in nicotine withdrawal).  In 

withdrawal syndromes, an alteration in BP commonly occurs following the cessation of 

the dependent substance / activity, along with a suite of other behavioral and 

physiological responses.  In a previous study in HR mice, neurological alterations were 

observed following wheel deprivation that involved heightened activity in brain regions 

devoted to anxiety and reward (Rhodes et al., 2003).  Additionally, HR mice have 

elevated levels of basal corticosterone (Malisch et al., 2007; Malisch et al., 2008), which 

over time can have deleterious effects including predisposition to affective disorders 

(Parker et al., 2003).  Malisch et al. (2009) found evidence of increased depressive-like 
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behavior in HR mice as measured by greater time spent immobilized in forced-swim 

trials.  These differences in neurological, behavioral, and now cardiovascular responses to 

wheel-running deprivation, when taken together, suggest a physiological withdrawal 

response, coupled with an evolved exercise dependency in these HR mice.  

In contrast to physiological withdrawal, the behavioral and psychosocial effects of 

exercise withdrawal have been well characterized in humans (Thaxton, 1982; Morris et 

al., 1990; Griffiths, 1997; Scully et al., 1998; Hurst et al., 2000; Garman et al., 2004).  

However, these qualitative assessments (e.g. mood, irritability) are difficult to translate 

more broadly across species as a distinct behavioral withdrawal syndrome.   

In trying to model components of behavioral addictions, Brown (1993) proposed 

six components of behavioral addiction developed from studies of gambling addiction in 

humans: salience, euphoria, tolerance, withdrawal symptoms, conflict, and relapse. 

Applying these human components to addictions in other species is problematic.  Conflict 

was defined as “interpersonal conflict” resulting from a loss of sociality whilst pursuing 

the addictive activity, which arguably has little or no relevance for mice housed 

individually with running wheels.  Of the remaining components, euphoria and tolerance 

have not been directly tested in these mice.  However, HR mice readily resume high 

levels of wheel running when wheel access has been previously denied (i.e., they 

"relapse": unpublished results).  Moreover, evidence for salience, defined as the 

perceived value of the activity, has been suggested by behavioral studies (Belke and 

Garland 2007; chapter 3 of this dissertation).  Combined with the finding in the present 
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study of a physiological withdrawal response, three components of Brown’s (1993) 

model of behavioral addiction are supported in HR mice.  Further work examining these 

remaining components could lead to a conclusive understanding of the apparent exercise 

addiction in these mice. 
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LIST OF ABBREVIATIONS 

 

SBP systolic blood pressure 

 

DBP diastolic blood pressure 

 

MAP mean arterial pressure 

 

HR high-runner lines of laboratory house mice; selectively bred for high 

voluntary wheel running 

 

C control lines of mice that were bred without regard to amount of wheel 

running 
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Table 4.1.  Significance levels of wheel running measurements from the mean of days 5 + 6 of the wheel access phase, 

including analysis of variation among replicate lines 

 

a Mean mass on days 5 and 6 of wheel access [(mass13 + mass14)/2]. 
@ Indicates removal of one or more outliers. 
& Mass On (Mass8) used as a covariate (in all other analyses Xmass56 was used as a covariate). 
* In each ANCOVA, to determine if significant variation among replicate lines was present, the -2 ln restricted maximum likelihoods of the initial 
(reduced model without line) and last iteration (full model with line as a random effect) evaluations within each ANCOVA were examined.  The 
difference in -2 ln REMLs can be compared with a χ

2 distribution with 1 df, for which the critical value for P=0.05 is 3.841. 
Selection:  + indicates mice from high-runner lines have larger measurements, - indicates smaller measurements. 
Mini-Muscle:  + indicates mini-muscle mice have larger measurements, - indicates smaller measurements. 
Body Mass:  + indicates positive association with body mass. 
** These P values were significant after correction for multiple comparisons (significance level reset at P<0.0017; see Methods) 

Trait and 
Transform 

N PSelection PMini-Muscle PBodyMass PAge 
PWheel 

Freeness 

-2 ln 
REML for 
reduced 
model 

-2 ln 
REML for 
full model 

χ
2 * 
 

PLine 

Mass (g) 67@ 0.1481- 0.0101-  0.0015+  321.13 310.54 10.59 0.0011 
Mass On (g) 69@ 0.1991- 0.0179-  0.0038+  351.14 335.74 15.40 <.0001 
Mass Off (g) 67@ 0.1773- 0.0026-  0.0013+  320.80 309.22 11.58 0.0007 
Revolutions 67@ 0.0267+ 0.0100+ 0.8722+ 0.0022- 0.5466+ 1156.07 1150.18 5.89 0.0152 
 67@ 0.0252+ 0.0078+ 0.6405+& 0.0016- 0.5330+ 1156.16 1150.13 6.03 0.0141 
 67@ 0.0241+ 0.0079+  0.0014- 0.5532+ 1167.39 1161.34 6.05 0.0139 
Minutes**0.5 67@ 0.2670+ 0.2787+ 0.5786- 0.4823- 0.1475+ 370.99 367.27 3.72 0.0538 
 67@ 0.2768+ 0.2924+ 0.5379-& 0.4973- 0.1442+ 371.12 367.36 3.76 0.0525 
 67@ 0.1889+ 0.1968+  0.3533- 0.1209+ 369.26 365.88 3.38 0.0660 
Mean RPM 67@ 0.0004+ 0.0006+ 0.1292+ 0.0001- 0.8300+ 344.73 343.91 0.82 0.3652 
 67@ 0.0005+ 0.0005+ 0.0928+& <.0001- 0.8634+ 344.58 343.53 1.05 0.3055 
 67@ 0.0005+**  0.0017+**   0.0003- 0.9823- 345.30 344.13 1.17 0.2794 
Max RPM 67@ <.0001+ 0.0027+ 0.0887+ 0.0005- 0.5435+ 386.16 386.16 0.00 1.0000 
 67@ <.0001+ 0.0022+ 0.0592+& 0.0004- 0.5702+ 385.65 385.65 0.00 1.0000 
 67@ <.0001+** 0.0107+  0.0018- 0.7624+ 387.62 387.61 0.01 0.9203 
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Table 4.2.  Significance levels for blood pressure measurements during baseline and wheel-access periods from two-way   

ANCOVAs. 

Trait and Transform N PSelection PMini-Muscle PBodyMass
a PAge 

      
Baseline      
Body Mass (g) 71 0.1459- 0.0139-  0.0152+ 
Body Temperature 69 0.0772- 0.0469- 0.8629+ 0.0509+ 
Heart Rate, log10 51b 0.7699- 0.3801- 0.1637- 0.0284- 
Systolic BP, log10 53 0.3693+ 0.0643+ 0.0094+ 0.0066- 
Diastolic BP, log10 52b 0.2683+ 0.0899+ 0.0361+ 0.0009- 
MAP, log10 53 0.3044+ 0.0615+ 0.0183+ 0.0017- 
      
Wheel Access      
Body Mass (g) 67b 0.1437- 0.0074-  0.0015+ 
Body Temperature 66 0.1288- 0.3980- 0.6860+ 0.3260+ 
Heart Rate, log10 35b 0.9653+ 0.5228- 0.9788+ 0.0637+ 
Systolic BP, log10 36 0.8458- 0.8293- 0.1458+ 0.0009+ 
Diastolic BP, log10 36 0.4166- 0.7990+ 0.5831+ 0.0189+ 
MAP, log10 36 0.5369- 0.9097+ 0.3745+ 0.0061+ 

 

aRaw body mass used as a covariate. 
bIndicates removal of one or more statistical outliers. 
Significance values reported in this table are from one-way ANCOVAs with line type as the main effect and presence of the mini-muscle 
phenotype, body mass, body temperature, and age as covariates.   
Baseline significance values are from day 7 only of the 8-day baseline measurement period.  Wheel access significance values are from day 6 only 
of the 6-day wheel access period. 
Selection:  + indicates mice from high-runner lines have larger measurements, - indicates smaller measurements. 
Mini-Muscle:  + indicates mini-muscle mice have larger measurements, - indicates smaller measurements. 
Body Mass:  + indicates positive association with body mass. 
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Table 4.3.  Significance levels for blood pressure measurements during the withdrawal phase for mice with wheels 

blocked and wheels free, respectively. 

Trait and Transform N PSelection PMini-Muscle PBodyMass
a PAge 

      
Wheels Blocked      

Body Mass (g) 36 0.2416- 0.0153-  0.0787+ 
Body Temperature, log10 35b 0.6933- 0.0514- 0.7976+ 0.1050+ 
Heart Rate 19b 0.3564- 0.4545- 0.4438+ 0.2168+ 
Systolic BP, x^3 19b 0.0268- 0.7324- 0.0991- 0.0396+ 
Diastolic BP, x^3 20 0.0271- 0.6993- 0.1621- 0.3036+ 
MAP, x^3 20 0.0302- 0.9204- 0.2340- 0.2623+ 
      

Wheels Free      
Body Mass (g) 32 0.1469- 0.0519-  0.5320+ 
Body Temperature, log10 30 0.0246- 0.4814+ 0.3452+ 0.3619+ 
Heart Rate 12 0.4673- 0.9058- 0.6841+ 0.6219+ 
Systolic BP 12 0.5243+ 0.6961- 0.5828- 0.4038+ 
Diastolic BP 12 0.3751+ 0.7296- 0.5252- 0.2794+ 
MAP 12 0.4131+ 0.7234- 0.5335- 0.3097+ 
      

 

aRaw body mass used as a covariate. 
bIndicates removal of one or more statistical outliers. 
Significance values reported in this table are from one-way ANCOVAs with line type as the main effect and presence of the mini-muscle 
phenotype, body mass, body temperature, and age as covariates.   
Significance levels are from day 2 only of the 2-day withdrawal period. 
Selection:  + indicates mice from high-runner lines have larger measurements, - indicates smaller measurements. 
Mini-Muscle:  + indicates mini-muscle mice have larger measurements, - indicates smaller measurements. 
Body Mass:  + indicates positive association with body mass. 
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Table 4.4.  Significance levels for blood pressure measurements during the withdrawal phase for all mice. 

Trait and Transform N PSelection PWheel Access 
PSelection* 

Wheel Access 
PMini-Muscle PBodyMass

a PAge 

        
Body Mass (g) 68 0.2215- 0.6554+ 0.4633 0.0016-  0.0227+ 
Body Temperature, log10 65b 0.0626- 0.7565+ 0.3456 0.1799- 0.8639- 0.1931- 
Heart Rate, x^2 32b 0.2799- 0.4678- 0.6922 0.2936- 0.3423+ 0.2048+ 
Systolic BP, log10 32b 0.9184- 0.9577+ 0.6300 0.9658- 0.8198- 0.0268+ 
Diastolic BP 33 0.7187- 0.6928+ 0.8543 0.7046+ 0.8974+ 0.1877+ 
MAP, x^2 33 0.7065- 0.7119+ 0.7136 0.7575+ 0.9152 0.1093 

 
aRaw body mass used as a covariate. 
bIndicates removal of one or more statistical outliers. 
Significance values reported in this table are from two-way ANCOVAs with line type and wheel access as the main effects and presence of the 
mini-muscle phenotype, body mass, body temperature, and age as covariates.   
Significance levels are from day 2 only of the 2-day withdrawal period. 
Selection:  + indicates mice from high-runner lines have larger measurements, - indicates smaller measurements. 
Wheel Access: + indicates mice with wheel access have larger measurements, - indicates smaller measuremnts. 
Mini-Muscle:  + indicates mini-muscle mice have larger measurements, - indicates smaller measurements. 
Body Mass:  + indicates positive association with body mass. 
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Table 4.5.  Significance levels of body and organ masses at dissection from one-way ANCOVAs. 

Trait and Transform N PSelection PMini-Muscle PBodyMass PAge 

      
Body Mass (g) 68 0.1222- 0.0004-**   0.0012+ 
Body Mass (g) 68 0.2957- 0.0001-**  <.0001+a 0.0015+ 
Snout Rump Length (mm) 68 0.1807- 0.2247-  0.2255+ 
Total Length (mm) 67c 0.7044- 0.4957-  0.6350+ 
Tail Lengthb (mm) 67c 0.7111+ 0.9349-  0.7231- 
Ventricle Mass, log10 (g) 68 0.0412+ 0.0004+ <.0001+ 0.5640- 
 68 0.0403+ <.0001+** <.0001+d 0.5337- 
Spleen Mass, log10 (g) 67c 0.2542+ 0.2868+ 0.0003+ 0.2919- 
 67c 0.3465+ 0.2529+ 0.0005+d 0.3222- 

 
aSnout rump length as the covariate for body mass. 
bTail length = total length - snout-rump length. 
cIndicates removal of one or more statistical outliers. 
dlog10 body mass used as a covariate (unless indicated by d, raw body mass was used as covariate). 
Significance values reported in this table are from one-way ANCOVAs with line type as the main effect and presence of the mini-muscle 
phenotype, body mass and age as covariates. 
Selection: + indicates mice from high-runner lines have larger measurements, - indicates smaller measurements. 
Mini-Muscle:  + indicates mini-muscle mice have larger measurements, - indicates smaller measurements. 
Body Mass:  + indicates positive association with body mass. 
** These P values were significant after correction for multiple comparisons (significance level reset at P<0.0017; see Methods) 
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Day 1 Day 8 

Baseline 

Baseline BP 
Days 6-8 Analyzed 

Wheel Access 
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Day 4 

Wheel Access BP  
Days 12-14 Analyzed 

Day 12 Day 16 

Wheel Access Withdrawal 

Withdrawal BP 
Days 15-16 Analyzed 

Wheel Access Blocked for 
Half the Mice 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
Fig. 4.1.  Experimental design timeline, including dates of baseline BP, wheel access, and withdrawal phases, as well as the 
specific days within each time period on which the data analysis was performed.  BP measurements were taken on each of the 
16 days.  In addition to BP measures, wheel running was measured every day but was analyzed and reported for the last two 
days of the wheel access phase only.  
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Fig. 4.2.  Average wheel running on days 5 + 6 of the 6-day wheel phase for HR mice 
(dark colored bar) and C mice (light colored bar).  Values represent least squares means 
and associated standard errors.  The asterisk indicates a significant line type difference (P 
= 0.0267), with HR mice running 2.8-fold more revolutions than C mice. 

Average wheel revolutions on days 5 + 6 of wheel 
access phase 
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Fig. 4.3.  BP measurements during baseline, wheel access, and withdrawal phases.  Solid 
bars represent HR (dark) and C (light) mice during baseline and wheel access phases.  
Textured bars represent HR (hashed) and C (stippled) mice during the withdrawal phase, 
when the sample was split so that half the mice had their wheel access blocked ("No 
Wheels") and half of the mice were allowed continued wheel access ("Wheels").  Values 
for the baseline and wheel access phases are least squares means with standard errors 
from two-way ANCOVAs (line type X wheel access) with covariates of body mass, body 
temperature, and age, as well as presence of the mini-muscle phenotype as a cofactor.  
Values for the withdrawal phase are least squares means with standard errors from one-
way ANCOVAs (line type) with the same covariates and cofactor.  The asterisks indicate 
a significant (P < 0.05, not adjusted for multiple comparisons) line type difference for 
SBP, DBP, and MAP (see Table 3) during the withdrawal phase (HR < C mice).  The 
differences across phases (baseline, wheel access, and withdrawal) were significant in 
repeated-measures ANCOVAs (SBP, P = 0.0005; DBP, P = 0.0006, MAP, P = 0.0005).

0

20

40

60

80

100

120

140

160

B
as

el
in

e

W
he

el
s

W
ith

dr
aw

al
(W

he
el

s)

W
ith

dr
aw

al
(N

o
W

he
el

s)

B
as

el
in

e

W
he

el
s

W
ith

dr
aw

al
(W

he
el

s)

W
ith

dr
aw

al
(N

o
W

he
el

s)

B
as

el
in

e

W
he

el
s

W
ith

dr
aw

al
(W

he
el

s)

W
ith

dr
aw

al
(N

o
W

he
el

s)

Systolic BP Diastolic BP MAP

*  

*  
*  

Blood pressure measurements during baseline, wheel access, and withdrawal 
phases 



 173

Chapter 5 
 
 
 
 
 
 

 

Erythropoietin elevates V
.
 O2max but not voluntary wheel running in mice  

 
 
 

 
aErik M. Kolb, a,bScott A. Kelly, a,cKevin M. Middleton, aLaurie S. Sermsakdi, aMark A. 

Chappell, and aTheodore Garland, Jr. 
 
 
aDepartment of Biology, University of California, Riverside, CA  92521 
 
bPresent address: Department of Nutrition, University of North Carolina at Chapel Hill 
27599-7461 
 
cPresent address: Department of Biology, California State University, San Bernardino, 
CA  92407 
 
 
 
 
 
 
 
 
 
 
 
 

Running title:  Erythropoietin elevates V
.
 O2max in mice 

 
Key words:  artificial selection, central limitation, experimental evolution, maximum 
metabolic rate, oxygen transport, peripheral limitation, respiratory exchange ratio, 
selection limit, symmorphosis. 



 174

Summary 

 Voluntary activity is a complex trait, comprising both behavioral (motivation, 

reward) and anatomical/physiological (ability) elements.  In the present study, oxygen 

transport was investigated as a possible limitation to further increases in running by four 

replicate lines of mice that have been selectively bred for high voluntary wheel running 

and have reached an apparent selection limit.  To increase oxygen transport capacity, 

erythrocyte density was elevated by administration of an erythropoietin (EPO) analog.  

Mice were given two EPO injections, two days apart, at one of two doses (100 or 300 

µg/kg).  Hemoglobin concentration ([Hb]), maximal aerobic capacity during forced 

treadmill exercise (V
.
 O2max), and voluntary wheel running were measured.  [Hb] did not 

differ between high-runner (HR) and non-selected control (C) lines without EPO 

treatment.  Both doses of EPO significantly (P < 0.0001) increased [Hb] as compared 

with sham-injected animals, with no difference in [Hb] between the 100 µg/kg and 300 

µg/kg dose levels (overall average of 4.5 g/dL increase).  EPO treatment significantly 

increased V
.
 O2max by approximately 5% in both HR and C mice, with no dose X line 

type interaction.  However, wheel running (revolutions/day) did not increase with EPO 

treatment in either HR or C mice, and in fact significantly decreased at the higher dose in 

both line types.  These results suggest that neither [Hb] concentration per se nor V
.
 O2max 

is limiting voluntary wheel running in the HR mice.  Moreover, we hypothesize that the 

decrease in wheel running at the higher dose of EPO may reflect direct action on the 

reward pathway of the brain. 
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Introduction  

 Voluntary behaviors arise from processes in the brain ("motivation") but are 

ultimately limited by an organism's physical and physiological abilities to sense its 

surroundings, to move, to cope with environmental changes, etc.  One type of voluntary 

behavior that is of increasing interest from both ecological and biomedical perspectives is 

the level of daily activity.  From an ecological perspective, daily activity levels will affect 

encounter rates with food, conspecifics, and predators, and can account for an important 

fraction of the total daily energy budget, and may affect the ability of a population to 

persist in the face of global climate change (Rezende et al., 2009; Feder et al., 2010).  

From a biomedical perspective, recent decreases in activity levels in most 'first-world' 

countries have been associated with increases in obesity and inactivity-related morbidity 

from a variety of diseases, plus possible decreases in psychological quality of life 

(Norgan, 1993; Booth et al., 2002; Castaneda et al., 2005).  

 Both within and among species, we can expect that variation in voluntary activity 

levels reflects variation in subordinate phenotypes at many lower levels of biological 

organization, including cognitive, hormonal, biochemical, and cellular (Thorburn & 

Proietto, 2000; Rhodes et al., 2005; Eisenmann & Wickel, 2009), as well as various 

environmental influences (e.g. Mattocks et al., 2008) and interactive effects (Dishman, 

2008).  Common sense and everyday experience indicate that animals have some 'excess 

capacity' to engage in locomotor activity above and beyond the amount (duration and/or 

intensity) that is typically used for routine daily activities.  On the other hand, it is well 
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known that animals often prepare themselves prior to engaging in unusually demanding 

locomotor bouts, including training by human athletes and fattening or dietary selection 

prior to or during migration by birds (e.g. Smith et al., 2007). 

 The foregoing considerations lead to interesting evolutionary questions (see also 

Feder et al., 2010):  If selection favors an increase in daily activity levels, what sorts of 

responses will occur?  Will ability increase immediately, or will motivation increase for 

some number of generations before ability needs to increase?  Will trade-offs occur that 

negatively affect other aspects of organismal function?  These sorts of questions can be 

addressed in real time through an experimental evolution approach (Garland and Rose, 

2009). 

Accordingly, to study the effects of selection for high voluntary activity levels, a 

selective breeding experiment has been conducted to increase wheel-running behavior in 

laboratory house mice (Mus domesticus).  After nearly 60 generations, the four replicate 

lines of high runner (HR) mice run ~3-fold greater distance per day (Fig. 5.1) than four 

randomly bred control (C) lines.  For a summary of the selection experiment on high 

voluntary wheel running and the high-runner (HR) mice, see the introduction to this 

dissertation (as well as Swallow et al., 1998a; Garland, 2003).  

 As discussed elsewhere, several lines of evidence indicate that the motivation for 

wheel running and/or the reward received from running has been altered in the HR mice 

(Rhodes et al., 2003; Rhodes et al., 2005; Belke and Garland, 2007).  The capacity for 

sustained, aerobically supported exercise has also increased in the HR mice, as 



 177

demonstrated by increased endurance (Meek et al., 2009) and increased maximum 

oxygen consumption (V
.
 O2max: Swallow et al., 1998b; Rezende et al., 2005; Rezende et 

al., 2006a) during forced treadmill exercise.  However, the trait, or group of traits, that is 

limiting to even higher levels of wheel running in the HR mice remains an open question.  

Results to date indicate that glycogen depletion during nightly running is not responsible 

for the limitation (Gomes et al. 2009), nor are the HR mice limited by their ability to 

process enough energy to support the increased energy demands of running (Koteja et al., 

1999; Koteja et al., 2001; Vaanholt et al., 2007a; Rezende et al., 2009) 

One of the main predictors of endurance-running ability is whole-organism 

aerobic capacity (Wagner, 1996; Bassett and Howley, 2000; Lucia et al., 2001; Calbet et 

al., 2006; Noakes, 2007; Levin, 2008; Noakes, 2009).  All else being equal, the higher the 

maximum aerobic capacity, the higher the maximum sustainable running speed.  

Maximum oxygen consumption defines the upper limits of the cardiovascular/respiratory 

system and of aerobic ability in general (reviewed in Levine, 2008).  The ultimate 

determinant of organismal aerobic capacity occurs at the 'sink' of tissue oxygen 

consumption, but all of the sequential steps of O2 transport, from ventilatory convection 

in the lungs to O2 diffusion in the peripheral tissues, contribute to V
.
 O2max (Taylor and 

Weibel, 1981; Lindstedt et al., 1988; Wagner, 1996).  One of the key steps in O2 transport 

is convection through the vascular system, which is a function of blood flow and 

hemoglobin (Hb) concentration.  Alterations in [Hb] can have a profound effect on 

oxygen transport in general (Calbet et al., 2006; Thomsen et al., 2007) and on V
.
 O2max in 
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particular, as has been shown in numerous 'blood doping' studies (Vellar and Hermansen, 

1971; Gledhill, 1982; Gledhill, 1985; Bassett and Howley, 2000; Wilkerson et al., 2005; 

Calbet et al., 2006).  In mammals, the primary cardiovascular response to exercise in the 

short-term is to increase cardiac output (Janssen and Periasamy, 2007) and peripheral 

blood flow (Kingwell, 2000).  One longer-term effect of exercise is an increased [Hb] 

(triggered via tissue hypoxia).  However, in some diving mammals, such as the Weddell 

seal (Hurford et al., 1996) and northern elephant seal (Thornton et al., 2001), and in some 

terrestrial mammals, including the horse (Persson et al., 1973; Thomas et al., 1981), dog 

(Vatner et al., 1974), and human being (Laub et al., 1993; Stewart et al., 2003), [Hb] can 

be increased acutely by contraction of the spleen ('autotransfusion'). 

In humans, as in the HR mice of mice (see above) and in a rat line bred for high 

treadmill endurance (Gonzalez et al., 2006), elite endurance athletes do have elevated V
.
 

O2max, e.g. 70-80 ml O2 kg-1 min-1 for professional cyclists versus ~40 ml O2 kg-1 min-1 

for non-athletes (Lucia et al., 2001).  However, recent studies of variation in maximal 

aerobic performance suggest that neurobiological attributes (Kayser, 2003; Noakes, 2007; 

Noakes, 2009), including focus of concentration (Rose and Parfitt, 2007) and altered 

perception of exertion (Baden et al., 2005), also play a role in performance ability.  In 

sum, these recent human studies imply that at high levels of performance, ability can 

confer a higher aerobic 'set point,' but neurobiological attributes may ‘fine tune’ the 

overall result.  To use an athletic metaphor, ability gets you near the front of the pack, but 

behavior determines whether you place first, second or third. 
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The purposes of the present study were to test whether one critical component of 

aerobic ability, blood [Hb], is limiting to V
.
 O2max, and whether increases in V

.
 O2max can 

in turn lead to increased wheel running by the HR mice.  We focused on aerobic ability 

because HR mice, unlike C mice, sometimes run voluntarily at or near their maximal 

aerobic speed (Girard et al., 2001; Rezende et al., 2009; see also Meek et al., 2009).  In 

addition, in a study from generation 36, V
.
 O2max was found to scale linearly with 

atmospheric PO2 in HR mice but not in C (Rezende et al., 2006a), and there was a positive 

relationship between [Hb] and V
.
 O2max (Rezende et al., 2006c) at the level of individual 

variation, suggesting that oxygen availability may underlie the higher V
.
 O2max levels in 

HR mice. 

We artificially elevated [Hb] in an attempt to increase O2 convection in the blood 

and thereby increase V
.
 O2max.  Given the positive relation between [Hb] and V

.
 O2max in 

HR mice and the positive effect of [Hb] on V
.
 O2max in humans (Connes et al., 2003; 

Wilkerson et al., 2005), we expected this elevation to occur in a dose-dependent manner.  

Methodologically, there are a number of ways to increase [Hb], including hypoxia 

exposure and blood transfusion (i.e. blood doping).  Under normal conditions, the 

response to tissue hypoxia includes production of the glycoprotein hormone 

erythropoietin (EPO) from the mammalian kidney.  Therefore, directly administering 

erythropoietin to increase erythrocyte production mimics the natural mammalian 

response to tissue hypoxia (for review, see Krantz, 1991), and is both simple and potent.  

In this study, we used the erythropoiesis-stimulating protein darbepoetin (Aranesp®: 
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Amgen, Inc., Irvine, California, USA).  Darbepoetin differs from endogenous EPO (and 

recombinant human EPO [rhEPO]) in containing two additional N-linked oligosaccharide 

chains.  These chains result from amino acid substitutions in the peptide backbone of 

EPO.  Functionally, the pharmacokinetic terminal half-life of darbepoetin is 

approximately 3-fold longer than rhEPO (Egrie et al., 2003), which results in a 14-fold 

greater potency at lower dose frequencies (Egrie and Browne, 2001).   

 

Materials and Methods 

Selection experiment and study animals 

 The current study used 96 females from generation 45 of the selection experiment 

for high voluntary wheel running.  Females were used because they run more total 

revolutions/day and at higher speeds than males (e.g. Swallow et al., 1998a; Koteja et al., 

1999; Swallow et al., 1999; Girard et al., 2001; Rezende et al., 2009), and hence may be 

more likely to experience a limitation related to V
.
 O2max.  Following weaning, mice were 

housed in sex-specific cages in groups of four.  Mice were provided food (Teklad Rodent 

Diet 8604) and water ad libitum and housed in temperature-controlled rooms (~22 °C) 

with a light:dark cycle of 12h:12h (lights on at 0700). 

 

Experimental design 

   Within each of the 8 lines of the selection experiment (4HR:4C), 12 individuals 

were split into three treatment levels:  0 µg/kg (sham), 100 µg/kg, and 300 µg/kg of EPO 
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analog (Aranesp®: Amgen Inc., Irvine, CA, USA).  To facilitate logistics, the total study 

sample was split into four batches with equal representation of treatment level and line 

within each batch.  Therefore, each of the four batches contained 24 individuals (3 from 

each of the 8 lines).  All batches were treated equally with regard to experimental 

conditions, but the start date of each was staggered by two days.  

The first day of wheel access, mice were removed from group housing and housed 

singly in cages attached to the running wheels.  Two weeks of wheel access were given to 

all study animals (days 1-14) beginning at 8-10 weeks of age (mean = 65 days; range = 

55-68 days) (Fig. 5.2).  Wheel running was recorded for 23.5 h/day throughout this 

acclimation period, as previously described (Swallow et al., 1998a).  Subsequently, the 

first of two intraperitoneal EPO injections was given to each individual, after which they 

were placed back into their original cage with wheel access.  Every individual received 

an injection on day 15 and on day 17 of the experiment.  Given that significant [Hb] 

elevation has been reported to start 5-6 days post-injection, with a maximal effect 

approximately 7-10 days post- injection, and multiple injections lengthen and increase the 

dose-response plateau of [Hb] (Breymann et al., 1996; Egrie et al., 2003; Sasu et al., 

2005; Lundby et al., 2007), blood samples were obtained eight and 11 days following the 

second injection (day 25 and day 28, respectively).  These two samples were used to 

verify the expected [Hb] plateau.  Wheel running was analyzed starting at seven days 

following the last injection to coincide with the [Hb] elevation.  Wheel-running results 

are represented as two-day averages of total wheel revolutions in the 23.5-h wheel-
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recording cycle.  Throughout acclimation and EPO administration, wheel running was 

recorded in one-minute intervals.  From these raw data, total revolutions per day, total 

number of 1-min intervals per day with at least one revolution, mean speed (total 

revolutions/number of active intervals), and maximum speed in any 1-min interval were 

analyzed.  Wheel freeness was measured as the number of free-spinning revolutions 

following acceleration to a given velocity.  Finally, V
.
 O2max was measured (see below) 

over the last two consecutive days of the study (days 27 and 28).   

At the conclusion of the study, mice were euthanized by inhalation of carbon 

dioxide and dissected.  The lungs, liver, spleen, triceps surae muscles, and ventricles of 

the heart were removed and weighed (±0.001 g) as previously described (Carter et al., 

1999; Swallow et al., 2005; Hannon et al., 2008).  Additionally, the lungs were placed in 

a drying oven at 60ºC for 7 days, and then weighed to obtain a dry mass.   

 

Hemoglobin assays 

For each of the two samples, approximately 75 µL of blood was obtained through 

retroorbital sinus puncture (Hoff, 2000; Malisch et al., 2007) using heparinized 

microhematocrit tubes (Fisher Scientific, Pittsburgh, PA, USA).  This original sample 

was split into two duplicate 20 µL samples in precalibrated microhematocrit tubes 

(Drummond Scientific Company, Broomall, PA, USA).  Samples were combined with 5 

mL of Drabkin’s reagent, incubated for 30 minutes at room light and room temperature, 

and then stored at 4ºC in the dark until spectrophotometric readings were taken.  
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Hemoglobin concentration [Hb] was analyzed using a Beckman DU 640 

spectrophotometer (Beckman Instruments, Inc., Fullerton, CA, USA) at 540 nm.  

Concentrations were interpolated from calibration curves obtained with standard 

hemoglobin solutions (product no. 3074; Mallinckrodt Baker, Deventer, Holland) diluted 

in Drabkin’s reagent in the following concentrations: 0.0, 5.5, 13.8, and 17.5 g/100 ml.  

The mean absorbance of the duplicate samples was used to calculate the [Hb]. 

 

V
.
 O2max measurements 

Forced exercise on a treadmill was used to measure VO2max (Hayes and 

Chappell, 1990; Chappell et al., 2003; Rezende et al., 2005; Rezende et al., 2006a).  The 

treadmill was inclined at a 15º angle to increase exertion at lower tread speeds (Kemi et 

al., 2002; Rezende et al., 2005; Rezende et al., 2006a).  Within each batch, individuals 

were randomized with regard to the time of day and the order in which they were tested.  

All individuals within each batch underwent V
.
 O2max trials in a random order on each 

consecutive day of testing.  A negative-pressure, open-circuit respirometry system was 

used to measure rates of oxygen consumption (V
.
 O2).  Tylan mass flow controllers 

(Billerica, MA, USA) were used to regulate gas flow (2500 mL/min) downstream from 

the treadmill.  Approximately 100 ml/min of excurrent air was dried (magnesium 

perchlorate), scrubbed of CO2 (soda lime), redried, and flowed through an 

Ametek/Applied Electrochemistry S-3A oxygen analyzer (Pittsburgh, PA, USA).  

Analyzer outputs were recorded on a Macintosh computer equipped with a National 
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Instruments A-D converter and Warthog LabHelper software (Warthog Systems, 

www.warthog.ucr.edu).   

 We calculated V
.
 O2 as: 

V
.
 O2 = V

.
  * (FiO2 - FeO2) / (1 - FiO2) 

where V
.
  is flow rate (STP), FiO2 is incurrent O2 concentration, and FeO2 is excurrent O2 

concentration.  An “instantaneous” transformation (Bartholomew et al., 1981) was 

applied to resolve rapid changes in respiration.  The effective volume of the treadmill was 

350 mL. 

  V
.
 O2max was calculated as the highest V

.
 O2 during any 60 s interval during forced 

exercise on the motorized treadmill.  At the start of each trial, individuals were placed on 

the treadmill and allowed to acclimate for two minutes.  Following acclimation, each 

individual was run at increasing treadmill speeds, starting at 0.5 m/s, and raised in step 

increments of about 0.5 m/s every 30 seconds until the mouse could no longer maintain 

position and V
.
 O2 no longer increased.  The maximum speed that each individual reached 

was recorded and a subjective running score (1-5; based on Swallow et al. 1998b) was 

given to each trial.  Trials that received a score of 1 (poor) or 2 (fair) were not used in the 

final analyses.   

 

Statistical analyses 

 Wheel running was analyzed in a two-way, mixed model analysis of covariance 

(ANCOVA) with line type (HR vs. C mice) and EPO treatment being the main factors 
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(SAS Procedure Mixed).  Line type was treated as a fixed effect and the 4 replicate HR 

mice and the 4 replicate C mice were treated as random effects nested within line type.  

Covariates in the wheel-running analysis included age (at expected [Hb] peak) and wheel 

freeness (an inverse measure of wheel resistance).  As in previous studies, 

presence/absence of the mini-muscle phenotype was also included as a factor (e.g. 

Garland et al., 2002; Swallow et al., 2005; Rezende et al., 2006b; Hannon et al., 2008).  V
.
 

O2max was analyzed in the same manner as wheel running, but with age, mini-muscle 

phenotype, time of day, and body mass as covariates.  Additionally, measurement batch 

was used as a random cofactor in both the wheel-running and V
.
 O2max analyses.   

 Hemoglobin concentration was also analyzed using a two-way, mixed model 

ANCOVA.  Age (at expected [Hb] peak), mini-muscle, and batch were included in the 

model.  Repeatability between the two hemoglobin measurements was assessed via 

Pearson’s product-moment correlation.  Nevertheless, given the dynamic nature of the 

pharmacokinetic response of [Hb] to EPO treatment, [Hb] when on wheels and at V
.
 

O2max measurement were treated as different traits.  In preliminary analyses, [Hb] on 

wheels (from day 25) was used as an additional covariate in the analysis of the wheel-

running data, and the [Hb] at V
.
 O2max (at day 28) was used in the respirometry analyses.  

[Hb] was never statistically significant in these analyses, and so results reported are for 

model that did not include it as a covariate. 

 

Results 
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Hemoglobin concentration 

 Results in the following sections will be presented as adjusted least square means 

± standard errors derived from a two-way mixed model ANOVA with covariates (see 

Materials and Methods).  EPO treatment elevated [Hb] by ~25% (for both the 100 µg/kg 

and the 300 µg/kg doses: Table 5.2) in both line types during wheel running and V
.
 O2max 

trials (Table 5.1).  The [Hb] measurements were repeatable (r = 0.971, N = 96, P < 

0.0001), but [Hb] was slightly lower (t95,paired = 6.409, P < 0.0001) in the second blood 

sample ([Hb] on wheels = 19.4 g/dL ± 0.2 vs. [Hb] at V
.
 O2max = 19.0 g/dL ± 0.2).  In the 

subsequent analyses, these two measures were treated as separate traits.  Neither line type 

nor the mini-muscle phenotype was a significant predictor of [Hb].  Moreover, there was 

no significant statistical interaction between line type and EPO treatment. 

 

V
.
 O2max 

The consecutive V
.
 O2max trials were repeatable (r = 0.64, P < 0.0001), but, on 

average, mice had a higher V
.
 O2max on the second day of testing (t93,paired = -2.61, P = 

0.0106).  These results are consistent with previous studies (Rezende et al., 2005; 

Rezende et al., 2006a).  HR mice had an 8-10% higher V
.
 O2max than C mice, regardless 

of EPO dose (Fig. 5.3).  Additionally, EPO treatment significantly increased V
.
 O2max by 

~5% in both HR and C mice, with no interaction between line type and dose.  This 

difference was similar at the low (100 µg/kg) and high (300 µg/kg) EPO doses.  Presence 

of the mini-muscle phenotype was not a significant predictor of V
.
 O2max.  Line type was 
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found to be a significant predictor of running score during the V
.
 O2max trials (F1,6 = 

14.37, P = 0.0091), with HR mice achieving higher running scores (back-transformed 

adjusted means, 95% C.I. lower-upper) on average (4.1, 3.6-4.6) than C mice (2.9, 1.8-

3.7).  However, as noted in the Materials and Methods, running score was not a 

significant predictor of V
.
 O2max in the nested ANCOVA models, and so was excluded 

from the results shown in Tables 1 and 2.  Body mass was positively correlated with all 

respirometry traits, including V
.
 O2max, and was included as a covariate in each analysis. 

Maximum treadmill speeds during V
.
 O2max tests did not vary significantly in 

relation to line type, EPO treatment or mini-muscle status (Tables 5.1, 5.2). 

       

Wheel running 

 Wheel-running analyses conducted on days 7-8 (two-day averages) following 

EPO injections are reported here.  Wheel running by individual mice varied between 360 

and 22,977 revolutions per day (revs day-1).  On average, HR mice ran >3-fold more 

revolutions than C mice across all EPO treatment levels (Table 5.2).  Although EPO 

treatment had a significant effect overall, this was predominantly due to a decrease in 

wheel running at the 300µg/kg dose, where HR and C mice both ran ~28% fewer 

revolutions/day as compared with the 100 µg/kg dose (Table 5.2).  However, this 

significant reduction in wheel running was associated with a 1% increase in [Hb] relative 

to the 100 µg/kg dose. 
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 Both maximum rpm and average rpm were significantly higher in HR mice than 

in C mice across all EPO treatments.  This is consistent with previous findings that HR 

mice run more revolutions than C mice mainly by increased speed, especially in females 

(e.g. Swallow et al., 1998a; Girard et al., 2001; Garland, 2003; Rezende et al, 2006; 

Rezende et al., 2009).  There was also a marginally significant increase in time spent 

running by the HR mice, although this effect was not as large as the increase in speed 

(Table 5.1).   

    

Body mass, mini-muscle, and organ masses 

 The mean body mass (unadjusted) for HR mice was 25.2 ± 0.4 g versus 28.6 ± 0.4 

g for C mice.  The mean age (unadjusted) at the time of initial wheel access was 65 days 

for both HR and C mice.  The mini-muscle phenotype was expressed in a total of 14 mice 

in this study (12 from the HR line in which the trait is fixed [lab designation #3], and 2 

from line in which the trait is polymorphic [#6]).   

Body mass was a significant predictor of all organ masses, and was therefore used 

as a covariate in each of the organ mass analyses (along with age and time of day).  Liver 

mass was larger in the mini-muscle phenotype, as has been reported previously (Garland 

et al., 2002; Swallow et al., 2005), but did not vary with line type or EPO treatment 

(Table 5.3).  Ventricle mass was greater in HR mice, but did not vary statistically with 

mini-muscle phenotype or EPO treatment.  Spleen mass was larger in EPO-treated mice, 

and showed a dose-dependent relationship.  Based on backtransformed values from the 
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least squares means shown in Table 5.4, spleen mass increased by ~10% from the non-

treated to the 100 µg/kg group, and by ~20% from the non-treated to the 300 µg/kg 

group.  Neither wet nor dry mass of the lungs was significantly affected by line type, 

EPO treatment or mini-muscle phenotype. 

 

Discussion 

 Wheel running is a voluntary activity affected by both cognitive factors (e.g. 

motivation/reward) and physical abilities (e.g. V
.
 O2max).  Mice from HR mice run ~3-

fold more than those from C mice on a daily basis, but have reached an apparent selection 

limit and have not appreciably increased their running over the last 20-30 generations.  

Wheel running is a self-rewarding behavior in rodents (reviewed in Sherwin, 1998), and 

previous work has indicated that enhanced motivation or reward may underlie the HR 

phenotype (Rhodes et al., 2003; Rhodes et al., 2005; Belke and Garland, 2007).  Now that 

an apparent selection limit has been reached, what is preventing additional wheel running 

-- motivation or ability?  One obvious possibility is that maximal aerobic capacity (V
.
 

O2max) has reached an evolutionary limit (e.g. see Girard et al., 2001; Gomes et al., 

2009; Rezende et al., 2009).  Therefore, we administered EPO to HR and C mice to test 

the hypothesis that aerobic capacity (i.e. an important component of endurance-running 

ability) may be limiting to further increase in wheel running in the HR mice.  Although 

EPO elevated [Hb] and V
.
 O2max, it did not increase wheel running in either HR or C 
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mice, and indeed caused a reduction of ~28% in wheel running in both at the higher dose 

(Table 5.2). 

The control (0 µg/kg EPO) [Hb] values reported in this study fit within the normal 

range for laboratory mice (Halberg and Kaiser, 1976; Gödecke et al., 1999), and are 

consistent with a previous study of our mice from generation 14 (Swallow et al., 2005).  

HR mice in the present study differed only marginally (0.7%) from HR mice designated 

as “sedentary” (i.e. not given wheel access) in that study, and were 6% lower than those 

designated as “active” (i.e. mice given wheel access for 8 weeks).  The mice in the 

present study were allowed approximately three weeks of wheel access before blood 

sampling.  Therefore, the higher [Hb] (relative to our sham-injected mice) reported in 

Swallow et al. (2005) for their “active” mice most likely represents a training response to 

long-term wheel access.  Another study, from generation 36 (Rezende et al., 2006b), 

found lower [Hb] values; however, those mice were not given wheel access and so are 

not directly comparable to animals in the present study. 

The second blood sample in the present study had a 2.1% lower [Hb] regardless 

of treatment group.  This might represent an effect of blood loss from the first blood 

sample or an initial decay of the pharmacokinetic response of [Hb] to EPO between the 

first and second blood samples.  However, only a small fraction of total blood volume 

was removed during blood sampling (Bannerman 1983), and [Hb] measurements were 

not only repeatable between samples, but [Hb] was elevated in response to EPO 

treatment.  This elevation is consistent with previous EPO studies in mice (Egrie et al., 
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2003; Sasu et al., 2005, Imagawa et al., 2007) and humans (Connes et al., 2003; Smith et 

al., 2003; Wilkerson et al., 2005).  However, the 300 µg/kg dose did not cause an 

appreciable elevation in [Hb], but instead maintained the level attained by the 100 µg/kg 

dose.  The 100 µg/kg dose increased [Hb] by approximately 25%, whereas the 300 µg/kg 

dose elevated [Hb] only an additional 1% (Table 5.2).  We can offer three hypotheses to 

explain this result.  First, the hematopoietic tissues (i.e. bone marrow) were being pushed 

to their maximum capacity to produce additional erythrocytes at 100 µg/kg.  Second, 

regulatory mechanisms (e.g. blood PO2) were negatively feeding back onto the 

erythropoietin process, dampening further red blood cell production (Krantz, 1991; 

Bozzini et al., 2003).  Third, erythrocyte production did rise in a dose-dependent manner, 

but the spleen was storing the additional erythrocytes, thus regulating blood [Hb] at a 

constant level.  Of the three possibilities, splenic storage appears to be a significant factor 

given the increase in spleen mass with EPO treatment (Tables 3 and 4).  High blood 

viscosity can have deleterious effects.  In humans, high hematocrit levels are associated 

with higher risks of thrombosis (Pearson et al., 1981; Ambrus et al., 1999; Tefferi et al., 

2000) and high [Hb] with high risk of cerebral infarctions (Kannel et al., 1972).  In a 

study of transgenically induced erythrocytosis in mice, Shibata et al. (2003) found higher 

mortality rates due to congestive heart failure in the transgenic animals (although 

thrombembolic complications did not increase).  It is interesting to note that for the 96 

animals in the present study (64 receiving EPO treatment), the mortality rate was zero.  

Thus, these mice may have been using their spleens to sequester excess erythrocytes, 
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thereby regulating blood viscosity and compensating for potentially severe effects of high 

hematocrit levels.  Regardless of the mechanism regulating further increases in [Hb], 

EPO treatment elevated [Hb], which in turn elevated V
.
 O2max.  

 In previous studies, ventricle mass was larger in both HR (Rezende et al., 2006b) 

and mini-muscle mice (Garland et al., 2002; Hannon et al., 2008), and both of those 

findings have been confirmed in the present study.  Rezende et al. (2006a) previously 

suggested that the increased heart size (i.e. ventricle mass) in HR mice confers an 'excess 

capacity' that allows for increased cardiac output during exercise.  Although this could be 

true, C mice appear to also have 'excess capacity' even with smaller ventricular mass, 

given that their V
.
 O2max increased in parallel with the HR mice in response to EPO 

treatment (i.e. we observed no line type * EPO interaction:  Table 5.1). 

 Additionally, we did not see an increase in either wet or dry lung mass.  Previous 

work on mice has shown that inducing hyperactivity, and thereby VO2 during voluntary 

exercise, can result in a 23% increase in lung volume, and that this increase in volume is 

supported by significant changes in the structural capacities of the pulmonary gas 

exchanger (e.g. increases in alveolar and capillary surface densities) (Burri et al., 1976; 

Hugonnaud et al., 1977).  Therefore, even though lung mass did not differ with regard to 

either EPO treatment or line type, the structure and/or kinetics of pulmonary gas 

exchange may still be a significant component limiting increased wheel running.  Further 

studies of the structure and kinetics of the lung in the HR mice are warranted. 
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 Expressed on a mass-specific basis, the V
.
 O2max values for our sham-injected 

mice are almost exactly in the middle of the range of values reported in previous studies 

on these same lines of mice (Swallow et al., 1998b; Rezende et al., 2005; Rezende et al., 

2006a,b).  EPO treatment increased [Hb] by 9.6% and V
.
 O2max by 7.0% in a study of 

human endurance athletes (Connes et al., 2003).  Our mice (HR and C) also exhibited an 

increase (5.5% and 4.3%, respectively) in V
.
 O2max, although not as large.  This may be 

due to effects (e.g. blood viscosity) of the larger increase in [Hb] observed in this study, 

or to differences in aerobic performance between mice and humans.  To our knowledge, 

this is the first study in rodents to examine the effect of [Hb] elevation on V
.
 O2max. 

   Wheel running was reduced by ~28% (revolutions/day) in both line types at the 

300 µg/kg dose relative to the 100 µg/kg dose.  As mentioned previously, however, there 

was not a significant increase in [Hb] between the 100 µg/kg and 300 µg/kg doses (Table 

5.2).  This striking reduction in wheel running without a measurable change in [Hb] 

suggests a direct physiological or motivational effect of EPO on wheel running.  

Traditionally, the exclusive role of EPO was thought to be stimulating erythrocyte 

production.  However, recently EPO has been found to exert regulatory effects across a 

number of different tissues, including heart, kidney, and reproductive tract (reviewed in 

Brines and Cerami, 2008).  In the brain, EPO’s neuroprotective effects (Sakanaka et al., 

1998; Rabie and Marti, 2008) have been associated with increased neurogenesis (Wang et 

al., 2004; Ransome and Turnley, 2007; Xiong et al., 2008; Kadota et al., 2009) and 

neurotrophism (Studer et al., 2000).  Additionally, EPO can be produced by glial cells 
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(Masuda et al., 1994), and has been found to directly stimulate dopamine release in a 

dose-dependent manner in the striatum (Yamamoto et al., 2000).  The striatum is a brain 

region known for regulating goal-directed behavior and reward (Khamassi et al., 2008), 

and has been found to be preferentially activated in our HR mice when they are deprived 

of wheel access following several days of wheel access (Rhodes et al., 2003).  If EPO 

causes dopamine release, then it is possible that flooding the reward pathway with 

dopamine could offer a competing reward (i.e. a direct dopaminergic “high”) to the 

reward normally obtained through wheel running alone.  Therefore, we hypothesize that 

EPO may be acting directly on the reward pathway by increasing dopamine release in a 

dose-dependent manner to reduce wheel running.  Interestingly, relative to the lower dose 

of EPO, the HR mice exhibited a much larger absolute (but not proportional) decrease in 

wheel running at the high dose (12,108 - 8,636 = 3,472) as compared with the control 

mice (3,639 - 2,664 = 975).    

 In conclusion, the present results suggest that V
.
 O2max is not limiting wheel 

running in the HR mice.  Although aerobic capacity was elevated via enhanced oxygen 

delivery, it is not clear whether voluntary activity, even at the levels engaged in by the 

HR mice, is constrained by aerobic capacity per se.  (Interestingly, HR mice also exhibit 

elevated home-cage activity when housed without access to running wheels [Malisch et 

al., 2008, 2009].)  Instead, the reduced body fat (Swallow et al., 2001; Nehrenberg et al., 

2009), reduced circulating leptin levels (Girard et al., 2007; but see Vaanholt et al., 

2008), and increased circulating adiponectin levels (Vaanholt et al., 2007b; depending on 



 195

sex and diet: Vaanholt et al., 2008), suggest that lipid availability may be a limiting factor 

(see also Gomes et al., 2009).  On the other hand, recent work in human “ultra-

endurance” athletes (Pearson, 2006) suggests that neurobiological attributes make a 

greater contribution to performance than has previously been acknowledged (Kayser, 

2003; Baden et al., 2005; Noakes, 2007; Rose and Parfitt, 2007; Noakes, 2009): “The 

brain is the oft-overlooked organ that sets ultraracers apart — they are mental freaks, 

not physiological ones” (Noakes, T., quoted in Pearson, 2006, p. 1001).  Thus, it is also 

possible that the motivation/reward system of HR mice has reached some sort of 

maximum with respect to wheel running (see also Rhodes et al., 2003; Rhodes et al., 

2005; Belke and Garland, 2007).  Further studies will be required to explore these 

alternative -- and not mutually exclusive -- hypotheses.   

 Since publication of the present study (Kolb et al., 2010), Schuler et al. (2010) 

reported an optimal hematocrit value in EPO-treated mice of 58% with respect to 

maximal aerobic performance as measured during forced exercise on a motorized 

treadmill (V
.
 O2max).  Interestingly, in figure S1 of that study, a hematocrit value of 58% 

is associated with an [Hb] of approximately 20 g/dL, which is similar to the [Hb] attained 

by the EPO-injected HR and C mice in the present study (Table 5.2).  Therefore, in the 

present study, we appear to have reached a [Hb] that maximizes oxygen convection in the 

blood and coincides with the highest exercise V
.
 O2max in mice.  This is especially 

important because, as mentioned above, we had been concerned that the [Hb] 

concentrations and associated hematocrits might have been above optimal for V
.
 O2max .  
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LIST OF ABBREVIATIONS 

 

O2 oxygen 

 

V
.
 O2max maximum oxygen consumption observed during forced exercise on a 

motorized treadmill (ml O2 min-1, highest 1-minute average) 

 

PO2 partial pressure of oxygen 

 

Hb hemoglobin (typically represented as [Hb] = hemoglobin concentration) 

 

EPO erythropoiesis-stimulating protein darbepoetin (Aranesp®) 

 

HR high-runner lines of laboratory house mice; selectively bred for high 

voluntary wheel running 

 

C control lines of mice that were bred without regard to amount of wheel 

running 
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Table 5.1.  Significance levels for [Hb], wheel running, and V
.
 O2max traits from two-way 

nested ANCOVA in SAS Procedure Mixed 

Trait N PBody Mass Pline type PEPO Pline type* 

EPO 
Pmini 

[Hb]       

During wheel running (g dl-1) 96  0.6358+ <.0001+ 0.4857 0.7340 - 

During V
.
 O2max trials (g dl-1) 96  0.9923+ <.0001+ 0.4362 0.5626- 

Wheel runninga        

Daily revolutions (revs day-1) 92  0.0005+ 0.0297- 0.2504 0.3546-  

1-min intervals run 92  0.0281+ 0.0680- 0.9691 0.2267- 

Average rpm 92  0.0004+ 0.2231- 0.3015 0.9107+ 

Maximum rpm 92  <.0001+ 0.6317- 0.9622 0.9473- 

Respirometry       

Body Mass (g) 77  0.1736- 0.9296+ 0.8621 0.2184- 

V
.
 O2max (ml min-1) 77 <.0001+ 0.0443+ 0.0316+ 0.6456 0.9939+ 

Maximum treadmill speed (m s-1)  77 0.5544- 0.1114+ 0.2620+ 0.4466 0.8017- 
 
P values were considered significant at P < 0.05 (in bold). 
Signs following P values indicate direction of effect: + indicates HR mice > C, positive effect of body 
mass, EPO treatment (sham injection versus 100 or 300 µg/kg) or mini-muscle phenotype. 
No variables were transformed in the analyses listed above. 
The following additional covariates were included in each of the analyses: age for [Hb]; age and wheel 
freeness for wheel running traits; age, body mass, cooperativity score (never statistically significant; results 
not shown), time of day, and (Z-transformed time of day)2 for respirometry traits.  For each of the analyses, 
line and batch were included as random factors (results not shown). 
a Wheel-running data are averages from days 7+8 post-EPO treatment. 
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Table 5.2.  Least squares means and standard errors for [Hb], wheel running, body mass, 

and V
.
 O2max traits from two-way nested ANCOVA in SAS Procedure Mixed  

Trait High-Runner Lines Control Lines HR/C 

EPO (0 µg/kg)    
  [Hb] while on wheels (g dl-1) 16.7 ± 0.2 16.2 ± 0.3 1.03 

  [Hb] @ V
.
 O2max (g dl-1) 16.3 ± 0.3 16.0 ± 0.3 1.02 

  Wheel running     

    Daily revolutions (revs day-1) 11,214 ± 978 3,399 ± 1162 3.30 

    1-min intervals run 455 ± 33 347 ± 40 1.31 

    Average rpm 24.4 ± 1.9 10.7 ± 2.3 2.30 

    Maximal rpm 41.6 ± 2.3 20.5 ± 2.7 2.03 

  Respirometry    

    Body mass (g) 24.4 ± 0.8 25.7 ± 1.2 0.95 
     V

.
 O2max (ml min-1) 4.98 ± 0.16 4.49 ± 0.21 1.11 

    Maximum treadmill speed (m sec-1)  3.29 ± 0.10 2.99 ± 0.11 1.10 

EPO (100 µg/kg)    

  [Hb] while on wheels (g dl-1) 20.8 ± 0.2 20.5 ± 0.2 1.01 

  [Hb] @ V
.
 O2max (g dl-1) 20.2 ± 0.3 20.0 ± 0.3 1.01 

  Wheel running     

    Daily revolutions (revs day-1) 12,108 ± 980 
 

3,639 ± 1139 3.33 

    1-min intervals run 461 ± 33 345 ± 39 1.34 

    Average rpm 27.1 ± 1.9 10.6 ± 2.2 2.56 

    Maximal rpm 42.2 ± 2.3 20.5 ±  2.6 2.06 

  Respirometry    

    Body mass (g) 24.0 ± 0.9 25.7 ± 1.0 0.93 

    V
.
 O2max (ml min-1) 5.28 ± 0.17 4.78 ± 0.19 1.10 

    Maximum treadmill speed (m sec-1)  3.38 ± 0.10 3.19 ± 0.10 1.06 

EPO (300 µg/kg)    

  [Hb] while on wheels (g dl-1) 21.0 ± 0.2 20.8 ± 0.3 1.01 

  [Hb] @ V
.
 O2max (g dl-1) 20.6 ± 0.3 20.7 ± 0.3 0.99 

  Wheel running     

    Daily revolutions (revs day-1) 8,635 ± 943 2,664 ± 1139 3.24 

    1-min intervals run 400 ± 32 295 ± 39 1.36 

    Average rpm 21.8 ± 1.8 10.2 ± 2.2 2.13 

    Maximal rpm 39.5 ± 2.3 19.1 ± 2.6 2.07 

  Respirometry    

    Body mass (g) 24.1 ± 0.8 26.1 ± 1.1 0.92 

    V
.
 O2max (ml min-1) 5.29 ± 0.16 4.63 ± 0.21 1.14 

    Maximum treadmill speed (m sec-1)  3.19 ± 0.09 3.13 ± 0.11 1.02 

 
Respirometry traits were calculated for a female of 25.7 g and 95 days of age. 
HR/C = Ratio of means for HR / C mice.   
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Table 5.3.  Significance levels for organ masses from two-way nested ANCOVA in SAS 

Procedure Mixed 

 N Pline type PEPO Pline 

type*EPO 

Pmini Page 

Degrees of 
freedom 

 1, 6 2, 12 2, 12 1, 63 1, 63 

Ventricles 95 0.0379+ 0.6679- 0.6274+ 0.0310+ 0.9973+ 

Spleen 95 0.5660+ 0.0046+ 0.7498- 0.9564- 0.4469+ 

Lungs, wet mass 95 0.8993- 0.7388- 0.6341- 0.3185- 0.5070+ 

Lungs, dry mass 95 0.6924- 0.3835- 0.6046- 0.1863- 0.4722+ 

Liver 95 0.1549+ 0.1374+ 0.7486+ 0.0001+ 0.3630+ 

 
P values in bold were considered significant (P < 0.05). 
Signs following P values indicate direction of effect: + indicates HR mice > C, positive effect of body 
mass, EPO treatment or mini-muscle phenotype. 
Organ masses were all log transformed. 
log10 body mass and dissection time were used as covariates. 
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Table 5.4.  Least squares means and standard errors for log10 organ masses from two-way 

nested ANCOVA in SAS Procedure Mixed (as shown in Table 5.3) 

Trait High-Runner Lines Control Lines HR/C 
EPO (0 µg/kg)    

Ventricles (mg) 2.164 ± 0.0119 2.119 ± 0.0138 1.11 
Spleen (mg) 1.932 ± 0.0328 1.964 ± 0.0382 0.93 
Lungs, wet mass (mg) 2.383 ± 0.0241 2.367 ± 0.0277 1.04 
Lungs, dry mass (mg) 1.693 ± 0.0172 1.670 ± 0.0203 1.05 
Liver (mg) 3.195 ± 0.0102 3.171 ± 0.0117 1.06 

EPO (100 µg/kg)    
Ventricles (mg) 2.162 ± 0.0121 2.134 ±  0.0137 1.07 
Spleen (mg) 1.972 ± 0.0332 2.006 ± 0.0383 0.92 
Lungs, wet mass (mg) 2.381 ± 0.0244 2.387 ± 0.0277 0.99 
Lungs, dry mass (mg) 1.697 ± 0.0175 1.695 ± 0.0202 1.00 
Liver (mg) 3.207 ± 0.0104 3.197 ± 0.0116 1.02 

EPO (300 µg/kg)    
Ventricles (mg) 2.153 ± 0.0116 2.126 ± 0.0135 1.06 
Spleen (mg) 2.024 ± 0.0317 2.032 ± 0.0377 0.98 
Lungs, wet mass (mg) 2.376 ± 0.0234 2.375 ± 0.0273 1.00 
Lungs, dry mass (mg) 1.697 ± 0.0167 1.697 ± 0.0199 1.00 
Liver (mg) 3.203 ± 0.0100 3.188 ± 0.0115 1.04 

 
log10 body mass and dissection time of day were used as covariates. 
HR/C computed after antilog transformation. 
 
 
 
 
 
 



 

High Runner 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.1.  Average wheel running on days 5 and 6 of a 6-day exposure to activity wheels for four replicate lines that have been selected for high running 
(High Runner or HR lines) and four unselected Control lines, as well as the difference.  Mice from the HR lines reached an apparent selection limit at 
about generation 16 (see Garland, 2003).  Wheel running was not measured, and hence selection was relaxed, for four generations while the colony was 
moved from the University of Wisconsin-Madison to the University of California, Riverside.  Following resumption of selective breeding, the HR lines 
have returned to approximately the same level.  (Figure 1 from Kolb et al., 2010)  
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Fig. 5.2.  Experimental design timeline, including dates of V

.
 O2max, wheel running, and [Hb] measurements, as well as EPO administration.  Mice had 

wheel access for the entire 32 days, the first 14 of which were considered to be an acclimation period.  Wheel running was reported during the presumed 

[Hb] peak (7-8 days post-EPO administration). 
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Fig. 5.3.  V
.
 O2max versus body mass for each of the three EPO dose levels (0, 100, 300 µg/kg).  Filled circles are HR mice, and open circles 

are C mice.  Least-squares linear regression lines are represented as either solid (HR mice) or dashed (C mice) lines.  HR mice maintained an 

8-10% higher V
.
 O2max across treatment groups.  V

.
 O2max increased by ~5% in both HR and C mice in response to both the 100 and 300 

µg/kg EPO dose. 
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Concluding Remarks 

This dissertation provides evidence for evolution of the reward system in response 

to selective breeding for high voluntary wheel running in house mice.  In particular, when 

wheel running is juxtaposed with a competing reward (sweet taste), the incentive salience 

for the competing reward is reduced in high-runner (HR) mice (Chapter Three).  This is 

indicative of reward substitution (where two rewards are juxtaposed and one reward 

partially substitutes for another), and is further evidence that the reward pathway has 

been altered in HR mice relative to controls.  Does the heightened reward for wheel 

running in HR mice, as evidenced by the alterations in incentive salience as well as the 

nearly three-fold increase in daily wheel revolutions, clearly indicate an addiction?   

One of the main characteristics of addiction is the presentation of withdrawal 

symptoms following cessation of the addictive behavior (Brown, 1993).  HR mice 

displayed cardiovascular symptoms consistent with withdrawal when deprived of wheel 

running (Chapter Four).  Systolic, diastolic, and mean arterial blood pressure were lower 

in HR mice during the withdrawal period.  This response is consistent with the reduced 

systolic blood pressure observed during nicotine withdrawal (Hughes, 1992; Sommese 

and Patterson, 1995; Giannakoulas et al., 2003; Morrell et al., 2008).  However, this is the 

first time that any physiological symptom of exercise withdrawal has been reported in 

mice.  Only one study in humans (Aidman and Woolard, 2003) has reported 

physiological symptoms of exercise withdrawal, and that study measured only heart rate 

and galvanic skin response.  Therefore, further exploration of the physiological state 
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during withdrawal from exercise is needed before a full withdrawal syndrome for 

exercise addiction can be characterized.      

In Chapter Two, I found that HR mice had a larger non-cerebellar brain mass (the 

brain excluding the cerebellum), and an increased midbrain volume.  HR mice had a 

larger brain mass in all three samples from recent generations (post-selection generations 

34, 39, and 52), indicating that divergence in brain mass between HR and C mice 

occurred previous to generation 34 of the selection experiment.  Whether brain mass 

diverged prior to or following the stabilization of wheel running at generation 16 is not 

discernable from my data.  Brain volume was examined in a single generation (post-

selection generation 41) and five discrete brain regions were measured.  The midbrain, 

which had an increased volume in HR mice, houses significant reward and motor nuclei 

(Waxman, 2010).  The reward (ventral tegmental area) and motor (substantia nigra) 

nuclei in the midbrain send their dopaminergic projections into the prefrontal cortex and 

caudate-putamen respectively, and the increased midbrain volume suggests that one or 

both of these pathways may be altered in HR mice. 

I also tested for variation in D1 and D2 dopamine (DA) receptors and the 

norepinephrine reuptake transporter (NET) in the dopaminergic reward and motor 

pathways in the brain.  I assayed DA receptor densities in the prefrontal cortex and 

caudate putamen (Chapter One), but HR and C mice did not differ in receptor densities in 

these two regions.  However, I did find evidence for a co-regulation of expression 

between DA receptor subtypes in the caudate-putamen, and between DA receptors and 
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the NET in the prefrontal cortex.  Co-regulation of expression of D1- and D2-type 

receptors has been reported previously in the medium spiny neurons of rat neostriatum 

(Surmeier et al., 1996) as well as substance P neurons in the nucleus accumbens and the 

islands of Calleja (Schwartz et al., 1998).  More recent work indicates that these two 

subtypes can form heterodimers in the striatum that act synergistically on second 

messenger cascades (e.g., to upregulate protein synthesis) (reviewed in Missale et al., 

2010).  However, current work on co-regulation of DA receptors has occurred primarily 

in rats, and has not been studied in mice.  Although DA receptor densities did not differ 

between HR and C mice in the two brain regions examined in Chapter One, a recent 

study (Mathes et al., 2010) of one of the HR lines found a reduction in D1 and D2 DA 

receptor expression in the dorsal striatum and nucleus accumbens as compared with a 

non-selected line derived from ICR mice (as used to found the selection experiment).   

The response to selection appears to have plateaued in HR mice since 

approximately generation 16 of the selection experiment (see Fig. 5.1), and it has been 

proposed that maximal aerobic ability is limiting further increases in running (Rezende, 

et al. 2006).  Therefore, I tested whether oxygen-carrying capacity in the blood, a key 

factor in aerobic ability, was setting an upper limit to aerobic performance, and therefore, 

wheel running (Chapter Five: Kolb et al., 2010).  I administered an analog of the 

erythrocyte-stimulating hormone erythropoietin (EPO) in two doses and measured 

hemoglobin concentrations ([Hb]), maximal aerobic capacity (V
.
 O2max), and voluntary 

wheel running.  In response to EPO, [Hb] increased by 25% in both line types, VO2max 



 226

increased by ~5% in both HR and C mice, but wheel running did not increase.  Thus, an 

increase in aerobic ability did not result in an increase in voluntary wheel running.  

Therefore, the hypothesis that aerobic ability is limiting the HR phenotype is not 

supported.  In sum, if aerobic ability is not limiting wheel running (Chapter Five), and a 

suite of neurobiological (Chapter Two) and reward-related traits (Chapters Three and 

Four) have evolved in HR mice, then motivation may be limiting to further evolutionary 

changes in the HR phenotype.   

The findings of this dissertation add to the understanding of the proximate control 

and evolution of behavior, and present an example of intraspecific variation in motivation 

underlying a locomotor trait.   
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