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ABSTRACT OF THE DISSERTATION 

 

Behavioral, Neural, and Life History Correlates of Selective Breeding for High 
Voluntary Exercise in House Mice 

 

by 

 

Brooke K. Keeney 

Doctor of Philosophy, Graduate Program in Evolution, Ecology and Organismal 
Biology 

University of California, Riverside, December 2011 
Dr. Theodore Garland, Jr., Chairperson 

 

 

 

My research utilized a long-term artificial selection experiment in which 

mice (Mus domesticus) are selectively bred on the basis of voluntary exercise 

(high levels of voluntary wheel running: four replicate High Runner or HR lines) to 

address how a specific motivated behavior is generated in the brain, and how 

this may affect the performance of other motivated behaviors and organismic 

processes (e.g., reproduction).   

I studied the endocannabinoid system, one signaling system involved in 

control of motivated behaviors via the perception of natural rewards.  The 

endocannabinoid system is thought to play a role in voluntary wheel running in 

mice.  In support of this, we found that HR mice, as compared to four non-
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selected Control lines, have a differential and sex-specific response to two drugs 

that affect the endocannabinoid system (Rimonabant (SR141716); WIN 55,212-

2). 

Secondly, I studied whether the HR and Control linesdiffer with respect to 

life history characteristics of dams and litters over a 10-generation span.  I found 

that HR did not differ from Control in most measures of reproductive output or 

measures of maternal care. 

Thirdly, I measured oxytocin receptor densities in several brain areas that 

reflect either neural dopaminergic connections or strong involvement in mouse 

social or parental behavior (or both).  I did not find statistical differences between 

postpartum HR and Control dams.   

Lastly, I allowed HR and Control mice wheel access for 6 days, after 

which, wheel access was blocked with screen mesh and a coffee-cup lid-barrier 

for one additional day.  I found no statistical linetype difference in the proportion 

of mice that broke through the barrier.  This indicates that HR and Control mice 

may be equally motivated to run on wheels; however, these results may have 

been influenced by confounding features of the experimental design.   

In sum, these studies suggest that HR mice have sex-specifically diverged 

from Control mice in aspects of reward-related signaling; however, selection 

does not seem to influence the performance or regulation of reproduction in 

females, nor motivation break through a barrier for wheel-access in either sex.
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Introduction    

I am broadly interested in the neural basis of behavior, and variation in 

how the brain and behavior respond in populations undergoing selection.  For my 

dissertation research, I utilized a long-term artificial selection experiment, in 

which four lines of mice have been selectively bred on the basis of high levels of 

voluntary wheel running alongside four lines of mice that were not selectively 

bred.   

Within this experiment, four independent, genetically closed lines of house 

mice (Mus domesticus) have been selectively bred since 1993 (>60 generations) 

on the basis of their voluntary wheel running on days 5 and 6 of a 6-day period of 

wheel access (High Runner or HR lines), in parallel with four unselected Control 

lines.  After 10 generations of selection, HR mice of both sexes ran at least 70% 

more revolutions/day than their Control counterparts (Swallow et al., 1998).  The 

divergence between HR and Control lines eventually reached a plateau at a 

differential of approximately +170% (Kolb et al., 2010; Rhodes et al., 2000; 

Swallow et al., 2009).  Concomitant with increases in voluntary wheel running, 

HR mice have also undergone a shift towards increased levels of spontaneous 

physical activity (SPA) in cages when wheels are absent (Malisch et al., 2009; 

Rhodes et al., 2001).  Likewise, when running wheels were locked, HR mice 

spent more time climbing in the locked wheels, apparently trying to run (Koteja et 

al., 1999). 
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In addition to changes in locomotor behavior (see also Girard et al., 2001), 

the selective breeding regimen has led to changes in capacities for aerobic 

exercise (Kolb et al., 2010; Meek et al., 2009), and in various lower-level 

morphological and physiological traits that may affect endurance capacity 

(Garland, 2003).  For example, HR mice exhibit reduced total body mass 

(Swallow et al., 1999), reduced body fat (Swallow et al., 2001, Vaanholt et al., 

2008), more symmetrical hind limb bones (Garland and Freeman, 2005), higher 

circulating corticosterone (Girard and Garland, 2002; Malisch et al., 2008) and 

adiponectin levels (Vaanholt et al., 2007), as well as increased plasticity of some 

traits in response to wheel access (Garland and Kelly, 2006; Gomes et al., 2009).  

This system was of particular interest to me, not only because it enables 

us to study how populations (replicate lines, in this case) change over multiple 

generations, but also because selection in this experiment is on a voluntary 

behavior.  As such, one might hypothesize that in order to accomplish a long-

term, population-level shift in the frequency and intensity of a voluntary, 

potentially taxing behavior, aspects of the neural systems that manifest motivated 

behavior must respond to selection, and that in turn, these changes may 

influence the functioning of other neural systems and their associated outputs. 

Voluntary wheel running is a classically self-rewarding behavior in 

laboratory rats and mice (Belke, 1996; Belke and Heyman, 1994; Premack, 1964; 

Sherwin, 1998; Sherwin and Nicol, 1996; Timberlake and Wozny, 1979).  Many 

studies have shown that both wild rodents and laboratory strains are highly 
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motivated to run on wheels and will voluntarily run long distances (e.g. Allen et 

al., 2001; Burghardt et al., 2004; Dewsbury et al., 1980; Lambert et al., 1996; 

Leasure and Jones, 2008; Naylor et al., 2005; Rhodes et al., 2005; Rodnick et 

al., 1989; Sherwin, 1998).  Similarly, rats show conditioned place-preference for 

environments associated with bouts of wheel running (Lett et al., 2000), as well 

as the arm of a T-maze allowing access to a running-wheel (Hill, 1961).  In 

addition, rats and mice can be trained to perform a variety of tasks to receive a 

reward of access to wheel running, including crossing an aversive water barrier 

(Sherwin and Nicol, 1996) or lever-pressing (Belke and Garland, 2007; Collier 

and Hirsch, 1971; Iversen, 1993; Kagan and Berkum, 1954). 

Although most complex voluntary behaviors are thought to be a product of 

a dense and varied neural architecture (see Garland et al. 2011 for further 

discussion), the central dopaminergic reward system is essential to any 

motivated behavior.  At present, a relationship between dopaminergic signaling 

and the performance of voluntary exercise seems to be fairly well established 

(e.g., see review and references in Garland et al., 2011).  Disruption of 

dopaminergic transmission in certain parts of the brain can strongly affect a wide 

range of locomotor behaviors.  For example, administration of DA antagonists 

systemically or into the nucleus accumbens, as well as depletion of dopamine 

within the nucleus accumbens, reduces exploratory (Ahlenius et al., 1987), open-

field (Correa et al., 2002; Correa et al., 2004), conditioned, and drug-induced 

locomotor activity in rats (Jones and Robbins, 1992).   When considering 
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voluntary exercise, however, there still remains significant debate about whether 

an individual’s dopaminergic profile is a result or an effector of activity levels 

(Knab and Lightfoot, 2010).  For instance, it has been suggested that differences 

in activity between inbred strains of mice may be the result of expression 

differences of D1-like receptors and tyrosine hydroxylase (Knab et al., 2009).  

Relatedly, obesity-prone rats have decreased receptor expression, accompanied 

by decreased extracellular DA levels in the nucleus accumbens (Geiger et al., 

2008; Geiger et al., 2009).  Obese human beings have also been shown to have 

decreased D2 receptor expression based upon a series of six single nucleotide 

polymorphisms related to D2 receptor expression (Davis et al., 2008; Davis et al., 

2009). However, studies in rats have shown that acute bouts of exercise increase 

central dopamine concentrations (Meeusen et al., 1997), and that these effects 

are positively correlated with locomotor output (Freed and Yamamoto, 1985).   

Previous work suggests that HR mice may have an altered reward 

threshold for wheel running compared to Controls, related to overall 

dopaminergic tone (Mathes et al., 2010).  This dysregulation could affect one or 

many of the factors that influence the sensitivity or reactivity of the neural 

network that regulates the anticipation of rewards.  These factors can include the 

amount of DA present, the density and localization of DA receptors, and the 

rapidity of DA transport back into the cell (Davis et al., 2008).  Several studies 

confirm that HR mice have diverged from Control mice in DA receptor 

expression, as well as response to drugs that affect dopaminergic signaling.  For 
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example, Bronikowski et al. (2004) showed that the HR mice had a 20% increase 

in mRNA for dopamine 2 (D2) and dopamine 4 (D4) receptors in the 

hippocampus as compared with mice from Control lines.  Pharmacological 

studies with dopamine transporter blockers found differential effects on wheel 

running in female HR and Control mice (Rhodes et al., 2001; Rhodes and 

Garland 2003), attributed to altered functionality of the D1 receptor system.   

The behavioral significance of these observed differences in DA 

functioning between HR and Control mice may be tantamount to an “addiction” to 

wheel running in HR mice.  Consistent with this idea, Fos immunohistochemistry 

studies showed female HR mice (males were not studied) to have a greater 

proportional increase in activity in several brain regions implicated in reward and 

motivation when wheel access was blocked, suggestive of a classic state of 

withdrawal (Rhodes et al., 2003).  Likewise, HR males spent significantly more 

time immobile in the forced swim test than Control, suggesting that HR males 

have a predisposition for depression-like behavior (Malisch et al. 2009).  

However, female HR mice do not seem to differ from Controls in several neural 

systems that may directly or indirectly (through dopaminergic signaling) influence 

the perception of rewards.  This includes both the serotonergic and opioidergic 

systems (Li et al., 2004; Rhodes et al., 2001, 2003, 2005).   

One other neural signaling system of note when considering the 

perception of natural rewards (in addition to dopaminergic, serotonergic, 

opioidergic, and other systems), is the endocannabinoid system (ECS).  The 
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ECS is a complex endogenous signaling system made up of transmembrane 

cannabinoid receptors (CB receptors), their ligands (endocannabinoids), and 

proteins involved in synthesis and modification of endocannabinoids (Cota and 

Woods, 2005; De Petrocellis et al., 2004; Demuth and Molleman, 2006).  There 

are two primary cannabinoid receptors, CB1 and CB2.  The CB1 receptor is the 

most abundant G protein-coupled receptor expressed in the brain (Pagotto et al., 

2006), with particularly dense expression in the hypothalamus, pituitary, 

cerebellum, and mesolimbic dopaminergic reward pathways (Demuth and 

Molleman, 2006; Herkenham et al., 1990, Matsuda et al., 1990).  

Endocannabinoid signaling via the CB1 receptor is thought to play an important 

role in incentive stimuli, in part because of the close involvement of 

endocannabinoid signaling with the dopaminergic system (Laviolette and Grace, 

2006; Lupica and Riegel, 2005; Maldonado et al., 2006; Pillolla et al., 2007).  In 

some cases, both the ECS and the dopaminergic system mutually influence the 

performance of locomotor behaviors (Beltramo et al., 2000; Giuffrida et al., 1999; 

Gorriti et al., 2005). 

Ample evidence supports a relationship between the ECS and the 

regulation of physical activity (see Fuss and Gass, 2010 for further review).  In 

particular, it is thought that the CB1 receptor may partially control the expression 

of wheel running in rodents (Dubreucq et al., 2010), as well as exercise in 

humans (Dietrich and McDaniel, 2004).  For my dissertation research I wanted to 

determine if the endocannabinoid system has been influenced by long-term 
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selection for high levels of voluntary wheel running in HR mice.  In chapters 1 

and 2, I present studies of how HR and Control mice respond to pharmacological 

manipulation of the cannabinoid receptor-1 (CB-1), the primary receptor of the 

endocannabinoid system (ECS).  Results from these studies show that HR and 

unselected Control mice have a sex-specific differential response to manipulation 

of the CB-1 receptor.  These results, when taken with the body of other studies 

showing dysregulation of dopaminergic signaling in HR mice, suggest that long-

term selective breeding for high voluntary wheel running has had profound 

effects on some of the neural systems involved in motivated behaviors, and 

moreover, that selection may act upon sex-specific traits to achieve similar 

behavioral outputs. 

If this is the case, then we can ask if other voluntary behaviors, or other 

processes dependent on voluntary behaviors, have been affected by selection for 

voluntary exercise.  In particular, I am interested in the relationship between 

reproduction and exercise.  Reproduction in female mammals is highly sensitive 

to whole-body physiological processes, and is often negatively influenced by 

intense or prolonged exercise.  In human beings, for example, studies show that 

excessive exercise behavior can disrupt reproductive cyclicity and the secretion 

of gonadal steroids (De Souza et al., 1998; De Souza and Williams, 2004; 

Klentrou and Pyley, 2003).  Indeed, behaviors such as exercise have the 

capacity to affect reproductive success on many levels.  Not only can the 

energetic demands associated with excessive exercise present a challenge to 
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the reproductive processes, but also the time spent in exercise may affect such 

aspects of reproduction as nest-building and maternal care.  In nature, both 

behavioral and physiological aspects of both reproduction and locomotion are 

key elements of an organism's overall life history, yet relatively little is known 

about how they influence one another.  

HR mice display many qualities that we would hypothesize to correlate 

with a lessened reproductive output.  To review, HR mice are smaller in body 

size than Control mice (Swallow et al., 1999), and smaller mice would be 

expected to have smaller litters (Falconer and Roberts, 1960; Johnson et al., 

200,).  HR mice are leaner than Control mice (Nehrenberg et al., 2009; Swallow 

et al., 1999; 2001; Vaanholt et al. 2007), and levels of body fat can have 

important effects on major reproductive processes such as menstruation, 

ovulation, and lactation in humans (Frisch, 1974; Zaadstra et al., 1993), and the 

latter two in rodents (Fernandez-Fernandez et al. 2006; Young, 1976).  HR mice 

have higher home-cage activity in the absence of wheels (Malisch et al. 2009; 

Rhodes et al. 2001, 2005), which could compromise the energy or time a dam 

invests in her litter.  HR dams also show elevated basal plasma CORT (Girard 

and Garland, 2000, Malisch et al., 2007), suggesting correlated responses to 

selection involving the hypothalamic-pituitary-adrenal (HPA) axis.   

HR mice also have differential dopamine function (Li et al., 2004; Rhodes 

et al., 2001; 2003; 2005; Waters et al., in prep).  Dopamine release is related to 

oxytocin release, although the conditions under which dopamine is inhibitory or 
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excitatory upon oxytocin release are unclear (Amico et al., 1992; Numan and 

Insel, 2003; Parker and Crowley, 1992).  Dopamine has been strongly implicated 

in “maternal reward” (Numan and Insel, 2003), motivation for maternal behaviors 

and social affiliation, and if altered, could potentially affect several aspects of 

maternal behaviors.    

HR dams deprived of wheels also show neural changes consistent with a 

state of addiction-withdrawal (Rhodes et al., 2003).  It has been hypothesized 

that wheel running is a behavioral addiction in rats and mice (Belke, 1996; 

Rhodes et al., 2005; Werme et al., 2002).  Withdrawal and addiction can be 

highly detrimental to maternal behavior, as the dopamine pathways involved in 

general reward are also involved in maternal reward, motivation, and social 

affiliation (Numan and Insel, 2003). 

Although many traits of HR mice have responded to selective breeding for 

wheel running, at generations 20 and 21, maternal-care and basic life-history 

traits were statistically unchanged, with minor exceptions.  A study by Girard et 

al. (2002) showed no difference in whole-litter survival to weaning, mass of dam 

at weaning, litter size, total litter mass, mean offspring mass, sex ratio, or 

parental behavior (pup retrieval trials).  In successive generations, however, 

anecdotal evidence began to accumulate suggesting that aspects of reproduction 

in HR mice may have changed in response to selection.  Chapters 3 aims to 

determine if selection has affected life history characteristics of HR dams as 

compared to Controls, while Chapter 4 aims to look at the central expression of 
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oxytocin receptors.  Results from both of these chapters suggest that selective 

breeding for high voluntary exercise does not have strong or consistent adverse 

effects on female mouse reproductive biology.  HR mice do not statistically differ 

from Control mice in any quantitative litter characteristic measured, nor was there 

any linetype effect for measures of embryo implantation, pregnancy-success, or 

wean-success (as measured as the number of dams that weaned at least one 

pup when considered from the subset of dams that gave birth).  However, there 

was a significant linetype difference in generations 40 and 42 when wean-

success is considered from the total number of dams paired.  In addition, when 

wean-success is considered over all generations analyzed, there was a 

statistically significant effect of generation, linetype, and a generation by linetype 

interaction.  HR females do spend significantly more time in the estrus stage of 

the estrous cycle compared to Control females, accompanied by a non-

significant trend towards longer total cycle length in HR females.  HR dams also 

differed from Controls in their daily patterns of resting and activity during the first 

week post-partum.  In line with these results from chapter 3, chapter 4 shows that 

there was not a significant linetype effect for oxytocin receptor density in any 

area of the brain quanitified.   

Lastly, in one generation of mice I performed a study to test motivation for 

wheel running.  Mice were allowed wheel access for the standard 6-day trial, 

after which the wheel access portals were blocked with screen mesh and a 

coffee cup lid for one additional day.  I hypothesized that if HR mice were more 
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motivated to run on wheels, then they would penetrate the barrier more often 

than Control mice.  I found no statistical linetype difference in the proportion of 

mice that broke through the barrier.  This indicates that HR and Control mice may 

be equally motivated to run on wheels; however, these results may have been 

influenced by confounding features of the experimental design.  
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Chapter 1  - Differential response to a selective cannabinoid re ceptor 

antagonist (SR141716: rimonabant) in female mice fr om lines selectively 

bred for high voluntary wheel-running behavior 

 

 

Abstract  

Exercise is a naturally rewarding behaviour in human beings and can be 

associated with feelings of euphoria and analgesia.  The endocannabinoid 

system may play a role in the perception of neurobiological rewards during and 

following prolonged exercise.  Mice from lines that have been selectively bred for 

high voluntary wheel running (High Runner or HR lines) may have evolved 

neurobiological mechanisms that increase the incentive salience of endurance-

type exercise.  Here, we test the hypothesis that endocannabinoid signaling has 

been altered in the four replicate HR lines as compared with four non-selected 

Control lines.  After 18 days of acclimation to cages with attached wheels, we 

injected mice with rimonabant (SR141716), a selective cannabinoid CB1 receptor 

antagonist.  During the time of normal peak running, each mouse received, in a 

randomized order, low dose rimonabant (0.1 mg/kg), high dose (3.0 mg/kg) or 

vehicle intraperitoneal injection, over nine days.  Drug response was quantified 

as wheel revolutions, time, and speed 10-70 minutes post-injection.  Rimonabant 

decreased running in all mice; however, female HR mice differentially decreased 

running speed and distance (but not time) as compared with Control females.  
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We conclude that altered endocannabinoid signaling plays a role in the high 

wheel running of female HR mice. 
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Introduction  

Voluntary wheel running is a classically self-rewarding behaviour in both 

rats and mice (Premack, 1964; Sherwin, 1998; Timberlake and Wozny, 1979).  

Sherwin and Nicol (1996) have demonstrated that mice are willing to cross an 

aversive water barrier, even as the barrier was increased in size, to receive a 

wheel-running reward.  Moreover, several operant conditioning studies have 

shown that rats and mice are highly motivated to bar-press for a wheel-running 

reward (Belke, 1996; Belke and Garland, 2007; Belke and Heyman, 1994).  

Despite this, our current understanding of the neurobiological basis of apparently 

high motivation for wheel running in rodents is limited.   

 The endocannabinoid system (ECS) is hypothesized to have a general 

modulatory effect on circuits of the reward system, and the perception of 

neurobiological rewards associated with such behaviours as voluntary 

locomotion and food consumption (Maldonado et al., 2006; Thornton-Jones et 

al., 2005).  The ECS is also involved in aspects of energy balance, lipid 

metabolism, nociception, and the stress response, among other factors, which 

are also relevant to the physiology of wheel running (Girard and Garland, 2002; 

Li et al., 2004; Malisch et al., 2008; Pacher et al., 2006; Rhodes et al., 2005).  

Thus, the ECS may play a role in the motivation for wheel running.  

The ECS is a complex endogenous signaling system made up of 

transmembrane cannabinoid receptors (CB receptors), their ligands 

(endocannabinoids), and proteins involved in synthesis and modification of 
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endocannabinoids (Cota and Woods, 2005; De Petrocellis et al., 2004; Demuth 

and Molleman, 2006;).  There are two primary cannabinoid receptors; CB1 and 

CB2.      

Studies indicate endocannabinoid signaling is activated by aerobic 

exercise in human beings (Sparling et al., 2003) and is associated with analgesia 

and the stimulation of locomotor activity in rodents (Hohmann and Suplita, 2006; 

Wiley, 2003).  Recent evidence indicates that CB1 signaling facilitates dopamine 

release in the shell of the nucleus accumbens, a neurochemical effect common 

to drugs of addiction (Cheer et al., 2007), and the expression of drug-seeking, 

conditioned behaviours (Alvarez-Jaimes et al., 2008; Cohen et al., 2005; DeVries 

and Schoffelmeer, 2005; Xi et al., 2006;).  Dietrich and McDaniel (2004) recently 

suggested that CB1 signaling may account for exercise addiction that has been 

reported for human distance runners (Morgan, 1979).  Thus, CB1 signaling may 

“motivate” running behaviours, similar to motivation and conditioning induced by 

drugs of abuse.  Consistent with the idea that the motivational properties of the 

ECS may be physiologically coupled to behavioral activation, it has been shown 

that cannabinoid agonists injected directly into brain reward centers of the rat in 

low doses enhance locomotor behaviours and promote self-administration and 

conditioned place preference (Zangen et al., 2006),.  Accordingly, cocaine-

induced hyperlocomotion can be blunted by either genetic deletion or 

pharmacological blockade of the CB1 receptor (Cheer et al., 2007; Corbille et al., 

2007; Gerdeman et al., 2008).   
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The present study examines the possible links between endocannabinoids 

and voluntary exercise in a sample of mice that have been selectively bred for 

high amounts of voluntary wheel running.A fifteen-year selection experiment to 

increase levels of voluntary wheel running in laboratory house mice (Mus 

domesticus) provides a unique opportunity to understand how neural incentives 

may evolve in real-time to affect motivation for exercise.  After 10 generations of 

selection, mice from four replicate High Runner (HR) lines, of both sexes, ran at 

least 70% more than four non-selected Control lines (Swallow et al., 1998).  After 

16 generations, HR mice ran on average 170% more than Controls (Rhodes et 

al., 2000).  This differential has been achieved primarily by an increase in running 

speed, as opposed to duration of running, particularly in female HR mice 

(Garland, 2003; Girard et al., 2001; Koteja and Garland, 2001; Rhodes et al., 

2000; Swallow et al., 1998; 1999).  In general, over the course of selection, male 

and female HR mice have increased their total wheel revolutions in different 

ways: female HR mice increased speed (in rpms), while male HR mice increased 

both speed and, to a lesser degree, the amount of time spent running per day.  In 

addition to changes in locomotor behaviour, the selective breeding regimen has 

led to changes in many morphological, physiological, and behavioural traits 

(Garland, 2003).  For example, HR mice exhibit reduced body mass (Swallow et 

al., 1999), reduced body fat (Swallow et al., 1999), differences in open-field 

behaviour (Bronikowski et al., 2001), differences in thermoregulatory nest-

building behaviour (Carter et al., 2000), increased predatory aggression 
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(Gammie et al., 2003), and higher plasma corticosterone (Girard and Garland, 

2002; Malisch et al., 2008) and adiponectin levels (Vaanholt et al., 2007). 

Rhodes et al. (2005) hypothesized that the motivation for voluntary endurance 

exercise has been altered in HR mice.  Pharmacological studies with dopamine 

transporter blockers found differential effects on wheel running in HR and Control 

mice (Rhodes et al., 2001; Rhodes and Garland 2003).  This differential was 

attributed to altered functionality in the D1 receptor system, although not in the 

D2 receptor, serotonergic or opioidergic systems (Li et al., 2004; Rhodes et al., 

2001; 2003; 2005).  Additionally, Fos immunohistochemistry studies show a 

greater increase in activity in several brain regions implicated in reward and 

motivation when wheel access is blocked, including the caudate-putamen 

complex, lateral hypothalamus, PFC, medial frontal cortex, NAc, piriform cortex, 

and sensory cortex (Rhodes et al., 2003).  These differences prompt numerous 

questions about how reward and salience mechanisms may have differentiated 

in HR mice over the course of selective breeding.  However, because previous 

operant-conditioning, pharmacological, and brain-imaging studies have involved 

only females, it is not known if sex differences in high wheel running (i.e. longer 

duration running only in males) are related to differences in reward or motivation. 

The purpose of the present study was to test the hypothesis that mice 

from the HR and Control lines would respond differentially in voluntary wheel 

running when administered a selective cannabinoid receptor antagonist/inverse 

agonist.  Moreover, we tested the hypothesis that the differential response would 
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be sex-specific. We used rimonabant (SR141716), a selective CB1 receptor 

antagonist (Carai et al., 2005) that has previously been used to block both 

cannabinoid reward and conditioned drug- or food-seeking behaviours (DeVries 

and Schoffelmeer, 2005; Thornton-Jones et al., 2005; Ward et al., 2007; Zangen 

et al., 2006). 

 

Materials and Methods  

Animals 

We studied 48 female and 48 male mice from generation 48 of a long-term 

selection experiment for high voluntary wheel-running behaviour (Garland, 2003; 

Swallow et al., 1998).  The original progenitors were outbred Hsd:ICR mice (Mus 

domesticus) purchased from Harlan Sprague Dawley.  Mice were randomly 

mated for two generations, then assigned to eight closed lines, four to be 

selectively bred for high running (HR) and four to be bred without regard to wheel 

running, hence serving as controls for founder effects and random genetic drift 

(Control lines).  In each subsequent generation, mice were paired within line, and 

offspring were toe-clipped, weighed and weaned from dams at 21 days of age.  

Mice were then housed in same-sex groups of 4 until ~6-8 weeks of age, at 

which point they began a 6-day wheel-access trial.  Mice were housed in 

standard cages with Wahman-type activity wheels (1.12 m circumference, 35.7 

cm diameter, 10-cm-wide running surface of a 10-mm mesh enclosed by clear 

Plexiglas and stainless steel) attached via a 5.5-cm-long stainless steel tube 
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inserted though a 7.7-cm-diameter hole in the side of the cage, allowing the 

mouse continuous access to the wheel.  Wheel revolutions were recorded daily 

in 1-minute intervals by a photocell counter attached to the wheel and compiled 

via customized software by San Diego Instruments (San Diego, CA).  In the four 

replicate HR lines, the male and female from each family with the most total 

revolutions on days 5 and 6 of the 6-day test were chosen to propagate the lines 

to the next generation.  In the four Control lines, a male and a female were 

randomly chosen from each family.  Within all lines, breeders were randomly 

paired, with the exception that sibling matings were not allowed.  Throughout the 

selection experiment and for all studies described here, mice were routinely 

housed with ad libitum food and water, and maintained on a 12-h light-dark cycle. 

Because top runners were unavailable in the HR lines (used as breeders), we 

also excluded the lowest-running animals in HR-line families.  Of the remaining 

mice, one male and female were chosen from each available family, except when 

only one sex was available from a given family.  As a part of the routine selection 

protocol (see previous paragraph), mice were tested for voluntary wheel running 

over a 6-day period.  Placement of mice in wheel cages was randomized with 

respect to linetype (HR vs. Control) and sex, and experimenters were blind to line 

and linetype. 

Drug protocol and wheel running  

Rimonabant (SR141716) was obtained from the NIDA Drug Supply Program 

(Baltimore, MD, USA).  Several previous pharmacological studies have used HR 
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mice (Li et al., 2004; Rhodes et al., 2001; Rhodes and Garland, 2003).  Following 

the design of Li et al. (2004), each individual mouse received vehicle injection, 

low-dose (0.1 mg/kg) rimonabant, and high-dose (3.0 mg/kg) rimonabant in a 

randomly determined order over the course of 6 days, with 48 h between each 

injection to avoid carryover effects of the previous treatment.  Vehicle injections 

were solution of 20% DMSO, 10% Tween-80, and 70% physiological saline.  This 

vehicle solution has been previously described for the in vivo delivery of 

cannabinoid compounds including rimonabant and does not by itself influence 

open-field locomotor behaviour in mice (Gerdeman et al., 2008) or the firing of 

dopamine neurons (Wu and French, 2000).  The doses of 0.1 and 3.0 mg/kg 

rimonabant have been previously reported to maintain a physiologically effective 

blockade of CB1 receptors in both mice and rats (Carai et al., 2005).  Injection 

solutions were prepared fresh each day and injection volumes adjusted for dose 

and body mass of the animal.  Mice received treatment at approximately the 

same time of day for each injection.  Injections began 2 hours after lights off (4 

pm), during typical peak wheel-running activity (Girard et al., 2001; Girard and 

Garland, 2002; Malisch et al., 2008; Rhodes et al., 2003).  Mice were then split 

into three measurement batches for convenience, thus allowing injections to be 

completed between 6 and 8 pm.  Intraperitoneal injections were administered as 

an experimenter held the scruff of the neck manually to restrain mice.   

 The acute locomotor response to treatment was measured as the total 

number of wheel revolutions in the period from 10-70 min postinjection (Coimbra, 
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2001).  In addition, we analyzed the number of 1-minute intervals with at least 

one revolution (time spent running), the average running speed 

(revolutions/active intervals), and the maximum speed (revolutions in the single 

highest 1-minute interval). 

Statistical Analyses 

Statistical analyses were performed using SAS version 9.1 (SAS Institute, Cary, 

NC, USA).  Analyses were first conducted separately by sex.  The primary 

grouping factors were linetype (HR vs. C) and dose, and replicate line was a 

random effect nested within linetype.  Individual was the factor for repeated 

measures, and we assumed compound symmetry in SAS Procedure Mixed.  In 

this mixed-model analysis of covariance, the degrees of freedom for testing the 

effect of linetype, relative to line, are always 1 and 6.  For dose and the dose * 

linetype interaction (tested relative to the dose * line [linetype] effect), degrees of 

freedom are 2 and 12.  This interaction term is of prime interest because, if 

significant, it indicates a differential response of the HR and Control lines to the 

drug dose.  Wheel freeness (a measure of how easy it is to turn each wheel) was 

measured before each experiment and was included as a covariate in statistical 

analyses, as was age.  During the course of the experiments, a total of three 

males and three females were eliminated because of death (one male), injection 

problems (one female), wheel malfunction (one male), or because they were 

observed to exhibit twirling behaviour (running in rapid, small, stereotypic circles) 
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in their cages (two females and one male).  Thus, 45 males and 45 females were 

analyzed statistically.   

 Second, we performed combined analyses of both sexes using the 

difference between the running values of the female and male within each family.  

In other words, we analyzed the sex difference within each family.  

 We also analyzed wheel running of all of the mice from this generation 

that received the routine 6-day wheel test (i.e. including those used in the present 

study), with age and wheel freeness as covariates. 

 

Results  

Baseline wheel running 

Considering all of the mice from generation 48 (N = 324 females, 265 

males) that received the 6-day wheel test, females from the HR lines (12,891 + 

285 revolutions/day; least-squares mean + standard error) ran 3.00-fold more 

than Control females (4,294 revolutions/day) on days 5+6 (P < 0.0001).  For 

males, HR ran 11,026 (+ 492) as compared with 3,529 (+ 551) revolutions/day 

for Control, yielding a 3.12-fold differential (P < 0.0001).  HR females ran faster 

than Control (HR = 24.8 + 0.8, Control = 9.3 + 0.9 RPM, P < 0.0001), but they did 

not run significantly more minutes per day (HR = 520 + 27, Control = 451 + 28, P 

= 0.1270).  HR males ran both faster (HR = 21.7 + 1.0, Control = 9.2 + 1.1 RPM, 

P = 0.0002) and more minutes per day than Control (HR = 503 + 35, Control = 

371 + 36, P = 0.0397). 



31 
 

 Results were similar for the subset of males and females used in the 

present experiment.  Females from the HR lines (13,201 + 584 revolutions/day) 

ran 3.07-fold more than Control females (4,294 + 547 revolutions/day) on days 

5+6 (P < 0.0001).  For males, HR ran 11,930 (+ 615) as compared with 3,631 (+ 

589) revolutions/day for Control, yielding a 3.29-fold differential (P < 0.0001).  HR 

females ran faster than Control (HR = 25.6 + 1.2, Control = 9.1 + 1.1 RPM, P < 

0.0001), but they did not run significantly more minutes per day (HR = 518 + 36, 

Control = 442 + 35, P = 0.1876).  HR males ran both faster (HR = 23.2 + 1.1, 

Control = 9.5 + 1.0 RPM, P = 0.0001) and more minutes per day than Control 

(HR = 512 + 40, Control = 369 + 39, P = 0.0449). 

 As expected, and as shown in Figure 1 for the three days prior to 

injections, the 45 HR mice used in the drug trials ran significantly more total 

revolutions than did the 45 mice from the Control lines.  Figure 1 also shows that 

females ran more than males within both the HR and Control lines.   

Drug response 

Figure 2 shows the wheel running in 10-minute bins of female (top) and male 

(bottom) HR and Control mice during the minutes 10-130 post-injection, as well 

as average revolutions per 10 minutes during the 30 minutes before injection.  

Injections of both vehicle and rimonabant caused a reduction in wheel running in 

all mice.  For females, repeated-measures ANCOVAs indicated that the 

reduction depended on dose (Table 1, all P < 0.0005) and that the effect of dose 

depended on linetype for total revolutions, average speed, and maximum speed 
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(all P < 0.05), but not for amount of time spent running (P = 0.7).  Adjusted 

means for females are shown in Table 2. 

 For males, the reduction in wheel running also depended on dose for 

revolutions and average speed (Table 1, P < 0.05), but not for duration (Table 1, 

P = 0.10).  Moreover, the dose * linetype interaction was not statistically 

significant for any measure of wheel running (all P > 0.5).  Adjusted means for 

males are shown in Table 3. 

 The foregoing separate analyses of males and females suggest a 

significant interactive effect of sex and linetype on the wheel-running response to 

rimonabant, and this is supported by analyses of the difference in running 

between females and males within families.  For revolutions, this analysis 

indicated dose P = 0.0268, linetype P = 0.1652, and dose*linetype P = 0.0447.  

Thus, the magnitude of the sex difference depends on the dose of rimonabant, 

and this effect depends further on linetype.  For time spent running, the analysis 

indicated dose P = 0.0298, linetype P = 0.6259, and dose*linetype P = 0.2801.  

Thus, the magnitude of the sex difference in running time depends on the dose of 

rimonabant.  For average speed, the analysis indicated dose P = 0.1911, linetype 

P = 0.1363, and dose*linetype P = 0.2999.  Finally, for maximum speed, the 

analysis indicated dose P = 0.1062, linetype P = 0.0689, dose*linetype P = 

0.2426. 

 

 



33 
 

Discussion  

 Females from four replicate lines of mice that have been selectively bred 

(48 generations) for high voluntary wheel-running behaviour (HR lines) showed 

altered responsiveness to a selective CB1 receptor antagonist as compared with 

females from four non-selected Control lines.  Males from the HR lines did not 

exhibit a differential response.  Thus, aspects of the ECS, or a physiological 

system regulated by the ECS, seem to have evolved in a sex-specific manner in 

response to selective breeding for high activity levels. 

 It is important to emphasize that this interpretation is based upon 

statistical analyses of the actual wheel-running traits measured in Control-line vs. 

HR females.  If post-treatment running responses are analyzed as proportional 

values, relative to baseline running behaviours within each group, then 

differences between groups appear to lose statistical significance.  For example, 

an analysis of the ratio of revolutions following high-dose/sham injection indicates 

no significant effect of linetype for either females (P = 0.6155) or males (P = 

0.8250).  Thus, the proportional response to rimonabant does not differ between 

HR and Control lines.  However, analysis of proportional responses can be quite 

misleading when the groups being compared differ greatly in baseline values, as 

is true in the present case, where HR mice run approximately three-fold more 

than Controls (see Figs. 1, 2).  We believe that the repeated-measures analysis 

of the actual values -- not ratios to sham-injection values -- is the most 

statistically sound way to analyze these data due to physiological differences in 
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wheel running between the HR and Control lines.  The HR mice may run 

voluntarily near their maximal aerobic speed (i.e., almost at their maximal rate of 

oxygen consumption), whereas mice from the Control lines do not (Girard et al., 

2001; Rezende et al., 2005).  This means that HR and Control mice are 

operating under different physiological regimens during times of nightly peak 

running, when the present study was conducted.  Thus, an increase or decrease 

of, say, 10%, in wheel running would not mean the same thing physiologically to 

an HR and Control mouse. 

Sex differences 

Previous studies of these lines of mice have documented substantial sex 

differences in wheel-running between HR and Control lines.  In particular, female 

HR mice have evolved higher daily running distances almost entirely by an 

increase in average (and maximum) running speed, whereas males have shown 

increases in both speed and duration of wheel activity (Garland, 2003; Girard et 

al., 2001; Koteja and Garland, 2001; Rhodes et al., 2000; Swallow et al., 1998; 

1999; this study).  Baseline wheel-running of mice in this study (Fig. 1) is 

consistent with the activity profiles of mice from previous generations and 

studies.  However, this study is the first to use pharmacology as a means to 

understand the neurobiological correlates of the sex differences.  After injection 

with the high dose of rimonabant, female HR mice differentially decreased total 

revolutions, and this was done via a reduction in running speed, with no 

statistical reduction in amount of time spent running (Table 1). 
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One possible partial explanation for these results is that the effects of rimonabant 

are stronger in females -- at least those prone to high activity -- compared to 

males.  However, there is little indication that the effects of rimonabant are sex-

dependent in other taxa.  For example, Foltin and Haney (2007) found few sex 

differences in the effects of rimonabant on appetite in baboons.  Additionally, 

human trials of rimonabant for weight loss report no sex differences in efficacy 

(see Isoldi and Aronne, 2008 for review).   

Therefore, the simplest interpretation of these results is that selection for 

high voluntary activity has altered some aspect of CB1 functionality in female HR 

mice, but apparently not in males.  At a high dose of rimonabant (3.0 mg/kg), HR 

females had the greatest proportional response in terms of voluntary wheel 

running, which indicates that they are more sensitive to that dosage than male 

HR mice or Controls in general.  These results suggest that female HR mice may 

differentially utilize CB1 signaling during wheel running.   

We suggest two hypotheses to explain such enhanced CB1 signaling in 

female HR mice.  First, CB1 signaling modulates pain perception and likely plays 

an important role in exercise-induced analgesia (Hohmann and Suplita, 2006; 

Richardson, 2000; Sparling et al., 2003).  Heightened exercise-induced analgesia 

could allow female HR mice to increase running intensity and, therefore, run 

longer distances than Controls.  A recent study indicates that exercise-induced 

analgesia is intensity-dependent (Hoffman et al., 2004), suggesting that exercise-

induced increases in CB1 signaling may be intensity-dependent, and are able to 
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influence neural systems of nociception.  Although we have evidence that female 

HR mice do not differ in one measure of pain-sensitivity (thermal tail-flick test:  Li 

et al., 2004), it is possible that exercise-induced analgesia is under at least partly 

separate control.  Second, CB1 signaling is thought to mimic the action of drugs 

of abuse, producing a rewarding sensation that can condition behaviours (De 

Vries and Schoffelmeer, 2005; Maldonado et al., 2006), and may therefore 

motivate increased high-speed running in females.  If high-speed wheel running 

increases CB1 signaling, then it could lead to conditioning through 

neurobiological rewards.  Although these possibilities require further testing, they 

suggest that the evolution of high-speed (i.e., high-intensity) wheel running in 

female mice may be linked to CB1 signaling, while the increased running 

duration observed only in HR males may have other causes. 

Studies of rats suggest that sex-based differences in CB1 signaling are 

common.  For example, male and female rats show differential CB1 receptor 

expression in the brain (Gonzalez et al., 2000; Rodriguez de Fonseca et al., 

1994), and several cannabinoids are known to be more potent, or show greater 

effects, in females than males (for review, see Craft, 2005; Cohn, 1972; Fattore 

et al., 2007; Tseng and Craft, 2001).  It is also possible that the expression or 

function of the CB1 receptor itself is not directly related to promoting voluntary 

wheel running in female HR mice.  For example, HR females could be more 

sensitive to potential negative effects of rimonabant administration (Pacher et al., 

2006), or have alterations upstream of the CB1 receptor that affect its 
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functionality, such as in the synthesis, release or degradation of 

endocannabinoids.   

Finally, it is important to note that our results seem to differ from a study 

by Compton et al. (1996), in which intravenous injection of rimonabant in doses 

upwards of 3 mg/kg is shown to produce locomotor stimulation for up to 4 hours 

post-injection in male ICR mice.  However, their measure of locomotion was 

taken in a standard (novel) cage, during the day, 5-15 minutes post-injection.  It 

is likely that this sort of locomotion has little to do with voluntary wheel running, 

which occurs at much higher speeds and over much longer time periods.  Of 

course, it is possible that if we had included a higher dose then we may have 

observed locomotor stimulation in our mice, given that our highest dosage level 

(3 mg/kg) is at the lower bound of the range of doses used by Compton et al. 

(1996).  Our maximum dosage level was chosen because it has been shown to 

be fully effective in blocking many cannabinoid, or presumed endocannabinoid 

effects, specific to CB1 receptors (Carai et al., 2005; DeVries and Schoffelmeer, 

2005; Pacher et al., 2006).  Multiple studies have found this dosage of 

rimonabant to have no effect on baseline exploratory behaviours in mice of the 

C57Bl6 strain (Gerdeman et al., 2008; Patel and Hillard, 2006; Tzavara, et al., 

2003).  Thus, rather than stimulating behaviour, several studies have now found 

CB1 receptor blockade to reduce locomotor activity that is thought to reflect 

motivation (see Introduction, and DeVries and Schoffelmeer, 2005, for review) or 

emotional affect (e.g. swimming in the forced swim test:  Steiner et al., 2007; 
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Tzavara et al., 2003), suggesting in both cases a blunting of internal reward or 

positive emotional mechanisms.   

 

Conclusions  

Our results suggest an important link between the endocannabinoid 

system and the evolution of increased voluntary wheel-running behaviour in 

house mice.  Knowledge of the relation between CB1 receptor signaling and 

voluntary exercise can increase understanding of the role of cannabinoid 

signaling in exercise, and how the neurobiological correlates of reward incentive 

may change with selective breeding for a voluntary behaviour.  In addition, 

because the ECS is an important neuromodulator of neural systems implicated in 

the perception of reward (Cheer et al., 2007; Lupica and Riegel, 2005; Mahler, 

2007; Maldonado et al., 2006; Pillolla et al., 2007), our results can help to 

elucidate aspects of the neurobiology of motivated behaviours in general.   

Our results also supplement the growing body of work on sex differences 

in the behavioural effects of cannabinoids and their receptors.  Although the field 

is primarily built on studies of rats and mice (Craft, 2005; McGregor and Arnold, 

2007), these sex differences extend to human beings.  Studies show that women 

seem to be more sensitive than men to cannabinoid induced hypotension 

(Mathew et al., 2003), have greater expression of CB1 receptor protein in 

leukocytes (Onaivi et al., 1999), and show age-related changes in CB1 receptor 

binding that are distinct from men, including in brain areas related to reward and 
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emotion (Van Laere et al., 2008).  Makela et al. (2006) found that women were 

more prone than men to exhibit deficits in a Spatial Span memory task following 

a low sublingual dose of the cannabinoid, THC.  Interestingly, because the THC 

treatment also enhanced a spatial working memory task known to be facilitated 

by dopamine, the authors speculated that both effects might be secondary to 

cannabinoid-enhanced dopamine signaling (Makela et al., 2006).  These 

observations augment clinical studies that suggest, in general, women are more 

vulnerable than men during the transition period between opportunity to use and 

drug abuse (Brady et al., 1999), and that women are more responsive to the 

rewarding effects of addictive drugs (Lynch, 2006).  Given the therapeutic 

potential of cannabinoid-related treatments for a variety of disorders (Pacher et 

al., 2006; Russo, 2004), including many that occur disproportionately in women, 

further examination of sex differences in the effect of cannabinoids are clearly 

warranted. 
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Table 1.1   Repeated-measures analyses (SAS Procedure Mixed) of wheel 

running 10-70 minutes following injections with veh icle, low or high dose of 

rimonabant   

 

Trait 
F for 
Dose 

P for 
Dose 

F for 
Linetype 

P for 
Linetype 

F for 
Interaction 

P for 
Interaction 

Females       
Revolutions 16.04 0.0004 34.45 0.0011 5.28 0.0227 

Time 19.90 0.0002 3.52 0.1096 0.35 0.7108 

Average 
Speed 

21.68 0.0001 40.49 0.0007 5.58 0.0194 

Maximum 
Speed 21.39 0.0001 48.09 0.0004 3.99 0.0468 

       
Males       

Revolutions 6.32 0.0133 15.59 0.0076 0.72 0.5068 
Time 2.85 0.0972 2.02 0.2053 0.24 0.7923 

Average 
Speed 

4.68 0.0314 16.60 0.0065 0.46 0.6429 

Maximum 
Speed 

2.09 0.1669 21.58 0.0035 0.29 0.7503 

 
 
Time denotes number of 1-minute intervals with at least one revolution; Average 

Speed is revolutions/time; Maximum Speed is revolutions in the single highest 1-

minute interval. 

Degrees of freedom are 2 and 12 for dose, 1 and 6 for linetype, and 2 and 12 for 

the does*linetype interaction.  All P values are for 2-tailed tests.  All analyses 

also included age and wheel freeness as covariates (results not shown). 
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Table 1.2.   Least squares (adjusted) means and standard error s from 

repeated-measures analyses of wheel running 10-70 m inutes following 

injections, as reported in Table 1, for females   

 

Trait 
Control 
Mean 

Control 
SE HR Mean HR SE 

HR/Control 
Mean 

Revolutions      

Vehicle 72.0 18.0 226.8 18.8 3.15 

Low Dose 64.4 18.0 205.2 18.8 3.19 

High Dose 40.9 18.0 114.3 18.8 2.79 

Time      

Vehicle 6.8 0.5 8.1 0.5 1.19 

Low Dose 6.3 0.5 7.6 0.5 1.20 

High Dose 4.8 0.5 5.6 0.5 1.16 

Average Speed      

Vehicle 9.1 1.7 25.1 1.8 2.77 

Low Dose 8.2 1.7 23.9 1.8 2.92 

High Dose 5.8 1.7 15.6 1.8 2.71 

Maximum 
Speed      

Vehicle 13.4 2.3 35.6 2.4 2.67 

Low Dose 12.0 2.3 34.9 2.4 2.90 

High Dose 8.8 2.3 25.3 2.4 2.89 
 
 
All values are means per 10-minute intervals.  Time denotes number of 1-minute 

intervals with at least one revolution; Average Speed is revolutions/time; 

Maximum Speed is revolutions in the single highest 1-minute interval. 
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Table 1.3 .  Least squares (adjusted) means and standard erro rs from 

repeated-measures analyses of wheel running 10-70 m inutes following 

injections, as reported in Table 1, for males 

  

Trait 
Control 
Mean 

Control 
SE 

HR 
Mean 

HR SE HR/Control 
Mean 

Revolutions      

Vehicle 76.8 21.4 195.5 21.9 2.54 

Low Dose 57.2 21.4 176.6 21.9 3.09 

High Dose 50.9 21.4 148.7 21.9 2.92 

Time      

Vehicle 6.7 0.8 7.8 0.8 1.17 

Low Dose 5.5 0.8 7.1 0.8 1.30 

High Dose 5.6 0.8 7.2 0.8 1.29 

Average Speed      

Vehicle 9.9 2.3 22.3 2.3 2.26 

Low Dose 7.2 2.3 20. 0 2.3 2.75 

High Dose 7.1 2.3 17. 7 2.3 2.48 

Maximum Speed      

Vehicle 14.9 2.9 30.6 2.9 2.05 

Low Dose 10.8 2.9 28.9 2.9 2.69 

High Dose 11.5 2.9 27.8 2.9 2.41 

 
 
All values are means per 10-minute intervals.  Time denotes number of 1-minute 

intervals with at least one revolution; Average Speed is revolutions/time; 

Maximum Speed is revolutions in the single highest 1-minute interval. 
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Figure 1.1.  Daily pattern of wheel running (revolutions in 20-minute bins) for 

mice from High Runner (Selected) and Control lines during the three days prior to 

start of rimonabant injections.  Note that females run more than males in both 

linetypes.  Gray bars indicate lights off.
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Figure 1.1. 
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Figure 1.2A.  Wheel running revolutions in 10-minute bins during i.p. rimonabant 

injections (low dose = 0.1 mg/kg, high dose = 3.0 mg/kg) for females in the first 

10-130 minutes post-injection (First 10-min period after injection is omitted).  

Values at -15 minutes are pooled revolutions in the 30-minute period prior to 

injections.  Values are simple means and standard errors.  Points are centered 

on the 5-minute mid-point (i.e., the point for the 11-20 minute bin is located at 15 

minutes).  Rimonabant reduced wheel running acutely in all mice, but for females 

(first panel) the reduction was significantly greater for High Runner (HR) lines 

than for Control lines (see Table 1, P for linetype * dose interaction = 0.0227).
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Figure 1.2A. Wheel Running Response for Females 
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Figure 1.2B.  Wheel running revolutions in 10-minute bins during i.p. rimonabant 

injections (low dose = 0.1 mg/kg, high dose = 3.0 mg/kg) for males in the first 10-

130 minutes post-injection (First 10-min period after injection is omitted).  Values 

at -15 minutes are pooled revolutions in the 30-minute period prior to injections.  

Values are simple means and standard errors.  Points are centered on the 5-

minute mid-point (i.e., the point for the 11-20 minute bin is located at 15 minutes).  

Rimonabant reduced wheel running acutely in all mice, but for females (first 

panel) the reduction was significantly greater for High Runner (HR) lines than for 

Control lines (see Table 1, P for linetype * dose interaction = 0.0227).



54 
 

Figure 1.2B. Wheel Running Response for Males 

 
 

56 



57 
 

Chapter 2 - Sex differences in cannabinoid receptor-1 (CB1) pha rmacology 

in mice selectively bred for high voluntary wheel-r unning behaviour 

 

 

Abstract  

The endocannabinoid system (ECS) is a complex network involved in the 

regulation of various physiological functions, including locomotion, 

antinociception, emotional states, and motivated behaviors.  In particular, the 

ECS is thought to be involved in the regulation of voluntary exercise, potentially 

as a neural mechanism to motivate or condition a beneficial, yet energetically 

taxing and potentially risky behavior.  The ECS has been implicated in the 

regulation of voluntary wheel running in mice via actions at the cannabinoid 

receptor-1 (CB1).  Previously, we showed that four replicate lines of house mice 

from a long-term selection experiment for high levels of voluntary wheel running 

(high-runner or HR lines) sex-specifically decreased their wheel running in 

response to antagonism of the CB1 receptor, as compared with four unselected 

Control lines.  In the current study, we administered a CB1 receptor agonist, WIN 

55,212-2 (WIN), to HR and Control mice of both sexes.  We predicted that if CB1 

activation is involved in the regulation of voluntary wheel running, then HR mice 

would show a greater response to CB1 agonism.  Likewise, we sought to 

determine if CB1 activity is stimulatory or inhibitory to wheel running and if this 

relationship varies with sex.  Following our previous pharmacology protocols
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mice of both linetypes and sexes from generation 53 were acclimated to running 

wheels for 24 days.  Subsequent to acclimation, mice received, in random order, 

either an intra-peritoneal injection of vehicle or a low (0.5 mg/kg), medium (1 

mg/kg) or high dosage (3 mg/kg) of WIN.  Each mouse received an injection and 

then experienced two nights without injections, for a total period of 12 days.  

Response to WIN was quantified as wheel revolutions, time spent running, as 

well as the speed of running in the 10-120 minutes immediately following 

injection.  Injection decreased wheel revolutions in all mice, but male HR mice 

differentially decreased their running relative to Controls in response to the high 

dose of WIN over the entire period analyzed, whereas HR females showed a 

differential response relative to Controls only in the latter 70-120 minutes post-

injection.  These results, in conjunction with our previous study, show that (a) 

aspects of endocannabinoid signaling have diverged in four independent lines of 

mice bred for high levels of voluntary wheel running and that (b) male and female 

HR mice differ from one another in CB1 signaling as it relates to wheel running.  

We take this as evidence that the CB1 receptor has been important in the 

evolution of wheel running in HR mice, but in a sex-specific manner.   
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Introduction  

Understanding the control of voluntary behavior is one of the greatest 

challenges for neurobiology.  In particular, knowledge of how the brain motivates 

imperative, yet potentially costly behaviors -- such as voluntary exercise -- is of 

great relevance to an increasingly inactive human population (Garland et al., 

2011a).  The literature reflects an almost endless array of approaches to study 

the neurobiology of exercise; we have chosen to use a long-term selection 

experiment that targets high levels of voluntary wheel running in mice (Garland et 

al., 2011b; Rhodes et al., 2005; Swallow et al., 2009). 

Within this experiment, four independent, genetically closed lines of house 

mice (Mus domesticus) have been selectively bred since 1993 (>60 generations) 

on the basis of their voluntary wheel running on days 5 and 6 of a 6-day trial 

(High Runner lines, HR), in parallel with four unselected Control lines.  After 10 

generations of selection, HR mice of both sexes ran at least 70% more 

revolutions/day than their Control counterparts (Swallow et al., 1998).  The 

divergence between HR and Control lines eventually reached a plateau at a 

differential of approximately +170% (Kolb et al., 2010; Rhodes et al., 2000; 

Swallow et al., 2009).  Concomitant with increases in voluntary wheel running, 

HR mice have also undergone a shift towards increased levels of spontaneous 

physical activity (SPA) in cages when wheels are absent (Malisch et al., 2009; 

Rhodes et al., 2001).  Likewise, when running wheels were locked, HR mice 
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spent more time climbing in the locked wheels, apparently trying to run (Koteja et 

al., 1999). 

In addition to changes in locomotor behavior (see also Girard et al., 2001), 

the selective breeding regimen has led to changes in capacities for aerobic 

exercise (Kolb et al., 2010; Meek et al., 2009), and in various lower-level 

morphological and physiological traits that may affect endurance capacity 

(Garland, 2003).  For example, HR mice exhibit reduced total body mass 

(Swallow et al., 1999), reduced body fat (Swallow et al., 2001, Vaanholt et al., 

2008), more symmetrical hind limb bones (Garland and Freeman, 2005), higher 

circulating corticosterone (Girard and Garland, 2002; Malisch et al., 2008) and 

adiponectin levels (Vaanholt et al., 2007), as well as increased plasticity of some 

traits in response to wheel access (Gomes et al., 2009).  

Although it is currently not well understood to what degree voluntary 

exercise can be considered a classical motivated behavior (Garland et al., 

2011a), several studies in HR mice have documented divergences in the neural 

systems traditionally thought to regulate motivation and reward (see also Belke 

and Garland, 2007).  Mathes et al. (2010) hypothesized that many of these 

differences reflect an overall dysregulation of dopaminergic signaling.  For 

example, Bronikowski et al. (2004) showed that the HR mice had a 20% increase 

in mRNA for dopamine-2 (D2) and dopamine-4 (D4) receptors in the 

hippocampus as compared with mice from Control lines.  Likewise, 

pharmacological studies with dopamine transporter blockers and dopamine-1 



61 
 

(D1) -like antagonists found differential effects on wheel running in HR and 

Control mice (Rhodes et al., 2001, Rhodes and Garland 2003;), attributed to 

altered functionality in the D1 receptor system (but not in the D2 receptor, 

serotonergic or opioidergic systems) (Li et al., 2004; Rhodes et al., 2001, 2003, 

2005).  In addition, a Fos immunohistochemistry study showed HR mice to have 

a greater proportional increase in activity in some brain regions implicated in 

reward and motivation when wheel access is blocked, consistent with a state of 

withdrawal (Rhodes et al., 2003).   

Alongside alterations in dopaminergic and reward signaling, we 

hypothesized that HR mice differ from Controls in their response to drugs that act 

upon one of the major receptors (cannabinoid receptor-1; CB1) of the 

endocannabinoid system (ECS) (Keeney et al., 2008).  The ECS is a complex 

modulatory system, primarily composed of cannabinoid receptors, their 

endogenous ligands (endocannabinoids), and proteins involved in the synthesis 

and modification of endocannabinoids.  Although the role of central cannabinoid 

signaling as mediated by the CB1 receptor is not fully understood, cannabinoids 

likely have a natural role in antinociception, memory, the perception of natural 

rewards, and the regulation of complex locomotor outputs (particularly those 

paired with rewarding stimuli) (De Chiara et al., 2010; Iversen, 2003).   

Much evidence suggests a relationship between endocannabinoid signaling and 

physical activity (see Fuss and Gass, 2010 for review).  Recent discussion has 

highlighted the tight involvement of central endocannabinoid activity with the 



62 
 

expression of motor behavior (El Manira and Kyriakatos, 2010), and in particular, 

voluntary running (Chaouloff et al., 2011).  Specific to rodent systems, it has 

been suggested that the ECS may regulate wheel-running behavior (Chaouloff et 

al., 2011; Dubreucq et al., 2010).  To that end, Hill et al. (2010) have shown that 

wheel running, a form of voluntary exercise in rodents (Garland et al., 2011a), 

increases both CB1 signaling and the concentration of anandamide within the 

hippocampal formation of rats.  Likewise, mouse synaptic responses to HU210, a 

selective cannabinoid CB1 receptor agonist, were greatly potentiated following 7 

or 15 days of wheel access (De Chiara et al., 2010).  Similarly, two weeks of 

voluntary wheel access was found to sensitize CB1 receptor-mediated inhibition 

of striatal GABAergic transmission in mice (Rossi et al., 2009).  CB1 knockout 

mice showed less voluntary wheel running over a period of 6 weeks as compared 

with their wildtype counterparts (Dubreucq et al., 2010), however they did not 

differ in locomotion in an activity cage, exploration in an open field, or immobility 

time in the forced swim test.   Similarly, Chaouloff et al. (2011) compared daily 

patterns of running behavior in wildtype and CB1 knockout mice housed either 

with or without running wheels, and found that that the former behavior, but not 

the latter, is under the control of the CB1 receptor.  In humans, parallels between 

the psychotropic effects of traditional cannabinoid drugs and the positive feelings 

associated with sustained, endurance-type exercise has led some to hypothesize 

that endocannabinoids may be involved, at least in part, with a so-called 

“runner’s high” sensation that may help to motivate exercise behaviors (Dietrich 
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and McDaniel, 2004).  Consistent with this hypothesis, Sparling et al. (2003) 

showed that anandamide, the major endogenous ligand of the ECS, is increased 

in the circulation following exercise in trained male college students.   

In the context of our system, we have previously shown that HR mice 

have a differential and sex-specific wheel-running response to intraperitoneal 

(i.p.) injection of a selective CB1 antagonist (SR141716; Rimonabant) (Keeney et 

al., 2008).  When transmission at the CB1 receptor was blocked, female HR mice 

decreased running to a greater degree than male HR mice or those from Control 

lines.  Although that study was the first to use pharmacology on both sexes of HR 

mice to demonstrate possible differences in neural correlates of wheel running, 

we have long known that male and female HR mice have responded differently to 

selective breeding for high wheel running (Garland et al., 2011b; Keeney et al., 

2008).  Specifically, female HR mice have evolved their higher daily running 

distances almost entirely by increasing the speed at which they run, whereas 

males have shown increases in both the speed and duration of wheel activity 

(Garland, 2003; Girard et al., 2001; Keeney et al., 2008; Koteja and Garland, 

2001; Rezende et al., 2009; Rhodes et al., 2000; Swallow et al., 1998, 1999).   

It is well known that males and females of many species may accomplish 

a given behavior in different ways, often as a result of the influence of either 

androgens or hormones of the estrous cycle.  It is not definitively known to what 

extent behaviors such as voluntary exercise differ by sex, nor how these putative 

differences manifest in the brain (see Lightfoot, 2008 for review).  The HR and 
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their Control lines offer an ideal system in which to explore the neurobiological 

underpinnings of an “exerciser” phenotype, as well as how these systems may 

differ between the sexes.  Given the literature, and our previous results for this 

system, we believe that the CB1 receptor is important in the neural control of 

voluntary exercise in general, and specifically to the evolution of the HR 

phenotype.  It is not yet clear, however, if CB1 transmission is stimulatory or 

inhibitory to HR wheel running; likewise, there remains much to be learned 

regarding the nature of CB1 transmission in sex-specific voluntary locomotion.   

To further address these questions, we administered a CB1 receptor 

agonist (WIN 55,212-2) to HR and Control mice of both sexes and observed their 

subsequent wheel running (at the time of peak nightly activity).  We predicted 

that if, as in our previous study (Keeney et al., 2008), there are sex-specific 

differences in ECS physiology that underlie wheel running, then male and female 

HR mice will differ from their Control counterparts in their wheel-running 

response to CB1 agonism.   

 

Materials and Methods  

Animals 

The subjects of study were male and female mice (Mus domesticus), 

originally derived from Hsd:ICR stock (Harlan Sprague Dawley, Indianapolis, 

Indiana, USA).  As discussed in detail elsewhere (Swallow et al., 1998), four lines 

were designated for selection for high voluntary wheel running on days 5 and 6 of 



65 
 

6-day period of wheel access (High Runner or HR lines), while four additional 

lines were maintained without selective breeding to serve as controls for random 

genetic effects, including drift (Control lines).  In brief, the general selection 

protocol is as follows.  Following birth, mice are weighed, toe-clipped for 

individual identification, and weaned at 21 days of age.  Mice are then housed 

four/cage/sex by line.  At ~6-8 weeks of age, mice are housed individually in 

cages with wheel (1.12 m circumference) access for a 6-day period.  Wheel 

revolutions are recorded daily in 1-minute intervals by a photocell counter 

attached to the wheel.  Revolutions are compiled via customized software (San 

Diego Instruments, San Diego, California, USA).  Following wheel-testing, 

breeders are selected for the next generation.  In the HR lines, a male and 

female mouse from each family are selected for having the highest total 

revolutions during days 5 and 6 of the wheel-running trial.  In the Control lines, a 

male and female mouse from each family are chosen without regard to wheel 

revolutions.  Breeders are then randomly paired within each line, with the 

exception that sibling pairs are not allowed.  Throughout the selection process, 

and in all studies described here, mice are maintained on a standard 12-h 

light/dark cycle, with ad lib access to water and food. 

Following our previous protocol (Keeney et al., 2008); mice for the current 

study were chosen from among those that underwent the routine 6-day wheel-

running trial.  Our sample excluded both the highest and lowest runners from 

each family.  Of the remaining mice, one male or female was chosen from each 
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family for a total sample size of 96 (48 males and 48 females), equally 

representing all 8 independently breeding lines (4 HR, 4 Control).  Mice were 

allowed 24 days of acclimation to wheels prior to drug testing.  While with wheel 

access, mice were maintained on a 12:12 photoperiod with lights on at 03:00 h 

and lights off at 15:00 h.  Placement of mice with wheels was randomized with 

respect to sex and line, and experimenters were blind to sex, line, and linetype 

(HR or Control).  Animal procedures were in accordance with University 

guidelines and with the National Institutes of Health Guide for the Care and Use 

of Laboratory Animals.  

Drug protocol 

WIN 55,212-2 (WIN) was obtained from BIOMOL International, LP (Enzo 

Life Sciences International, Inc., Plymouth Meeting, PA), and then dissolved in a 

vehicle solution of DMSO (20% final volume), Tween-80 (10% final volume), and 

physiological saline (70% final volume).  Vehicle solutions were added in the 

order listed, with vigorous vortexing between steps.  Tween-80 and saline are 

widely used as a vehicle for the in vivo delivery of cannabinoid-type compounds 

such as SR141716A (Costa et al., 1999), SR144528 (Conti et al., 2002), ∆9-

tetrahydrocannabinol (THC) (Hoffman et al., 2003; Hoffman et al., 2007; 

Kochman et al., 2006; Wu and French, 2000) in rats, as well as SR141716A 

(Gerdeman et al., 2008; Keeney et al., 2008) and cannabidiol (Gerdeman et al., 

2008) in mice.  Specifically, this vehicle has been used for the delivery of WIN in 

both rats (French et al., 1997; Hoffman et al., 2003) and mice (Kochman et al., 
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2006).  This vehicle solution does not by itself influence open-field locomotor 

behavior in mice (Gerdeman et al., 2008), nor extinguish nightly wheel running in 

mice from the HR and Control lines (Keeney et al., 2008). 

All drug solutions were prepared fresh immediately prior to use.  On the 

25th night of wheel-access, mice were divided into three batches to minimize the 

length of any disturbance during the active period.  Batches were randomized by 

line and sex.  At two hours after lights-off (17:00 h), during typical peak wheel-

running activity (Girard et al., 2001; Girard and Garland, 2002; Malisch et al., 

2008; Rhodes et al., 2003), a single batch received treatments.  The total 

injection period for a batch was roughly two hours (17:00 h-19:00 h).  Each 

mouse in a batch received one of four treatments (high WIN [3 mg/kg]; medium 

WIN [1 mg/kg]; low WIN [0.5 mg/kg] or sham vehicle injection) via i.p. injections.  

Doses were chosen based upon review of the literature, with specific attention to 

Patel and Hillard (2006).  Injection volumes were adjusted for dose and body-

mass of the animal.  Over the entire experimentation period, injection volumes 

ranged from 0.104 to 0.242 mL.  

Following the design of Li et al. (2004) and Keeney et al. (2008), each 

mouse received one treatment per three-night period until every individual had 

been injected with every treatment (12 nights total), with 72 hours between each 

injection to avoid carryover effects.  Six individuals from batch one were initially 

tested at a higher maximum dose level (10 mg/kg WIN) but did not display any 

wheel running (or activity at all) over the entire testing period.  This dose was 



68 
 

subsequently abandoned, and these individuals received an extra night of 

injections, such that they received all four doses comparable to the rest of the 

sample, making 13 total nights of injections for this subset.   

The acute locomotor response to treatment was measured as the total 

number of wheel revolutions in the period from 10-120 min post-injection 

(Keeney et al., 2008).  In addition, we analyzed the number of 1-minute intervals 

with at least one revolution (time spent running), the average running speed 

(revolutions/minute), and the maximum running speed (revolutions in the single 

highest 1-minute interval).   

Statistical analysis 

During the course of experimentation, a total of 4 males and 1 female 

were eliminated from the sample because of death before or during 

experimentation (3 males), or because they were observed to exhibit twirling 

behavior (running in rapid, small, stereotypic circles) in their cages (1 male and 1 

female).  Individuals with injection problems, wheel malfunction or injury were 

excluded from analysis on a night-by-night basis.  Thus, 44 males and 47 

females were statistically analyzed (total N=91). 

Statistical analyses were performed using SAS version 9.1 (SAS Institute, 

Cary, NC, USA).  Analyses were first conducted separately by sex.  The primary 

grouping factors were linetype (HR vs. Control) and dose, with replicate line as a 

random effect nested within linetype.  Individual was the factor for repeated 

measures, and we assumed compound symmetry of the residual covariance 
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matrix in SAS Procedure Mixed.  In this mixed-model analysis of covariance, the 

degrees of freedom for testing the effect of linetype, relative to line, are always 1 

and 6.  For dose and the dose * linetype interaction (tested relative to the dose * 

line [linetype] effect), degrees of freedom are 2 and 12.  This interaction term is 

of chief interest because, if statistically significant, it indicates a differential 

response of the HR and Control lines to the drug dose.  Wheel-freeness (a 

measure of how long each wheel rotates following acceleration to a constant 

velocity) was recorded four days prior to injections and was included as a 

covariate in statistical analyses, as was individual age.  After inspection of the 

residuals from the statistical models, all wheel-running traits were transformed by 

raising to the 0.6 power in order to reduce skewness.  For analyses of 

proportional responses, all values were log10-transformed prior to analyses.   

 

Results  

Baseline wheel running and effects of vehicle injection 

For generation 53, 553 mice representative of all eight lines underwent the 

standard 6-day wheel test (N = 272 females, 281 males).  Females from the HR 

lines (10,004 + 913 revolutions/day; least-squares mean + standard error) ran 

3.01-fold more than Control females (3,323 + 387 revolutions/day) on days 5+6 

(p=0.0005).  HR males (7,126 + 490 revolutions/day) ran 2.7-fold more than 

Control males (2,636 + 493 revolutions/day) on days 5+6 (p=0.0007).   
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 Results were similar for the subset of males and females used in the 

present experiment (47 males and 47 females from the present study underwent 

wheel testing; one male and female did not, but were included as replacements 

at a later date due to unexpected mortality).  Females from the HR lines (8,749 + 

843 revolutions/day) ran 2.92-fold more than Control females (2,995 + 490 

revolutions/day) on days 5+6 (p=0.0011).  For males, HR ran 6,599 (+ 549) as 

compared with 2,680 (+ 392) revolutions/day for Control, yielding a 2.46-fold 

differential (p= 0.0011).  As expected, Figure 1 shows that HR mice ran 

significantly more than C mice in the three days prior to injections.  Likewise, 

females of both linetypes (HR and C) ran more than males of both linetypes.  

 Online Supplemental Figure A shows the average wheel-running during 

the 30 minutes prior to injections (an hour and forty five minutes past lights off), 

as well as in each 10-minute interval during the first 10-130 minutes post-

injection.  Prior to injections, females from the HR lines (273 + 18 revolutions/10 

min) were running 2.95-fold more than Control females (94 + 18)(p= 0.022).  For 

males, HR ran 252 (+ 11 revs, p=0.0001) as compared with 95 (+ 11 revs, p< 

0.0001) revolutions/10 min for Control, yielding a 2.65-fold differential (p< 

0.0001).  Following sham injection, a repeated-measures ANCOVA for the 

difference between the average wheel-running during the 30 minutes prior to 

injection and the average wheel-running during the first 10-70 minutes following 

injection (with covariates of age and wheel-freeness) shows that both female HR 

(-86 + 13 revs/10 min, p=0.0007) and Control mice (-36 + 14, p=0.0420) 
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significantly decrease their wheel running, with the decrease being significantly 

greater for HR females (p=0.0424).  The trends were similar for males, with HR 

decreasing by 86 revs/10 min (+ 17, p=0.0025) and Controls decreasing by 32 

revs/10 min (+ 17 revs, p= 0.0975), and the effect of linetype marginally 

nonsignificant (p=0.0674).  These decreases may be the result of a natural trend 

for decreasing wheel running over the course of the night (peak running is 

typically reached around 2 hours following lights out, e.g., see Girard and 

Garland, 2002, Malisch et al., 2009; Rhodes et al., 2001) and/or an effect of the 

vehicle injections per se.  Without a control group that received no injections, we 

cannot separate these possibilities.  For proportional responses (average running 

10-70 minutes following injection divided by average running during the 30 

minutes prior to injections), we observed no difference between HR and Control 

lines for either females (p=0.5013) or males (p=0.3212).   

Drug response 

Table 1 shows repeated-measures ANCOVAs for the first 10-70 

(corresponding to our previous study: Keeney et al., 2008) and also for 70-120 

minutes post-injection.  For female mice in the first 10-70 minutes post-injection, 

the reduction in wheel revolutions depended on both dose and linetype.  

Likewise, there was a significant effect of dose and linetype on the average and 

maximum speed, but only a statistically significant effect of dose for the amount 

of time spent running.  Results were similar 70-120 minutes post-injection for 

females, in that there was a significant effect of dose and linetype on total 
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revolutions run, as well as the average and maximum running speed.  However, 

unlike the first 10-70 minutes, in this period there was a significant effect of both 

dose and linetype on the time spent running, as well as a dose by linetype 

interaction for both the total revolutions and average running speed.  Thus, for up 

to 70 minutes, the wheel running of females from both linetypes is depressed in a 

similar fashion for all doses.  However, during the final 70-120 minutes HR mice 

receiving the 1 mg/kg dose resume running at sham levels, while wheel running 

of Control mice remains depressed (see Fig. 2, Online Supplemental Figure A).   

For males, wheel revolutions, as well as average and maximum speed, 

depended on dose and linetype (p< 0.05 for all) for all time periods studied (Fig. 

2), with higher doses generally depressing wheel running more for both linetypes.  

Similar to females, only dose had a significant effect on the time spent running, in 

both the first 10-70 minutes and in the latter 70-120 minutes post-injection.  

Unlike results for females, the reduced wheel running in males was significantly 

greater for HR lines than for Controls for total revolutions run, time spent running, 

as well as average and maximum speed (p< 0.05 for all dose by linetype 

interactions) in the first 10-70 minutes post-injection.  In addition, males also 

showed a significant dose by linetype interaction for the total revolutions run and 

for all measures of speed in the 70-120 minutes post-injection (p< 0.05 for all).  
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Discussion  

Results from the present study show agonism of the CB1 receptor (via i.p. 

injection of WIN) decreases wheel running in all groups analyzed.  However, 

male mice from the HR lines differentially decreased their wheel running in 

response to WIN, as compared with males from the non-selected Control lines 

for all time periods studied (10-120 minutes post-injection)(Table 1, Fig. 2).  In 

contrast, female HR mice had a differential decrease in wheel running in 

response to WIN only during the latter time period (70-120 minutes post-

injection).  These results complement a prior study, in which we found that 

female HR mice from generation 48 showed altered responsiveness to a 

selective CB1 receptor antagonist (SR141716; Rimonabant) as compared with 

females from the four non-selected Control lines, while HR males did not differ 

from their Control counterparts (Keeney et al., 2008).  Both the previous and 

current study show that HR mice differ from Control mice in the magnitude of the 

wheel-running response of one sex or the other to the highest dose of CB1 

antagonist or agonist, respectively.  In both studies (and sexes), this reduction in 

wheel-running is primarily caused by a decrease in the speed of running, with 

only HR males during the first 10-70 minutes of WIN injection showing a 

statistical reduction in the amount of time spent running. 

These results suggest that over the course of selective breeding HR mice 

have evolved to utilize CB1 signaling in a different way than Control-line mice 

during the performance of voluntary wheel running (i.e., voluntary exercise: 
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Garland et al., 2011a).  Furthermore, HR mice have done this in a sex-specific 

manner.  Put differently, our results show that male and female HR mice have 

evolved to similar behavioral endpoints (i.e., similar factorial increase in voluntary 

wheel running) via at least partially separate mechanisms (Garland et al., 2011b).  

It is important to note that, as expected from numerous previous studies 

(e.g., Garland et al., 2011b; Keeney et al., 2008); HR mice of both sexes differ 

substantially from Control-line mice in baseline running.  In the present study, HR 

mice ran approximately three-fold more than Control under baseline conditions 

(e.g., see Fig. 1), a typical differential.  Given this large difference in baseline 

running, it is possible that HR and Control mice are operating under vastly 

different physiological regimens during times of peak nightly running, when the 

present study was conducted.  For example, in a given night of wheel running, 

HR mice could voluntarily approach performances at or near their maximal 

aerobic speed (i.e., almost at their maximal rate of oxygen consumption), unlike 

the nightly running of typical Control mice (Girard et al., 2001; Rezende et al., 

2005, 2009).  Therefore, even nominal increases or decreases in total wheel 

running during the active period could have different physiological consequences 

for an HR mouse as compared with a Control mouse. 

Sex differences 

Several studies have documented robust sex differences in the evolution 

of high levels of voluntary wheel running over the course of selection.  In general, 

the increased daily running distance of HR mice is accomplished mainly by 
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speed in female HR mice, but by both speed and duration of running (to a lesser 

degree than females) in HR males (Garland, 2003; Girard et al., 2001; Keeney et 

al., 2008; Koteja and Garland, 2001; Rezende et al., 2009; Rhodes et al., 2000; 

Swallow et al., 1998, 1999).  In recent generations HR males (seemingly at a 

selection limit) can run for as many minutes per day as HR females (Garland et 

al., 2011b; Rezende et al., 2009). The rodent literature supports a generalized 

trend for higher levels of locomotor activity in female rodents.  This trend seems 

particularly true for wheel running activity (see Lightfoot, 2008 for review).  For 

instance, Eikelboom and Mills (1988) find that female rats run more than males, 

at a higher speed.  Likewise, Konhilas et al. (2004) found that female mice of two 

different strains ran more than male mice of their respective strain, both at higher 

speeds and for a longer duration.  Indeed, Field and Pellis (2008) find significant, 

overarching differences in the ways male and female rats organize their 

movements across a wide variety of motor tasks, and suggest that these sex 

differences in movement are not a byproduct of dimorphisms in body size or 

shape, but rather a result of neural differences.  

In the context of our understanding of the voluntary wheel running of HR 

mice, it is likely that some of these neural sex differences are associated with the 

ECS (or factors related to downstream or upstream ECS activity).  Several 

studies suggest that sex-based differences in CB1 signaling are common.  For 

example, Fattore et al. (2007) found that ovarian hormones play a crucial role in 

the behavioral response of rats to cannabinoids.  Similarly, it has been shown in 
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rats that estrogen can affect cannabinoid receptor density (Rodriguez de 

Fonseca et al., 1994), transcription (Gonzalez et al., 2000), and signal 

transduction (Mize and Alper, 2000).  Likewise, Hill et al. (2007) reported that the 

antidepressant effect of estrogen in a rat model of anxiety was prevented by 

pharmacologically blocking CB1 receptors, thus implicating a modulatory role of 

estrogen on the ECS.  Similarly, although THC and other cannabinoid agonists 

are antinociceptive regardless of sex, these effects seem to be stronger in female 

rats than males (Cohn, 1972; for review and other species, see Craft, 2005; 

Fattore et al., 2008; Tseng and Craft, 2001).   

Although it seems evident that female sex hormones can affect aspects of 

ECS functioning, there is also evidence that suggests male-specific ECS 

dynamics.  For example, Reich et al. (2009) found that male rats have higher 

basal levels of CB1 receptors than females.  Likewise, Miller et al. (2004) showed 

that CP 55,940, a full agonist at both the CB1 and CB2 receptors, increased 

intake of a highly palatable food reward to a greater degree in male than female 

rats.  In line with these results, Diaz et al. (2009) found that administration of WIN 

produced a greater degree of hyperphagia in male than female guinea pigs.  It is 

not yet clear if these dimorphisms represent a clear sex-bias in ECS-influenced 

behaviors (see Fattore and Fratta, 2010 for review). 

Given these known sexual dimorphisms in ECS physiology, we suggest 

that perhaps the psychotropic effects of ECS activity may play a role in our 

observations following CB1 receptor agonism and antagonism in male and 



77 
 

female HR mice.  As previously mentioned, it has long been hypothesized that 

the ECS may contribute to a pleasurable “runner’s high” sensation associated 

with prolonged endurance-type exercise (Dietrich and McDaniel, 2004).  It has 

been shown that CB1 signaling can mimic the action of drugs of abuse, thus 

producing a rewarding sensation that is capable of conditioning behaviors (De 

Vries and Schoffelmeer, 2005; Maldonado et al., 2006).  It is possible that this 

neurobiological “reward” may motivate, or be stimulated by, high-intensity (high-

speed) running.  If it were true that CB1 activity (at least in areas of the brain 

relevant to the performance of wheel running) is intensity-dependent, then we 

can predict that relatively high-speed running would be conditioned by the neural 

“pay off” of CB1 activation.  Given that HR females tend to run at higher speeds 

than males, we would expect females to decrease their wheel running to a 

greater degree when CB1 transmission is blocked, and to a lesser degree 

(perhaps influenced by the injection itself) when transmission is stimulated (as 

this could approach normal CB1 activity during running).  This is indeed what we 

observed (see Table 1), although without actual quantification of CB1 dynamics 

behavioral observations alone are not sufficient evidence of any particular 

mechanism. 

Of course, it is also possible that the expression or function of the CB1 

receptor itself is not directly related to promoting voluntary wheel running in 

female HR mice.  It has long been understood that receptor agonist dynamics 

can affect either a compensatory downregulation or upregulation of a target 
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receptor protein (Meyer and Quenzer, 2005).  Male or female HR mice could 

have any number of alterations upstream of the CB1 receptors that affect its 

functionality, including those that interrupt the synthesis, release or degradation 

of endocannabinoids.  Alternately, HR females could be more sensitive to 

potential negative effects of Rimonabant administration (Pacher et al., 2006), 

while males are more sensitive to the catalepsy-inducing effects of cannabinoid 

agonists such as WIN.   

It is also possible that some or all of these observed sex differences in the 

effects of cannabinoids could be due to patterns of drug deposition, as related to 

differences in body fat.  WIN, THC, and other cannabinoids are highly lipophilic, 

and can be readily absorbed by fat cells (Nahas et al., 1981).  Cortright et al. 

(1997) found that male rats have a higher percentage of body fat than females, 

which led Tseng et al. (2004) to hypothesize that perhaps the behavioral effects 

of cannabinoids are less apparent in male rodents due to their body fat levels.  

Contrary to this idea, however, male and female HR mice do not significantly 

differ in their percentage body fat (Swallow et al., 2001), which is very low 

compared to other common laboratory strains of mice [Nehrenberg et al., 2009]), 

suggesting that sex differences in the behavioral response to CB1 manipulation 

are due tof more than just levels of body fat. 

 

 

 



79 
 

Conclusion  

In summation, our results strongly implicate involvement of the ECS in the 

performance of voluntary wheel running, a type of voluntary exercise in rodents 

(Garland et al., 2011a).  When we deconstruct how voluntary locomotion is 

accomplished, obviously there is a large contribution of physical ability; however, 

equally important is an individual’s intrinsic motivation for a potentially taxing and 

relatively energetically intensive behavior.  After more than 50 generations of 

selective breeding for high levels of voluntary wheel running, we have observed 

correlated differences in both the ability and seeming “desire” of HR mice to run 

to on wheels (Garland, 2003; Rhodes et al., 2005; Belke and Garland, 2007; 

Swallow et al., 2009; Garland et al., 2011a).  It is interesting that both the 

dopaminergic system and the ECS seem to have been involved in the 

development of the HR phenotype.  Dopamine and endocannabinoids interact 

(Laviolette and Grace, 2006; Lupica and Riegel, 2005; Maldonado et al., 2006; 

Pillolla et al., 2007), and in some cases, both the ECS and the dopaminergic 

system have been shown to influence the performance of locomotor behaviors 

(Beltramo et al., 2000; Giuffrida et al., 1999; Gorriti et al., 2005).  Equally 

interesting, and perhaps less expected is the fact that ECS activity via both 

activation and suppression of CB1 transmission results in unique sex differences 

in behavior in HR mice.  A logical next step following both selective CB1 agonism 

and antagonism would be to administer mice of both sexes and linetypes an 

indirect CB1 agonist (such as an uptake blocker or FAAH inhibitor).  On a more 
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general level, it is possible that over the course of selection male and female HR 

mice have evolved large-scale differences in how the brain motivates and/or 

rewards high wheel running.  Likewise, although pharmacology can be a useful 

tool in detecting behavioral correspondences to neural activity, it does not allow 

us to make quantitative statements about how male and female HR mice might 

differ with respect to CB1 distribution, regulation or activation in a normal 

behavioral context.  The genetic basis of sex differences in running by HR mice 

is now under study (Hannon et al., 2011; Kelly et al., 2010), while further studies 

aim to characterize the extent and nature of how both sexes of HR mice organize 

and utilize mechanisms of neural reward, with a special emphasis on an 

understanding of the dynamics of ECS activity in vivo.  
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Table 2.1.   Repeated-measures analyses (SAS Procedure Mixed) of wheel 

running (binned in 10-min intervals) during 10-70 and 70-120 minutes following 

injections with vehicle, low, medium or high dose of WIN 55,212-2 in males and 

females.   

 

Time denotes number of 1-minute intervals with at least one revolution; Average 

Speed is revolutions/time; Maximum Speed is revolutions in the single highest 1-

minute interval. 

 

Degrees of freedom are 2 and 12 for dose, 1 and 6 for linetype, and 2 and 12 for 

the does*linetype interaction.  All p-values are for 2-tailed tests.  All analyses also 

included age and wheel freeness as covariates (results not shown). 
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Table 2.1.  
 

Trait and 
Transform 
Used 

F for 
Dose  

P for 
Dose  

F for 
Linetype  

P for 
Linetype  

F for 
Interaction  

P for 
Interaction  

Females 10 -70 mins  
  

         

Revolutions^0.6 17.27 <0.0001 27.84 0.0019 1.10 0.3730 

Time^0.6 24.26 <0.0001 4.44 0.0796 0.25 0.8623 

Average Speed 
(rpm)^0.6 19.80 <0.0001 37.61 0.0009 1.69 0.2052 

Maximum 
Speed 
(rpm)^0.6 

22.62 <0.0001 37.43 0.0009 1.48 0.2529 

Females 70-120 mins       

Revolutions^0.6 15.98 <0.0001 22.23 0.0033 4.04 0.0233 

Time^0.6 9.34 0.0006 10.09 0.0191 0.89 0.4664 

Average Speed 
(rpm)^0.6 11.70 0.0002 24.80 0.0025 3.52 0.0363 

Maximum 
Speed 
(rpm)^0.6 

11.02 0.0002 25.75 0.0023 2.80 0.0693 

Males 10-70 mins  
  

         

Revolutions^0.6 35.85 <0.0001 10.66 0.0171 10.27 0.0004 

Time^0.6 30.34 <0.0001 1.25 0.3062 5.07 0.0102 

Average Speed 
(rpm)^0.6 

39.95 <0.0001 10.95 0.0162 11.18 0.0002 

Maximum 
Speed 
(rpm)^0.6 

43.08 <0.0001 11.48 0.0147 10.15 0.0004 

Males 70-120 mins  
  

         

Revolutions^0.6 18.70 <0.0001 10.41 0.018 9.74 0.0005 

Time^0.6 10.63 0.0003 4.99 0.0669 2.79 0.0702 

Average Speed 
(rpm)^0.6 

16.30 <0.0001 10.36 0.0182 7.83 0.0015 

Maximum 
Speed 
(rpm)^0.6 

15.84 <0.0001 9.98 0.0196 7.25 0.0022 
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Figure 2.1.   Daily pattern of wheel running (revolutions in 20-min bins) for mice 

from selectively bred High Runner (HR) and Control lines during 3 days before 

the start of WIN 55,212-2 injections (22 Oct- 24 Oct 2008).  Note that females run 

more than males in both linetypes.  Grey bars indicate lights off.  
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Figure 2.1.  
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Figure 2.2.   Least squares means and standard errors from repeated-measures 

analyses of revolutions, minutes spent running, and revolutions per minute during 

10-70 minutes following injection (A,B,C) and 70-120 minutes following injection 

(D,E,F) for males and females after injection of the CB1 receptor agonist WIN 

55,212-2.  Significance levels are presented in Table 1 and values are presented 

in Online Supplemental Table A. 
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Figure 2.2.  
 

A. Least squares means (and std. errors) – Revolutions (10-70 mins) 
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Figure 2.2. continued…  
 
B. Least squares means (and std. errors) – Minutes spent running (10-70 mins) 
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Figure 2.2. continued…  
 
C. Least squares means (and std. errors) – Speed (10-70 mins) 
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Figure 2.2. continued…  
 
D. Least squares means (and std. errors) – Revolutions (70-120 mins) 
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Figure 2.2. continued…  
 
D. Least squares means (and std. errors) – Minutes spent running  
(70-120 mins) 
 

   

 
 
 
 



99 
 

Figure 2.2. continued…  
 
D. Least squares means (and std. errors) – Speed (70-120 mins) 
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Appendix  
 
Supplemental Table A . Least squares means (all traits transformed by raising to the 0.6 
power) and standard errors from repeated-measures analyses (Table 1) of wheel running 10-70 
and 70-120 minutes following injections, for females and males. 
 

  Control 
Mean 

Control 
SE 

HR 
Mean 

HR 
SE 

Control 
Mean 

Control 
SE 

HR 
Mean 

HR 
SE 

 Females 10-70 mins Females 70-120 mins 

Revolutions^0.6  

Vehicle 10.887 1.660 20.655 1.610 7.599 1.991 22.202 1.932 

Low Dose 11.211 1.656 19.014 1.610 8.980 1.989 20.041 1.932 

Medium 
Dose 7.810 1.657 16.067 1.631 6.554 1.991 16.198 1.957 

High Dose 3.978 1.657 8.524 1.610 3.633 1.991 8.147 1.932 

Time^0.6    

Vehicle 2.842 0.238 3.275 0.230 1.861 0.313 3.278 0.304 

Low Dose 2.817 0.238 3.150 0.230 2.081 0.312 2.875 0.304 

Medium 
Dose 2.249 0.238 2.900 0.234 1.627 0.312 2.520 0.308 

High Dose 1.327 0.238 1.865 0.230 1.016 0.312 1.598 0.304 

Average Speed^0.6    

Vehicle 3.254 0.378 5.798 0.365 2.415 0.513 6.088 0.498 

Low Dose 3.286 0.377 5.299 0.365 2.614 0.512 5.585 0.498 

Medium 
Dose 2.439 0.378 4.583 0.371 2.195 0.513 4.539 0.505 

High Dose 1.605 0.378 2.660 0.365 1.515 0.513 2.603 0.498 

Maximum Speed^0.6    

Vehicle 4.246 0.448 7.149 0.432 3.052 0.619 7.374 0.601 

Low Dose 4.344 0.447 6.690 0.432 3.306 0.618 6.729 0.601 

Medium 
Dose 3.268 0.448 5.969 0.439 2.791 0.619 5.598 0.609 

High Dose 2.066 0.448 3.404 0.432 1.848 0.619 3.265 0.601 
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 Supplemental Table A continued…  
 
 
 

 
All values are means per 10-minute intervals.  Time denotes number of 1-minute 
intervals with at least one revolution; Average Speed is revolutions/time; 
Maximum Speed is revolutions in the single highest 1-minute interval. 

   Control 
Mean 

Control 
SE 

HR 
Mean 

HR 
SE 

Control 
Mean 

Control 
SE 

HR 
Mean HR SE 

 Males 10-70 mins  Males 70-120 mins 

Revolutions^0.6    

Vehicle 10.296 1.603 19.795 1.671 6.843 1.899 18.876 1.962 

Low 
Dose 10.485 1.622 17.730 1.671 6.552 1.917 17.526 1.964 

Medium 
Dose 

7.983 1.603 17.013 1.649 4.924 1.899 11.284 1.942 

High 
Dose 5.291 1.603 3.898 1.671 4.737 1.899 5.118 1.962 

Time^0.6    

Vehicle 2.804 0.252 3.310 0.263 1.746 0.320 2.961 0.330 

Low 
Dose 2.588 0.255 3.133 0.263 1.565 0.323 2.844 0.331 

Medium 
Dose 2.194 0.252 2.972 0.259 1.294 0.320 2.000 0.327 

High 
Dose 1.690 0.252 1.114 0.263 1.205 0.320 1.415 0.330 

Average Speed^0.6  

Vehicle 3.230 0.390 5.602 0.406 2.363 0.501 5.494 0.518 

Low 
Dose 3.114 0.395 5.024 0.406 2.220 0.506 4.987 0.518 

Medium 
Dose 2.626 0.390 4.767 0.401 1.795 0.501 3.340 0.512 

High 
Dose 1.890 0.390 1.464 0.406 1.759 0.501 2.010 0.518 

Maximum Speed^0.6    

Vehicle 4.367 0.478 7.127 0.498 3.007 0.630 6.838 0.650 

Low 
Dose 4.028 0.483 6.536 0.498 2.804 0.636 6.225 0.651 

Medium 
Dose 3.468 0.478 6.070 0.491 2.336 0.630 4.193 0.644 

High 
Dose 2.380 0.478 1.865 0.498 2.171 0.630 2.488 0.650 



102 
 

Supplemental Table B .  Proportional response (dose/vehicle) to WIN 55,212-2 
in the first 10-70 minutes post-injection in females (log10 transformed) and males 
(log10 transformed).  Values are least squares means from SAS Procedure 
Mixed.  Covariates are wheel freeness and age at time of injection (results not 
shown).   
 

Females 10 -
70 mins after 
injection 

Dose 
(mg/ 
kg) 

Control  Std. Error  High 
Runner 

Std . 
Error 

F 1,6 P for 
Linetype 

Revolutions 3.0 -0.560 0.234 -0.674 0.219 0.130 0.734 

 1.0 0.083 0.266 0.063 0.260 0.000 0.958 

 0.5 0.451 0.143 0.192 0.135 1.730 0.236 

Time 3.0 -0.329 0.097 -0.310 0.091 0.020 0.893 

 1.0 -0.034 0.114 -0.018 0.112 0.010 0.924 

 0.5 0.143 0.053 0.034 0.050 2.270 0.183 
Average 
Speed 3.0 -0.308 0.130 -0.464 0.122 0.760 0.417 

 1.0 -0.013 0.151 -0.060 0.148 0.050 0.829 

 0.5 0.187 0.083 0.063 0.079 1.180 0.319 
Maximum 
Speed 3.0 -0.341 0.144 -0.471 0.135 0.430 0.536 

 1.0 0.019 0.165 -0.007 0.162 0.010 0.916 

 0.5 0.256 0.084 0.097 0.079 1.900 0.217 
Males 10-70 
mins after 
injection        

Revolutions 3.0 -0.343 0.202 -1.083 0.214 6.250 0.047 

 1.0 0.032 0.168 0.060 0.181 0.010 0.914 

 0.5 0.177 0.140 0.059 0.151 0.320 0.590 

Time 3.0 -0.211 0.095 -0.479 0.100 3.750 0.101 

 1.0 -0.056 0.072 -0.016 0.078 0.140 0.721 

 0.5 0.017 0.058 0.009 0.062 0.010 0.928 
Average 
Speed 3.0 -0.234 0.102 -0.730 0.109 10.950 0.016 

 1.0 -0.029 0.090 -0.042 0.096 0.010 0.926 

 0.5 0.061 0.078 -0.027 0.084 0.580 0.474 
Maximum 
Speed 3.0 -0.284 0.125 -0.774 0.133 7.090 0.037 

 1.0 -0.026 0.105 -0.029 0.112 0.000 0.986 

 0.5 0.055 0.096 -0.002 0.104 0.160 0.703 
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Supplemental Table C.   

Proportional response (dose/vehicle) to WIN 55,212-2 in the latter 70-120 

minutes post-injection in females (log10 transformed) and males (log10 

transformed).  Values are least squares means from SAS Procedure Mixed.  

Covariates are wheel freeness and age at time of injection (results not shown).   
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Supplemental Table C  
 
 
Females 70 -
120 mins 
after injection  

Dose 
(mg/ 
kg) 

Control Standard 
Error 

High 
Runner 

Standard 
Error F 1,6 P for 

Linetype 

Revolutions 3.0 -0.031 0.235 -0.690 0.222 4.110 0.089 

 1.0 0.400 0.248 -0.111 0.239 2.200 0.188 

 0.5 0.446 0.202 0.222 0.191 0.640 0.453 

Time 3.0 -0.102 0.101 -0.360 0.095 3.460 0.112 

 1.0 0.073 0.097 -0.098 0.093 1.600 0.253 

 0.5 0.166 0.088 0.004 0.084 1.770 0.231 

Avg. Speed 3.0 -0.016 0.148 -0.486 0.142 5.210 0.063 

 1.0 0.167 0.136 -0.144 0.131 2.690 0.152 

 0.5 0.207 0.111 0.079 0.105 0.700 0.434 

Max. Speed 3.0 -0.010 0.174 -0.484 0.167 3.850 0.097 

 1.0 0.219 0.156 -0.116 0.150 2.370 0.175 

 0.5 0.250 0.129 0.101 0.123 0.700 0.436 

Males 70-120 
mins after 
injection 

       

Revolutions 3.0 0.214 0.195 -0.408 0.205 4.770 0.072 

 1.0 0.338 0.226 0.068 0.240 0.660 0.447 

 0.5 0.535 0.243 0.486 0.253 0.020 0.894 

Time 3.0 -0.002 0.082 -0.241 0.086 4.000 0.093 

 1.0 0.055 0.091 -0.067 0.097 0.840 0.396 

 0.5 0.142 0.096 0.114 0.100 0.040 0.847 

Avg. Speed 3.0 0.084 0.115 -0.358 0.120 7.000 0.038 

 1.0 0.115 0.140 -0.100 0.147 1.110 0.333 

 0.5 0.219 0.113 0.197 0.120 0.020 0.897 

Max. Speed 3.0 0.118 0.133 -0.356 0.140 5.930 0.051 

 1.0 0.191 0.166 -0.077 0.175 1.220 0.312 

 0.5 0.275 0.133 0.241 0.140 0.030 0.870 
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Supplemental Figure A.1.  Wheel  running revolutions in 10-min bins during 

intraperitoneal WIN 55,212-2 injections (high WIN (3 mg/kg); medium WIN (1 

mg/kg); low WIN (0.5 mg/kg)) for females during the first 10-130 minutes post-

injection (first 10-min period after injection is omitted).  Values at – 15 min are 

pooled revolutions in the 30-min period before injections.  Values are simple 

means and standard errors.  Points are centered on the 5-min mid-point (i.e. the 

point for the 11–20 min bin is located at 15 min).  WIN 55,212-2 reduced wheel 

running acutely in all mice, but for males (lower panel) the reduction was 

significantly greater for High Runner (HR) lines than for Control lines at the 

highest dose (Table 1, p for linetype X dose interaction=0.0004; Online 

Supplemental Table B). 
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Supplemental Figure A.1.   Females.  
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Supplemental Figure A.2.   Wheel running revolutions in 10-min bins during 

intraperitoneal WIN 55,212-2 injections (high WIN (3 mg/kg); medium WIN (1 

mg/kg); low WIN (0.5 mg/kg)) for males during the first 10-130 minutes post-

injection (first 10-min period after injection is omitted).  Values at – 15 min are 

pooled revolutions in the 30-min period before injections.  Values are simple 

means and standard errors.  Points are centered on the 5-min mid-point (i.e. the 

point for the 11–20 min bin is located at 15 min).  WIN 55,212-2 reduced wheel 

running acutely in all mice, but for males (lower panel) the reduction was 

significantly greater for High Runner (HR) lines than for Control lines at the 

highest dose (Table 1, p for linetype X dose interaction=0.0004; Online 

Supplemental Table B). 
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Supplemental Figure A.2.  Males.  
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Chapter 3  - Reproduction in female mice selectively bred for  high levels of 

voluntary exercise 

 

 

Abstract  

Levels and patterns of physical activity can have important consequences for the 

temporal and energetic demands of reproduction in female mammals.  In 

rodents, activity-related changes in reproductive output can range from estrous 

irregularities to diminished pup survival.  Here, we test the hypothesis that 

selective breeding for high levels of voluntary exercise in laboratory house mice 

negatively affects the reproductive output of females.  In this artificial selection 

experiment that began with an outbred, genetically variable base population, four 

replicate lines have been bred for high voluntary wheel running on days five and 

six of a six-day trial (high-runner lines; HR linetype), alongside four lines of mice 

that are bred without regard to wheel-running behavior (Control linetype).  We 

compared several characteristics of both dams and litters from all lines over a 

number of recent generations.  Some traits, such as the interval from a dam’s 

pairing with a male to parturition, pregnancy success rates, dam mass at 

weaning, litter size at weaning, litter mass at weaning, average pup mass at 

weaning, the percentage of females per litter at weaning, and survival of at least 

one pup to weaning, were analyzed in multiple generations of mice.  Others, 
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including dam estrous cyclicity, the viability of embryo-uterine implantation, post-

partum maternal behaviors and litter mortality assessments, pup-retrieval 

behaviors by the dam, as well as the presence of pup milkspots 3-5 days 

postpartum, were analyzed in only one generation.  HR females did not 

statistically differ from Control females in any generation analyzed for measures 

of embryo implantation or pregnancy success.  There was also no linetype 

difference in the proportion of dams that weaned at least one pup when 

considered from the subset of dams that gave birth (dam generations analyzed 

were 40, 42, 44, 45, 47, 48, 52, 56).  However, there was a significant linetype 

difference in generations 40 and 42 when the number of dams that weaned at 

least one pup is considered from the total number of dams paired.  When the 

number of dams paired that weaned at least one pup was considered over all 

generations analyzed, there was a statistically significant effect of generation, 

linetype, and a generation by linetype interaction.  There was no linetype 

difference in the majority of life history characteristics quantified at weaning, 

including the interval from a dam’s pairing to birth of the pups, total litter size, 

total litter mass at weaning, average pup mass at weaning, or the percentage of 

females per litter.  HR females spent significantly more time in the estrus stage of 

the estrous cycle compared to Control females, accompanied by a non-

significant trend towards longer total cycle length in HR females.  HR dams also 

differed from Controls in their daily patterns of resting and activity during the first 

week post-partum.  These results suggest that selective breeding for high 
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voluntary exercise does not have strong or consistent adverse effects on female 

mouse reproductive biology. 
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Introduction  

Many behaviors have the potential to affect aspects of an organism’s 

physiology.  For female mammals, reproduction can be particularly sensitive to 

aspects of behavior.  For example, studies on human beings have shown that 

excessive exercise behavior can disrupt reproductive cyclicity and the secretion 

of gonadal steroids (De Souza et al., 1998; De Souza and Williams, 2004; 

Klentrou and Pyley, 2003).  Indeed, excessive exercise has the potential to affect 

reproductive success on many levels.  Not only can the energetic demands 

associated with excessive exercise present a challenge to the reproductive 

processes, but also the time spent in exercise may affect such aspects of 

reproduction as nest-building and maternal care.  Moreover, neural, endocrine, 

and other physiological pathways involved in reproduction may overlap with 

those used during physical exercise.  The present study seeks to investigate the 

relationship between the amount of voluntary exercise and reproductive success 

by utilizing an 18-year selection experiment in which mice (Mus domesticus) 

have been bred for high levels of voluntary wheel running. 

Over the past >60 generations of selection, mice from 4 replicate high-

runner lines (HR) have been bred on the basis of wheel-running in a 6-day trial, 

while 4 replicate non-selected (Control) lines are also maintained.  Currently, HR 

females run approximately 3-fold more revolutions/day than those from Control 

lines.  This differential is achieved primarily by a higher average running speed, 

as opposed to an increase in the number of minutes run per day (i.e. HR females 
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are running at a higher intensity within the context of normal circadian patterns in 

wheel-running) (Garland et al., 2011b).  In addition, HR mice have also 

undergone a shift towards increased levels of spontaneous physical activity 

(SPA) in cages when wheels are absent (Rhodes et al., 2001; Malisch et al., 

2009).  Likewise, when running wheels were locked, HR mice spent more time 

climbing in the locked wheels, apparently trying to run (Koteja et al., 1999). 

A previous study by Girard et al. (2002) sought to investigate the 

relationship between reproductive output and selective breeding for high 

voluntary exercise using mice from generations 20 and 21 of the same selection 

experiment.  The authors quantified the frequencies of various dam behaviors at 

9 and 16 days post-partum, the latency of dams to retrieve pups in pup-retrieval 

trials, as well as several characteristics of litters and dams (litter size, sex ratio, 

litter mass, dam mass, etc.) at birth and at weaning.  Although HR dams were 

significantly smaller in body mass than Control dams (consistent with other 

assessments of body mass between HR and Control mice (e.g., Garland et al., 

2011a,b; Swallow et al., 1999)), reproductive output and maternal behavior (with 

some minor exceptions) were not statistically different between HR and Control 

lines. 

In subsequent generations, however, anecdotal evidence began to 

accumulate suggesting that aspects of reproduction in HR mice may have 

changed in response to the selection regimen.  The normal selection protocol 

requires a minimum of 10 pairs per line to maintain each successive generation, 
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which was initially ensured by forming 13 pairs in each line (Swallow et al., 

1998).  Subsequent to the time of the Girard et al. study (2002), we found it 

increasingly necessary to pair more mice to meet our minimum of 10 pairs for the 

next generation, primarily as a result of pup losses between birth and weaning.  

Since generation 21, we know of many traits, including the amount of wheel 

running (e.g., see figures in Li et al., 2004; Rhodes et al., 2001; 2003; Swallow et 

al. 1998), for which expression varies somewhat from generation to generation, 

and many that could affect aspects of reproduction and care behaviors.  

Empirically, HR mice display qualities that we would hypothesize to correlate with 

diminished reproductive capacities.  For example, HR mice are smaller in body 

size than Controls (Girard et al., 2007; Garland et al., 2011a, b; Swallow et al., 

1999), and smaller mice would be expected to have smaller litters (Falconer and 

Roberts, 1960; Johnson et al., 2001).  HR mice are also leaner than Controls 

(Girard et al., 2007; Swallow et al., 2001), and studies of human females have 

shown levels of body fat can have important effects on major reproductive 

processes, including menstruation, ovulation, and lactation (Frisch, 1974; 

Zaadstra et al., 1993).  HR mice have higher home-cage activity in the absence 

of wheels (Malisch et al., 2009; Rhodes et al. 2001, 2005), which could 

potentially compromise the energy and/or time a dam invests in her litter.  Finally, 

HR females show elevated basal circulating plasma corticosterone levels (Girard 

and Garland, 2002, Malisch et al., 2007), suggesting correlated responses to 

selection involving the hypothalamic-pituitary-adrenal (HPA) axis, which could 



115 
 

affect stress responsivity.  This could have important consequences for 

reproduction because, depending on the timing of routine cage cleaning (which 

occurs weekly) and other activities in the colony room, pregnant or nursing dams 

might experience variable levels of external "stressors" across generations. 

Aspects of maternal care, especially those behaviors with an appetitive 

component, could also be affected by selection for high voluntary wheel running 

and, in turn, could influence reproductive performance.  In line with this idea, 

Djungarian hamsters, which are known for their high intrinsic motivation for 

voluntary wheel running, have shown increased infanticide and cannibalism 

during the post-partum period when allowed free access to wheels (Petri et al. 

2010).   

Several studies of HR mice have documented divergences from Control 

lines in the neural systems traditionally thought to regulate motivation and reward 

(see also Belke and Garland, 2007; and Garland et al. 2011a for review).  

Mathes et al. (2010) hypothesized that many of these differences reflect an 

overall dysregulation of dopaminergic signaling.  Dopamine is thought to be of 

major importance in the control of voluntary movement; however, it is also central 

to such natural functions and behaviors as reproduction and maternal care.  

Pharmacological studies with dopamine transporter blockers and dopamine-1 

(D1) -like antagonists found differential effects on wheel running in HR and 

Control mice (Rhodes et al., 2001, Rhodes and Garland 2003), attributed to 

altered functionality in the D1 receptor system (but not in the D2 receptor, 



116 
 

serotonergic or opioidergic systems) (Li et al., 2004; Rhodes et al., 2001; 2003; 

2005).  In addition, a Fos immunohistochemistry study showed HR mice to have 

a greater proportional increase in activity in some brain regions implicated in 

reward and motivation when wheel access is blocked, consistent with a state of 

withdrawal (Rhodes et al., 2003).   

Consistent with the idea that HR mice may have acquired reward-related 

neurobiological alterations over the course of selective breeding, we have also 

observed sex-specific differences in the wheel-running response of HR mice to 

pharmacological manipulation of the endocannabinoid system (ECS) (Keeney et 

al., 2008; chapter 2 of this dissertation).  The ECS is a complex endogenous 

signaling system made up of transmembrane cannabinoid receptors (CB 

receptors), their ligands (endocannabinoids), and proteins involved in synthesis 

and modification of endocannabinoids (Cota and Woods, 2005; De Petrocellis et 

al., 2004; Demuth and Molleman, 2006).  Endocannabinoid signaling via the CB1 

receptor is thought to play an important role in incentive stimuli, in part because 

of the close involvement of endocannabinoid signaling with the dopaminergic 

system (Laviolette and Grace, 2006; Lupica and Riegel, 2005; Maldonado et al., 

2006; Pillolla et al., 2007).  Studies have shown that the ECS influences the 

performance of locomotor behaviors (Beltramo et al., 2000; Giuffrida et al., 1999; 

Gorriti et al., 2005), and in particular, physical activity (such as voluntary wheel 

running) (see Fuss and Gass, 2010 for further review).  In rodents, it is thought 

that the CB1 receptor may control the expression of wheel running (Dubreucq et 
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al., 2010), which aligns with similar observations of ECS activity and voluntary 

treadmill running in humans (Dietrich and McDaniel, 2004).  Although these and 

other studies demonstrate a clear link between ECS signaling and exercise 

behavior, it is not yet clear if the ECS differences typified by our HR mice have 

any consequences for such appetitive behaviors as maternal care, or for 

reproduction more generally. 

In this study we tested the hypothesis that selective breeding for high 

voluntary exercise has negatively affected the reproductive output of female HR 

mice.  To do this, we compared life history traits of both dams and litters in HR 

and Control lines of mice over a period of many generations (in dams’ 

generations 40, 42, 44, 45, 47, 48, 52, 56).  Some traits, such as the interval from 

a dam’s pairing with a male to the birth of her litter (pair-to-pup interval), dam 

mass at weaning, litter size at weaning, litter mass at weaning, average pup 

mass at weaning, and the percentage of female pups per litter at weaning, were 

analyzed in 6 generations (in dams’ generation 40, 42, 44, 48, 52, 56), while 

other traits such as pregnancy success rates (birth success), the survival of at 

least one pup to weaning (wean success) from those dams that a) gave birth and 

b) were paired, respectively, were analyzed in several additional generations (in 

dams’ generations 40, 42, 44, 45, 47, 48, 52, 56).  Other assessments of various 

aspects of reproductive output were performed in single generations.  These 

include the estrous cyclicity of dams (dams’ generation 44), the viability of pups 

from uterine implantation (via uterine scar counts) (dams’ generation 44), an 
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assessment of pup mortality and maternal behavior (dams’ generation 47), pup 

milkspots 3-5 days post-partum (dams’ generation 52), and dam pup-retrieval 

behaviors (dams’ generation 52).  

 

Materials and Methods  

Colony and Selection Protocol 

 This study used adult female mice (progenitor stock: Harlan Sprague 

Dawley: Hsd:ICR) from eight lines of an ongoing artificial selection experiment for 

high levels of voluntary wheel running (Swallow et al. 1998).  In this experiment, 

four distinct lines of HR mice are selected on the basis of their voluntary wheel-

revolutions on days five and six of a six-day wheel running trial, alongside four 

replicate Control lines that are bred without regard to voluntary wheel-running 

behavior.  Mice of each generation are born, and then weaned from mothers at 

21 days of age, at which time the sex and mass of the pups is recorded.  Mice 

are then housed by line in same-sex groups of four and maintained on a 12:12 

light cycle with ad libitum access to food and water until six weeks of age.  At this 

point, a subset of mice representative of all eight lines is chosen to enter the 

wheel-running trial.  During the six-day trial, all mice are given ad libitum access 

to food, water and a running wheel.  Following the trial, the highest-running male 

and female HR mice from each family are chosen as breeders within each 

replicate HR line.  In the Control lines, one male and one female from each family 
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are randomly chosen (excluding sibling pairings) to be breeders within each 

replicate Control line.  Mice are then paired at around 10 weeks of age for a 

period of two weeks, after which time females are separated when they appear 

pregnant.  Once separated, females are checked daily for new births.   

Birth Success, Wean Success, and Quantitative Litter Characteristics 

We analyzed the number of dams paired that successfully gave birth (birth 

success; BIRTHSU1), as well as the number of dams that had at least one pup at 

weaning (wean success; WEANSU01 and WEANSU02) for dam’s generations 

40, 42, 44, 45, 47, 48, 52, and 56.  These measures were quantified as a 0-1 

categorical variables, wherein “1” indicates that a dam gave birth (birth success; 

BIRTHSU1), or “1” = dam had at least one pup at weaning (wean success; 

WEANSU01 (dams that had at least one pup out of all dams paired) and 

WEANSU02 (dams that had at least one pup out of all dams that gave birth)).   

For each generation, the effect of linetype (HR vs. Control) on birth 

success (BIRTHSU1) and on wean success (considered first from all animals 

paired that gave birth (WEANSU01), and second from the subset that gave birth 

(WEANSU02)) was analyzed via the GLIMMIX procedure (PROC GLIMMIX) in 

SAS® (v 9.1.3 SP4 or v9.2), with dam age as a covariate.  Wean success was 

also analyzed considering all animals that were paired across all generations 

analyzed (dam’s generations 40, 42, 44, 45, 47, 48, 52, and 56) via PROC 

GLIMMIX with dam’s age at pairing as a covariate.  The direction of probable 

difference was unknown for all traits; thus, two-tailed p-values are reported.   
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In addition, characteristics of dams and dams’ litters from (dam’s) 

generations 40, 42, 44, 52 and 56 were measured at weaning, which occurred 

when pups were 21 days of age.  These generations were chosen as the best 

representatives of recent generations for various reasons, including minimal 

disturbance, absence of experimental conflicts, and absence of any other 

deviations from the routine colony conditions and breeding protocol.  In all 

generations, dams underwent the normal six-day voluntary wheel-running trial 

(Swallow et al., 1998).  Following wheel testing, dams were paired and 

subsequently maintained through weaning as per normal colony standards.  In 

each dam’s generation listed above, we measured the interval from dam pairing 

to parturition (PAIRTOPU), and of the subset of dams that gave birth, we 

quantified litter size at weaning (LSW), total litter mass at weaning (WNMASST), 

average pup mass at weaning (WNMASSM), and the sex ratio of litters at 

weaning (as determined by the percent of females in a litter at weaning 

(PCTFEMW).   

The effects of selection (linetype) on litter and dam characteristics at 

weaning were tested by nested analysis of covariance (ANCOVA) with the SAS 

Mixed procedure (PROC MIXED).  All litter characteristics at weaning were 

analyzed with dam age (AGEATPAR) as a covariate.  Dam mass (DAMMASS) 

was also included as a covariate for analyses of litter size at weaning, litter sex 

ratio (percent female) at weaning, average pup mass at weaning, as well as total 

litter mass at weaning. 
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Estrous Variability and Uterine Scar Counts 

 Following weaning at 21 days post-partum, six primiparous female 

breeders from each of the eight lines from dam’s generation 44 (total N=48) were 

used to obtain measures of estrous cycle composition and length.  Dams were 

allowed 12 days of acclimation, after which stage of estrous was determined by 

cytological slides prepared via daily saline vaginal lavage as per the protocols of 

Feder (1981) and Rugh (1990).  All cytological slides were photo-documented 

and subsequently scored for stage of estrous by two observers who were blind to 

the linetype (HR or Control) of each mouse.  A full cycle was measured as the 

number of days from first scoring of a stage 4 (estrus) to the subsequent stage 4 

(estrus).  All mice were scored for a period of 21 days; however, mice with 

irregular cycles were scored until three complete cycles were documented.  

Average cycle length (XCYCLE) and cycle length in whole days (CYCLE) were 

calculated for each dam, as well as the number of days spent in estrus (total 

number of days out of the first 21 days of scoring that each mouse spent in stage 

4; EDAYS: Jablonka-Shariff et al., 1999).   

 After estrous scoring, females were sacrificed and their uteri dissected.  

Uterine scars left at the time of implantation of embryos on the uterine horns 

were quantified following the protocol of Breakey (1963) by two observers blind 

to linetype.  Following quantification, whole uteri were preserved in 70% ethanol.  

Embryo-uterine implantation success (SCARLSW) was calculated for each dam 

as ratio of the number of scars counted to the dam’s litter size at weaning.   
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The effects of selection on dam’s estrous cyclicity and composition were 

tested by nested analysis of covariance (ANCOVA) with SAS® PROC MIXED, 

with dam age as a covariate.  The ratio of uterine scars to litter size at weaning 

for each dam was subsequently rank-transformed (RSCARLSW) and analyzed 

via ANOVA using SAS® PROC MIXED. 

Correlations of Wheel Running with Litter Characteristics  

In generation 42, the relationships between a dam’s wheel running and 

her subsequent litter’s characteristics were examined by Pearson product–

moment correlation of residuals by linetype (see also Girard et al., 2002).  

Residual wheel running (average revolutions per day on days 5 and 6; RRUN56) 

at 6 weeks of age was obtained from an ANCOVA (SAS® PROC mixed) with line 

nested within linetype, and sex, age (WHLSTAGE), and wheel freeness (RES) 

during wheel access as covariates or cofactors.  Residual litter characteristics at 

weaning were obtained from the models described above, with dam mass 

(DAMMASS) and dam age (AGEATPAR) included as covariates in models of 

litter characteristics (as described above).  The differences in relations between 

HR and Control lines were tested by ANCOVA via SAS® PROC MIXED.  Further 

principal component analyses on the residual correlations were done in SPSS 

(11.5.0). 
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Detailed Litter Survival Observations 

 Behavioral observations were made on 137 females from dam’s 

generation 47.  Dams were monitored for births daily at 12 pm.  After a dam 

successfully gave birth, she was observed at five different time points throughout 

the day and night (0700 h, 1100 h, 1500 h, 1900 pm, and 2300 pm) daily for 14 

days (lights were on 0700 h - 1900 h).  Nocturnal observations were made under 

red light.  The frequency of maternal care was assessed by a scan sampling 

technique following the protocol of Girard et al. (2002).  Dams were randomly 

assigned an observation order at the beginning of each observation period.  

During an observation period, an observer watched each dam for 10 s as timed 

by a small flashing LED, to establish a context in which to distinguish closely 

related behaviors.  The observer then recorded the dam’s behavior during the 

following 10 seconds.  The behaviors observed during this 10-second period 

were scored in one or more of 13 behavioral categories as per Girard et al. 

(2002).  Dams received a score for each unique behavior they exhibited during 

the observation period.  A dam could be scored as exhibiting two or more 

behaviors simultaneously, with the exception of resting with pups, nursing, and 

resting alone, which were defined to be mutually exclusive.  Behavioral scores 

were later reorganized into two major categories; resting (including maternal care 

behaviors), and active (grooming (self), eating (feeding/drinking), or other active 

behaviors (locomoting).  Resting that occurred when the dam was physically 

separated from her pups was not included in these groupings.   Activity scores 
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(ACTIV01) were subsequently analyzed via SAS® PROC GLIMMIX with dam 

age (AGEATPAR) and litter size at weaning (LSW) as covariates.  Analyses were 

conducted for days 1-7 post-partum, days 8-13 post-partum, and for only day 9 

post-partum (following Girard et al. 2002). 

 Pup mortalities were recorded throughout the observation period, along 

with any information on the context in which the mortality occurred.  Several 

dams lost whole litters prior to weaning.  If the majority of pups in a litter were lost 

due to a known (directly observed) cause, then the dam was included in a tally of 

litter losses.  For some litters, the cause of pup mortality was not directly 

observed, and thus the dam was not included in the tally. 

 Birth and wean success for this generation were analyzed via SAS® 

PROC GLIMMIX with dam age as a covariate (AGEATPAR).  The number of 

dams per line that lost pups due to trampling (SCATDEAD) was also analyzed 

via SAS® PROC GLIMMIX with dam age as a covariate (AGEATPAR). 

Pup-retrieval Trials and Milk-spot Assessment  

 To determine a dam’s latency to retrieve pups (a measure of maternal 

care), we followed the protocol of Girard et al. (2002) with dams from generation 

52 (pups were generation 53).  On the day of birth, the dam and pups were 

placed in a clean cage with a 10 cm x 10 cm paper towel sheet provided for 

nesting material.  Trials were conducted once per day when litters were 3, 4, 5, 

and 6 days old.  At the start of each trial, the dam was removed from her home 
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cage and placed in a clean holding cage.  The pups were then removed from the 

nest by a latex-gloved hand.   

 Subsequent to milk-spot assessments (see below; trials 2-4 only), the 

entire litter was placed in a pile at the opposite corner of the cage from the 

original nest position.  The distance between the nest and the new location of the 

pups was recorded to the nearest cm with a ruler.  The general activity level of 

the entire litter was scored by one observer every 10 seconds for the duration of 

the trial, on a relative scale ranging from 0-5 (5=all pups locomoting, 4=some 

pups locomoting, 3=all pups wriggling (in place), 2=some pups wriggling, 1=some 

pups still (immobile), 0=all pups still (immobile)).  A second observer reintroduced 

the dam to the opposite side of the homecage, and her latency to retrieve each 

pup was recorded.  We also noted the occurrence of incomplete pup-carries, 

approaches towards the litter (a directed approach in which the dam interacts 

with the litter in some capacity), as well as her movements away from the litter 

(when she moved more than approximately two body lengths from the litter).  We 

noted if dams did not retrieve pups, but rather rebuilt the nest at the site of the 

displaced litter (in which case the trial ended when the dam began to nurse the 

pups in the new location).  The maximum time allowed for completion of the trial 

was 600 seconds.  Dams that did not retrieve their pups were assigned the 

maximum value of 600 seconds for purposes of statistical analyses (this occurred 

in 19 of 199 cases).  Pups that were not returned to the nest at the end of the trial 

were subsequently returned to the nest by the observers.  Trials were conducted 
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between 1030 h and 1630 h (approximately midway through the light phase of 

the cycle).   

 For trials 2 through 4, each pup was scored for the appearance of its milk 

spot (milk is visible to the naked eye in the belly of young mouse pups from 

slightly after birth through roughly day 6 post-partum).  The appearance and 

quality of milk spots are indicative of a pup’s milk uptake.  Following the protocol 

of Papaioannou and Behringer (2005), milk spots were judged on a semi-

continuous scale by their perceived brightness by one of two observers blind to 

linetype and sex (relative scale of 0-2, with a score of “0” being undetectable, a 

score of “1” being present, but not bright, and a score of “2” being very bright).  

Results from pup-retrieval trials were examined for the first trial, for trials 

1-4, and trials 2– 4 respectively using SAS® PROC MIXED.  We chose to 

analyze trials in this manner as the novelty of the first trial may have influenced 

dam performance.  Trial 1 data were analyzed by ANCOVA.  Total time to 

retrieve all pups (TIME), average time to retrieve one pup (AVERAGE), the 

number of move-aways (MVAWAY), and the time to retrieve the first pup in 

trials1-4 and 2-4 (PUPRT) were analyzed via repeated-measures ANCOVAs.  In 

all analyses of pup-retrieval performance, litter size (RTOTLTS), observer 

(RETOBRV), and time of day (CAGEHR) were used as covariates.  In addition to 

untransformed analyses, measures were also log transformed to improve 

normality of residuals.  The distance between the nest and location of displaced 

pups (DISTANC) did not have a significant effect on retrieval latencies or the 
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number of move-aways scored, so this measure was not included as a covariate 

in final analyses.  As noted above, dams that did not complete retrieval within the 

allotted time were assigned the maximum value of 600 s for latency to retrieve all 

pups, and were included in all analyses.   

Milk spots (MSAVGES) were analyzed via repeated-measures ANCOVA 

SAS® PROC MIXED with litter size at weaning (RTOTLTS) and observer 

(RETOBRV) as covariates. 

 

Results  

Birth and Wean Success 

 Table 1 shows the number of dams paired per line in the seven 

generations analyzed (range =14-24 pairs per line/generation, 138-170 total pairs 

per generation).  In almost every generation, a small number of dams died prior 

to parturition (dam’s generation 40 = 2 dams, dam’s generation 42 = 4 dams, 

dam’s generation 44 = 2 dams, dam’s generation 45 =0 dams, dam’s generation 

47= 2 dams, dam’s generation 52 = 3 dams, dam’s generation 56 = 0 dams).  If 

possible, dams that died prior to separation of pairs were replaced by another 

female from the same family.  The dams that died prior to birth of their litter are 

not included in generational analyses. 

 Considering all dams paired per generation (including any replacement 

pairs), and considered on a line-by-line basis, between 73 and 100% gave birth, 

with no statistical difference between HR and Control lines in any generation 
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(Table 1).  Of the dams that gave birth, on a line-by-line basis, 60-100% had at 

least one pup survive to weaning, again with no difference between HR and 

Control lines.   

 Finally, considering the number of pairs that produced at least one 

weaned pup in relation to the total number paired, as depicted in Figure 1 (data 

from Table 1), the range was 60-100%, with an effect of linetype in dam’s 

generations 40 (p=0.0476) and 42 (p=0.0254), but no statistical effect in any later 

generations (dam’s generations 44, 45, 47, 50, 56).  In generations 40 and 42, 

dams from HR lines had lower success at weaning litters with at least one pup.  

When all generations are considered together, there was a significant effect of 

generation (F(7,43)=2.46, p=0.0324) and linetype (F(1,11)=7.63, p=0.0185), and 

a generation-by-linetype interaction (F(7,43)=2.87, p=0.0149), but no effect of 

age at time of pairing (F(1,1087)=0.61, p=0.4349).  Inspection of the data shown 

in Table 1 and Figure 1 indicates that this statistical interaction reflects a decline 

in success by the Control lines occuring across these generations.  

Dam and Litter Characteristics at Weaning 

 We found no statistical differences between HR and Control lines for litter 

characteristics at weaning for any generation analyzed, with the exception of HR 

dams being significantly smaller in dam’s generation 44 (Table 2).  When dam 

mass was transformed by raising to the 1.5 power to improve normality of 

residuals, it significantly differed between the linetypes in two additional 

generations (dam’s generation 40, p=0.0179; dam’s generation 52, p=0.0378), 
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although there was still not a linetype difference in dam mass in dam’s 

generations 42 (p=0.1942) or 56 (p=0.0602).   

 In two generations, dam mass at weaning was positively related to litter 

size (dam’s generation 40, p=0.0029; dam’s generation 44, p=0.0008), and with 

total litter mass at weaning (p<0.0001 in both generations), but it was not 

correlated with average pup mass for any generation (Table 2).   

Estrous Variability and Implantation Survivorship 

 In dam’s generation 44, 47 (total N=49, with two mice removed as 

statistical outliers) retired female breeders were assessed for estrous cyclicity 

and composition (meaning the length of time a dam spends in each of the 

respective stages of estrous) beginning approximately 14 days after they had 

weaned their first litters.  Total estrous cycle length showed no significant 

difference between HR and Control lines, for both whole-day cycle length (F(1,6) 

= 1.75, two-tailed P= 0.2345, LS Mean for HR= 5.22 days, standard error= 0.13; 

LS Mean for Control= 4.97 days, standard error=0.13) and average cycle length 

(F(1,6) = 1.66, two-tailed P= 0.2451, LS Mean for HR= 5.22 days, standard error 

= 0.10; LS Mean for Control = 5.02 days, standard error = 0.11).  HR dams did, 

however, spend significantly more time in estrus than their Control counterparts 

(stage 4 of the estrus cycle) in a 21-day period (F(1,6)=6.29, P=0.0460, LS Mean 

for HR= 4.56 days, standard error = 0.25; LS Mean for Control = 3.71 days, 

standard error=0.23). 
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 These same females were later sacrificed and scars left at the time of 

embryo implantation were counted.  HR females had fewer scars than Control 

females on average, but the difference was not statistically significant (LS Mean 

HR = 9.54, standard error = 1.27, LS Mean Control = 11.09, standard error = 

1.28, F(1,6) = 75, P = 0.4197).  Likewise, the number of scars divided by the litter 

size at weaning was slightly lower for HR lines, but the difference did not 

approach statistical significance (rank-transformed, F(1,6) = 0.11, P = 0.7497).   

Correlation of Wheel Running with Litter Characteristics 

 In dam’s generation 42, in separate analyses of HR and Control lines, 

residual wheel running of females tested at 6 weeks of age was not significantly 

related to their subsequent residual litter characteristics at weaning.  In Control 

dams (N=56), running was not significantly related with any trait (total litter mass 

F(1,54)= 0.15, 2-tailed p = 0.700; litter size F(1,54)= 0.006, P=0.941; average 

pup mass F(1,54)=0.22, P=0.882; percent females F(1,54)=0.170, P=0.681).  

The relationships between wheel running and residual litter characteristics in HR 

dams (N=54) were similar (litter mass F(1,52)=0.227, P=0.636; litter size 

F(1,52)=0.250, P=0.876; average pup mass F(1.52)=0.000, P=0.986; percent 

females F(1,52)=1.030, P=0.313). 

As shown in Table 3, the biggest difference between HR (r=0.1745) and 

Control (r=0.03775) lines for a correlation between a residual wheel-running trait 

and a residual litter trait was for total litter mass and revolutions run (on days 5 

and 6 of the six-day trial).  However, analysis of covariance indicated no 
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statistical difference in this relationship between linetypes (F(3,106)=708, P= 

0.549). 

Detailed Litter Survival Observations 

 Maternal-behavior observations at dam’s generation 47 showed that for 

days 1 to 7 post-parturition there was a significant effect of hour (F(4,24)=94.38, 

P<.0001) and day (F(6,36)=17.19, P<.0001), as well as an hour-by-day 

interaction (F(24,144)=2.63, P=0.0002), as we might expect, as mice are 

differentially active at different times of day.  We did not find a significant effect of 

linetype (F(1,6)=0.84, P= 0.3941); however, we did find a significant hour-by -

linetype interaction (F(4,24)=4.18, P=0.0104), as well as a day-by-linetype 

interaction (F(6,36)=2.41, P=0.0465). This suggests that HR dams do not differ in 

their frequency of maternal behaviors overall in the first 1-7 days post-partum, 

although they do differ in the timing of their behaviors (on both an hourly and 

daily scale). There was not a three-way hour-by-day-by linetype interaction 

(F(24,144)=0.91, P=0.5834).  There was also not a significant effect of litter size 

at weaning (F(1,4198)=0.90, P=0.3431); however, there was a significant effect 

of dam’s age when pups were born (F(1,4198)=10.36, P=0.0013). 

 In days 8-13 post-parturition, there was a significant effect of hour 

(F(4,24)=53.65, P<.0001) and day (F(5,30)=2.93, P=0.0286), as well as an hour-

by-day interaction (F(20,120)=2.65, P=0.0006), as would be expected.  There 

was not a significant effect of linetype (F(1,6)=0.84, P= 0.3950), neither was 

there an hour-by-linetype interaction (F(4,24)=2.26, P=0.0929), nor a day-by-
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linetype interaction (F(5,30)=1.76, P=0.1506), nor an hour-by-day-by linetype 

interaction (F(20,120)=1.06, P=0.3976), suggesting that by days 8-13 post-

partum HR and Control dams do not differ in the timing or frequency of maternal 

behaviors.  There was a significant effect of litter size at weaning 

(F(1,3598)=10.28, P=0.0014), as well as a significant effect of dam’s age when 

pups were born (F(1,3598)=4.61, P=0.0318). 

 Separate analyses of dam activity day by day for the first 14 days post-

partum (excluding the day of birth, thus 13 days were analyzed) showed a similar 

trend; there was always a statistically significant effect of time of day, in that 

maternal behavior differed by time of day, and the effect of linetype was never 

significant, in that there was no linetype association with maternal behavior.  

There was, however, a statistically significant linetype-by-hour interaction on 

days 2 and 5, but not on any other days analyzed.  The statistical significance of 

both covariates (dam age and litter size at weaning) was not constant day by day 

(see Appendix 1), in that there were effects of dam age and litter size for some 

days, but not others. 

 Table 4 shows the litter mortalities for dam’s generation 47.  Of the 136 

total dams paired, 130 gave birth.  Of the dams that gave birth, 33 dams lost at 

least one pup before weaning.  Considering all eight lines, lines 3 and 7 (both HR 

lines) lost pups most frequently (both lines had 7 dams that lost at least one pup 

each).  Of the 33 dams that lost at least one pup, 20 went on to lose the entire 

litter prior to weaning.  There was not a significant effect of linetype on wean 



133 
 

success (the number of dams that had at least one pup at weaning) (linetype 

(1,6) F= 3.11, P=0.1280).  Twelve of the dams that lost all pups in a litter 

appeared to have followed a predictable sequence wherein dams showed 

appropriate maternal care behaviors during the light period, but during the dark 

period would scatter and ultimately trample their pups as a result of homecage 

activity ("Pup mortality due to trampling").  There was not a statistical effect of 

linetype on the number of dams that trampled pups (linetype (1, 6) F=2.33, 

P=0.1781).  Four dams were observed directly killing and eating pups.  The other 

four dams that lost all pups within their litters were not observed in any behaviors 

that would inform how pups were lost.  

Pup-retrieval Latencies and Milk-spot Assessments  

 Table 5 shows that HR and Control dams from dam’s generation 52 did 

not differ statistically in pup-retrieval latencies for most measures analyzed.  In 

general, HR dams had shorter retrieval latencies (i.e., they retrieved pups faster 

than Control dams) for both the total time to retrieve all pups and the average 

time to retrieve one pup, although this effect was never statistically significant 

(Table 5).  Considering all four trials, HR dams had lower total retrieval latencies 

than Control dams on every day, and although there was not a statistically 

significant linetype effect, the linetype-by-trial interaction was significant for the 

time to retrieve all pups (p=0.0258).  Inspection of the means shown in Table 5A 

indicates that this interaction reflects a tendency for retreival times to increase 

across trials in the Control lines. 
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  Total litter size, observer, and time of day were included as covariates for 

all measures, but most did not approach significance (results not shown).  There 

was, however, a significant positive effect of litter size on the time to retrieve the 

first pup in the first trial (Table 5). 

 Concurrent with pup-retrieval trials, these same pups were scored on the 

appearance of their milk spots (Table 6).  In general, the appearance of milk 

spots changed (became less bright) from trial 2 through trial 4 for mice of both 

linetypes (F(2,12)=10.02, P=0.0028), with no statistical difference between the 

linetypes (F(1,6)=0.08, P=0.7844), nor a trial-by-linetype interaction 

(F(2,12)=0.31, P= 0.7422). 

 

Discussion   

Our analyses show that replicated selective breeding for high levels of 

voluntary wheel running has affected life history traits of mice in complex, and 

often generationally specific ways.  Despite our expectations that characteristics 

of HR litters, pups, or dams would differ from Control lines after tens of 

generations of selection, results from this study, similar to those of Girard et al. 

(2002), show that few if any of the quantitative life history traits analyzed have 

been strongly affected by selection.  That is to say, in all generations analyzed, 

HR mice did not differ from Controls in such quantitative litter traits as litter size, 

litter mass, litter sex ratio, as well as the length of time from the dam’s pairing to 

the birth of her litter (Table 2).   
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In individual generations, HR mice did not differ statistically for most 

measures of birth and wean success (WEANSU2), indicating that roughly equal 

percentages of HR and Control dams give birth, and among those that did give 

birth, roughly equal percentages weaned at least one pup within a given 

generation (Table 1).  Indeed, even in the one generation for which the statistical 

model did not converge (dam’s generation 40), when an arbitrary Control dam 

that gave birth and weaned a litter is artificially changed to a wean-success value 

of “0” (indicating that the dam lost all pups prior to weaning) to make the model 

converge, there is still not a significant linetype effect.    

However, when we consider the total number of dams paired in every 

generation, fewer HR dams than Control had at least one pup at weaning in 

every generation except one (Table 1: dam’s generation 52).  This effect is only 

statistically significant in the two earliest generations analyzed (dam’s 

generations 40 and 42); nonetheless, when all the generations analyzed are 

considered together there is a statistical effect of generation, linetype, and the 

generation-by-linetype interaction.  These statistical results are illustrated in 

Figure 1, where it can be seen that HR lines had generally lower weaning 

success in dam's generations 40-50, but then the C lines experienced a drop in 

weaning success that caused them to have similar values after generation 50.  

It is possible that some of the differences/similarities in wean success 

we’ve observed are influenced by differences among individual lines.  For 

example, Control line #2 has had consistently high weaning success in almost all 
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generations studied (Fig. 1).  Similarly, HR line #3 (which is fixed for the mini-

muscle gene: see Garland et al., 2002 for further explanation of the mini-muscle 

phenotype), tends to be the poorest-performing of the HR lines.  There is ample 

evidence in our HR mice and beyond that selection acting on a higher-level trait 

may lead to similar evolutionary responses for the trait under selection that are 

accomplished by somewhat different underlying phenotypic and genetic 

mechanisms, a phenomenon often termed multiple solutions (Garland et al. 

2011b; Losos, 2011; Spitschak et al. 2007 for fertility measures in mice). Given 

our observed line-differences in wean success; it is possible that individual lines 

may have evolved greater reproductive susceptibility to selection for high levels 

of voluntary exercise, whereas results for all HR lines taken together do not 

support this relationship.  Further studies are required to determine if this 

individual line differences are significant across generations.   

Similar to most quantitative litter characteristics, measures of maternal 

care did not differ dramatically between HR and Control mice.  For instance, HR 

and Control dams had similar pup-retrieval latencies, with the exception that 

there was a significant linetype-by-trial interaction for total trial length (for all 

trials, including the first), which suggests that HR females had different (shorter) 

retrieval latency times than Control females when the first trial is included.  

Correspondingly, HR and Control dams did not differ for activity levels 1-7 days 

post-partum, or 8-13 days post-partum, or any individual day in the period of 1-13 

days post-partum (see Appendix 1).   However, there was a linetype-by-day 
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interaction, as well as a linetype-by-hour interaction in the first 1-7 days post-

partum, suggesting that although HR dams may be active roughly the same 

amount of time as Control dams, they are temporally offset from Controls to 

some degree (at least during the first 1-7 days post-partum). 

At the level of individual variation (residuals from nested ANCOVA 

models), there did not seem to be any trade-off between wheel-running 

performance and quantitative life-history traits (Tables 3A and 3B).  In the Girard 

et al. (2002) study, the authors found a significant positive correlation between 

wheel running (in females tested at 6 weeks of age) and their subsequent litter 

mass and size at parturition in HR, but not Control mice.  This relationship was 

reversed at weaning (i.e. Control dams demonstrated a positive correlation 

between litter mass and size, while HR mice did not).  At the level of individual 

variation, Girard et al. (2002) found that higher levels of voluntary wheel running 

were associated with higher-than-average litter sizes in HR dams (but not 

Control) of generation 20, as well as higher-than-average litter masses in Control 

dams (but not HR) of generation 21.   

In the present study, in all generations, HR dams were smaller in body 

mass than dams from Control lines, consistent with the general colony condition 

(e.g. Garland et al., 2011b; Swallow et al., 1999) (significant in dam’s generations 

44; Table 2).  Despite this difference in body size, HR females do not seem to be 

compromised in their ability to lactate (as inferred from pup milk-spot analyses), 

to carry a pregnancy to term (uterine scar counts and birth success [Table 1and 
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2]), or to maintain a litter of roughly average characteristics (Table 2).  These 

results are in accordance with Girard et al. (2002); however, as the present study 

considers multiple generations, some variability in the significance of the linetype 

effect is apparent.   

One possible explanation for some of the linetype variance is the gain in 

body mass associated with reproduction.  Throughout the reproductive period 

(from the time when pairs are separated through the weaning of litters (total time 

roughly 3-6 weeks)), dams are provisioned with a calorically rich breeder diet 

(Harlan Teklad Mouse Breeder Diet [S-2335] 7004), different from their standard 

chow (Harlan Teklad Rodent Diet (W) 8604).  It is unknown to what degree this 

diet affects body mass in breeding HR and Control mice, or whether HR and 

Control mice differ in their metabolic efficiency.  A study by McDonald and 

Nielsen (2006) shows that mice that have been selectively bred for high heat loss 

had larger and heavier litters at 21 days of age, whereas mice bred for low heat 

loss had smaller and lighter litters, as compared with control lines. We know that 

HR mice are smaller in body size than Controls (Garland et al., 2011a, b; Girard 

et al., 2007; Swallow et al., 1999), and smaller mice would be expected to have 

smaller litters (Falconer and Roberts, 1960; Johnson et al., 2001), thus it is 

possible that the lack of linetype body and litter mass differences is a product of 

metabolic differences. Future studies should consider how similar measures 

related to metabolic efficiency affect reproductive output in HR and Control mice, 

as adult HR mice are. 
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It is important to note that several of the relationships examined over the 

course of this study were not constant over the generations analyzed.  For 

instance, the number of dams that lost whole litters by the time of weaning (3 

weeks postpartum) varied from generation to generation (Table 1, Fig. 1).  There 

could be several reasons why traits like litter survival are variable over 

generations.  One possible explanation is that HR and Control mice differ in their 

stress reactivity.  Female mice of both linetypes have significantly higher baseline 

and post-restraint circulating corticosterone concentrations when compared to 

males of their respective linetypes (Malisch et al. 2007), a sex difference that has 

been reported previously for laboratory house mice, among several other 

mammal species (see Reeder and Kramer, 2005 for review).  Moreover, we 

know that HR mice of both sexes have elevated total plasma concentrations of 

corticosterone (Malisch et al. 2007; Malisch et al. 2008 (males only)), and HR 

males have elevated free (Malisch et al. 2008) plasma concentrations of 

corticosterone.  In addition, HR mice of both sexes have proportionally smaller 

responses to an acute stressor (restraint) (Malisch et al. 2007) when compared 

to Control mice.  These differences suggest that HR mice have evolved 

differences in aspects of the HPA axis over the course of selective breeding.  

Thus, it is possible that different generations of female HR mice (or HR mice of 

both sexes) are exposed to different amounts/types of stressors (odors, 

temperature changes, disturbances, etc.).  Studies of mice selectively bred for 

large litter sizes support an association between litter size and “coping” strategy, 
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as assessed by several behavioral tests (Rauw et al. 2000), which could 

potentially relate to a dam’s response to stressors.  Additional work is required to 

determine the stress profile of HR mice, and the effects of different types of 

stressors on reproductive output. 

It is further interesting to consider that HR mice seem to be at an apparent 

selection limit (in terms of the voluntary response of wheel running to selection in 

the normal 6-day trial) since approximately generation 16 (Garland et al. 2011b).  

If wheel running itself has evolved to its maximal expression (without further 

nutritional supplementation; see Meek et al. 2010) in the HR lines of mice, then 

perhaps the behavioral response to selection is still evolving in systems involved 

in more general locomotor activity, or motivation for locomotion.  For instance, in 

support of more general changes in locomotor activity, several studies show that 

HR mice have increased levels of spontaneous physical activity in cages when 

wheels are absent (Malisch et al., 2009; Rhodes et al., 2001).  Unlike the Girard 

et al. (2002) study, which found the activity levels of HR and Control dams in 

cages without wheel access to be similar (based on behavioral observations 

when pups were 9 and 16 days old), these more quantitative studies suggest that 

since generations 20 and 21, mice have continued to respond to selection in 

aspects of behavior not directly related to wheel-running.  In the present study, 

maternal behavioral observations from dam’s generation 47 do not support the 

idea that HR and Control dams differ in their amounts of spontaneous physical 

activity in cages when wheels are absent during the first 10 days post-partum.  
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Of course, the method of behavioral sampling employed in this study is by no 

means a complete picture of dam activity over a 24-hour period, and further 

investigation is required to fully characterize the activity profile of dams during the 

post-partum period.  Of course, it is also possible that the additional behavioral 

changes that occur beyond an apparent selection limit may reflect inbreeding 

depression rather than further responses to selection per se.  

As would be expected, our results show that maternal behavior activity 

patterns in dam’s generation 47 did vary significantly by the time of day, although 

there was not a linetype effect.  In the first 1-7 days there were, however, 

significant interactions between time of day, as well as the day, and linetype. 

These effects were not statistically significant in days 8-13 post-partum (see 

Results).  The results for days 1-7 post-partum support findings by Koteja et al. 

(2003), which found that HR mice (generation 16) of both sexes had significantly 

shorter circadian periods than Control mice when maintained under constant 

dark or constant light.  It is then interesting to consider that although there were 

no linetype differences in wean success (or the number of dams that gave birth 

that successfully weaned at least one pup) for this generation, observation of 

dams throughout the post-partum period showed that of the 20 dams that lost 

whole litters prior to weaning (5 Control dams, 15 HR dams), most (2 Control 

dams, 10 HR dams) lost their litter following a predictable sequence of events 

that led to pup mortalities from activity during the dark period.  Within this 

sequence, dams would exhibit typical maternal-care behaviors (nursing and nest-
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building) during the light period.  In the days immediately following birth, however 

(usually around post-partum day 2), the pups would appear to be scattered by 

the dam’s cage activity during the dark period.  Eventually, observers determined 

that the dam would trample the litter, seemingly as a result of her locomotor 

activity during the dark period.  Given that maternal observations do not support 

the idea that HR dams are significantly more active during the dark period, it is 

possible that these litter losses are from higher-intensity bouts of activity.  Further 

analyses of home-cage activity are warranted to determine whether or not this is 

the case.  

As most of the litter losses incurred via the trampling sequence happened 

within a relatively narrow timeframe (between 1 and 5 days post-partum), it is 

then interesting to note that there is a significant interaction between HR dam 

activity and hour, as well as dam activity and day during the first 1-7 days post-

partum (as assessed by maternal behavior observations).  These interactions 

indicate that HR dams differ from Control in their hourly and daily activity 

patterns, but since there was not a significant linetype effect overall, we can say 

that HR and Control dams did not differ in their relative amounts of activity, but 

rather the timing of their activity.  This suggests a possible response to selection 

involving the circadian system.  The circadian system has long been implicated in 

a variety of species in the development, maintenance, and reward-value of 

addiction and addictive substances (see Falcón and McClung, 2009; McClung 

2007 for review).  Much of this relationship is attributed to the interaction between 
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circadian periodicity and the actions of dopamine (McClung, 2007); a 

neurotransmitter which is also important to the expression of maternal care 

behaviors (Champagne et al 2004).   

Although it is currently not well understood to what degree voluntary 

exercise can be considered a classical motivated behavior (Garland et al., 

2011a), several studies in HR mice have documented divergences from controls 

in the neural systems traditionally thought to be involved in addiction (and the 

perception of reward).  Mathes et al. (2010) hypothesized that many of these 

differences in HR mice reflect an overall dysregulation of dopaminergic signaling, 

perhaps tantamount to a state of addiction-withdrawal (Rhodes et al., 2003).   

Potentially, there could be an interaction between the circadian pattern of 

dopamine secretion and the reward value of locomotor activity for HR mice, such 

that during the dark period the reward value associated with appropriate maternal 

care behaviors is overwhelmed by the value of high-intensity spontaneous 

physical activity (perhaps only in some lines - e.g., line 6 (5/20 line 6 dams 

trampled pups).  Further studies are required to better understand the substrates 

and dynamics that shape motivation for voluntary wheel running in HR mice. 

  Aside from maternal-behavior observations, we also performed pup-

retrieval trials in dam’s generation 52.  These trials were conducted during the 

post-partum period, roughly coincident with the time when litter losses typically 

begin to appear, midway through the light period.  We did not find any significant 

differences between HR and Control dams in terms of total trial time, average 
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trial time, the number of move-aways in a given trial, or the latency to retrieve the 

first pup.  We also considered these same measures without the first trial (in 

addition to the first trial by itself), as novelty may affect the dam’s performance, 

and as before we did not find any significant linetype effects.  Indeed, the overall 

trend was for HR females to perform slightly better (i.e., lower latency to retrieval) 

than Control females.  These results are consistent with our maternal-care 

observations, which suggest that HR mice express typical levels of maternal care 

during the light period. 

Lastly, although HR mice and Control mice did not differ statistically in 

either average or whole-day estrous cycle length, they did differ in the amount of 

time they spent in estrus (stage 4 of the mouse estrous cycle [Rugh 1990]).  The 

estrus phase in a normal cycling mouse is characterized by the ovulation of 

mature oocytes, as well as maximal female receptivity to mating (both 

physiologically and behaviorally) (Silver, 1995).  In mice, estrus is hormonally 

characterized by high levels of 17β-estradiol (E2) (Wood et al. 2007), which has 

been shown to have important consequences for energy expenditure and the 

expression of voluntary exercise behaviors, including wheel running in rats and 

other species (see Wade and Schneider, 1992 for review).  In particular, studies 

have shown E2 to be strongly associated with voluntary wheel running in mice, 

as well as skeletal muscle function (Greising et al. 2011a; Greising et al. 2011b).  

It is possible that the linetype differences in estrous cycle composition we 

observe are related to E2’s effects on the performance of voluntary exercise, and 



145 
 

further studies should investigate if there is any variation in the wheel running of 

HR and Control over the length of the estrous cycle. 
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Table 3.1.   Birth and weaning success by line (lines 1, 2, 4, 5 are Control lines; 

lines 3, 6, 7, 8 are selectively bred High Runner lines).  The table shows raw 

numbers and percentages of dams per line that were paired, gave birth, weaned 

at least one pup of those that gave birth, and weaned at least one pup of all that 

were paired.  Also shown are line averages and two-tailed significance of the 

linetype effect in a nested generalized linear mixed model with dam age at time 

of pairing as a covariate (SAS Procedure GLIMMIX with separate estimates of 

the among-linevariances for C and HR lines).  DNC indicates model did not 

converge.  See text for results of analyses that used all generations combined for 

weaning success relative to all paired. 

 
  Gave Birth Weaned > 1 Pup (of all that 

gave birth) 
Weaned > 1 Pup 
(of all paired) 

Line Total 
Pairs 

Gave 
Birth 

% 
Total 

Birth 
Success 

Weaned 
a Pup 

% 
Total 

Wean 
Success 

% 
Total 

Wean 
Success 

Dam’s Gen  40; Pup’s Gen 41  Total Dams=140  
C1 15 13 0.867 HR 

Mean 
13 1.00 HR 

Mean 
0.867 HR 

Mean C2 15 15 1.00 15 1.00 1.00 
HR3 20 19 0.950 0.950 14 0.737 0.790 0.700 0.750 
C4 15 14 0.933 C  

Mean 
14 1.00 C  

Mean 
0.933 C  

Mean C5 15 14 0.933 14 1.00 0.933 
HR6 20 19 0.950 0.933 12 0.632 1.00 0.600 0.933 
HR7 20 19 0.950 P value 16 0.842 P value 0.800 P value 
HR8 20 19 0.950 18 0.947 0.900 
Tot 140 132  0.5620 116  DNC  0.0476 
Dam’s Gen 42; Pup’s Gen 43  Total Dams=140  
C1 15 15 1.00 HR 

Mean 
14 0.933 HR 

Mean 
0.933 HR 

Mean C2 15 15 1.00 15 1.00 1.00 
HR3 20 19 0.950 0.888 12 0.632 0.807 0.600 0.713 
C4 15 14 0.933 C  

Mean 
14 1.00 C  

Mean 
0.933 C  

Mean C5 15 15 1.00 13 0.867 0.867 
HR6 20 18 0.900 0.983 16 0.889 0.950 0.800 0.933 
HR7 20 17 0.850 P value 12 0.706 P value 0.600 P value 
HR8 20 17 0.850 17 1.00 0.850 
Tot 140 130  0.2807 113  0.2152  0.0254 
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Table 3.1. continued…  
 

Dam’s Gen 44; Pup’s Gen 45  Total Dams=140  
C1 15 15 1.00 HR 

Mean 
14 0.933 HR 

Mean 
0.933 HR 

Mean C2 15 15 1.00 15 1.00 1.00 
HR3 20 16 0.800 0.938 12 0.750 0.811 0.600 0.763 
C4 15 15 1.00 C  

Mean 
14 0.933 C  

Mean 
0.933 C  

Mean C5 15 14 0.933 12 0.857 0.800 
HR6 20 20 1.00 0.983 14 0.700 0.931 0.700 0.917 
HR7 20 19 0.950 P value 16 0.842 P value 0.800 P 

value HR8 20 20 1.00 19 0.950 0.950 
Tot 140 134  DNC 116  0.1062  0.1080 
Dam’s Gen 45; Pup’s Gen 46  Total Dams=144 
C1 15 14 0.933 HR 

Mean 
13 0.929 HR 

Mean 
0.867 HR 

Mean C2 15 15 1.00 15 1.00 1.00 
HR3 22 21 0.954 0.939 21 1.00 0.914 0.955 0.857 
C4 15 13 0.867 C  

Mean 
13 1.00 C  

Mean 
0.867 C  

Mean C5 15 14 0.933 14 1.00 0.933 
HR6 22 22 1.00 0.933 17 0.773 0.982 0.773 0.9170 
HR7 20 17 0.850 P value 15 0.882 P value 0.750 P 

value HR8 20 19 0.950 19 1.00 0.950 
Tot 144 135  0.8434 127  0.4101  0.3745 
Dam’s Gen 47; Pup’s Gen 48  Total Dams=138 
C1 14 14 1.00 HR 

Mean 
13 0.929 HR 

Mean 
0.929 HR 

Mean C2 15 15 1.00 15 1.00 1.00 
HR3 20 19 0.950 0.911 16 0.842 0.810 0.800 0.734 
C4 15 15 1.00 C  

Mean 
13 0.867 C  

Mean 
0.867 C  

Mean C5 15 14 0.933 12 0.857 0.800 
HR6 20 20 1.00 0.983 14 0.700 0.913 0.700 0.898 
HR7 19 17 0.895 P value 14 0.823 P value 0.737 P 

value HR8 20 16 0.800 14 0.875 0.700 
Tot 138 130  0.1721 111  0.1398  0.0570 
Dam’s Gen 48; Pup’s Gen 49  Total Dams=140  
C1 15 14 0.933 HR 

Mean 
14 1.00 HR 

Mean 
0.933 HR 

Mean C2 15 15 1.00 15 1.00 1.00 
HR3 20 19 0.950 0.925 17 0.895 0.932 0.850 0.863 
C4 15 14 0.933 C  

Mean 
14 1.00 C  

Mean 
0.933 C  

Mean C5 15 15 1.00 15 1.00 1.00 
HR6 20 20 1.00 0.967 20 1.00 1.00 1.00 0.967 
HR7 20 19 0.950 P value 17 0.895 P value 0.850 P 

value HR8 20 16 0.800 15 0.938 0.750 
Tot 140 132  0.8272 127  DNC  0.2856 
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Table 3.1. continued…  
 

 
Dam’s Gen 52; Pup’s Gen 53  Total Dams=170  
C1 20 15 0.750 HR 

Mean 
14 0.933 HR 

Mean 
0.700 HR 

Mean C2 24 19 0.792 17 0.900 0.708 
HR3 22 22 1.00 0.926 18 0.818 0.789 0.818 0.730 
C4 20 16 0.800 C  

Mean 
16 1.00 C  

Mean 
0.800 C  

Mean C5 20 18 0.900 13 0.722 0.650 
HR6 22 22 1.00 0.810 16 0.727 0.888 0.727 0.715 
HR7 22 21 0.955 P value 17 0.810 P value 0.773 P value 
HR8 20 15 0.750 12 0.800 0.600 
Tot 170 148  0.1145 123  0.2449  0.8018 
Dam’s Gen 56; Pup’s Gen 57  Total Dams=147  
C1 17 17 1.00 HR 

Mean 
14 0.824 HR 

Mean 
0.824 HR 

Mean C2 15 15 1.00 15 1.00 1.00 
HR3 20 19 0.950 0.900 12 0.632 0.754 0.600 0.675 
C4 15 11 0.733 C  

Mean 
11 1.00 C  

Mean 
0.733 C  

Mean C5 20 20 1.00 12 0.600 0.600 
HR6 20 17 0.850 0.933 13 0.765 0.856 0.650 0.7890 
HR7 20 19 0.950 P value 14 0.737 P value 0.700 P value 
HR8 20 17 0.850 15 0.882 0.750 
Tot 147 135  0.5624 106  0.8158  0.4518 

 



155 
 

Table 3.2.   Characteristics of dams and their litters at weaning in Control and HR 

lines of mice.  The table shows least squares means and associated two-tailed p-

values obtained via ANCOVA with dam age as a covariate for all traits (SAS® 

PROC MIXED).  Dam body mass was also used as covariate for litter size, total 

litter mass, average pup mass, and the percentage of females per litter.  Pairing 

to pupping is indicated in days.  Linetype = HR vs. Control.  Red color indicates 

significance and the symbol indicates the direction of the effect. 
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Table 3.2  

Trait N 
C 

Mean C SE 
HR 

Mean 
HR 
SE 

Linetype 
P 

Dam 
Age P 

Dam 
Mass P 

Dam’s Gen 40; Pup’s Gen 41  Total Dams=140 
        

Pairing to pupping 
(days)interval 

130 22.25 0.51 22.24 0.48 0.9875 0.2977 - 

Dam mass 134 35.36 1.47 32.60 1.26 0.2046 0.0095 - 

Litter size at weaning  112 10.70 0.82 10.02 0.81 0.5824 0.4817 0.0029 + 

% females at wean 112 46.11 3.08 51.32 2.98 0.2785 0.0661 0.3109  - 

Average pup mass 112 12.70 0.43 12.80 0.42 0.8767 0.0127 0.3124 + 

Total litter mass 112 132.91 8.96 125.97 8.86 0.6043 0.8880  <.0001+ 

Dam’s Gen 42; Pup’s Gen 43  Total Dams=140 
        
Pairing to pupping 
interval 

130 23.10 0.90 22.70 0.87 0.7611 0.0177 - 

Dam mass 134 35.75 2.00 30.98 1.93 0.1377 0.6461 -  

Litter size at weaning  113 10.39 0.60 9.80 0.60 0.5174 0.3222 0.0549 + 

% females at wean 113 49.21 2.90 51.38 2.90 0.6217 0.4100 0.7685  - 

Average pup mass 113 13.08 0.39 13.29 0.39 0.7208 0.1873 0.8158 + 

Total litter mass 113 133.12 5.23 125.87 5.23 0.3698 0.2288 0.0185 + 

Dam’s Gen 44; Pup’s Gen 45  Total Dams=140 
  

      

Pairing to pupping 
interval 

134 35.23 0.92 35.70 0.83 0.7211 0.6502 - 

Dam mass 140 38.17 1.94 31.03 1.84 0.0379 0.1583 -  

Litter size at weaning 116 9.24 0.57 10.19 0.56 0.3040 0.8346 0.0008 + 

% females at wean 116 46.43 2.70 53.59 2.54 0.1284 0.8894 0.2966 + 

Average pup mass 116 13.58 0.68 12.59 0.67 0.3460 0.6002 0. 5931  - 

Total litter mass 116 121.22 6.54 126.71 6.37 0.5856 0.8654 <.0001 + 

Dam’s Gen 48; Pup’s Gen 49  Total Dams=140 
 

 

Pairing to pupping 
interval 

131 21.48 0.37 21.83 0.33 0.5111 0.6137 - 

Dam mass 140 34.58 1.46 30.46 1.27 0.0787 0.0584 - 

Litter size at weaning 140 8.61 0.42 8.75 0.36 0.8178 0.0483 <.0001 + 

% females at wean 127 46.16 3.05 50.05 2.87 0.3916 0.2382 0.5174+ 

Average pup mass 127 13.52 0.33 12.96 0.32 0.2752 0.0156 0.9878+ 

Total litter mass 127 125.04 6.83 121.71 6.66 0.7397 0.9093 0.0248+ 
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Table 3.2 continued…  
 
 

Dam’s Gen 52; Pup’s Gen 53   Total Dams=170 
  
  

      

Pairing to pupping interval 
148 26.26 0.31 26.33 0.29 0.8845 0.1768 - 

Dam mass 167 35.71 1.98 33.75 1.98 0.5093 0.0226 - 

Litter size at weaning 123 9.88 0.36 9.81 0.35 0.9005 0.0014 0.7321 + 

% females at wean 122 48.39 2.11 48.00 2.04 0.9003 0.413 0.9552 + 

Average pup mass 122 13.51 0.59 13.01 0.59 0.5689 0.6617 0.2551  - 

Total litter mass 123 131.76 6.93 123.25 6.88 0.4191 0.0001 0.8734 + 

Dam’s Gen 56; Pup’s Gen 57   Total Dams=147 
 
  

      

Pairing to pupping interval 
130 21.71 0.98 23.59 0.55 0.1253 0.5501 - 

Dam mass 146 34.70 2.97 28.80 2.88 0.2048 0.7718 - 

Litter size at weaning  105 9.14 0.46 8.92 0.45 0.7458 0.0993 0.4762 + 

% females at wean 105 48.61 2.47 46.06 2.39 0.5023 0.6192 0.5739 + 

Average pup mass 105 13.47 0.61 13.01 0.60 0.6186 0.6339 0. 6529 + 

Total litter mass 105 119.06 7.97 111.41 7.88 0.5265 0.1995 0.3599 + 
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Table 3.3A.   Dam’s generation 42 correlation table for Control females, relating a dam's wheel running (residuals) to her subsequent litter 
characteristics (residuals).  **  Correlation is significant at the 0.01 level (2-tailed).   
 

    REVS INTS RPM MAX 
Litter 
Mass 

Litter Size 
at Wean 

Average 
Pup Mass 

Percent 
Females 

Pair to 
Pup 

REVS Pearson Correlation 1 .813** .808** .611** -.053 -.010 -.020 -.056 -.056 
  Sig. (2-tailed) . .000 .000 .000 .700 .941 .882 .681 .681 
  N 59 59 59 59 56 56 56 56 56 
INTS Pearson Correlation .813** 1 .415** .252 -.158 -.154 .108 -.077 -.077 
  Sig. (2-tailed) .000 . .001 .054 .244 .258 .427 .572 .572 
  N 59 59 59 59 56 56 56 56 56 
RPMS Pearson Correlation .808** .415** 1 .802** .038 .089 -.096 -.012 -.012 
  Sig. (2-tailed) .000 .001 . .000 .782 .512 .483 .931 .931 
  N 59 59 59 59 56 56 56 56 56 
MAX Pearson Correlation .611** .252 .802** 1 .010 .029 .001 -.115 -.115 
  Sig. (2-tailed) .000 .054 .000 . .942 .834 .993 .399 .399 
  N 59 59 59 59 56 56 56 56 56 
Litter Mass Pearson Correlation -.053 -.158 .038 .010 1 .884** -.461** -.225 -.225 
  Sig. (2-tailed) .700 .244 .782 .942 . .000 .000 .096 .096 
  N 56 56 56 56 56 56 56 56 56 
Litter Size Pearson Correlation -.010 -.154 .089 .029 .884** 1 -.800** -.191 -.191 
  Sig. (2-tailed) .941 .258 .512 .834 .000 . .000 .158 .158 
  N 56 56 56 56 56 56 56 56 56 
Avg Pup 
Mass 

Pearson Correlation 
-.020 .108 -.096 .001 -.461** -.800** 1 -.002 -.002 

  Sig. (2-tailed) .882 .427 .483 .993 .000 .000 . .991 .991 
  N 56 56 56 56 56 56 56 56 56 
%Female Pearson Correlation 

-.056 -.077 -.012 -.115 -.225 -.191 -.002 1 
1.000*

* 
  Sig. (2-tailed) .681 .572 .931 .399 .096 .158 .991 . . 
  N 56 56 56 56 56 56 56 56 56 
Pair to Pup Pearson Correlation -.056 -.077 -.012 -.115 -.225 -.191 -.002 1.000** 1 
 Sig. (2-tailed) .681 .572 .931 .399 .096 .158 .991 . . 
  N 56 56 56 56 56 56 56 56 56 

158 
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Table 3.3B.   Dam’s generation 42 correlation table for High Runner females, relating a dam's wheel running (residuals) to her subsequent 
litter characteristics (residuals).  **  Correlation is significant at the 0.01 level (2-tailed).  *  Correlation is significant at the 0.05 level (2-
tailed). 

    
WR 

REVS 
WR 

INTS 
WR 
RPM 

WR 
MAX 

Litter 
Mass 

Litter Size 
at Wean 

Average 
Pup Mass 

Percent 
Females 

Pair to 
Pup 

REVS Pearson Correlation 1 .327** .702** .508** .066 .022 .003 .140 .140 
  Sig. (2-tailed) . .004 .000 .000 .636 .876 .986 .313 .313 
  N 74 74 74 74 54 54 54 54 54 
INTS Pearson Correlation .327** 1 -.390** -.407** -.117 -.155 .044 .248 .248 
  Sig. (2-tailed) .004 . .001 .000 .401 .262 .753 .071 .071 
  N 74 74 74 74 54 54 54 54 54 
RPMS Pearson Correlation .702** -.390** 1 .833** .174 .149 -.014 -.031 -.031 
  Sig. (2-tailed) .000 .001 . .000 .207 .283 .919 .822 .822 
  N 74 74 74 74 54 54 54 54 54 
MAX Pearson Correlation .508** -.407** .833** 1 .099 .080 .010 -.047 -.047 
  Sig. (2-tailed) .000 .000 .000 . .476 .563 .945 .735 .735 
  N 74 74 74 74 54 54 54 54 54 
Litter Mass Pearson Correlation .066 -.117 .174 .099 1 .912** -.298** -.211 -.211 
  Sig. (2-tailed) .636 .401 .207 .476 . .000 .029 .126 .126 
  N 54 54 54 54 54 54 54 54 54 
Litter Size Pearson Correlation .022 -.155 .149 .080 .912** 1 -.599** -.230 -.230 
  Sig. (2-tailed) .876 .262 .283 .563 .000 . .000 .095 .095 
  N 54 54 54 54 54 54 54 54 54 
Avg Pup 
Mass 

Pearson Correlation 
.003 .044 -.014 .010 -.298** -.599** 1 .174 .174 

  Sig. (2-tailed) .986 .753 .919 .945 .029 .000 . .207 .207 
  N 54 54 54 54 54 54 54 54 54 
%Female Pearson Correlation .140 .248 -.031 -.047 -.211 -.230 .174 1 1.0 ** 
  Sig. (2-tailed) .313 .071 .822 .735 .126 .095 .207 . . 
  N 54 54 54 54 54 54 54 54 54 
Pair to Pup Pearson Correlation .140 .248 -.031 -.047 -.211 -.230 .174 1.000** 1 
 Sig. (2-tailed) .313 .071 .822 .735 .126 .095 .207 . . 
  N 54 54 54 54 54 54 54 54 54 

159 
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Table 3.4.   Litter mortality by line for dam generation 47 (pups are generation 

48).  This generation also corresponds to data presented in Appendix 1.  HR 

lines are shown in grey.  Presented are tallies of the number of dams per line that 

were paired, never gave birth, gave birth and lost at least one pup prior to 

weaning (this may be an underestimate), and gave birth and lost all pups (entire 

litter) prior to weaning.  Lastly, the table shows the number of dams that lost 

entire litters either following an observed trampling sequence (appropriate 

maternal care during the light period, then increased activity to the point of litter-

scattering, and eventual fatal pup-trampling during the active period) or due to 

observed infanticide (dam was directly observed killing and eating pups).  Most 

observed litter losses were incurred as a result of trampling, however, there was 

not a statistical effect of linetype for dams that trampled pups (see text: linetype 

(1,6) F=2.33, P=0.1781).  Some litter losses were inconclusive and/or occurred 

between observation periods, and thus were not included in the tally.   

 
Line -
type 

Line  Total 
pairs 

Never 
gave 
birth 

Lost at 
least 
one pup  

Lost 
all 
pups 

Pup mortality 
due to 
trampling 

Pup mortality 
due to 
infanticide 

C 1 14 0 2 1 0 0 
C 2 15 0 2 0 0 0 
HR 3 19 0 7 3 1 1 
C 4 15 0 2 1 1 0 
C 5 15 1 5 3 1 1 
HR 6 20 0 7 6 5 1 
HR 7 19 1 5 4 2 1 
HR 8 19 3 3 2 2 0 
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Table 3.5A.   Pup-retrieval trial performance for dam’s generation 52.  Two-tailed 

P-values are from analysis of log-transformed times by nested repeated-

measures ANCOVAs with total litter size, observer, and time of day as 

covariates.  The significance (P values and degrees of freedom) is shown for the 

effect of linetype, trial, and the linetype-by-trial interaction.   

 
 TRIAL 1 2 3 4  

 
Time to 
retrieve 
all pups 

HR 170.76 114.11 174.80 151.49 Linetype 
P (1,6) 

Trial P 
(3,18) 

Trial*Line
-type P 
(3,18) 

SE 63.40 55.06 52.06 58.41 
C mean 179.92 164.88 209.36 291.37 

SE 62.83 55.20 54.60 62.71 0.2368 0.0154 0.0258 
  

HR  100.12 159.43 123.90 Linetype 
P (1,6) 

Trial P 
(2,12) 

Trial*Line
-type P 
(2,12) 

SE  56.00 49.81 52.53 
C mean  157.92 194.59 263.13 

SE  55.69 51.55 56.34 0.1426 0.5120 0.0609 
  

 
Average 
time to 
retrieve 

each 
pup 

HR 85.73 69.05 77.56 84.46 Linetype 
P (1,6) 

Trial P 
(3,18) 

Trial*Line
-type P 
(3,18) 

SE 30.97 25.29 23.59 27.64 
C mean 115.7 102.58 83.734 142.52 

SE 30.09 25.35 25.44 30.02 0.1929 0.0013 0.1436 
  

HR  60.82 74.26 77.14 Linetype 
P (1,6) 

Trial P 
(2,12) 

Trial*Line
-type P 
(2,12) 

SE  24.62 21.07 22.80 
C mean  90.32 72.35 125.57 

SE  24.55 22.71 24.94 0.1829 0.4512 0.1074 
  

 
Time to 
retrieve 
first pup 

HR 32.40 21.97 32.08 33.63 Linetype 
P (1,6) 

Trial P 
(3,18) 

Trial*Line
-type P 
(3,18) 

SE 22.77 19.71 18.73 21.01 
C mean 47.09 37.20 45.13 62.09 

SE 22.47 19.74 19.58 22.46 0.1064 0.0049 0.5478 
  

HR  15.92 31.13 27.20 Linetype 
P (1,6) 

Trial P 
(2,12) 

Trial*Line
-type P 
(2,12) 

SE  17.13 15.26 16.06 
C mean  29.12 35.51 47.97 

SE  17.04 15.80 17.24 0.1003 0.5305 0.5061 
  

Number 
of 

move-
aways 
(count) 

HR 0.98 1.15 2.42 2.19 Linetype 
P (1,6) 

Trial P 
(3,18) 

Trial*Line
-type P 
(3,18) 

SE 1.14 0.91 0.84 1.01 
C mean 1.77 2.09 3.82 4.35 

SE 1.12 0.92 0.90 1.12 0.3644 0.1806 0.2731 
  

HR  0.74 1.97 1.62 Linetype 
P (1,6) 

Trial P 
(2,12) 

Trial*Line
-type P 
(2,12) 

SE  0.98 0.80 0.88 
C mean  1.93 3.55 3.97 

SE  0.96 0.84 0.98 0.1257 0.2820 0.8987 
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Table 3.5B.  Pup-retrieval trial performance for dam’s generation 52 considering 

only trial 1.  Two-tailed P-values are from analysis of log-transformed times from 

trial 1 (following Girard et al., 2002) by nested ANCOVAs with total litter size, 

observer, and time of day as covariates.  The significance (P values and degrees 

of freedom) is shown for the effect of linetype and total litter size.  Least-squares 

means (seconds) and associated standard errors for HR and Control are shown, 

taken from identical analyses, except that times were not log-transformed 

 

Time to retrieve all 
pups (trial 1) 

 

HR mean 181.56 
 

   

Linetype 
P (1,6) = 
0.7981 

Total Litter Size P (1,34) = 
0.6033 - 

SE 51.82 
 

   

C mean 191.84 
 

   

SE 54.04 
 

   

 

Time to retrieve first 
pup (trial 1) 

HR mean 28.35 
 

   

Linetype 
P (1,6) = 
0.0685 

Total Litter Size P (1,34) = 
0.0026 - 

SE 12.76 
 

   

C mean 53.49 
 

   

SE 14.07 
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Table 3.6.   Average milk-spot scores from pups belonging to generation 53 

(dam's generation 52), as in Table 5 (pup retrieval results for the same dams).  

During pup-retrieval trials 2-4, milk spots were judged on a semi-continuous 

scale for their perceived brightness by one of two observers blind to linetype and 

sex (relative scale of 0-2; a score of “0” being undetectable, a score of “1” being 

present, but not bright, and a score of “2” being very bright). 

Least-squares means, associated standard errors, and two-tailed P-values are 

from nested repeated-measures ANCOVA with total litter size and observer as 

covariates.  The degrees of freedom and significance (P values) are shown for 

the effect of linetype, trial, and the linetype-by-trial interaction.   

 

 
Milk-spot 
averages 

TRIAL  2 3 4    

HR 
mean 

1.57 1.33 1.25 
Linetype 
P (1,6) 

Trial P 
(3,18) 

Trial*Line-
type P 
(2,12) SE 0.08 0.08 0.08 

C 
mean 

1.50 1.36 1.21 

0.7844 
0.0028 

 
0.7422 

SE 
 

0.07 0.08 0.08 
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Figure 3.1 A.   Weaning success (at least one pup weaned) in relation to total 

number of pairs (see Table 1 for data and statistical results for each generation) 

for Control lines.   
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Figure 3.1 B.   Weaning success (at least one pup weaned) in relation to total 
number of pairs (see Table 1 for data and statistical results for each generation) 
for HR lines.   
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Appendix 1  

 

Individual day analyses of maternal behavior.  Results are from analyses of post-

partum days 1-13 for dam’s generation 47 (day 0= day of birth has been 

excluded) using SAS Proc Mixed and SAS Glimmix.   LSW = litter size at 

weaning, ageatob = dam’s age when pups were born. 
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Appendix 1 continued…  
 
Day One 
 
Least Squares Means – Proc Mixed 
 
Effect Hour Linetype Estimate Error 

HOUR 7  0.431 0.04 

HOUR 11  0.106 0.04 

HOUR 15  0.172 0.04 

HOUR 19  0.378 0.04 

HOUR 23  0.299 0.04 

LINETYPE 0  0.234 0.03 

LINETYPE 1  0.321 0.03 

HOUR*LINETYPE 7 0 0.361 0.06 

HOUR*LINETYPE 7 1 0.501 0.05 

HOUR*LINETYPE 11 0 0.068 0.06 

HOUR*LINETYPE 11 1 0.144 0.05 

HOUR*LINETYPE 15 0 0.171 0.06 

HOUR*LINETYPE 15 1 0.173 0.05 

HOUR*LINETYPE 19 0 0.327 0.06 

HOUR*LINETYPE 19 1 0.430 0.05 

HOUR*LINETYPE 23 0 0.240 0.06 

HOUR*LINETYPE 23 1 0.358 0.05 
 
Type III Tests of Fixed Effects – Glimmix 
Effect Num DF Den DF F Value Pr > F 
HOUR 4 24 10.43 <.0001 
LINETYPE 1 6 3.55 0.1084 
HOUR*LINETYPE 4 24 0.37 0.8301 
LSW 1 598 0.79 0.3744 
AGEATOB 1 598 0.39 0.5313 

 
Hour LS Means - Glimmix 

Hour Estimate Error Lower  Upper  Mean Standard Error 
Mean 

Lower 
Mean 

Upper 
Mean 

7 0.283 0.20 -0.126 0.692 0.570 0.049 0.469 0.667 
11 2.204 0.32 1.543 2.866 0.901 0.029 0.824 0.946 
15 1.578 0.25 1.065 2.091 0.829 0.035 0.744 0.890 
19 0.505 0.20 0.090 0.920 0.624 0.047 0.522 0.715 
23 0.869 0.21 0.430 1.309 0.705 0.044 0.606 0.787 

 
Linetype LS Means – Glimmix 

Linetype Estimate Error Lower  Upper  Mean Standard Error 
Mean 

Lower 
Mean 

Upper 
Mean 

0 1.331 0.195 0.854 1.807 0.791 0.032 0.701 0.859 
1 0.845 0.168 0.435 1.256 0.700 0.035 0.607 0.778 
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Appendix 1 continued…  
 
Day Two 
 
Least Squares Means – Proc Mixed 
 
Effect Hour Linetype Estimate Error 

HOUR 7  0.520 0.04 

HOUR 11  0.251 0.04 

HOUR 15  0.232 0.04 

HOUR 19  0.600 0.04 

HOUR 23  0.442 0.04 

LINETYPE 0  0.371 0.03 

LINETYPE 1  0.447 0.03 

HOUR*LINETYPE 7 0 0.481 0.06 

HOUR*LINETYPE 7 1 0.558 0.06 

HOUR*LINETYPE 11 0 0.257 0.06 

HOUR*LINETYPE 11 1 0.244 0.06 

HOUR*LINETYPE 15 0 0.292 0.06 

HOUR*LINETYPE 15 1 0.173 0.06 

HOUR*LINETYPE 19 0 0.499 0.06 

HOUR*LINETYPE 19 1 0.701 0.06 

HOUR*LINETYPE 23 0 0.326 0.06 

HOUR*LINETYPE 23 1 0.558 0.06 
 
Type III Tests of Fixed Effects – Glimmix 
Effect Num DF Den DF F Value Pr > F 
HOUR 4 24 13.43 <.0001 
LINETYPE 1 6 2.53 0.1627 
HOUR*LINETYPE 4 24 2.88 0.0443 
LSW 1 598 0.02 0.8935 
AGEATOB 1 598 2.02 0.1559 

 
Hour LS Means - Glimmix 

Hour Estimate Error Lower  Upper  Mean Standard Error Mean Lower 
Mean 

Upper 
Mean 

7 -0.080 0.18 -0.448 0.289 0.480 0.045 0.390 0.572 

11 1.100 0.21 0.676 1.523 0.750 0.038 0.663 0.821 

15 1.233 0.21 0.789 1.676 0.774 0.038 0.688 0.842 

19 -0.424 0.19 -0.807 -0.041 0.396 0.044 0.309 0.490 

23 0.247 0.18 -0.135 0.628 0.561 0.046 0.466 0.652 
 
Linetype LS Means – Glimmix 

Linetype Estimate Error Lower  Upper  Mean Standard Error 
Mean 

Lower 
Mean 

Upper 
Mean 

0 0.554 0.126 0.247 0.861 0.635 0.029 0.561 0.703 
1 0.276 0.121 -0.019 0.572 0.569 0.030 0.495 0.639 
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Appendix 1 continued…  
 
Day Three 
 
Least Squares Means – Proc Mixed 
 
Effect Hour Linetype Estimate Error 

HOUR 7  0.437 0.04 

HOUR 11  0.195 0.04 

HOUR 15  0.171 0.04 

HOUR 19  0.629 0.04 

HOUR 23  0.594 0.04 

LINETYPE 0  0.393 0.03 

LINETYPE 1  0.418 0.03 

HOUR*LINETYPE 7 0 0.431 0.06 

HOUR*LINETYPE 7 1 0.443 0.05 

HOUR*LINETYPE 11 0 0.189 0.06 

HOUR*LINETYPE 11 1 0.201 0.05 

HOUR*LINETYPE 15 0 0.155 0.06 

HOUR*LINETYPE 15 1 0.186 0.05 

HOUR*LINETYPE 19 0 0.672 0.06 

HOUR*LINETYPE 19 1 0.586 0.05 

HOUR*LINETYPE 23 0 0.517 0.06 

HOUR*LINETYPE 23 1 0.672 0.05 
 
Type III Tests of Fixed Effects – Glimmix 
Effect Num DF Den DF F Value Pr > F 
HOUR 4 24 21.6 <.0001 
LINETYPE 1 6 0.48 0.5124 
HOUR*LINETYPE 4 24 0.96 0.4484 
LSW 1 598 0.7 0.4042 
AGEATOB 1 598 4.67 0.0311 

 
Hour LS Means - Glimmix 

Hour Estimate Error Lower  Upper  Mean Standard Error Mean Lower 
Mean 

Upper 
Mean 

7 0.257 0.18 -0.123 0.637 0.564 0.045 0.469 0.654 

11 1.433 0.23 0.961 1.904 0.807 0.036 0.723 0.870 

15 1.601 0.24 1.102 2.100 0.832 0.034 0.751 0.891 

19 -0.537 0.19 -0.929 -0.145 0.369 0.044 0.283 0.464 

23 -0.394 0.19 -0.782 -0.007 0.403 0.045 0.314 0.498 
 
Linetype LS Means – Glimmix 

Linetype Estimate Error Lower  Upper  Mean Standard Error 
Mean 

Lower 
Mean 

Upper 
Mean 

0 0.537 0.139 0.196 0.877 0.631 0.032 0.549 0.706 
1 0.407 0.124 0.104 0.710 0.600 0.030 0.526 0.670 
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Appendix 1 continued…  
 
Day Four 
 
Least Squares Means – Proc Mixed 
 
Effect Hour Linetype Estimate Error 

HOUR 7  0.437 0.04 

HOUR 11  0.238 0.04 

HOUR 15  0.252 0.04 

HOUR 19  0.665 0.04 

HOUR 23  0.643 0.04 

LINETYPE 0  0.428 0.03 

LINETYPE 1  0.465 0.03 

HOUR*LINETYPE 7 0 0.428 0.06 

HOUR*LINETYPE 7 1 0.445 0.06 

HOUR*LINETYPE 11 0 0.273 0.06 

HOUR*LINETYPE 11 1 0.202 0.06 

HOUR*LINETYPE 15 0 0.187 0.06 

HOUR*LINETYPE 15 1 0.316 0.06 

HOUR*LINETYPE 19 0 0.670 0.06 

HOUR*LINETYPE 19 1 0.659 0.06 

HOUR*LINETYPE 23 0 0.584 0.06 

HOUR*LINETYPE 23 1 0.703 0.06 
 
Type III Tests of Fixed Effects – Glimmix 
Effect Num DF Den DF F Value Pr > F 

 
   Did Not Converge 
 
Hour LS Means - Glimmix 

Hour Estimate Error Lower  Upper  Mean Standard Error 
Mean 

Lower 
Mean 

Upper 
Mean 

  Did Not Converge 
 
Linetype LS Means – Glimmix 

Linetype Estimate Error Lower  Upper  Mean Standard Error 
Mean 

Lower 
Mean 

Upper 
Mean 

  Did Not Converge 
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Appendix 1 continued…  
 
Day Five 
 
Least Squares Means – Proc Mixed 
 
Effect Hour Linetype Estimate Error 

HOUR 7  0.423 0.04 

HOUR 11  0.227 0.04 

HOUR 15  0.228 0.04 

HOUR 19  0.725 0.04 

HOUR 23  0.687 0.04 

LINETYPE 0  0.493 0.03 

LINETYPE 1  0.423 0.03 

HOUR*LINETYPE 7 0 0.431 0.06 

HOUR*LINETYPE 7 1 0.415 0.05 

HOUR*LINETYPE 11 0 0.310 0.06 

HOUR*LINETYPE 11 1 0.143 0.05 

HOUR*LINETYPE 15 0 0.327 0.06 

HOUR*LINETYPE 15 1 0.129 0.05 

HOUR*LINETYPE 19 0 0.793 0.06 

HOUR*LINETYPE 19 1 0.657 0.05 

HOUR*LINETYPE 23 0 0.603 0.06 

HOUR*LINETYPE 23 1 0.772 0.05 
 
Type III Tests of Fixed Effects – Glimmix 
Effect Num DF Den DF F Value Pr > F 
HOUR 4 24 27.47 <.0001 
LINETYPE 1 6 5.33 0.0604 
HOUR*LINETYPE 4 24 3.87 0.0146 
LSW 1 598 0.71 0.3992 
AGEATOB 1 598 3.62 0.0577 

 
Hour LS Means - Glimmix 

Hour Estimate Error Lower  Upper  Mean Standard Error 
Mean 

Lower 
Mean 

Upper 
Mean 

7 0.315 0.18 -0.057 0.688 0.578 0.044 0.486 0.665 
11 1.304 0.22 0.844 1.764 0.787 0.037 0.699 0.854 
15 1.325 0.23 0.856 1.795 0.790 0.038 0.702 0.858 
19 -1.005 0.21 -1.431 -0.580 0.268 0.040 0.193 0.359 
23 -0.824 0.20 -1.229 -0.418 0.305 0.042 0.226 0.397 

 
Linetype LS Means – Glimmix 

Linetype Estimate Error Lower  Upper  Mean Standard Error 
Mean 

Lower 
Mean 

Upper 
Mean 

0 0.008 0.128 -0.306 0.323 0.502 0.032 0.424 0.580 
1 0.438 0.134 0.110 0.767 0.608 0.032 0.527 0.683 
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Appendix 1 continued…  
 
Day Six 
 
Least Squares Means – Proc Mixed 
 
Effect Hour Linetype Estimate Error 

HOUR 7  0.485 0.04 

HOUR 11  0.370 0.04 

HOUR 15  0.235 0.04 

HOUR 19  0.753 0.04 

HOUR 23  0.681 0.04 

LINETYPE 0  0.504 0.03 

LINETYPE 1  0.505 0.03 

HOUR*LINETYPE 7 0 0.487 0.06 

HOUR*LINETYPE 7 1 0.482 0.06 

HOUR*LINETYPE 11 0 0.401 0.06 

HOUR*LINETYPE 11 1 0.340 0.06 

HOUR*LINETYPE 15 0 0.245 0.06 

HOUR*LINETYPE 15 1 0.225 0.06 

HOUR*LINETYPE 19 0 0.780 0.06 

HOUR*LINETYPE 19 1 0.725 0.06 

HOUR*LINETYPE 23 0 0.607 0.06 

HOUR*LINETYPE 23 1 0.754 0.06 
 
Type III Tests of Fixed Effects – Glimmix 
Effect Num DF Den DF F Value Pr > F 
HOUR 4 24 21.43 <.0001 
LINETYPE 1 6 0 0.9998 
HOUR*LINETYPE 4 24 1.05 0.4003 
LSW 1 598 5 0.0257 
AGEATOB 1 598 0.1 0.7531 

 
Hour LS Means - Glimmix 

Hour Estimate Error Lower  Upper  Mean Standard Error 
Mean 

Lower 
Mean 

Upper 
Mean 

7 0.062 0.18 -0.307 0.431 0.515 0.045 0.424 0.606 

11 0.538 0.19 0.156 0.921 0.631 0.043 0.539 0.715 

15 1.189 0.21 0.755 1.624 0.767 0.038 0.680 0.835 

19 -1.126 0.21 -1.556 -0.696 0.245 0.039 0.174 0.333 

23 -0.788 0.19 -1.190 -0.386 0.313 0.042 0.233 0.405 
 

Linetype LS Means – Glimmix 

Linetype Estimate Error Lower  Upper  Mean Standard Error 
Mean 

Lower 
Mean 

Upper 
Mean 

0 -0.025 0.129 -0.339 0.290 0.494 0.032 0.416 0.572 
1 -0.025 0.120 -0.317 0.268 0.494 0.030 0.421 0.567 
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Appendix 1 continued…  
 
Day Seven 
 
Least Squares Means – Proc Mixed 
 
Effect Hour Linetype Estimate Error 

HOUR 7  0.510 0.04 

HOUR 11  0.401 0.04 

HOUR 15  0.291 0.04 

HOUR 19  0.769 0.04 

HOUR 23  0.645 0.04 

LINETYPE 0  0.536 0.03 

LINETYPE 1  0.510 0.03 

HOUR*LINETYPE 7 0 0.533 0.06 

HOUR*LINETYPE 7 1 0.487 0.06 

HOUR*LINETYPE 11 0 0.430 0.06 

HOUR*LINETYPE 11 1 0.373 0.06 

HOUR*LINETYPE 15 0 0.309 0.06 

HOUR*LINETYPE 15 1 0.273 0.06 

HOUR*LINETYPE 19 0 0.809 0.06 

HOUR*LINETYPE 19 1 0.730 0.06 

HOUR*LINETYPE 23 0 0.602 0.06 

HOUR*LINETYPE 23 1 0.687 0.06 
 
Type III Tests of Fixed Effects – Glimmix 
Effect Num DF Den DF F Value Pr > F 
HOUR 4 24 17.1 <.0001 
LINETYPE 1 6 0.62 0.4602 
HOUR*LINETYPE 4 24 0.63 0.6441 
LSW 1 598 0.26 0.6076 
AGEATOB 1 598 7.06 0.0081 

 
Hour LS Means - Glimmix 

Hour Estimate Error Lower  Upper  Mean Standard Error 
Mean 

Lower 
Mean 

Upper 
Mean 

7 -0.040 0.18 -0.409 0.330 0.490 0.045 0.399 0.582 
11 0.409 0.18 0.032 0.785 0.601 0.044 0.508 0.687 
15 0.905 0.20 0.499 1.311 0.712 0.040 0.622 0.788 
19 -1.234 0.22 -1.681 -0.788 0.225 0.038 0.157 0.313 
23 -0.606 0.19 -0.992 -0.219 0.353 0.043 0.271 0.445 

 
Linetype LS Means – Glimmix 

Linetype Estimate Error Lower  Upper  Mean Standard Error 
Mean 

Lower 
Mean 

Upper 
Mean 

0 -0.181 0.128 -0.496 0.133 0.455 0.032 0.379 0.533 
1 -0.045 0.115 -0.327 0.238 0.489 0.029 0.419 0.559 
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Appendix 1 continued…  
 
Day Eight 
 
Least Squares Means – Proc Mixed 
 
Effect Hour Linetype Estimate Error 

HOUR 7  0.525 0.04 

HOUR 11  0.423 0.04 

HOUR 15  0.368 0.04 

HOUR 19  0.727 0.04 

HOUR 23  0.729 0.04 

LINETYPE 0  0.568 0.03 

LINETYPE 1  0.541 0.03 

HOUR*LINETYPE 7 0 0.623 0.06 

HOUR*LINETYPE 7 1 0.427 0.06 

HOUR*LINETYPE 11 0 0.433 0.06 

HOUR*LINETYPE 11 1 0.413 0.06 

HOUR*LINETYPE 15 0 0.381 0.06 

HOUR*LINETYPE 15 1 0.355 0.06 

HOUR*LINETYPE 19 0 0.726 0.06 

HOUR*LINETYPE 19 1 0.727 0.06 

HOUR*LINETYPE 23 0 0.675 0.06 

HOUR*LINETYPE 23 1 0.784 0.06 
 
Type III Tests of Fixed Effects – Glimmix 
Effect Num DF Den DF F Value Pr > F 
HOUR 4 24 14.1 <.0001 
LINETYPE 1 6 0.27 0.625 
HOUR*LINETYPE 4 24 1.63 0.1993 
LSW 1 598 5.25 0.0222 
AGEATOB 1 598 4.07 0.0441 

 
Hour LS Means - Glimmix 

Hour Estimate Error Lower  Upper  Mean Standard Error 
Mean 

Lower 
Mean 

Upper 
Mean 

7 -0.105 0.18 -0.483 0.272 0.474 0.046 0.382 0.568 
11 0.316 0.18 -0.058 0.690 0.578 0.044 0.486 0.666 
15 0.548 0.19 0.165 0.931 0.634 0.043 0.541 0.717 
19 -0.992 0.20 -1.406 -0.578 0.271 0.040 0.197 0.360 
23 -1.025 0.20 -1.444 -0.605 0.264 0.040 0.191 0.353 

 
Linetype LS Means – Glimmix 

Linetype Estimate Error Lower  Upper  Mean Standard Error 
Mean 

Lower 
Mean 

Upper 
Mean 

0 -0.296 0.125 -0.601 0.010 0.427 0.031 0.354 0.503 
1 -0.207 0.117 -0.493 0.079 0.448 0.029 0.379 0.520 
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Appendix 1 continued…  
 
Day Nine 
 
Least Squares Means – Proc Mixed 
 
Effect Hour Linetype Estimate Error 

HOUR 7  0.353 0.04 

HOUR 11  0.420 0.04 

HOUR 15  0.448 0.04 

HOUR 19  0.744 0.04 

HOUR 23  0.746 0.04 

LINETYPE 0  0.587 0.03 

LINETYPE 1  0.497 0.03 

HOUR*LINETYPE 7 0 0.449 0.06 

HOUR*LINETYPE 7 1 0.257 0.06 

HOUR*LINETYPE 11 0 0.483 0.06 

HOUR*LINETYPE 11 1 0.357 0.06 

HOUR*LINETYPE 15 0 0.466 0.06 

HOUR*LINETYPE 15 1 0.429 0.06 

HOUR*LINETYPE 19 0 0.759 0.06 

HOUR*LINETYPE 19 1 0.729 0.06 

HOUR*LINETYPE 23 0 0.777 0.06 

HOUR*LINETYPE 23 1 0.715 0.06 
 
Type III Tests of Fixed Effects – Glimmix 
Effect Num DF Den DF F Value Pr > F 
HOUR 4 24 17.19 <.0001 
LINETYPE 1 6 3.79 0.0993 
HOUR*LINETYPE 4 24 0.61 0.6625 
LSW 1 598 0.42 0.5171 
AGEATOB 1 598 0.34 0.5616 

 
Hour LS Means - Glimmix 

Hour Estimate Error Lower  Upper  Mean Standard Error 
Mean 

Lower 
Mean 

Upper 
Mean 

7 0.633 0.20 0.224 1.042 0.653 0.045 0.556 0.739 
11 0.326 0.19 -0.065 0.718 0.581 0.046 0.484 0.672 
15 0.211 0.19 -0.176 0.597 0.552 0.046 0.456 0.645 
19 -1.072 0.21 -1.509 -0.635 0.255 0.040 0.181 0.347 
23 -1.084 0.21 -1.525 -0.644 0.253 0.040 0.179 0.344 

 
Linetype LS Means – Glimmix 

Linetype Estimate Error Lower  Upper  Mean Standard Error 
Mean 

Lower 
Mean 

Upper 
Mean 

0 -0.398 0.150 -0.765 -0.031 0.402 0.036 0.318 0.492 
1 0.003 0.141 -0.342 0.349 0.501 0.035 0.415 0.586 
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Appendix 1 continued…  
 
Day Ten 
 
Least Squares Means – Proc Mixed 
 
Effect Hour Linetype Estimate Error 

HOUR 7  0.472 0.04 

HOUR 11  0.252 0.04 

HOUR 15  0.399 0.04 

HOUR 19  0.734 0.04 

HOUR 23  0.718 0.04 

LINETYPE 0  0.522 0.03 

LINETYPE 1  0.507 0.02 

HOUR*LINETYPE 7 0 0.502 0.06 

HOUR*LINETYPE 7 1 0.442 0.06 

HOUR*LINETYPE 11 0 0.278 0.06 

HOUR*LINETYPE 11 1 0.227 0.06 

HOUR*LINETYPE 15 0 0.484 0.06 

HOUR*LINETYPE 15 1 0.313 0.06 

HOUR*LINETYPE 19 0 0.726 0.06 

HOUR*LINETYPE 19 1 0.742 0.06 

HOUR*LINETYPE 23 0 0.622 0.06 

HOUR*LINETYPE 23 1 0.813 0.06 
 
Type III Tests of Fixed Effects – Glimmix 
Effect Num DF Den DF F Value Pr > F 
HOUR 4 24 20.69 <.0001 
LINETYPE 1 6 0.04 0.8397 
HOUR*LINETYPE 4 24 2.57 0.0637 
LSW 1 598 2.35 0.1260 
AGEATOB 1 598 1.07 0.3005 

 
Hour LS Means - Glimmix 

Hour Estimate Error Lower  Upper  Mean Standard Error 
Mean 

Lower 
Mean 

Upper 
Mean 

7 0.115 0.18 -0.254 0.483 0.529 0.045 0.437 0.619 
11 1.096 0.21 0.673 1.520 0.750 0.039 0.662 0.821 
15 0.426 0.18 0.045 0.807 0.605 0.044 0.511 0.692 
19 -1.020 0.20 -1.435 -0.604 0.265 0.039 0.192 0.353 
23 -0.991 0.21 -1.415 -0.568 0.271 0.041 0.195 0.362 

 
Linetype LS Means – Glimmix 

Linetype Estimate Error Lower  Upper  Mean Standard Error 
Mean 

Lower 
Mean 

Upper 
Mean 

0 -0.093 0.125 -0.398 0.212 0.477 0.031 0.402 0.553 
1 -0.056 0.123 -0.357 0.244 0.486 0.031 0.412 0.561 
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Appendix 1 continued…  
 
Day Eleven 
 
Least Squares Means – Proc Mixed 
 
Effect Hour Linetype Estimate Error 

HOUR 7  0.562 0.05 

HOUR 11  0.289 0.05 

HOUR 15  0.251 0.05 

HOUR 19  0.772 0.05 

HOUR 23  0.684 0.05 

LINETYPE 0  0.536 0.03 

LINETYPE 1  0.487 0.03 

HOUR*LINETYPE 7 0 0.536 0.07 

HOUR*LINETYPE 7 1 0.587 0.07 

HOUR*LINETYPE 11 0 0.380 0.07 

HOUR*LINETYPE 11 1 0.199 0.07 

HOUR*LINETYPE 15 0 0.346 0.07 

HOUR*LINETYPE 15 1 0.156 0.07 

HOUR*LINETYPE 19 0 0.777 0.07 

HOUR*LINETYPE 19 1 0.767 0.07 

HOUR*LINETYPE 23 0 0.641 0.07 

HOUR*LINETYPE 23 1 0.727 0.07 
 
Type III Tests of Fixed Effects – Glimmix 
Effect Num DF Den DF F Value Pr > F 
HOUR 4 24 18.06 <.0001 
LINETYPE 1 6 1.58 0.2559 
HOUR*LINETYPE 4 24 1.83 0.1550 
LSW 1 598 0.62 0.4317 
AGEATOB 1 598 0.04 0.8473 

 
Hour LS Means - Glimmix 

Hour Estimate Error Lower  Upper  Mean Standard Error 
Mean 

Lower 
Mean 

Upper 
Mean 

7 -0.251 0.22 -0.715 0.213 0.438 0.055 0.329 0.553 

11 0.944 0.24 0.443 1.446 0.720 0.049 0.609 0.809 

15 1.167 0.25 0.642 1.692 0.763 0.046 0.655 0.845 

19 -1.232 0.25 -1.752 -0.711 0.226 0.044 0.148 0.329 

23 -0.791 0.24 -1.277 -0.305 0.312 0.051 0.218 0.425 
 
Linetype LS Means – Glimmix 

Linetype Estimate Error Lower  Upper  Mean Standard Error 
Mean 

Lower 
Mean 

Upper 
Mean 

0 -0.169 0.152 -0.542 0.204 0.458 0.038 0.368 0.551 
1 0.104 0.155 -0.274 0.482 0.526 0.039 0.432 0.618 
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Appendix 1 continued…  
 
Day Twelve 
 
Least Squares Means – Proc Mixed 
 
Effect Hour Linetype Estimate Error 

HOUR 7  0.540 0.05 

HOUR 11  0.323 0.05 

HOUR 15  0.250 0.05 

HOUR 19  0.631 0.05 

HOUR 23  0.643 0.05 

LINETYPE 0  0.449 0.03 

LINETYPE 1  0.506 0.03 

HOUR*LINETYPE 7 0 0.483 0.07 

HOUR*LINETYPE 7 1 0.598 0.07 

HOUR*LINETYPE 11 0 0.346 0.07 

HOUR*LINETYPE 11 1 0.300 0.07 

HOUR*LINETYPE 15 0 0.259 0.07 

HOUR*LINETYPE 15 1 0.241 0.07 

HOUR*LINETYPE 19 0 0.587 0.07 

HOUR*LINETYPE 19 1 0.675 0.07 

HOUR*LINETYPE 23 0 0.571 0.07 

HOUR*LINETYPE 23 1 0.716 0.07 
 
Type III Tests of Fixed Effects – Glimmix 
Effect Num DF Den DF F Value Pr > F 
HOUR 4 24 12.22 <.0001 
LINETYPE 1 6 1.5 0.2672 
HOUR*LINETYPE 4 24 0.72 0.5891 
LSW 1 598 0.53 0.4657 
AGEATOB 1 598 0.33 0.5687 

 
Hour LS Means - Glimmix 

Hour Estimate Error Lower  Upper  Mean Standard Error 
Mean 

Lower 
Mean 

Upper 
Mean 

7 -0.165 0.21 -0.596 0.266 0.459 0.052 0.355 0.566 

11 0.744 0.22 0.294 1.193 0.678 0.048 0.573 0.767 

15 1.101 0.23 0.624 1.577 0.750 0.043 0.651 0.829 

19 -0.544 0.21 -0.985 -0.104 0.367 0.050 0.272 0.474 

23 -0.608 0.22 -1.053 -0.162 0.353 0.049 0.259 0.460 
 
Linetype LS Means – Glimmix 

Linetype Estimate Error Lower  Upper  Mean Standard Error 
Mean 

Lower 
Mean 

Upper 
Mean 

0 0.225 0.140 -0.119 0.568 0.556 0.035 0.470 0.638 
1 -0.014 0.135 -0.345 0.317 0.497 0.034 0.415 0.579 
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Appendix 1 continued…  
 
Day Thirteen 
 
Least Squares Means – Proc Mixed 
 
Effect Hour Linetype Estimate Error 

HOUR 7  0.542 0.04 

HOUR 11  0.439 0.04 

HOUR 15  0.417 0.04 

HOUR 19  0.742 0.04 

HOUR 23  0.664 0.04 

LINETYPE 0  0.557 0.03 

LINETYPE 1  0.564 0.03 

HOUR*LINETYPE 7 0 0.484 0.06 

HOUR*LINETYPE 7 1 0.599 0.06 

HOUR*LINETYPE 11 0 0.450 0.06 

HOUR*LINETYPE 11 1 0.427 0.06 

HOUR*LINETYPE 15 0 0.450 0.06 

HOUR*LINETYPE 15 1 0.384 0.06 

HOUR*LINETYPE 19 0 0.743 0.06 

HOUR*LINETYPE 19 1 0.742 0.06 

HOUR*LINETYPE 23 0 0.657 0.06 

HOUR*LINETYPE 23 1 0.670 0.06 
 
Type III Tests of Fixed Effects – Glimmix 
Effect Num DF Den DF F Value Pr > F 
HOUR 4 24 9.92 <.0001 
LINETYPE 1 6 0.03 0.8784 
HOUR*LINETYPE 4 24 0.57 0.6847 
LSW 1 598 3.42 0.0650 
AGEATOB 1 598 1.44 0.2304 

 
Hour LS Means - Glimmix 

Hour Estimate Error Lower  Upper  Mean Standard Error 
Mean 

Lower 
Mean 

Upper 
Mean 

7 -0.171 0.19 -0.555 0.214 0.458 0.046 0.365 0.553 
11 0.249 0.19 -0.135 0.633 0.562 0.046 0.466 0.653 
15 0.339 0.19 -0.048 0.725 0.584 0.045 0.488 0.674 
19 -1.066 0.21 -1.498 -0.635 0.256 0.040 0.183 0.347 
23 -0.685 0.19 -1.086 -0.283 0.335 0.043 0.252 0.430 

 
Linetype LS Means – Glimmix 

Linetype Estimate Error Lower  Upper  Mean Standard Error 
Mean 

Lower 
Mean 

Upper 
Mean 

0 -0.252 0.141 -0.595 0.092 0.438 0.035 0.356 0.523 
1 -0.282 0.132 -0.605 0.040 0.430 0.032 0.353 0.510 
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Chapter 4  - Oxytocin receptor expression in several central nervous system 
nuclei in female mice selectively bred for high lev els of voluntary exercise 
 
 
 
 
Abstract  

The oxytocin receptor (OTR) and its ligand, oxytocin (OT), traditionally have been 

thought to regulate aspects of mammalian parturition, lactation and maternal 

care.  In both male and female mice, central oxytocin is also thought to be 

important to the stress response, social cognition, and other sociosexual 

behaviors.  Mice from a long-term selection experiment for high levels of 

voluntary wheel running have shown many behavioral and physiological changes 

over the course of selection, including differences in reproductive success and 

HPA function.  Many of these responses to selection could reflect underlying 

differences in OT.  Here we test the hypothesis that female laboratory house 

mice from four replicate lines that have been selectively bred on the basis of high 

voluntary wheel running (high-runner lines; HR linetype) differ from those in four 

non-selected control (Control linetype) lines in their levels of OTR expression in 

several areas of the brain.  To do this, we used 48 retired breeder dams 

representing all 8 lines.  Dams had been paired and separated from males, and 

had given birth to a litter of pups.  All dams had their litters weaned at 21 days 

post-partum.  Dams were allowed to acclimate to single housing for another 21 

days, and then sacrificed at a standardized point of the estrous cycle (stage 4).  

Brains were then excised, flash-frozen, sliced, and finally apposed with a 
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radioactive ligand for OTR autoradiography.  Levels of OTR expression were 

quantified via relative uncalibrated optical density on a slice-by-slice basis in the 

lateral septum, cingulate gyrus, nucleus accumbens, ventral pallidum, stria 

terminalis, central amygdala, and medial amygdala.  Results from these areas of 

the brain suggest that selective breeding for high levels of voluntary exercise has 

not affected the baseline levels of OTR expression in post-partum dams.  Further 

studies are required to determine if OTR expression differs between HR and 

Control mice at different points during reproduction.  
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Introduction  

The neuropeptide oxytocin has been implicated in many aspects of 

personality, social aptitude/affiliation, learning, and aggression across many 

species of mammals (see Lee et al., 2009 for review).  Oxytocin belongs to a 

family of nonapeptides common to all vertebrates and several invertebrates 

(Hoyle, 1999).  In mammals, systemic oxytocin is synthesized by neurons of the 

magnocellular system in the supraoptic (SON) and paraventricular (PVN) nuclei 

of the hypothalamus.  Following synthesis, oxytocin is transported from the SON 

and PVN to the posterior pituitary, from which it is released into the general 

circulation in response to sexual stimulation, uterine dilation, nursing, and stress 

(Bale et al., 2001; Insel 2010).  Central oxytocin is released by parvocellular 

neurons within the lateral geniculate of the thalamus in response to a variety of 

stimuli, including copulation, lactation, parturition, stress, and osmotic changes 

(Campbell 2008; Ludwig 1995) and binds at oxytocin receptors throughout the 

brain.  Knockout studies, selective breeding experiments, and studies quantifying 

stimulus-induced (or peripherally or intra-cranially injected) oxytocin effects in 

rodents show that oxytocin facilitates decreased stress responsiveness (Bale et 

al., 2001; Mantella et al., 2003; Neumann et al., 2000), increased male resident-

intruder aggression (Bosch et al., 2005; Winslow and Insel, 2002), and many 

socio-sexual behaviors, including social recognition and discrimination (Lukas et 

al., 2011; Neumann 2008; Sala et al., 2011; see Winslow and Insel, 2002 for 

review of knockout mice).   
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Although, oxytocin is often associated with maternal or other affiliative 

behaviors, the exact relevance of oxytocin to social behavior is highly species-

specific (Insel et al., 2001; Insel, 2010).  In at least some species that avoid 

infants until parturition (e.g. rats, sheep), central oxytocin is important in the 

transition from a female’s avoidance of young to the expression of maternal 

behaviors (Insel et al., 2001).  In species that do not innately avoid young prior to 

parturition (e.g. laboratory mice), oxytocin does not seem to be involved in the 

expression of most reproductive/maternal behaviors, including nest-building, pup 

retrieval, or time spent with the pups in the nest (as shown by oxytocin knockout 

mice) (Nishimori et al., 1996; Young et al., 1996).  However, subcutaneous 

oxytocin administration significantly reduced the incidence of infanticide in mice 

(McCarthy et al., 1986) via direct actions on the central nervous system (CNS) 

(McCarthy et al., 1990).   

Many of these behavioral associations may be due to a bidirectional 

interaction between oxytocin and the dopaminergic reward system.  In rats, 

dopamine receptors and oxytocin receptors exist in the same CNS regions, often 

in close connection with one another (in the hypothalamus they are found on the 

same oxytocinergic cells) (see Baskerville and Douglas, 2010 for review).  

Through this proximity, oxytocin is able to exert a direct effect on the regulation of 

mesocorticolimbic dopamine levels, which is thought to be significant in the 

establishment and maintenance of social bonds, as well as a causal factor in 

maternal-care variability (Shahrokh et al., 2010).  Stimulation of either central 
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dopamine or oxytocin release can elicit similar behaviors, including erection and 

copulation in male rats, and pair bonding in prairie voles (see Baskerville and 

Douglas, 2008; Baskerville and Douglas, 2010 for review).  Likewise, in 

laboratory mice, oxytocin injections (intracerebroventricular) and subcutaneous 

implants have been shown to attenuate behaviors and states classically thought 

to reflect a large dopaminergic contribution, including morphine and ethanol 

withdrawal (see Kovacs et al., 1998 for review), as well as cocaine-induced 

locomotor hyperactivity (Kovacs et al., 1990).   

It is possible that dopamine and oxytocin interact broadly in the expression 

of voluntary behaviors, although further studies are required to establish such a 

relationship.  One voluntary behavior of particular interest in rodent studies is 

wheel running.  Voluntary wheel running can be a classically self-rewarding 

behavior in laboratory rats and mice (Ekkekakis et al., 2005; Sherwin, 1998). 

Many studies have shown that both wild rodents and laboratory strains are highly 

motivated to run on wheels and will voluntarily run long distances (e.g. Allen et 

al., 2001; Rhodes et al., 2005; see Sherwin, 1998 for review).  At present, a 

relationship between dopaminergic signaling and the performance of voluntary 

exercise behaviors such as wheel running in rodents is fairly well established 

(see Garland et al., 2011a for review); however, recently oxytocin has also 

garnered attention for its cardiovascular effects in rats (Bakos et al., 2007; Costa-

E-Sousa et al., 2005; see Gutkowska and Jankowski  2011).  Male rats that had 

been trained to treadmill-run at 50-60% of maximal exercise capacity for one 
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hour a day showed increased oxytocin mRNA expression within the 

paraventricular nucleus and dorsal brain stem (Martins et al., 2005).  Likewise, 

oxytocin’s effects on basic cardiac functions (stem cell differentiation, 

cardiomyocyte survival, regeneration after ischemic stroke), vascular reactivity, 

and tissue-specific energy metabolism in rats (see Gutkowska and Jankowski 

2011 for review) make it an interesting hormone to consider in the light of 

voluntary wheel running in rodents, which involves both dopaminergic and 

cardiovascular traits (Garland et al., 2011a ). 

An 18-year selection experiment by Garland and colleagues on high levels 

of voluntary wheel running in laboratory house mice (Mus domesticus) provides a 

unique opportunity to investigate the role of oxytocin in voluntary exercise.  Over 

the past >60 generations of selection, mice from 4 replicate high-runner (HR) 

lines have been bred on the basis of wheel-running on days 5 and 6 of a 6-day 

trial, while 4 replicate non-selected (Control) lines are also maintained.  

Currently, HR females run approximately 3-fold more revolutions/day than those 

from Control lines.  This differential is achieved primarily by a higher average 

running speed, as opposed to an increase in the minutes run per-day (Garland et 

al., 2011b), i.e. HR females are running at a higher intensity within the context of 

normal wheel-running circadian patterns.  In addition, HR mice have undergone a 

shift towards increased levels of spontaneous physical activity (SPA) in cages 

when wheels are absent (Rhodes et al., 2001; Malisch et al., 2009; unpublished 
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results).  Likewise, when running wheels were locked, HR mice spent more time 

climbing in the locked wheels, apparently trying to run (Koteja et al., 1999). 

Mice from the HR lines not only typify changes in locomotor behaviors, 

such as voluntary exercise on wheels and spontaneous physical activity in cages 

(reviews in Garland et al., 2011a, b), but also illustrate evolved changes in 

several other domains.  For instance, over the course of selection, HR mice have 

evolved smaller body sizes (Swallow et al., 1999), reduced levels of body fat 

(Swallow et al., 1999), differences in open-field behavior (Bronikowski et al., 

2001) and thermoregulatory nest-building behavior (Carter et al., 2000), 

increased levels of predatory aggression (Gammie et al., 2003), and higher 

levels of plasma adiponectin (Vaanholt et al., 2007).  HR dams also show 

correlated responses to selection involving the HPA axis and stress-coping 

behavior, in that they show more behavioral despair during forced swimming 

(Malisch et al., 2009), elevated basal plasma corticosterone (Girard and Garland, 

2002; Malisch et al., 2007), and possibly increased anxiety behaviors (as 

assessed by an elevated plus-maze test), although not all eight lines have been 

studied (Jonas et al., 2010).  Likewise, at least some lines of the HR mice are 

more explorative in open-field tests (Jonas et al., 2010).   

HR mice also show marked changes in the dopaminergic system (Li et al., 

2004; Rhodes and Garland, 2003; Rhodes et al., 2001; 2005).  Pharmacological 

studies using dopamine transporter blockers differentially affected wheel running 

between HR and Control mice, at least in females (Rhodes and Garland 2003; 
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Rhodes et al., 2001).  This differential was attributed to altered functionality in the 

D1 receptor system, although not in the D2 receptor, serotonergic or opiodergic 

systems (Li et al., 2004; Rhodes et al., 2001; 2003; 2005; Waters et al., in prep.).  

Additionally, Fos immunohistochemistry studies show HR mice have a greater 

increase in activity in several brain regions implicated in reward and motivation 

when wheel access is blocked, as compared to Control mice.  These areas 

include the lateral hypothalamus, the medial frontal cortex, and the striatum 

(Rhodes et al., 2005).   

The behavioral profile of HR mice, in combination with their apparent 

dopaminergic alterations, suggests that they could also exhibit changes in other 

neurobiological systems.  Here, we present an initial study to investigate if 

selection for high levels of voluntary exercise has an effect on the expression of 

oxytocin receptors in female mice.  Specifically, we performed receptor 

autoradiography on HR and Control dams three weeks post-weaning to 

determine if selection has affected the neural expression of oxytocin receptors in 

a post-parturition baseline state in several areas of the brain known to show 

varying levels of oxytocin receptor expression.  Adapted from Bales et al. (2007), 

these areas were chosen for their relevance to mouse social behavior, 

reproduction, or reward, and included the lateral septum, cingulate gyrus, 

nucleus accumbens, ventral pallidum, stria terminalis, central amygdala, and 

medial amygdala.  
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Materials and Methods  

The subjects of study were female mice (Mus domesticus), originally 

derived from Hsd:ICR stock (Harlan Sprague Dawley, Indianapolis, Indiana, 

USA).  As discussed in detail elsewhere (Swallow et al., 1998), four lines were 

designated for selection for high voluntary wheel running on days 5 and 6 of a 6-

day period of wheel access (High Runner or HR lines), while four additional lines 

were maintained without selective breeding to serve as controls for random 

genetic effects, including drift (Control lines).  In each generation, mice are 

weaned at 21 days of age, weighed, and toe-clipped for individual identification.  

Mice are then housed four per cage by sex (and often by line).  At ~6-8 weeks of 

age, mice are housed individually in cages with wheel (1.12 m circumference) 

access for a 6-day period.  Wheel revolutions are recorded daily in 1-minute 

intervals by photocell counters attached to the wheels.  Revolutions are compiled 

via customized software (San Diego Instruments, San Diego, California, USA).  

Following wheel-testing, breeders are selected for the next generation.  In the HR 

lines, a male and female mouse from each family are selected for having the 

highest total revolutions during days 5 and 6 of the wheel-running trial.  In the 

Control lines, a male and female mouse from each family are chosen without 

regard to wheel revolutions.  Breeders are then randomly paired within each line, 

with the exception that sibling pairs are not allowed.  Throughout the selection 

process, and in all studies described here, mice are maintained on a standard 

12-h light/dark cycle, with ad lib access to water and food. 
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 Mice from this study were 48 retired female breeders representative of all 

eight lines (6 mice/line) from generation 48.  Dams underwent wheel-testing, 

were paired, gave birth, and weaned pups as per normal colony conditions.  

Following weaning, dams were acclimated in new home-cages for three weeks 

without pups to normalize any litter effects.  Following the three-week acclimation 

period, dams were scored for stage of estrus daily, as determined by cytological 

slides prepared via daily saline vaginal lavage as per the protocols of Feder 

(1981) and Rugh (1990).  Dams were sacrificed at the first scoring of a stage 4 

(estrus) following the acclimation period, and their brains flash-frozen with dry ice 

and stored at −80°C until sectioning.  Brains were secti oned at 20-µm thickness, 

mounted onto Superfrost slides, and then stored at −80°C.  Following Bales et al. 

(2007; 2011), slides were allowed to thaw to room temperature, then immersed in 

0.1% paraformaldehyde for 2 minutes.  Slides were then rinsed three times in 50 

mM Tris–hydrochloric acid (HCl) (pH 7.4) at room temperature for 5 minutes and 

incubated for 60 minutes at room temperature in a solution of 50 mM Tris–HCl 

(pH 7.4) with 10 mM MgCl2, 0.1% bovine serum albumin, and 50 pM of 

radiotracer.  [125I]-ornithine vasotocin analog [(125I) OVTA] was used for 

oxytocinR binding (PerkinElmer Life and Analytical, Billerica, MA 01862).  

Following incubation, slides were washed four times at 5 minutes each in 50 mm 

Tris–HCl (pH 7.4) with 10 mM MgCl2 at 4°C, followed  by a final 30-minute rinse 

in a constantly stirring solution of this same buffer.  Slides then were quickly 

dipped in cold dH2O and rapidly dried with a stream of cold air.  Sections were 
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apposed to Kodak BioMaxMR film (Kodak, Rochester, NY, USA).  Slides were 

later stained with acetylcholinesterase (AChE) post-receptor binding to aid in 

identification of brain regions, as per the protocol of Lim et al. (2004). 

Films were scanned using a Canon Canoscan LiDE 700F.  Films were 

scanned slide-by-slide, using black and white film settings at 2400 dpi, from 

which individual sections (average 6 sections per slide) were cropped, and saved 

as high quality jpeg files.  Autoradiographic 125I-receptor binding was quantified 

from film using the NIH Image program to measure relative uncalibrated optical 

density (ROD) from each section on a slide.  ROD represents a nonlinear 

transformation of grey levels to optical density (OD) values without the use of a 

standard (see Baskin and Stahl, 1993; Lazic, 2009; Vizi et al., 2001 for 

calculations).  Background was quantified for each slide from a cortical area 

lacking OT receptors.  OTR density was measured from several relevant areas, 

including the lateral septum, cingulate gyrus, nucleus accumbens, ventral 

pallidum, stria terminalis, central amygdala, and medial amygdala.  Areas were 

identified via AChE-stained slides and general comparison with Franklin and 

Paxinos (2007).  The number of slides scored for each area varied, but averaged 

approximately 12 sections per area. 

For each section, the ROD of the area of interest, as well as the ROD of 

the background area, was quantified separately on each side of the film.  Each 

section was then used to generate an area mean as well as a background mean.  

For each section, the area-mean ROD was divided by the background mean 
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ROD, to generate a measure of differential OTR binding.  The effects of linetype 

on the ratio of each area-mean ROD to the background-mean ROD were 

analyzed via mixed-model analysis of covariance (replicate lines nested within 

linetypes) SAS® (v 9.1.3 SP4 or v9.2) Procedure Mixed, either with all dams 

included, or with outliers per area deleted (specific outliers are presented in 

Table 3.1).  Covariates included the number of days from when a dam’s litter was 

weaned to the time of her sacrifice, and/or litter size, and residual revolutions run 

on days 5 and 6 of the six-day trial (contained in the Excel file 

C:\SELECT\g49\SAS\G49_RUN56_Female_Resids.xls).  Wheel-running data for 

the dams were analyzed following procedures described in Garland et al. 

(2011a), using the following SAS syntax: 

 

PROC MIXED RATIO IC MAXITER=2000; 
   CLASS LINETYPE LINE DAMID MOUSEID; 
   MODEL RUN56 = LINETYPE 
     WHLSTAGE TRES 
                               /SOLUTION OUTPRED=JUNK; 
RANDOM  LINE(LINETYPE) /GROUP=LINETYPE; 
RANDOM  DAMID(LINETYPE LINE) /GROUP=LINETYPE; 
REPEATED MOUSEID(LINETYPE LINE DAMID) /GROUP=LINETYPE; 
LSMEANS LINETYPE /PDIFF; 

 

In this syntax, RUN56 = mean revolutions/day on days 5 & 6 of the routine 6-day 

wheel test, WHLSTAGE = age at start of wheel tests, and TRES = a measure of 

wheel freeness raised to the 0.4 power to improve normality. 

    Receptor data were analyzed both untransformed and transformed to 

improve normality of residuals (see Table 4.2 for specific transformations). 
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In addition, in Chapter 3 of this dissertation, we analyzed the effect of 

linetype on birth success (BIRTHSU1) and on wean success (considered first 

from all animals paired (WEANSU01), and second from the subset that gave 

birth (WEANSU02)) for the current generation via the GLIMMIX procedure 

(PROC GLIMMIX) in SAS® (v 9.1.3 SP4 or v9.2), with dam age as a covariate.  

Wean success was also analyzed considering all animals that were paired 

across all generations analyzed via PROC GLIMMIX with dam’s age at pairing as 

a covariate.  The direction of probable difference was unknown for all traits, thus 

two-tailed p-values are reported.   

 

Results  

We found no statistical differences between the ratios of relative 

uncalibrated optical densities for OTR binding in HR and Control mice in any of 

the brain areas studied.  These results did not change in any major way despite 

analyzing the data with several different combinations of covariates, 

transformations, and outlier exclusions (see Tables 4.1 and 4.2). 

There was a statistically significant positive effect of litter size on OTR 

expression in the nucleus accumbens with the time from weaning to sacrifice, 

litter size, and residual revolutions on days 5 and 6 of the 6-day wheel-running 

trial as covariates (F=4.86; p=0.0359), but no other covariates were statistically 

significant for any other analyses (direction for effects with p< 0.1 are indicated 

on Table 4.2). 
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Discussion  

We did not find any statistically significant relationship between selective 

breeding for high levels of voluntary wheel running and the expression of OT 

receptors in the lateral septum, cingulate gyrus, nucleus accumbens, ventral 

pallidum, stria terminalis, central amygdala or medial amygdala in primiparous 

dams sampled at least 3 weeks following their last pup exposure (i.e., 3 weeks 

after weaning). 

Reproduction in HR and Control mice (for all generations) 

In Chapter 3 of this dissertation we show that (at least for the 8 

generations analyzed) HR and Control mice do not differ in most aspects of 

reproductive output.   Although these results indicate that selection has not had a 

major effect on reproduction, in some individual generations (dam’s generations 

40 and 42), there is a significant effect of linetype on wean success, or the 

number of dams that wean at least one pup when considered out of the total 

number of dams paired.   This difference in weaning success is variable by 

generation. When we consider wean success for the all generations analyzed 

together (dam’s generations 40, 42, 44, 45, 47, 48, 52, and 56), there is a 

significant linetype effect (see Chapter 3).       

Reproductive correlates for generation 48 

In the generation used in the present study of OTR (generation 48), a total 

of 140 dams were paired.  Of those, 132 gave birth.  There was no statistical 

difference in the proportion of HR dams and Control dams that gave birth (see 
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Table 3.1 in Chapter 3 for results).  Of the dams that gave birth, 127 dams 

successfully weaned at least one pup.  There is no statistical linetype difference 

in the number of dams from this generation that reared at least one pup until 

weaning (when considered from the total number of dams paired (P= 0.2856; see 

Chapter 3 of dissertation)).  Dams of this generation showed no statistical 

differences in any quantitative litter characteristics, including litter size, average 

litter mass, total litter mass, or litter sex ratio. 

Issues and constraints 

When we compare this generation (generation 48) to others we have 

analyzed, this generation stands out as unusual for the number of dams that 

were able to successfully maintain at least one pup until weaning.  Results from 

Chapter 3 of this dissertation show that in generations 40, 42, 44, 45, 47, 48, 52, 

and 56, on average, 145 dams were paired per generation, and of those paired, 

on average, 135 gave birth, while 117 had at least one pup at weaning.  This 

means that of the 8 generations analyzed in Chapter 3, on average, 80% of the 

dams paired have at least one pup at weaning, while 86% of the dams that gave 

birth had at least one pup at weaning.  In this generation (generation 48), 91% of 

dams paired had at least one pup at weaning, and of the dams that gave birth, 

96% had at least one pup at weaning.  Considering all other generations 

analyzed, this generation had the highest number of dams that successfully 

reared pups to weaning.  
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Although central OT does not seem to have the same wholesale effects 

on maternal behavior and reproduction in mice that it does in other rodents 

(voles, for example) (Insel et al., 2001), it still has been associated with 

aggression and infanticide in mice (Takayanagi et al., 2005), both of which could 

potentially affect a dam’s reproductive output.  Chapter 3 of this dissertation 

shows that there is a complex relationship between selection for high levels of 

voluntary activity and reproductive output.  Thus, if aspects of OT function are 

important to reproductive output, dams of this generation are perhaps not ideal 

candidates to illustrate linetype differences in OTR expression.   

Ideally, dams for a study of this nature would be chosen from a generation 

in which there is more disparity between the number of dams that gave birth and 

the number that weaned at least one pup. In addition, to best understand if 

selection has affected OTR expression in females, an ideal sample would include 

brains from females of both linetypes at several different time-points.   A more 

comprehensive sample could include brains from females sacrificed: 

• at a standardized point prior to reproduction (virgins) 

• in the early post-partum period  

• during lactation  

• after pups were weaned 

Anecdotal observations suggest that whole-litter mortalities (that could be 

reflective of maternal deficits) occur most frequently in the period immediately 

following parturition.  This would be a particularly interesting time period to 
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sample; however, it is also methodologically difficult.  Since dams that lose pups 

also lose important stimuli relevant to OT activity (pup-exposure, nursing), a 

paired experimental design becomes necessary to control for variation.  For 

instance, if a dam lost its entire litter, another dam that did not lose its litter would 

have to be sacrificed at the same time.  This would require a sample size and 

observation period beyond what was possible at the time of this study 

(generation 48). 

   Despite necessary sampling constraints, this study is still informative as 

a barometer for the effects of selection on central OTR expression in post-partum 

females.  Although the areas we quantified did not show any statistical 

differences between the HR and Control lines, it is possible that other areas of 

the brain may show greater differences in OTR expression between the linetypes 

at this time point.  Likewise, a study by Bakos et al. (2007) showed that in rats 

prolonged voluntary wheel running significantly reduced OT concentrations in the 

posterior pituitary, as well as the heart.  Future studies should explore whether 

selection has affected OT binding sites outside of the brain.  Additionally, the 

receptors for other reproductive hormones, such as arginine vasopressin or 

estrogen, may be more directly associated with selective breeding for high levels 

of voluntary exercise. 

.   
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Table 4.1.  Oxytocin receptor expression (ratios of relative uncalibrated optical 

density in the area of interest/background) in HR and Control mice.  The table 

shows least squares means and associated standard errors obtained via 

ANCOVA (SAS® PROC MIXED) for all mice, and with outliers removed (Outlier 

Removed column). 

 

Area N HR Mean 
± Std Error 

C Mean 
± Std Error 

Outlier 
Removed 

HR Mean ± 
Std Error 

C Mean 
± Std Error 

Lateral 
Septum 39 2.86 ±0.14 3.11 ±0.17 51697 2.87 ±0.11 2.94 ±0.14 

Nucleus 
Accumbens 39 1.91 ±0.07 1.69 ±0.09 51137 1.85 ±0.06 1.68 ±0.06 

Ventral 
Pallidum 43 2.11 ±0.09 2.09 ±0.10 51137 2.07 ±0.09 2.09 ±0.10 

Stria 
Terminalis 41 3.03 ±0.12 3.16 ±0.16 51608 2.96 ±0.11 3.17 ±0.12 

Central 
Amygdala 43 1.78 ±0.27 1.40 ±0.30 51782 1.51 ± 0.20 1.43 ±0.22 

Medial 
Amygdala 41 4.07 ±0.26 4.08 ±0.29 51782 3.90 ±0.20 4.08 ±0.22 

Cingulate 
Gyrus 42 1.42 ±0.13 1.22 ±0.14 51340 1.42 ±0.12 1.12 ±0.13 
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Table 4.2A.   Oxytocin receptor expression in the lateral septum (Lat. Sep) (ratios 

of relative uncalibrated optical density in the lateral septum/background) in HR 

and Control mice.  The table shows p-values obtained via ANCOVA (SAS® 

PROC MIXED) with length of time from weaning to sacrifice (Time), litter size at 

weaning (Litt Size), or the residual wheel revolutions from days 5 and 6 of the 6-

day wheel running trials (Resid Revs) for all mice.   Results are shown for all 

mice; with outliers removed (Out); and with transforms (for normality).  Red color 

indicates significance and the symbol (+/-) following p-values (less than p< 0.1) 

indicates the direction of the effect (when applicable). 

 

Var. Out N 
Line 
type 
F 

Line 
type P 

Time 
F 

Time P 
Litt 
Size 
F 

Litt 
Size P 

Resid
Revs 
F 

Resid 
Revs P 

Lat. 
Sep.  39 1.32 0.2937 2.91 0.0983 +     

Lat. 
Sep. 

 39 1.03 0.3503 2.72 0.1102   0.00 0.9512 

Lat. 
Sep. 

 39 1.25 0.3056 2.74 0.1088 0.29 0.5931   

Lat. 
Sep. 

 39 1.16 0.3234 2.41 0.1321 0.34 0.5631 0.06 0.8049 

Lat. 
Sep. 

51697 38 0.12 0.7390 1.67 0.2071 0.17 0.6815   

Lat. 
Sep. 

51697 38 1.18 0.3185 0.77 0.3874 0.87 0.3605 2.64 0.1156 

Log 10 
(Lat. 
Sep.) 

 39 0.90 0.3801 2.25 0.1448 0.21 0.6500   

Log 10 
(Lat. 
Sep.) 

 39 1.09 0.3370 1.85 0.1844 0.34 0.5658 0.22 0.6442 

Log 10 
(Lat. 
Sep.) 

51697 38 0.07 0.7951 1.27 0.2686 0.11 0.7452   

Log 10 
(Lat. 
Sep.) 

51697 38 1.01 0.3532 0.52 0.4767 0.70 0.4092 2.57 0.1209 
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Table 4.2B.   Oxytocin receptor expression in the nucleus accumbens (Nuc. Acc) 

(ratios of relative uncalibrated optical density in the nucleus 

accumbens/background) in HR and Control mice.  The table shows p-values 

obtained via ANCOVA (SAS® PROC MIXED) with length of time from weaning to 

sacrifice (Time), litter size at weaning (Litt Size), or the residual wheel revolutions 

from days 5 and 6 of the 6-day wheel running trials (Resid Revs) for all mice.   

Results are shown for all mice; with outliers removed (Out); and with transforms 

(for normality).  Red color indicates significance, and the symbol (+/-) following 

the p-value indicates the direction (+) of the covariate effect on the main effect 

(when p< 0.1). 

Var. Out N 
Line 
type 
F 

Line 
type P 

Time 
F 

Time 
P 

Litt 
Size 
F 

Litt Size 
P 

Res 
Revs 
F 

Resid 
Revs P 

Nuc. 
Acc.  39 3.70 0.1029 0.15 0.6980     

Nuc. 
Acc. 

 39 1.44 0.2757 0.03 0.8577   1.11 0.3002 

Nuc. 
Acc.. 

 39 3.83 0.0981 0.12 0.7297 2.75 0.1078   

Nuc. 
Acc. 

 39 0.76 0.4181 0.00 0.9753 4.86 0.0359 + 3.17 0.0859 +  

Nuc. 
Acc. 

51137 38 3.80 0.0992 0.00 0.9709 2.30 0.1403   

Nuc. 
Acc. 

51137 38 0.89 0.3825 0.67 0.4196 1.02 0.3216 1.07 0.3094 

Log 10 
(Nuc. 
Acc.) 

 39 5.33 0.0604 0.01 0.9085 3.24 0.0823 +    

Log 10 
(Nuc. 
Acc.) 

 38 2.47 0.1671 0.00 0.9962 2.11 0.1581 0.04 0.8415 

Log 10 
(Nuc. 
Acc.) 

51137 38 5.02 0.0663 0.03 0.8679 2.62 0.1165   

Log 10 
(Nuc. 
Acc.) 

51137 38 3.41 0.1143 0.04 0.8492 2.32 0.1395 0.02 0.8818 
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Table 4.2C.   Oxytocin receptor expression in the ventral pallidum (Ven. Pal.) 

(ratios of relative uncalibrated optical density in the ventral pallidum/background) 

in HR and Control mice.  The table shows p-values obtained via ANCOVA 

(SAS® PROC MIXED) with length of time from weaning to sacrifice (Time), litter 

size at weaning (Litt Size), or the residual wheel revolutions from days 5 and 6 of 

the 6-day wheel running trials (Resid Revs) for all mice.   Results are shown for 

all mice; with outliers removed (Out); and with transforms (for normality).  Red 

color indicates significance, and the symbol (+/-) following the p-value indicates 

the direction (+) of the covariate effect on the main effect (when p< 0.1). 

Var. Out N 
Line 
type 
F 

Line 
type P 

Time 
F 

Time P 
Litt 
Size 
F 

Litt 
Size P 

Resid
Revs 
F 

Resid 
Revs P 

Ven. 
Pal.  43 0.01 0.9262 0.86 0.3614     

Ven. 
Pal. 

 42 0.85 0.3933 0.84 0.3659   2.24 0.1444 

Ven. 
Pal. 

 43 0.02 0.9006 0.70 0.4098 1.28 0.2657   

Ven. 
Pal. 

 42 1.37 0.2863 0.58 0.4511 2.36 0.1348 3.76 0.0618 + 

Ven. 
Pal. 

51137 42 0.02 0.8838 0.56 0.4615 0.73 0.3997   

Ven. 
Pal. 

51137 41 0.89 0.3825 0.67 0.4196 1.02 0.3216 1.07 0.3094 

Ven. 
Pal.^ 
0.4 

 43 0.01 0.9427 0.73 0.4002 1.04 0.3161   

Ven. 
Pal.^ 
0.4 

 42 1.30 0.2975 0.58 0.4511 2.02 0.1650 3.31 0.0786 + 

Ven. 
Pal.^ 
0.4 

51137 42 0.03 0.8579 0.56 0.4599 0.58 0.4505   

Ven. 
Pal.^ 
0.4 

51137 41 0.96 0.3655 0.64 0.4293 0.87 0.3576 1.03 0.3188 
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Table 4.2D.   Oxytocin receptor expression in the stria terminalis (Stria Term) 

(ratios of relative uncalibrated optical density in the stria terminalis/background) 

in HR and Control mice.  The table shows p-values obtained via ANCOVA 

(SAS® PROC MIXED) with length of time from weaning to sacrifice (Time), litter 

size at weaning (Litt Size), or the residual wheel revolutions from days 5 and 6 of 

the 6-day wheel running trials (Resid Revs) for all mice.   Results are shown for 

all mice; with outliers removed (Out); and with transforms (for normality).  Red 

color indicates significance, and the symbol (+/-) following the p-value indicates 

the direction (+) of the covariate effect on the main effect (when p< 0.1). 

Var. Out N 
Line 
type 
F 

Line 
type P 

Time 
F 

Time P 
Litt 
Size 
F 

Litt 
Size P 

Resid
Revs 
F 

Resid 
Revs P 

Stria 
Term.  41 0.61 0.4644 0.08 0.7729     

Stria 
Term. 

 40 1.65 0.2458 0.01 0.9245   0.17 0.6794 

Stria 
Term. 

 41 0.57 0.4805 0.08 0.7795 0.90 0.3491   

Stria 
Term. 

 40 1.95 0.2125 0.02 0.8819 0.93 0.3432 0.49 0.4913 

Stria 
Term. 

51608 40 1.48 0.2693 0.00 0.9792 0.63 0.4353   

Stria 
Term. 

51608 40 1.95 0.2125 0.02 0.8819 0.93 0.3432 0.49 0.4913 

Stria 
Term.^ 
0.4 

 41 0.58 0.4764 0.11 0.7370 0.73 0.3986   

Stria 
Term.^ 
0.4 

 40 1.72 0.2371 0.04 0.8355 0.71 0.4050 0.36 0.5514 

Stria 
Term.^ 
0.4 

51608 40 1.39 0.2826 0.01 0.9173 0.49 0.4909   

Stria 
Term.^ 
0.4 

51608 40 1.72 0.2371 0.04 0.8355 0.71 0.4050 0.36 0.5514 
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Table 4.2E.  Oxytocin receptor expression in the central amygdala (CeA) (ratios 

of relative uncalibrated optical density in the central amygdala/background) in HR 

and Control mice.  The table shows p-values obtained via ANCOVA (SAS® 

PROC MIXED) with length of time from weaning to sacrifice (Time), litter size at 

weaning (Litt Size), or the residual wheel revolutions from days 5 and 6 of the 6-

day wheel running trials (Resid Revs) for all mice.   Results are shown for all 

mice; with outliers removed (Out); and with transforms (for normality).  Red color 

indicates significance, and the symbol (+/-) following the p-value indicates the 

direction (+) of the covariate effect on the main effect (when p< 0.1). 

Var. Out N 
Line 
type 
F 

Line 
type P 

Time 
F 

Time P 
Litt 
Size 
F 

Litt 
Size P 

Resid
Revs 
F 

Resid 
Revs P 

CeA  43 0.85 0.3917 0.67 0.4191     

CeA  42 1.48 0.2689 0.66 0.4215   0.26 0.6111 

CeA  43 0.85 0.3924 0.64 0.4283 0.24 0.6282   

CeA  42 1.66 0.2448 0.55 0.4639 0.36 0.5513 0.46 0.5032 

CeA 51782 42 0.06 0.8079 1.32 0.2584 0.22 0.6426   

CeA 51782 41 0.38 0.5617 1.49 0.2313 0.17 0.6842 0.07 0.7967 

Log 10 
(CeA) 

 43 1.06 0.3433 0.58 0.4509 1.21 0.2797   

Log 10 
(CeA)  42 1.99 0.2084 0.94 0.3394 1.05 0.3136 0.09 0.7651 

Log 10 
(CeA) 

51782 42 0.26 0.6278 0.58 0.4537 1.25 0.2716   

Log 10 
(CeA) 

51782 41 0.98 0.3614 1.17 0.2878 0.83 0.3695 0.00 0.9931 



209 
 

Table 4.2F.   Oxytocin receptor expression in the medial amygdala (MeA) (ratios 

of relative uncalibrated optical density in the medial amygdala/background) in HR 

and Control mice.  The table shows p-values obtained via ANCOVA (SAS® 

PROC MIXED) with length of time from weaning to sacrifice (Time), litter size at 

weaning (Litt Size), or the residual wheel revolutions from days 5 and 6 of the 6-

day wheel running trials (Resid Revs) for all mice.   Results are shown for all 

mice; with outliers removed (Out); and with transforms (for normality).  Red color 

indicates significance, and the symbol (+/-) following the p-value indicates the 

direction (+) of the covariate effect on the main effect (when p< 0.1). 

Var. Out N 
Line 
type 
F 

Line 
type P 

Time 
F 

Time P 
Litt 
Size 
F 

Litt 
Size P 

Resid
Revs 
F 

Resid 
Revs P 

MeA  40 0.00 0.9874 0.04 0.8347     

MeA  40 0.03 0.8664 0.11 0.7378   0.21 0.6506 

MeA  40 0.00 0.9880 0.04 0.8416 0.02 0.8788   

MeA  40 0.03 0.8655 0.12 0.7367 0.00 0.9519 0.20 0.6582 

MeA 51782 39 0.37 0.5659 0.02 0.9031 0.06 0.8071   

MeA 51782 39 1.09 0.3367 0.13 0.7236 0.01 0.9373 1.09 0.3052 

MeA 
^0.2 

 40 0.09 0.7797 0.02 0.8885 0.01 0.9423   

MeA 
^0.2 

 40 0.04 0.8437 0.06 0.8058 0.01 0.9186 0. 04 0.8451 

MeA 
^0.2 

51782 39 0.24 0.6448 0.00 0.9659 0.00 0.9445   

MeA 
^0.2 51782 39 0.89 0.3830 0.10 0.7594 0.07 0.7902 1.18 0.2861 
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Table 4.2G.  Oxytocin receptor expression in the cingulate gyrus (Cing. Gyrus) 

(ratios of relative uncalibrated optical density in the cingulate gyrus/background) 

in HR and Control mice.  The table shows p-values obtained via ANCOVA 

(SAS® PROC MIXED) with length of time from weaning to sacrifice (Time), litter 

size at weaning (Litt Size), or the residual wheel revolutions from days 5 and 6 of 

the 6-day wheel running trials (Resid Revs) for all mice.   Results are shown for 

all mice; with outliers removed (Out); and with transforms (for normality).  Red 

color indicates significance, and the symbol (+/-) following the p-value indicates 

the direction (+) of the covariate effect on the main effect (when p< 0.1). 

Var. Out N 
Line 
type 
F 

Line 
type P 

Time 
F 

Time P 
Litt 
Size 
F 

Litt 
Size P 

Resid
Revs 
F 

Resid 
Revs P 

Cing. 
Gyrus  42 1.14 0.3268 0.35 0.5588     

Cing. 
Gyrus 

 42 0.57 0.4789 0.40 0.5330   0.08 0.7756 

Cing. 
Gyrus 

 42 1.05 0.3443 0.33 0.5708 0.15 0.7033   

Cing. 
Gyrus 

 42 0.61 0.4633 0.35 0.5588 0.09 0.7723 0.03 0.8641 

Cing. 
Gyrus 

51340 41 2.89 0.1400 0.23 0.6319 0.97 0.3330   

Cing. 
Gyrus 

51340 41 1.19 0.3180 0.42 0.5225 0.43 0.5187 0.69 0.4123 

Log 10 
(Cing. 
Gyr) 

 42 2.10 0.1973 0.46 0.5024 0.52 0.4754   

Log 10 
(Cing. 
Gyr) 

 42 1.08 0.3379 0.57 0.4560 0.26 0.6138 0.20 0.6543 

Log 10 
(Cing. 
Gyr) 

51340 42 3.10 0.1287 0.31 0.5796 1.52 0.2265   

Log 10 
(Cing. 
Gyr) 

51340 42 1.25 0.3064 0.53 0.4702 0.79 0.3818 0.96 0.3351 
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Figure 4.1A.  Representative autoradiogram of OTR binding in the left ventral pallidum and nucleus accumbens. 
Image shown is MOUSEID 51396; slide a2, row 1, slice 3.  Left ventral pallidum is highlighted in blue; nucleus 
accumbens in yellow. 
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Figure 4.1B.  Representative autoradiogram of OTR binding in the left cingulate gyrus.  Image shown is MOUSEID 
51396; slide a2, row 2, slice 3.  Left cingulate gyrus is highlighted in yellow. 
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Figure 4.1C.  Representative autoradiogram of OTR binding in the lateral septum and stria terminalis.  Image 
shown is MOUSEID 51396; slide a3, row 1, slice 3.  Left lateral septum is shown in yellow, and stria terminalis in 
blue. 
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Figure 4.1D.  Representative autoradiogram of OTR binding in the left medial amygdala and central amygdala.  
Image shown is MOUSEID 51396; slide a4, row 2, slice 1.  Left medial amygdala highlighted in yellow; left central 
amygdala in blue. 
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Chapter 5  - Are mice from High Runner lines more motivated t o run on 
wheels than Control mice? 
 
 
 
Abstract  

 

Voluntary wheel running is a classically self-rewarding behavior in laboratory rats 

and mice.   It has been hypothesized that mice from lines selectively bred for 

high levels of voluntary wheel running (High Runner; HR) have evolved 

increased motivation to run on wheels as compared with mice from non-selected 

Control lines.  We tested a component of this hypothesis by blocking wheel 

access for mice following six days of free access to wheels, as used in the 

routine selective breeding protocol.  The blocking devices consisted of a plastic 

screen mesh/coffee-cup lid barrier, placed over the tube that allows access to the 

wheel.  Preliminary trials showed that a substantial fraction of mice would get 

past the barrier (by chewing, pulling out the mesh, etc.) in a 24-hour period.  

Damage to the mesh/lid barrier was quantified, along with wheel revolutions on 

day 7 for those mice that made it through the barrier.  We found no statistical 

difference between the sexes or the linetypes (HR and Control), and no sex by 

linetype interaction with respect to the amount of damage done to the mesh/lid (a 

semi-quantitative measure).  We also found no statistical differences in the 

proportion of individuals that gained wheel access (as indicated by logging 

revolutions).  For those mice that logged revolutions on day 7, HR ran 

significantly more than Control and females ran more than males, consistent with 
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many previous studies of these lines.  These data do not support the hypothesis 

that HR mice are more motivated than Controls to gain access to wheels, once 

they have experienced wheel running.  However, the present experiments leave 

open the possibility that HR mice may be more motivated to run once they have 

wheel access.  Also, the reward they experience for a given amount (speed 

and/or duration) of wheel running may differ from that experienced by Controls.  

Further studies will be required to test these additional hypotheses. 
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Introduction  

Voluntary wheel running is a classically self-rewarding behavior in 

laboratory rats and mice (Belke, 1996; Belke and Heyman, 1994; Premack, 1964; 

Timberlake and Wozny, 1979; Sherwin, 1998; Sherwin and Nicol, 1996).  Many 

studies have shown that both wild rodents and laboratory strains are highly 

motivated to run on wheels and will voluntarily run long distances (e.g. Allen et 

al., 2001; Dewsbury et al., 1980; Leasure and Jones, 2008; Rhodes et al., 2005; 

Sherwin, 1998).  Similarly, rats show conditioned place-preference for 

environments associated with bouts of wheel running (Lett et al., 2000), as well 

as the arm of a T-maze allowing access to a running-wheel (Hill, 1961).  In 

addition, rats and mice can be trained to perform a variety of tasks to receive a 

reward of access to wheel running, including crossing an aversive water barrier 

(Sherwin and Nicol, 1996) or lever-pressing (Belke and Garland, 2007; Collier 

and Hirsch, 1971; Iversen, 1993).  Despite this body of evidence, our current 

understanding of the motivational basis of voluntary wheel-running behavior is 

limited (e.g., see Garland et al., 2011a).   

One way to better understand how and why rodents are seemingly so 

highly motivated to run on wheels is through a long-term selection experiment for 

high levels of voluntary wheel running in mice.   Within this experiment, four 

independent, genetically closed lines of house mice (Mus domesticus) have been 

selectively bred since 1993 (>60 generations) on the basis of their voluntary 

wheel running on days 5 and 6 of a 6-day trial (High Runner lines, HR), in parallel 
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with four unselected Control lines.  After 10 generations of selection, HR mice of 

both sexes ran at least 70% more revolutions/day than the Control lines (Swallow 

et al., 1998).  The divergence between HR and Control lines eventually reached 

a plateau at a differential of approximately +170% (Kolb et al., 2010; Rhodes et 

al., 2000; Swallow et al., 2009).  In addition to changes in locomotor behavior 

(see also Girard et al., 2001), the selective breeding regimen has led to changes 

in capacities for aerobic exercise (Kolb et al., 2010; Meek et al., 2009), and in 

various lower-level morphological and physiological traits that may affect 

endurance capacity (Garland, 2003).  For example, HR mice exhibit reduced total 

body mass (Swallow et al., 1999), reduced body fat (Swallow et al., 2001, 

Vaanholt et al., 2008), more symmetrical hind limb bones (Garland and Freeman, 

2005), higher circulating corticosterone (Girard and Garland, 2002; Malisch et al., 

2008) and adiponectin levels (Vaanholt et al., 2007), as well as increased 

plasticity of several traits in response to wheel access (Garland and Kelly, 2006; 

Gomes et al., 2009).  

Concomitant with increases in voluntary wheel running, HR mice have 

also undergone a shift towards increased levels of generalized activity in cages 

when wheels are not provided.  For example, HR mice exhibited significantly 

more spontaneous physical activity (SPA) (Garland et al., 2011a) than their 

Control counterparts (Malisch et al. 2009; Rhodes et al. 2001).  Likewise, when 

running wheels were locked, HR mice spent more time climbing in the locked 

wheels, apparently trying to run (Koteja et al. 1999).  Rhodes et al. (2003) found 
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that when HR mice were denied access to running wheels they showed greater 

proportional increase in Fos activity (relative to Control mice) in some brain 

regions that have been implicated in arousal, natural reward, and the initiation of 

locomotion.  When mice were allowed to run ad lib, Fos activity in these same 

regions was not statistically different from that of Control mice.  Thus, the authors 

hypothesized that HR mice had evolved an increased appetitive value of running 

(or enhanced frustration, anger, anxiety, or stress when running is denied), 

relative to Control mice.   

In line with this, previous work suggests that HR mice may have an altered 

reward threshold for wheel running compared to Controls, related to overall 

dopaminergic tone (Mathes et al., 2010).  Several studies confirm that HR mice 

have diverged from Control mice in DA receptor expression, as well as in 

response to drugs that affect dopaminergic signaling.  For example, Bronikowski 

et al. (2004) showed that the HR mice had a 20% increase in mRNA for 

dopamine 2 (D2) and dopamine 4 (D4) receptors in the hippocampus as 

compared with mice from Control lines.  Pharmacological studies found 

differential effects on wheel running in female HR and Control mice using 

dopamine transport blockers (D1 receptor system) (Rhodes et al., 2001; Rhodes 

and Garland 2003), as well as (for both sexes) a cannabinoid receptor-1 (CB1) 

antagonist (Keeney et al. 2008) and agonist (Chapter 2 of this dissertation), but 

not for drugs that affect D2 receptors, or the serotonergic or opioidergic systems 

(Li et al., 2004; Rhodes et al., 2001, 2003, 2005).   
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This study aims to test the hypothesis that HR mice are differentially 

motivated to voluntarily run on wheels.  To do this, all mice underwent the normal 

6-day wheel-running trial, in which they are given ad lib access to running-wheels 

for six days.  On day 7 of wheel access, a subset of mice had their wheels 

blocked using screen mesh and coffee cups lids, such that they would have to 

expend effort to break through the barrier to run on wheels.  If HR mice are more 

motivated to run on wheels than Control mice, we would predict that a greater 

proportion of HR than Control mice would break through the barriers. 

 

Materials and Methods  

 This study used adult mice (progenitor stock: Harlan Sprague Dawley: 

Hsd:ICR) from eight lines of an ongoing artificial selection experiment for high 

levels of voluntary wheel running (Swallow et al. 1998).  In this experiment, four 

independent replicate lines of HR mice undergo selection on the basis of their 

voluntary wheel-revolutions on days five and six of a six-day wheel running trial, 

alongside four Control lines that are bred without regard to voluntary wheel-

running behavior.  During the six-day trial, all mice are given ad libitum access to 

food, water and a running wheel.  Following the trial, the highest-running male 

and female HR offspring from each family are chosen as breeders within each 

replicate HR line.  In the Control lines, one male and one female from each family 

are randomly chosen (excluding sibling pairings) to be breeders within each 

replicate Control line.  Mice are then paired at around 10 weeks of age for a 
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period of two weeks, after which time females are separated when they appear 

pregnant.  Once separated, females are checked daily for new births.  Mice of 

each generation are born, and then weaned from mothers at 21 days of age, at 

which time the sex and mass of the pups is recorded.  Mice are then housed by 

line in same-sex groups of four and maintained on a 12:12 light cycle with ad 

libitum access to food and water until six weeks of age.  At this point, a subset of 

mice representative of all eight lines is chosen to enter the next generation’s 

wheel-running trial.   

 In this experiment we used three batches of mice (N=584) from generation 

49.  We hypothesized that differences between the HR and Control mice would 

be greatest at the time of normal selection of breeders, thus all mice were given 

6 days of wheel access in accordance with the standard selection protocol (see 

Swallow et al., 1998).  On the test day (Day 7 of wheel access), a subset of mice 

(N=473; HR= 341, Control= 132) were prevented from running by the placement 

of a coffee-cup lid covered in vinyl-coated polyester mesh window screen (Phifer 

36” x 100” Gray PetScreen, Macomb MI) between the wheel-access tunnel and 

the cage.  Preliminary tests showed that many individual mice housed with wheel 

access would chew through this barrier over night.  Wheel-revolutions were then 

recorded for the next 23 hours (13:00h on Day 7 to 12:00 on Day 8 of wheel 

access).  Mice were subsequently removed from wheels and returned to single 

housing.   
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 Damage to the mesh/lid barrier was quantified in several ways by an 

observer who was blind to mouse line, linetype, and sex.  Initial data were 

recorded when mice were removed from wheels at the end of Day 8 of wheel 

access as the CUPDAMG1 variable (a measure of the type, severity, and 

outcome of mesh and lid damage; see below).  As these data were recorded 

when the outcome of the damage (i.e., whether or not a mouse got through to the 

wheel) was not entirely clear from the evidence at hand (i.e., observers did not 

know whether or not a mouse had verified wheel revolutions), there could be 

multiple values recorded if multiple scenarios seemed possible.  Scores were 

assigned based upon three major categories:  

• how much damage was done (some [< 50% of the surface available to the 

mouse] or a lot [> 50% of the surface available to the mouse]),  

• the type of damage done (no damage, primarily mesh or lid damage 

[meaning more than roughly 90% of the damage was on only the lid or the 

mesh]), or damage to both [meaning there was a reasonable amount of 

damage to both the mesh and lid]),  

• the outcome of the damage done (mouse either got through to the wheel 

or did not), based on whether it was found in the wheel or access tube.  

A mouse could receive the following scores indicative of these categories for the 

CUPDAMG1 variable:  

• 0= no damage/mouse did not get through.  
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• 0.5= very little damage (less than 5 cm of lid or mesh) chewed/mouse did 

not get through.  

• 1= some mesh chewed/mouse did not get through.  

• 1.5= lots of mesh chewed/mouse did not get through.  

• 2= some lid chewed/mouse did not get through.  

• 2.5 = lots of lid chewed/mouse did not get through.  

• 3= some of both lid and mesh chewed/did not get though 

• 3.5= lots of both lid and mesh chewed/did not get through 

• 4= some mesh chewed/mouse did get through.  

• 4.5= lots of mesh chewed/mouse did get through.  

• 5 = some of lid chewed/mouse did get through.  

• 5.5= mostly lots of lid chewed/mouse did get through.  

• 6= both some lid and mesh chewed/mouse did get through.  

• 6.5= lots of lid and mesh chewed/mouse did get through. 

• 7= no apparent chewing/mouse did get through (for example, mouse could 

have pulled off mesh and lid without chewing).   

These data were then synthesized into a single-value (whole number) 

estimate, titled CUPDAMG2, which was recorded immediately following the 

observations for CUPDAMG1.  CUPDAMG2 was intended to reflect the 

observer’s “best guess” about the outcome of the damage observed.  It does not 

include any information about the degree of damage, but rather just the type of 

damage observed (none, mesh, lid or both), and the observer’s best guess about 
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the outcome (did or did not get through).  A mouse could receive the following 

scores reflecting these categories for the CUPDAMG1 variable: 

• 0= no chewing/mouse did not get through.  

• 1= mostly mesh chewed/mouse did not get through. 

• 2= mostly lid chewed/mouse did not get through.   

• 3= both mesh and lid chewed/mouse did not get through. 

• 4= mostly some mesh chewing/mouse did get through. 

• 5= mostly lid chewed/mouse did get through.   

• 6= both chewed /mouse did get through.   

• 7= no apparent chewing/got through. 

Thirdly, the damage data were combined with the wheel-running information 

into a third variable (CUPDAMG3), wherein any mouse that was confirmed by 

wheel revolutions to have broached the barrier was given a score of 4.  Thus, 

any damage by a mouse that did not get through was recorded on the same 

scale as mice for CUPDAMG2, and any mouse that did get through was given a 

‘4’.  The scale for CUPDAMG3 was as follows: 

• 0= no chewing/ mouse did not get through.  

• 1= mostly mesh chewed/ mouse did not get through. 

• 2= mostly lid chewed / mouse did not get through.   

• 3= both mesh and lid chewed/ mouse did not get through. 

• 4= got through. 
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Finally, the data from CUPDAMG1 were used to compute a new variable, 

CUPDAMG4.  Scores for this variable were derived from the extent of damage 

recorded in CUPDAMG1, in addition to detailed notes taken at the time of 

quantification on Day 8 of wheel access.  Mice could receive one of the following 

scores based upon the cup damage observed: 

• 0= no damage (equates to a CUPDAMG1 score of 0). 

• 1= tiny amount of damage (1 or 2 marks, less than 1 cm each)(equates to a 

CUPDAMAG1 score of 0/0.5). 

• 2= very small amount of damage (1 or 2 marks, roughly between 1 to 5 cm 

each) (equates to a CUPDAMG1 score of 0.5). 

• 3= small amount of damage (more than 1 or 2 marks, most greater than 5 

cm, less than 10% of surface available damaged) (equates to 

CUPDAMAG1 score of 0/1). 

• 4= moderate amount of damage (10% to 50% of the available surface 

damaged) (equates to a CUPDAMG1 score of 1, 2, 4, 5). 

• 5= large amounts of damage (more than 50% of the available surface 

damaged) (equates to a CUPDAMG1 score of 1.5, 2.5, 4.5, 5.5). 

• 6= moderate amounts of damage to both cup and lid (between 10% to 50% 

of the available surface damaged)(equates to a CUPDAMG1 score of 6). 

• 7= large amounts of damage to both cup and lid (more than 50% of the 

available surface damaged) (equates to CUPDAMG1 score of 6.5).  In 
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practice, no mice received this score. 

• 9= no damage but mesh or lid pulled away from tunnel. 

If a mouse received multiple scores for CUPDAMG1, the CUPDAMG4 score 

was determined via detailed notes (CD4Notes) taken at the time of observation 

(as well as the CUPDAMG2 and 3 scores).  Finally, a new variable CUPDAMG5 

was created that was the same as CUPDAMG4, except that scores of 9 for 

CUPDAMG4 were converted to scores of 6 for CUPDAMG5. This variable was 

then checked against the wheel-running data, such that all observations 

accurately combine damage data with the outcome of the damage (based upon 

the wheel revolutions for Day 7 of wheel access).  CUPDAMG5 was analyzed via 

ANCOVA using SAS PROC Mixed (SAS version 9.2), with age at the time of 

blocking (AGEATBLC) (day 7 of wheel access) as a covariate. 

For later glimmix (binary) analyses, CUPDAMG3 was synthesized into a 0-1 

variable (ACTWHLRN), which reflects simply whether the mouse broke through 

the barrier, as indicated by it having logged wheel revolutions (a score of ‘1’), or 

not (a score of ‘0’).  This variable was analyzed with age at the time of blocking 

(AGEATBLC) (day 7 of wheel access) as a covariate for both sexes together, as 

well as for males and females separately.   

For the subset of mice that broke through the barrier, we analyzed the 

number of revolutions recorded during day 7.  Note that this variable will, in 

principle, have been affected by the time at which individual mice broke through 

(i.e., mice that broke through sooner after barrier placement would have had 
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more opportunity to run), but we had no information concerning time of 

breakthrough and so this was not considered in statistical analyses.  Revolutions 

on day 7 were analyzed separately for males and females following the 

procedures of Garland et al. (2011b) (SAS Procedure Mixed), with separate 

estimates of variance components for HR and C mice for line, family, and 

residual variance.  Age and a measure of wheel freeness (raised to the 0.4 

power to improve normality) were used as covariates. 

 

Results  

 Of all mice (N=584) that underwent wheel testing for this generation, 473 

received mesh/lid blockades at the start of day 7 of wheel access.  Of these 473 

mice, a total of 282 (60% of all the mice that received blocks) did not get through 

the mesh/lid block, or at least did not log wheel revolutions on day 7 of wheel 

access.  The remaining 191 (40% of all the mice that received blocks) mice did 

get through the block and had wheel revolutions on day 7 of wheel access 

ranging from 13 to 20,307 revolutions).   

The proportion of mice breaking through the barrier (ACTWHLRN) did not 

vary in relation to linetype (F(1,6)=0.77; p=0.4130), sex (F(1,6)=0.70; p=0.4342), 

their interaction (F(1,6)=1.84; p=0.2238) or age (F(1,456)=2.73; p=0.0991).  Two 

hundred and thirty five females received mesh/lid blocks, and of those 142 (60% 

of all females that were blocked) did not get through (93 did get through), with no 

statistical effect of linetype (F(1,6)=0.20; p= 0.6721) or age (F(1,226)=1.30; 
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p=0.2551).  238 males received mesh/lid blocks, and of those, 140 (59% of 

males that were blocked) did not get through (98 did get through).  Again, there 

was no difference between HR and Control males in the proportion of mice that 

got through the barrier (F(1,6)=1.47; p=0.2707), and no effect of age 

(F(1,229)=1.69; p=0.1951). 

 Similar to ACTWHLRN, there was not a statistical difference (F(1,6)= 0.00; 

p= 0.9915) in the intensity of damage to the mesh/lid block (as scored from 0-6; 

CUPDAMG5) between HR and Control mice, and no effect of sex (F(1,6)= 2.03; 

p= 0.2041), the sex by linetype interaction (F(1,6)=0.33; p=0.5891) or age 

(F(1,456)=0.23; p=0.6328).  There was still no effect of linetype for female mice 

(linetype F(1,6)=0.02; p=0.8967; age F(1,226)=0.23; p=0.6305) or males 

(linetype F(1,6)=0.01; p=0.9115; age F(1,229)=0.00; p=0.9553). 

For females that broke through the barriers (N = 93, but two had missing data 

for RUN7), HR ran more than Control (F(1,6)=57.93, p=0.0003), with least 

squares means and standard errors of 8,549 + 547 and 2,898 + 499, 

respectively.  For the 98 males that broke through, HR also ran more than 

Control (F(1,6)=53.59, p=0.0003), with least squares means and standard errors 

of 9,010 + 780 and 2,370 + 455, respectively (See Figure 5.1). 

 

Discussion  

 Results from the present study suggest that HR and Control mice were not 

differentially motivated to break through a mesh/lid barrier in order to gain access 
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to wheels to which they had previously been allowed access for six days.  

Likewise, there were no statistical differences in the amount of damage mice did 

to the barriers over the period analyzed (day 7 of wheel access).  These results 

were similar when considered for all mice or separately by sex.  However, for the 

subset of mice that did break through the barriers, HR logged far more 

revolutions than Control mice, consistent with many previous studies of these 

lines (e.g., Keeney et al., 2008; Swallow et al., 2009; Garland et al., 2011a,b). 

 Overall, the present results do not support the idea that HR mice have 

evolved greater “motivation” (per se) for voluntary wheel running.  This conflicts, 

to a degree, with what we might predict, given the large body of evidence that 

shows that not only are HR mice voluntarily more active than Control mice (in 

terms of both wheel running and spontaneous physical activity in home-cages 

when wheels are not provided) (see Garland et al. 2011a for review), but also 

that HR mice have neurobiological differences as compared with Control mice 

that are thought to be related to the reward value of wheel running (see Garland 

et al. 2011b; Mathes et al. 2010 for review).  Of course, it is possible that these 

previously documented linetype differences in voluntary locomotion and aspects 

of neural reward signaling represent a much more specific component of 

motivation for wheel running than the design of this study is able to differentiate. 

 For example, we know that in general the increased daily running 

distance of HR mice is accomplished mainly by speed in female HR mice, but by 

both speed and duration of running (to a lesser degree than females) in HR 
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males (Garland, 2003; Girard et al., 2001; Keeney et al., 2008; Chapter 2 of this 

dissertation; Koteja and Garland, 2001; Rezende et al., 2009; Rhodes et al., 

2000; Swallow et al., 1998, 1999).  In recent generations, HR males (seemingly 

at a selection limit) can run for as many minutes per day as HR females (Garland 

et al., 2011b; Rezende et al., 2009).  It is possible that the motivation for the 

initiation of voluntary wheel running is completely different from the performance 

of high-intensity or long-duration wheel running in rodents.  Likewise, the 

neurobiological “reward” HR mice experience for a given amount (speed and/or 

duration) of wheel running may differ from that experienced by Controls.  Indeed, 

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), such that HR and Control mice 

could differ in the expression of wheel running, but not necessarily in it’s 

initiation.   In support of this, it has long been appreciated that “wanting” and 

“liking” a reward may be under distinct neural control (see Berridge et al. 2004 for 

review).  For example, Smith et al. (2011) showed that rats conditioned to a 

sweet reward process motivational “wanting” signals entirely separately from 

hedonic “liking” signals. In addition, the authors found that intra-accumbens 

microinjections of a dopamine agonist enhanced only the motivational 

component of the conditioned response (Smith et al. 2011).   Further studies will 

be required to test these additional hypotheses in HR mice.   
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Alternatively, it is possible that HR mice do not have the attention 

capacities, or cognitive ability to associate breaking through the mesh/lid barrier 

with an opportunity to run.  Indeed, Rhodes et al. (2005) hypothesized that HR 

mice may have learning deficits relative to Controls, potentially as a function of 

inattention (Rhodes et al., 2005).  In addition, HR mice with access to a running 

wheel for several weeks showed impaired spatial learning in a Morris water maze 

(Rhodes et al., 2003).  A study by Belke and Garland (2007) does not support 

this idea, however, in that HR and Control mice were equally able to be trained to 

lever-press when the resultant reward was a 30-minute (relatively long) 

opportunity to run.  Interesting, statistically fewer HR mice could be trained to 

lever-press when the opportunity to run was brief (90 seconds).  This again 

suggests that the intensity and duration of wheel running are important factors in 

the motivation of HR mice for wheel running. 

 It is also possible that mice had some sort of novelty-reaction to the 

barriers themselves.  In a study of two HR lines (lines 7 and 8) and one Control 

line (line 2) Jónás et al. (2010) showed that HR mice are more explorative and 

“information gathering” than Control mice, with increased risk-taking behavior 

when approaching a novel object in an open field.  However, the authors also 

found that HR mice had increased anxiety-like behavior in an elevated plus-maze 

(Jónás et al. 2010).  It is possible that these results would be different if all lines 

were included.  For the current study, as we did not quantify actual barrier-

breaking behaviors (only wheel-revolutions and damage to mesh/lid barriers), 
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further experimentation is needed to determine if linetype behavioral differences 

exist relating to how mice approach the barriers.  

 In addition, we did not record how active mice were in their cages when 

wheel access was blocked.  Potentially, if HR mice were highly active in cages, 

then they may have had little or no “need” to break through the mesh/lid barrier.  

Similarly, we do not have a clear idea of how uniform barriers were from the 

perspective of a mouse.  Although each barrier was placed in roughly equivalent 

ways on a cage-by-cage basis, there was likely some variation.  It is possible that 

some barriers were more effective blockades than others.  In addition, it is 

possible that HR mice, being generally both smaller (Garland et al., 2011a,b; 

Girard et al., 2007; Swallow et al., 1999) and leaner (Girard et al., 2007; Swallow 

et al., 2001) than Control mice, were less physically capable of breaking through 

the barriers. Further studies with home-cage sensors and/or video recording are 

needed to develop a more complete picture of how HR and Control mice reacted 

to barriers and, eventually, to relate these results to current concepts of 

motivation (e.g., see Bolles, 1975; Berridge, 2004). 

 In conclusion, we find that mice selectively bred on the basis of voluntary 

wheel running are equally as motivated as Control mice to break through a 

mesh/lid barrier for a wheel-runningreward.  This is an interesting result; given 

that after more than 16 years of selection for voluntary wheel-running HR mice 

display many traits that we would interpret to mean that they are more motivated 

than Control mice to run on wheels.  This finding highlights the need to better 
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understand what defines “motivation” in an animal model and to more discretely 

differentiate goal-directed behaviors from one another (e.g. motivation to intiate 

wheel running and motivation for intense wheel running). 
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Figure 5.1.   Revolutions on Day 7 of wheel access by sex and linetype.   
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Concluding Remarks    

 Selection experiments have the potential to impart a unique perspective 

on how we view evolution, adaptation, and the integration of whole-organism 

physiology (Garland, 2003; Garland and Carter, 1994; Swallow et al., 2009).  For 

my dissertation research, I utilized a long-term artificial selection experiment, in 

which four lines of mice have been selectively bred on the basis of high levels of 

voluntary wheel running (HR) alongside four lines of mice that were not 

selectively bred (Control).  In this experiment, selection is for a purely voluntary 

behavior (revolutions run voluntarily in wheels during days 5+6 of a 6-day trial).  

This is important because, as such, we could expect to see a correlated increase 

in both an individual’s ability to run on wheels, as well as its motivation to run on 

wheels.  It is these physiological changes that accompany increased “motivation” 

for a behavior (per se) that are of prime interest to me.   

 In the most general terms, we can consider motivation for a behavior as a 

product of “wanting” to perform a behavior and “liking” a behavior once it is being 

performed (Berridge, 2004; Berridge and Robinson, 1998).  Traditionally, 

dopamine has been the major neurotransmitter associated with the “wanting” 

component of motivation (Berridge, 2004).  Several prior studies have shown that 

HR mice have marked alterations in dopaminergic signaling when compared to 

Control mice (Bronikowski et al., 2004; Mathes et al., 2010; Rhodes et al., 2001; 

2003; 2005; Rhodes and Garland, 2003; Waters et al., in prep).   
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 In contrast, the neural regulation of “liking” a behavior is much more 

multifactorial and less well understood (Berridge, 1996).  Major neurotransmitters 

and neuromodulators, such as serotonin, endorphins (opioid neurotransmitters), 

and endocannabinoids among others, have all at one point been implicated in a 

pleasurable perception of reward (a.k.a. hedonic reward, or the feeling of “liking” 

something) (see Cota et al., 2006; Koob, 1996; Onaivi, 2008; Wise, 1998 for 

discussion thereof).  Past studies on HR mice do NOT support the idea that 

selection has differentially affected serotonergic or opioidergic systems (or 

dopaminergic D-2 receptors) (Li et al., 2004; Rhodes et al., 2001, 2003, 2005).  

This does not mean that selection has not altered the “liking” component of 

motivation for voluntary wheel running, however. 

 In chapters 1 and 2 of this dissertation, I used pharmacology to determine 

if HR and Control mice differed in their response to drugs that target receptors of 

the endocannabinoid system.  Results from these studies show that HR and 

unselected Control mice have a sex-specific differential response to agonism and 

antagonism of the CB-1 receptor.  These results, when taken with the body of 

other studies showing dysregulation of dopaminergic signaling in HR mice, 

suggest that long-term selective breeding for high voluntary wheel running has 

had profound effects on some of the neural systems involved in motivated 

behaviors, and potentially, that these effects involve many different facets of 

“motivation,” including both “wanting” and “liking.” 
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 We can also ask if other voluntary behaviors, or other processes 

dependent on voluntary behaviors, have been affected by selection for voluntary 

exercise.  In particular, I am interested in the relationship between reproduction 

and exercise.  Reproduction in female mammals is highly sensitive to whole-body 

physiological processes, and is often negatively influenced by intense or 

prolonged exercise.  In chapter 3, I test the hypothesis that selective breeding 

has negatively affected life history characteristics of HR dams as compared to 

Controls.  Results from this study show that (at least for the generations 

analyzed) HR and Control mice do not differ in most aspects of reproductive 

output.  Although these results indicate that selection has not had a major effect 

on reproduction or life history characteristics in HR mice, in some individual 

generations (dam’s generations 40 and 42) significantly fewer HR dams than 

Control weaned at least one pup when considered out of the total number of 

dams paired.  This difference in weaning success is variable by generation.  

When we consider wean success for all the generations analyzed together 

(dam’s generations 40, 42, 44, 45, 47, 48, 52, and 56), there a significantly lower 

number of HR dams successfully rearing at least one pup to weaning. 

 These results suggest that there is a complex relationship between 

voluntary wheel running and reproduction in HR mice.  In chapter 4, I aim to 

better understand this relationship by determining if the expression of oxytocin 

receptors (OTR) (oxytocin is a major neuropeptide associated with maternal care 

and reproduction) differs between HR and Control females.  Results show that 
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HR and C mice do not differ statistically in OTR expression in any of the brain 

regions analyzed. 

  Lastly, in chapter 5, I performed a study to test motivation for wheel 

running in HR and Control mice.  Mice were allowed wheel access for the 

standard 6-day trial, after which the wheel access ports were blocked with plastic 

screen mesh and a coffee-cup lid for one additional day.  I hypothesized that if 

HR mice were more motivated to run on wheels, then they would penetrate the 

barrier more often than Control mice.  I found no statistical linetype difference in 

the proportion of mice that broke through the barrier; however, lacking behavioral 

observations and homecage activity during day 7, it is difficult to draw 

conclusions. 

 Taken together, the summation of this dissertation shows a complex 

relationship between selective breeding for a voluntary behavior, motivation for 

that behavior, and certain other behaviors and processes with a motivational 

component.  An important point to consider from these results is that reward and 

motivation can be highly specific, and selection can alter one component of 

motivation, but not another.  For example, there may be an inherent trade-off 

between reward systems "tuned" for different stimulus intensities and durations 

of wheel-running (e.g., long- vs. short-duration stimuli), such that HR and Control 

mice could differ in the expression of wheel running, but not necessarily in its 

initiation (Belke and Garland, 2007).   Future studies should address how best to 

tease apart the separate, but interrelated components of motivation.  
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