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ABSTRACT OF THE DISSERTATION 
 
 

The Neurobiological Basis of Voluntary Exercise in Selectively-Bred High Runner 
Mice 

 
 

by 
 
 

Zoe Thompson 
 

Doctor of Philosophy, Graduate Program in Neuroscience 
University of California, Riverside, September 2017 

Dr. Theodore Garland, Jr., Chairperson 
 
 

 
 Exercise is a rewarding behavior with a multitude of positive effects on the 

body and brain, and animals vary greatly in terms of how much they choose to 

exercise.  I examined neurobiological changes that have occurred in four 

replicate lines of mice selectively bred for high voluntary wheel running as 

compared with four non-selected control lines. 

 First, I followed up on a study which showed that high runner (HR) mice 

have larger midbrains than control (C) mice.  I wanted to determine which 

midbrain regions have increased in size, and whether 10 weeks of wheel access 

would affect their size and/or cell density.  I found a significant interaction 

between linetype (HR vs. C) and wheel access in the periaqueductal grey (PAG) 

region, with wheel access increasing PAG volume in C mice, while decreasing it 

in HR mice.  HR mice also tended to have a larger ventral tegmental area, a 

region involved in processing rewards. 
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 Next, I examined plasma levels of two endocannabinoids, 2-

arachidonylglycerol (2-AG) and anandamide (AEA), in male and female HR and 

C mice with or without 6 days of wheel access (as used in the routine selection 

protocol).  I found a significant interaction between sex, linetype, and wheel 

access, with female mice having lower levels of 2-AG and wheel access lowering 

2-AG in some subgroups.  The amount of running in the 30 minutes before 

sampling was a significant predictor of AEA levels in mice with wheel access, 

and HR had lower levels than C. 

 My third chapter examined reward substitution.  Mice were housed with or 

without wheels and given access to artificial sweeteners as competing rewards.  

Building on data previously collected, we showed that all mice drank more of the 

artificial sweetener blends compared to water, although this increase was 

significantly smaller in HR mice, and only when they had access to wheels.  This 

result suggests that HR mice prefer the reward of wheel running over that from 

sweeteners. 

 Overall, I show that HR mice have evolved several neurobiological 

differences that contribute to their ability to voluntarily exercise ~3 times as much 

as C mice on a daily basis. 
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INTRODUCTION 
 

 Brain evolution is difficult to study, for several reasons.  For one, the brain 

is hidden inside the skull, meaning that any histological or neurochemical 

inspection of the tissue itself cannot be done while the animal is alive.  Second, 

although fossil records are available for the skeleton, records of how soft tissues 

have changed over time are harder to come by (Deacon 1990).  Third, the brain 

is an extremely complicated set of structures and regions, which show a 

surprising amount of plasticity, control various aspects of behavior, and produce 

hormones and neurotransmitters.  Any of these aspects might respond to natural 

or sexual selection acting on behavior, thus making it difficult, if not impossible, to 

cover all the bases when testing for aspects of brain function that have evolved 

(Garland, Jr. et al. 2016).  

Selection experiments and experimental evolution are one way to address 

some of the questions regarding brain evolution.  These types of experiments 

have some advantages over studying evolution in the wild, namely that many 

more aspects of the experiment can be controlled, the recent evolutionary history 

of the study organism can be known precisely, and the study can be replicated 

more easily (Garland and Rose 2009).  Some of these studies fall under the 

umbrella of a “bottom-up” (e.g., see Dykhuizen and Dean 2009) – specific genes 

are mutated (either a specific one in question, or randomly), and this mutation 

causes a change in a protein's structure or expression level or pattern, which 

causes changes at the cell, tissue, and organ levels, and finally, perhaps, it 
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produces a change in behavior.  Although this type of experiment may be 

necessary for elucidating the functions of individual genes, it is less relevant for 

understanding how populations respond to selection.  In general, natural and 

sexual selection occur at the level of life history traits, behavior, and whole-

organism performance, not at the level of individual gene function (Lande and 

Arnold 1983; Garland, Jr. et al. 2016; Orr and Garland 2017).  

“Top-down” selection experiments are thus more useful for examining how 

natural or sexual selection might lead to evolutionary change.  These types of 

experiments can impose a particular kind of selection on a behavior or other 

high-level, complex trait, and can then examine how organs, tissues, proteins, 

and finally, genes, change in response.  Selection experiments can especially 

shed light on the evolution of exercise behavior.  Although much is known about 

the proximate effects of exercise on the brain, the ultimate, evolutionary 

correlates and consequences of increased exercise behavior are poorly 

understood.  Raichlen & Gordon (2011) show an inter-specific positive 

relationship in mammals between overall brain size and maximal metabolic rate.  

Raichlen & Polk (2012) provide evidence supporting a hypothesis that selection 

for increased exercise performance may have influenced the evolution of larger 

brains in humans.  In both studies, the authors credit artificial selection 

experiments as key providers of evidence for how the evolution of exercise has 

affected the brain. 
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One artificial selection experiment was started in 1993 to examine 

voluntary exercise behavior (Garland Jr 2003; Garland, Jr. et al. 2011a; Wallace 

and Garland, Jr. 2016).  An original group of 224 mice from the outbred Harlan 

Sprague Dawley: Institute for Cancer Research (Hsd:ICR) strain were divided 

randomly into two groups (each with 4 replicate lines) – one group destined to 

become the High Runner lines, and one destined to stay as the non-selected 

Control lines.  Mice in all 8 lines were allowed to run on wheels for 6 days, as 

young adults, and the HR mice were chosen to breed based on how much they 

ran on days 5 and 6, while the C mice were bred randomly, without regard to 

amount of running (Swallow et al. 1998a).  Over time, HR mice increased their 

daily wheel-running distance approximately three-fold.  Besides the obvious, 

expected change in voluntary wheel running, a number of other changes have 

occurred (Garland Jr 2003; Garland, Jr. et al. 2011a, 2016; Wallace and Garland, 

Jr. 2016), including in other behaviors (Carter et al. 2000), organs (Swallow et al. 

2005), tissues (Houle-Leroy et al. 2003), proteins (Thomson et al. 2002), and 

genes (Kelly et al. 2013).   

 Various aspects of the HR mouse neurobiology have evolved as well, and 

several studies have focused on the motivation for exercise, or the reward that 

results from exercise.  For example, when prevented from running after 6 days of 

wheel access, HR mice showed greater neuronal activation in brain regions 

involved in locomotor activity and reward (Rhodes et al. 2003a).  In addition, HR 

mice have alterations in their responses to pharmacological targeting of 
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dopamine, serotonin, and endocannabinoid receptors, two neurotransmitters 

involved in reward signaling (Rhodes et al. 2001a; Rhodes and Garland 2003a; 

Keeney et al. 2008, 2012; Claghorn et al. 2016a). When trained to press a lever 

to free the brake on a wheel, C mice performed similarly whether the duration of 

wheel running allowed was 90 seconds or 30 minutes, but HR mice only 

completed the training when the time allowed was 30 minutes (Belke and 

Garland 2007). This result suggests that the motivation for wheel running in HR 

mice may have evolved to emphasize longer periods of exercise, despite the fact 

that the increase daily running distances of HR mice have evolved mainly by 

increases in average running speeds.  HR mice also have larger non-cerebellar 

brain size, and magnetic resonance imaging has shown that HR mice have an 

approximately ~13% larger midbrain than C mice (Kolb et al. 2013).  The 

midbrain contains several regions involved in the control of locomotion, as well 

as pathways regulating motivation and reward.  The cerebellum is also altered in 

the HR mice – although it is better known for its role in motor control, it also has a 

role in reward processing and goal-oriented behaviors (Caetano-Anollés et al. 

2016).  

 Although much is known about the neurobiology of the HR mice, much is 

still to be discovered.  In my dissertation, I first further explore the regions within 

the midbrain that may have contributed to the larger volume seen in the HR mice 

(Chapter 1).  In Chapter 2, I focus on the endocannabinoid system, based on 

previous studies which showed that male and female HR and C mice respond 
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differently to agonists and antagonists for cannabinoid receptor type 1 (Keeney et 

al. 2008, 2012).  I show that the plasma levels of the two main endocannabinoids 

are affected by selective breeding, respond acutely to voluntary exercise, and 

differ between the sexes (Chapter 2).  Third, I explore reward substitution in the 

HR mice with an experiment designed to measure if the incentive salience for 

exercise has been affected by selective breeding.  Our results suggest that HR 

mice have reduced incentive salience for a sweet-taste reward, but only when 

they have access to wheels (Chapter 3).  
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Abstract 
 
 Artificial selection experiments offer a unique view on brain evolution.  

One such experiment has selected for high voluntary wheel running behavior for 

over 80 generations, producing 4 replicate lines of high runner (HR) mice, which 

run ~3-fold more on a daily basis than 4 replicate lines of non-selected control 

(C) mice.  A recent study of these mice showed that the HR mice had larger non-

cerebellar brain mass and a larger midbrain volume when compared with C mice.  

We chose to further investigate the effects of selective breeding and long-term 

wheel access on overall brain size and characteristics of specific regions within 

the midbrain, including the periaqueductal grey (PAG), substantia nigra (SN), and 

ventral tegmental area (VTA).  Mice from both HR and C lines (total N = 100) 

were allowed access to wheels, or kept without access to wheels, for 10 weeks, 

after which aspects of neuroanatomy, such as cell count, area, and volume of 

particular regions were measured.  Both linetype (HR vs C) and wheel access for 

10 weeks increased brain mass with no significant interaction between the two 

factors.  The volume of the whole midbrain tended to be larger in HR mice (p = 

0.0713), with no effect of wheel access and no interaction.  Linetype and wheel 

access had an interactive effect on the volume of the periaqueductal grey, such 

that wheel access increased the volume in C mice, but decreased it in HR mice.  

The volume of the VTA tended to be larger in HR mice, with no effect of wheel 

access and no interaction.  Neither linetype nor wheel access had an effect on 

the volume of the substantia nigra.  We did not find any differences in numbers of 
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cells per unit area for any of the regions examined.  The PAG is involved in pain 

transmission, as well as control of vocalizations. The VTA is involved in reward 

signaling, and has recently been shown to have some amount of control over 

voluntary wheel running via the endocannabinoid system, which is known to be 

altered in HR mice.  Further investigation of these regions, and perhaps other 

regions within the neocortex, may help us to better understand the increased 

exercise phenotype observed in the HR mice. 
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Introduction 
 

Behavioral capabilities are known to correlate with sizes of associated 

brain structures.  This correlation occurs both via coadaptation of behavior and 

brain over evolutionary time, leading to differences among species and 

populations, and because of neural plasticity in response to the expression of a 

particular behavior within the lifetime of an individual.  Inter-specific comparisons 

are more common, and, in birds, have shown a positive relationship between the 

ability to remember food storage locations, the complexity of song repertoire, the 

number of behavioral innovations, and the volume of the brain regions 

responsible (Krebs et al. 1989; Devoogd et al. 1993; Lefebvre et al. 1997).  The 

sum of the volumes of the neocortex and striatum is also positively correlated 

with behavioral innovation in primates (Reader and Laland 2002).  Additionally, in 

cartilaginous fishes, species that live closer to the top of the ocean and rely more 

on vision for catching prey have a larger optic tectum (Yopak and Lisney 2012).  

However, species comparisons cannot help us parcel out whether a larger brain 

region is caused by the lifetime experience of an animal or its evolutionary 

history, or both. 

In terms of comparisons of individuals within a single species, perhaps 

most famously, London taxi drivers had larger hippocampal volume when 

compared with control subjects, and the amount of time spent as a taxi driver 

was positively correlated with volume of the posterior region of the hippocampus 

(Maguire et al. 2000).  



14 

 

However, it is unclear whether their hippocampi increased in size due to 

their frequent use of that region, or whether some individuals were born with 

larger hippocampi and were therefore better at a job that requires frequent spatial 

navigation.  The former option is certainly possible because brain plasticity, even 

increases in volume, can occur rapidly.  For example, environmental enrichment, 

rotarod training, and voluntary exercise on wheels have all been shown to cause 

volume changes in the brains of rodents in as little as 7 days (Sumiyoshi et al. 

2014; Cahill et al. 2015; Scholz et al. 2015a,b).   

An approach that can elucidate both brain evolution and plasticity involves 

replicated selection experiments with model organisms, such as laboratory rats 

or mice, that target a particular behavior (Rhodes and Kawecki 2009).  One long-

term artificial selection experiment for voluntary exercise behavior was started in 

1993 from an original population of outbred Hsd:ICR mice (Swallow et al. 1998a).  

Eight lines of mice were created – four high-runner (HR) lines, with the top 

runners chosen to breed in the next generation, and four control (C) lines, bred 

randomly with regard to wheel-running (sib-mating is disallowed in all lines).  

Total wheel revolutions on days 5 and 6 of a 6-day period of wheel access are 

used as the basis for selection in the HR lines.  Mice from the HR lines currently 

run almost 3 times as far as C mice on a daily basis, primarily because they run 

faster.  The HR mice have lower lean body mass (Swallow et al. 2001), 

increased maximal oxygen consumption during forced exercise (VO2max) 

(Swallow et al. 1998b), increased heart ventricle mass (Kelly et al. 2017), and 
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several other adaptations beneficial to sustained, endurance-type locomotor 

activity (Garland, Jr. et al. 2011, 2016; Wallace and Garland, Jr. 2016).  

 In addition, many neurobiological changes have occurred as a result of 

selective breeding: the HR mice are hyperactive in home cages when they do not 

have wheel access, have an altered dopaminergic system (Rhodes et al. 2001; 

Rhodes and Garland 2003), altered hippocampal neurogenesis with long-term 

wheel access (Rhodes et al. 2003), an altered endocannabinoid system (Keeney 

et al. 2008, 2012; Thompson et al. 2017), and greater brain-derived neurotrophic 

factor acutely after running (Johnson et al. 2003).  Only one study has examined 

their neuroanatomy, and found that, after 6 days of running, HR mice had an 

increased non-cerebellar brain mass when compared to C mice (Kolb et al. 

2013).  Moreover, volume measurements from MRI of ex vivo brains showed a 

statistically significant increase in midbrain volume (~13%) in the HR mice.   

 Because all the mice in the Kolb et al. (2013) study received 6 days of 

wheel access, it is conceivable that some or even all of the increased brain size 

of HR mice was caused by plasticity in response to the exercise.  Therefore, in 

the present study, we housed mice both with and without wheels for over 10 

weeks, and then compared brain volumes and cell densities of key regions.  

Following from the previous observation of increased midbrain size in HR 

mice (Kolb et al. 2013), three regions of interest within the midbrain were chosen 

for histological analysis, based on multiple working hypotheses (e.g., see Elliott 

and Brook 2007) about the source of the increase in voluntary exercise seen in 
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the HR mice.  For example, one hypothesis is that the HR mice are less sensitive 

to pain, which might allow them to exercise more before stopping due to muscle 

or joint soreness (exercise-induced pain).  The periaqueductal gray (PAG) plays 

a major role in both ascending and descending pain transmission (Behbehani 

1995).  Although a previous study (Li et al. 2004), found no difference in the 

response of HR and C mice to opioid antagonists (naloxone, naltrexone), i.e., 

they both had an equal decrease in tail-flick latency and a proportionally equal 

decrease in running, it is possible that changes in the periaqueductal gray have 

occurred without a change in opioid-mediated pain sensitivity (other 

neurotransmitters are found in the PAG, including gamma-aminobutyric acid and 

glutamate).  Although much of it is modulated by opioids, many of the neurons in 

the PAG release gamma-amino-butyric-acid (GABA), glutamate and aspartic 

acid, all of which can be involved in pain neurotransmission (Behbehani 1995).   

Several previous studies of these mice have found changes in the 

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

involved in both the processing of rewards and motivation for behavior, as well as 

movement itself (Schultz 1998; Roeper 2013).  As an important part of both 

dopamine pathways, the substantia nigra (SN) might be expected to be involved 

whether the HR mice had evolved changes in their locomotor abilities or the way 

in which they process rewards (e.g., see Belke and Garland 2007).  

The ventral tegmental area is another critical region involved in the 

processing of rewards (Mercuri et al. 1992; Ilango et al. 2014).  In addition, a 
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recent study has specifically implicated this region in the motivation for voluntary 

wheel running via the endocannabinoid system (Dubreucq et al. 2013), and 

several studies have shown that the endocannabinoid system is altered in the 

HR mice (Keeney et al. 2008, 2012; Thompson et al. 2017).  

 We also examined the whole midbrain as a fourth “region” of interest.  

This gave us a dataset that was more directly comparable to the previous study 

that identified the midbrain as being larger in the HR mice, via MRI imaging of ex 

vivo brains (Kolb et al. 2013).  In addition, it is possible that, if each of the regions 

in the midbrain got slightly, but not significantly, larger, that we would see an 

increase in volume only at the level of the whole midbrain. 

 

Materials & Methods 

1. Animals 

 Fifty HR females and 50 C females from generation 67 were weaned at 3 

weeks of age and placed directly into individual cages. Half of the mice were 

allowed access to wheels (1.12 m in diameter, as in the routine selection 

experiment: Swallow et al. 1998b) and the other half were placed in cages 

without access to wheels. All mice had home-cage activity (HCA) measured with 

passive infrared sensors (Copes et al. 2015).  During the 10th week of wheel 

access or no wheel access, mice were transcardially perfused and their brains 

were dissected and weighed, a process that lasted into the 13th week.  

Therefore, age was used as a covariate in all statistical analyses (see below). 
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2. Tissue processing and imaging 

 After dissection, brains were placed into 30% sucrose in 4% 

paraformaldehyde for at least 48 hours. Brains were then mounted and sectioned 

on a Leica CM1850 cryostat at 40 micrometers thickness. Every other section 

was placed on a slide and used for Nissl staining (the remaining sections were 

kept for a different experiment).  Digital images were taken at a set magnification 

for each region using a Zeiss Discovery V.12 stereo microscope and an attached 

Zeiss AxioCam.   

 

3. Area and cell density measurements & volume calculations 

a. Area measurements 

Images were imported into ImageJ software (NIH).  The polygon-selection 

tool was used to free-hand outline regions of interest, using either the Franklin 

and Paxinos mouse brain atlas (Franklin and Paxinos 1997) or the Allen Mouse 

Brain Atlas (Allen Institute for Brain Science 2004) as a guide.  A photograph of a 

ruler at the same magnification was used to set the scale of how many pixels in 

the image were equal to one micrometer.  This scale was used in order for 

ImageJ to calculate the area, in micrometers, of the traced region in each 

photograph.  For the whole midbrain and PAG traces, the cerebral aqueduct was 

removed for ~ the last third of each region, as its large size may have 

significantly affected the area measurement of the region and it often contained 

large amounts of debris which may have affected the cell counts. 
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b. Cell numbers 

 A free plugin for ImageJ, the Image-based Tool for Counting Nuclei (ITCN) 

was used to measure the numbers of cells within the regions of interest (Byun et 

al. 2006).  The ITCN requires inputs of the average pixel width of cells, the 

minimum distance between cells, and a threshold value.  The total number of 

cells counted was summed, and then divided by the total cross-sectional area of 

all sections used to yield a measure of the average number of cells per unit area. 

 

c. Volume calculations 

 Volume calculations were done using the area measurements output by 

ImageJ, and multiplying each value by 80 micrometers (the width between each 

section).  Values for missing sections were interpolated as follows: e.g. if 

sections 8, 9 & 10 were missing, the volume of section 7 was subtracted from 

section 11 to get number x, and then x was divided by 4 to get number y, which 

was added to the volume of section 7 to get the volume of section 8, then added 

to the volume of section 8 to get the area of section 9, etc.  The volumes of each 

section in a region of interest were summed to get one total volume for that 

region per mouse.  Values for the substantia nigra and ventral tegmental area 

are half of the total volume, as traces were magnified as much as possible for 

accurate cell counts, meaning only half of the brain was visible at a time.  Mice 

that were judged to be missing sections at either end of a region were excluded 
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from the analyses, so final sample sizes were sometimes considerably smaller 

than 100. 

 

4. Statistical Analyses 

 As with numerous previous studies of these lines of mice, data were 

analyzed using nested analysis of covariance (ANCOVA) in SAS Proc Mixed, 

with line nested within linetype (HR vs C) as a random effect.  A subset of HR 

mice have a reduced hindlimb muscle-mass phenotype called “mini-muscle.”  

This phenotype is caused by a Mendelian recessive autosomal small nucleotide 

polymorphism, and it has shown a variety of pleiotropic effects (Garland, Jr. et al. 

2002; Swallow et al. 2005; Hannon et al. 2008).  Mini-muscle status was 

determined for individual mice by dissection of the triceps surae muscles and 

included as a cofactor in all analyses.  Covariates included in analyses when 

appropriate were body mass, age, amount of time that brains spent in 

paraformaldehyde before they were sectioned, and amount of time that sections 

spent in the freezer before they were stained. When needed, dependent 

variables were transformed to improve normality of residuals. Data points with 

residual values >3 standard deviations from the mean were excluded.  For main 

effects, p-values below 0.05 were treated as statistically significant.  For 

interactions, p-values below 0.1 were treated as significant, as the power to 

detect interactions is generally lower than that for detecting main effects 

(Wahlsten 1990, 1991). 
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Results 

1.  Body mass 

 HR mice tended to weigh less than C mice (25.14 grams vs. 27.81 grams, 

p = 0.0912, Table 1.1). Wheel access did not have a significant effect (p = 

0.1533), and the linetype by wheel access interaction was not significant (p = 

0.2825).  Age at time of dissection had a significant effect (p = 0.0447), but mini-

muscle status did not (p = 0.6895).  

 

2.  Wheel running 

 As expected, HR always ran more than C mice (Figure 1.1), with that 

difference reaching statistical significance in weeks 2-10 (Table 1.1).  The 

average ratio of wheel running over all 10 weeks for HR/C was 3.27 (LS Means 

from SAS).  
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Figure 1.1.  Average wheel revolutions run per week (simple means) during the 

course of the experiment.  Mini-muscle status was included as a covariate, but 

only had a significant effect in Week 2 (Table 1.1). 

 

3.  Home-cage activity 

 The linetype-by-wheel access interaction was significant for home-cage 

activity in all weeks (Table 1.1).  HR mice without wheel access always had the 

highest HCA, and wheel access decreased HCA in both HR and C mice, with a 

much larger decrease for HR mice (Figure 1.2). 
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Figure 1.2.  Average home-cage activity per week (LS means from SAS) over 

the course of the experiment.  HR mice are shown in bold lines, dark circles 

without wheel access, and dark squares with wheel access.  C mice are shown in 

dashed lines, open circles without wheel access, and open squares with wheel 

access. Mini-muscle status was included as a covariate, but never had a 

significant effect. 

 

4.  Brain mass 

 Adjusting for body mass, HR mice tended to have heavier brains than C 

mice (LS means: 0.494 grams vs. 0.471 grams, p = 0.0676, Figure 1.3).  In 

addition, mice with wheel access for 10 weeks had heavier brains than mice that 

did not have wheel access (0.492 grams vs. 0.473 grams, p = 0.0127), with no 

significant interaction between the wheel access and linetype factors (p = 0.4535, 

Table 1.1). Mini-muscle status, body mass, and age at time of dissection were all 
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included in the analysis, but only body mass and age had significant effects (p = 

0.2410, p = 0.0056, and p = 0.0009, respectively).  

 

Figure 1.3.  Average brain mass in grams (LS means from SAS).  HR mice 

tended to have heavier brains than C mice (p = 0.0676), and mice with wheel 

access for 10 weeks had heavier brains than mice that did not have wheel 

access (p = 0.0127), with no interaction (p = 0.4535). Mini-muscle status, body 

mass, and age were included as covariates (Table 1.1). 
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5.  Whole midbrain 

a.  Volume 

 As seen in one previous study (Kolb et al. 2013), the total volume of the 

midbrain tended to be larger in the HR mice (p = 0.0713, Figure 1.4).  Ten weeks 

of wheel access did not have a significant effect (p = 0.6070), with no interaction 

between linetype and wheel access (p = 0.8002, Table 1.1).  Mini-muscle status 

and body mass did not have a significant effect on the volume of the whole 

midbrain, but age tended to decrease midbrain volume (p = 0.0855).  

b.  Cell count/area 

 The number of cells per unit area in the whole midbrain was not 

significantly affected by linetype (p = 0.7122) or wheel access (p = 0.3165), with 

no interaction (p = 0.4454, Table 1.1). 
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Figure 1.4.  Whole midbrain total volume in cubic millimeters (LS means from 

SAS), with mini-muscle status, body mass, and age included as covariates 

(Table 1.1).  The volume of the midbrain tended to be larger in HR mice (p = 

0.0713), with no effect of wheel access and no interaction.  

 

6.  Periaqueductal grey 

a.  Volume 

 Linetype and wheel access had an interactive effect on the volume of the 

periaqueductal grey (interaction p = 0.0513, Figure 1.5): wheel access increased 

the volume of the PAG in C mice, while decreasing it in HR mice.  Age had a 

significant negative effect (p = 0.0004, Table 1.1).  
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b.  Cell count/area 

 Neither linetype (p = 0.6278, Table 1.1), nor wheel access (p = 0.1127) 

affected the number of cells per unit area in the PAG, with no significant 

interaction (p = 0.4282). 

 

 

Figure 1.5.  Periaqueductal grey total volume in cubic millimeters (LS means 

from SAS), with mini-muscle status, body mass, and age included as covariates 

(Table 1.1).  Linetype and wheel access interacted in their effect on the volume 

of the periaqueductal grey (p = 0.0513).   Wheel access increased the volume of 

the PAG in C mice, while decreasing it in HR mice.   
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7.  Substantia nigra 

a.  Volume 

 Neither linetype nor wheel access had a significant effect on the volume of 

the substantia nigra (p = 0.9321 and p = 0.8080, with no interaction between the 

two factors (p = 0.3563, Table 1.1).  

b.  Cell count/area 

 Neither linetype (p = 0.8270) nor wheel access (p = 0.3997) affected the 

number of cells per unit area in the SN, with no significant interaction (p = 

0.2868, Table 1.1).  

 

8.  Ventral tegmental area 

a.  Volume 

 HR mice tended to have a larger ventral tegmental area (p = 0.0820, 

Figure 1.6), with no effect of wheel access (p = 0.4180, Table 1.1), and no 

interaction (p = 0.8184).  Body mass was not included as a covariate for this 

analysis as it showed the opposite trend (negative) as it did in all other analyses, 

which did not seem biologically reasonable.  Age had a significant negative effect 

on volume of the VTA (p = 0.0061). 

b.  Cell count/area 

 Neither linetype (p = 0.8525, Table 1.1) nor wheel access (p = 0.4421) 

had a statistically significant on the number of cells per unit area in the VTA, with 

no significant interaction (p = 0.7056).  
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Figure 1.6.  Ventral tegmental area total volume in cubic millimeters (LS means 

from SAS), with mini-muscle status and age included as covariates, but not body 

mass (Table 1.1).  HR mice tended to have a larger ventral tegmental area (p = 

0.0820), with no effect of wheel access and no interaction.   

 

Discussion 

 As expected, HR mice tended to weigh less than C mice at the conclusion 

of the experiment (Table 1.1).  However, 10 weeks of wheel access did not 

significantly affect body mass, with no significant interaction between linetype 
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and wheel access.  Female mice from these lines do tend to have smaller 

changes in body mass than males when given access to a wheel, as has 

generally been reported for females versus males in laboratory mice and rats 

(Swallow et al. 1999, 2005, references therein).  In any case, the use of body 

mass as a covariate in analyses of brain size (see also Fig. 3 in Martin and 

Harvey 1985) is important because linetype differences are somewhat 

confounded with body mass differences in the HR and C mice (Kolb et al. 2013). 

Wheel-running and home-cage activity results were largely as previously 

reported, with HR mice running ~3-fold more than C over the course of the 

experiment (Garland, Jr. et al. 2011; Copes et al. 2015).  HR mice have elevated 

levels of activity in their home cages when they do not have access to wheels, 

but appear to transfer that increased activity into wheel running when given the 

opportunity (Rhodes et al. 2005; Copes et al. 2015; Acosta et al. 2017). 

 We were able to confirm the results of a previous study (Kolb et al. 2013), 

which found that HR mice had larger brains than C mice.  Although they found a 

statistically significant difference only in non-cerebellar brain mass, we found a 

difference in total brain mass between HR and C (p = 0.0676).  In addition, we 

found that access to a wheel for 10 weeks increased brain mass in both HR and 

C mice, a result not been reported previously.  Chronic exercise upregulates 

growth factors in the brain, including brain-derived neurotrophic factor and nerve 

growth factor (Dishman et al. 2006; Sumiyoshi et al. 2014).  The increase in brain 

mass seen here with exercising mice may also be partially due to prevention of 
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age-related decline, as brain mass generally decreases with age (see Results, 

and Colcombe et al. 2006).  

We were also able to confirm one other major result of the Kolb et al. 

(2013) study, which found that HR mice had larger midbrains than C mice, 

although our result here (p = 0.0713) did not reach the level of statistical 

significance in the previous study.  Although our sample size here was double 

that in the previous study, we tested an additional factor (wheel access) and 

used a different method of estimating volume.  Wheel access did not have a 

significant effect on midbrain volume in the present study, which suggests that 

the increase seen in HR mice is due primarily to their selective breeding.  

However, as discussed above, HR mice have increased home-cage activity 

when they do not have access to wheels (Fig 1.2), and it is possible that this 

increased activity, though not at the same level as the voluntary wheel running, 

has a positive effect on midbrain volume. 

We found volumetric changes in two specific midbrain regions – the PAG 

and VTA.  The PAG is involved in ascending and descending pain transmission. 

Interestingly, wheel access increased the size of the PAG in C mice, but 

decreased it in HR mice, suggesting that pain sensitivity may have changed 

differentially.  One possibility is that the decrease in PAG volume in HR mice 

reduces any pain they may feel during “excessive” wheel running and hence 

helps permit those high amounts of running.  Although HR mice had decreased 

pain sensitivity while exercising in a previous study (Li et al. 2004), C mice 
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showed the same response.  The PAG does have other functions besides pain 

transmission, such as the processing of fear and anxiety, and the production of 

vocalizations (Behbehani 1995).  An increase in anxious behavior has been seen 

in one HR line in the elevated-plus maze test (Jónás et al. 2010), but not when all 

four HR lines were tested together (Hiramatsu et al. 2017).  In any case, our 

results suggest that either pain sensitivity, fear processing or vocalizations may 

be altered in the HR mice. 

The volume of the VTA tended to be larger in HR mice, with no effect of 

wheel access.  The VTA is involved in reward processing and has also been 

specifically implicated in the control of voluntary wheel running via the 

endocannabinoid system (Dubreucq et al. 2013), which is altered in HR mice 

(Keeney et al. 2008, 2012; Thompson et al. 2017).   

Because we did not observe any significant differences in the number of 

cells per unit area in any of the regions investigated, it is difficult to conclude from 

this study what might be causing the increases in volume.  Correlates of brain 

plasticity can also include changes in dendritic structure (Hickmott and Steen 

2005) or neuronal remodeling.  For example, Lerch et al. (2011) trained mice to 

navigate a maze and observed an increase in volume of the hippocampus as 

measured by MRI of ex vivo brains.  They measured number of cells stained in 

the hippocampus with antibodies for four proteins, associated with changes in 

neuron number, changes in astrocyte number, increased neurogenesis, and 

increased neuronal remodeling.  On an individual mouse basis, only the levels of 
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the neuronal remodeling protein were positively correlated with the increase in 

volume.  Further exploration of the VTA may help us understand more about the 

changes seen in the midbrain of the HR mice.  

Because we found a trend towards significance for the linetype effect in 

the volume of both the whole midbrain and VTA (Table 1.1), further analysis of 

these results should be done with the amount of wheel running and/or home-

cage activity included as a covariate (see also Copes et al. [2015] regarding how 

both aspects of physical activity are significant positive predictors of food 

consumption).  The larger total brain mass or larger region volume in the HR 

mice may be caused directly by changes in genes which govern the development 

of these regions, or these changes may come about through the genetic 

differences which cause the higher amounts of physical activity seen in the HR 

mice (Figure 1.7).  In Kelly et al. (2017), for example, the larger heart ventricle 

size in HR mice was statistically explainable by their greater amount of running 

over the course of several weeks, as compared with C mice.  A similar effect may 

be happening here, and including measures of physical activity as covariates 

may help us determine whether the differences between HR and C mice are best 

explained by the amount of activity an individual mouse experiences during its 

lifetime (i.e., phenotypic plasticity) or inherent genetic differences that directly 

affect the trait in question, or both.  Also of interest is whether HR mice have 

evolved changes in brain plasticity in response to wheel running that might be 
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adaptive in their own right, which has been termed self-induced adaptive 

plasticity (Swallow and Garland Jr 2005; Garland, Jr. and Kelly 2006) 

 

Figure 1.7.  Direct vs. Indirect Genetic Effects on Brain Size.  The larger 

brain size, or differences in brain region volumes, in HR mice as compared with 

C mice may be attributable to direct genetic effects and/or indirect genetic effects 

mediated through the higher amounts of physical activity by HR mice (Figures 

1.1, 1.2).
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Table 1.1.  Values for ANCOVAs comparing linetype (HR vs. C), wheel-access groups (wheel access vs. 
sedentary), and their interaction.  Mini indicates effects of having the mini-muscle phenotype (see text).  Body mass 
and age were included as covariates where appropriate.  For the brain volumes and cell counts, the amount of time 
that brains spent in paraformaldehyde before they were sectioned and the amount of time that sections spent in the 
freezer before they were stained were also included as covariates (results not shown).  Bolded values are 
significant (p<0.05, except for interactions which are considered significant at p<0.1, see Materials and Methods).  
Signs after p-values indicate the direction of the effect from the model, + is HR > C, or wheel access > no wheel 
access, or mini-muscle mice > non-mini-muscle mice.  
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Trait N Plinetype Pwheelaccess Pinteraction Pmini Pbodymass Page 
Body mass 100 0.0912- 0.1533- 0.2825 0.6895+ 

 
0.0447+ 

Brain mass 93 0.0676+ 0.0127+ 0.4535 0.2410+ 0.0056+ 0.0009- 
Week 1 wheel running 50 0.0509+ 

  
0.2614+ 

  Week 2 wheel running 49 0.0120+ 
  

0.0427+ 
  Week 3 wheel running 50 0.0002+ 

  
0.6905+ 

  Week 4 wheel running 49 <0.0001+ 
  

0.2229- 
  Week 5 wheel running 49 <0.0001+ 

  
0.4946- 

  Week 6 wheel running 49 0.0001+ 
  

0.1441- 
  Week 7 wheel running 49 0.0030+ 

  
0.7025+ 

  Week 8 wheel running 50 0.0002+ 
  

0.4917- 
  Week 9 wheel running 50 0.0004+ 

  
0.5998- 

  Week 10 wheel running 50 0.0010+ 
  

0.5076- 
  Week 1 home-cage activity 97 0.0097+ 0.0010- 0.0399 0.9658+ 
  Week 2 home-cage activity 96 0.0130+ <0.0001- 0.0009 0.9551- 
  Week 3 home-cage activity 95 0.0786+ 0.0005- 0.0218 0.3143- 
  Week 4 home-cage activity 95 0.0670+ 0.0008- 0.0580 0.4333- 
  Week 5 home-cage activity 95 0.0675+ 0.0002- 0.0213 0.8137+ 
  Week 6 home-cage activity 97 0.0248+ <0.0001- 0.0128 0.8799- 
  Week 7 home-cage activity 97 0.0373+ 0.0002- 0.0313 0.8401- 
  Week 8 home-cage activity 98 0.0295+ <0.0001- 0.0092 0.7243+ 
  Week 9 home-cage activity 98 0.0500+ <0.0001- 0.0090 0.4947+ 
  Week 10 home-cage activity 96 0.0963+ 0.0001- 0.0075 0.5825+ 
  Whole midbrain volume 64 0.0713+ 0.6070+ 0.8002 0.5785- 0.3561+ 0.0855- 

Whole midbrain cells/unit area 80 0.7122+ 0.3165+ 0.4454 0.2613+ 
 

0.3305- 
PAG volume 77 0.8347+ 0.9172+ 0.0513 0.6678- 0.8443+ 0.0004- 
PAG cells/unit area 81 0.6278- 0.1127+ 0.4282 0.4281+ 

 
0.0067+ 
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Substantia nigra volume 78 0.9321+ 0.8080- 0.3563 0.6506- 0.7765+ 0.6721- 
Substantia nigra cells/unit area 83 0.8270+ 0.3997+ 0.2868 0.7323+ 

 
0.1736+ 

Ventral tegmental area volume 72 0.3743+ 0.3012- 0.9002 0.4533- 0.0866- 0.0052- 
Ventral tegmental area volume 
(no mass) 72 0.0820+ 0.4180- 0.8184 0.2919- 

 
0.0061- 

Ventral tegmental area 
cells/unit area 83 0.8525+ 0.4421+ 0.7056 0.9590- 

 
0.5053+ 
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ABSTRACT 

The endocannabinoid system serves many physiological roles, including 

in the regulation of energy balance, food reward, and voluntary locomotion.  

Signaling at the cannabinoid type 1 receptor has been specifically implicated in 

motivation for rodent voluntary exercise on wheels.  We studied four replicate 

lines of high runner (HR) mice that have been selectively bred for 81 generations 

based on average number of wheel revolutions on days five and six of a six-day 

period of wheel access.  Four additional replicate lines are bred without regard to 

wheel running, and serve as controls (C) for random genetic effects that may 

cause divergence among lines.  On average, mice from HR lines voluntarily run 

on wheels three times more than C mice on a daily basis.  We tested the general 

hypothesis that circulating levels of endocannabinoids (i.e., 2-

arachidonoylglycerol [2-AG] and anandamide [AEA]) differ between HR and C 

mice in a sex-specific manner.  Fifty male and 50 female mice were allowed 

access to wheels for six days, while another 50 males and 50 females were kept 

without access to wheels (half HR, half C for all groups).  Blood was collected by 

cardiac puncture during the time of peak running on the sixth night of wheel 

access or no wheel access, and later analyzed for 2-AG and AEA content by 

ultra-performance liquid chromatography coupled to tandem mass spectrometry.  

We observed a significant three-way interaction among sex, linetype, and wheel 

access for 2-AG concentrations, with females generally having lower levels than 

males and wheel access lowering 2-AG levels in some but not all subgroups.  
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The number of wheel revolutions in the minutes or hours immediately prior to 

sampling did not quantitatively predict plasma 2-AG levels within groups.  We 

also observed a trend for a linetype-by-wheel access interaction for AEA levels, 

with wheel access lowering plasma concentrations of AEA in HR mice, while 

raising them in C mice.  In addition, females tended to have higher AEA 

concentrations than males.   

For mice housed with wheels, the amount of running during the 30 minutes 

before sampling was a significant positive predictor of plasma AEA within groups, 

and HR mice had significantly lower levels of AEA than C mice.  Our results 

suggest that voluntary exercise alters circulating levels of endocannabinoids, and 

further demonstrate that selective breeding for voluntary exercise is associated 

with evolutionary changes in the endocannabinoid system. 
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1. Introduction 

 The endocannabinoid system is involved in a variety of physiological 

processes, including regulation of motor behavior (Dietrich and McDaniel 2004). 

Motor behavior is tremendously diverse, encompassing voluntary exercise, 

consummatory behaviors, spontaneous physical activity (SPA) of various types, 

including "fidgeting" (Garland, Jr. et al. 2011b), and performance during 

measures of forced-exercise capacity (Claghorn et al. 2016). Studies of 

cannabinoid effects on motor behavior have utilized a variety of approaches, 

involving variation in testing apparatus, length of observation period, time of day, 

etc., and, not surprisingly, this has led to conflicting results. Depending on the 

apparatus and length of test, these studies may be gauging multiple aspects of 

motor behavior, including, in some cases, reactivity to a novel environment. 

Generally, systemic administration of cannabinoids leads to a decrease in 

activity. In male rats, for example, doses of Δ-9-tetrahydrocannabinol higher than 

1 mg/kg caused a decrease in ambulation and rearing as measured in a five-

minute novel open-field test (Järbe et al. 2002). However, another study, also 

usingΔ-9-tetrahydrocannabinol in male rats, reported a triphasic effect, where 

very low and very high doses (0.2 mg/kg and 2.5 mg/kg, respectively) reduced 

the number of photobeam breaks produced in either a horizontal or vertical 

direction, and moderate doses (1-2 mg/kg) increased the number of beam breaks 

as measured over one hour in an activity chamber (Sañudo-Peña et al. 2000). 
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Cannabinoids activate the cannabinoid type-1 (CB1) and type-2 receptor 

(CB2), the former being found in high density in brain areas that control 

movement (basal ganglia, substantia nigra, etc., Tsou et al. 1998), including 

those involved in both spontaneous physical activity and voluntary exercise 

(Garland, Jr. et al. 2011b). Recent research suggests that the CB1 receptor is 

specifically involved in voluntary exercise. For example, male CB1 receptor 

knockout mice exhibit a 30-40% reduction in voluntary wheel running, but no 

change in number of horizontal squares crossed during five minutes in a large, 

dimly-illuminated, novel “activity cage” (Dubreucq et al. 2010). In a subsequent 

study, in which the CB1 receptor was deleted only from brain GABAergic 

neurons, mice showed a 25-30% decrease in wheel running and no difference in 

habituated locomotor activity measured over five days in a cage with infrared 

sensors to detect horizontal beam breaks (Dubreucq et al. 2013). Previous 

studies of CB1 knockout mice, however, have shown differences in other tests of 

locomotor activity. CB1 knockout mice spend more time immobile in a test of 

catalepsy, and showed fewer beam breaks during an open-field test (with 

undescribed parameters)(Zimmer et al. 1999). A separate experiment found that 

CB1 knockout mice had a significant decrease of ambulatory movements, as 

measured in a dimly-lit box with photocells placed to measure both horizontal 

and vertical movements (in this experiment, animals were measured for 15 

minutes on several different days after being habituated to the cage) (Martin et 

al. 2000).  
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Limited evidence suggests that the endocannabinoid system may 

specifically affect motivation for voluntary exercise. The two primary 

endocannabinoids in humans and other mammals are 2-arachidonylglycerol (2-

AG) and anandamide (AEA).  Both 2-AG and AEA can cross the blood-brain 

barrier, bind to the CB1 receptor, and cause dopamine release in areas involved 

in reward signaling (such as the nucleus accumbens, reviewed in Gardner 2005). 

After rats were trained to press a door to unlock wheel access (as a reward), 

systemic administration of 2-AG reduced the number of times that obese rats 

would press the door to gain wheel access before giving up, and also reduced 

the revolutions run once the rats were in the wheel [both obese and lean 

individuals (Smith and Rasmussen 2010)]. In a similar study, rimonabant (a CB1 

antagonist/inverse agonist) caused a similar reduction in number of door-presses 

prior to giving up, but did not affect number of revolutions run once rats did gain 

wheel access (Rasmussen and Hillman 2011). In addition, signaling through the 

CB1 receptor produces analgesia in both peripheral and central sites (reviewed in 

Dietrich and McDaniel 2004). Analgesia might interact with motivation per se by 

reducing pain that could occur during exercise (e.g., see Li et al. 2004; Fuss et 

al. 2015).  

 The endocannabinoid system is also activated by exercise. Several 

studies have examined how circulating levels of both 2-AG and AEA respond to 

exercise. In general, exercise increases levels of AEA in the blood, but does not 

seem to affect levels of 2-AG (Sparling et al. 2003; Feuerecker et al. 2012; 
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Heyman et al. 2012; Raichlen et al. 2012, 2013). Most previous studies of 

circulating endocannabinoid levels have involved forced exercise, which may 

cause "stress" relative to voluntary exercise, or confound the effects of stress 

with exercise (Girard and Garland, Jr. 2002; Brown et al. 2007). Arguably, no 

(ethical) study of humans involves “forced” exercise, but an examination of the 

studies cited above shows that subjects were not allowed to choose the quantity, 

length of time, and/or the speed at which they exercised (but see Feuerecker et 

al. 2012), which may cause stress in either the psychological or physical sense. 

Voluntary exercise has been examined in two animal studies. One small-scale 

study (n = 3 per group; sex not reported) measured mice after they were allowed 

wheel access for 3 h/day for 8 days, with samples taken after 30 minutes of 

running. Plasma levels of both endocannabinoids tended to be lower in the 

running mice as compared with mice housed with locked wheels, although the 

differences were non-significant (Chaouloff et al. 2012). One additional study of 

rats used voluntary exercise, and although they did not measure circulating 

endocannabinoids, they did find an increase in AEA in the hippocampus after 8 

days of wheel access (Hill et al. 2010). 

 The endocannabinoid system may also be altered in response to selective 

breeding for voluntary exercise behavior. An ongoing artificial selection 

experiment (currently in generation 81) has produced four replicate high-runner 

(HR) lines while also maintaining four non-selected control (C) lines (Swallow et 

al. 1998; Wallace and Garland, Jr. 2016; Garland, Jr. et al. 2017). In the routine 
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breeding protocol, mice are allowed access to wheels for six days as young 

adults, and mice in the HR lines are selected to breed based on the average 

number of wheel revolutions on days five and six. Mice in the control lines are 

bred without regard to how much they run. Mice from the HR lines run about 

three times as much on a daily basis as compared with C mice, which they 

accomplish primarily by running faster (Girard et al. 2001; Garland, Jr. et al. 

2011a; Careau et al. 2013). In addition, female mice run more than male mice, 

which they also accomplish by running faster (Koteja and Garland, Jr. 2001). 

When given a systemic injection of a CB1 receptor antagonist (SR141716; 

rimonabant), HR female mice decreased their running more than C female mice 

over the next hour, which was accomplished by a decrease in total revolutions, 

average speed and maximum speed, but not amount of time spent running 

(Keeney et al. 2008). Male HR and C mice did not show a differential response. 

In contrast, when given a systemic injection of a CB1 receptor agonist (WIN 

55,212-2), both female and male HR mice showed a differential decrease in 

running (compared to C mice; (Keeney et al. 2012). For two hours after injection, 

female HR mice had a reduction in total revolutions, average speed, and 

maximum speed. In the second hour they also decreased their time spent 

running. Male HR mice showed decreased total revolutions, average speed and 

maximum speed during the entire two hours after injection. As a CB1 receptor 

agonist and antagonist both decreased running in HR mice in different ways in a 
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sex-specific manner, it is difficult to infer from these studies alone precisely how 

the endocannabinoid system has changed in response to selective breeding.  

  One possible cause of differential responses to pharmacological 

manipulation could be differences in circulating levels of endocannabinoids 

(alternatively, tissue-specific receptor densities or receptor sensitivity might have 

evolved). In addition, circulating concentrations of endocannabinoids might show 

different quantitative responses to exercise, either between the sexes or 

potentially between HR and control lines of mice. The purpose of the present 

study was, therefore, to measure circulating endocannabinoid levels in mice 

given access to wheels, as compared with those housed in standard cages. We 

studied both male and female HR and C mice given access to wheels for six 

days (as used in the regular selection protocol), or housed without wheels for six 

days, and sampled during the time of peak running. We expected that circulating 

levels of endocannabinoids (2-AG and AEA) would differ between HR and C 

mice, possibly in a sex-specific manner. We also predicted that the amount of 

wheel running might be a quantitative predictor of circulating endocannabinoid 

levels. We also tested the relationship between the plasma concentrations of 2-

AG and AEA at the level of individual variation within groups as well as among 

the average values for the eight subgroups (combinations of sex, linetype, and 

wheel access). 
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2. Materials & procedures 

2.1. Ethical approval 

All experimental procedures were approved by the UC Riverside 

Institutional Animal Care and Use Committee. 

 

2.2. Experimental animals 

Mice were taken from a long-term artificial selection experiment on 

voluntary wheel running that was started in 1993 (Swallow et al. 1998). 

Originally, outbred Hsd:ICR mice (Mus domesticus) were obtained from Harlan 

Sprague Dawley (Indianapolis, Indiana, USA). These mice were randomly split 

into eight closed lines, with four designated to become “high runner” (HR) and 

four designated as “control” (C) lines. All mice are allowed access to wheels for 

six days and HR mice are chosen to breed based on their average number of 

wheel revolutions on days five and six. Control mice are bred without regard to 

wheel running. HR mice now run on average three times as much as C mice do, 

primarily by running faster.  

For the present study, 50 male and 50 female mice from generation 74 

(half HR and half C) were allowed access to wheels for six days, while another 

50 males and 50 females (also half HR and half C) were kept without access to 

wheels.  Wheel revolutions for mice with wheels were recorded for 23 hours per 

day, and home-cage activity was recorded for all mice. On the sixth day of the 

study, animals were anesthetized with isoflurane and blood samples were taken 
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by cardiac puncture.  Animals were on a reversed photoperiod, with lights off 

from 7 am to 7 pm, so that sampling could occur during the time of peak wheel 

running, which starts approximately 2 hours after lights are turned off (Girard et 

al. 2001; Girard and Garland, Jr. 2002; Malisch et al. 2008, 2009).  Sampling 

occurred from ~9 am to 1 pm (from 2 hours after lights off to 6 hours after lights 

off). The age range at the time of sampling was 71-91 days old.  

Mini-muscle status was determined for each mouse by dissection and 

weighing of the triceps surae muscles at the end of the experiment.  The “mini-

muscle” phenotype is caused by a recessive allele that, when homozygous, 

reduces triceps surae and total hindlimb muscle mass by ~50% (Garland, Jr. et 

al. 2002).  However, the mass-specific aerobic capacity of the muscles is 

approximately doubled (Houle-Leroy et al. 2003).  Mini-muscle individuals tend to 

run faster, but for fewer minutes per day, as compared with unaffected 

individuals (Garland, Jr. et al. 2002; Houle-Leroy et al. 2003; Swallow et al. 2005; 

Syme et al. 2005; Kelly et al. 2006; Hannon et al. 2008).  In addition, mini-muscle 

individuals have larger internal organs than normal-muscled mice (liver, kidneys, 

and heart ventricles: (Garland, Jr. et al. 2002; Swallow et al. 2005)).  As the mini-

muscle phenotype clearly has pleiotropic effects, mini-muscle status was used as 

a cofactor in all analyses. 

 

 

 



 57 

2.3. Wheel running 

Mice were housed individually during the experimental period and half 

were provided with cages with a hole for wheel access. The wheels used were 

the same as in the regular selection protocol (Swallow et al. 1998) – Wahman-

type activity wheels with a circumference of 1.12 meters. Wheel revolutions are 

recorded automatically for 23 hours per day (one hour is used to download data 

and check mice), and a measure of wheel freeness was used as a covariate in all 

analyses of wheel running. We did not choose to provide locked wheels for the 

mice without wheel access, as we have shown that when HR mice are housed 

with locked wheels, they climb more than do mice from the non-selected Control 

lines (Koteja et al. 1999), so locked wheels, unfortunately, provide more than just 

"environmental enrichment." 

 

2.4. Home-cage activity 

Home-cage activity (HCA) was measured using passive infrared sensors 

that detect motion. These sensors give readings 3 times per second – either 0 

(no movement) or 1 (movement). Readings are then averaged over a one-minute 

interval and reported using arbitrary units. We used a similar setup and 

calibration procedure as previously reported (Acosta et al. 2015; Copes et al. 

2015). HCA was measured for 23 hours per day and all analyses were performed 

using a measure of sensor sensitivity as a covariate (Acosta et al. 2015; Copes 

et al. 2015).  
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2.5. Measurement of plasma 2-AG and AEA 

Isoflurane was used to anesthetize animals prior to tissue harvest. Blood 

was collected by cardiac puncture and stored in EDTA-lined tubes on ice, and 

then plasma was obtained by centrifugation (1500 g for 10 minutes, maintained 

at 4°C). All samples were stored at -80° C until processing. One hundred 

microliters (µL) of plasma was used for extraction of lipids in one milliliter (mL) of 

methanol containing the following internal standards: [2H5]-2-AG and [2H4]-AEA 

(Cayman Chemical, Ann Arbor, MI, USA).  Lipids were extracted with chloroform 

(2.0 mL) and washed with 0.9% saline (0.9 mL).  Organic phases were collected 

and fractionated by open-bed silica gel column chromatography as previously 

described (DiPatrizio et al. 2011).  Eluted fractions were dried under N2 and 

reconstituted in 0.1 mL of methanol:chloroform (9:1) for liquid 

chromatography/tandem mass spectrometry (LC/MS/MS) analyses.  

 Lipids were analyzed using a Waters Acquity I-Class Ultra Performance 

Liquid Chromatography system coupled to a Waters TQS-micro Triple 

Quadrupole Mass Spectrometer.  Lipids were separated using an Acquity UPLC 

BEH C18 column (50 x 2.1 mm; i.d. 1.7 µm), eluted by a gradient of methanol 

(0.25% acetic acid, 5 millimolar [mM] ammonium acetate) in water (0.25% acetic 

acid, 5mM ammonium acetate) (from 80 to 100% methanol in 2.5 minutes, 100% 

2.5-3.0 minutes, 100-80% 3.0-3.1 minutes) at a flow rate of 0.4 mL/minute.  

Column temperature was kept at 40˚ C and samples were maintained in the 

sample manager at 10˚ C.  Argon was used as collision gas.  2-AG, [2H5] 2-AG, 
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AEA, and [2H4]-AEA were identified in the positive ionization mode, based on 

their retention times and MS2 properties, using authentic standards (Cayman 

Chemical) as references.  Multiple reaction monitoring was used to acquire full-

scan tandem MS spectra of selected ions.  Extracted ion chromatograms were 

used to quantify 2-AG (m/z = 379.3>287.3), AEA (m/z = 348.3>62.04), and [2H5] 

2-AG (m/z = 384.3 > 93.4) and [2H4]-AEA (m/z = 352.3>66.11), which were used 

as internal standards. 

 

2.6. Statistical analyses 

Following numerous previous studies of these eight lines of mice (Swallow 

et al. 1998; Rhodes et al. 2000), plasma endocannabinoid concentrations were 

analyzed by nested analysis of covariance (ANCOVA), with line nested within 

linetype (HR vs C) as a random effect, and with covariates of age and time of day 

that plasma sampling occurred (SAS Procedure Mixed).  

For the individuals with wheel access, we repeated the foregoing analyses 

with amount of wheel running (revolutions/unit time) as a covariate. Although we 

expected a possible quantitative relationship with the amount of exercise prior to 

sampling, we could not predict the precise nature of this relationship. Therefore, 

we computed the number of wheel revolutions in each minute before plasma 

sampling, from 1 to 10 minutes before, and then in 10-minute bins from 10 to 120 

minutes before sampling. We fitted models using each of these alternative 

covariates and examined the restricted maximum log-likelihood (REML) values 
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from each analysis to determine which time period of summed running effort 

provided the best fit. For wheel running, the number of revolutions in the previous 

30 minutes before plasma sampling provided the best fit and was used in all 

analyses with wheel running as a covariate. For consistency, we also used the 

amount of home-cage activity in the previous 30 minutes as a covariate in certain 

analyses. 

Dependent variables were transformed when needed to improve the 

normality of residuals. Residuals that were >3 standard deviations above or 

below the mean were excluded from analyses. Main effects were considered 

statistically significant when p < 0.05. Interactions of main effects were 

considered significant when p < 0.10 because the power to detect interactions is 

generally substantially lower than for detecting main effects in ANOVAs 

(Wahlsten 1990, 1991). Least squares means and associated standard errors 

from SAS Procedure Mixed are presented in figures and were inspected to 

determine the directions of main effects and interactions. In addition, for some 

pairwise comparisons of subgroup means, we refer to differences of least 

squares means from Proc Mixed, unadjusted for multiple comparisons. 

 

 

 

 

 



 61 

3. Results 

3.1. Wheel running 

Day five of the wheel access period was analyzed, as mice were removed 

and blood collected in the middle of night six (Fig. 2.1).  As expected, HR mice 

ran more than C mice (p = 0.0004). Neither the effect of sex (p = 0.1431) nor the 

sex by linetype interaction (p = 0.1576) was significant.  Wheel freeness, mini-

muscle status, and age were not statistically significant predictors of wheel 

running (results not shown).  

 

 

 

Figure 2.1.  Wheel running on day five of experiment. Values are LS means +/- 

standard error from SAS Proc Mixed.  N = 90.   
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3.2. Home-cage activity 

Data from day five of the experiment were analyzed, as day six was 

interrupted when mice were removed from cages for collection of blood.  Values 

from each minute were summed over 23 hours, then log10 transformed to 

improve normality of the residuals.  In the three-way analysis of covariance (Fig. 

2.2, Table 2.1), mice with wheel access always had reduced HCA (p = 0.0001), 

this reduction was greater in HR than in C mice (wheel access by linetype 

interaction, p = 0.0558), females always had higher HCA than males (p = 

0.0047), and HR mice always had higher HCA than C mice (p = 0.007).  In 

addition, mice with the mini-muscle trait had lower HCA than those that did not (p 

= 0.018).  Age and a measure of sensor sensitivity were not significant predictors 

of home-cage activity.  We also tested body mass as an additional covariate, but 

it had no statistical effect (p > 0.50) and caused little change in the significance 

levels of the other factors and covariates (results not shown). 
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Figure 2.2.  HCA on day 5 of experiment. See Table 2.1 for statistical results. 

Mice with wheel access always had reduced HCA (p = 0.0001), this reduction 

was greater in HR than in C mice (linetype by wheel access interaction, p = 

0.0558), females always had higher HCA than males (p = 0.0047), and HR mice 

always had higher HCA than C mice (p = 0.007).  Values are LS means (log10 

transformed) +/- standard error from SAS Proc Mixed. N = 190.  
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Table 2.1.  Three-way analysis of covariance of home-cage activity on day 5 

(log10 transformed) (N = 190). See Figure 2 for graphical representation of 

adjusted group means.  
 
Effect                  d.f.     F                    P 
        
Sex                1,6       19.22    0.0047 

Linetype               1,6       16.08    0.0070 

Wheel Access    1,6  73.52    0.0001 

Sex*Linetype     1,6        0.07    0.8043 

Sex*Wheel Access    1,6        0.81    0.4029 

Linetype*Wheel Access   1,6        5.60    0.0558 

Sex*Linetype*Wheel Access  1,6        1.49    0.2681 

Mini-muscle     1,155  5.72  0.0180 

Age      1,155  0.53  0.4695 

HCA sensor sensitivity   1,155  0.62  0.4306 

 

3.3. Plasma 2-AG concentrations 

Females had lower levels of 2-AG than males in all four experimental 

groups, and the main effect of sex was significant (p = 0.0265). Figure 2.3 

illustrates the significant three-way interaction among sex, linetype, and wheel 

access (p = 0.0408).  Levels of 2-AG are lower in mice with wheel access, except 

for C males. However, when examining the pairwise comparisons, 2-AG levels 

were significantly lower for mice with wheel access only for the C female group (p 

= 0.0301).  The main effect of linetype was not significant (p = 0.4604).   
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Separate analyses of mice with (N = 92) and without (N = 94) wheels (not 

including amount of physical activity as covariates) indicated that females had 

significantly lower levels of 2-AG only when they had wheel access (p = 0.0169 

for mice with wheels, p = 0.1235 for mice without wheels).  

Mini-muscle status was not a significant factor for any analyses, but both 

time of day that plasma sampling occurred and age at time of plasma sampling 

were significant in the overall analysis and the analysis of mice without wheel 

access.  Only time of day was significant for the analysis of mice with wheels.  

Plasma 2-AG concentrations tended to be higher later in the sampling period, 

which ranged from ~9 am to 1 pm.  Age was positively correlated with 2-AG 

levels (age range was 71-91 days old). 

 

Figure 2.3.  Levels of 2-AG in mouse plasma collected during peak activity on 

the 6th night of wheel running.  See Table 2.2 for statistical results. The three-way 

interaction among sex, linetype, and wheel access was statistically significant (p 

= 0.0408), with females also having lower levels than males (p = 0.0265). Values 

are LS means +/- standard error from SAS Proc Mixed.  N = 189. 
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Table 2.2.  Three-way analysis of covariance of plasma concentration of 2-AG (N 

= 189). See Figure 2.3 for graphical representation of adjusted group means.   
Effect     d.f.    F      P    

Sex     1,6  8.56  0.0265  
Linetype    1,6  0.62  0.4604  

Wheel Access   1,6  2.42  0.1711  

Sex*Wheel Access   1,6  3.04  0.1316 

Sex*Linetype    1,6  0.33  0.5883 

Linetype*Wheel Access  1,6  0.05  0.8244 

Sex*Linetype*Wheel Access 1,6  6.75  0.0408 

Mini-muscle    1,147  0.71  0.4021 

Age     1,147  11.34  0.0010 

Time of Day    1,147  8.23  0.0047 

 

3.4. Plasma 2-AG concentrations with wheel running as a covariate 

 
The first analysis was restricted to mice housed with wheel access.  The 

amount of wheel running (transformed to the 0.4 power to reduce positive skew) 

in the previous 30 minutes (before the cardiac puncture and plasma sample) was 

added as a covariate to the statistical models indicated above.  Amount of prior 

running was not a significant predictor of 2-AG levels, nor was the amount of 

home-cage activity during this period (also transformed to the 0.4 power), but 

females still had significantly lower 2-AG concentrations than males (p = 0.0274), 

with no difference between HR and Control lines (Table 2.3).  Age was still a 

significant positive predictor, but time and mini-muscle status were not. 
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Table 2.3.  Plasma concentration of 2-AG with wheel running as a covariate (N = 

92).   
                                         

Effect                 d.f.      F      P           
Sex      1,6         8.39  0.0274 

Linetype    1,6          0.24  0.6446 

Sex*Linetype    1,6          2.41  0.1713 

Mini-muscle    1,64    3.77  0.0567 

Age     1,64  19.12  <.0001 

Time of Day    1,64    3.30  0.0742 

Running in previous 30 min 1,64    0.57  0.4518 

HCA in previous 30 min  1,64    1.40  0.2405 

 

 

To test whether acute physical activity had a different effect than the 5 

days of wheel access, we reran the analysis with the amount of wheel running 

and home-cage activity in the previous 30 minutes as covariates, but this time 

also including the mice housed without wheels and assigning values of zero for 

their wheel running (as in Copes et al. 2015). In this analysis (N = 186), neither 

measure of physical activity was a significant predictor of 2-AG concentrations 

(both p > 0.5), and the effects of sex (p = 0.0252) and the 3-way interaction (p = 

0.0544) remained similar to those reported in Table 2.2.   
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3.5. Plasma AEA concentrations 

Females tended to have higher levels of AEA than males (p = 0.0599, 

Figure 2.4, Table 2.4).  A linetype by wheel access interaction (p = 0.0628) 

indicated that wheel access tended to increase levels of AEA in C mice (and 

decrease levels in HR males).  

 

 

 

Figure 2.4.  Levels of AEA in mouse plasma collected during peak activity on the 

6th night of wheel running.  See Table 2.4 for statistical results, which indicated a 

linetype by wheel access interaction (p = 0.0628).  Values are LS means +/- 

standard error from SAS Proc Mixed.  N = 185. 
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Table 2.4.  Three-way analysis of covariance of plasma concentration of AEA (N 

= 185). See Figure 2.4 for graphical representation of adjusted group means.   

Effect     d.f.    F      P    

Sex     1,6  5.36  0.0599  

Linetype    1,6  2.29  0.1809  

Wheel Access   1,6  0.92  0.3741  

Sex*Wheel Access   1,6  0.04  0.8550   

Sex*Linetype    1,6  0.12  0.7451 

Linetype*Wheel Access  1,6  5.20  0.0628 

Sex*Linetype*Wheel Access 1,6  0.86  0.3886 

Mini-muscle    1,143  1.35  0.2476 

Age     1,143  0.00  0.9484 

Time of Day    1,143  82.97  <.0001 

 

 

Separate analyses of mice with and without wheels revealed a trend for 

females to have higher levels only when they were housed without wheels (p = 

0.0683 without wheels, p = 0.1637 with wheels). In addition, there was a trend for 

HR mice to have lower levels when housed with wheels (p = 0.0883 with wheels, 

p = 0.8950 without wheels).  

Mini-muscle status and age at time of plasma sampling were not significant 

factors for any analyses.  Time of day that plasma sampling occurred was 

significant for all three analyses (overall, mice with wheels, mice without wheels), 

indicating reduced values later in the sampling period. 
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3.6. Plasma AEA concentrations with wheel running as a covariate 
 

The amount of wheel running (raised to the 0.4 power) was a highly 

significant positive predictor (p = 0.0043) of the amount of plasma AEA (Table 

2.5, Fig. 2.5), home-cage activity was a negative predictor (also raised to the 0.4 

power, p = 0.0383), and HR mice had significantly lower plasma AEA 

concentrations than C mice (p = 0.0235), with no difference between the sexes.  

Both age (positive) at the time of plasma sampling and time of day that sampling 

occurred (negative) were also significant predictors of plasma AEA.  

 

 

 

Table 2.5. Plasma concentration of AEA with wheel running as a covariate 

(N = 89; see also Fig. 2.5).   

Effect                  d.f.     F           P         

Sex               1,6          2.97    0.1354 

Linetype              1,6          9.11     0.0235 

Sex*Linetype    1,6           0.33     0.5859 

Mini     1,61     0.02  0.9029 

Age     1,61     4.89  0.0307 

Time of Day    1,61   33.95  <.0001 

Running in previous 30 min 1,61          8.79    0.0043 

HCA in previous 30 min  1,61     4.49  0.0383 
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Figure 2.5. Plasma AEA concentration from mice with wheel access as a 

function of the number of wheel revolutions in the 30 minutes prior to plasma 

sampling (N = 89).  The number of wheel revolutions (transformed to the 0.4 

power for statistical analyses [Table 2.5], but shown here as raw values) was a 

significant positive predictor of AEA values (p = 0.0043), home-cage was a 

negative predictor (p = 0.0383), and HR mice had lower levels than C mice after 

adjusting for these relationships (Table 2.5).  The interactions between linetype 

and amount of wheel running or home-cage activity were not statistically 

significant (results not shown and these terms not included in final statistical 

model). 
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For the analysis including mice housed without wheel access (assigning 

them values of zero revolutions, as also done for plasma 2-AG concentrations - 

see Section 3.4 above), the amount of wheel running was still a significant 

positive predictor of AEA concentrations (p = 0.0044), home-cage activity 

became non-significant (p = 0.1954, negative effect), the effects of sex (p = 

0.0548) and wheel access (p = 0.0503) were marginally non-significant, and the 

wheel access by linetype interaction was significant (p = 0.0110).  In this 

analysis, wheel access lowered AEA levels in all mice, but much more so in HR 

lines than in Control lines (Table 2.6, Figure 2.6).  

 

 

Figure 2.6.  Levels of AEA in mouse plasma collected during peak activity on the 

6th night of wheel running, with amount of wheel running and home-cage activity 

used as covariates (see text), and including mice without wheels in the analysis 

by assigning them zero for wheel revolutions run.  Values are LS means +/- 

standard error from SAS Proc Mixed, based on analyses presented in Table 2.6. 

N = 183. 
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Table 2.6.  Analysis of covariance of plasma concentration of AEA with physical 

activity covariates (N = 183). See Figure 2.6 for graph of adjusted group means.    

Effect     d.f.    F      P    
Sex     1,6  5.66  0.0548 

Linetype    1,6  3.93  0.0946 

Wheel Access   1,6  5.97  0.0503 

Sex*Wheel Access   1,6  0.01  0.9080 

Sex*Linetype    1,6  0.02  0.8906 

Linetype*Wheel Access  1,6  13.17  0.0110 

Sex*Linetype*Wheel Access 1,6  0.09  0.7796 

Mini-muscle    1,139  1.08  0.3011 

Age     1,139  1.01  0.3175 

Time of Day    1,139  72.65  <.0001 

Running in previous 30 min 1,139  8.38  0.0044 

HCA in previous 30 min  1,139  1.69  0.1954 

 

 

3.7. Relationship between plasma 2-AG and AEA concentrations   

 We examined the relationship between circulating levels of these two 

endocannabinoids in several ways, as also shown in the online Supplemental 

material.  Overall, these analyses indicate that 2-AG and AEA concentrations 

tend to be positively related.   

 First, considering the raw values for all 191 mice, the Pearson correlation 

was 0.175, 2-tailed p = 0.0155.  Second, we analyzed the correlation within each 

of the eight subgroups (N = 23-24 per group), and found values ranging from -
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0.07 to + 0.54, with only one of the eight correlations differing significantly from 

zero by a 2-tailed test (Control females housed with wheel access r = 0.535, N = 

24, p = 0.007).  The mean value of the eight correlations was 0.207 with a 

standard error of 0.0815 (Supplemental material), suggesting an overall positive 

correlation, on average.  Third, we computed simple mean values for each of the 

eight subgroups (linetype by sex by wheel access) and found no statistically 

significant correlation (r = -0.199, p = 0.636).   

 Fourth, we used the model presented in Table 2.2 for 2-AG, and added 

concentrations of AEA as an additional covariate.  In this model, AEA is a highly 

significant positive predictor of 2-AG levels (p < 0.0001).  We then performed the 

reciprocal analysis, adding 2-AG levels as an additional independent variable for 

the model presented in Table 2.4, and found the same thing: 2-AG is a highly 

significant positive predictor of AEA levels (p < 0.0001). 

 Fifth, we repeated this procedure for the model shown in Table 2.3 for 2-

AG, and found that AEA levels were again a highly significant positive predictor 

of 2-AG (p < 0.0001).  We did the same for the model in Table 2.5 for AEA, and 

again found that 2-AG levels were a positive predictor (p = 0.0003). 

 Sixth, we compared residuals from the models shown in Tables 2 and 4, 

and found the following correlation: r = 0.347, N = 184, p = 0.000001.  Seventh, 

we compared residuals from Tables 3 and 5, and found r = 0.430, N = 89, p = 

0.000026. 
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4. Discussion 

Much remains to be understood regarding the role of the endocannabinoid 

system in exercise behavior and physiology. In the present study, we used 

selectively bred lines of mice to test four specific hypotheses regarding 

circulating levels of endocannabinoids, i.e., that they would (i) differ between the 

sexes, (ii) be affected by selective breeding for high levels of voluntary exercise 

on wheels, (iii) change following six days of wheel access, and (iv) be affected by 

the acute amount of wheel running or home-cage activity immediately prior to 

sampling.  We measured plasma concentrations of two endocannabinoids, 2-AG 

and AEA, during the time of normal peak wheel running.  Our results indicate that 

circulating levels of 2-AG and AEA differ (i) between sexes, (ii) between 

selectively bred HR and non-selected C lines of mice, (iii) are affected by six 

days of wheel access (training effect), and (iv) are affected acutely by physical 

activity.  Furthermore, some of these effects differ between 2-AG and AEA. 

Finally, we tested the relationship between the plasma concentrations of 2-AG 

and AEA at the level of individual variation within groups as well as among the 

average values for the eight subgroups, and found evidence that the two 

endocannabinoids tend to covary positively. 

 

4.1. Physical activity 

As expected from numerous previous studies (e.g., Rhodes et al. 2000, 

2003; Girard et al. 2001; Malisch et al. 2009; Copes et al. 2015), HR mice of both 
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sexes ran much more than Control mice on day five of wheel access (Fig. 2.1).  

Also, as reported previously for HR and Control mice (Acosta et al. 2015; Copes 

et al. 2015), housing with wheel access reduced the amount of home-cage 

activity measured simultaneously (Fig. 2.2 and Table 2.1).  Irrespective of 

housing condition, HR mice had higher HCA than did Control mice, again 

consistent with previous reports that studied mice only when housed without 

wheel access (Rhodes et al. 2001b; Malisch et al. 2008, 2009).  In addition, 

irrespective of housing condition, females of both linetypes had higher HCA than 

males, a difference not reported previously when mice were housed and tested 

without wheels, using a different apparatus (Malisch et al. 2009).  Finally, mice 

with the mini-muscle phenotype had lower HCA than those that did not (Table 

2.1), an effect not observed previously (Copes et al. 2015).  

 

4.2. Training effects on plasma endocannabinoid levels 

To our knowledge, the effects of several days of training (physical 

conditioning) on plasma endocannabinoid levels have not previously been 

reported for both male and female mice.  Our combined analyses of all groups 

indicated a three-way interaction among sex, linetype, and wheel access for 2-

AG levels (Table 2.2).  However, it is important to note that our sampling design 

included 2-4 hours of acute exercise prior to blood sampling, in addition to the 

five prior days of wheel access, which could confound training effects with acute 

exercise effects.  Hence, we also conducted analyses of 2-AG levels that 
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included the acute amounts of wheel running and home-cage activity as 

covariates, and found that they showed the same three-way interaction (see 

Results Section 3.4). Thus, our results show that, with respect to circulating 2-AG 

concentrations, even when taking differences in acute exercise into account, the 

endocannabinoid system responds to exercise differently based on sex and 

genetic background, and these differences may be a result of the exercise 

training undergone by the animal.  

 For plasma AEA levels, we found an interaction between linetype and 

wheel access, with wheel access lowering AEA levels for HR mice but raising 

them for C mice (Figure 2.4, Table 2.4).  Analyses that included the acute 

amounts of wheel running and home-cage activity as covariates indicated a 

stronger two-way interaction and a trend for an overall decrease in AEA levels for 

mice housed with wheel access (Table 2.6, Fig. 2.6).  Interestingly, however, the 

effect of acute wheel running was highly significant and positive within groups 

(Fig. 2.6).  Thus, our results show that, for AEA, the effects of voluntary exercise 

on the endocannabinoid system differ acutely versus chronically. 

 Physical conditioning in response to aerobic exercise has been studied 

extensively in both rodents and humans, although typically over the course of 

weeks rather than days (Harpur 1980; Saltin and Gollnick 1983; Scribbans et al. 

2016; Stanford and Goodyear 2016).  Only two previous studies of rodents have 

examined endocannabinoids in relation to voluntary exercise that lasts for days, 

and these support our general finding that the endocannabinoid system can 
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"train" in response to physical activity. Eight days of wheel access for male rats 

was associated with increased AEA levels in the hippocampus, but not the 

prefrontal cortex, and no effects on 2-AG levels in either brain region (Hill et al. 

2010).  In addition, CB1 receptor density was increased in the hippocampus.  

However, the authors did not examine plasma levels of endocannabinoids. An 

additional small study measured endocannabinoid levels in mice after they were 

allowed to run for three hours per day for eight days, and compared them to mice 

who were in locked wheels for the same amount of time (Chaouloff et al. 2012). 

They did not find any significant differences in plasma endocannabinoid levels, 

although AEA was decreased in the hippocampus of running mice. However, 

since these animals also experienced acute exercise right before measurements 

were done, there is no way to tell if these differences are due to the acute or 

chronic effects of exercise. 

Aside from training effects per se, several studies have now shown that 

AEA levels are raised after acute exercise (Sparling et al. 2003; Feuerecker et al. 

2012; Heyman et al. 2012; Raichlen et al. 2012, 2013).  The same studies 

generally suggest that 2-AG levels are not raised after acute exercise (Heyman 

et al. 2012), although three studies have reported a non-significant trend for 

raised 2-AG levels in humans and dogs (Sparling et al. 2003; Feuerecker et al. 

2012; Raichlen et al. 2012). Finally, dogs and ferrets did not show significant 

increases in plasma 2-AG levels following treadmill exercise (Raichlen et al. 

2012).  Thus, it appears that species of mammals may differ in the extent to 
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which exercise acutely alters circulating 2-AG levels.  Alternatively, some of the 

apparent species differences could be explained by methodological differences 

related to the exercise intensity imposed on, or chosen by, the running subjects.  

For example, Raichlen and colleagues (2013) measured four different levels of 

exercise intensity in humans and found that AEA levels only increased for the 

two middle intensities.  In addition, the amount of training experienced by the 

individual may affect how the endocannabinoid system reacts to acute exercise.  

Although plasma AEA was positively correlated with the amount of wheel running 

for both C and HR mice, there was a significant effect of linetype, with HR mice 

having lower levels of AEA even though they run more.  This finding may also 

indicate that selective breeding for voluntary exercise has caused associated 

evolutionary changes in how the endocannabinoid system responds to exercise. 

 

4.3. Sex differences in plasma endocannabinoid levels 

We found that female mice have lower levels of 2-AG than males, 

especially when exercising, and tend to have higher levels of AEA (Figs. 3-5).  

Sex differences are not unexpected, given previous studies on these mice that 

show sex differences in the response of wheel running to CB1 agonists and 

antagonists (Keeney et al. 2008, 2012).  Aside from those studies on the HR and 

C lines of mice, most previous studies of plasma endocannabinoids have used 

only males (Sparling et al. 2003; Feuerecker et al. 2012; Heyman et al. 2012).  

Two studies of humans included both males and females, but did not test for sex 



 80 

differences (Raichlen et al. 2012, 2013).  Studies in rats show that females, 

especially adolescents, are more vulnerable than males to disruption of CB1 

signaling by repeated exposure to THC (Burston et al. 2010), and studies of 

humans indicate that females are more sensitive than males to the effects of 

cannabis (Craft et al. 2013).  

 

4.4. Time-of-day effects  

Plasma 2-AG concentrations tended to be higher later in the sampling 

period, which ranged over approximately four hours during the early part of the 

dark phase, the time when mice are normally most active.  This pattern is similar 

to one seen in a study of human subjects, where their levels of 2-AG also 

increased during the morning and peaked in midafternoon (Hanlon et al. 2014).  

For plasma AEA, time of day was significant for all three analyses (overall, mice 

with wheels, mice without wheels), indicating reduced values later in the 

sampling period.  This pattern is similar to a study of AEA in the cerebrospinal 

fluid of rats, which found that it decreased during the dark phase (Murillo-

Rodriguez et al. 2006).  Thus, although our study was not intended to sample 

over a time period long enough to address circadian patterns per se, the time-

related variation that we observed is consistent with previous reports for other 

species.    
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4.5. Conclusions & Future Directions 

Overall, our results demonstrate that voluntary physical exercise affects 

circulating endocannabinoid levels differently, depending on sex, recent activity, 

and genetic background.  More specifically, we found that acute voluntary 

exercise was associated with plasma AEA concentrations in a way similar to the 

effects of forced exercise reported in previous studies, in that the amount of 

wheel running done by a rodent before plasma sampling was a positive predictor 

of the level of AEA found in the blood (Raichlen et al. 2012, 2013).  We also 

found differences in circulating 2-AG and AEA levels between the sexes and 

between lines of mice bred for high levels of voluntary exercise, when compared 

to their non-selected control lines.  Furthermore, the effects of five days of wheel 

access on endocannabinoid levels varied between the sexes and/or between HR 

and C mice. 

 Although not considered in the present study, receptor density or 

sensitivity may also have evolved in our mice.  Broad-scale (macroevolutionary) 

patterns of endocannabinoid receptor evolution have been discussed elsewhere 

(Elphick and Egertová 2009), but we do not know of studies that have considered 

microevolutionary variation in CB receptors (e.g., among closely related species).  

Although microevolutionary studies are lacking, laboratory mice and rats can 

show changes in CB receptor gene expression and sensitivity over the course of 

several days. For example, female mice given wheel access for 10 days had 

increased CB1 receptor gene expression in the hippocampus as compared with 
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sedentary controls (Wolf et al. 2010). In another study, male rats that had wheel 

access for eight days had an increase in CB1 receptor binding site density in the 

hippocampus (Hill et al. 2010). 

In future studies, we will further examine acute and chronic effects of 

voluntary exercise on the endocannabinoid system, including possible changes 

in receptor densities in various target organs (brain, muscle, gut).  Interestingly, 

although HR mice run much more than C mice, they had lower circulating levels 

of AEA when the acute effect of wheel running was taken into account (Fig. 2.6).  

This finding suggests that the HR endocannabinoid system is differentially 

regulated, although it is unknown at what level changes have occurred (receptor 

density, number of converting or recycling enzymes, etc.).  Therefore, future 

studies will also explore the mechanisms and genetics underlying the evolved 

endocannabinoid system of these unique, high-activity lines of mice, and how 

this system may interact with neurotransmitter and endocrine systems that are 

also known to have evolved in the HR mice (Rhodes et al. 2001a; Girard and 

Garland, Jr. 2002; Malisch et al. 2008). 
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ABSTRACT 

 To explore reward substitution in the context of voluntary exercise, female 

mice from four replicate high-runner (HR) lines (bred for wheel running) and four 

non-selected control (C) lines were given simultaneous access to wheels and 

palatable solutions as competing rewards (two doses of sucrose [3.5, 10.5% 

w/v]; two doses of saccharin [0.1, 0.2% w/v]; two doses of common artificial 

sweetener blends containing saccharin [Sweet ‘N Low®: 0.1, 0.2% w/v], 

aspartame [Equal®: 0.04, 0.08% w/v], sucralose [Splenda®: 0.08, 0.16% w/v]).  

In a separate set of mice, the experiment was repeated without wheel access.  

Access to the artificial sweeteners did not have any significant effect on wheel 

running.  However, based on proportional responses, both doses of sucrose 

significantly elevated wheel running in C but not HR mice.  In contrast, the high 

dose of sucrose suppressed home-cage activity.  Fluid consumption generally 

increased in a dose-dependent manner with sucrose and the blends.  As 

compared with C, HR had a significantly smaller increase in consumption of 

artificial sweetener blends when they had access to wheels, but not when 

housed without wheels.  Overall, these results suggest that HR mice have a 

reduced incentive salience for some artificial sweetener blends, likely attributable 

to the stronger competing reward of wheel running in these lines.   
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1. Introduction 

Animals tend to seek out activities that are rewarding and avoid those that 

are detrimental or not pleasurable.  The brain’s reward pathways are responsible 

for determining which behaviors should be avoided and which should be 

repeated, possibly by imbuing them with incentive salience. As discussed by 

Berridge and Robinson (1998, p. 313), incentive salience transforms “the neural 

representation of a stimulus into an object of attraction that animals will work to 

acquire.”  Activities are generally said to be rewarding when they increase activity 

in reward nuclei (such as the ventral tegmental area or nucleus accumbens) or if 

they increase dopamine transmission in those areas.  The reward system in 

mammals is especially well-studied, and activities which activate it include social-

play behavior (Vanderschuren et al. 1997), sexual behavior (López and 

Ettenberg 2002), and pair-bonding in rodents (Aragona et al. 2003), as well as 

listening to music (Menon and Levitin 2005) and gambling in humans (Dodd et al. 

2005).  However, many questions remain, especially in comparing the value of 

the incentive salience of one reward to another. Are different rewards attributed 

different strengths?  How do species or individuals within species differ in their 

response to various rewarding activities or substances? 

 Studies on rodents and humans have shown that some rewarding 

activities or substances can substitute for others, but this substitution is not 

always complete or reciprocal.  For example, in a study with rats, saccharin acted 



 98 

as a competing reward with cocaine, but not with morphine (Schulze et al. 2002).  

Sucrose was also able to partially substitute for wheel-running reinforcement in 

rats, but the converse was not true (Belke et al. 2006).  In addition, five minutes 

of access to a glucose-saccharin mixture significantly reduced cocaine-seeking 

behavior in rats (Liu and Grigson 2005).  In humans, this reward substitution is 

often used as therapy – those that are suffering from withdrawal can use 

exercise to substitute for the reward they would usually get from alcohol or 

nicotine and decrease the “craving” they feel (Ussher et al. 2001, 2004; Daniel et 

al. 2004; Taylor et al. 2007). 

 For over 80 generations, we have been selecting for voluntary wheel 

running behavior in four replicate lines of mice (Swallow et al. 1998, 2009; 

Wallace and Garland, Jr. 2016).  Over time, there has been a three-fold increase 

in wheel running in the high runner (HR) lines as compared with four non-

selected control (C) lines.  The HR mice run more primarily by running faster, 

especially in females, and not by increasing their time spent running (Swallow et 

al. 1998; Koteja et al. 1999).  HR mice also have higher endurance during forced 

exercise (Meek et al. 2009), higher aerobic capacity (Rezende 2006; Kolb et al. 

2010) lower body mass (Swallow et al. 1999, 2001; Meek et al. 2009), and a 

variety of other traits beneficial to sustained locomotor performance (Swallow et 

al. 2001; Rezende 2006; Kolb et al. 2010). 
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 In addition to physiological or morphological changes, neurobiological 

changes have also occurred in the HR mice, including in the dopaminergic 

(Rhodes and Garland, Jr. 2003) and endocannabinoid (Keeney et al. 2008; 

Thompson et al. 2017) systems, which are both involved in reward pathways.  

When HR mice are prevented from running after 6 days of exercise, they show 

differential brain activation, when compared to C mice, in areas of the brain tied 

to reward and motivation (Rhodes et al. 2003).  

 Exercise, including wheel running in mice, is a rewarding behavior 

(Premack et al. 1964; Timberlake and Wozny 1979; Belke and Heyman 1994; 

Belke 1996; Sherwin and Nicol 1996; Sherwin 1998; Belke and Garland, Jr. 

2007).  Studies have attempted to quantify its incentive salience via operant 

conditioning protocols (Belke and Heyman 1994; Belke 1996; Belke and Garland, 

Jr. 2007); including operant conditioning with reinforcers (Premack et al. 1964; 

Timberlake and Wozny 1979) and also by increasing the effort needed to reach a 

running wheel (Sherwin and Nicol 1996). If wheel running is attributed a higher 

incentive salience in HR mice, then the response to a competing reward may be 

reduced. 

 As explained above, palatable solutions are rewarding because they 

cause an increased release of dopamine in reward nuclei (Hernandez and 

Hoebel 1988; Spangler et al. 2004).  Therefore, they should compete with wheel 

running as a reward.  We gave both HR and C mice access to two competing 
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rewards, in an attempt to evaluate whether the incentive salience of exercise has 

evolved in the HR mice.  

 

2. Materials and procedures 

 

2.1 Experimental animals 

 Mice for this study were initially derived from a base population of 224 

outbred Hsd:ICR mice (Mus domesticus) purchased from Harlan Sprague 

Dawley (Indianapolis, IN).  After random mating for two generations, mice were 

randomly allotted into 8 lines, four designated as high runner (HR) and four as 

non-selected control (C) lines.  The HR lines have been bred for high wheel 

revolutions on days 5 and 6 of a 6-day period of wheel access, while the C lines 

have been bred without regard to the amount of running during the test (Swallow 

et al. 1998).  Each generation, mice are wheel-tested at approximately 6-8 weeks 

of age, and within-family selection is used in choosing breeders.  During wheel 

testing, mice are individually housed with access to Wahman-type running 

wheels (1.12 m circumference; Lafayette Instruments, Lafayette, Indiana, USA).  

A minimum of 10 mating pairs from each line produces litters every generation, 

and pups are weaned at 21 days of age. 
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2.2 Experimental design  

 For generations 42 and 53, the experiment started with access to wheels 

for two weeks, along with free access to tap water, so that mice could acclimate 

to their new cages.  For generation 75, mice were allowed to acclimate to single-

housing for two weeks before the solutions were administered.  For generation 

75, home-cage activity was recorded using infrared sensors for 23h/day for the 

portion of the study when solutions were administered (Acosta et al. 2015; 

Thompson et al. 2017).  Water bottles were weighed when changing solutions.  

Additionally, bottles were placed in empty cages to serve as evaporative controls, 

with the amount lost to evaporation averaged and subtracted from the average 

fluid consumption.  All subjects had free access to food during the entire 

experiment (Harlan Teklad Rodent Diet [W] 8604, Madison, WI, USA). 

 Mice from generation 42 (n = 72, 9 per line) were given saccharin, 

sucrose, and Splenda®, whereas those from generation 53 (n = 75, 

approximately 9 per line) had access to Sweet ‘N Low® and Equal®.  All mice in 

generation 75, which were tested without wheel access, received all compounds. 

Different generations were used for logistical reasons.  The low and high doses 

of each compound were mixed with tap water and placed in water bottles so that 

the mice had free access.  Each mouse received 2 days of the low dose, 2 days 

of the high dose, and a 2-day tap water “sham” dose.  Two to four days of 

“washout” were given between each solution (Ramirez and Fuller 1976).  For 
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example, a mouse during the sucrose trial might have seen the following 

sequence: two days of the high dose of sucrose, two days of tap water, and two 

days of the low dose of sucrose.  

 

2.3 Palatable solutions 

 Solution doses were based on relative concentrations of active ingredients 

found in the artificial sweetener blends, as well as known palatability of these 

blends (and sucrose) in mice (Pelz et al. 1973; Fuller 1974; Ramirez and Fuller 

1976; Blizard et al. 1999; Bachmanov et al. 2001; Spangler et al. 2004; Lewis et 

al. 2005; Belke et al. 2006). These concentrations were: sodium saccharin (0.1%, 

0.2%), Sweet ‘N Low® (0.1%, 0.2%), Equal® (0.04%, 0.08%), Splenda® (0.08%, 

0.16%), and sucrose (3.5%, 10.5%). 

 Commercial artificial sweetener blends (as opposed to pure aspartame, 

sucralose, etc.) were included in this study based on results from Dr. Craig Davis 

indicating that some mice have a strong preference for Sweet ‘N Low® (personal 

communication). Artificial sweetener blends also maximize sweetness while 

avoiding the bitter tastes that tend to occur at high concentrations with pure 

artificial sweeteners (see Dess et al. 2008 for a discussion of rats preferring 

Splenda to its main sweetener sucralose). In addition, using commercially 

available blends maximizes the relevance of our results to humans. 
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2.4 Statistical analyses 

 Wheel running, home-cage activity, and fluid consumption were analyzed 

for each dose (3 doses per compound).  Additionally, wheel running, home-cage 

activity and fluid consumption were also analyzed using repeated-measures 

ANCOVAs, with linetype and dose as main effects.  Covariates were included 

where appropriate, including wheel freeness and age for wheel-running analyses 

and body mass and age for fluid-consumption analyses. When necessary, data 

were log transformed to improve normality of residuals.  

 

3. Results 

3.1 Biometric data 

 Mice ranged from 61-76 days old (generation 42), 71-75 days old 

(generation 53), or 58-72 days old (generation 75) at the start of each 

experiment.  As previously reported, HR mice weighed less than C mice 

(Swallow et al. 1999, 2001; Meek et al. 2009).  

 

3.2 Wheel running  

 As seen in Figure 3.1A, HR mice always ran more than C mice.  Solution 

concentration for the artificial sweeteners did not affect wheel running (Table 

3.1). However, sucrose increased total wheel revolutions (Table 3.1, dose P = 

0.0386).  Separate analyses of the revolutions run at individual doses (Fig. 3.1B) 
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indicated that the proportional response of C mice was significantly higher than 

for HR mice at the 3.5% sucrose dose (linetype P = 0.0474), but not at the 10.5% 

sucrose dose (linetype P = 0.2343).  Moreover, the increased running by C mice 

given sucrose was statistically significant for both doses (3.5%: +7.3%, P = 

0.0484; 10.5%: +12.0%, P = 0.0187), whereas it was not for HR mice  

(3.5%: -3.0%, P = 0.3361; 10.5%: +4.9%, P = 0.2345).  
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Figure 3.1.  Wheel running during sucrose trials, absolute and proportional.  
A) Wheel revolutions during sucrose trials (least squares means +/- S.E. derived 
from a repeated-measures, two-way ANCOVA with linetype and sucrose dose as 
the main effects).  Gray bars are C mice and black bars are HR mice.  Effects of 
linetype (P<0.0001) and sucrose dose (P=0.0386) were statistically significant, 
but their interaction was not (P=0.1598; see Table 1).  Sucrose was the only 
substance that had a statistically significant effect on wheel revolutions (Table 
3.1).  Averaging across HR and C mice, least squares means (+ S.E.) for wheel 
revolutions were 7,863 (+ 353), 7,819 (+ 353), and 8,268 (+ 353) for water, low 
dose, and high dose sucrose.  Thus, high-dose sucrose increased wheel 
revolutions by 5.4% relative to the average values for water and low-dose 
sucrose.  B) Proportional response in voluntary wheel running (revolutions/day) 
during sucrose trials.  Values are least squares means (+/- S.E.) from separate 
one-way ANCOVAs of running with sucrose/with water, with linetype as the main 
effect and age and wheel freeness as covariates.  See Results section 3.2 for 
statistical details. 
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3.3 Consumption of sweeteners with wheel access 

 Consumption of saccharin was significantly increased in both HR and C 

mice when they had access to wheels (Table 3.1, Fig. 3.3A).  Significant linetype-

by-dose interactions, with C mice showing larger increases in fluid consumption, 

were seen for Sweet ‘N Low, Equal, and Splenda (Table 3.1, Fig.3).  Sucrose 

also increased fluid consumption (Table 3.1, Fig. 3.3I), but the linetype*dose 

interaction caused a somewhat different pattern than for the artificial sweeteners. 

 

3.4 Home-cage activity 

 HR mice always had higher home-cage activity (total activity per day) than 

C mice (Table 3.1, all linetype P < 0.006), regardless of which solution they were 

consuming.  The higher activity of HR mice was attributable to both the duration 

(for linetype, saccharin P = 0.0066, Sweet ‘N Low P = 0.0050, Equal P = 0.0205, 

Splenda P = 0.0086, sucrose P = 0.0045) and the average intensity of activity 

when mice were active (for linetype, with all values log-transformed to improve 

normality of residuals, saccharin P = 0.0100, Sweet ‘N Low P = 0.0024, Equal P 

= 0.0052, Splenda P = 0.0051, sucrose P = 0.0052).  

 Dose of the artificial sweeteners did not have a statistically significant 

effect on home-cage activity, and we observed no linetype*dose interactions 

(Table 3.1).  However, sucrose dose did affect activity (P=0.0203), primarily due 

to a suppression of activity by the higher dose of sucrose (Fig. 3.2B).  Sucrose 
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dose significantly affected the average intensity of activity (P = 0.0020, lowest at 

the higher dose), but not the duration of activity (P = 0.1544), with no significant 

linetype*dose interaction (P = 0.49 for intensity, P = 0.75 for duration).  Separate 

analyses of the proportional changes in home-cage activity at individual doses 

(Fig. 3.2B) indicated that the proportional response did not differ between HR 

and C mice for either sucrose dose (linetype P = 0.8156 and P = 0.8562, 

respectively), and neither HR or C mice differed significantly from unity for either 

dose. 
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Figure 3.2.  Home-cage activity during sucrose trials, absolute and 
proportional. 
A) Home-cage activity during sucrose trials (least squares means +/- S.E. 
derived from a repeated-measures, two-way ANCOVA with linetype and sucrose 
dose as the main effects).  Gray bars are C mice and black bars are HR mice.  
Effects of linetype (P=0.0012) and sucrose dose (P=0.0203) were statistically 
significant, but their interaction was not (P=0.9207; see Table 3.1).  B) 
Proportional response in home-cage activity during sucrose trials when mice did 
not have access to wheels.  Values are least squares means (+/- S.E.) from 
separate one-way ANCOVAs of activity with sucrose/with water, with linetype as 
the main effect and age and sensor sensitivity as covariates.  See Results 
section 3.4 for statistical details.   
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3.5 Consumption of sweeteners without wheel access 

 Without wheels, dose significantly affected fluid consumption for all 

solutions (all P<0.0001: Table 3.1), and as shown in Fig. 3.3, mice always drank 

more of the sweet-tasting solutions than they did water.  However, without 

access to wheels (Fig. 3.3, bottom of each page), none of the linetype*dose 

interactions were significant (all P > 0.28: Table 3.1), which contrasts sharply with 

the results when mice had wheel access (Fig. 3.3, top of each page). 
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A) Saccharin Consumption with wheel access      
     Linetype X Dose P = 0.77           

  
 
B) Saccharin Consumption without wheels 
     Linetype X Dose P = 0.37 
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C) Sweet ‘N Low Consumption with wheel access  
     Linetype X Dose P = 0.017*           

 
D) Sweet ‘N Low Consumption without wheels 
     Linetype X Dose P = 0.72 
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E) Equal Consumption with wheel access           
     Linetype X Dose P = 0.012*      
 

 
F) Equal Consumption without wheels 
    Linetype X Dose P = 0.74
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G) Splenda Consumption with wheel access  
     Linetype X Dose P = 0.008*  

  
H) Splenda Consumption without wheels 
     Linetype X Dose P = 0.87 
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I) Sucrose Consumption with wheel access          
   Linetype X Dose P = 0.023*       
 

 
J) Sucrose Consumption Without wheels 
    Linetype X Dose P = 0.28 
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Figure 3.3.  Consumption of sweet-tasting solutions, with and without 

access to wheels.  Consumption of sweet-tasting solutions during access to 

wheels (A, C, E, G, I) or without access to wheels (B, D, F, H, J).  Values are 

least-squares means (+/- standard errors) of log-transformed data from SAS Proc 

Mixed (Table 3.1).  Gray bars are C mice and black bars are HR mice.  For four 

of the sweet solutions, when mice had wheel access the linetype*dose 

interaction was statistically significant (Table 3.1), such that the increases in 

consumption were mainly in C mice at the higher doses. 
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Table 3.1.  Significance levels for voluntary wheel-running behavior, home-cage 
activity (in the absence of wheels), and fluid consumption (log-transformed) 
based on repeated-measures, two-way nested ANCOVAs.  
 

Treatment Wheel Running 
(revolutions/day)a 

Fluid Consumption With Wheel 
Accessb 

 PLinetype PDose PLinetype x Dose PLinetype PDose PLinetype x Dose 

Saccharin <0.0001 0.8552 0.3755 0.2155 <0.0001 0.7692 
Sweet ‘N Low   0.0031 0.6728 0.3627 0.0903 <0.0001 0.0172 
Equal   0.0040 0.6869 0.3208 0.0324c <0.0001 0.0116 
Splenda <0.0001 0.9909 0.9525 0.2518 <0.0001 0.0076 
Sucrose <0.0001 0.0386 0.1598 0.2792 <0.0001 0.0226 

Treatment Home-cage Activity (total/day)d Fluid Consumption Without 
Wheel Accessb 

 PLinetype PDose PLinetype x Dose PLinetype PDose PLinetype x Dose 
Saccharin   0.0010 0.1691 0.4708 0.5075 <0.0001 0.3688 
Sweet ‘N Low   0.0012 0.8833 0.6206 0.7123 <0.0001 0.7218 
Equal   0.0054 0.6899 0.5970 0.5959 <0.0001 0.7405 
Splenda   0.0036 0.7193 0.8981 0.5491 <0.0001 0.8699 
Sucrose   0.0012 0.0203 0.9207 0.2971 <0.0001 0.2812 
      

 
P values were considered significant at P < 0.05 (in bold). 
aFor wheel running, age and wheel freeness were used as covariates, but neither was 
ever statistically significant (results not shown). 
bIn the fluid consumption analyses, age and body mass were used as covariates (results 
not shown). 
cHR mice drank significantly less of both doses of Equal, but not of water. 
dFor home-cage activity, age and sensor sensitivity were used as covariates, but neither 
was ever statistically significant (results not shown). 
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4. Discussion 

 The main purpose of this study was to explore reward substitution in the 

context of voluntary exercise, by use of a novel mouse model.  Natural and non-

nutritive sweeteners were offered as competing rewards for wheel running, and 

we studied females from four replicate High Runner lines, selectively bred for 

voluntary wheel running, as well as four non-selected Control lines.  None of the 

artificial sweeteners (Table 1) had a statistically significant effect on wheel 

running or home-cage activity, the latter measured for mice that did not have 

wheel access, in either HR or C mice.  However, sucrose increased wheel 

running in C mice without affecting the running of HR mice.  In contrast, sucrose 

suppressed home-cage activity for both HR and C mice housed without wheels.  

Looking specifically at sweetener consumption, we found that HR mice (as 

compared with C mice) had a significantly smaller increase in consumption for 

artificial sweetener blends when they had access to wheels, but not when 

housed without wheels.  These results suggest that HR mice have a reduced 

incentive salience for some artificial sweetener blends, possibly because wheel 

running is a stronger competing reward.  

For C mice, sucrose increased the amount of wheel running by increasing 

the time spent running, rather than running speed, based on analyses of 

proportional responses (Fig. 3.1).  Both C and HR mice run for many hours each 

night (Garland, Jr. et al. 2011a), and sucrose in drinking water may serve as a 
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fuel for that exercise (see also Claghorn et al. 2017).  Alternatively, the increased 

wheel running observed in C mice with sucrose, but not with artificial sweeteners, 

may arise from the differential processing of a natural sugar in the brain’s reward 

pathways.  For example, an oral rinse of a glucose solution was able to increase 

maximal oxygen consumption in human cyclists, but saccharin solutions did not 

have the same effect (Chambers et al. 2009). The glucose solution also caused 

activation of regions in the brain associated with reward-processing, such as the 

striatum and cingulate cortex.  The striatum has been specifically tied to wheel 

running in mice (Rhodes et al. 2003; Waters et al. 2013; Saul et al. 2017). 

Whatever the mechanism underlying the effect of sucrose on physical activity in 

C mice, these effects were not observed in HR mice, thus providing further 

evidence that they have evolved in terms of motivation and/or ability for voluntary 

exercise (Garland, Jr. et al. 2016; Wallace and Garland, Jr. 2016). 

When housed without wheels, sucrose significantly affected home-cage 

activity for both HR and C mice, primarily due to a suppression of activity by the 

high dose (Fig. 3.2).  The high dose decreased the average intensity of activity, 

without affecting the number of minutes per day the mice were active.  Recent 

studies have shown that fructose can suppress home-cage activity in rodents 

(Rendeiro et al. 2015) and decrease energy expenditure in humans (Cox et al. 

2012).  The mechanism underlying such effects is not yet known, but may involve 

how and where fructose is metabolized (Samuel 2011).  
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With the exception of saccharin, all mice drank more of the sweet 

solutions in a dose-dependent manner, both with and without wheel access (Fig. 

3.3).  However, as compared with C lines, mice from HR lines had a significantly 

smaller increase in consumption for artificial sweetener blends when they had 

access to wheels, but not when housed without wheels.  These results indicate 

that the HR lines have evolved with respect to the incentive salience of a reward 

(some sweet-tasting solutions) when an important competing reward (wheel 

running) is present.  

 Because the HR mice have been selected for voluntary exercise, it makes 

sense that motivation for the performance of exercise behavior may have 

changed (Rhodes et al. 2005; Garland, Jr. et al. 2011b, 2016).  Because our 

results indicate that the HR mice have reduced incentive salience for sweet-taste 

rewards, we argue that they have an enhanced incentive salience for voluntary 

exercise.  Belke and Garland (2007) suggest that the reward system may be up-

regulated for one particular aspect or type of behavior, and therefore have a 

trade-off with other aspects of the same behavior or other behaviors. 

 Although a certain level of ability is necessary for high levels of voluntary 

exercise, the results from this study highlight that motivation can impact its 

control as well, even in rodents (see also Garland, Jr. et al. 2011b).  The brain 

has an important role in both the ability and motivation for voluntary exercise 
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(Kayser 2003; Baden 2005; Noakes 2007, 2008; Rose and Parfitt 2007; Claghorn 

et al. 2016).   
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CONCLUSION 
 

 Exercise is a complex, rewarding behavior with a multitude of positive 

effects on the body and brain.  Aspects of exercise are modulated by several 

different neurotransmitters.  For example, dopamine is a main neurotransmitter in 

both the reward and locomotor pathways of the brain.  Microdialysis studies with 

rats have shown that exercise increases the concentration of dopamine in the 

striatum (Meeusen et al. 2001).  Depletion of dopamine from the substantia nigra 

(similar to what occurs in Parkinson’s disease), causes loss of motor control.  

Serotonin, or the ratio of serotonin to dopamine, is implicated in cessation of 

exercise behavior due to central fatigue (Claghorn et al. 2016).  Endogneous 

opioids, particularly endorphins, increase with exercise and have long been held 

responsible for the phenomenon of the “runner’s high,” although more recent 

studies have shown that the endocannabinoid system is also at least partially 

responsible (Fuss and Gass 2010; Raichlen et al. 2012).  In addition, targeted 

deletion of endocannabinoid receptor neurons in the ventral tegmental area 

decreases voluntary wheel-running in mice (Dubreucq et al. 2010).  

 Mice from the selectively-bred high runner (HR) lines discussed in this 

dissertation voluntarily exercise approximately three times as much as do those 

from non-selected control (C) lines.  Previous research has shown that the 

dopaminergic system in HR mice differs from that of C mice. For example, three 

different dopamine reuptake blockers, administered peripherally, decreased 

wheel running in HR mice while having no effect or increasing wheel running in C 
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mice (Rhodes et al. 2001; Rhodes and Garland 2003).  As blocking dopamine 

reuptake increases dopamine in the synapse, and this decreased running in the 

HR mice, these results suggest that HR mice normally have reduced dopamine 

function, similar to humans with ADHD (Rhodes et al. 2005).  HR mice also differ 

in their response to dopamine receptor agonists and antagonists, in a way that 

specifically implicates reduced function of the D1-type dopamine receptor 

(Rhodes and Garland 2003).  As compared with one C line, mice from one HR 

line also showed lower concentrations of dopamine and one of its metabolites in 

the dorsal raphe nucleus and substantia nigra (Waters et al. 2013). 

Waters et al. (2013) also showed that mice from one HR line had lower 

concentrations of serotonin and one of its metabolites in the dorsal striatum and 

the substantia nigra.  HR mice respond differently to a serotonin antagonist 

during endurance exercise, and to a serotonin agonist during voluntary exercise 

(Claghorn et al. 2016).  However, HR mice do not display an altered wheel-

running response to a serotonin reuptake inhibitor (Rhodes et al. 2001). 

Only one study has examined the opioid system in the HR mice, and 

found that naloxone (an opioid receptor antagonist), increased the pain sensitivity 

of HR and C mice in a similar manner, and decreased wheel running in a similar 

proportion in both HR and C mice (Li et al. 2004). These results suggest that the 

opioid system has not differentially evolved in the HR mice. 

Finally, both female and male HR mice differentially decrease their 

running after administration of a cannabinoid type-1 (CB1) receptor agonist 
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(Keeney et al. 2012).  When given a CB1 receptor antagonist, only female HR 

mice showed a differential decrease in running (Keeney et al. 2008).   

How do the results of this dissertation help us understand the evolution of 

voluntary exercise that has occurred in the HR mice?  In Chapter 1, I was able to 

support a previous finding that the HR mice have a larger midbrain (Kolb et al. 

2013).  The midbrain contains several regions involved in both locomotion and 

reward.  Using female HR and C mice, both with and without wheel access for 10 

weeks, I found volumetric differences in two specific regions – the periaqueductal 

grey (PAG) and the ventral tegmental area (VTA).  The volume of the PAG was 

positively affected by wheel access in C mice and negatively affected by wheel 

access in HR mice.  The PAG contains neurons which release opioids, gamma-

aminobutyric acid (GABA), and glutamate (Behbehani 1995).   Interestingly, the 

VTA (which tended to be larger in HR mice) also releases GABA and glutamate.  

Based on previous results showing no difference in opioid-mediated pain 

transmission, further study of GABA and glutamate function in the HR mice may 

prove fruitful.  

In Chapter 2, I provided further evidence that the endocannabinoid system 

is altered in HR mice.  Plasma concentrations of 2-arachidonylglycerol (2-AG) 

were lower in females, and there was a significant interaction between the factors 

of sex, linetype, and wheel access for five days.  Plasma levels of anandamide 

(AEA) were higher in females, and there was a significant linetype-by-wheel 

access interaction.  In addition, although running in the previous 30 minutes 
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before sampling was a significant positive predictor of anandamide (AEA) 

concentration, HR mice had significantly lower levels than C mice, even though 

they ran more than C.  More detailed analyses of cannabinoid receptor density 

and function will likely help us understand more about how the endocannabinoid 

system modulates voluntary exercise.  Also, as seen here, the inclusion of both 

sexes in experiments, although it doubles the sample size, helps provide a more 

complete picture of the evolution of the HR phenotype. 

In Chapter 3, I showed that HR mice have reduced incentive salience for a 

sweet-taste reward, but only when they have access to wheels.  HR and C mice 

were given various sweet-tasting solutions, with and without access to wheels as 

a competing reward.  All mice drank more of the sweet-tasting solutions, as 

evidenced by a strong dose effect for all analyses, but there was no difference in 

consumption between HR and C mice when they did not have wheel access.  

However, when HR mice had access to the competing reward of exercise, they 

showed a significantly smaller increase in consumption for the artificial 

sweeteners when compared to the C mice.  This suggests that the processing of 

the reward from exercise in HR mice may differ from that of other rewards. 

Overall, results from this dissertation have furthered our knowledge of the 

complexity of the increased voluntary exercise phenotype seen in the HR mice.  

New questions are also provided for study, including what might be the 

mechanism of increased volume in the midbrain, how the endocannabinoid 
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system has changed at the receptor level, and how the reward from exercise 

might compare to other types of rewards. 
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