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Dr. Theodore Garland, Jr., Chairperson

When the selective event is prolonged, directional selection is expected to change
the innate value of the trait under selection and/or increase its plasticity in the direction
favored by selection. This dissertation examined cardiac and skeletal muscle of four
replicate High Runner (HR) lines of mice that have been selectively bred for high
voluntary wheel running and their four non-selected Control (C) lines, without and with
training.
Chapter one examined electrocardiogram (ECG) characteristics before and after 6
days of wheel access, as used to select breeders. No innate differences were observed for
either male or female HR versus C mice. Heart rate decreased in all mice after 6 days of
wheels, and this effect was marginally greater in HR mice of both sexes. PR interval
increased in HR mice of both sexes after wheel access, and the QRS complex was
increased in a subset of HR mice with the mini-muscle phenotype.
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Chapter two examined whether male HR mice have increased ability to resist or
recover from contusion or exercise-induced muscle injury. Contusion injury had no
measurable effect on wheel running in C mice, but decreased daily running distance and
average and maximal running speeds in HR mice. For exercise-induced injury, males
were housed for 6 days with or without wheels and then evaluated for muscle injury and
regeneration. Following wheel access, the soleus was more injured than other muscles,
and the plantaris showed more signs of regeneration. HR mice had more central nuclei
(regeneration marker) in the soleus, and mini-muscle mice had increased injury and
regeneration in the deep and superficial gastrocnemius.
Chapter three examined buffering capacity of thigh muscles. Females had lower
buffering than males, and mini-muscle mice had lower buffering than normal-muscled
individuals, likely related to their greatly reduced numbers of type IIb muscle fibers. Six
days of wheel access did not affect buffering capacity.
This dissertation shows that the cardiac, but not skeletal, muscle response to
exercise is more plastic in HR mice. Also, mini-muscle mice show inherent differences
in cardiac and skeletal muscle properties that may or may not be advantageous to
increased wheel running.
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INTRODUCTION
According to Kelly et al. (2012), “phenotypic plasticity can be broadly defined as
the ability of one genotype to produce more than one phenotype when exposed to
different environments, as the modification of developmental events by the environment,
or as the ability of an individual organism to alter its phenotype in response to changes in
environmental conditions.” One of the most famous example of these changes occurs in
Daphnia lumholtzi. In the presence of chemical cues from predacious fish, D. lumholtzi
grow a helmet and a longer tail spine, both of which enhance their ability to deter
predators (Green, 1967). In most mammals, plastic changes occur in both the muscular
and cardiovascular systems during exercise training, and recent evidence suggests that
animals may train in the wild (Halsey, 2016). The amount, intensity, and frequency of
physical activity will affect muscular and cardiovascular systems directly, and they may
exhibit beneficial phenotypic plasticity through repeated bouts of exercise, or
injury/damage from overuse. Some of the responses typically seen in mammals exposed
to long-term exercise include increases in cardiac mass, increased stroke volume, lower
resting heart rates, changes in muscle fiber type composition, increases in skeletal muscle
mass (with strength training), and increases in contractile strength of the skeletal muscle
(again with strength training).
In species that are highly active, one would expect to see adaptations of the
cardiovascular and skeletal muscles that would support high activity levels. Humans
have been breeding organisms for high locomotor capacity for centuries (e.g., greyhounds
and thoroughbred horses; see Poole and Erickson, 2011 and references therein). This
1

selection has resulted in the evolution of a multitude of anatomical and physiological
traits that are more highly specialized for increased locomotion. Some of these traits
include an higher maximal heart rates, increased muscle mass (relative to body mass),
larger hearts and spleens, and higher capillarity in some muscles, as compared with
ordinary domestic dogs and other breeds of horses (Gunn, 1981; Kline and Foreman,
1991; see Poole and Erickson, 2011 for review). Some caution is required when
interpreting results of these comparisons, however, as they may suffer from many of the
limitations described for two-species comparative studies (Garland and Adolph, 1994).
As an alternative to increasing the initial value of a trait under selection, animals
could evolve increased plasticity in response to the selection, at least if the selective event
is more than instantaneous in duration, and these two paths are not mutually exclusive
(Garland and Kelly, 2006). Also, given that the response to training for both cardiac and
skeletal muscle is plastic (e.g., increased muscle mass with strength training), one might
expect these systems to evolve greater plasticity when directional selection for increased
locomotion is imposed. One way to test these ideas is through artificial selection
experiments with replicate lines.
This dissertation uses four replicate lines of mice that have been artificially
selected for high voluntary wheel running and four non-selected control (C) lines. The
original base population was 224 outbred Hsd:ICR mice (Mus domesticus). After some
initial random mating in the Garland lab, mice were randomly designated to one of 8
lines. Four selected lines are bred based on voluntary wheel running, while four control
lines are bred without regard to running. No sibling mating is allowed in any line. At
2

~6-8 weeks of age, mice are given access to wheels, during which time they are housed
individually and given ad libitum food and water. The cages are attached to Wahmantype activity wheels (1.12 m circumference, 10 cm wide, 35.7 cm diameter). The wheels
are interfaced to a computer, which records the number of revolutions in one-minute
intervals. Mice from selected lines are then bred based on the mean number of
revolutions from days 5 plus 6 (see Careau et al., 2013; and Swallow et al., 1998 for
further details).
After more than 80 generations of artificial selection, mice from the high runner
(HR) lines run almost 3 times as many revolutions on wheels per 24-hour period as their
control counterparts. They accomplish this in different ways. Female mice do this
almost entirely by running faster, whereas male mice mainly run faster but also spend
more time running than controls (Garland et al., 2011; Koteja et al., 1999a; Koteja et al.,
1999b). For both sexes, the increase in voluntary exercise has been accompanied by the
evolution of many traits that differ from the control lines. For instance, HR mice run
with narrow stance widths on treadmills (Claghorn et al., 2017) and use more intermittent
locomotion on wheels (Girard et al., 2001).
Selection for high voluntary wheel running has affected other behaviors as well.
HR mice have decreased thermoregulatory nest-building behavior when given access to
wheels (Carter et al., 2000), but not decreased maternal behavior (Girard et al., 2002).
Also, they have increased predatory aggression with crickets (Gammie et al., 2003) and
perform fewer turns during open-field tests, although they do not differ in distance moved
during open-field tests (Bronikowski et al., 2001; Careau et al., 2012).
3

In addition to behavioral traits, some effects on the brain have been observed. HR
mice have larger brains than do controls, specifically the midbrain (Kolb et al., 2013),
and show altered levels of c-Fos (an indicator of neuronal activity) in various brain
regions when allowed to run on wheels or when wheel access is removed (Rhodes et al.,
2003; Rhodes et al., 2005). HR mice also have different responses to drugs that target
dopamine (Rhodes and Garland, 2003), as well as differences in endocannabinoid
function (which may alter pain perception peripherally and centrally; Keeney et al., 2008;
Thompson et al., 2017).
The artificial selection regime has also led to changes in many organismal and
sub-organismal physiological and anatomical traits. Swallow et al. (1999) showed that
HR mice have a reduced body mass and that, despite eating more food, have lower body
fat than controls. HR mice have a higher VO2max (maximal oxygen consumption during
forced treadmill exercise), higher maximum voluntary rates of oxygen consumption when
given wheel access (Hiramatsu et al., 2017; Kolb et al., 2010; Rezende et al., 2005;
Rezende et al., 2006a; Rezende et al., 2006b), and higher endurance capacity during
forced exercise (Meek et al., 2009). Anatomically, the HR mice have larger femoral
heads and thicker tibiafibulas, and more symmetric bones (left vs. right) in their hind
limbs (Garland and Freeman, 2005; Kelly et al., 2006). Increases in the masses of the
kidneys (Swallow et al., 2005) and heart ventricles (Kelly et al., 2017) have also been
reported. HR mice have higher circulating levels of the stress hormone corticosterone
(Malisch et al., 2007; Malisch et al., 2008; Malisch et al., 2009), as well as higher levels
of adiponectin (Vaanholt et al., 2007), and lower levels of leptin, even accounting for
4

their reduced body fat (Girard et al., 2007). As compared with control mice, HR mice
have higher plasticity in hematocrit and hemoglobin levels (Swallow et al., 2005), as well
as glucose transporter 4 (GLUT-4) levels in the gastrocnemius (Gomes et al., 2009),
when allowed access to wheels.
A single point mutation causes a phenotype known as mini-muscle, recognized
primarily by a 50% reduction in hindlimb muscle mass (Garland et al., 2002). The
reduction in hindlimb muscle mass is primarily caused by a reduction in the number of
type IIb fibers (Bilodeau et al., 2009; Guderley et al., 2006; Guderley et al., 2008;
Talmadge et al., 2014). This phenotype was originally found in 3 of the 8 lines (1 control
and 2 HR), but has since disappeared from the control line, gone to complete fixation
(meaning that 100% of the population express the phenotype) in one HR line, while the
other HR line remains polymorphic for this trait. In addition, to the 50% reduction in
hindlimb muscle mass, many additional organismal and sub-organismal traits differ in
mini-muscle individuals. In general, mini-muscle mice have larger organ masses
(adjusted for body mass by analysis of covariance) when compared with other mice
(Garland et al., 2002; Hannon et al., 2008; Kelly et al., 2017; Kolb et al., 2010; Meek et
al., 2009; Rezende et al., 2006a; Swallow et al., 2005). They also have a higher VO2max
under normal conditions and during hypoxia when forcibly exercised on a treadmill
(Hiramatsu et al., 2017; Rezende et al., 2006a), increased hindlimb muscle capillarity
(Wong et al., 2009), different myosin heavy chain (MHC) composition (mainly due to
lower numbers of type IIb fibers; Bilodeau et al., 2009; Guderley et al., 2006; Guderley et
al., 2008; McGillivray et al., 2009; Talmadge et al., 2014), increased mitochondrial
5

enzyme activity (higher oxidative capacity; Guderley et al., 2008; Houle-Leroy et al.,
2003), increased heat shock protein 72 (Belter et al., 2004), increased glycogen in the
gastrocnemius and total glycogen synthase activity (Gomes et al., 2009), higher mass
specific citrate synthase, cytochrome c oxidase dehydrogenase, carnitine palmitoyl
transferase, and hexokinase activities in mixed hindlimb muscles (Houle-Leroy et al.,
2003), and elevated fatty acid translocase (FAT/CD36) protein and mRNA, higher
peroxisome proliferator-activated receptor (P-PAR)

mRNA, and higher fatty acid

binding protein (H-FABP; Templeman et al., 2012).
Given all of the evolved innate and plastic differences in HR mice, and the extent
to which the cardiovasulcar and musclar systems are used during exercise, one should
expect changes (either innate or plastic) in one or both systems that allow for greater
wheel-running capabilities. In this dissertation, I first tested for innate differences in the
ventricle mass and ECG characteristics between HR and C lines, or if there is increased
plasticity in HR lines due to training (wheel access) for 6 days, as used to select breeders
(see Chapter 1). My findings suggest that HR mice have increased plasticity in some
ECG characteristics, and that mini-muscle mice have innate differences is some ECG
characteristics and in ventricle mass. In my second chapter, I explored whether HR mice
are less suscepitble to, or recover faster from, contusion- and exercise-induced muscle
injury by examining wheel running after contusion injury, and plasma creatine kinase
activity and histological markers of muscle injury/regeneration in mice that either had 6
days of wheel access or were housed without wheels (see Chapter 2). My results
demonstrate that HR mice are not more resistant to, nor do they recover faster from,
6

injury. Lastly, I explored whether mice from HR lines had innate differences in skeletal
muscle buffering capacity compared with control lines, and if this changed with 6 days of
wheel access (see Chapter 3). My results showed that buffering capacity is not different
between HR and C lines, but is vastly reduced in mice with the mini-muscle phenotype,
probably because they have relatively few type IIb muscle fibers. Female mice also have
lower buffering capacity than males, which is probably related to fewer type IIb fibers
and lower carnosine levels.
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Abstract
Changes in cardiac function that occur with exercise training have been studied in
detail. Changes in cardiac function that may accompany evolved increases in the
duration or intensity of physical activity are, however, poorly understood. To address
this gap, we studied electrocardiograms (ECGs) in mice from an artificial selection
experiment in which four replicate lines are bred for high voluntary wheel running (HR)
while four non-selected lines are maintained as controls (C). ECGs were recorded using
an ECGenie (Mouse Specifics, Inc.) both before and after six days of wheel access (as
used in the standard protocol to select breeders). We hypothesized that HR mice would
show innate differences in ECG characteristics and that the response to training would be
greater in HR mice relative to Control mice. With body mass as a covariate in a
repeated-measures analysis, all mice had significantly lower heart rates, and HR mice had
longer PR intervals than those from C lines, after wheel access. Within the HR lines, a
subset known as mini-muscle individuals have a 50% reduction in hindlimb muscle mass
and generally larger internal organs, including the heart ventricles. As compared with
normal-muscled (wild-type) individuals, mini-muscle individuals had a longer QRS
complex, both before and after wheel access. Correlations between wheel running and
either heart rate or QRS duration (before wheel running) among the eight individual lines
of the HR selection experiment and among 17 inbred mouse strains taken from the
literature were not significant. However, total revolutions and average speed were
negatively correlated with PR duration in males of the HR selection experiment and
duration of running was negatively correlated with PR duration in females 17 inbred
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strains. We conclude that HR mice have enhanced trainability as compared with C mice
(as indicated by their longer PR duration after wheel access), and that the mini-muscle
phenotype causes cardiac changes that have been associated with increased athletic
performance in previous studies of mammals.
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1. Introduction
The effects of endurance-exercise training (physical conditioning) on the heart are
well documented in both humans and other mammals (Scheuer and Tipton, 1977;
Blomqvist and Saltin, 1983; Wang et al., 2010). Effects include hypertrophy (increasing
the size of the cardiomyocytes), increased stroke volume and cardiac output, reduced
resting heart rate, and changes in the durations of various aspects of the
electrocardiogram (ECG), such as the PR interval and the QRS complex. In contrast,
changes in cardiac function that might accompany the evolution of endurance exercise
behavior have been studied in only a few mammals (i.e. greyhounds, sled dogs,
thoroughbred horses, and some rodents; Chen et al., 2001; Hussain et al., 2001; Koch et
al., 1999; see Poole and Erickson, 2011 for review). Some of the evolutionary responses
to increased endurance exercise are similar to the effects of endurance training (see
below).
Many studies determine cardiac response to training by examining the
hypertrophic response (usually determined by ventricular mass). Swim training,
treadmill training, and voluntary wheel running are all common experimental protocols
with rats and mice, and studies have shown mixed results for cardiac hypertrophic
responses (Allen et al., 2001; Konhilas et al., 2005; Fewell et al., 1997; Diffee and Nagle,
2003; Bellafiore et al., 2007; see Harpur, 1980; and Wang et al., 2010 for review). For
example, male rats swim-trained for at least 8 weeks, 5 days/week, 75 min/day, showed
no statistical differences in heart mass (dry heart mass/body mass mg/g) between control
and trained groups (Penpargkul and Scheuer, 1970), but adult male rats swim-trained for
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1 hour daily for 10 weeks showed a significant increase in ventricular mass (expressed as
dry mass; Bloor and Leon, 1970). Also, increases in the duration or intensity of swim
training do not necessarily increase the hypertrophic response of rodents (Evangelista et
al., 2003; Oscai et al., 1971). In swim-trained rats and voluntary wheel-running mice,
females have a significantly greater hypertrophic response than males (Van Liere and
Northup, 1957; Oscai et al., 1971; Jaweed et al., 1974; Konhilas, 2004). In laboratory
mice, Swallow et al. (2005) found that log ventricle mass (adjusted for log body mass by
analysis of covariance) increased in both males and females when given access to wheels
for 8 weeks. Heart mass has been shown to increase in mice when given as little as 4
weeks of wheel access (Allen et al., 2001). In a follow-up study, these researchers found
that resistance loading of wheels reduced the magnitude of the response in heart mass,
while also leading to a significant increase in the relative mass of the soleus, but not of
the plantaris, gastrocnemius, or tibialis anterior muscles (Konhilas et al., 2005).
Horses have been bred for various types of locomotor behavior or performance.
As a result of selective breeding, thoroughbred horses have numerous cardiovascular
traits that would increase locomotor performance including larger hearts (using
echocardiography or gross anatomy after death; see Gunn, 1989; and Poole and Erickson,
2011; Young, 1999), larger spleens (Kline and Foreman, 1991), and increases in maximal
aerobic capacity [VO2max], stroke volume, and cardiac output (Taylor et al., 1981;
Snow, 1985; Evans and Rose, 1988; Tyler et al., 1996; Potard et al., 1998). However,
some studies have not included rigorous control groups, such as untrained thoroughbred
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horses or trained horses that are not thoroughbreds, which makes it difficult to
disentangle the effects of training from those of selective breeding.
The domestic dog is also a good model of the possible changes that occur during
selective breeding for increased exercise behavior (Pasi and Carrier, 2003; Kemp, 2005;
Careau et al., 2010). Sled dogs and greyhounds have been bred for either endurance or
speed, and this selection has resulted in a suite of changes to the cardiovascular system.
For instance, greyhounds have been shown to have increased heart mass to body mass
ratios (greater than 1% of body mass) compared to other breeds (Poole and Erickson,
2011; Schneider et al., 1964; Steel et al., 1976). Greyhounds were shown to have
increased red blood cell counts, higher hemoglobin levels, and increased packed cell
volume than mongrel dogs (Porter and Canaday, 1971). Other differences in greyhounds,
relative to other breeds or mongrels, include increases in maximal heart rate, cardiac
index, left ventricular wall and septal thickness, ventricular cavity dimensions, mean
arterial pressure, and increased capillarity in the semitendinosus (Cox et al., 1976; Gunn,
1981; Page et al., 1993; Snyder et al., 1995).
Several experiments have bred rodents for various aspects of locomotor behavior
(see Feder et al. [(2010)] for review), but the two most widely studied are the KochBritton rats, bred for high or low treadmill endurance capacity (Koch and Britton, 2001)
and the Garland “High Runner” (HR) mice, bred for voluntary wheel running (Swallow
et al., 1998). In the Koch-Britton rats, selective breeding has caused a suite of cardiac
changes, including higher stroke volume and cardiac output in high-capacity rats versus
low-capacity rats, differences in cardiac gene expression, aortic and coronary flow,
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altered risk of tachyarrhythmias, and altered expression of antioxidant genes involved in
cardiac stress signaling (Hussain et al., 2001; Lujan et al., 2006; Bye et al., 2008;
Burniston et al., 2011).
As compared with their four non-selected control (C) lines, mice from the four
replicate High Runner lines have higher endurance capacity and VO2max during forced
treadmill exercise (Swallow et al., 1998; Rezende et al., 2006b; Meek et al., 2009; Kolb
et al., 2010). The HR mice have, in some cases, shown differences in ventricular mass
(Kelly et al., 2017) and could show differences in other cardiac properties as well due to
their increased abilities for aerobically supported locomotion. Additionally, a subset of
the HR mice, known as the mini-muscle mice, have a 50% reduction in hindlimb muscle
mass as a result of a mutation in an intron of the Myh4 gene (Kelly et al., 2013). The
mini-muscle phenotype also has associated traits that may be adaptive for endurance
activity, including increased capillarity in the gastrocnemius, higher VO2max (especially
during hypoxia), and increased ventricular mass (Hiramatsu et al., 2017; Rezende et al.,
2006a; Wong et al., 2009).
In addition to heart size and contractile properties, cardiac changes that occur
during endurance training or as a result of artificial selection include changes in the
electrocardiogram (ECG) of humans and dogs (Steel et al., 1970; Steel et al., 1976;
Constable et al., 2000). Changes in the ECG that occur after training include bradycardia
(reduced heart rate), increased PR (or PQ) duration, and increased QRS amplitude and/or
duration. Reduced heart rate in response to endurance training is common in mongrel
and sled dogs (Stepien et al., 1998; Stone, 1977), as well as humans (Fagard, 2003;
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Huston et al., 1985; Rerych et al., 1980). Elongation of the PR interval is typically seen
in resting human athletes (Huston et al., 1985; Stein et al., 2002), as compared with nonathletes, and elongation of the QRS complex in response to training has been documented
in both sled dogs (Constable et al., 2000) and human athletes (Van Ganse et al., 1970).
Similar changes in the ECG are not necessarily seen due to selective breeding. For
example, greyhounds do not have lower resting heart rates than mongrels (Schneider et
al., 1964), and the longer QRS duration seen in some thoroughbred horses is not always
reflective of their higher athletic abilities (Poole and Erickson, 2011 and references
therein). Moreover, for some of these studies it is not possible to tease apart the role that
genetics plays. For example, studies attempting to determine whether human athletes are
“born or bred” with respect to athletic ability have not always included all of the
necessary control groups: untrained individuals chosen randomly from a comparable
population (e.g., males of a given age), trained individuals chosen from that same
population, and athletes that have not recently been in training.
In the present study, non-invasive, high-throughput phenotyping of
electrocardiograms (Chu et al., 2001; Xing et al., 2009) was applied to mice before and
after 6 days of wheel access (as used routinely to pick breeders in the ongoing selection
experiment; Swallow et al., 1998) to test for both genetic and environmental (training)
influences on cardiac properties. The use of a non-invasive technique allowed the subject
mice to continue on as potential or actual breeders in the selection experiment. Based on
the studies outlined above, we hypothesized that HR and C mice would differ in various
aspects of the ECG even prior to wheel access, and also that 6 days of wheel access
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would cause changes in the ECG. Because HR mice run ~3-fold more revolutions per
day than C mice, we expected that training effects might be greater in the former (e.g.,
see Swallow et al., 2005; Middleton et al., 2008; Gomes et al., 2009).

2. Materials and Methods
2.1. Animals
Male and female mice were sampled from the 67th and 73rd generation of an
ongoing artificial selection experiment in which mice have been selectively bred for
voluntary wheel running (Careau et al., 2013; Swallow et al., 1998). The founding
population was 224 outbred Hsd:ICR mice (Mus domesticus). Four selected High
Runner (HR) lines are bred based on wheel running, while four control (C) lines are bred
without regard to wheel running. No sibling mating is allowed. At ~6-8 weeks of age,
mice are given access to wheels, during which time they are housed individually and
given ad libitum food and water. The cages are attached to Wahman-type activity wheels
(1.12 m circumference, 10 cm wide, 35.7 cm diameter) interfaced to a computer that
records the number of revolutions in one-minute intervals. Mice from selected lines are
then bred based on the mean number of revolutions from days 5 plus 6. For the present
study, 50 male and 50 female mice from generation 68 were used (these are the same
mice used in Claghorn et al., 2017). Mice were weaned at 21 days of age and housed
individually with food (Harlan Teklad Laboratory Rodent Diet (W)-8604, Los Angeles,
CA, USA) and water provided ad libitum and a 12:12 photoperiod. All experimental
conditions and protocols were approved by the UCR IACUC.
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2.2. ECG Recordings
Mice from generation 67 were tested on a motorized treadmill for gait kinematics
(Claghorn et al., 2017) one day before the first electrocardiogram (ECG) recordings.
These mice were treadmill tested again after 6 days of wheel running and then placed
back in cages attached to running wheels overnight in order to ensure that no detraining
occurred before the second ECG recordings were made (Figure 1). ECG recordings were
made using an ECGenie (Mouse Specifics, Framingham, MA USA) before and after 6
full days of wheel access. This method takes EGC recordings through the feet of the
mouse, and hence requires them to stand with 2–3 feet touching the recording pad to
obtain adequate signal (e.g., Hampton et al., 2012; Kosaraju et al., 2016),. The pad is
raised approximately 30.5 cm from the bench top. The recording chamber is enclosed on
three sides with the opening facing the experimenter. Platforms on each side allow
additional mice to acclimate while recording is occurring. Mice were placed on one
acclimation stage and then allowed to recover from handling and to acclimate to the
height of the stage. To minimize further handling, sliding doors on either side of the
recording chamber were opened to allow experimental mice to voluntarily enter the
recording area, and then closed once the mouse was fully inside. The electrical signals
run through a bio-amplifier into an analog/digital converter and are displayed in Chart 7
software (AD Instruments, Colorado Springs, CO USA). Sampling rate was 2,000
samples x second-1 with a high-pass filter set at 100 Hz and a low pass filter set at 0.3 Hz.
Chart files were analyzed using eMOUSETM software (Mouse Specifics, Framingham,
MA USA). One of the authors (TGH) visually examined each trace for clear P, Q, R, and
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S peaks before accepting the automatic calculations. From the raw ECG recordings (Fig.
2 left) we recorded heart rate and the durations of the PR and QRS intervals (Fig. 2 right).

2.3. Organ Masses
Male mice were allowed to breed as part of the ongoing selection experiment and
were then euthanized, whereas female mice were allowed to wean pups and then
euthanized via CO2 inhalation. Triceps surae were dissected, blotted, and weighed. Plots
of muscle mass versus body mass were used to determine which individuals expressed
the mini-muscle phenotype (Garland et al., 2002). In order to see changes in ventricle
mass that occurred after 6 days of wheel access, male mice from generation 73 were
housed individually and half were allowed to run on wheels for 6 days while the other
half had no wheel access. After 6 days, mice were euthanized via decapitation, their
hearts were dissected, the atria removed, the ventricles were blotted to remove excess
blood and then weighed.

2.4. Statistical Analysis
Following numerous previous studies of this selection experiment (e.g., Claghorn
et al., 2017; Swallow et al., 1998; Thompson et al., 2017), we used the Mixed Procedure
in SAS 9.1.3 (SAS Institute, Cary, NC, USA) to apply a nested analysis of covariance
(ANCOVA) with replicate lines nested within linetype (HR vs. Control). These models
were conducted as repeated-measures analyses, including values measured both before
and after the 6-day period of wheel access (see also Claghorn et al., 2017). In all cases,
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body mass was used as a covariate, and presence or absence of the mini-muscle
phenotype was an additional main effect. Degrees of freedom for testing the effects of
sex, selective breeding, and training were 1 and 6. Main effects were considered
statistically significant at p < 0.05; interactions were considered significant at p < 0.10
because the power to detect interactions is generally lower than for detecting main effects
(e.g., see Wahlsten, 1990; Wahlsten, 1991; Belter et al., 2004). SAS Procedure Mixed
was used to calculate least squares means and associated standard errors for main effects
and interactions.
In order to determine whether HR mice had a more plastic response to training, or
if their increased response was due to their increased wheel running, average wheel
running metrics across all 6 days were added as covariates (one at a time) to the statistical
model (Kelly et al., 2017). Measurements of wheel running on the night after the second
treadmill test (Day 7) were not included in the analysis because mice were removed from
wheels earlier than on other days. In some cases, dependent variables were transformed
to normalize the distribution of residuals from the statistical models.
For strain comparisons, we used Pearson correlations in SPSS to test for relations
between ECG characteristics and wheel running traits. The data for these correlations
come from the Mouse Phenome Database (The Jackson Laboratory). Specifically, the
values for wheel running traits come from Lightfoot et al. (2010), and the values for ECG
characteristics come from Hampton (https://phenome.jax.org/projects/Hampton1).
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3. Results
3.1. Wheel Running
Congruent with numerous previous studies (e.g., see Belter et al., 2004), HR mice
had significantly more revolutions across 6 days than their C counterparts (p <0.0001)
with a strong linetype*day interaction (p <0.0001). Examination of Figure 3A shows that
HR mice drastically increased their wheel running during the 6-day trial from ~7,000
revolutions on day 1 to ~15,000 revolutions on day 6. In contrast, C mice ran ~3,500
revolutions on day 1 and increased to ~4,500 revolutions on day 6. Figure 3A also shows
that female mice ran more than males regardless of linetype (p =0.0094). Similar
linetype effects were seen for the average speed and the maximum revolutions in any
one-minute interval across the 6 days (p = 0.0002 and p <.0001, respectively; Fig. 3C and
3D). Mice with the mini-muscle phenotype had increased maximum revolutions
compared to normal-muscle individuals (p = 0.0207) and there were also strong
linetype*day and sex*day interactions (p <.0001 and p = 0.0004, respectively). The
amount of time spent running showed a significant sex*linetype interaction (p = 0.0328).
As shown in Figure 3B, males from C lines spent less time running than the other three
groups.

3.2. Heart Rate
Heart rate was significantly lower after the 6-day period of wheel access for all
groups of mice (Table 1: p = 0.0338; Fig. 4A and 4B). Further examination of Figure 4A
and B shows that the decrease in heart rate after exercise tended to be greater in HR mice
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than C, although the linetype*training interaction was not significant (p = 0.1129). The
heart rate of mini-muscle mice did not significantly differ from normal-muscled mice (p
= 0.1762, Fig. 4A and 4B). Heart rate was not significantly correlated with body mass
(mean of values before and after wheel access) in the ANCOVA model (p = 0.4833).
When body mass was removed as a covariate, all p values were similar (results not
shown). Adding the mean amount of running on days 1 through 6 as a covariate in the
analysis had little effect on the p values shown in Table 1 (results not shown), and
running accounted for little of the variance in heart rate (F = 0.180, p = 0.6745). Similar
results were found when using either the average duration of running or the average
speed of running on days 1 through 6 (p = 0.8512 and p = 0.4746, respectively).

3.2. PR Duration
Six days of wheel access differentially affected HR and C, tending to increase PR
duration in HR mice but decrease it in C mice (linetype*training interaction p = 0.0931;
Fig. 4C and 4D). Mini-muscle mice tended (p = 0.0517) to have longer PR durations
than wild-type individuals (Fig. 4C and 4 D; Table 1). PR duration was not significantly
correlated with body mass. When body mass was removed as a covariate, all p values
were similar. Adding the amount of running as a covariate had little effect on the p
values shown in Table 1, and running accounted for little of the variance in PR duration
(F = 1.07, p = 0.3015). Similar effects were seen when adding the duration of or average
speed of running during days 1 through 6; however, adding the average running duration
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on days 1 through 6 increased the significance of the sex*linetype interaction (F = 4.14, p
= 0.0882) and of the mini-muscle effect (F = 4.67, p = 0.0323).

3.4. QRS Duration
Mini-muscle mice had longer QRS durations than wild-type individuals, both
before and after wheel access (Fig. 4E and 4F; Table 1; p = 0.0068). In general, male
mice tended to have longer QRS durations than females (Fig. 4E and 4F; p = 0.0975).
Body mass was not a predictor of QRS duration (p = 0.7394). When body mass was
removed as a covariate, the effect of sex became significant (p = 0.0306), with males
(LSMean ± SE = 10.9095 ± 0.1325ms) having longer values than females (10.4601 ±
0.1485ms). Adding the amount of running as a covariate had little effect on p values
(results not shown), and running did not account for an appreciable amount of the
variance in QRS duration (F = 2.25, p = 0.1361). However, the average duration of
wheel running across all 6 days of the trial tended to be a positive predictor of QRS
duration (F = 3.08, p = 0.0813).

3.5. Ventricle Mass
Some of the mice used for ECGs (above) were required as breeders for the
ongoing artificial selection experiment, and therefore ventricle mass was not recorded.
Instead, we recorded ventricle mass of males from generation 73, in which mice were
also given access to wheels for 6 days or had no wheel access. With body mass as a
covariate, six days of wheel access significantly increases ventricle mass in both HR and
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C males (Fig. 5, p = 0.0060; see Table 3). Additionally, Fig. 5 shows that mice from HR
lines tended to have larger hearts than those from C lines (p = 0.0842) and mini-muscle
mice had larger hearts than normal-muscled mice regardless of wheel access (p =
0.0008).

4. Discussion
4.1. Heart Rate
Six days of wheel access caused lowered resting heart rates for all mice, and this
effect was marginally larger in the HR lines (Table 1; Figs. 4A and 4B), supporting our
hypotheses that 6 days of wheel access would cause changes in ECG characteristics and
that these changes may be greater in HR mice. A slower heart rate (bradycardia) is a
common response to endurance training in humans (Hanne-Paparo et al., 1976; Holly et
al., 1998; see Huston et al., 1985), dogs (Stepien et al., 1998; Stone, 1977), and
sometimes in horses (Munoz et al., 1995); however, this is not common in rodents in such
a short time (i.e. less than 2 weeks; De Angelis et al., 2004; Evangelista et al., 2003;
Kaplan et al., 1994). For example, when given wheel access for 2 weeks, adult female
C57/Bl6 mice showed a decrease in heart rate when compared to sedentary controls, but
did not show this same difference after only 1 week of wheel access (Kaplan et al., 1994).
Also, heart rates are similar between HR and C mice before training (Table 2), which is
similar to results in rats that have been selectively bred for high and low treadmill
endurance capacity (Hussain et al., 2001).
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Adding the amount of wheel running to the statistical model as a covariate did not
account for a significant amount of the variation between HR and C lines, suggesting that
the greater reduction in heart rate for HR mice is not caused by their increased running
alone. Thus, the cardiac response to training in HR mice is more plastic (or occurs more
rapidly) than in C mice.
Enhanced plasticity in muscular and cardiovascular traits has been shown before
in HR mice (Garland and Kelly, 2006; Meek et al., 2012; Swallow et al., 2005), but
previous studies used longer durations of wheel access. However, Gomes et al. (2009)
showed that 5 days of wheel access is able to increase the concentration of GLUT4
transporters in the gastrocnemius in all mice, and the increase was greater in HR lines
than C lines. The present is the first study of HR and C mice to show that the plastic
response to exercise of cardiac muscle is greater in HR mice than in C mice in such a
short time span (for longer time spans, see Kelly et al., 2017; Meek, 2011).

4.2. PR Duration
As with heart rate, we observed no innate differences between HR and C lines,
but HR mice show an increased plastic response with regards to their PR duration. Mice
from the HR lines had an increased PR duration after wheel access, whereas the duration
of the PR interval decreased in male C mice and showed little change in female C mice
(Table 1, Figs. 4C and 4D). These results are similar to the results seen for heart rate,
An increased resting PR duration in response to training in humans is seen more
often in human athletes than in the general population (see Huston et al., 1985). During
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exercise, the PR interval shortens with increasing heart rate (Atterhog and Loogna, 1977;
Carruthers et al., 1987; Nakamoto, 1969; Roeske et al., 1976; Smith et al., 1964; Van
Ganse et al., 1970).

Therefore, we have no reason to believe that this effect is

pathological in nature, but instead probably represents the evolution of adaptive plasticity
within the HR lines. Interestingly, we do not see differences between trained and
untrained individuals in general as we do for heart rate. Longer access to running wheels
may be necessary for C lines to show a training response in this particular ECG
characteristic. Alternatively, C mice may not run enough to elicit training responses
(Houle-Leroy et al., 2000; see Discussion in Meek, 2011).
Additionally, mice with the mini-muscle phenotype tended to have a longer PR
duration than non-mini-muscle individuals, regardless of wheel access. This finding is
similar to ventricle mass (see section 3.5). The increased PR duration of mini-muscle
mice may reflect their increased ventricular (and probably atrial) mass.

4.3. QRS Duration
Neither a history of artificial selection for increased voluntary wheel running
(linetype) nor access to wheels for 6 days (training) had a significant effect on QRS
duration. In sled dogs and humans, endurance training alone (for weeks or months)
causes an increase in QRS duration (Bianco et al., 2001; Constable et al., 1994; Constable
et al., 2000; Sharma et al., 1999; Van Ganse et al., 1970). The results of our study show
that QRS duration is not significantly different before or after 6 days of wheel running,
suggesting that there is not an innate difference in the HR mice. However, this time
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course (or exercise type) may not be sufficient to elicit a plastic response to exercise in
either the C or HR lines.
Mice with the mini-muscle phenotype had a longer QRS duration than normalmuscled individuals (Figs. 4E and 4F). QRS duration generally correlates positively with
left ventricular size among individuals within greyhounds, sled dogs, and humans
(Carlsson et al., 2006; Constable et al., 2000; Steel et al., 1976; Stewart, 1981). Given
that QRS duration is, in part, dependent on the Purkinje system, the longer QRS duration
seen in mini-muscle mice may be caused by longer depolarization times related to the
increased ventricular size (see Section 3.5; Garland et al., 2002; Swallow et al., 2005;
Rezende et al., 2006b; Hannon et al., 2008; Kolb et al., 2010; Kelly et al., 2017).
However, it is possible that elongation of the QRS interval is attributable to slower
conduction in the Purkinje fibers in general.

4.4. Ventricle Mass
In a separate sample of male mice, we found that wheel access for 6 days
increased the mass of the ventricles and that mini-muscle individuals had larger hearts
than wild-type mice. Also, male HR mice tended to have larger ventricles than male C
mice (p = 0.0842; Table 3).

Increased plasticity of the cardiac muscle has been

demonstrated before in HR mice, but only after 8 weeks of wheel access (Meek, 2011).
However, plasticity in heart mass between HR and C lines (a wheel access*linetype
interaction) was not found in the present study, probably due to the short time span of
wheel access. The increased ventricle mass may also be the cause of the lower heart rates
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seen after exercise in all mice, as larger ventricles lead to stronger contractions and
increased stroke volume. Normal responses to increased stroke volume include lowering
of heart rate to maintain normal cardiac output while at rest.
Mini-muscle mice also had larger ventricular mass, regardless of training, which
corroborates several other studies (e.g., Hiramatsu et al., 2017; Kelly et al., 2017; Kolb et
al., 2013). Increased ventricular mass related to selective breeding is commonly seen in
greyhounds and horses (see Poole and Erickson, 2011). However, these changes in
ventricular mass are coupled with other modifications to the cardiovascular system that
are not seen in mini-muscle mice. For example, mini-muscle mice do not have lower
resting heart rates (Table 2; Kolb et al., 2013) than normal-muscled individuals, nor do
they have increased endurance capacity when treadmill tested (Meek et al., 2009). Also,
the larger ventricular mass of mini-muscle individuals is not associated with increased
resting blood pressure measured by tail cuff (Kolb et al., 2013). This suggests that the
cause of the larger ventricles is not an adaptation for voluntary wheel running, but an
effect of having the mini-muscle phenotype and underlying genetic mutation, and one
that may be functionally neutral with respect to wheel running, or possibly even
somewhat maladaptive.

4.5 Strain Comparisons
Some previous studies have correlated a longer QRS duration with increased
athletic performance in human athletes and selectively bred animals (Steel et al., 1970;
Steel and Stewart, 1974; Stewart et al., 1974; Steel et al., 1976). However, the
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correlation between QRS duration and athletic performance is not always present
(Leadon, 1982; Physick-Sheard and Hendren, 1983; Hanson et al., 1994; Sampson et al.,
1999). Using the Mouse Phenome Database (The Jackson Laboratory), we correlated
wheel-running traits with ECG characteristics across 17 strains of inbred mice, and also
calculated correlations using our 8 lines of mice. Among the 17 inbred strains, only one
correlation was found between any of the metrics tested (see Table 4). Across the four
HR and 4 C lines, males showed negative correlations between running speed and PR
interval before training and between total revolutions and PR interval before training
(Table 5). No significant correlations were found between the duration of the QRS
complex before training and any of the wheel traits considered. This finding indicates
that, at least in the inbred strains tested and the HR and C lines, QRS duration does not
predict athletic performance as has been found occasionally in horses, dogs, and humans.

4.6 Conclusions and Future Studies
Here we have demonstrated that the cardiac response to training (6 days of
voluntary exercise) is plastic in both the HR and C lines for both heart rate and ventricle
mass. However, the response to 6 days of wheel running in heart rate and PR interval by
the HR mice is more plastic than in C mice, suggesting the evolution of increased
phenotypic plasticity in HR mice for some traits (e.g., see Gomes et al., 2009). Also, we
have shown that mice with the mini-muscle phenotype show innate differences in cardiac
mass and QRS duration compared to normal-muscled individuals. Mini-muscle and
normal-muscled HR lines may have evolved differently in response to the same selection
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(Garland et al., 2011). Future studies should examine biochemical and histological
markers for physiological and pathological hypertrophy. Histological analyses of the
ventricular wall should be able to determine if the longer QRS duration seen in minimuscle mice is attributable to slower conduction time in the Purkinje fiber network or
pathological in nature. Studies of cardiac output should also be performed to determine if
six days of wheel access also increases stroke volume.
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Table 1.1. Significance levels (p values) from repeated measures ANCOVA analyzing ECG characteristics.

df

Heart Rate
F
p

PR

QRS

F

p

F

p

Factor
Sex

1, 6

0.00

0.9861+

0.05

0.8339+

3.85

0.0975+

Linetype

1, 6

3.11

0.1284-

0.05

0.8305-

0.36

0.5685+

Training

1, 6

7.50

0.0338-

0.17

0.6908+

0.42

0.5423+

1, ~150

1.85

0.1762-

3.85

0.0517+

7.53

0.0068+

Sex * Linetype

1, 6

1.61

0.2513

3.15

0.1262

0.15

0.7132

Sex * Training

1, 6

2.06

0.2014

0.45

0.5261

0.27

0.6190

Linetype * Training

1, 6

3.44

0.1129

3.98

0.0931

0.28

0.6160

Sex * Linetype * Training

1, 6

0.00

0.9466

0.36

0.5693

0.36

0.5683

Mini * Training

1, ~150

0.91

0.3414

0.12

0.7286

0.29

0.5891

Body mass

1, ~150

0.49

0.4833-

1.30

0.2568-

0.11

0.7394-

Mini-muscle

46

P values considered statistically significant are in bold font.
Training refers to 6 days of wheel access.

Table 1.2. Significance levels (p values) from ANCOVA analyzing ECG characteristics before training, split by sex
Heart Rate
Females

PR

QRS

df

F

p

F

p

F

p

Linetype

1, 5

1.83

0.2335-

0.02

0.8978-

0.52

0.5024+

Mini-muscle

1, 5

0.03

0.8717+

0.69

0.4126+

0.81

0.3729+

1, ~35

0.03

0.8605+

0.76

0.3899-

0.11

0.7408-

df

F

p

F

p

F

p

Linetype

1, 6

0.14

0.7254+

8.60

0.0262-

0.93

0.3711-

Mini-muscle

1, 6

0.97

0.3309-

0.64

0.4292+

5.43

0.0251+

1, ~35

1.56

0.2193+

9.08

0.0046-

1.14

0.2920-

Factor

Body Mass

Heart Rate
Males

PR

QRS

Factor
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Body Mass

P values considered statistically significant are in bold font.

Table 1.3. Significance levels (p values) from ANCOVA analyzing ventricle mass of male mice
All Mice
N = 105

Effect

df

F

p

Training

1, 6

17.24

0.0060+

Linetype

1, 6

4.27

0.0842+

Training*Linetype

1, 6

0.42

0.5427

Mini

1, 87

12.06

0.0008+

Body Mass

1, 87

249.13

<.0001+

P values considered statistically significant are in bold font.
Training refers to 6 days of wheel access.
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Table 1.4. Correlations between strain means for wheel-running traits and ECG characteristics in 17 inbred mouse strains,
split by sex

RUN
Heart
Rate
PR
QRS

Pearson Correlation
Sig. (2-tailed)
Pearson Correlation
Sig. (2-tailed)
Pearson Correlation
Sig. (2-tailed)

0.269
0.296
-0.465
0.060
-0.437
0.080

Females
INT
0.190
0.465
-0.552
0.022
-0.349
0.169

RPM
0.286
0.266
-0.422
0.091
-0.426
0.088

Heart
Rate
PR
QRS

Pearson Correlation
Sig. (2-tailed)
Pearson Correlation
Sig. (2-tailed)
Pearson Correlation
Sig. (2-tailed)
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Wheel running data is from Lightfoot and ECG data is from Hampton, see Methods.
P values considered statistically significant are in bold font.

RUN

Males
INT

RPM

0.099
0.705
-0.066
0.801
-0.176
0.499

-0.045
0.863
-0.177
0.497
-0.037
0.889

0.151
0.562
0.100
0.704
-0.182
0.484

Table 1.5. Correlations between LS means of wheel running traits and ECG characteristics measured before wheel access in C
and HR lines, split by sex

Run
Heart
Rate
PR
QRS

Pearson Correlation
P value
Pearson Correlation
P value
Pearson Correlation
P value

-0.350
0.396
-0.084
0.843
0.107
0.801

Females
Int
-0.603
0.113
-0.086
0.839
0.525
0.182

RPM
-0.235
0.575
-0.010
0.982
-0.027
0.950

P values considered statistically significant are in bold font.

Heart
Rate
PR
QRS

Pearson Correlation
P value
Pearson Correlation
P value
Pearson Correlation
P value

Run

Males
Int

RPM

-0.073
0.864
-0.724
0.042
-0.262
0.532

-0.493
0.214
-0.358
0.384
0.157
0.710

0.159
0.707
-0.785
0.021
-0.496
0.212
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FIGURE LEGENDS

Figure 1.1. Experimental timeline

Figure 1.2. From the raw ECG recordings (left: compare with samples shown in Figure
1 of Chu et al. 2001 and Figure 1 of Xing et al. 2009) we recorded heart rate, duration of
the PR interval, and duration of the QRS complex (right).

Figure 1.3. Average daily wheel running metrics across six days. (A) total revolutions.
(B) Number of one-minute intervals with at least one revolution (running duration). (C)
Revolutions per minute (average speed). (D) Maximum number of revolutions in any
one-minute interval. Values are LS means ± standard errors from SAS Procedure Mixed
repeated-measures ANCOVA. N = ~95.

Figure 1.4. Effects of selective breeding, training, and the mini-muscle phenotype on the
ECG characteristics of mice. (A) Heart rate. (B) PR duration. (C) QRS duration. See
Table 1 for statistical analyses. Values are LS means ± standard errors from SAS
Procedure Mixed ANCOVA. N = ~93.

Figure 1.5. Ventricle mass of HR vs C (with or without 6 days of wheel access) and
mini-muscle vs normal-muscled mice. N = 105. See Table 2 for statistical analyses.
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Figure 1.1.
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Figure 1.2.
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Figure 1.3.
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Figure 1.4.
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Figure 1.5.
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Abstract
Muscle injury can decrease function and hence reduce exercise ability. In
addition to lacerations, muscles are commonly injured by blunt physical impacts and
strain that occurs during voluntary exercise or other types of physical exertion. In
principle, species or populations that have experienced selection for high levels of
exercise behavior should also have adaptations that resist exercise-induced injury and/or
an ability to cope with these injuries. We tested this hypothesis by performing two
separate studies using mice from an ongoing artificial selection experiment in which
young adults are bred for high voluntary wheel running on days 5 and 6 of a 6-day
exposure to wheels. The 4-replicate high runner (HR) lines of mice run approximately 3
times more than the 4-non-selected control (C) lines. In experiment 1, mice experienced
contusion injury via weight drop on the calf (triceps surae muscle complex), and were
then housed with wheels for 6 days. Wheel-running behavior was used as an indicator of
both injury and recovery from injury. When injured by weight drop, wheel running and
speed (both average and maximum) were reduced in HR lines, but not in C lines. This
result suggests that, under normal conditions, the ability of C mice to run exceeds their
motivation. In experiment 2, mice were housed either with or without access to wheels
for 6 days, and afterwards trunk blood was collected and triceps surae were frozen,
sectioned, stained, then evaluated for markers of injury and regeneration. Both HR and C
mice with access to wheels showed increased histological indicators of injury in the
soleus, and increased indicators of regeneration in the plantaris. The only overall effect
of linetype observed was that mice from HR lines had relatively more central nuclei
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(regeneration indicator) than C mice in the soleus, regardless of wheel access. The subset
of HR mice with the mini-muscle phenotype (characterized by greatly reduced mass and
numbers of type IIb fibers) had lower plasma creatine kinase (an indicator of muscle
injury), more histological markers of injury in the deep gastrocnemius, as well as more
histological markers of regeneration in the deep and superficial gastrocnemius than
normal-muscled individuals. Additionally, mini-muscle individuals showed an increase
in histological markers of regeneration in the plantaris with wheel access, but a decrease
in the soleus. We conclude that, contrary to our expectations, mice from lines bred for
high voluntary wheel running are not more resistant to muscle injury caused by either
contusion or voluntary wheel running.
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1. Introduction
Locomotion enables such activities as finding food or mates, defending territories,
and migration. Locomotor activities also entail risk of injury, including muscle injury,
and the resulting negative effects on locomotor abilities could have severe consequences
for an animal's ability to express various behaviors. Similarly, human muscle injuries can
affect the ability to work or engage in leisure activities (Almekinders, 1993; Yassi, 1997).
Blunt trauma muscle injuries (contusions) are common in human sports (de Souza
and Gottfried, 2013; Järvinen and Lehto, 1993; Järvinen et al., 2005; Khattak et al.,
2010), but data on the frequency of such injuries in wild animals are not available.
Muscle contusions are frequently studied in animal models (see de Souza and Gottfried,
2013 for review). In male lab rats (Rattus norvegicus), for example, even moderate
contusion injury to the calf reduces maximum tetanic tension by 38% in an in situ
preparation of the gastrocnemius complex on the day of injury and was still reduced by
~20% after 1 week (Crisco et al., 1994). Contusion injuries to muscle are also associated
with increased pain (in humans), both at the site of injury and with movement (de Souza
and Gottfried, 2013; Järvinen et al., 2005), which could lead to reductions in locomotor
performance above and beyond the effects on muscle contractile performance.
In addition to contusions, exercise itself can injure muscles. Generally, overexercising, such as running a marathon (Warhol et al., 1985) or sprinting (Stanton and
Purdam, 1989) will result in some degree of muscle injury, even in trained individuals.
As for contusion injuries, data for exercise-induced muscle injury in the wild (e.g., when
attempting to escape from a predator) appears to be lacking, although the possibility that
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wild animals train via locomotor activity has recently been considered (Halsey, 2016;
Hawkes et al., 2017).
Perhaps surprisingly, even moderate or routine amounts of voluntary exercise can
cause muscle injury, which is related to the amount of eccentric contractions performed
(Armstrong et al., 1983). In rats, downhill walking on a treadmill (26 bouts, 5 minutes
each, at 15m/min) can induce muscle injury in the vastus lateralis (Duan et al., 1990).
Also, voluntary wheel running for as little as 5 days has been shown to induce muscle
injury in the soleus of two strains of mice (Mus domesticus), measured histologically
(Irintchev and Wernig, 1987). On longer time scales (12 days to 3 months), no further
acute injury was seen, but regeneration and satellite structures were common (Irintchev
and Wernig, 1987), suggesting some degree of recovery and/or the development of
resistance to further injury.
Animals that have evolved to differ in the frequency or intensity of exercise
behavior might be expected to differ also in the extent to which they resist exerciseinduced injury and/or their ability to recover (rapidly) from such injury. The purpose of
the present study was to test this proposition in replicate lines of mice that had been
selectively bred for more than 70 generations for high voluntary wheel running (High
Runner or HR lines) as compared with non-selected control (C) lines. A number of
exercise adaptations have been documented, including increased maximal oxygen
consumption (VO2max) and endurance during forced treadmill exercise, larger heart
ventricles, more symmetrical hindlimb bones, and higher plasticity in GLUT4
transporters in gastrocnemius muscle when given access to wheels (Claghorn et al., 2017;
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Gomes et al., 2009; Kelly et al., 2006; Kelly et al., 2017; Meek et al., 2009; Rezende et
al., 2006). In the present study, we examined both of the injury types discussed above,
i.e., contusion and exercise-induced.
One unexpected discovery in the selection experiment was the presence of a
single nucleotide polymorphism (SNP) that, in homozygous individuals, causes a 50%
reduction in hindlimb muscle mass, primarily as a result of greatly reduced type IIb
muscle fibers (Guderley et al., 2006; Guderley et al., 2008; Talmadge et al., 2014). The
mutation has been identified as a SNP in an intron of the Myo4 gene (Kelly et al., 2014).
Originally observed in one of the C lines and two of the HR lines, population-genetic
analyses indicate that the "mini-muscle" phenotype was favored in the HR lines but not in
the C lines (Garland et al., 2002). The mini-muscle phenotype is associated with faster
running speeds on wheels, increased cost of transport during voluntary wheel running,
reduced maximal sprint speed, increased VO2max in some studies, larger soleus muscles,
and medial gastrocnemius muscles that contract more slowly but are fatigue-resistant
(Dlugosz et al., 2009; Hiramatsu et al., 2017; McGillivray et al., 2009; Syme et al., 2005;
Talmadge et al., 2014). Additionally, mini-muscle mice have increased HSP72
concentrations in the triceps surae (Belter et al., 2004), which protects against exhaustive
exercise-induced muscle injury in mice (e.g., see Liu et al., 2013).
We hypothesized that HR mice have an innate ability to resist injury and/or that
their recovery from injury happens faster than in C mice. We also expected that minimuscle individuals would have increased muscle injury or regeneration in the superficial
gastrocnemius, a muscle that is primarily type IIb fibers in mice, but would show reduced
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injury in other muscles due to increased HSP72 levels. To examine these hypotheses, we
conducted two experiments. First, we studied recovery from contusion injury, using
voluntary wheel running as a proxy for recovery. Second, we studied exercise-induced
muscle injury that may occur during voluntary wheel running (as indicated by circulating
concentrations of creatine kinase), as well as resistance to or recovery from injury (as
indicated by muscle histology). We used the triceps surae muscle complex for
histological analysis, examining individual muscles and regions of known fiber type
differences within the same muscle.

2. Methods
2.1. Animals
Male and female mice were sampled from the 71st and 73rd generation of an
ongoing artificial selection experiment in which mice have been bred for voluntary wheel
running (Careau et al., 2013; Swallow and Garland, 2005). The founding population was
224 outbred Hsd:ICR mice (Mus domesticus). Four selected high runner (HR) lines are
bred based on wheel revolutions/day on days 5 and 6 of a six-day trial, while four control
(C) lines are bred without regard to running. No sibling mating is allowed. At ~6-8
weeks of age, mice are given access to wheels for 6 days, during which time they are
housed individually and given ad libitum food and water. The cages are attached to
Wahman-type activity wheels (1.12 m circumference, 10 cm wide, 35.7 cm diameter)
interfaced to a computer that records revolutions in one-minute intervals. Mice from
selected lines are then bred based on the mean number of revolutions from days 5 plus 6.
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Mice are weaned at 21 days of age and housed with food (Harlan Teklad Laboratory
Rodent Diet (W)-8604, Los Angeles, CA, USA) and water provided ad libitum and a
12:12 photoperiod. All experimental conditions and protocols and were approved by the
UCR IACUC.

2.2 Wheel Running and Home-Cage Activity
For generations 71 and 73 mice that were housed individually with access to
wheels for the testing period, running was measured as the number of revolutions in oneminute intervals for 23 hours/day by a, interfaced computer (Careau et al., 2013; Swallow
et al., 1998).
Home-cage activity (HCA; a measure of spontaneous physical activity; Garland et
al., 2011) was measured for mice from generation 73 using a passive infrared sensor
housed in wire mesh attached to the inside of the cage. Infrared sensors record activity 3
times per second as binary variables (0 = no movement, 1 = movement) and these
readings are averaged for every one-minute interval over the course of 23 hours by
software designed by Dr. Mark Chappell (Acosta et al., 2017; Copes et al., 2015;
Hiramatsu et al., 2017; Thompson et al., 2017). Sensor sensitivity was used as a
covariate in all analyses (Copes et al., 2015).

2.3. Contusion Injury
50 male mice [from HR lines #7 and #8 (lab designations), which lack the minimuscle phenotype (see Introduction) and C lines #1 and #2] were anaesthetized and either
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injured by a weight drop on the right triceps surae, or left uninjured as a control. All
mice were then given access to wheels for 6 days. We did not apply the contusion-injury
protocol to individuals with the mini-muscle phenotype because of the greatly reduced
size of their triceps surae muscles and hence a concern that bone injury could occur.
On the day of injury, mice were anesthetized with isoflurane and immediately
placed in position for the weight drop, with methods modified from Ota et al. (2011) and
Crisco et al. (1994). Mice had their right legs plantar flexed and positioned offset from
the opening of the pipe, such that only the muscle would be impacted. An 11.93 g steel
ball bearing of 1.3 cm diameter was dropped through a 1.125 m polyvinyl chloride pipe
with inner diameter of 1.51 cm onto the right triceps surae of each mouse. Once the
weight had impacted the leg, the mice were weighed and returned to their home-cages
with attached wheels. Time of injury and time of first wheel access were recorded to
determine latency to run. For logistical reasons, the 50 mice were injured in two batches,
on consecutive days. Uninjured mice were anesthetized and had the weight placed on
their triceps surae but did not have it dropped onto the muscle. Six days after injury,
mice were sacrificed by decapitation while under isoflurane anesthesia to check for
possible bone injury. For this experiment, wheel-running behavior was used as a
biomarker both for the effect of the contusion injury and for the rate and degree of
recovery from that injury; hence, these two aspects cannot be separated.
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2.4 Exercise-Induced Muscle Injury
For the study of exercise-induced injury, 108 male mice from generation 73 were
used, representing all four HR lines and all four C lines. Sixty-four mice were given
access to wheels for 6 days (as used in the selection protocol), and the other 44 were
housed in individual cages without wheels. As described in the previous section, mice
were sacrificed after 6 days and right triceps surae were dissected and weighed, then
placed on cork and frozen in isopentane chilled in liquid nitrogen. Left triceps surae were
also dissected from one line that remains polymorphic for the mini-muscle phenotype
(HR line #6) to determine mini-muscle status based on the relation between muscle mass
and body mass (Garland et al., 2002; see Introduction). We were only obtained useable
solei from half of the mice in this study. Only 1 of 14 line 6 mice showed the minimuscle phenotype.

2.4.1. Plasma Creatine Kinase Activity
Trunk blood was collected for mice in the exercise-induced injury group via
decapitation and centrifuged at 12,000 revolutions x min-1 at 4oC for 10 minutes, then the
plasma was collected and stored at -80oC until use. Creatine kinase activity of the plasma
was measured using a colorimetric assay kit (Abnova, Taipei City, Taiwan).

2.4.2. Histology
Muscles were stored at -80oC until sectioning, when the belly of the muscle was
removed and placed on cork and refrozen in liquid nitrogen. Muscles were cross66

sectioned at 10m using a CM3050 S cryostat (Leica Microsystems, Buffalo Grove, IL,
USA) at -20oC and adhered to charged slides (Thermo Fisher Scientific, Chino, CA,
USA). Cross-sections from the belly of the triceps surae complex were then stained
using a hematoxylin and eosin (H&E) kit (Thermo Fisher Scientific, Chino, CA, USA),
using 3 cross-sections for each stain. Muscle cross-sections were viewed using an
Olympus BX51 microscope (Waltham, MA, USA) and photos were taken of the
plantaris, soleus, and the superficial and deep regions of the gastrocnemius using a Retiga
2000RV camera (QImaging, Surrey, BC, Canada) at 10X with QCapture software
(QImaging, Surrey, BC, Canada). Photos of the same region of each muscle group were
taken at the same magnification for each of the three cross-sections per individual.

2.4.3. Evaluation of Exercise-Induced Muscle Injury
Hematoxylin and eosin (H&E) muscle cross-sections were evaluated for injury
using the following criteria modified from Tsivitse et al (2003; Koh and Brooks, 2001):
centrally located nuclei (counted as any nuclei not touching the endomysium and not
containing any other metric of injury; used as a biomarker of regeneration), areas of
regeneration that did not include central nuclei, pale staining cytoplasm, cells exhibiting
obvious signs of necrosis, myofibers that are invaded by cells (see Figs. 1 and 2) using
ImageJ (U.S. National Institutes of Health, Bethesda, MD, USA). An additional metric
was also used: cross-sections that included infiltration of cells into the perimysium but
not into the myofibers themselves (Fig. 1C). This metric was ranked on a 0-3 scale (0
having no evidence of infiltration and 3 having extensive infiltration). The three cross67

sections were counted for markers of muscle injury/regeneration and those were then
summed across the three cross-sections. Values are presented as the percent of the total
number of myofibers that show one or more histological markers of injury.

2.5. Statistical Analysis
We used the Mixed Procedure in SAS 9.4 (SAS Institute, Cary, NC, USA) to
apply a nested analysis of covariance (ANCOVA) models, with replicate lines nested
within linetype (HR vs. Control) as a random effect. In cases of zero-inflated data (i.e.,
many mice had values of zero), the Procedure GLIMMIX was used, again nesting line
within linetype. In both cases, main effects were linetype and either injury status or
wheel access. For experiment 2, mini-muscle status was an additional main effect, and
we also tested for mini * wheel access interactions. Age at dissection, standardized age
at dissection2, time of dissection, and standardized time of dissection2 were used as
covariates in all analyses of injury or regeneration in experiment 2. For wheel running
(in both experiments), wheel freeness (an inverse measure of how difficult it is to turn the
wheel) was used as an additional covariate (Copes et al., 2015).
In experiment 1 (using only 2 HR and 2 C lines), the degrees of freedom for
testing the effects of linetype and injury status were 1 and 2. In experiment 2 (using all 4
HR and 4 C lines), the degrees of freedom for testing the effects of linetype or wheel
access (training) were 1 and 6. Also in experiment 2, the mini factor and the mini *
wheel access interaction were tested relative to the residual d.f. However, in experiment
2, if the wheel access * (line)linetype interaction covariance parameter estimate was zero,
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it was removed from the model and the effect of wheel access and wheel access *
linetype were tested over the residual d.f. For both experiments, main effects were
considered statistically significant at p < 0.05; interactions were considered significant at
p < 0.1 because ANOVA models typically have reduced power to detect interactions as
compared with main effects (Belter et al., 2004; e.g., see Wahlsten, 1990; Wahlsten,
1991).
For total injury (combining all markers of injury), total regeneration (combining
all markers of regeneration), and combined injury plus regeneration (combining all
markers of injury and regeneration), in order to weight each component trait equally, we
first standardized each component measure by subtracting the mean from the individual
values and then dividing by the standard deviation. These standardized values were then
summed to obtain the composite score. This procedure was followed because not all
markers were presented as a percentage of the total number of fibers, and also because
variances differed among measures. Additional transforms were done to the standardized
variables to improve normality of the residuals. For total regeneration in the plantaris, it
was necessary to rank-transform the standardized values to achieve normality of the
residuals.
For individual markers that were zero-inflated, simplified 0/1 variables were
made indicating whether or not any cells in that muscle cross-section contained the
marker in question or not. Then a Z-test was used to look for differences in the
proportions of injured and non-injured individuals among different groups (e.g. C vs HR)
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and to compare different types of injury markers between muscles (e.g. plantaris vs
soleus).

3. Results
3.1. Effects of Contusion Injury on Voluntary Wheel-running Behavior
Dissections indicated that one individual had a fractured tibiafibula, and so it was
excluded from all analyses. Given the known large difference in daily wheel running
between HR and C mice (e.g., see Belter et al., 2004), we first analyzed the two linetypes
separately, treating the two replicate lines within each linetype as a fixed effect. All
measures of wheel running generally increased across the 6-day trial, regardless of injury
status, for both HR and C mice, although minutes run per day decreased from day 1 to 2
for all four groups (Table 1, Fig. 3).
Mice from the two High Runner lines decreased revolutions run per day when
injured (p = 0.0284; Fig. 3A), which was attributable to decreased average and maximal
speed (p = 0.0032 and p = 0.0087, respectively; Figs. 3C and 3D), but not a decrease in
running duration (p = 0.2473; Fig. 3B and Table 1). As seen in a previous study (Hannon
et al., 2011), HR Line 7 mice ran faster than HR Line 8 mice (Table 1). Mice from the
two Control lines had no significant effect of injury on any measure of wheel running
(Table 1). In the C lines tested, maximum running speed shows a significant line * injury
interaction with injured Line 2 mice attaining higher maximum speeds than injured Line
1 mice (p = 0.0464).
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When analyzed together (Table 2), HR mice ran significantly more than C mice
on all days, regardless of injury (p = 0.0414; Fig. 3A), and this result was mirrored in
their running speed and the maximum revolutions in any one-minute interval (square root
transformed to improve normality of the residuals; p = 0.0484 and p = 0.0346,
respectively; Figs. 3C and 3D).

3.2.1. Exercise-Induced Injury: Wheel Running
Mice from the four replicate HR lines ran more total revolutions than those from
the four C lines on all days, and the differential became larger across the 6 days of wheel
access (linetype * day interaction p = 0.0001; Fig. 4A and Table 3). HR mice increased
their wheel running from ~5,400 revolutions on day 1 to ~12,200 revolutions on day 6, as
compared with C mice which increased from ~3,000 revolutions to ~5,200 revolutions
during the same span (Fig. 4A). The higher daily running distances of HR mice were
caused by greater duration of running (Fig. 4B), and greater average running speeds (Fig.
4C [maximum speeds were also higher in HR mice Fig. 4D]). The increasing differential
in daily running distances was attributable to an increasing disparity in running speeds
(significant linetype * day interactions), not duration (interaction p = 0.3875; Table 3).
As compared with normal-muscled individuals, mini-muscle mice ran significantly faster
and had a higher maximum number of revolutions in any one-minute interval (Table 3).
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3.2.2. Exercise-Induced Injury: Home-Cage Activity
As seen in previous studies, all HCA measures decreased across the 6 day trial in
all mice (Acosta et al., 2017; Fig. 5). Mice with wheel access were less active in their
cages than mice without wheels (p = 0.0003), and this effect was greater in HR lines
(linetype*wheel access p = 0.0373; Fig. 5A). Mice with wheel access were also active
for less total time, had lower activity per minute, and lower maximum activity in any
one-minute interval than mice housed without wheels (p = 0.0346, p = 0.0002, and p =
0.0012, respectively; Figs. 5B, 5C, 5D, respectively; Table 4). In general, HR mice were
more active (p = 0.0259 for total activity) and tended to be active for more minutes per
day and at a higher average intensity of activity (p = 0.0735 and p = 0.0901,
respectively). Mini-muscle status had no significant effects on any measure of HCA
(Table 4).

3.2.3. Exercise-Induced Injury: Plasma Creatine Kinase Activity
Mini-muscle mice had lower plasma creatine kinase activity (an indicator of
muscle injury) than normal-muscled mice (p = 0.0033; Fig. 6 and Table 5), with no
overall effects of linetype (p = 0.2249) or wheel access (p = 0.5134), and no significant
interactions. Adding the indicators of home-cage activity (averaged over days 5 and 6 or
all 6 days) as covariates (one at a time) indicated that they were not significant predictors
of creatine kinase activity and had little effect on the significance levels for the main
effects (results not shown). In a separate analysis of only mice that had wheel access,
mini-muscle individuals again had significantly lower plasma creatine kinase activity
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than normal-muscled mice (p = 0.0144). Adding the wheel-running metrics or the homecage metrics (averaged over days 5 and 6 or all 6 days) to this analysis indicated that
none of them was a significant predictor of plasma creatine kinase, and the mini-muscle
effect always remained significant.
When analyzing only mice that did not have access to wheels, mini-muscle
individuals tended to have lower plasma creatine kinase compared to normal-muscled
mice (p = 0.0619). Adding the home-cage metrics to this analysis indicated that none of
them was a significant predictor of plasma creatine kinase, and the mini-muscle effect
remained similar.

3.2.4. Exercise-Induced Injury: Total Muscle Injury
For the index of total muscle injury, the superficial gastrocnemius showed very
few signs of injury and was heavily zero inflated; hence, this muscle could not be
analyzed statistically (models did not converge). The soleus showed a statistically
significant increase in the index of total muscle injury with wheel access (p = 0.0144;
Table 5), with no effect of linetype and no interactions. Effects of wheel access, linetype,
and their interaction were non-significant for the deep gastrocnemius and plantaris. In
the deep gastrocnemius, mini-muscle mice had more total injury than other mice,
regardless of wheel access (p = 0.0127; Table 5). Adding the indicators of home-cage
activity as covariates, one at a time, indicated that none of them were significant
predictors of total injury for any muscle, and they had little effect on significance levels
of the other factors (results not shown).
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In a separate analysis using only mice that had wheel access, mini-muscle
individuals had significantly more injury than normal-muscled mice in the deep
gastrocnemius (p = 0.0149). Adding the various measures of wheel running (averaged
across all 6 days or only the first 3 days) individually as covariates never had significant
effects on the total amount of injury for any muscle, and they caused little change in the
significance levels for linetype or mini-muscle status. When mice without wheel access
were analyzed separately, we found no significant effects of linetype or mini-muscle
status on total injury for any muscle (results not shown), and adding the home-cage
metrics to this analysis indicated that none of them were significant predictors of total
injury.

3.2.5. Exercise-Induced Injury: Central Nuclei
Central nuclei are used as a biomarker of regeneration. In this study, the major
observed differences in the percentage of central nuclei involved mini-muscle
individuals. In the deep gastrocnemius, mini-muscle individuals had a higher percentage
of fibers with central nuclei than normal-muscled individuals (p = 0.0296; Fig. 7B). In
the superficial gastrocnemius, mini-muscle individuals also had a higher percentage of
fibers with central nuclei (p < 0.0001; Figs. 7B and 8; Table 5), and wheel access
increased this percentage, whereas it decreased the percentage in normal-muscled
individuals (mini-muscle*wheel access interaction p = 0.0331; Table 5). In the plantaris,
mini-muscle mice again had a significantly higher percentage of fibers with central nuclei
(p = 0.0454; Fig. 7B), and mice with wheel access tended to have a higher percentage of
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fibers with central nuclei than those without wheels (p = 0.0525; Table 5). In the soleus,
HR mice had a higher percentage of fibers with central nuclei than C mice (p = 0.0193;
Fig. 7A). Wheel access reduced the percentage of fibers with central nuclei in minimuscle mice, but tended to increase it in normal-muscled individuals (minimuscle*wheel access interaction p = 0.0975; Fig. 7B). Adding the indicators of homecage activity as covariates, one at a time, indicated that none of them were significant
predictors of percent central nuclei for any muscle, and they had little effect on
significance levels of the other factors (results not shown).
Considering only mice with wheels, mini-muscle individuals had a higher
percentage of fibers with central nuclei in the superficial gastrocnemius and the plantaris
than normal-muscled mice (p < 0.0001 and p = 0.0218, respectively; results not shown in
a table), with a trend for the soleus of HR mice to have an increased percentage of fibers
with central nuclei than C mice (p = 0.0749). In models with the average amount of
wheel running on days 1-6 as a covariate, this metric negatively predicted the percentage
of central nuclei in the plantaris (p = 0.0490; results not shown in a table) and HR and
mini-muscle mice had a higher percentage of fibers with central nuclei (linetype p =
0.0243 and mini p = 0.0099). Similar results were found when adding the average speed
at which mice ran on days 1 through 6 (covariate p = 0.0149; results not shown in a
table). Using the average amount of wheel running, average speed or average time spent
running on days 1-3 as covariates had similar effects as days 1-6 (results not shown).
When mice without wheels were analyzed separately, mini-muscle individuals
had a higher percentage of fibers containing central nuclei in the deep and superficial
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gastrocnemius (p = 0.0108 and p <0.0001, respectively; results not shown in a table), as
compared with normal-muscled mice.

3.2.6. Exercise-Induced Injury: Total Muscle Regeneration
The total amount of regeneration (the number of central nuclei and areas of
regeneration combined) was higher in the deep and superficial gastrocnemius of minimuscle mice as compared with normal-muscled mice (p = 0.0072 and p = 0.0271,
respectively; Table 5). Also in the deep gastrocnemius, a linetype * wheel access
interaction showed that mice from HR lines had less regeneration after wheel access,
whereas mice from C lines had more regeneration after wheel access (interaction p =
0.0764; Table 5). Regeneration was also higher in the plantaris of mice that had wheel
access as compared with sedentary mice (p = 0.0449; Table 5). In the plantaris, minimuscle mice had a greater increase in regeneration after wheel access than did normalmuscled mice (mini * wheel access interaction p = 0.0850; Table 5). In the soleus, minimuscle individuals had less regeneration after wheel access, whereas normal-muscled
mice had more (mini * wheel access interaction p = 0.0972; Table 5). Adding the
indicators of home-cage activity as covariates, one at a time, indicated that none of them
were significant predictors of total regeneration for any muscle, and they had little effect
on significance levels of the other factors (results not shown).
In a separate analysis of only mice that had wheel access, the deep gastrocnemius
of mini-muscle mice had significantly more regeneration than normal-muscled mice (p =
0.0218), with a trend for the superficial gastrocnemius and the plantaris of mini-muscle
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individuals to have more regeneration (p = 0.0627 and p = 0.0834, respectively). The
average amount of time spent running on nights 1-6 tended to negatively predict the
amount of regeneration in the plantaris (p = 0.0594). The average amount of time spent
running during days 1-3 negatively predicted regeneration in the plantaris (p = 0.0200)
and tended to negatively predict regeneration in the soleus (p = 0.0633). No other wheelrunning measure had a significant effect on the total amount of regeneration (results not
shown). When mice without wheel access were analyzed separately, the deep
gastrocnemius of HR mice tended to have more regeneration than C mice (p = 0.0638),
with no effect of the mini-muscle phenotype (p = 0.2011).

3.2.7. Exercise-Induced Injury: Comparisons of Different Muscle Groups
Overall, the superficial gastrocnemius had relatively fewer areas of regeneration
that did the other muscles, whereas the soleus had relatively more perimysial infiltration
and more necrotic fibers that the other muscles (Fig. 9). Similar patterns were seen for
areas of regeneration and necrotic fibers when comparing mini- and normal-muscled
individuals (Fig. 10).

4. Discussion
4.1. Effects of Contusion Injury on Voluntary Wheel-running Behavior
Our protocol for contusion injury was similar to those used in previous studies
that have shown negative effects on muscle function (Crisco et al., 1994; Ota et al.,
2011), so we presume that running ability was reduced in the present study.
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Interestingly, contusion injury decreased wheel running only in mice from HR lines (Fig.
3). This result suggests that, under normal conditions, the ability of C mice to run on
wheels exceeds their motivation and that the amount of injury experienced did not
decrease this ability to a level that would reduce their daily wheel running below the
amount dictated by their inherent motivation to run voluntarily on wheels. For uninjured
HR mice, the amount they are able to run is probably similar to the amount they are
motivated to run, given that they have been under continued selection for tens of
generations since they reached selection limits (Careau et al., 2013), such that any
reduction in either ability or motivation will cause a reduction in daily running distance.
Hypothetically, changes in mean (or maximum) running speed -- which mostly
account for the higher daily running distances by HR mice -- are closely aligned with
changes in running ability, whereas changes in duration of running may be more
reflective of motivation. In our study, contusion injury reduced running speeds of HR
mice, but not their daily running duration (Fig. 3), which suggests negative effects on
ability but not motivation. If this interpretation is correct, then it is somewhat surprising
because contusion injury typically leads to pain during movement (e.g., see de Souza and
Gottfried, 2013), which could negatively affect motivation (e.g., see discussion in
Lightfoot et al., 2017).
In principle, HR mice might have evolved reduced pain sensitivity or increased
pain tolerance. A study of opioid-mediated pain sensitivity did not find statistically
significant differences between female HR and C mice (Li et al., 2004). However,
endocannabinoids also modulate pain both peripherally and centrally in rats and humans
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(Richardson, 2000; Richardson et al., 1998), and pharmacological studies show
differences in endocannabinoid function between HR and C mice of both sexes (Keeney
et al., 2008) and that 6 days of wheel access differentially affects circulating
concentrations of anandamide in both sexes (Thompson et al., 2017). Another study
showed that HR female mice tended to have relatively larger periaqueductal grey (PAG;
an area of the midbrain associated with pain perception) volumes than C females when
housed without wheels, but this difference was reversed when mice were housed with
wheels for 10 weeks beginning at weaning (Thompson, 2017). Initial differences or
changes in PAG volume or plasma anandamide levels during 6 days of wheel running
could lead to reduced pain sensitivity or increased pain tolerance in HR mice, thus
helping them to recover motivation for running after an injury. This possibility could be
tested in future studies.
On day 1 following injury, injured HR mice ran ~38% fewer revolutions/day (Fig.
3A). Both injured and uninjured HR mice increased daily revolutions run across the
following five days, but on day 6 the injured animals still ran ~21% fewer revolutions
than uninjured HR mice. Thus, recovery from injury was not complete by day 6.
Exercise is one of several factors than can affect muscle healing from contusion injury
(see de Souza and Gottfried, 2013 for review). Rats have shown an increase in muscle
repair after contusion injury to the gastrocnemius when given access to wheels (one
hour/day) for three days, and have shown a more complete response to repair after 21
days with wheel access than immobilized controls (Khattak et al., 2010). In mice,
treadmill running (one hour/day, five days/week for five weeks) reduces the amount of
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collagen observed as a result of a contusion injury to the tibialis anterior (Ambrosio et al.,
2010). To our knowledge, no other published study has given animals access to wheels
ad libitum following contusion injury.

4.2. Exercise-Induced Injury: Plasma Creatine Kinase Activity
Contrary to our initial hypothesis, voluntary wheel running for 6 days had no
statistically significant effect on plasma CK levels, nor did linetype (Fig. 6A). To our
knowledge, no previous study has examined effects of voluntary wheel running on
plasma creatine kinase levels in such a short time scale. However, a study that used 3
weeks of wheel access and sampled blood one day after the end of the wheel access
found no effect on serum creatine kinase (Haubold et al., 2003). Strenuous exercise has
been shown to increase circulating CK levels in rodents (treadmills: Armstrong et al.,
1983; Haubold et al., 2003; Schwane and Armstrong, 1983) and in humans (BorosHatfaludy et al., 1986; Fallon et al., 1999; Munjal et al., 1983; Priest et al., 1982; Wolf et
al., 1987). Also, human athletes (both strength and endurance types) have higher resting
plasma CK levels when compared to sedentary/non-athletic controls (Evans et al., 1986;
Mougios, 2007; Nikolaidis et al., 2003), which is probably caused by increased training.
For example, Chevion et al. (2003) showed that individuals that routinely experience
high-volume intense exercise have higher baseline levels of serum CK than untrained or
more moderately trained individuals. Moderate exercise may not induce changes in
membrane permeability and, therefore, no increase in serum CK levels should be
expected unless training/exercise exceeds this threshold (Brancaccio et al., 2007;
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Klapcinska et al., 2001; Ohkuwa et al., 1984; Szabó et al., 2003). The amount of wheel
exercise performed by C and even HR mice may not be sufficient to elicit changes in
membrane permeability that would cause a significant increase in plasma CK levels: even
HR mice rarely reach their maximal aerobic speed during voluntary wheel running
(Girard et al., 2001; Rezende et al., 2005). Another possible explanation for the
similarity in plasma CK levels between HR and C mice after wheel access is that the
former have altered stride characteristics (Claghorn et al., 2017) and use more
intermittent locomotion (Girard et al., 2001), which might decrease sarcolemmal
disruption, and therefore decrease the leakage of CK from the muscle into the blood.
Although we did not find differences between HR and C mice or between
exercised and non-exercised individuals, mini-muscle mice had lower levels of plasma
CK (Fig. 6B). Yamashita and Yoshioka (1991) showed that total CK is more prevalent in
fast-twitch glycolytic fibers (type IIb), lower in type IIa, and lowest in type I. Therefore,
the lower plasma CK levels of mini-muscle mice probably reflect their general lack of
type IIb fibers (McGillivray et al., 2009; Talmadge et al., 2014).

4.3. Exercise-Induced Injury: Central Nuclei
Central nuclei occur during the regenerative processes that follows muscle injury.
During this process, new myogenic cells fuse to form myofibers with centrally located
nuclei, which can be quantified as an indicator of regeneration. The nuclei then migrate
to the periphery as the regenerative process is completed (see Cadot et al., 2015 for
review). In the soleus, HR mice had a higher percentage of fibers with central nuclei than
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C mice, with no statistical interactions, indicating that HR mice are not more resistant to
exercise-induced injury than C mice. Similar results were not seen in other muscles of
the triceps surae complex (Table 5). The plantaris tended to have a higher percentage of
central nuclei in mice that had 6 days of wheel access (P = 0.0525; Table 5). The fibers
in the plantaris of HR mice had a significantly increased percentage of central nuclei
when the total number of revolutions or speed of running was added to the model, and
both of these were negatively predictive of central nuclei. One possible explanation for
this observation pertains to the fact that as little as a single bout of (forced treadmill)
exercise has been shown to have a protective effect against muscle injury (Schwane and
Armstrong, 1983) and also that wheel running may speed muscle recovery (Khattak et al.,
2010). Thus, fibers in the plantaris could have been injured during the early period of
wheel access (e.g., during day 1 or 2), but somewhat protected from further injury, and
also the subsequent wheel running could have facilitated muscle recovery. This scenario
could explain the abundance of central nuclei in HR mice (with wheel running as a
covariate) in the plantaris, as well as the negative relationship with total revolutions or
speed.
In addition to the effects of linetype and wheel access, mini-muscle individuals
had more central nuclei in the deep and superficial gastrocnemius and the plantaris, and
wheel access increased this in superficial gastrocnemius while decreasing the effect in
soleus (mini*wheel interaction: Table 5, Fig. 7B). We do not believe that the increased
number of central nuclei in the superficial gastrocnemius of mini-muscle mice is related
to injury, but to their muscle fiber phenotype in general. Talmadge et al. (2014) noted the
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increased number of type IIb fibers containing central nuclei in the superficial region of
the gastrocnemius of untrained adult mini-muscle mice compared to other untrained HR
or C57Bl6NHsd mice. Because some studies have shown that oxidative fibers are more
likely to be injured due to (forced treadmill) exercise (Armstrong et al., 1983; Binkhorst
et al., 1990; Ogilvie et al., 1988; Schwane and Armstrong, 1983), the increase in the
percentage of central nuclei in the deep gastrocnemius and the plantaris may be explained
by the higher percentage of type I and type IIa fibers that necessarily exist in these areas
in mini-muscle mice compared to normal-muscled mice.

4.4. Exercise-Induced Injury: Total Muscle Injury and Regeneration
Most mice and most muscle fibers did not show signs of injury; however, mice
with wheel access showed significantly higher levels of injury in the soleus and higher
levels of regeneration in the plantaris, for both HR and C mice (Fig. 9). In a study by
Komulainen and Vihko (1994), male rats were subjected to exhaustive exercise on an
inclined treadmill and fiber swelling and interstitial edema was observed in the soleus 412 hours post-exhaustion, with histological markers indicative of muscle injury (e.g.,
inflammation, necrosis) seen 12-96 hours post-exhaustion, depending on the muscle in
question. In rats, muscle injury occurs earlier in the plantaris than the soleus (Kasper,
1995). In rodents generally, regenerative processes start 96-144 hours after the onset of
muscle injury (Armstrong et al., 1983; Salminen et al., 1984; Vihko et al., 1978). Thus,
in the present study, the plantaris may have been injured by wheel running earlier than
the soleus, and then began regenerating while the soleus was still in the injury phase.
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Mini-muscle mice had higher levels of injury and regeneration in the deep and
superficial regions of the gastrocnemius (Table 5, Fig. 10). Total regeneration is a
function of the percentage of central nuclei and number of areas of regeneration seen in a
single muscle. The superficial gastrocnemius of mini-muscle mice have inherently more
central nuclei, which accounts for their higher total regeneration and may not be
indicative of injury (Talmadge et al., 2014; see Figure 7B). However, the increased
regeneration in the deep gastrocnemius is a combination of areas of regeneration and
central nuclei. The injury in the deep and superficial gastrocnemius is a combination of
perimysial infiltration, invaded cells, pale cytoplasm, and increased necrotic fibers in
mice with wheel access (Fig. 10). The superficial gastrocnemius is comprised almost
entirely of type IIb muscle fibers (with a smaller amount present in the deep
gastrocnemius) in normal-muscled individuals which are able to handle higher forces
than other fiber types. Mini-muscle mice lack type IIb fibers, which may explain the
increase in injury/recovery seen in the superficial (and deep) gastrocnemius.
Within mini-muscle mice, the soleus and plantaris showed a mini*wheel access
interaction for regeneration: with wheels, regenerating fibers increased for the plantaris,
but decreased for the soleus (Fig. 10). One explanation for this finding is that the
plantaris is less resistant to injury than the soleus because the former has more type II
fibers, which are more likely to become injured during exercise (Fridén et al., 1988;
Jones et al., 1986) than the type I fibers dominating the soleus. Another possibility is the
different time courses for injury and regeneration in the two muscles (Kasper, 1995).

84

4.5. Exercise-Induced Injury: Comparisons of Different Muscles
In the superficial gastrocnemius, fewer individuals had areas of regeneration than
for any other muscle (Fig. 9A). The soleus had an increased proportion of necrotic fibers
and increased perimysial infiltration compared with other muscles. In general, we
observed fewer signs of injury and areas of regeneration (but not central nuclei) in the
superficial gastrocnemius, which may reflect the increased force potential of its many
type IIb fibers and their lower propensity to experience exercise-induced injury (see
references in Section 4.4 Exercise-Induced Injury: Central Nuclei, although these studies
used treadmill running for the induction of injury).

4.6. Conclusions and Future Directions
Contrary to our initial hypotheses, our results suggest that HR mice have not
evolved a heightened ability to resist muscle injury, nor do they recover from injury
faster than mice from non-selected Control lines. Within the HR lines of mice,
individuals with the mini-muscle phenotype have more indicators of both injury and
regeneration than normal-muscled mice, even when they do not have access to wheels,
which is likely related to their lack of type IIb muscle fibers. This finding does not
support or initial hypothesis that only the superficial gastrocnemius of mini-muscle mice
would show increased muscle injury/regeneration compared to normal-muscled
individuals, or that the other muscles of the triceps surae complex of mini-muscle mice
would show fewer signs of injury or regeneration. Finally, the number of injured or
regenerating fibers was very small, even for mice given 6 days of wheel access; thus,
85

increased amounts or intensities of running, possibly by use of forced treadmill exercise
or downhill running, may be required to show a substantial increase in injured or
regenerating fibers in these mice. Greater amounts of injury caused by longer durations
of wheel running or more extensive contusions might also reveal differences between HR
and Control mice. Other directions for future studies would be to examine fiber type,
physiological cross-sectional area, fiber swelling, collagen infiltration (via Masson’s
trichrome staining), time courses of injury and recovery, and the use of previously trained
individuals. Other future studies could use an in situ muscle preparation to determine if
contusion or wheel running causes decreased muscle performance in HR vs. C mice.
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Table 2.1. Tests for effects of contusion injury on voluntary wheel-running behavior, split by linetype (experiment 1)
High Runner
N=

RUN

INT

RPM

MAX

20

20

19

19

d.f.

F

P

d.f.

F

P

d.f.

F

P

d.f.

F

P

PLine

1, 15

0.25

0.6245+

1, 15

0.35

0.5647+

1, 14

6.23

0.0257+

1, 14

0.74

0.4041+

PInjury

1, 15

5.88

0.0284-

1, 15

1.45

0.2473-

1, 14

12.62

0.0032-

1, 14

9.28

0.0087-

PDay

1, 80

15.69

<.0001

1, 80

7.87

<.0001

1, 75

36.71

<.0001

1, 75

10.77

<.0001

PLine*Injury

1, 15

0.06

0.8150

1, 15

0.13

0.7250

1, 14

1.95

0.1840

1, 14

0.1

0.7576

PLine*Day

1, 80

0.67

0.6466

1, 80

0.18

0.9678

1, 75

2.91

0.0188

1, 75

0.53

0.7503

PInjury*Day

1, 80

1.03

0.4083

1, 80

0.32

0.9019

1, 75

1.24

0.3004

1, 75

1.18

0.3265

PLine*Injury*Day

1, 80

0.37

0.8663

1, 80

0.53

0.7524

1, 75

1.05

0.3957

1, 75

0.95

0.4523

PWheel Freeness

1, 15

1.69

0.2138+

1, 15

0.99

0.3355+

1, 14

1.14

0.3036+

1, 14

3.24

0.0933+
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Control

RUN

N=

INT

RPM

MAX

d.f.

22
F

P

d.f.

22
F

P

d.f.

21
F

P

d.f.

20
F

P

PLine

1, 17

2.03

0.1719+

1, 17

1.03

0.3240-

1, 16

1.15

0.2988+

1, 15

1.41

0.2537+

PInjury

1, 17

0.08

0.7874-

1, 17

1.01

0.3292-

1, 16

0.21

0.6496-

1, 15

0.02

0.9016-

PDay

5, 90

8.98

<.0001

5, 90

14.05

<.0001

1, 85

17.25

<.0001

1, 80

3.1

0.0131

PLine*Injury

1, 17

2.37

0.1424

1, 17

1.68

0.2122

1, 16

0.56

0.4643

1, 15

4.71

0.0464

PLine*Day

5, 90

0.58

0.7187

5, 90

2.08

0.0749

1, 85

1.74

0.1331

1, 80

2.55

0.0341

PInjury*Day

5, 90

0.46

0.8031

5, 90

0.26

0.9353

1, 85

1.39

0.2370

1, 80

3.23

0.0104

PLine*Injury*Day

5, 90

0.54

0.7476

5, 90

0.98

0.4365

1, 85

0.35

0.8791

1, 80

0.23

0.9479

PWheel Freeness

1, 17

2.82

0.1115+

1, 17

5.55

0.0308+

1, 16

1.07

0.3156+

1, 15

3.11

0.0984+

Significance levels (p values) from repeated measures ANCOVA. Bold values indicate significant differences (p < 0.05 or p < 0.10 for interactions).
Positive (+) indicates direction Line 8 > Line 7, Line 2 > Line 1, and Injured > Uninjured. Wheel freeness was transformed to the 0.4 power to
normalize the distribution of residuals. RUN = total number of revolutions. INT = number of intervals with at least one revolution. RPM = revolutions
per minute. MAX = maximum number of revolutions in any one-minute interval.

Table 2.2. Tests for effects of contusion injury on voluntary wheel-running behavior, not split by linetype (experiment 1)
RUN

INT

d.f.

42
F

P

d.f.

42
F

P

1, 2

22.67

0.0414+

1, 2

1.47

0.3492+

N=
PLinetype

RPM

MAX

d.f.

42
F

P

d.f.

41
F

P

1, 2

19.17

0.0484+

1, 2

27.41

0.0346+

PInjury

1, 2

4.83

0.1592-

1, 2

2.96

0.2277-

1, 2

4.14

0.1787-

1, 2

4.42

0.1704-

PDay

5, 10

24.62

<.0001

5, 10

14.74

0.0002

5, 10

39.59

<.0001

5, 10

6.34

0.0067

PLinetype*Injury

1, 2

3.24

0.2136

1, 2

0.09

0.7949

1, 2

4.22

0.1765

1, 2

2.17

0.2788

PLinetype*Day

5, 10

6.54

0.0060

5, 10

1.69

0.2247

5, 10

7.25

0.0041

5, 10

1.07

0.4327

PInjury*Day

0.4234

5, 10

0.17

0.9698

5, 10

1.01

0.4595

5, 10

2.91

0.0707

96

5, 10

1.09

PLinetype*Injury*Day

5, 10

0.98

0.4742

5, 10

0.35

0.8690

5, 10

0.97

0.4825

5, 10

0.48

0.7867

PWheel Freeness

1, 203

4.84

0.0289+

1, 203

7.22

0.0078+

1, 203

2.23

0.1372+

1, 197

3.92

0.0490+

Significance levels (p values) from repeated measures ANCOVA. Bold values indicate significant differences (p < 0.05 or p < 0.10 for interactions).
Positive (+) indicates direction HR > C and Injured > Uninjured. Wheel freeness was transformed to the 0.4 power to normalize the distribution of
residuals. RUN = total number of revolutions. INT = number of intervals with at least one revolution. RPM = revolutions per minute. MAX =
maximum number of revolutions in any one-minute interval.

Table 2.3. Comparisons of voluntary wheel-running behavior between High Runner and Control lines of mice during the
exercise-induced injury study (experiment 2)
RUN
N

INT

RPM

MAX

d.f.

61
F

P

d.f.

60
F

P

d.f.

61
F

P

d.f.

61
F

P

PLinetype

1, 6

20.27

0.0041+

1, 6

6.79

0.0404+

1, 6

26.30

0.0022+

1, 6

58.17

0.0003+

PDay

5, 30

27.32

<.0001

5, 30

8.55

<.0001

5, 30

49.92

<.0001

5, 30

19.41

<.0001

PLinetype*Day

5, 30

7.46

0.0001

5, 30

1.09

0.3875

5, 30

8.21

<.0001

5, 30

3.09

0.0228

PMini

1, 313

1.41

0.2356+

1, 307

0.40

0.5269-

1, 313

4.66

0.0317+

1, 313

8.28

0.0043+

PTWheel Freeness

1, 313

1.80

0.1803+

1, 307

4.39

0.0369+

1, 313

0.01

0.9158+

1, 313

0.17

0.6770+
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Significance levels (p values) from repeated-measures ANCOVA. Bold values indicate significant differences (p < 0.05 or p < 0.10 for interactions).
Positive (+) indicates direction HR > C and Mini > Normal. Wheel freeness was transformed 0.5 power to normalize the distribution of residuals. RUN
= total number of revolutions. INT = number of intervals with at least one revolution. RPM = revolutions per minute. MAX = maximum number of
revolutions in any one-minute interval.

Table 2.4. Comparisons of home-cage activity behavior between High Runner and Control lines of mice during the exerciseinduced injury study (experiment 2)

Transform
N

HTOT

HINT

HAPM

HMAX

-

**0.5

-

**4.0

86

86

86

86

d.f.

F

P

d.f.

F

P

d.f.

F

P

d.f.

F

P

1, 6

55.54

0.0003-

1, 6

7.40

0.0346-

1, 6

61.17

0.0002-

1, 6

33.45

0.0012-

PLinetype

1, 6

8.65

0.0259+

1, 6

4.69

0.0735+

1, 6

4.07

0.0901+

1, 6

0.53

0.4944+

PDay

5, 30

8.78

<.0001

5, 30

4.16

0.0054

5, 30

9.90

<.0001

5, 30

7.20

0.0002

PWhlAcc*Linetype

1, 6

7.09

0.0373

1, 6

3.11

0.1282

1, 6

2.46

0.1676

1, 6

0.32

0.5904

PWhlAcc*Day

5, 30

3.35

0.0161

5, 30

1.60

0.1913

5, 30

2.40

0.0603

5, 30

0.39

0.8514

PLinetype*Day

5, 30

0.95

0.4616

5, 30

2.29

0.0709

5, 30

0.90

0.4947

5, 30

1.33

0.2801

PWhlAcc*Linetype*Day

5, 30

0.36

0.8739

5, 30

0.73

0.6098

5, 30

0.74

0.5991

5, 30

0.65

0.6657

PMini

1, 418

1.43

0.2323-

1, 418

1.09

0.2976-

1, 418

0.49

0.4864-

1, 418

0.00

0.9735+

PCalAvg

1, 418

0.31

0.5776+

1, 418

0.29

0.5894-

1, 418

2.85

0.0922+

1, 418

3.81

0.0516+

PWhlAcc
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Significance levels (p values) from repeated-measures ANCOVA. Bold values indicate significant differences (p < 0.05 or p < 0.10 for interactions).
Positive (+) indicates direction Wheel Access > No Wheel Access, HR > C and Mini > Normal.

Table 2.5. Comparisons of plasma and histological indicators of exercise-induced muscle injury in the triceps surae of HR and
C mice
Trait

N

Transform

PLinetype

PWheel Access

PLinetype*Wheel Access

PMini

PMini*Wheel Access

106

-

0.2249+

0.5134-

0.3572

0.0033-

0.6502

92

(5 + ZINJDG)**0.01

0.3917-

0.3223+

0.8505

0.0127+

0.8822

89

-

-

-

-

-

-

Plantaris

93

(5 + ZINJPL)**0.02

0.6543+

0.8879+

0.1478

0.2817+

0.4726

Soleus

51

(5 + ZINJSL)**0.2

0.8524+

0.0114+

0.6181

0.8769+

0.1353

Deep Gastrocnemius

91

1+LOG10

0.1718+

0.6329-

0.1108

0.0296+

0.7508

Superficial Gastrocnemius

86

1+LOG10

0.8240+

0.5859+

0.8841

<.0001+

0.0331

Plantaris

93

1+LOG10

0.1831+

0.0525+

0.3246

0.0454+

0.3532

Soleus

52

1+LOG10

0.0193+

0.2453-

0.6029

0.9217+

0.0975

91

(5 + ZREGDG)**0.2

0.4949+

0.5618-

0.0764

0.0072+

0.9247

89

10 + ZREGSG

0.9888+

0.9631+

0.9126

0.0271+

0.8891

Plantaris

94

STANDARDIZED AND RANK

0.6055+

0.0449+

0.5965

0.8545+

0.0850

Soleus

51

STANDARDIZED

0.6146-

0.2443-

0.8190

0.7666+

0.0972

Creatine Kinase Activity
Total Injury
Deep Gastrocnemius
Superficial Gastrocnemius

#

% Central Nuclei

99

Total Regeneration
Deep Gastrocnemius
Superficial Gastrocnemius

‡

The number of individuals without any marker of injury was too high to allow for a normal distribution and was therefore not analyzed. ‡The
GLIMMIX procedure (SAS) was used here to give a normal distribution of the data.
#

Significance levels (p values) from ANCOVA. Bold values indicate significant differences (p < 0.05 or p < 0.10 for interactions). Positive (+) indicates
direction Wheel Access > No Wheel Access, HR > C and Mini > Normal. Total Injury = number of cells exhibiting standardized necrotic fibers,
standardized perimysial infiltration, standardized invaded fibers, and/or standardized pale staining cytoplasm. Total Regeneration = number of cells
exhibiting either standardized central nuclei and/or standardized areas of regeneration.

FIGURE LEGENDS

Figure 2.1. H&E staining of (A) Normal soleus, (B) A soleus with necrotic fibers (white
squares), and (C) A soleus with perimysial infiltration (white boxes). All representative
pictures come from normal-muscled mice at 10x.

Figure 2.2. H&E staining showing other markers of injury. (A) A myofiber exhibiting
pale staining cytoplasm in the deep gastrocnemius (white arrow). (B) Myofibers in the
deep gastrocnemius that are invaded by other cells (white arrows). (C) Areas in the
plantaris that show signs of regeneration and do not contain central nuclei (white boxes).
(D) Myofibers in the superficial gastrocnemius that exhibit centrally located nuclei (white
arrows). All representative pictures come from normal-muscled mice at 10x.

Figure 2.3. Average wheel running metrics across six days for the combined analysis of
uninjured and contusion-injured, C and HR mice shown in Table 3. (A) Total revolutions
(n = 42). (B) Number of one-minute intervals with at least one revolution (running
duration; n = 42). (C) Revolutions per minute (average speed; n = 42). (D) Maximum
number of revolutions in any one-minute interval (n = 41). Values are LS means ±
standard errors from SAS Procedure Mixed repeated-measures ANCOVA.

Figure 2.4. Average wheel running metrics across six days for male HR and C lines of
mice. (A) Total revolutions (n = 61). (B) Revolutions per minute (average speed; n =
100

60). (C) Number of one-minute intervals with at least one revolution (running duration; n
= 61). (D) Maximum number of revolutions in any one-minute interval (n = 61). Values
are LS means ± standard errors from SAS Procedure Mixed repeated-measures
ANCOVA.

Figure 2.5. Average home-cage activity metrics across six days for male HR and C mice
without and with access to wheels. (A) Total HCA (n = 86). (B) Time spent active
(square root transformed; n = 86). (C) Mean activity per minute (n = 86). (D) Mean
maximum activity in any one-minute interval (transformed to the 4.0 power; n = 86).
Values are LS means ± standard errors from SAS Procedure Mixed repeated-measures
ANCOVA.

Figure 2.6. Plasma creatine kinase activity for (A) C and HR mice with and without
wheel access and (B) normal and mini-muscle individuals with and without wheel access.
Values are LS means ± standard errors from SAS Procedure Mixed ANCOVA.

Figure 2.7. Percentage of fibers that contained centrally located nuclei in different
muscles. (A) C vs HR mice with and without wheel access. (B) Normal vs mini-muscle
individuals with or without wheel access. Values are 1 + log10 transformed LS means ±
standard errors from SAS Procedure Mixed ANCOVA. DG = deep gastrocnemius, SG =
superficial gastrocnemius, PL = plantaris, SL = soleus.
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Figure 2.8. H&E staining of a normal-muscled superficial gastrocnemius and a minimuscle superficial gastrocnemius taken at 10x. White arrows indicate centrally located
nuclei. These individuals did or not have wheel access.

Figure 2.9. Proportion of the population of C and HR mice (with or without wheels) that
has at least one myofiber containing (A) areas of regeneration, (B) perimysial infiltration,
(C) pale staining cytoplasm, (D) invasion of other cells, and (E) necrotic fibers. Values
are percentage of the population. DG = deep gastrocnemius, SG = superficial
gastrocnemius, PL = plantaris, SL = soleus.

Figure 2.10. Proportion of the population of normal- and mini-muscled mice (with or
without wheels) that has at least one myofiber containing (A) areas of regeneration, (B)
perimysial infiltration, (C) pale staining cytoplasm, (D) invasion of other cells, and (E)
necrotic fibers. Values are percentage of the population. DG = deep gastrocnemius, SG
= superficial gastrocnemius, PL = plantaris, SL = soleus.
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Abstract
Muscle pH decreases during exercise, which may impair function. Endurance
training typically reduces muscle buffering capacity due to changes in fiber type
composition, but existing comparisons of species that vary in activity level are
ambiguous. We hypothesized that High Runner (HR) lines of mice from an experiment
that breeds for voluntary wheel running would have altered muscle buffering capacity as
compared with their non-selected control counterparts. We also expected that six days of
wheel access, as used in the selection protocol, would reduce buffering capacity,
especially for HR mice. Finally, we expected a subset of HR mice with the "minimuscle" phenotype to have relatively low buffering capacity due to fewer type IIb fibers.
We tested non-bicarbonate buffering capacity of thigh muscles. Only HR mice
expressing the mini-muscle phenotype had significantly reduced buffering capacity, and
females had lower buffering capacity than males, but wheel access had no significant
effect.
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1. Introduction
During exercise, metabolic acidosis may occur from by-products of muscle
contraction and ATP production. This acidosis may impair muscle function in various
ways, including decreased rates of glycolysis and glycogenolysis due to inhibition of
glycogen phosphorylase and phosphofructokinase activities, and through decreased
maximum force (see Cairns, 2006 for review; Chase and Kushmerick, 1988; Chasiotis et
al., 1983; Donaldson and Hermansen, 1978; Fitts, 1994; Trivedi and Danforth, 1966).
Organisms ameliorate decreases in muscle pH in at least two ways. One is to
remove protons generated in the cytosolic compartment by transporting them to the
mitochondria or out of the cell entirely. Transport of protons into the mitochondria using
monocarboxylate transporter 1 (MCT1) also transports lactate, which can be used by the
mitochondria and converted to pyruvate (intracellular lactate shuttle; Brooks, 1998;
Brooks et al., 1999). Proton transport out of the cell is accomplished by numerous
mechanisms, but MCT proteins are of particular interest because lactate may then be
taken up by other muscle cells via MCT1 (usually by type I or type IIa fibers; Donovan
and Pagliassotti, 2000) and converted into pyruvate via lactate dehydrogenase.
The other way to mitigate decreased pH is to buffer it, which is especially
important in the blood and muscle of organisms that must undergo an oxygen deficit,
such as during some types of exercise or diving. Organisms accomplish this in numerous
ways, including the use of HCO3- and imidazole-containing (histidine-containing)
compounds (carnosine, anserine, etc.), production of lactate, the hydrolysis of
phosphocreatine (and subsequent production of Pi), and behavioral changes (e.g.,
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increased ventilation). As might be expected, marine mammals and pelagic fish have
higher buffering capacity than terrestrial mammals or deep-sea/shallow water fish,
respectively (see Abe, 2000 for review; Castellini and Somero, 1981; Okuma and Abe,
1992). Greyhounds and thoroughbred horses, which regularly perform extended bouts of
exercise, have increased buffering capacity as compared with humans of unspecified
training status (Harris et al., 1990). In humans, buffering capacity changes in response to
training, and differentially depending on the type of training (e.g., high-intensity interval
training increases buffering capacity; Parkhouse et al., 1985; Sahlin and Henriksson,
1984; Weston et al., 1997). Possible mechanisms underlying the training responses in
humans include increases in the amount of buffering compounds in the muscle
(potentially by changing the number of fast glycolytic fibers), increases in the number of
proton transporters (Juel et al., 2004a; Juel et al., 2004b; Juel et al., 2003; Pilegaard et al.,
1999; Pilegaard et al., 1994), and/or increases in muscle capillarity (Jensen et al., 2004).
Given its association with athletic abilities, buffering capacity would be expected
to evolve in concert (coadapt) when artificial selection targets forced or voluntary
exercise (review in Swallow et al., 2009). The purpose of the present study was to
examine muscle buffering capacity in replicate high-runner (HR) lines of mice that have
experienced long-term breeding for high voluntary wheel running (Swallow et al., 1998).
Several correlated responses in the HR lines seem to enhance capacity for endurance
exercise, including more intermittent locomotion on wheels, altered stride characteristics
during treadmill locomotion, increased maximal oxygen consumption (VO2max),
increased heart ventricle mass, and larger femoral heads (Claghorn et al., 2017; Garland
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and Freeman, 2005; Girard et al., 2001; Kelly et al., 2017; Kelly et al., 2006; Rezende et
al., 2006).
A subset of the HR mice, known as mini-muscle individuals, have a 50%
reduction in hindlimb muscle mass when homozygous for a SNP mutation in the Myh4
gene (Burniston et al., 2013; Kelly et al., 2014). This mutation leads to a severe
reduction in IIb muscle fibers throughout the body (Talmadge et al., 2014), causes
increased cost of transport, reduced maximal sprint speed, and differences in contractile
properties of some muscles in the triceps surae complex (e.g., slower twitches; Dlugosz et
al., 2009; Guderley et al., 2006; Syme et al., 2005). Mice with the mini-muscle
phenotype also show increased capillarity in the medial gastrocnemius, increased
VO2max during hypoxia, and decreased plasma [lactate] during peak wheel running, but
not during exhaustive exercise (Meek et al., 2009; Rezende et al., 2006c; Wong et al.,
2009). Thus, mini-muscle individuals may have altered buffering capacity.

2. Materials and Methods
2.1 Experimental Animals
Mice used in the present study are the same as in Thompson et al. (2017), which
came from generation 74 of an ongoing artificial selection experiment in which mice are
bred for high voluntary wheel-running behavior (Careau et al., 2013; Swallow et al.,
1998). The founding population was 224 outbred Hsd:ICR mice (Mus domesticus).
After two generations of random mating, individuals were randomly assigned to one of
eight closed lines; four lines designated as non-selected control (C) and 4 designated as
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high runner (HR) lines. In the selection protocol, all mice were given access to Wahmantype activity wheels (1.12 m circumference, 10 cm wide, 35.7 cm diameter) attached to
home-cages with ad libitum food and water. The HR mice were bred based on their
mean amount of wheel running on days 5 and 6 of a 6-day trial, while C mice were bred
without regard to their wheel running. In all cases, sibling mating was not allowed.
This study used 50 male and 50 female mice (evenly split between C and HR) that
were not allowed access to wheels, along with another 50 male and 50 female mice that
were given access to running wheels for six days (also evenly split between C and HR)
immediately prior to dissection. A period of six days was chosen in order to gain insight
regarding their running abilities in a way that matched the criterion used for selective
breeding. As in Thompson et al. (2017), experimental animals were on a reverse
photoperiod with lights on from 19:00 to 07:00. Mini-muscle status was determined by
dissection of the triceps surae muscle complex (Garland et al., 2002). Because the minimuscle phenotype includes altered fiber type of the hindlimb muscles (Bilodeau et al.,
2009; Guderley et al., 2006; Guderley et al., 2008; Talmadge et al., 2014), it was used as
an additional main effect in all statistical analyses (see below).

2.2 Wheel Running
For the half of the mice having access to wheels, revolutions were recorded for 23
hours/day by a computer that records revolutions in one-minute intervals (Careau et al.,
2013; Swallow et al., 1998). Mice were removed from wheels during peak wheel
running on day 6 and immediately sacrificed. Wheel freeness (measured by accelerating
118

the wheel to a known velocity and recording the number of free-spinning revolutions)
was used as a covariate in all analyses of wheel running (e.g., see Acosta et al., 2017;
Copes et al., 2015; Kolb et al., 2010).

2.3 Home-cage Activity
Home-cage activity (HCA, an indicator of spontaneous physical activity; Garland
et al., 2011) was measured using passive infrared motion sensors placed inside each cage.
As previously described (Acosta et al., 2017; Copes et al., 2015; Thompson et al., 2017),
HCA sensors were interfaced with a computer and record activity 3 times/second as a
binary output (0 = no movement, 1 = movement) and then readings are averaged across
every one-minute interval. As for wheel running, HCA was measured for 23h/day. For
statistical analysis, the total amount of HCA was log10 transformed, the average activity
per minute was transformed to the 0.1 power, and average maximum activity was rank
transformed to normalize the distribution of the residuals. Sensor sensitivity was used as
an additional covariate in these analyses.

Buffering Capacity
Right thigh muscles from all mice were studied for buffering capacity. All mice
were sacrificed via cardiac puncture (under anesthesia) at the time when peak wheel
running would occur on the sixth day, dissected, and thigh muscles were frozen and
stored at -80oC. (Age at sampling was 71-91 days.) Muscle buffering capacity (m or
Slyke; defined as the number of moles of base needed to change the pH of muscle
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homogenate by one pH unit per gram of wet weight of muscle) was determined using
methods modified from Castellini and Somero (1981). Muscles were homogenized in
0.9% NaCl solution on ice (1g of muscle in 19 ml of NaCl solution), and 2 ml were then
transferred to a scintillation vial to be tested for buffering capacity at a constant
temperature of 37±0.5oC. Initial pH of homogenized muscle was taken, and 0.5N HCl
was used to reduce the pH to 6, then, 0.0125N NaOH was used in 10 l increments to
bring the pH up to 7. Preliminary studies showed no effect of total protein concentration
on buffering capacity and therefore it was not measured in this experiment.

2.4 Statistics
Following previous studies of mice from this selection experiment (e.g., Belter et
al., 2004; Meek et al., 2009; Swallow et al., 1998; Thompson et al., 2017), buffering
capacity was analyzed by nested analysis of covariance (ANCOVA), with replicate line
nested within linetype (HR vs C) using SAS Procedure Mixed. Analyses of wheel
running and home-cage activity across 5 days were done by SAS Procedure Mixed
repeated-measures ANCOVA. The main factors for all analyses were linetype (HR vs
C), sex, and the mini-muscle phenotype (Thompson et al., 2017), and wheel access was
also used when applicable. For all analyses, age at sacrifice was used as a covariate. For
analyses of buffering capacity (always log-transformed to improve normality of
residuals), time at sacrifice was used as an additional covariate. Because previous studies
have shown fiber type alteration within muscle due to as little as 1 week of training
(Allen et al., 2001), we tested whether the amount of physical activity was a predictor of
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buffering capacity and if the level of activity would change the magnitude of the main
effects or the interactions. Therefore, in some analyses of buffering capacity we also
used the total amount of wheel running (assigning mice without wheels values of zero)
and/or the total amount of home-cage activity as covariates (following Thompson et al.,
2017). Statistical significance was judged at p < 0.05.

3. Results and Discussion
3.1 Wheel Running
As shown previously (e.g., see Belter et al., 2004), HR mice ran significantly
more revolutions across days 1-5 than their C counterparts (repeated-measures
ANCOVA, p = 0.0078; see Fig. 3.1A and Table 3.1), with a positive effect of minimuscle phenotype (p = 0.0036), and a strong linetype*day interaction (p < 0.0001).
Figure 3.1A shows that HR mice had a dramatic increase from ~7,500 and ~8,500
revolutions/day for males and females, respectively, on day 1 to ~11,000 and ~14,000
revolutions/day on day 5. In contrast, both sexes of C mice had a smaller absolute and
proportional increase from ~4,000 revolutions on day 1 to ~5,000 on day 5. Figure 3.1A
also shows that females tended to run more than males in HR lines, but not in C lines,
although the linetype*sex interaction was non-significant (p = 0.6166). The pattern for
total revolutions per day was largely mirrored by the pattern for average running speed
(Fig. 3.1B), with significant effects of linetype (p = 0.0032) and mini-muscle phenotype
(p = 0.0114), as well as a significant linetype*sex*day interaction (p = 0.0334). The
amount of time spent running was higher for HR than for C (p = 0.0197; Fig. 3.1C) on all
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days, and all mice ran more on day 1 than on other days (day p < 0.0001), with no
significant effect of sex and no interactions (Table 3.1).

3.2 Home-cage Activity
Similar to results from previous studies of animals housed without wheels (Acosta
et al., 2017; Copes et al., 2015; Thompson et al., 2017), HR mice had higher total
activity, minutes per day of activity, average activity per minute, and maximal activity for
any one-minute interval (Fig 3.2, left panels and Table 3.2: linetype p = 0.0014, p =
0.0208, p = 0.0005, and p = 0.0023, respectively). In addition, females without wheels
were active for more time than males (p = 0.0229; Fig 3.2B). Mini-muscle individuals
had significantly lower total activity (p = 0.0058), activity/minute (p = 0.0002), and
maximum activity in any 1-min interval (p = 0.0010). All measures of activity tended to
decline across days for all groups (all day p < 0.0001). No interaction terms were
statistically significant (Table 3.2).
Mice with wheel access showed no significant differences in any HCA metric
between HR and C lines, similar to previous reports, or between the sexes (Fig 3.2, right
panels). Mini-muscle individuals were active for less time per day as compared with
other mice (p = 0.0123). Again, all measures of activity tended to decline across days (all
day p < 0.0001). No interaction terms were statistically significant (Table 3.2).
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3.3 Buffering Capacity
Our hypothesis that HR mice in general would have reduced buffering capacity in
skeletal muscle was not supported by any statistical model (Table 3.3). However, the
subset of HR mice with the mini-muscle phenotype had significantly lower buffering
capacity than normal-muscled mice (p < 0.0001; see Fig. 3.3A and Table 3.3). The minimuscle phenotype has been favored (unintentionally) by the selective breeding protocol
(Garland et al., 2002), and hence can be viewed as an adaptive response to selection,
albeit one that occurs in only two of the four replicate HR lines (e.g., see Guderley et al.,
2008; Houle-Leroy et al., 2003; Syme et al., 2005). Although it has been favored by
selection, the mini-muscle phenotype includes several differences as compared with
normal-muscled individuals (e.g., increased fatigue resistance in medial gastrocnemius:
see Introduction), and it is not yet clear which one(s) of these provides the primary
benefit(s) for endurance running. Indeed, reduced buffering capacity might even be
maladaptive for endurance running. However, this "cost" may be outweighed by other
benefits inherent to mini-muscle individuals.
Regardless of its adaptive significance, what might underlie the reduced buffering
capacity of mini-muscles? Many previously mentioned comparative studies have shown
that fiber type of the muscle and a few histidine-containing compounds are very
important in the non-bicarbonate buffering capacity of muscles (carnosine, anserine, and
balenine). These compounds occur in most animals (Crush, 1970; Davey, 1960) but vary
in their concentrations (among species; see Bate-Smith, 1938) and in different muscle
fiber types (Dunnett and Harris, 1995). Much has been done on anserine and carnosine,
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which have pKa values of 6.83 and 7.04 (Bate-Smith, 1938; Davey, 1960), respectively,
which would make them good buffering compounds. Dunnett and Harris (1995) showed
that carnosine concentrations in the middle gluteal muscle of horses are increased in type
IIa fibers, but highest in type IIb fibers. Mini-muscle mice have reduced numbers of type
IIb fibers (Bilodeau et al., 2009; Guderley et al., 2008; Guderley et al., 2006; Talmadge et
al., 2014), meaning that they should show reduced carnosine-mediated buffering
capacity. Taurine (an organic acid) was shown to have marked effects on increasing
buffering capacity as well, but its distribution is opposite of carnosine, being higher in
type I fibers, but still present in lower concentrations in type IIa fibers and type IIb fibers
(Dunnett and Harris, 1995). This evidence suggests that the differences in buffering
capacity between mini-muscle and normal-muscled individuals are unlikely to be caused
by differences in taurine concentrations.
Mini-muscle mice further differentiate themselves from normal-muscled mice by
having lower blood lactate during peak wheel running (Meek et al., 2009), which could
be caused by either reduced lactate production or increased usage within the
mitochondria. If mini-muscle mice are generating less lactate, then they should have
reduced ability to resist changes in pH, given that lactate acts as a buffering compound.
Mini-muscle mice also have increased mitochondrial densities (Guderley et al., 2006),
but lower lactate dehydrogenase activity per gram of muscle tissue (Houle-Leroy et al.,
2003), which could prevent them from using the intracellular lactate shuttle to convert
lactate to pyruvate in the mitochondria of type I and type IIa fibers. The increased
capillarity of mini-muscle mice (Wong et al., 2009) may be more effective at transporting
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H+ away from the muscles (via MCT proteins), as suggested by Juel (2008), which could
mean they would not require increased buffering capacity.
Female mice had a lower buffering capacity than males (p = 0.0051; see Fig. 3.3B
and Table 3.3). The differences in buffering between the sexes in these mice may reflect
lower carnosine and/or anserine levels in muscles of females, as has been reported in
some species of mammals (e.g., humans and mice; Mannion et al., 1992; Peñafiel et al.,
2004), but not in others (i.e. rats; Peñafiel et al., 2004). The sex differences seem to be
mediated by testosterone in mice, given that treatment of females with testosterone
propionate increases their carnosine to levels similar to that seen in males, and hence may
also equalize muscle buffering capacity (Peñafiel et al., 2004). Female mice also have
lower levels of type IIb fibers in some hindlimb muscles (e.g., the tibialis anterior; see
Figure 1 in Haizlip et al., 2015) which could also contribute to lowered buffering in those
muscles.
Our results regarding the effects of sex and of mini-muscle phenotype were
generally unaltered when we included measures of wheel running and/or of home-cage
activity as covariates, and the activity metrics did not significantly predict buffering
capacity in these statistical models (Table 3.3). However, in an analysis using only mice
with wheel access, average running speed across 5 days negatively predicted buffering
capacity (p = 0.0407). Similarly, the sum of the wheel revolutions during the 8 minutes
prior to sacrifice negatively predicted buffering capacity (p = 0.0440) (preliminary
analyses indicated that wheel running over this time interval had a higher predictive
ability than over other intervals in the range of 1 through 120 min prior to sacrifice).
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Both of these results suggest that wheel-running activity may have some influence on
muscle buffering capacity, i.e., cause training effects.
Training effects on muscle buffering capacity have been reported previously
(Parkhouse et al., 1985; Sahlin and Henriksson, 1984). For example, endurance cyclists
have lower muscle buffering capacity than other athletes that perform more short-term,
high-intensity exercises (because of reduced numbers of fast glycolytic or type IIb
fibers), but high-intensity, interval training can raise their muscle buffering capacity
(Weston et al., 1997). This training effect is potentially caused by an increase in type IIb
abundance after high-intensity training. [Type IIb fibers generate the most lactate due to
their lower oxidative capacity (Baldwin et al., 1977).] In mice, Allen et al. (2001)
showed that as little as 1 week of voluntary wheel running (commonly thought of as
endurance training) is enough to induce a fiber-type shift in the tibialis anterior muscle,
increasing the number of type IIa fibers and reducing the number of type IIb fibers. A
change in fiber type toward more oxidative fibers (type I and type IIa) may lower
buffering capacity due to either lower lactate or carnosine levels (Dunnett and Harris,
1995; Dunnett et al., 1997). Future studies could explore these possibilities by direct
analysis of muscle fiber types at different time points after the initiation of wheel access
in HR and C lines of mice.
In conclusion, we have shown that buffering capacity is reduced in mini-muscle
mice (Garland et al., 2002) as well as female mice in general. We have also provided
possible explanations for these differences (e.g., potentially lower levels of carnosine in
mini-muscle mice); however, it is likely that more than one process is occurring
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simultaneously to affect the buffering capacity of these mice. Future studies should
quantify the imidazole-containing peptides in the hindlimb muscles of mini- and normalmuscled mice, as well as the amount of MCT proteins (see Introduction) present in the
same muscles. Based on our current knowledge of the fiber type composition in the
mini-muscle mice (see references in Introduction), we would expect lower levels of
carnosine and lactate, but potentially increased concentrations of MCT1 proteins due to
the lower numbers of type IIb fibers in their hindlimb muscles.
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TABLE ABBREVIATIONS
Abbreviation Description
RUN

Mean wheel revolutions across days 1-5

INT

Mean number of intervals with at least 1 wheel revolution across days 1-5

RPM

Mean speed across days 1-5

MAX

Mean maximal revolutions in any one-minute interval across days 1-5

HTOT15

Mean home-cage activity across days 1-5

HINT15

Mean active intervals across days 1-5

HMAX15

Mean maximal activity in any one-minute interval across days 1-5

HAPM15

Mean activity per minute across days 1-5

HPER15

Mean active intervals/total intervals across days 1-5

ECRUN15X Mean wheel revolutions across days 1-5
ECINT15X

Mean number of intervals with at least 1 wheel revolution across days 1-5

ECRPM15X Mean speed across days 1-5
ECMAX15X Mean maximal revolutions in any one-minute interval across days 1-5
SUMOF8

Sum of wheel revolutions during the 8 minutes prior to sacrifice

SUMOF20

Sum of wheel revolutions during the 20 minutes prior to sacrifice

SUMOF30

Sum of wheel revolutions during the 30 minutes prior to sacrifice

SUMOF120

Sum of wheel revolutions during the 120 minutes prior to sacrifice
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Table 3.1. Significance levels (p values) from repeated measures ANCOVA analyzing wheel running parameters across 5 days
Trait

N

PLinetype

PSex

PDay

PSex*Linetype

PDay*Linetype

PSex*Day

PSex*Linetype*Day

PMini

PKillAge

PRes

RUN
INT
RPM

92
92
92

0.0078+
0.0197+
0.0032+

0.10600.07400.4567-

<.0001
<.0001
<.0001

0.2710
0.3984
0.2409

<.0001
0.6526
<.0001

0.3286
0.3663
0.1765

0.6166
0.8876
0.0334

0.0036+
0.50660.0114+

0.8227+
0.15490.3091+

0.0397+
0.2210+
0.5311+

Bold values indicate significant differences (p < 0.05 or p < 0.10 for interactions). Positive (+) indicates direction HR > C, Male > Female and Mini >
Normal.
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Table 3.2. Significance levels (p values) from repeated measures ANCOVA analyzing HCA parameters across 5 days
Trait

Wheels

N

Transform

PLinetype

PSex

PDay

PSex*Linetype

PDay*Linetype

PSex*Day

PSex*Linetype*Day

PMini

PKillAge

PHCACal

PMass

HTOT

0

95

log 10

0.0014+

0.0794-

<.0001

0.2258

0.1753

0.1266

0.9168

0.0058-

0.6343-

0.0965-

0.9957-

1

96

log 10

0.2773+

0.1661-

<.0001

0.7905

0.9233

0.0931

0.7458

0.9956+

0.7345-

0.3904+

0.3653+

0

95

-

0.0208+

0.0229-

<.0001

0.4633

0.8105

0.2597

0.9330

0.2890-

0.1791+

0.2025-

0.2175+

1

95

-

0.0616+

0.2829-

<.0001

0.2614

0.8789

0.2057

0.9825

0.0123-

0.4515+

0.5949-

0.7385-

0

95

**0.1

0.0005+

0.6573-

<.0001

0.0726

0.3423

0.3731

0.9265

0.0002-

0.0633-

0.1459-

0.0903-

1

96

**0.1

0.7828-

0.1778-

<.0001

0.9486

0.9731

0.3957

0.4282

0.0712+

0.3322-

0.0970+

0.0713+

0

95

Rank

0.0023+

0.3102-

<.0001

0.1416

0.2318

0.2338

0.9695

0.0010-

0.3835-

0.3745-

0.9885-

1

96

Rank

0.7316+

0.1176-

<.0001

0.6903

0.2634

0.8617

0.3273

0.2247+

0.3942-

0.5265+

0.0650+

HINT

HAPM

HMAX
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Bold values indicate significant differences (p < 0.05 or p < 0.10 for interactions). Positive (+) indicates direction HR > C, Male > Female and Mini >
Normal.

Table 3.3. Significance levels (p values) from ANCOVA analyzing buffering capacity
Trait
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N

PWhlAcc

PSex

PLinetype

PWhlAcc*Sex

PWhlAcc*Linetype

PSex*Linetype

PWhlAcc*Sex*Linetype

PMini

PHCA

PRun

All mice

176

0.2217-

0.0051+

0.4864+

0.2860

0.3449

0.8344

0.5210

All mice w HTOT15

176

0.1830-

0.0085+

0.4188+

0.3265

0.2932

0.7651

0.4772

<.0001-

-

-

<.0001-

0.5017-

-

All mice w HINT15

176

0.2406-

0.0067+

0.5055+

0.2866

0.3493

0.8361

All mice w HMAX15

176

0.1348-

0.0061+

0.4542+

0.2797

0.2914

0.7374

0.5278

<.0001-

0.9092+

-

0.5333

<.0001-

0.3079-

All mice w HAPM15

176

0.1454-

0.0074+

0.3836+

0.3284

0.2486

-

0.7328

0.4655

<.0001-

0.3155-

-

All mice w HPER15

176

0.2413-

0.0067+

0.5058+

0.2864

All mice w ECRUN15X

173

0.5045+

0.0072+

0.1576+

0.2087

0.3495

0.8360

0.5276

<.0001-

0.9081+

-

0.7004

0.7324

0.6018

<.0001-

-

0.1319-

All mice w ECINT15X

173

0.8644-

0.0060+

0.3998+

All mice w ECRPM15X
All mice w ECRUN15X and
HTOT15
All mice w ECINT15X and
HINT15
All mice w ECRPM15X and
HAPM15
All mice w ECRUN15X and
HAPM15
All mice w ECRUN15X and
HINT15
All mice w ECRPM15X and
HTOT15
All mice w ECINT15X and
HTOT15

173

0.2926+

0.0062+

0.1176+

0.2797

0.4607

0.8875

0.4864

<.0001-

-

0.7640-

0.2361

0.5494

0.6432

0.6992

<.0001-

-

0.0762-

173

0.6783+

0.0114+

0.1437+

0.2421

0.8162

0.6755

0.5533

<.0001-

0.5166-

0.1490-

173

0.9376-

0.0068+

0.4145+

0.2738

0.4956

0.8930

0.4960

<.0001-

0.7991+

0.7184-

173

0.5030+

0.0095+

0.0873+

0.2750

0.7259

0.5372

0.6268

<.0001-

0.2271-

0.0731-

173

0.8748+

0.0107+

0.1241+

0.2445

0.9145

0.6286

0.5354

<.0001-

0.2597-

0.1425-

173

0.4489+

0.0079+

0.1616+

0.2012

0.6517

0.7252

0.6345

<.0001-

0.6557+

0.1160-

173

0.3746+

0.0109+

0.0989+

0.2758

0.6304

0.5692

0.6380

<.0001-

0.4066-

0.0729-

173

0.7218-

0.0097+

0.3413+

0.3263

0.3773

0.8064

0.4441

<.0001-

0.4587-

0.8043-

Table 3.3 continued. Significance levels (p values) from ANCOVA analyzing buffering capacity
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Trait

N

PWhlAcc

PSex

PLinetype

PWhlAcc*Sex

PWhlAcc*Linetype

PSex*Linetype

PWhlAcc*Sex*Linetype

PMini

PHCA

PRun

No Wheels

90

-

0.0412+

0.4207+

-

-

0.2782

-

No Wheels w HTOT15

90

-

0.0424+

0.6917+

-

-

0.3323

-

0.0177-

-

-

0.0317-

0.6306+

-

No Wheels w HINT15

90

-

0.0263+

0.7785+

-

-

0.3074

-

0.0306-

0.1795+

-

No Wheels w HMAX15

90

-

0.0360+

0.7165

-

-

No Wheels w HAPM15

90

-

0.0467+

0.5898+

-

-

0.3453

-

0.0520-

0.4268+

-

0.3021

-

0.0281-

0.8960+

-

No Wheels w HPER15

90

-

0.0263+

0.7764+

-

-

0.3058

-

0.0295-

0.1822+

-

Wheels

87

-

0.0348+

0.7093+

Wheels w HTOT15

87

-

0.0600+

0.6527+

-

-

0.8390

-

<.0001-

-

-

-

-

0.8926

-

0.0001-

0.1004-

-

Wheels w HINT15

87

-

0.0788+

0.5693+

-

-

0.7840

-

<.0001-

0.1558-

-

Wheels w HMAX15

87

-

Wheels w HAPM15

87

-

0.0410+

0.7295+

-

-

0.9634

-

<.0001-

0.1967-

-

0.0414+

0.7292+

-

-

0.8959

-

0.0001-

0.2352-

-

Wheels w HPER15

87

Wheels w ECRUN15X

84

-

0.0764+

0.5722+

-

-

0.7875

-

<.0001-

0.1688-

-

-

0.0613+

0.1582+

-

-

0.9744

-

<.0001-

-

0.0894-

Wheels w ECINT15X

84

-

0.0407+

0.5857+

-

-

0.7514

-

<.0001-

-

0.8159-

Wheels w ECRPM15X

84

-

0.0441+

0.1016+

-

-

0.8479

-

<.0001-

-

0.0407-

Wheels w ECRUN15X and HTOT15

84

-

0.0915+

0.1882+

-

-

0.9997

-

<.0001-

0.1302-

0.1535-

Wheels w ECINT15X and HINT15

84

-

0.0638+

0.5778+

-

-

0.7284

-

<.0001-

0.8038+

0.1890-

Wheels w ECRPM15X and HAPM15

84

-

0.0562+

0.0956+

-

-

0.7624

-

<.0001-

0.1388-

0.0368-

Wheels w ECRUN15X and HAPM15

84

-

0.0724+

0.1758+

-

-

0.9644

-

<.0001-

0.1958-

0.1115-

Wheels w ECRUN15X and HINT15

84

-

0.0926+

0.1804+

-

-

0.8907

-

<.0001-

0.3595-

0.1587-

Wheels w ECRPM15X and HTOT15

84

-

0.0828+

0.0830+

-

-

0.7641

-

<.0001-

0.0593-

0.0326-

Wheels w ECINT15X and HTOT15

84

-

0.0629+

0.5826+

-

-

0.8391

-

<.0001-

0.0833+

0.9897-

Wheels w SUMOF8**0.4

84

-

0.0624+

0.3280+

-

-

0.7500

-

<.0001-

-

0.0440-

Wheels w TSUMOF20**0.4

84

-

0.0397+

0.3789+

-

-

0.9917

-

<.0001-

-

0.2178-

Wheels w TSUMOF30**0.4

84

-

0.0352+

0.4207+

-

-

0.9266

-

<.0001-

-

0.3229-

Wheels w TSUMOF120**0.4

84

-

0.0370+

0.3389+

-

-

0.9289

-

<.0001-

-

0.2814-

Bold values indicate significant differences (p < 0.05 or p < 0.10 for interactions). Positive (+) indicates direction HR > C, Male > Female and Mini >
Normal.

FIGURE LEGENDS

Figure 3.1. Average wheel running metrics across five days. (A) total revolutions (n =
93). (B) revolutions per minute (average speed; n = 93). (C) number of one-minute
intervals with at least one revolution (running duration; n = 93). Values are LS means ±
standard errors from SAS Procedure Mixed repeated-measures ANCOVA.

Figure 3.2. Average home-cage activity metrics across five days for mice without (left
column) and with (right column) access to wheels. (A) Total HCA (n = 191). (B) Time
spent active (n = 190). (C) Mean activity per minute (n = 191). (D) Mean maximum
activity in any one-minute interval (n = 191). Values are LS means ± standard errors
from SAS Procedure Mixed repeated-measures ANCOVA.

Figure 3.3. Buffering capacity (m) of right thigh muscles. (A) Normal-muscled mice
versus mini-muscle mice, regardless of wheel access (n = 176). (B) Male and female,
Control and HR mice, with or without access to running wheels (n = 176). Values are LS
means ± standard errors from SAS Procedure Mixed ANCOVA.
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CONCLUSION
Locomotion is a complex behavioral trait, necessary for the survival of all
animals, at least during some life history stages. During locomotion, multiple organ
systems make physiological contributions to achieve the overall goal of movement.
Chief among these organ systems are the cardiovascular and muscular systems. In
animals with a history of selection (natural, sexual or artificial) for high locomotor
ability, these systems are expected to have evolved both innate (genetic) differences and
the ability to express plastic responses to exercise training that will enhance their
locomotor abilities (e.g., see (Garland and Kelly, 2006).
This dissertation used mice from lines selectively bred for high voluntary wheelrunning behavior, as compared with non-selected control lines, which allows examination
of changes that occur to both innate exercise-related traits and plastic responses to shortterm exercise training. After more than 80 generations of continuous selection, mice
from four replicate High Runner (HR) lines run nearly three times more revolutions per
day than those from four Control (C) lines. Several correlated responses to the selection
regimen seem to represent coadaptations that support endurance-type exercise. For
example, HR mice run more intermittently on wheels (Girard et al., 2001), and run with a
narrower stance on treadmills (which resembles more cursorial mammals; Claghorn et
al., 2017). HR mice also have higher maximal oxygen consumption (VO2max Hiramatsu
et al., 2017; Rezende et al., 2006), greater endurance on treadmills (Meek et al., 2009),
and larger heart ventricles (Kelly et al., 2017). However, no studies have examined
physiological properties of the cardiac muscle. Additionally, few differences in skeletal
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muscle properties between HR and C mice have been reported (Bilodeau et al., 2009),
beyond those associated with the mini-muscle phenotype.
High-runner mice that are homozygous for the mini-muscle allele have a 50%
reduction in hindlimb muscle mass caused by a SNP in the Myo4 gene (Kelly et al.,
2014). This mutation results in a severe reduction in type IIb fibers in the triceps surae
complex and other locomotor muscles (Bilodeau et al., 2009; Guderley et al., 2006;
Guderley et al., 2008; Talmadge et al., 2014). It also has pleiotropic effects in the
cardiovascular and muscular systems including larger heart ventricles, increased
VO2max, increased myoglobin concentrations, increased muscle capillarity, higher
muscle mitochondrial densities, and increased muscle fatigue resistance (Hiramatsu et al.,
2017; Houle-Leroy et al., 2003; Kelly et al., 2017; Rezende et al., 2006; Syme et al.,
2005; Wong et al., 2009).
Selection for high voluntary wheel running has also increased the plastic response
of some elements within both the cardiovascular system and skeletal muscles in HR lines
relative to C lines. When accounting statistically for their increased wheel running, HR
mice show greater increases in hemoglobin and hematocrit levels after 8 weeks of wheel
access (Swallow et al., 2005). The same is true for certain muscle enzymes (e.g., citrate
synthase and hexokinase; Meek, 2011). After 13-14 weeks of training, the ventricle mass
of HR mice showed a greater increase than for C mice, not explainable by the greater
running of HR mice (Kelly et al., 2017). Importantly, the increase in the plastic response
of muscles in HR mice is not limited to long-term exercise training. When given access
to wheel for as little as 5 days, HR mice have a ~2.5 fold greater concentration of GLUT4
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transporters in the gastrocnemius muscle as compared with the increase showed by C
mice (Gomes et al., 2009).
Given the inherited innate differences (i.e., differences that exist even when mice
are housed without access to wheels) and greater plastic responses of HR mice, the goal
of this dissertation was to explore some characteristics of cardiac and skeletal muscle and
how they may change in response to short-term exercise training for 6 days, the same
timeframe as is used to select breeders each generation. In Chapter 1, I demonstrated that
the PR interval and heart rate have a more plastic response in HR mice when given wheel
access for 6 days. Also, mini-muscle mice have innate differences in some ECG
characteristics that may be explained by their larger hearts (Hiramatsu et al., 2017; Kelly
et al., 2017; Kolb et al., 2010). Together, these results show that the HR lines with and
without mini-muscle individuals have evolved different ways of dealing with the same
selection. This study was the first to examine changes in cardiac traits in HR mice, other
than ventricle mass.
In Chapter 2, I demonstrated that male HR mice are not generally more resistant
to either contusion- or exercise-induced muscle injury, nor do they recover faster than
mice from non-selected control lines. These results suggest that it is motivation, rather
than ability, that is limiting their wheel running. I was also able to quantify a previous
observation by Talmadge et al. (2014), which noted that many small type IIb fibers in the
superficial gastrocnemius of mini muscle mice inherently contained central nuclei (a
marker of regeneration). Also, I found that mini-muscle mice have more markers of
injury and regeneration in general, presumably because of their reduced number of type
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IIb fibers (Talmadge et al. 2014; Guderley et al. 2006; 2008), which are able to handle
higher forces generated during exercise as compared with other fiber types.
In Chapter 3, using methods modified from Castellini and Somero (1981), I
demonstrated that mice from HR lines did not differ from C lines in skeletal muscle
buffering capacity, but that female mice and mini-muscle mice had reduced buffering
capacity relative to males and normal-muscled individuals, respectively, both of which
are potentially caused by lower levels of carnosine. In addition, the buffering capacity of
the thigh muscles was not related to the amount of wheel running performed by mice
with wheel access for 6 days.
Taken together, I was able to show that mice from HR lines have evolved a more
plastic response to exercise in their cardiac muscle, but not in the skeletal muscle
properties studied in this dissertation. I found that the mini-muscle mice have inherent
changes in both cardiac and skeletal muscle properties that may allow for their increased
average speed wheel running (along with a shorter duration of daily running). My results
also support the idea that HR mice, in spite of several adaptations that enhance their
endurance-running abilities, often run on wheels near the limits set by their abilities
(whereas C mice do not), and that another major difference between them and C mice is
that the latter are not as motivated to run.
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