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Selective-breeding of house mice for increased voluntary wheel-running has resulted in

to experimental models that can elucidate factors involved in human diseases and

disorders associated with physical inactivity, or potentially treated by physical activity,

such as diabetes, obesity, and depression. Herein, we present ethological data for adult

males from a line of mice that has been selectively bred for high levels of voluntary wheel-

running and from a non-selected control line, housed with or without wheels. Additionally,

we present concentrations of central monoamines in limbic, striatal, and midbrain

regions. We monitored wheel-running for 8 weeks, and observed home-cage behavior

during the last 5 weeks of the study. Mice from the selected line accumulated more

revolutions per day than controls due to increased speed and duration of running. Selected

mice exhibited more active behaviors than controls, regardless of wheel access, and

exhibited less inactivity and grooming than controls. Selective-breeding also influenced

the longitudinal patterns of behavior. We found statistically significant differences in

monoamine concentrations and associated metabolites in brain regions that influence

exercise and motivational state. These results suggest underlying neurochemical differ-

ences between selected and control lines that may influence the observed differences in

behavior. Our results bolster the argument that selected mice can provide a useful model

of human psychological and physiological diseases and disorders.

Published by Elsevier B.V.
lsevier B.V.
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1. Introduction

Physical activity is central to the health and survival of an

organism (Bouchard et al., 1994a, 1994b; Feder et al., 2010;

Garland and Carter, 1994; Koch and Britton, 2001), and is
influenced by an individual’s propensity and ability to engage

in exercise (Garland et al., 2011b). Selective-breeding experi-

ments with laboratory mice (Swallow et al., 1998a) and rats

(Koch and Britton, 2001) have demonstrated the heritability of

both propensity and ability to exercise, and studies using each of
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these selective-breeding paradigms have provided evidence

supporting a positive intrinsic (i.e., genetic) relationship between

these traits (Swallow et al., 1998b; Waters et al., 2008b). Interest-

ingly, several similar correlated responses have emerged in

populations of mice selectively bred for increased voluntary

wheel-running and rats selectively bred for treadmill endurance.

These include parallel increases in voluntary wheel-running and

treadmill endurance (Meek et al., 2009; Waters et al., 2008b),

increased intermittency of wheel-running (Girard et al., 2001;

Waters et al., 2008b), reduced body mass and body fat (Meek

et al., 2009; Nehrenberg et al., 2009; Noland et al., 2007; Swallow

et al., 1999, 2001), altered mitochondrial and glycolytic enzyme

levels (Houle-Leroy et al., 2000; Walsh et al., 2006), altered muscle

fiber phenotype (Guderley et al., 2006; Howlett et al., 2003), and

changes in central monoamine activity (Mathes et al., 2010;

Rhodes et al., 2005; Waters et al., 2008a). Some inconsistent

correlated responses have also been reported, including

increased baseline plasma corticosterone concentrations in

selected mice of both sexes (Girard and Garland, 2002; Malisch

et al., 2007, 2009), but not in selected female rats (Waters, 2007).

Taken together, these selective-breeding programs demonstrate

the intrinsic nature of exercise traits, and reveal some associa-

tions of exercise with other physiological and psychological

traits.

The monoamine neurotransmitters dopamine (DA), norepi-

nephrine (NE), and serotonin (5-hydroxytryptamine; 5-HT) play

a role in mediating a wide range of behaviors, including

adaptive and maladaptive responses to both appetitive (Koob,

1992, 2008) and noxious (Serafine et al., 2012) stimuli, aberrant

behaviors associated with psychosis (Henn, 2011), and physical
Fig. 1 – Wheel-running activity (distance, time, speed) and bod

weeks, beginning at 96.5þ1.4 days (meanþS.E.M.). Graphs illust

Selected mice ran further than controls due to both increased d

consistently weighed more than selected mice throughout the st

body mass (means7SEM).
exercise (Dishman et al., 2006). A number of brain systems

associated with physical activity utilize these neurotransmitters

(Dishman, 2006, 2006; White-Welkley et al., 1996), and manip-

ulating these neural systems can directly influence physical

activity (Gainetdinov et al., 1999; Izenwasser et al., 1999; Uceyler

et al., 2010, Rhodes et al., 2005). Reciprocally, physical exercise

impacts central DA (Dishman et al., 2006), 5-HT (Greenwood

et al., 2003, 2005) and NE (Dishman et al., 2006; Greenwood et al.,

2005) systems. Given this close relationship, selective-breeding

for traits that influence physical activity will likely impact these

systems (Garland et al., 2011b).

The relationship between stress-related mental disorders,

exercise, and central monoamines has major clinical impor-

tance. Animal studies demonstrate a strong ameliorative

effect of voluntary exercise (such as wheel-running) on the

long-term impact of intense and chronic stress exposure, and

a wealth of evidence points toward monoamine systems

being involved in this effect of exercise (reviewed in Novak

et al. (2012)). As well, exercise is successfully utilized in

clinical practice to treat stress-related mental disorders in

humans (Blumenthal et al., 2007; Dunn et al., 2002, 2005).

Thus, animals that differ in their intrinsic exercise abilities

and habits will be important tools in advancing our under-

standing of the role that exercise can play in therapies for

these mental disorders.

This utility is demonstrated in mice selectively bred for

increased voluntary wheel-running activity. These animals

exhibit heightened responses to both DA reuptake inhibitors

(Rhodes et al., 2001), and DA type one (D1) receptor antago-

nists (Rhodes and Garland, 2003); both these classes of drugs
y mass of mice from selected and control lines over eight

rate daily means7SEM (n¼12 selected and 12 control mice).

uration and speed of wheel-running. Control mice

udy; presence of a running-wheel did not significantly affect
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are commonly used to treat stress related psychological

disorders. Furthermore, selected mice exhibit dampened

wheel-running elicited increases in c-fos expression in DA

terminal regions including the dorsal striatum and the

medial-frontal and entorhinal cortices compared to controls

(Rhodes et al., 2003). Less evidence is available concerning the

effects of this selection paradigm on central NE or 5-HT

systems, both of which are important targets for pharmaco-

logical therapeutics of stress related disorders (Mutlu et al.,

2012; Porter and Bell, 1999). However, mice selected for high

levels of wheel-running are more sensitive to Ritalin (methyl-

phenidate), a psychostimulant that affects both dopaminer-

gic and noradrenergic activity. The effects of fluoxetine,

which enhances synaptic serotonin by inhibiting reuptake,

are unaffected by selection for increased wheel-running

(Rhodes et al., 2001; Rhodes and Garland, 2003).

In the current study, we build upon data that demonstrate

altered brain function in mice selectively bred for voluntary
Fig. 2 – Observed behavior at 15:00. All mice from the selected li

grooming (B), inactive (C), and sleeping (D) behavior than contro

behavior of these lines differently, eliciting a decrease in contro

of the study [‘‘Sed’’ indicates sedentary mice, housed without w
wheel-running (Keeney et al., 2012; Rhodes and Garland, 2003;

Rhodes et al., 2003, 2005), and characterize these changes in

terms of their behavioral consequences. This study provides

insight into the ethological effects of this selective-breeding

paradigm (see also Bronikowski et al., 2001; Careau et al., 2012;

Carter et al., 2000; Jonas et al., 2010a; Koteja et al., 1999), and

more generally contributes to an understanding of the relation-

ships between central neural systems and behavioral output.

We housed adult males from both a selected line and a non-

selected control line individually, in cages either with or without

a running-wheel present. Following 8 weeks in these experi-

mental conditions, we analyzed brains for monoamines and

associated metabolites in monoamine cell body and terminal

areas associated with motivation, stress response, and physical

activity to elucidate possible effects of selective-breeding and

voluntary wheel-running on these systems. We assayed the

behavior of all animals via scan sampling for the same reasons.

Our results present behavioral effects of selection for increased
ne exhibited significantly more active (A) behavior, and less

ls. Presence of a wheel affected the consummatory (E)

ls and an increase in selected animals over the course

heels]. n
�Po0.05.
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wheel-running, and provide evidence of neurochemical changes

that may explain these differences.
Fig. 3 – Longitudinal behavioral patterns at 15:00. Selection

influenced the longitudinal pattern of grooming (A) and

inactive (B) behaviors. Initially, control animals exhibited

more grooming than selected animals; however, by the end

of the study selected animals exhibited higher levels of

grooming than controls, due to a decrease in grooming in

controls, and increased grooming in selected animals.

During the first three observation weeks, all animals

exhibited very low levels of activity. Control animals

increased the expression of inactive behavior, exhibiting

significantly higher levels of inactivity than selected

animals in the final 2 weeks of the experiment.
2. Results

2.1. Computer-based wheel-running analyses

As expected, selected mice ran significantly farther than

control mice across the 56 days of the study (12,811þ259

versus 42477167 m/day [mean 7SEM]; F1,21¼14.928,

Po0.001; Fig. 1A). The increased total running distance of

selected mice resulted from both an increase in running

duration (minutes run per day; F1,21¼24.548, Po0.001;

Fig. 1B) and average running speed (revolutions per min;

F1,21¼6.320, Po0.020; Fig. 1C). The maximum speed, indexed

as the highest number of revolutions in a single minute

throughout the study, was also significantly higher for

selected mice (F1,21¼4.989, Po0.0037; data not shown).

2.2. Body mass

Selected mice weighed significantly less than control mice

throughout the study (34.3470.202 g versus 38.7170.174 g;

F1,50¼33.659, Po0.001; Fig. 1). Presence of a running-wheel

did not statistically affect body mass (F1,50¼0.736, P¼0.395)

and did not interact with selection line (F1,50¼0.722,

P¼0.399).

2.3. Scan sampling behavioral assessment

For simplicity, we treat the times of day (0:900, 15:00, 21:00 h)

during which we sampled behavior as independent, and

analyze them separately. We present behavioral differences

resulting from selective-breeding, as well as any effects that

interact with this factor.

2.3.1. 09:00–10:00 h
We observed no significant effects of selection on behavior

during the 09:00 time period.

2.3.2. 15:00–16:00 h
Selection significantly affected behavior during the mid-dark

(15:00) phase (F6,45¼9.196, Po0.001). Animals from the

selected line exhibited higher levels of active behavior

(Po0.001; Fig. 2A), and decreased grooming (Po0.033;

Fig. 2B), inactive (Po0.003; Fig. 2C), and sleeping (Po0.001;

Fig. 2D) behaviors at this time. Selection and wheel access

interacted (Line�Wheel; F6,45¼6.141, Po0.001) to affect

consummatory behavior (F1,50¼14.227, Po0.001; Fig. 2E) at

this observation period. In the sedentary condition, control

mice exhibited more consummatory behavior than selected

mice (Po0.003). As well, control mice decreased their con-

summatory behavior when housed with a running-wheel

(Po0.001), while selected animals trended toward an increase

in consummatory behavior when housed with a running-

wheel (Po0.044).

Our repeated-measures analysis revealed effects of selec-

tion on the longitudinal patterns (Line�Week; F24,27¼2.070,

P¼0.035) of grooming (F3.49,174.50¼6.618,Po0.001; Fig. 3A)
and inactive (F3.56,177.82¼4.540,P¼0.002; Fig. 3B) behaviors.

During our first observation period (week 4), control mice

exhibited a strong trend toward more grooming behavior

than selected animals (P¼0.042); however, by the final obser-

vation period, selected animals exhibited more grooming

behavior than controls (P¼0.015) due to both an increase in

grooming by selected animals and a decrease in grooming by

control animals. Regarding inactive behavior, all animals

exhibited similar levels during the first observation period;

control animals increased levels of this behavior in later

periods, resulting in significantly higher levels of inactive

behavior in control animals compared to selected animals

(P¼0.003).

2.3.3. 21:00–22:00 h
Selection for increased wheel-running significantly affected

behavior during the 21:00 observation period (F¼6,45¼12.433,

P¼0.001), resulting in increased active behavior (P¼0.001;

Fig. 4A), and decreased grooming (P¼0.019; Fig. 4B), inactive

(P¼0.028; Fig. 4C) and sleeping (P¼0.001; Fig. 4D) behaviors.

We also observed an interaction effect of selection and wheel

access (Line�Wheel; F¼6,45¼5.039, P¼0.001), affecting

active (F1,50¼5.771, P¼0.020; Fig. 4E), sleeping (F1,50¼4.145,

Po0.047; Fig. 4F) and rearing (F1,50¼5.712, P¼0.021; Fig. 4G)

behaviors. These interactions break down as follows. While

the presence of a running-wheel increased levels of active
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behavior in both lines of animals, these changes were more

pronounced in selected animals. The presence of a running-

wheel depressed levels of sleeping in selected animals

(Po0.001), but had no effect in control animals (P¼0.347).

Selected animals exhibited more rearing behavior than control

animals in sedentary cages (P¼0.029); however, the presence of a

running-wheel diminished levels of rearing in both lines, result-

ing in equivalent rearing behavior in all mice (P¼0.282).
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We observed selection effects on the longitudinal patterns

of behavior during the 21:00 observation period (Line�Week;

F24,27¼2.842, P¼0.005). These effects were observed in the

pattern of inactive behavior (F3.46,136.37¼6.691, Po0.001;

Fig. 5) throughout the study. During the initial observation

periods, selected and control animals exhibited similar levels

of inactive behavior (P¼0.911). Selected animals increased

their inactive behavior during the later observation periods,
0.0

0.5

1.0

1.5

C
ou

nt
s

0

5

10

15

20

25
C

ou
nt

s

Sed
0

1

2

3

4

5

C
ou

nt
s

Control Selected

Control Selected

Control Selected

Wheel Sed Wheel

d
Control Selected

Wheel Sed Wheel

period, selected animals exhibited more active (A) behavior,

an controls. Presence of a running-wheel interacted with

) behaviors. Presence of a running-wheel increased active

s. Presence of a running-wheel significantly decreased

exhibited more rearing than sedentary control animals;

statistically abolished this difference.



4
0.0

0.2

0.4

0.6

0.8

1.0

C
ou

nt
s

Week

Selected
Control

5 6 7 8

Fig. 5 – Longitudinal patterns of behavior at 21:00. Selection

influenced the longitudinal pattern of inactive behavior. All

animals exhibited low levels of inactivity during the initial

weeks of observation. Selected animals increased this

behavior during the final week of the study, exhibiting

significantly more inactivity at this time than controls.

4
0

2

4

6

8
C

ou
nt

s

Week

Selected
Control

8

5 6 7 8

b r a i n r e s e a r c h 1 5 0 8 ( 2 0 1 3 ) 9 – 2 214
resulting in significantly higher levels of inactive behavior in

selected animals compared to control animals during this

final observation period (P¼0.001).

2.3.4. Wheel-running behavior
We observed similar wheel-running behavior for selected and

control mice during the 09:00 observation period (P¼0.581;

Fig. 6A). During the 15:00 time period, we observed more

wheel-running in selected animals than in controls

(F1,22¼17.39, Po0.001; Fig. 6B). A similar effect of selection

was observed during the 21:00 time period (F1,22¼30.75,

Po0.001; Fig. 6C).

2.4. Monoamine concentrations in brain nuclei—all
animals

Table 1 presents means, standard errors, and significance

levels for all brain regions and neurotransmitters. Emphasis

in the following sections is placed on comparisons that were

statistically significant, based on two-way ANOVAs, for the

effects of selection history, after controlling for multiple

comparisons (i.e., Po0.0004).

2.4.1. Dopamine (DA) and the dopamine metabolite
dihydroxyphenylacetic acid (DOPAC)
Concentrations of DA were lower in the dorsal raphe nucleus

(t13¼12.789, P¼0.0004) of selected mice compared to con-

trols. Selected animals also exhibited lower concentrations of

DOPAC in the substantia nigra (t13¼25.988, P¼0.0003) com-

pared to controls.

2.4.2. Serotonin (5-HT) and the serotonin metabolite
5-hydroxyindoleacetic acid (5-HIAA)
Selected mice had lower concentrations of 5-HT in the dorsal

striatum (t13¼21.663, P¼0.0001) and lower concentrations of

5-HIAA in the substantia nigra (t13¼18.339, P¼0.0003).
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Fig. 6 – Visually observed wheel-running for mice from

control and selected lines. We observed selected mice

engaging in more wheel-running than controls during the

15:00 (B) and 21:00 (C) observation periods, but not during

the 09:00 (A) period.
3. Discussion

Although female mice of these selected lines demonstrate

higher levels of voluntary wheel-running than males (Garland

et al., 2011a), and thus may exhibit exaggerated effects of

selection, we chose to include only males in this study due to

the large scope of the experiment (long term recording of

multiple modes of behavior coupled with analyses of multiple

neurotransmitters in multiple brain regions). The addition of

female mice would add the complexity of another sex (in each

of the 4 groups), as well as a necessity to account for estrous

stage. This complexity is best left to a subsequent study

designed specifically to compare results from female mice to

the findings and interpretations herein.

3.1. Wheel-running behavior

Mice selectively bred for high voluntary wheel-running ran

an average of three times further than control mice during

the study (Fig. 1A). This increase in distance was accom-

plished by both an increase in the running speed and running

duration (Fig. 1B and C). The relative levels of running
distance and running speeds in selected and control mice

are comparable to those found in numerous previous studies

(Garland et al., 2002, 2011a; Keeney et al., 2012; Swallow et al.,

1998a).



Table 1 – Monoamine concentrations and ratios measured from microdissected brain regions for mice from the selected and control lines. Values are presented as
means7SE. P values from two-way ANOVAs for individual brain regions are presented in each cell. pFDR was used to adjust for multiple comparisons, and P
valueso0.0004 are considered statistically significant and are in inverse color (see Section 5).
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3.2. Body mass

As previously reported, selected mice weighed less than

controls (Garland et al., 2002, 2011a; Girard et al., 2001;

Swallow et al., 1999); this difference was observed regardless

of whether or not animals were housed with running-wheels

(Fig. 1D). Therefore, increased wheel-running does not

account for the body mass difference between control and

selected lines (Swallow et al., 1999). Behavioral assessment

revealed some differences that could contribute to the dif-

ference in body mass, including more mid-dark phase inac-

tive behavior in control mice, as well as higher levels of

consummatory behaviors in sedentary control mice com-

pared to selected mice (Fig. 2). These differences in behavior,

together with intrinsic physiological differences, such as

elevated circulating corticosterone levels (Girard and

Garland, 2002; Malisch et al., 2007), could influence the

observed divergence in body mass between selected and

control animals.

3.3. Behavior

Our ethogram data add to behavioral results presented in

previous reports (Bronikowski et al., 2001; Careau et al., 2012;

Jonas et al., 2010a; Koteja et al., 1999), and provide information

on the circadian patterns of these animals’ general home-cage

activity, with increased resolution over previous studies. Not

surprisingly, selection for increased wheel-running resulted in

higher levels of wheel-running during the dark phase. Inter-

estingly, selection also affected the expression and patterns of

other behaviors as discussed below.

We observed no effect of selection on behavior at the 09:00

time period, likely due to the generally low levels of activity

during this period. The most prevalent behavior observed

during this time was sleep in all animals (data not shown).

Selection significantly affected behavior similarly at the 15:00

and 21:00 observation time. During both of these time

periods, selected animals exhibited much higher levels of

wheel-running behavior, which contributed to generally

higher levels of active behavior. This increased activity is

independent of wheel-running however, as sedentary

selected animals were also more active than sedentary

controls. Furthermore, this observed increase in active beha-

vior in selected animals came at the expense of more

sedentary behaviors (i.e., inactive and sleeping). This effect

is in contrast to previous results collected on these animals at

generation 13 (these animals are from generation 35) (Koteja

et al., 1999), but is consistent with more recent studies that

measured home-cage activity via force plates (Malisch et al.,

2009) and infrared detectors (Garland et al., unpublished

results). These studies support a positive relationship

between wheel-running and general locomotor activity.

A direct, positive relationship between these traits is not

without controversy. Previous reports suggested that wheel-

running behavior is independent of other stimulated explora-

tory behaviors, such as open-field activity or emergence

(reviewed in Sherwin, 1998). However, more recent studies

demonstrate a positive link between home-cage activity and

wheel-running behavior (Garland et al., 2011b; Sherwin,

1998), which is more in line with our observations.
Importantly, our results (as well as the interpretation of

Garland et al. (2011a)) suggest that wheel-running may be a

better indicator of general activity levels in mice than

measures from paradigms that involve introducing the ani-

mal to novel stimuli, such as the open field or other challenge

(see also Careau et al., 2012).

When housed without running-wheels, selected animals

exhibited lower levels of consummatory behavior than con-

trol animals during the 15:00 observation period. This was

unexpected given the higher levels of activity (and presumed

higher energy expenditure) exhibited by these animals and

the established positive association between energy use and

wheel-running (Garland et al., 2011b; Novak et al., 2012;

Swallow et al., 2001). Further perplexing, access to a run-

ning-wheel depressed consummatory behavior in control

animals. Thus, two manipulations (selection for increased

wheel-running and presenting a running-wheel) that

increase activity level resulted in decreased consummatory

behavior. Although these findings seem counter-intuitive, it is

possible that this observation reflects something other than a

decrease in consumption; it could reflect either an increase in

feeding efficiency or also changes in circadian feeding pat-

terns when activity levels are increased. In fact, this result

directly contradicts a study that more directly measured food

consumption in these mice that observed positive effects of

both wheel-running and selection on food intake (Swallow

et al., 2001). Together, these observations warrant further

examination of the effects of these manipulations on con-

summatory behavior, and also suggest that this selective-

breeding may influence circadian patterns of consumption.

Grooming is a complex behavior that can be highly

variable among strains of mice (Kalueff and Tuohimaa,

2005c). Efforts to classify grooming as anxiotypic have pre-

sented conflicting results, with increased grooming being

associated with increases (Kalueff and Tuohimaa, 2005b) or

decreases in anxiety (File et al., 2006). At both dark phase

observation periods, selected animals exhibited lower levels

of grooming than controls, regardless of housing condition.

This may suggest decreased levels of anxiety in our selected

animals, as excessive grooming has been associated with

increased anxiety (Dunn et al., 1987) (though this association

is not universally accepted; File et al., 2006). A wealth of

evidence suggests a negative relationship between physical

activity and anxiety (Binder et al., 2004; Dishman et al., 2006;

Dunn et al., 2001; Fulk et al., 2004; Kalueff and Tuohimaa,

2005a; Salmon, 2001), and in light of the much higher levels of

physical activity observed in selected animals, it follows that

this decrease in grooming could indicate a decrease in

anxiety. Previous studies have investigated the effects of this

selection in anxiotypic behavior. While two studies

(Bronikowski et al., 2001; Careau et al., 2012) found no effect

of selection on anxiotypic behavior using the open-field test,

another study (Jonas et al., 2010a) found that one of the

selected replicates exhibits more anxiotypic behavior than

control animals in the open-field test and the elevated plus

maze (two selected replicates were tested in that study, and

only one exhibited higher anxiety than controls). Interest-

ingly, the replicate line that exhibited increased anxiotypic

behavior in this study (Jonas et al., 2010a) was the same

replicate used in our study. Thus, the idea that this decrease
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in grooming indicates a decrease in anxiety in this selected

replicate requires more investigation. In fact, we found no

effect of selective-breeding on monoamines in brain areas

associated with anxiety (e.g. MeA; Table 1). Alternatively,

grooming behavior in this context may reflect restlessness,

as opposed to anxiety (Kalueff and Tuohimaa, 2005a). If so,

then selective-breeding may influence the way animals deal

with restlessness: control animals groom in the face of

restlessness, while selected animals express restlessness by

increasing other behaviors, possibly rearing and/or wheel-

running. Selected animals exhibit very high levels of rearing

when housed without a running-wheel, which could indicate

an increase in vigilance (or general restlessness) in selected

animals, while control animals express this by an increased

in grooming (Zalaquett and Thiessen, 1991).

Finally, selective-breeding affected longitudinal patterns

of inactive behavior throughout the study, and these effects

were not consistent over the circadian period. During the first

observation periods, all animals exhibited equivalently low

(near 0) levels of inactive behavior at both the 15:00 and 21:00

observation periods. Near the end of the experiment, control

mice increased levels of inactive behavior above selected

animals at the 15:00 time period. Conversely, at the 21:00

time period, selected animals increased inactive behavior

above those exhibited by control animals at the end of the

study. These results may be interpreted as an earlier circa-

dian quiescence in selected mice that develops as these mice

age. Both exercise and this selection paradigm influence

circadian rhythms (Koteja et al., 2003; Novak et al., 2012,

Jonas et al., 2010b), but this is the first time that effects on

circadian patterns of home-cage behavior have been

reported. Changes in circadian behavioral patterns are impli-

cated in many human disorders, such as anxiety (Shear et al.,

1994) and obesity (Carmona-Alcocer et al., 2012), and add

relevance to these animals as models of human disease.

3.4. Brain monoamines

We observed selective-breeding effects on monoamines in

two brain regions involved in locomotor control, the sub-

stantia nigra pars compacta (SNc) and the dorsolateral

striatum (caudate putamen; dlCPu). These brain regions are

intimately related, as dopamine neurons, which make up the

vast majority of cells in the SNc, project to the dlCPu. The

dlCPU is a primary central output of the motor cortex (Kandel

et al., 2000). In the dlCPu, increased DA release positively

modulates voluntary wheel-running and other motivated

behaviors (Frank, 2006; Greenwood et al., 2003; McGeorge

and Faull, 1989; Rhodes et al., 2005). This ‘nigrostriatal’

system also interacts largely with the raphe serotonin sys-

tem, with serotonergic inputs from the dorsal raphe posi-

tively modulating the nigrostriatal DA output via 5-HT 2A

receptors in both the SNc and dlCPu (Kapur and Remington,

1996). Furthermore, DA provides an excitatory effect on

dorsal raphe serotonin cells, through D1-like receptors in

the raphe (Aman et al., 2007). Compared to controls, selected

animals exhibited lower levels of DOPAC in the dlCPu,

suggesting decreased nigrostriatal DA activity in selected

animals. Fitting with this idea, our data also indicate that

communication between the raphe 5-HT and nigrostriatal DA
systems is suppressed in selected animals compared to

controls. These changes suggest a hypoactive nigrostriatal

DA system in selected animals. This idea is in line with a

previous pharmacological study that concluded mice from

the four replicate selected lines have diminished function in

the central DA system (Rhodes et al., 2003). This trait is a

hallmark of attention deficit hyperactive disorder, and our

results strengthen the case for the use of these selected lines

as a model for this disease. The observed reductions in

concentrations of monoamine neurotransmitters and their

metabolites in these brain areas suggest that this selection

protocol results in diminished central monoamine activity in

these systems. Importantly, these effects are observed

regardless of running-wheel access. Thus, our results high-

light the intrinsic effects of this selection protocol on neuro-

physiology, and support the use of these lines as behavioral

and neurophysiological models of human pathologies.
4. Conclusion

Selective breeding an increased propensity to exercise on

wheels results in dynamic changes in behavior, resulting in

generally increased levels of activity, and possibly, differences

in circadian rhythm. We also observed changes in brain

monoamine systems that could explain these behavioral

differences, and support the idea that these selected lines

of mice can be used as animal models of human pathology.
5. Experimental procedures

5.1. Animals

House mice (Mus domesticus; originally from the outbred

Hsd:ICR strain) from one of four replicate lines selectively

bred for increased voluntary wheel-running and one non-

selected control line were used in this study (Swallow et al.,

1998a). Specifically, 26 selected males (from lab designation

Line 8) and 28 control males (from lab designation Line 2)

were obtained from generation 35 stock. Because we used

only two of the eight total lines, further studies will be

required to verify the generality of our results (Garland

et al., 2011a; Jonas et al., 2010a, 2010b). Following shipment

by air from the University of California, Riverside to the

University of South Dakota, mice were housed in groups of

6–8 individuals for approximately two months in acrylic

cages with wire lids (Technoplast, Allentown, PA; 55�35�20

cm3) to allow animals to acclimate to our facility. For the

duration of the study, mice were maintained at 23 1C on a

12L:12D reverse light cycle (light from 22:00–10:00 h). Bedding

(Harlan Teklad Sani-Chips) was changed weekly at the end of

the light period, with food (Harlan Teklad Rodent Diet (W)

8604) and water available ad libitum. All procedures were

carried out with approval by the University of South Dakota

Animal Care and Use Committee and were conducted in

accordance with the ‘‘Guiding Principles on the Care and Use

of Animals’’ as approved by the Council of the American

Physiological Society.
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5.2. Voluntary wheel-running

Following the approximately 2 month acclimation period, we

reassigned mice (age¼96.571.4 days; mean7S.E.M.) to indi-

vidual Nalgene cages (47�25�20 cm3) equipped with wire

lids with (n¼24; 12 selected, 12 control) or without (n¼30; 14

selected, 16 control) an activity wheel (Nalgene F-size wheels,

1.084 m circumference) for 8 weeks. Wheels were located within

the cages and were freely available at all times. This environ-

ment differs from the environment in which they were pheno-

typed for selective-breeding, where a separate, but connected

chamber houses the activity wheel (Swallow et al., 1998a).

Throughout the study, we weighed mice during weekly bedding

changes (09:00–10:00 h). We monitored voluntary wheel-running

every 60 s for the duration of the 8-week experiment via

computer with VitalView software (Mini Mitter Company, Inc.,

Sunriver, OR), allowing the assessment of running distance,

running duration, and average running speed (Swallow et al.,

1998a). Wheel-running data are expressed as daily averages,

unless otherwise noted.
5.3. Behavioral assessment

We observed the behavior all mice during the final 5 weeks of

the study (weeks 4–8 of wheel access) via instantaneous scan

sampling (Martin and Bateson, 1993) by a single observer at

three specific times during a 24-h period, starting at 09:00,

15:00, and 21:00 h. These times correspond to the last hour of

the light phase (09:00), and the mid-point (15:00) and final

hour (21:00) of the dark phase. We chose these times to

achieve a comprehensive behavioral assessment of the mice

throughout the active (dark) phase of the circadian period.

During each behavioral observation period, a single observer

made and recorded instantaneous observations of all mice,

and repeated this for ten rotations; this process took approxi-

mately 45 min. The observer entered the room, and remained

stationary in a dark corner of the room, out of the animals’

sight for 5–10 min until all animals were accustomed to his

presence. Behavioral scoring then commenced from a central

point in the room, approximately 2 m from the home-cages.

Animals did not exhibit any apparent disturbance by the

observer’s presence. We scored behaviors into the following

mutually exclusive categories: grooming (licking at fur and

rubbing paws), sleeping (motionless with eyes closed or

curled in sleeping position), inactive (motionless with eyes open),

consumption (eating or drinking), and active (moving in cage,

running, rearing, etc.). We included wheel-running in the active

category in analyses for mice with wheel access, and also

analyzed it separately for comparison with computer-generated

wheel-running data. We express behavioral data as frequencies

for each category. The week (4–8) during which we collected

behavioral data served as a repeated factor in our analysis to

detect longitudinal changes in behavior throughout the study.
5.4. Brain collection

Following the 8-week experimental period, we killed all mice

via cervical dislocation followed by rapid decapitation,

between 10:00 and 12:00 h. Brains were rapidly dissected
from the skull (within 1 min), frozen on dry ice to a micro-

scope slide, and then stored at �80 1C until sectioning.

5.5. Microdissection and monoamine analysis

We cut frozen brains into 300 mm serial sections using a Leicas

CM 1800-3 cryostat (Leica Instruments GmbH, Nussloch, Ger-

many) at �11 1C. We thaw mounted sections onto glass slides

and refroze them at �80 1C for microdissection. We identified

brain regions using a rat brain microdissection guide (Palkovits

and Brownstein, 1988) modified for the size of the mouse

brains, and microdissected them using 100–300 mm inside

diameter punch. We analyzed the hippocampus (CA1 and

CA3), central nucleus of the amygdala (CeA), medial nucleus

of the amygdala (MeA), nucleus accumbens shell (NaccSh) and

core (NAccC), dorsal striatum (dorsal caudate putamen; dCPu),

paraventricular nucleus of the hypothalamus (PVN), substantia

nigra pars compacta (SNc), ventral tegmental area (VTA), dorsal

raphe (dRN), and locus ceruleus (LC). We chose these brain

nuclei because they are monoaminergic cell body or terminal

regions associated with physical activity, motivation, and/or

stress (Chaouloff et al., 1987; Dishman et al., 1997; Rhodes et al.,

2003, 2005; Sutoo and Akiyama, 2003; Wightman and Robinson,

2002).

We analyzed monoamines in these regions using high

performance liquid chromatography (HPLC) with electroche-

mical detection, determining norepinephrine (NE), dopamine

(DA), 3,4-dihydroxyphenylacetic acid (DOPAC, a metabolite of

DA), serotonin (5-HT), and 5-hydroxyindoleacetic acid (5-

HIAA, a metabolite of 5-HT) concentrations (Renner and

Luine, 1984). We expelled tissue into 60 mL of sodium acetate

buffer (pH 5) containing 2,3-dihydroxybenzoic acid (DHBA) as

an internal standard, adding ascorbic acid oxidase (AAO)

solution (Sigma Chemical Co., St. Louis, MO, 1 mg AAO/

10 mL H2O; 2 mL) to each sample prior to centrifugation. We

analyzed the supernatant (45 ml) for monoamines using HPLC

(Waters Associates, Milford, MA) and an LC-4B potentiostat

(Bioanalytical Systems, West Lafayette, IN; þ0.6 V Ag/AgCl

reference). We determined total protein using the precipitate

dissolved in 110 mL of 0.4 M NaOH and via Bradford assay

(Bradford, 1976). We express neurotransmitter concentrations

as pg amine/mg protein. We estimate dopaminergic and

serotonergic activities by dividing the metabolite concentra-

tion by the concentration of the respective neurotransmitter.

5.6. Statistical analyses

We use two-way, repeated measures analysis of variance

(RMANOVA) to analyze wheel-running data (selected line-

¼between-subjects factor, day of study¼within-subjects fac-

tor). We compared the effects of selection and wheel access

on body mass using a three-way RMANOVA (selected line and

wheel access¼between-subjects factors; week¼within-sub-

jects factor). Behavioral scan sampling generated frequency

data; therefore, we used an arcsine transformation to these

data before running three-way repeated measures MANOVA

(RM-MANOVA; selected line and wheel access – between-

subjects factor, week – within-subjects factor) (Zar, 1996);

each behavioral category served as a dependent variable.

We used the Greenhouse-Geiser statistic to test the
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assumptions of sphericity. We used post-hoc univariate

ANOVA to determine individual behaviors that contribute to

effects detected with the MANOVA model. We used SPSS 18.0

(SPSS Inc., Chicago, IL) to perform these analyses, and we set

a at Po0.05. To compensate for the 31 simultaneous multiple

comparisons in the post hoc behavioral analyses, we used the

FDR procedure (‘Qvalue’ library run in the R statistical

package. The R Foundation for Statistical Computing). Based

on these analyses, we reset the significance level at Po0.03 to

control the table-wise a level at Po0.05 for statistical tests

involving post hoc behavioral analyses.

We used two-way ANOVAs to compare monoamine levels

of control and selected mice housed with or without a

running-wheel (factors: Selection and Wheel; SPSS 18.0,

Chicago, IL). To compensate for the large number of simulta-

neous multiple comparisons in the monoamine analyses, we

used the pFDR procedure (Storey and Tibshirani, 2003a,

2003b). We generated the overall proportion of true null

hypotheses and the corresponding q-values with the ‘Qvalue’

library run in the R statistical package (The R Foundation for

Statistical Computing) using the ‘Bootstrap’ option. Based on

these analyses, we reset the significance level at Po0.0004 to

control the table-wise a level at Po0.05 for statistical tests

involving monoamine values (Table 1).
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