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Abstract

The genetic factors involved in the regulation of physical activity are not well understood. The
dopamine system has been implicated in the control of voluntary locomotion and wheel running
(WR) in mice and is thus a likely candidate as a genetic/biological system important to the
regulation of physical activity. This study evaluated the effects of four different dopaminergic
acting drugs on WR in differentially active inbred strains of mice. High active C57L/J (n=7, 3
controls, 4 experimental) and low active C3H/HeJ (n=8, 3 controls, 5 experimental) were analyzed
for baseline wheel-running indices of distance (km/day), duration (mins/day), and speed (m/min)
for 21 days. Experimental mice received increasing doses over four days of each of the following
drugs: SKF 81297 (D1 agonist), SCH 23390 (D1 antagonist), GBR 12783 (DAT inhibitor), and
AMPT (tyrosine hydroxylase inhibitor). Each drug dose response treatment was separated by three
days of recovery (no drug injections). WR indices were monitored during drug treatments and
during drug wash-out phases. SKF 81297 significantly reduced (p=0.0004) WR in the C57L/J
mice, but did not affect WR in the C3H/HeJ mice. GBR 12783 significantly increased (p=0.0005)
WR in C3H/HeJ mice, but did not affect WR in C57L/J mice. Only duration (not overall WR) was
significantly reduced in C57L/J mice in response to SCH 23390 (p=0.003) and AMPT (p=0.043).
SCH 23390 (p=0.44) and AMPT (p=0.98) did not significantly affect WR in C3H/HeJ mice.
These results suggest that genetic differences in dopamine signaling may play a role in the WR
response to dopaminergic-acting drugs in inbred strains of mice. The high activity in the C57L/J
strain appears most responsive to D1-like receptor acting drugs, while in the C3H/HeJ strain,
dopamine re-uptake appears to have an influence on activity level.
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It is well known that physical activity improves human health by decreasing the risk of
obesity, cardiovascular diseases, Type Il Diabetes, depression, certain types of cancer, and
overall mortality (1). Although the physiology of exercise has been well studied over the
past 40 years, the genetic and biological regulating factors of physical activity have yet to be
fully investigated and understood. It has been estimated that physical inactivity is a leading
cause of mortality, and contributes to increasingly higher health care costs in developed
countries (2). Therefore, in order to prevent disease and improve human health it is vital to
understand the regulating factors of physical activity.

It has been shown that physical activity patterns are at least moderately inherited and thus
partially regulated by genetic factors (3-7). At least two studies have identified both single-
gene and epistatic quantitative trait loci (QTL) involved in the regulation of physical activity
in mice; in particular, significant single-gene QTL have been found on chromosomes 9 and
13 (8, 9). However, the exact genes involved in regulation of physical activity are yet to be
fully elucidated. A different model from inbred mice, selective breeding studies conducted
by Garland and colleagues also illustrate a significant genetic component involved in the
regulation of physical activity. After 35 generations of selective breeding for running wheel
activity, selected animals ran over 170% farther than control mice (10). Selection acting on
genetic variation in the original outbred population of mice highlights a definite genetic
component to the regulation of voluntary physical activity in mice.

The central nervous system may play a key role in the genetic/biological regulation of
physical activity in rodents (11-14). The dopamine system, part of the central nervous
system, located in the mid-brain, has two main tracks. The nigrostriatal track mediates
locomotion (15) while the mesolimbic track is involved with emotion and motivation (16).
For example, it is known that depletion of dopamine neurons in the mid-brain are a major
cause of the motor deficits seen in Parkinson’s disease (17). Also, the hyperactive phenotype
common in Attention Deficit Hyperactivity Disorder (ADHD) is also mediated through
dysfunctions in dopamine signaling in the brain (18). Pharmacological studies in rodents
confirm dopaminergic involvement in locomotor behavioral responses to stimuli such as
psychostimulant drugs (19, 20); however, compelling evidence from wheel running studies
in mice also implicates the dopamine system in mediating general voluntary physical
activity levels. Specifically, Rhodes and Garland (2003) investigated the effects of Ritalin (a
DAT inhibitor), apomorphine (a non-selective dopamine agonist), SCH 23390 (a selective
D1-like antagonist), and raclopride (a selective D2-like antagonist) on wheel running in both
selected and control animals (12). At high doses of apomorphine, and all doses of raclopride,
both control and selected animals markedly decreased their wheel running by the same
proportion. However, in response to SCH 23390 control line mice decrease wheel running
more than selected animals. A differential response to Ritalin was seen where the selected
animals decreased wheel running in response to Ritalin, while the control animals increased
wheel running. A differential response to Ritalin, a drug that acts by increasing circulating
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dopamine (by inhibiting the re-uptake via DAT), indicates genetic differences in dopamine
signaling between the selectively bred animals and the controls. Additionally, recent results
from our lab exhibiting an independent relationship of dopamine D1 receptors and tyrosine
hydroxylase genes with differentially active inbred mice in the nucleus accumbens and
striatum area of the brain (21) indicate that D1-like receptors as well as the amount of
dopamine present in the mid-brain may influence wheel running in mice.

Wheel running in animals has been suggested as a good model for daily physical activity in
humans (22, 23). Thus, studying wheel running responses to dopaminergic drugs may prove
useful in elucidating the proposed independent mechanism by which the dopamine system
mediates physical activity behavior. Therefore, the purpose of this study was to investigate
the wheel running responses to several dopaminergic acting drugs in differentially active
inbred mice. This study is another step in the understanding of the central genetic and
biological regulation of physical activity, and will be important for future studies
investigating the mechanisms of this regulation and importance to human health and
performance.

MATERIALS AND METHODS

Animals

Differentially active strains of inbred mice were used in this study: C3H/HeJ mice (n=8
males) previously identified as low active (30), and C57L/J mice (n=6 females, n=I male)
previously identified as high active (30). The use of primarily female C57L/J mice, while
not optimal, was unavoidable due to the extremely limited supply of these highly active
mice (see below). However, whereas comparisons are made primarily within mouse and
versus control mice of the same sex, appropriate conclusions can be drawn from the use of
both male and female mice in this study. The C3H/HeJ mice were purchased from Jackson
Laboratories; however, given that C57L/J mice are no longer available from Jackson
Laboratories (nor from other suppliers), the C57L/J mice used in this study were taken from
a small breeding colony our lab maintains. These mice were the first generation inbred
offspring from C57L/J breeder pairs purchased from Jackson Laboratories in Spring 2008.

Running wheel data were collected from the mice beginning at 63 days (9 weeks) of age
which corresponds to the most active period in the lifespan for mice (24). All mice were
housed in the University Vivarium with 12-hour light/dark cycles (light 6am-6pm, dark
6pm-6am) and were provided with food (Harlan Teklad 8604 Rodent Diet, Madison, WI)
and water ad libitum. All procedures were approved by the University of North Carolina
Institutional Animal Care and Use Committee. Additionally, all animals were weighed twice
weekly.

Measurement of voluntary activity (wheel running)

Daily wheel running was measured using methods described previously (6, 8). Briefly, mice
were housed individually in standard rat sized cages, each equipped with a solid surface
running wheel (450 mm circumference; Ware Manufacturing, Phoenix, AZ, USA) mounted
on the cage top. A magnet was mounted on the outside surface of each wheel and the cage
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top was equipped with a magnetic sensor (BC500; Sigma Sport, Olney, IL, USA). Each
computer was calibrated with wheel dimensions to allow for accurate measurement of
distance (km/day) and time (duration-mins/day) each mouse ran on the wheel. Speed of
running (m/min) was then calculated from the distance and duration data. Mice were
monitored and data was collected every 24 hours at approximately 9am during baseline and
drug wash-out phases of the protocol. During drug treatments, data was collected
immediately before drug treatment at 6pm (the beginning of the dark/active phase for mice),
at 12am (6 h post-drug treatment), and again at 6am (12 h post drug treatment). Negligible
running was recorded during the light cycle (6am-6pm) so all data reported is 24 hour data.

Drug treatment

Evidence from our lab (21) and others (12, 14) suggest physical activity in the form of wheel
running in mice is at least partially regulated by the D1-like receptors, the dopamine
transporter (DAT), as well as possibly the expression and/or function of the tyrosine
hydroxylase enzyme. Tyrosine hydroxylase is the enzyme that converts L-dopa into
dopamine and thus plays a role in dopamine production. Therefore, in this study, we
designed 5 different treatments: SKF 81297 (D1-like agonist; Tocris Bioscience, Ellisville,
MO), SCH 23390 (D1-like antagonist; Tocris Bioscience, Ellisville, MO), GBR 12783
(DAT inhibitor; Tocris Bioscience, Ellisville, MO), and DL-2-Methyl-3-(4-hydroxyphenyl)
alanine (AMPT) (Tyrosine Hydroxylase inhibitor; Sigma Aldrich, St. Louis, MO), and
placebo (saline injections only). All drugs have been shown to be centrally active after
intraperitoneal (IP) injection and were administered IP in a volume of 0.3 mL per mouse.
Dose responses were investigated using the following consecutive drug doses (mg/kg): SKF
81297 (0.5, 0.75, 1.0, 1.25), SCH 23390 (0.5, 0.75, 1.0, 1.25), GBR 12783 (15, 20, 25, 30),
and AMPT (85,90,95, 100). All doses were based on previous literature investigating
locomotion responses in mice to these particular drugs.

Treatment procedures—At nine weeks of age, mice were housed with a wheel, and
baseline activity pattern was assessed for 21 consecutive days in all mice. Five mice from
the C3H/HeJ strain and 4 mice (3 females, and 1 male) from the C57L/J strain were
randomly chosen for the experimental drug treatment group, leaving three mice in each
strain serving as controls. Control mice received saline injections only. The experimental
animals received one injection (according to the dose schedule described above) at 6pm, at
increasing doses for 4 consecutive days, followed by three full days of drug wash-out (i.e.
no injections). Wheel running was monitored at 12am and 6am during drug treatment, and
every 24 hours during drug wash-out. This pattern was repeated for all four drugs in
succession.

Injection methods—Each drug injection solution was made fresh each day immediately
prior to injections and all drugs were dissolved in 0.9% sterile saline. Once the appropriate
dose was dissolved, the solution was placed in a sterile syringe and filtered through a 0.2
micron filter during injection. Because drugs were made fresh daily and were kept in sterile
conditions, the C57L/J mice received the drugs in the following order: SKF 81297 (83-87
days old), SCH 23390 (90-94 days old), GBR 12783 (97-101 days old), and finally AMPT
(103-106 days old). Due to age differences upon arrival and the need to keep drug injections
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sterile the C3H/HeJ mice received the drug treatments in the following order: GBR 12783
(83-87 days old), AMPT (90-94 days old), SKF 81297 (97-101 days old), and SCH 23390
(103-106 days old).

Given the differential drug injections at differing ages, (e.g. the C57L/J mice received SKF
81297 at 83-87 days old, but the C3H/HeJ mice received this drug at 97-101 days old), each
strain was analyzed in a separate ANOVA for the effects of the four drugs on wheel running
indices. The alpha value was set a priori at 0.05. Within a strain, each drug was analyzed
separately with a two-way ANOVA with group (control vs. experimental) and dose
(repeated measure) as main effects. Three dependent variables were analyzed including
distance (km/day), duration (mins/day), and speed (m/min). Tukey’s HSD post-hoc tests
were used to evaluate main effects and group by dose interactions within the ANOVA
model. There were no statistical differences between wheel running indices taken at 6 hours
post-injection or 12 hours post-injection (data not shown) and thus, only wheel-running data
from 12 hour post-injection will be presented. Differences in weight at baseline
measurements between strains, as well as differences in weights between group within
strains, were analyzed using independent t-tests, and correlation analysis was used to
investigate relationships between weight and distance run. Although wheel running in mice
has been shown to be highly repeatable (25), whole model post hoc power analysis revealed
a value of .74.

Mice were weighed twice weekly during this study to encompass one weight measurement
during each drug treatment, as well as one weight measurement during drug wash-out.
C3H/HeJ (n=8 males) mice as a whole group were significantly heavier than C57L/J (n=6
females, n=I male) mice at baseline, and at all time points throughout the study (p<0.001).
Weight of the control versus the experimental animals did not differ across the treatments
(C3H/HeJ, p=0.20; C57L/J, p=0.66). As has been shown in previous studies (6, 8) during
baseline activity measurements, weight was not correlated with distance run in either strain
(C3H/HeJ: p=0.11, r?=0.43; C57L/J: p=0.12, r?=0.36). Speed was also not correlated with
weight in either strain (C3H/HeJ: p=0.66, r2=0.03; C57L/J: p=0.93, r?=0.002). Duration was
significantly correlated with weight in both strains (C3H/HeJ: p=0.04, r2=0.54; C57L/J:
p=0.02, r?=0.69). Weight did not significantly increase over the course of the study in
C3H/HeJ mice (p=0.69; beginning: 28.0+1.6g; end: 29.9+2.2¢), while weight did
significantly increase in C57L/J mice over the course of the study (p=0.02; beginning:
23.6+1.1; end: 25.1+1.0).

Baseline physical activity results

Baseline wheel running indices for both strains of mice are illustrated in Fig. 1. As was
expected from previous literature, the C57L/J mice ran 191% farther, 177% longer, and 84%
faster than C3H/HeJ mice (p<0.0001). There was no difference between control and
experimental mice at baseline in distance (p=0.52), duration (p=0.52), or speed (p=0.74) in
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the C57L/J mice. Likewise, there was no difference between groups of C3H/HeJ mice at
baseline in distance (p=0.22), duration (p=0.33), or speed (p=0. 16).

Drug effects on WR in C57L/J mice

Wheel-running distance, the product of duration of activity and speed of activity, responses
in C57L/J mice to all four drugs are shown in Fig. 2. No significant dose response was seen
in distance run after treatment with the D1 agonist SKF 81297 (p=0.72); however, SKF
81297 significantly reduced wheel running distance regardless of dose (Fig. 2; p=0.0004).
No significant differences in distance were observed between group or by dose for the D1-
antagonist SCH 23390 (p=0.12), the DAT inhibitor GBR 12783 (p=0.89), or the TH
inhibitor AMPT (p=0.37). Similar responses for duration and speed for all four drugs were
observed and are reported in Table I.

Drug effects on WR in C3H/HeJ mice

Wheel-running distance responses in C3H/HeJ mice (low active) to all four drugs are shown
in Fig. 3. No significant dose response was seen in distance run after treatment with the
DAT inhibitor GBR 12783 (p=0.73); however, injection of GBR 12783 did significantly
increase wheel running independent of dose (Fig. 3; p=0.0005). No other drugs used in this
study significantly affected wheel running the C3H/HeJ mice: the D1-agonist SKF 81297
(p=0.91), the D1-antagonist SCH 23390 (p=0.44), and the TH-inhibitor AMPT (p=0.98).
Data for duration and speed for all four drugs for C3H/HeJ mice showed similar responses
as distance and are reported in Table I1.

DISCUSSION

This study investigated four different dopaminergic acting drugs on a high active strain of
mice and a low active strain of mice to determine the role of D1-like receptors, DAT, and
tyrosine hydroxylase in regulating physical activity level. We observed strain dependent
effects of the D1-like receptor agonist (SKF 81297) and the DAT inhibitor (GBR 12783)
(Figs. 1 and 2). The D1-like agonist significantly reduced overall distance, duration, and
speed in C57L/J mice (high active), while the DAT inhibitor significantly increased overall
distance, duration, and speed in the C3H/HeJ (low active) mice.

It is becoming well accepted that a significant genetic component exists in the regulation of
physical activity in both rodents (3-7,26-28) and humans (29, 30). Using wheel-running as a
model of physical activity in mice, both single-gene and epistatic QTL associated with
physical activity have been found (8, 9). However, the genes and gene interactions that
regulate physical activity behavior are still unclear. Interestingly, haplotype analysis
conducted in the study by Lightfoot and colleagues identified a suggestive QTL on
chromosome 13 that contains the Drd1 gene which codes for the D1 receptor (8), and
research conducted in our lab (21) indicate C57L/J inbred mice (high active) have
significantly lower expression of Drd1 mRNA compared to low active C3H/HeJ inbred
mice. The current study was designed to investigate several aspects of dopamine signaling in
relation to physical activity in mice.
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Wheel running in response to DAT and tyrosine hydroxylase inhibitors

GBR 12783 and AMPT were used in this study to investigate wheel running responses to
drugs affecting either dopamine re-uptake or dopamine production, respectively. Treatment
of low active C3H/HeJ mice with the DAT inhibitor (dopamine re-uptake inhibitor)
significantly increased wheel running distance, duration, and speed independent of dose
compared to control mice (Fig. 3, Table Il). The DAT inhibitor did not affect wheel running
in the C57L/J strain. This finding corresponds to previous research with animal models of
ADHD and treatment with Ritalin [also a dopamine re-uptake inhibitor] (14). Responses to
Ritalin in humans can vary depending on the status of the neurotransmitter systems (31-33).
Specifically, it has been proposed that the response to drugs such as Ritalin depends largely
on baseline values of the response in question (33).

The only effect of the TH inhibitor was a slight, but significant decrease in duration in the
high active C57L/J mice (Table I). We observed no significant group by dose interactions
for this drug in C57L/J mice, with no difference reflected in distance or speed (Fig. 2, Table
). In our previous study, we observed decreased expression of tyrosine hydroxylase mMRNA
in the mid-brain of C57L/J mice compared to C3H/HeJ mice (21). If decreased expression of
tyrosine hydroxylase, and subsequent decreased dopamine production and downstream
dopamine signaling mediate the high active phenotype, inhibiting this enzyme further would
theoretically lead to further increased physical activity; however, this high active strain may
have already been running at a “physiological maximum”. Rhodes and Garland (12) have
suggested a possible “ceiling effect” in response to high doses of apomorphine in mice
selectively bred for high wheel running.

Wheel-running in response to DI-like agonist and antagonist

In contrast to determining the response to generalized alteration in dopamine levels through
the use of reuptake inhibitors or dopamine synthesis inhibitors, we used SKF 81297 (D1-like
agonist) and SCH 23390 (D1-like antagonist) to investigate the effects of manipulation of
dopamine signaling specifically through the D1-like receptors. The D1 agonist caused
significant reduction in distance, duration, and speed in the high active C57L/J mice (Fig. 2
and Table I). Observation that high active C57L/J mice in the current study reduced wheel
sunning in response to a D1 agonist supports the hypothesis that decreased function and/or
expression of D1-like receptors may mediate running wheel activity in high active inbred
strains (21). In contrast, the low active C3H/HeJ mice did not decrease wheel running in
response to the D1 agonist used in this study. The largely lack of response to SCH 23390 (a
selective D1-like antagonist) would again suggest a possible floor or ceiling effect with
these two unique strains of mice (Figs. 2 and 3, Tables | and II).

In summary, strain differences in the response to a D1 receptor agonist demonstrate that D1-
like receptors may play a role in mediating the high active phenotype in C57L/J mice.
Likewise, differential strain responses to a dopamine re-uptake inhibitor suggest that the
amount of dopamine present in the synapse may be important in mediating the low active
phenotype in C3H/HeJ mice. However, full elucidation of the role of dopaminergic
functioning in these strains purposely selected for their divergent activity responses is
difficult because of the possibility of physiological ceiling and floor effects in physical
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activity levels. Similarly, baseline genetic differences in dopamine signaling between inbred
strains are a potential explanation for the differences in wheel sunning responses to
dopaminergic drugs. It is also possible that low activity may be a different phenotype than
high activity and regulated by slightly different pathways (JT Lightfoot, personal

co

rrespondence). Further investigations should use strains of mice that fall in the middle of

the spectrum of voluntary physical activity.
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Baseline values of distance, duration, and speed in control and experimental mice. A)
Running wheel data at baseline for C57L/J mice (n=7) is shown. No differences in distance
(km) (p=0.52), duration (mins) (p=0.52), or speed (m/min) (p=0.74) were found between
control and experimental groups; however, C57L/J mice ran significantly farther, longer,
and faster than C3H/HeJ mice at baseline (p<0.0001). B) Running wheel data at baseline for
C3H/HeJ mice (n=8). No differences in distance (p=0.22), duration (p=0.23), or speed
(p=0.44) were found between control and experimental groups.
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Fig. 2.
Distance responses to all four dopaminergic drugs in C57L/J mice. Distance responses to all

four drugs in the C57L/J mice. A) Dose response after administration of SKF 81297 is
shown. No significant dose response was seen; however, all four doses significantly reduced
wheel running distance in experimental mice compared to controls (p=0.0004). B) Dose
response to SCH 23390 is shown. No significant changes in distance run between groups
were seen for any dose (p=0.12). C) Dose response to GBR 12783 is shown. No significant
differences in distance run were seen between groups for any dose (p=0.89). D) Dose
response to AMPT is shown. No significant differences in distance run between grousp were
seen for any of the doses (p=0.37).
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Fig. 3.
Distance responses to all four dopaminergic drugs in C3H/HeJ mice. Distance responses to

all four drugs in the C3H/HeJ mice. A) Dose response after administration of SKF 81297 is
shown. No significant differences in distance between groups were seen for any dose
(p=0.91). B) Dose response to SCH 23390 is shown. No significant changes in distance run
between groups were seen for any dose (p=0.44). C) Dose response to GBR 12783 is shown.
No significant dose response was observed, however, distance was significantly increased in
the experimental group compared to control following treatment with all four doses
(p=0.0005). D) Dose response to AMPT is shown. No significant differences in distance run
between group were seen for any of the doses (p=0.98).
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