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SYNOPSIS. Selective breeding of house mice has been used to study the evolution of locomotor behavior.
Our model consists of 4 replicate lines selectively bred for high voluntary wheel running (High-Runner) and
4 bred randomly (Control). The major changes in High-Runner lines appear to have taken place in the
brain rather than in capacities for exercise. Their neurobiological profile resembles features of human
Attention Deficit Hyperactivity Disorder (ADHD) and is also consistent with high motivation for exercise as
a natural reward. Both ADHD and motivation for natural rewards (such as food and sex), as well as drugs
of abuse, have been associated with alterations in function of the neuromodulator dopamine, and High-
Runner mice respond differently to dopamine drugs. In particular, drugs that block the dopamine trans-
porter protein (such as Ritalin and cocaine) reduce the high-intensity running of High-Runner mice but
have little effect on Control mice. In preliminary studies of mice exercised on a treadmill, brain dopamine
concentrations did not differ, suggesting that changes in the dopamine system may have occurred down-
stream of dopamine production (e.g., receptor expression or transduction). Brain imaging by immunohis-
tochemical detection of c-Fos identified several key regions (prefrontal cortex, nucleus accumbens, caudate-
putamen, lateral hypothalamus) that appear to play a role in the differential response to Ritalin and in the
increased motivation for running in High-Runner mice. The activation of other brain regions, such as the
hippocampus, was closely associated with wheel running itself. Chronic wheel running (several weeks) also
increased the production of new neurons to apparently maximal levels in the hippocampus, but impaired
learning in High-Runner mice. We discuss the biomedical implications of these findings.

INTRODUCTION

Neurobiology aims to understand the underlying
physiological, biochemical, and molecular basis of be-
havior. In the U.S., neuroscience research is funded
primarily by the National Institutes of Health (NIH).
Thus, research objectives tend to focus on abnormal
human behaviors and mental disorders. Nonetheless,
use of ‘‘animal models’’ to elucidate both ‘‘normal’’
and ‘‘abnormal’’ human behavior is common (Nestler
et al., 2002; Carroll et al., 2003). Because many men-
tal disorders are influenced by genes (e.g., Attention
Deficit Hyperactivity Disorder [Solanto et al., 2001],
schizophrenia [Kallmann, 1994], alcoholism [Enoch
and Goldman, 2001]), the aim is often to find an an-
imal model that reflects the genetic component. Cur-
rently, the most common approach within neurosci-
ence is to use genetic engineering (Rhodes and
Crabbe, 2003). Candidate genes, hypothesized to play
a role in the etiology of a mental disorder, are altered
and the behavioral consequences are studied (e.g., Gai-
netdinov et al., 1999). One disadvantage of this ap-
proach is that currently only one or two genes can be
manipulated at a time, whereas most behaviors are in-
fluenced by many genes, interacting with each other
and with numerous environmental factors. Thus, sin-
gle- or double-gene models often lack face validity
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(Katz and Higgins, 2003). In addition, with genetic
engineering, the specific alteration that is introduced
into the genome might not occur naturally, and there-
fore might not be relevant to the mental disorder it is
intended to model. Another disadvantage of genetic
engineering is that the investigator has no precise way
of predicting what effect the gene manipulation will
have on a particular behavior, and so animal models
of specific mental disorders are often discovered by
accident (e.g., Nelson et al., 1995).

Selective breeding provides a powerful alternative
to genetic engineering because it allows for the pos-
sibility that multiple genes will contribute to the di-
vergent phenotype (i.e., the animal model) (Falconer
and Mackay, 1996). Moreover, selective breeding acts
on pre-existing genetic variation, and thus the resulting
animal model represents a variant of nature that dis-
plays an extreme form of the behavior relative to the
population at large (i.e., analogous to a mental disor-
der). Finally, with selective breeding, a behavior itself
can be directly manipulated in the direction of interest
so that specific symptoms of mental disorders can be
achieved by design (if they are embodied within the
selection criterion) without having to wait for fortu-
itous outcomes.

The aim of this paper is to describe a case study of
how a selective breeding experiment for increased vol-
untary wheel-running behavior in house mice (Swal-
low et al., 1998a) was used to investigate the neural
basis of genetic ‘‘hyperactivity’’ (Rhodes et al.,
2003a). From a biomedical perspective, genetic hy-
peractivity is relevant as a symptom of Attention Def-
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icit Hyperactivity Disorder (ADHD) and possibly as a
model of addiction to exercise as a natural reward.
From an evolutionary perspective, this experiment has
general heuristic value because the original goal, as
stated in the original National Science Foundation pro-
posal (funded by the Animal Behavior Panel in 1991),
was to ‘‘elucidate the genetic and physiological bases
of voluntary wheel-running behavior and simulta-
neously to study the correlated evolution of behavior
and physiology.’’ It was hypothesized that a genetic
response to selection for high activity levels would, at
some point, be accompanied by increases in underly-
ing exercise physiological capacities, and that respons-
es at the morphological or exercise-physiological level
would occur after significant increases in wheel run-
ning had occurred. It was argued that this experiment
would constitute a direct test of the long-standing idea
that behavior evolves more rapidly than does mor-
phology or exercise physiology (e.g., see references in
Blomberg et al., 2003; Huey et al., 2003).

As detailed elsewhere (Swallow et al., 1998a; Swal-
low et al., 2005), we maintain 4 replicate High-Runner
lines and 4 replicate Control lines, and we always test
the effect of selection relative to the variation among
lines (i.e., degrees of freedom relate to the number of
lines not individuals). The mice in our model are each
housed individually with access to a running wheel
(starting at age of about 40–50 days) for 6 days and
the total revolutions on days 5 and 6 are used as the
selection criterion to choose breeders. When mice of
this age are given access to wheels, their running dis-
tance typically increases each day (e.g., see Swallow
et al., 2001; Belter et al., 2004). If we were to leave
mice on the wheels for more than 6 days, the level of
running would continue to increase and would stabi-
lize only after approximately 3 weeks. Thus, given this
selection protocol, it is possible that the High-Runner
mice may have evolved to show a more rapid increase
in wheel running after initial exposure, though we
have not yet studied this in detail. We decided to allow
the mice 6 days of running because we were concerned
that activity on the first day or two might reflect pri-
marily the response to novelty (i.e., the novel experi-
ence of having a wheel), and we were not interested
in this but rather the expression of locomotor behavior
per se. Allowing more time with wheels would have
lengthened the selection protocol and hence generation
time, and also increased the possibility of training ef-
fects (phenotypic plasticity: see Swallow et al., 2005).

Our original interest was mainly to explore how ex-
ercise physiological traits would evolve in a correlated
fashion to support the increased activity levels. Such
traits as maximum oxygen consumption, heart mass,
and muscle mass were monitored across generations
(Garland, 2003). Subsequently, research was initiated
to explore the central nervous system with the idea
that specific changes might have taken place to in-
crease motivation for physical activity (Rhodes and
Garland, 2003; Rhodes et al., 2003a). Thus, the ex-
periment demonstrates the power of selective breeding

as a tool in integrative biology, one that can be valu-
able across a wide range of disciplines, and one that
can lead to unforeseen applications and discovery.

BEHAVIORAL PROFILE OF THE HIGH-RUNNER MICE

The selective breeding was dramatically successful.
At generation 10, when the first report was published,
High-Runner mice ran, on average, 75% more revo-
lutions per day as compared with Controls (Swallow
et al., 1998a); by generation 16, the differential was
approximately 2.7-fold, and it remained approximately
at this level through generation 31 (Garland, 2003; un-
published results). In principle, the selected lines could
have achieved increased revolutions per day by run-
ning more often and/or faster. As it turns out, the High-
Runner mice accomplish the greater distance primarily
by running faster rather than by increasing the amount
of time spent running, especially for females (Girard
et al., 2001; Koteja and Garland, 2001). Interesting
differences among the replicate lines also exist (un-
published results).

When housed on a 12:12 photo period, the 24-hour
pattern of wheel running is similar between High-Run-
ner and Control mice. Shortly after the lights go off,
mice of both line-types begin to run and they continue
to run for the majority of the dark period (see Fig. 1
in Girard et al., 2001; Fig. 1 in Girard and Garland,
2002). Wheel running is highly intermittent in both
line-types, but High-Runner females videotaped during
5 minutes of peak running exhibited shorter bouts as
compared with Controls (10 vs. 17 sec, respectively),
they ran faster during those bouts (40.8 vs. 20.4 revs/
min), the bouts occurred more frequently (7.8 vs. 3.4
bouts/min), they paused for less time between bouts
(2.7 vs. 7.4 sec), and they exited the wheel less fre-
quently (0.4 vs. 0.8 exits/min) (Girard et al., 2001).
When tested in constant darkness or in constant light,
High-Runner mice show a free-running circadian pe-
riod that is shorter by about 0.5 hours (Koteja et al.,
2003). Moreover, the difference remained statistically
significant even when the effects of time spent running
and running speed were controlled statistically, so
something more fundamental than just duration or in-
tensity of wheel running must underlie the difference.

The High-Runner mice appear to be generally more
active than Controls when tested in a home cage to
which they have acclimated, using a method that cap-
tures intensity or speed (as opposed to duration) of
activity. For example, female High-Runners were 3.9-
times as active as Control mice during the second 24-
hour period of housing without wheels in rat-size cag-
es, using total number of consecutive photo-beam
breaks as the measure of activity (‘‘Ambulations’’ in
Rhodes et al., 2001). This measure is proportional to
the distance traveled, or average speed of horizontal
movement over 24 hours (San Diego Instruments;
http://www.sd-inst.com/prodpcagerackphoto.htm).

In a separate study, animals were observed in their
home cages after several weeks of acclimation with
continuous access to wheels that were either locked to



440 J. S. RHODES ET AL.

prevent rotation or free to rotate. Focal animal obser-
vations were conducted with instantaneous sampling
in which every 10 seconds the observer checked 1 or
2 of a list of 27 possible behaviors, falling under such
categories as Cage Locomotion, Running, Climbing,
Drinking, Eating, and Sleeping, to estimate percentage
time spent engaged in the different activities (Koteja
et al., 1999). Note that with regard to locomotor ac-
tivities (Cage Locomotion, Running, Climbing), the
method provides a relative measure of duration or fre-
quency of behavior, but does not give speed or inten-
sity at which it is conducted. The percent time spent
engaged in Cage Locomotion did not differ between
High-Runner and Control mice (Koteja et al., 1999),
suggesting that High-Runner mice do not move more
often in their cages than Controls. Taken together with
the photobeam results, these findings suggest that the
High-Runner mice move more quickly but not neces-
sarily more often in their cages, which parallels results
for wheel running (see above). It should be noted that
in the Koteja et al. (1999) study, very little time (ap-
proximately 5%) was spent engaging in Cage Loco-
motion in any group (High-Runner or Control with
free or locked wheels), giving low power to detect
differences if small differences were to exist. The vast
majority of time (approximately 70%) was spent in the
wheels, and female High-Runner mice spent a greater
amount of time climbing in their locked wheels than
controls—apparently, trying to run (Koteja et al.,
1999). Thus, the High-Runner mice appear to be gen-
erally more active than Controls after acclimating to
their environment, and this difference is most visible
when the method is sensitive to changes in intensity
or speed of locomotion rather than duration (though
smaller—and therefore harder to detect—changes in
duration and frequency are also likely to have occurred
as was demonstrated in Koteja et al., 1999 for climb-
ing in the wheels).

The increase in speed or intensity of activity seen
in the High-Runner mice does not extend to tests of
activity in a novel environment. For example, High-
Runner mice are not more active than Controls in a 3-
min open-field test, which is considered a measure of
exploratory behavior or reaction to a novel environ-
ment (Bronikowski et al., 2001). Taken as a whole,
these results are important because they suggest that
different genes control activity in a novel vs. familiar
environment. Moreover, they are consistent with a se-
lection experiment in which lines of mice bred for in-
creased activity in a novel open-field test showed no
increase in voluntary wheel running (DeFries et al.,
1970).

Another interesting behavioral difference is that
High-Runner mice build smaller thermoregulatory
nests than Controls (Carter et al., 2000). The conclu-
sion that these seemingly disparate behaviors are joint-
ly affected by some of the same genes is supported by
results of another complementary selection experiment
in which mice bred to build smaller nests displayed

increased wheel running as compared with their con-
trol lines (Bult et al., 1993).

High-Runner mice also display increased predatory
aggression towards crickets as compared with Control
mice. However, they apparently do not differ with re-
spect to either inter-male aggression or maternal ag-
gression in defense of pups (Gammie et al., 2003).

NEUROBIOLOGY OF HYPERACTIVE WHEEL-RUNNING

BEHAVIOR

In our model, substantial individual variation in vol-
untary wheel running existed in the base population
and still exists within both High-Runner and Control
lines (Swallow et al., 1998a; Garland, 2003). Individ-
ual variation (with some additive genetic basis) is, of
course, required for selective breeding, but, it begs the
question: what is the basis of all this variation? One
possibility is that it reflects differences in traits that
determine exercise capacity. In other words, what dif-
ferentiates high runners from other individuals is that
they have the biochemistry, physiology, and morphol-
ogy that enables them to run farther (Garland, 2003).
If this were the case, then we would expect selection
to produce large changes in traits that determine ex-
ercise capacity, such as V̇O2max, the maximum rate at
which oxygen can be consumed.

An alternative possibility is that mice, in general,
choose not to run at or even near the limits of their
exercise capacity. Instead, what differentiates high-
running individuals is not their capacity for exercise
but their motivation to run (Rhodes et al., 2003a). If
this were the case, then we would expect the major
changes to occur in the brains of High-Runner mice
rather than in their muscles, hearts or lungs. As it turns
out, relatively few changes in exercise-related traits
have occurred in the High-Runner mice and none seem
able to explain the large differential in wheel running
between High-Runner and Control mice (Garland,
2003; Rhodes et al., 2003a; Swallow et al., 2005). Of
particular interest is V̇O2max. Mass-adjusted values
are slightly higher in the High-Runner lines as a group
(e.g., 6% in Swallow et al., 1998b), but the difference
has only been statistically significant (P , 0.05) in that
one study, whereas three others (at later generations)
have yielded non-significant differences (unpublished
data). Had our selection criterion been based on forced
exercise, we might have seen a greater change in
V̇O2max, as was found in rats that were selectively
bred for running distance to exhaustion in a forced
treadmill exercise routine (Henderson et al., 2002).
However, our selection was conducted on a voluntary
behavior, and as such, it is perhaps not surprising that
the major changes appear to have taken place in the
central nervous system (CNS). We now discuss several
hypotheses regarding the CNS basis for high wheel
running in the selected lines.

Circadian brain circuitry

One of the first studies initiated to investigate pos-
sible neurobiological differences between the High-
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Runner and Control mice was motivated by findings
from another selection experiment, the one on ther-
moregulatory nest-building behavior that was men-
tioned above (Bult et al., 1993). In the nest-building
selection experiment, the smaller nesters exhibited
both elevated wheel running and a larger number of
arginine vasopressin (AVP) neurons in the suprachi-
asmatic nucleus (SCN) as compared with the high
nesters and the control lines (Bult et al., 1992). There-
fore, Swallow et al. (1998a) hypothesized that our
High-Runners would display a larger number of AVP
neurons in the SCN as compared with Controls, as
well as build smaller thermoregulatory nests. The hy-
pothesized difference in nest building was indeed ob-
served (Carter et al., 2000). However, no differences
in number of AVP neurons were found between High-
Runner and Control mice (Hochstetler et al., 2004).
The SCN has long been implicated in the circadian
rhythmicity of wheel running, and the High-Runner
mice display a shorter free-running circadian period
than Control mice under both constant light and con-
stant dark (Koteja et al., 2003). Thus, some aspect of
the SCN, if not AVP neurons, is likely to have changed
in the High-Runner mice to account for the difference
in free running periods (Koteja et al., 2003). This will
be a topic of future investigation.

The dopamine hypothesis

A second line of neurobiological research was ini-
tiated to explore the hypothesis that motivation for
wheel running had evolved in the High-Runner lines.
A literature review indicated that little was known
about the neural basis of motivation for wheel running
(Sherwin, 1998), except that it might act as a natural
reward (Belke, 1996; Werme et al., 2002; Eikelboom
and Lattanzio, 2003) and therefore display features in
common with other rewarding behaviors, such as eat-
ing (Kelley and Berridge, 2002) or taking drugs of
abuse (Nestler et al., 2001), for which a vast literature
exists. If mice derived some pleasure from wheel run-
ning, then that would explain why they run in the first
place, because wheel running is not a goal-oriented
behavior (Sherwin, 1998). We also consulted literature
on the etiology of ADHD because human subjects with
ADHD display prominent symptoms of hyperactivity
that are largely genetically determined (Solanto et al.,
2001). We used this information to help us develop
hypotheses regarding which neural substrates were
most likely to be involved in the increased wheel run-
ning of High-Runner mice. Interestingly, research
from both the motivation/natural reward and ADHD
angles pointed to the function of one particular neu-
rotransmitter in the brain: dopamine (Berridge and
Robinson, 1998; Solanto et al., 2001). Dopamine was
also suspect because of its role in voluntary movement
(Freed and Yamamoto, 1985; Drago et al., 1994; Baik
et al., 1995; Brudzynski and Gibson, 1997) and be-
cause it has been associated with predatory aggression
(Jimerson and Reis, 1973; Schmidt, 1979, 1983; Bag-
gio and Ferrari, 1980; Siegel et al., 1999), which is

elevated in the High-Runner mice (Gammie et al.,
2003).

The hypothesis that High-Runner mice display al-
tered dopamine function was first approached via be-
havioral pharmacology, but could have been tested us-
ing other techniques. For example, we could have
compared dopamine release in High-Runner versus
Control mice through use of brain microdialysis
(Damsma et al., 1992; Castner et al., 1993; Hattori et
al., 1994; Paulson and Robinson, 1994; Salamone,
1996; Becker et al., 2001) or we could have compared
the anatomy of dopamine neurons by histology (Ross
et al., 1976; Baker et al., 1980; Fink and Reis, 1981;
Zaborszky and Vadasz, 2001). However, both of these
approaches are quite time consuming and focus on
specific mechanisms of altered dopamine function
(e.g., altered dopamine release or number of dopamine
neurons). In addition, microdialysis is technically chal-
lenging for a mouse-sized brain, although it is com-
monly done (e.g., Kehr et al., 2001). Thus, we chose
to start with pharmacology because it gives quick re-
sults and can identify differences in dopamine function
that might arise from many different types of mecha-
nisms. For example, behavioral pharmacology might
yield positive results if High-Runner mice differed
from Controls in: dopamine production, release, deg-
radation or clearance, number of dopamine neurons,
distribution or expression of dopamine receptor sub-
types throughout the brain, or composition of the sec-
ond messenger systems that comprise the full dopa-
mine signaling pathway (Rhodes and Garland, 2003).

In behavioral pharmacology, animals are adminis-
tered a drug, and its effect on one or more behaviors
is monitored by comparison with animals that are ad-
ministered only the vehicle (e.g., saline) (Iversen and
Iversen, 1975). We hypothesized that High-Runner
mice would respond differently than Controls to do-
pamine drugs because of specific (but then unknown)
alterations in the dopamine system. This prediction has
been strongly supported (Rhodes et al., 2001; Rhodes
and Garland, 2003).

The list of dopamine drugs tested to date includes
methylphenidate (Ritalin), cocaine, apomorphine,
GBR 12909, SCH 23390, and raclopride. Each of
these drugs interacts with the dopamine system in a
different way and with varying degrees of specificity.
Some of the most interesting results occurred for the
drugs classified as ‘‘dopamine transporter blockers’’
(Ritalin, cocaine, GBR 12909). At the cellular level,
all of these drugs prevent a protein called the ‘‘do-
pamine transporter’’ (DAT) from conducting its nor-
mal function, which is to transport dopamine from
outside the neuron back into the neuron (Chen and
Reith, 2000). Thus, when dopamine is released, dur-
ing normal brain function, and DAT is blocked, do-
pamine is able to interact with receptors on the ex-
terior surface of cells in the brain for a longer period
of time than normal. Ritalin and cocaine also block
similar transporter proteins of other neurotransmitter
systems, such as norepinephrine and serotonin (Li et
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FIG. 1. Ritalin causes a large decrease in wheel running in High-
Runner mice but slightly elevates running in Control mice. Mean
wheel running (meters) is plotted in 10-min increments 1 hour before
and 2 hours after an injection of either saline or Ritalin (30 mg/kg).
High-Runner and Control mice are plotted separately. Data points
are plotted at the mid-point of the interval (i.e., 5 on the x-axis
represents the 0–10 min interval post-injection). Modified from Fig-
ure 1 of Rhodes and Garland (2003). FIG. 2. Cartoon depicting how a dopamine neuron can modulate

communication between two other neurons. The scenario might oc-
cur anywhere in the brain and the neurons being modulated by do-
pamine could be of many different types, but consider the following
hypothetical example that takes place in the nucleus accumbens. A
glutamate neuron (represented by ‘‘presynaptic’’) projects into the
nucleus accumbens from some other brain region (e.g., prefrontal
cortex). In response to firing of the presynaptic neuron, glutamate
would be released and would bind to receptors on the ‘‘postsynap-
tic’’ neuron. The postsynaptic neuron might contain another neuro-
transmitter (e.g., GABA). The GABA, postsynaptic neuron might
become depolarized by the glutamate signal and send an action po-
tential away from the nucleus accumbens to some other brain region
(e.g., the hippocampus). Dopamine would modulate this activity by
interacting with receptors on both the pre- and postsynaptic neurons.
Depending on the types of dopamine receptors that occur at these
sites, dopamine could either increase or decrease the likelihood that
the GABA neuron produces an action potential in response to the
glutamate signal. Dopamine receptors affect properties of the ion
channels through a complex second messenger system (Greengard
et al., 1999). The pattern of firing of the dopamine neuron, the do-
pamine transporter protein, and autoreceptors on the dopamine neu-
ron itself would regulate the quantity of dopamine in the extracel-
lular spaces.

al., 1996; Kuczenski and Segal, 1997). However,
GBR 12909 has a high degree of specificity for DAT
(Matecka et al., 1996). GBR 12909 is an interesting
drug because it is currently undergoing clinical trials
for use as a substitution therapy for cocaine abuse
(analogous to methadone treatment for heroin ad-
dicts) (see URL: http://www.clinicaltrials.gov/ct/
show/NCT00051896?order510).

Over a wide range of doses, all three of the DAT
blockers (Ritalin, cocaine, GBR 12909) had either no
effect or increased wheel running in Control females,
whereas they produced a large decrease in wheel run-
ning in High-Runner mice (e.g., see Ritalin response
in Fig. 1). Most interestingly, the decrease in running
that occurred in High-Runner mice in response to the
DAT blockers resulted from a decrease in the speed of
running rather than a change in the duration of running
(Rhodes et al., 2001; Rhodes and Garland, 2003). This
is important because recall that increased speed of run-
ning is the main way High-Runner mice achieve their
increased running distance, especially for females (Gi-
rard et al., 2001; Koteja and Garland, 2001). These
data suggest that High-Runner mice have reduced
function of dopamine, because the DAT blockers,
which increase the function of dopamine, reversed the
hyperactivity. However, the mechanism is still not
known. For example, the High-Runner mice might
produce less dopamine, have fewer dopamine recep-
tors, or display reduced second messenger signaling in
response to dopamine-receptor stimulation as com-
pared with Control mice. These results prompted us to
explore the dopamine pathway more closely in hopes
of determining what specific alterations had taken
place.

When dopamine is released, it interacts with recep-

tors on cells (see Fig. 2), causing signal transduction
cascades that can affect properties of ion channels and
expression of genes (Vallone et al., 2000). Five dif-
ferent subtypes of dopamine receptors have been char-
acterized, and these fall into two groups: D1-like (in-
cluding the D1 and D5 receptors) and D2-like (D2,
D3, D4 receptors). All 5 of these dopamine receptors
are expressed in human and rodent brains (Jarvie and
Caron, 1993). Therefore, the next goal was to deter-
mine whether High-Runner mice respond differently
than Control mice to drugs that interact specifically
with these receptor types.

The first dopamine-receptor drug that we tested was
apomorphine, which interacts with all classes of do-
pamine receptors in a fashion similar to dopamine it-
self (Thal et al., 1978). Apomorphine reduced wheel
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running in both High-Runner and Control mice, but a
higher dose was required in High-Runner mice
(Rhodes and Garland, 2003). In other words, High-
Runner mice were less sensitive than Controls to the
behavioral effects of apomorphine. These data suggest
that the function of dopamine receptors is reduced in
High-Runner mice, and are consistent with the results
of the DAT blockers. To identify whether the alteration
was specific to D1- or D2-like receptors, we employed
drugs that specifically prevent one or the other class
of receptors from binding dopamine. Both SCH 23390,
which specifically blocks only the D1-like receptors,
and raclopride, which specifically blocks only the D2-
like receptors reduced wheel running in both High-
Runner and Control mice, but High-Runner mice were
less sensitive than Controls to SCH 23390, whereas
they were equally sensitive to raclopride (Rhodes and
Garland, 2003). At first, these results might seem con-
fusing because seemingly opposing treatments (apo-
morphine stimulates dopamine receptors and SCH
23390 and raclopride block dopamine receptors) both
reduced wheel running in High-Runner and Control
mice. However, if dopamine is necessary for wheel
running, then it seems likely that it would have to
function at a specific level and that a pharmacological
manipulation that disturbs the system in any way
would have the potential to interfere with the complex
motor skills required for wheel running. Thus, we feel
that the direction of the behavioral response is not as
critical as the differential sensitivity between the lines
for this interpretation. The fact that the High-Runners
were less sensitive to the D1-like drug specifically im-
plicates the D1 and D5 receptor subtypes in the High-
Runner mice.

Reduced function of the D1-like dopamine signaling
pathway could have many causes. The simplest hy-
pothesis is that the structure (amino acid sequence) or
expression (quantity or density) of the D1 or D5 do-
pamine receptors has changed in High-Runner mice.
Different alleles for D1 and D5 receptors have been
identified among inbred strains of mice (Mouse Ge-
nome Informatics database, The Jackson Laboratory,
Bar Harbor, Maine) but whether such variation was
present in the base population from which the High-
Runner and Control lines were derived is not known.
The hypothesis that allele frequencies for the D1 or
D5 receptors have changed in High-Runner mice could
be tested by sequencing the genes for these receptors
in several High-Runner and Control mice to compare
allele frequencies. This has not yet been done. Alter-
natively, differences in the expression of the D1 or D5
dopamine receptors could occur even though the struc-
tural genes are the same. This could be caused by a
change in the DNA sequence of a promoter region or
a change in ‘‘regulatory genes’’ such as those for tran-
scription factors or proteins that affect the trafficking
of the receptors from the cytoplasm to the cell mem-
brane. Such regulatory genes could exist physically far
away from the chromosomal location of the structural
genes. An example of this phenomenon was observed

in Janowsky et al. (2001) where expression of DAT in
the brains of different recombinant inbred strains was
affected by the DNA sequence of regulatory genes lo-
cated far away from the location of the DAT gene
(Janowsky et al., 2001). It was also recently demon-
strated that selection for high alcohol withdrawal in
mice resulted in an alteration in a gene for a protein
(MPDZ) that affects the trafficking of receptors from
the cytoplasm to the cell membrane (Shirley et al.,
2004). Other possible mechanisms of reduced D1-like
dopamine signaling that do not involve changes in the
structure or expression of dopamine receptors include
differences in the numerous second messengers that
are downstream of the receptors, structural differences
in the anatomy of dopamine projections in the brain,
or changes in other neurotransmitter systems that in-
teract with dopamine.

In addition to dopamine, other neurotransmitter sys-
tems such as norepinephrine, glutamate, and GABA
might have been altered by selective breeding for in-
creased wheel running. GABA modulates dopamine
concentrations and has been hypothesized to play a
role in cocaine-induced locomotor stimulation in mice
(Dewey et al., 1997). The possible contribution of
these other neurotransmitter systems in our wheel-run-
ning model awaits future study. A role for norepi-
nephrine seems especially promising given that it is
implicated in genetic hyperactivity in humans (Solanto
et al., 2001). Glutamate and GABA are also likely
candidates because they play key roles in brain reward
circuitry (Kelley and Berridge, 2002).

At present, we have some evidence against the hy-
pothesis that serotonin or opiate systems have evolved
in the High-Runner mice. Specifically, High-Runner
and Control mice responded similarly to the serotonin
transporter blocker, fluoxetine (Prozac) (Rhodes et al.,
2001), and to two different opioid receptor antagonists,
naloxone and naltrexone (Li et al., 2004). The lack of
evidence for the evolution of the opioid system is par-
ticularly interesting given that it appears to play a key
role in suppression of pain during exercise (Thoren et
al., 1990) and in brain reward (Van Ree et al., 2000;
Kelley and Berridge, 2002). Regarding brain reward,
recently a hypothesis was put forward that dopamine
regulates motivation for natural and drug rewards (i.e.,
wanting), whereas opioids function in the perception
of the reward itself (i.e., liking) (Berridge and Rob-
inson, 1998). It is possible that both High-Runner and
Control mice perceive the same pleasure from wheel
running (via an identical opioid system, as suggested
by Li et al., 2004), with the difference being that High-
Runner mice are more motivated (via an altered do-
pamine system) than Control mice to seek the wheel-
running reward.

Brain imaging

Results of the behavioral pharmacological studies
suggested that dopamine function is altered in High-
Runner mice. When dopamine is released into extra-
cellular spaces it binds to receptors on both presyn-



444 J. S. RHODES ET AL.

FIG. 3. Voluntary wheel running activates the dentate gyrus of the
hippocampus, a region well known for its role in learning and mem-
ory. The effect is similar in High-Runner and Control mice. Rela-
tionship between the amount a mouse runs and number of c-Fos-
positive nuclei in the dentate gyrus among mice from the Control
lines. Modified from Figure 3 of Rhodes et al. (2003a).

aptic and postsynaptic neurons and thereby affects
neuronal activity (Fig. 2). Dopamine cell bodies reside
in the ventral midbrain but their axons extend to nearly
all regions of the brain. Dense projections occur to the
caudate-putamen and nucleus accumbens (Haglund et
al., 1979; Fallon, 1981), brain regions that play im-
portant roles in voluntary locomotion and motivation,
respectively (Kelley and Berridge, 2002). Relatively
more diffuse projections occur to the prefrontal cortex
(Haglund et al., 1979; Fallon, 1981), a brain region
involved in motivation (Cardinal et al., 2002). We hy-
pothesized that the altered dopamine function might
cause differential patterns of brain activation in High-
Runner versus Control mice in these and other brain
regions. For an initial test of this hypothesis, we mea-
sured activation of 25 brain regions (using immuno-
histochemical detection of c-Fos; see below) in High-
Runner and Control mice (Rhodes et al., 2003a).

Immunohistochemical detection of c-Fos (Fos-IR) is
widely used to measure brain activation in rodents
(Dragunow and Faull, 1989; Harris, 1998). It gives
high resolution, down to single cells. Methods of brain
imaging used in humans, such as Positron Emission
Tomography (PET scanning) (e.g., Childress et al.,
1999) or functional Magnetic Resonance Imaging
(fMRI) (e.g., Gottfried et al., 2003), which track en-
ergy metabolism and/or patterns of blood flow in the
brain, give much lower resolution. Fos-IR cannot be
used in humans because subjects must be sacrificed.
To conduct Fos-IR, brains must be removed, sectioned,
and stained for the protein c-Fos. c-Fos is a transcrip-
tion factor. Occasionally, when a neuron is stimulated
a reaction cascade occurs that affects the expression of
genes. One gene that is often immediately up-regulat-
ed, with a time course of reaching peak concentrations
approximately 1 to 2 hours after stimulation is the pro-
tein c-Fos (Zangenehpour and Chaudhuri, 2002). c-
Fos-containing protein complexes bind to promotor re-
gions of target genes and change their expression. Not
all neurons express c-Fos when they are stimulated,
but many do (Herdegen and Leah, 1998; Ryabinin,
2000). A high amount of c-Fos staining in a neuron
indicates that the neuron was activated within an ap-
proximately 90-min period leading up to sacrifice (for
further explanation of how and why this works, see
Dragunow and Faull, 1989). Activation in this case
means that the neuron received either excitatory or in-
hibitory inputs that were associated with changes in
second messenger activity (see Fig. 2). Neurons are
scored positively for c-Fos if they display a level of
c-Fos staining above some predetermined background
threshold. c-Fos-positive nuclei are then counted with-
in specific brain regions and the number is used as the
index of neuronal activation.

We aimed to find brain regions putatively involved
in the increased motivation for wheel running in the
High-Runner mice (Rhodes et al., 2003a). Realizing
that differences in brain activation between High-Run-
ner and Control mice might be related to locomotor
activity per se rather than motivation, we designed an

experiment to separate these effects. Mice were given
access to running wheels for 6 days, as in the normal
selection protocol. On day 7, half the animals were
prevented from accessing their wheels by placing a tile
between the wheel-access tunnel and the cage
(Blocked). Mice were sampled approximately 5 hours
later, at a time when they are normally running at peak
levels. From the perspective that wheel running is re-
warding, and addictive, the blocked mice represent a
group of animals in a state of withdrawal or ‘‘want-
ing’’ to run. The purpose of including the blocked
treatment was to measure brain activation that might
reflect differences in motivation for running without
the confounding influence of acute effects of the wheel
running itself. The other half of the mice were per-
mitted continuous wheel access up to sampling (Run-
ners). These mice were used to find brain regions in-
volved in the expression of wheel running itself
(Rhodes et al., 2003a).

Of all 25 brain regions examined, the one that
showed the strongest evidence of playing a role di-
rectly in the control of the locomotor activity itself was
the dentate gyrus, which is a subregion of the hippo-
campus. In the dentate gyrus, the number of c-Fos pos-
itive nuclei was strongly related to how much a mouse
ran prior to sampling. For example, an unselected Con-
trol mouse that ran 2,000 meters prior to sampling had
an average of 3 times as many c-Fos positive nuclei
as compared with one that ran 200 meters (see Fig. 3).
Initially, this was surprising because the hippocampus
is most well known for its role in learning and mem-
ory, not locomotion. However, our results are consis-
tent with several intriguing studies that demonstrate
hippocampal involvement in control of the intensity at
which a behavior is performed (Morris and Hagan,
1983; Oddie and Bland, 1998; Slawinska and Kasicki,
1998). An interesting future study would be to lesion
the dentate gyrus and see if it reduces voluntary wheel
running (in particular, speed).
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FIG. 4. The dentate gyrus of the hippocampus, a region well known for its role in learning and memory, is strongly activated by voluntary
wheel running. Representative example of (A) a High-Runner mouse prevented from running and (B) a High-Runner mouse free to run.
Neuronal activation is represented by number of c-Fos-positive nuclei, which appear as black dots in the photos. Modified from Figure 3 of
Rhodes et al. (2003a).

The relationship between level of wheel running and
activation of the dentate gyrus was steep for Control
mice (Fig. 3), but appeared to reach a plateau in High-
Runner mice (i.e., a statistically significant interaction
between line-type and distance run was observed, with
the relationship being relatively more flat for High-
Runner mice; see Fig. 3D in Rhodes et al., 2003a).
We interpreted this interaction not as evidence that the
dentate gyrus is different in High-Runner and Control
mice, but rather that there is a limit to the amount of
activation that can occur in response to running which
the High-Runner mice reach by virtue of their high
running (Fig. 4). Further evidence that the dentate gy-
rus may not have evolved in the High-Runner mice is
that it appeared to play little role in motivation for
running. The dentate gyrus was relatively silent in
mice that were blocked from running, and there were
no differences between High-Runner and Control mice
under this condition (Rhodes et al., 2003a). Activation
of the dentate gyrus may merely reflect the intensity
of the locomotor activity after the animals have al-
ready decided how intensely they want to run.

We hypothesized that brain regions involved in re-
ward and motivation would be among the most likely
to have evolved in High-Runner mice (Rhodes et al.,
2003a). These include the caudate-putamen complex
(which also plays a role in locomotion), nucleus ac-
cumbens, prefrontal cortex, and lateral hypothalamus.
In all of these regions, we observed huge amounts of
c-Fos in the blocked mice as compared to runners.
Moreover, among those animals that were blocked
from running, High-Runners displayed more c-Fos-
positive nuclei than did Controls and/or the number of
c-Fos nuclei was strongly correlated with the distance
run on the previous day. Distance run on the previous
day serves as an index of motivation in blocked mice,
because it accurately predicts how much an animal

would want to run if it could (i.e., wheel running is a
highly repeatable behavior, see Fig. 2B in Rhodes et
al., 2003a). Activation of the sensory cortex followed
a similar pattern as the nucleus accumbens, prefrontal
cortex, and lateral hypothalamus even though the sen-
sory cortex has not been previously associated with
motivation or reward. Thus, future research is needed
to investigate whether the sensory cortex indeed plays
a role specifically in motivation for wheel running or
whether it also plays a role in motivation for other
rewards, such as those derived from food, sex or drugs
of abuse. Interestingly, none of the putative motivation
regions appeared to play a role in the locomotor activ-
ity itself because number of c-Fos nuclei in these re-
gions was unrelated to how much a mouse ran prior
to sampling in the separate group given continuous
wheel access (Rhodes et al., 2003a).

The lateral hypothalamus displayed an especially
strong correlation between distance run the previous
day and number of c-Fos-positive nuclei, which
strongly implicates this region in controlling motiva-
tion for running (Rhodes et al., 2003a). The lateral
hypothalamus contains cells that secrete a protein neu-
rotransmitter called ‘‘orexin’’ or ‘‘hypocretin.’’ Orexin
neurons project widely throughout the brain and func-
tion in arousing the brain (Espana et al., 2001). A
promising future investigation would be to identify the
phenotype of the cells that are activated in the lateral
hypothalamus in association with motivation for vol-
untary wheel running to determine if those cells indeed
contain orexin (i.e., prevent the mice from running af-
ter 6 days continuous access and then stain the brain
with antibodies to c-Fos and orexin to see if both pro-
teins co-localize in the same neurons within the lateral
hypothalamus). Orexin would represent an interesting
candidate neuromodulator, in addition to dopamine,
whose function might have evolved in High-Runner
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TABLE 1. Mean (standard errors in parentheses) number of c-Fos-positive nuclei (indicator of brain activation) counted in the listed brain
regions of Control and High-Runner mice, after an injection of saline or Ritalin (30 mg/kg) (n 5 2 per group, 8 total).

Brain region

Saline

Control High-runner

Ritalin

Control High-runner

Caudate-putamen 33 (1.0) 50 (8.6) 625 (90.1) 880 (122.8)
Nucleus accumbens 38 (9.1) 53 (27.1) 233 (21.2) 308 (1.2)
Substantia nigra 166 (2.1) 196 (4.8) 403 (94.1) 380 (64.7)
Medial frontal cortex 362 (63.4) 266 (24.0) 405 (105.3) 805 (90.6)
Sensory cortex 562 (68.6) 333 (29.4) 440 (76.0) 760 (112.8)
Piriform cortex 292 (97.3) 250 (61.7) 340 (49.0) 368 (68.5)

Ritalin significantly increased brain activation in the caudate-putamen, nucleus accumbens, and substantia nigra in both Control and High-
Runner mice (P , 0.05). In the medial frontal cortex and sensory cortex, Ritalin increased brain activation in High-Runner but not in Control
mice, as indicated by a significant drug-by-line-type interaction (P , 0.05), and inspection of the means. No significant effect of Ritalin on
brain activation of the piriform cortex occurred in either Control or High-Runner mice.

mice to produce increased motivation for running. On
the other hand, the activity of orexin neurons could be
controlled by dopamine neurons or other neurons in-
fluenced by dopamine’s modulatory influence (see
Fig. 2).

In addition to looking at patterns of brain activation
in High-Runner and Control mice during running and
when blocked from running, we also conducted a
small study to examine patterns of brain activation in
response to Ritalin. Recall that High-Runner and Con-
trol mice responded entirely differently to Ritalin and
that the differential behavioral response appeared to be
related to Ritalin’s effect on the dopamine system
(Rhodes and Garland, 2003). Thus, we hypothesized
that the number of c-Fos-positive nuclei in specific
brain regions that receive dopaminergic innervation
(e.g., caudate-putamen, nucleus accumbens, medial
frontal cortex) would differ between High-Runner and
Control mice after an injection of Ritalin.

Female mice (age 5 14 weeks, from generation 29
of the selection experiment) that were never exposed
to running wheels were sacrificed after being injected
with either 30 mg/kg Ritalin (n 5 2 Control mice, n
5 2 High-Runner mice) or saline (n 5 2 Control mice,
n 5 2 High-Runner mice). The mice were housed in
standard laboratory cages without wheels, and then
sacrificed 2–3 hours after the injection, which was giv-
en 1 hour after lights off. The order of sacrifice alter-
nated between High-Runner and Control mice; the first
two mice received Ritalin, the next two saline, the next
two Ritalin, and the last two saline. Immunohisto-
chemical staining was performed as described in
Rhodes et al. (2003a). We examined the caudate-pu-
tamen, nucleus accumbens, and medial frontal cortex
because these regions play roles in locomotor activity
and motivation and are innervated by dopamine neu-
rons. We examined the substantia nigra because it con-
tains the dopamine cell bodies whose axons project to
the caudate-putamen. The sensory cortex and the pir-
iform cortex were included as negative controls and
were not expected to vary with the treatments. The
exact locations in stereotaxic coordinates where the
nuclei counting was conducted can be found in Rhodes
et al. (2003a), as these same brain regions were ex-
amined for responses to wheel running. The data were

analyzed using a two-way ANOVA with factors line-
type (High-Runner or Control), injection-type (30 mg/
kg Ritalin or saline vehicle), and their interaction. No
covariates were included in the model. SAS Proc
Mixed was used but no random effects were specified
as there was no replication of individuals within lines.

As expected, Ritalin increased the number of c-Fos-
positive nuclei in the caudate-putamen (18-fold in-
crease, F1,4 5 86.85, P 5 0.0007), nucleus accumbens
(6-fold increase, F1,4 5 158.28, P 5 0.0002), and sub-
stantia nigra (2-fold increase, F1,4 5 13.46, P 5 0.02)
in both High-Runner and Control mice, as compared
to the saline injection (Table 1). The Ritalin-induced
activation of these brain regions likely reflects in-
creased binding of dopamine to receptors on neurons
in these regions because Ritalin increases extracellular
concentrations of dopamine (Kuczenski and Segal,
1997; Huff and Davies, 2002).

Ritalin-induced brain activation differed in High-
Runner versus Control mice in the medial frontal cor-
tex (Fig. 5; Table 1) and sensory cortex as indicated
by a significant interaction between treatment (Ritalin
versus saline) and line-type (High-Runner versus Con-
trol) on number of c-Fos-positive nuclei (for the me-
dial frontal cortex, F1,4 5 10.30, P 5 0.03; for sensory
cortex, F1,4 5 12.50, P 5 0.02). In High-Runner mice,
Ritalin increased the number of c-Fos-positive nuclei
in the medial frontal cortex by approximately 200%
and in the sensory cortex by 100%, whereas Ritalin
had little effect in these regions in Control mice (12%
increase in medial frontal cortex, 22% decrease in sen-
sory cortex). In the piriform cortex, which showed
similar levels of c-Fos staining as compared to the oth-
er regions, Ritalin had no significant effects (F1,4 5
1.34, P 5 0.31) and High-Runner and Control mice
did not differ (F1,4 5 0.01, P 5 0.92). These results
implicate the medial frontal cortex and sensory cortex
in contributing to the differential behavioral effects of
Ritalin in High-Runner versus Control mice (Fig. 1).
Both regions receive dopamine innervation, but only
the medial frontal cortex has been previously impli-
cated in the behavioral effects of Ritalin (Solanto et
al., 2001). The possible involvement of the sensory
cortex is a new finding. The fact that these two regions
were also implicated in motivation for wheel running
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FIG. 5. Ritalin increased brain activation in High-Runner mice but not in Control mice in the medial frontal cortex, a region well known to
play a role in motivation for natural rewards (Kelley and Berridge, 2002). Representative example of (A) a control mouse administered saline,
(B) a control mouse administered 30 mg/kg Ritalin, (C) a High-Runner mouse administered saline, and (D) a High-Runner mouse administered
30 mg/kg Ritalin. Neuronal activation is indicated by number of c-Fos-positive nuclei, which appear as black dots. See Table 1 for quantification
of results and text for statistics.

in a separate experiment when mice were blocked
from accessing their wheels (Rhodes et al., 2003a) is
intriguing. Taken together, these data provide strong
support for the hypothesis that the medial frontal cor-
tex and sensory cortex are sites where alterations have
taken place to increase motivation for voluntary wheel
running in High-Runner mice.

Brain concentrations of dopamine

As discussed above, behavioral pharmacology sug-
gested that High-Runner mice have reduced dopamine
function (Rhodes et al., 2001; Rhodes and Garland,
2003), and immunohistochemical detection of c-Fos
identified brain regions that display differential neu-
ronal activation in High-Runner versus Control mice
associated with motivation to run (Rhodes et al.,
2003a). However, the mechanism by which dopamine
function might be reduced to produce differential brain
activation and increased motivation for running is not
known. Reduced function of dopamine could be me-
diated by many different mechanisms, including re-

duced expression of dopamine receptors, changes in
second messenger systems downstream of dopamine
receptors, or reduced release of dopamine itself from
dopamine neurons. In a preliminary investigation, we
explored the possibility that High-Runner mice release
less dopamine than Controls into the nucleus accum-
bens and caudate-putamen, two brain regions involved
in motivation and brain reward, and that receive dense
dopaminergic innervation.

Dopamine can be sampled in the extracellular spac-
es of the brain in live, behaving animals using micro-
dialysis probes (Damsma et al., 1992; Castner et al.,
1993; Hattori et al., 1994; Paulson and Robinson,
1994; Salamone, 1996; Becker et al., 2001) or carbon
fiber electrodes implanted into the brain (Phillips et
al., 2003). However, these techniques are technically
difficult and quite time consuming. Therefore, we
chose a cruder method for the preliminary investiga-
tion. Specifically, we measured total concentrations of
dopamine and its primary catabolite, DOPAC, in por-
tions of the nucleus accumbens and caudate-putamen.
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The ratio of DOPAC/dopamine has been used as an
index of dopamine release, and it is correlated with
dopamine release (as measured by microdialysis), at
least under some conditions (Berridge et al., 1999). We
also measured serotonin and serotonin’s primary ca-
tabolite, 5HIAA, to serve as negative controls, because
these neurochemicals were not expected to differ be-
tween High-Runner and Control mice.

Concentrations of dopamine and DOPAC in the nu-
cleus accumbens and caudate-putamen can vary with
physical activity. For example, the speed of forced
running on a straight treadmill is sometimes positively
correlated with concentration of dopamine and DO-
PAC in the nucleus accumbens and caudate-putamen
of rats (Freed and Yamamoto, 1985) but see (Hattori
et al., 1994). Therefore, we designed an experiment
that would allow us to control running speed to deter-
mine whether High-Runner mice release less dopa-
mine per unit speed of running. Thirty-four female
mice (from generation 27 of the selection experiment)
were randomly assigned to 4 treatments: sedentary (n
5 8, 3 individuals from Control lines, and 5 from
High-Runner lines), 0.5 km/hr (n 5 9, 4 from Control
lines and 5 from High-Runner lines), 1 km/hr (n 5 8,
4 from Control lines and 4 from High-Runner lines),
and 1.5 km/hr (n 5 9, 4 from Control lines and 5 from
High-Runner lines). All mice, except those in the sed-
entary treatment, were forced to run on a treadmill for
20 minutes at the assigned speeds on 4 consecutive
days. Sedentary mice were left in their home cages,
undisturbed. The first 3 days were considered training
sessions to familiarize the mice with the treadmill pro-
tocol and to eliminate novelty responses. Treadmill
sessions occurred during the day (1430–1800 hr; pho-
toperiod was 700–1900). In the actual trial on the
fourth day, after 20 min of treadmill running, mice
were decapitated and their brains quickly removed and
placed on ice. Animals in the sedentary treatment were
simply removed from their cages and decapitated. A
portion of the nucleus accumbens and caudate-puta-
men were dissected, weighed, and placed into a mi-
crocentrifuge tube on dry ice. Samples were stored at
280 before they were assayed for dopamine, DOPAC,
serotonin, and 5HIAA by high performance liquid
chromatography with electrochemical detection
(HPLC/ec) following Berridge et al. (1999). SAS Proc
Mixed was used to analyze the data in a linear model
that included factors, line-type (High-Runner or Con-
trol), treadmill running speed (0, 0.5, 1, or 1.5 km/hr),
and their interaction. Data were also analyzed with
treadmill running speed entered as a continuous vari-
able to examine correlations between running speed
and neurochemical concentration. Replicate line (nest-
ed within line-type) was always entered as a random
effect. In addition, because the animals were run over
a period of 4 weeks, and neurochemicals such as do-
pamine can begin to degrade in the 280 freezer over
that period, the week animals were processed (batch)
was entered as a blocking factor in the model (see
Rhodes, 2002). Finally, the time it took to dissect a

brain region and place it onto dry ice (tissue time) was
entered as a covariate, as neurochemicals could begin
to degrade during that time, as well.

None of the neurochemicals, nor the ratios (e.g.,
DOPAC/dopamine), differed significantly (all P .
0.05) between High-Runner and Control mice for any
treatment (sedentary or 0.5, 1, 1.5 km/hr) in the cau-
date-putamen or nucleus accumbens. Moreover, we
found no correlation between concentration of any of
the neurochemicals and treadmill running speed. It is
possible that differences might have been found had
we looked at other brain regions, such as the prefrontal
cortex or the lateral hypothalamus (see section on
Brain Imaging). On the other hand, High-Runner and
Control mice might release dopamine at the same rate
and what causes the differential dopamine function is
the way neurons respond to the dopamine after it has
been released (e.g., altered expression or molecular
structure of receptors or dopamine reuptake protein, or
changes in the second messenger systems that respond
to the dopamine signals; see Fig. 2).

Exploration of the stress axis

When mice are stressed, neurons within a region of
the brain called the hypothalamus release a protein
neuromodulator called ‘‘corticotropin-releasing hor-
mone’’ (CRH) into the brain and into the blood (Sma-
gin et al., 2001). In the blood, CRH acts on the pitu-
itary gland to stimulate release of adrenocorticotropic
hormone (ACTH), which subsequently causes the ad-
renal glands to release corticosterone (CORT) into the
blood. CORT has many functions to help the body deal
with stress. Plasma concentrations of CORT have been
used routinely to measure levels of stress in rodents
(e.g., references in Girard and Garland, 2002). It turns
out that High-Runner mice have higher circulating
CORT levels than Control mice, whether housed with
or without wheels (Girard and Garland, 2002). Altered
basal CORT levels might result from the altered do-
pamine function because dopamine neurons can mod-
ulate CRH neurons (Eaton et al., 1996). On the other
hand, the altered basal CORT level could play a causal
role in the increased voluntary wheel running. CORT
and CRH can affect neuronal activation throughout the
brain (Nestler et al., 1989; Clark et al., 1991; Da Costa
et al., 1997; Dube et al., 2000; Stamp and Herbert,
2001). It is possible, therefore, that increased release
of CRH and/or CORT affects the function of dopamine
neurons, and/or alters neuronal activation of brain re-
gions involved in motivation and reward. This hypoth-
esis has not been explored beyond demonstrating that
the region of the hypothalamus that contains CRH neu-
ron cell bodies (the paraventricular hypothalamic nu-
cleus) is more active in High-Runner than Control
mice both when mice are running and when they are
prevented from running (Rhodes et al., 2003a). Future
investigations will be required to test the hypothesis
that increased release of CRH is necessary for the in-
creased voluntary wheel running. One possible study
would be to administer a drug that blocks CRH action
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(Goeders and Guerin, 2000) to determine whether it
reduces the high wheel running exhibited by the High-
Runner mice. Similar studies could explore whether
the elevated CORT levels are necessary for the ele-
vated wheel running.

Neurogenesis and learning

Voluntary wheel running increases the expression of
brain derived neurotrophic factor (BDNF) in the hip-
pocampus (Neeper et al., 1995). When this report first
came out it was very exciting because the hippocam-
pus is most well known for its role in learning and
memory and BDNF functions to protect and strength-
en connections in the brain (Oliff et al., 1998; Johnson
et al., 2003). Moreover, in adult mammals, the hip-
pocampus is unusual in that it is able to regenerate its
own neurons (Gage et al., 1998; Gage, 2000), and vol-
untary wheel running also increases the number of
new neurons that form in the hippocampus of adult
mice (van Praag et al., 1999a; Rhodes et al., 2003b).
Voluntary wheel running can also enhance learning
(van Praag et al., 1999b; Anderson et al., 2000), and
it has been theorized that the learning enhancement
may come from the BDNF and/or growth of new neu-
rons (van Praag et al., 1999b; Rhodes et al., 2003b).
Because High-Runner mice exercise more than Con-
trol mice, we hypothesized that they would display
more BDNF and neurogenesis and, therefore, learn
how to navigate a maze faster than Control mice. We
found that High-Runner mice do indeed display more
exercise-induced BDNF and neurogenesis than Con-
trol mice, but they display impaired learning as com-
pared with Control mice when both are housed with
wheels (Rhodes et al., 2003b). It is possible that their
apparent high motivation to exercise interferes with
their attention to complex cues required for learning.
The impaired learning in the High-Runner mice de-
spite increased BDNF and neurogenesis also casts
doubt on the theory that the functional significance of
exercise-induced BDNF and neurogenesis is to en-
hance learning (van Praag et al., 1999b).

Recall that wheel running activates the hippocampus
(Rhodes et al., 2003a). We hypothesize that the func-
tional significance of exercise-induced BDNF and neu-
rogenesis may be to increase the capacity of the hip-
pocampus to become activated during exercise. It is
also possible that the intense activation of the hippo-
campus during exercise actually stresses the hippo-
campus to the point where some neurons become dam-
aged or die (Ramsden et al., 2003; Schauwecker,
2003). If this were true, it might explain why the hip-
pocampus is one of the few regions of the brain that
has evolved the capacity to regenerate its own neurons.
No one has ever tested whether high levels of wheel
running actually kill neurons in the hippocampus.
Therefore, an exciting future study would be to deter-
mine whether neuronal death in the hippocampus is
correlated with level of wheel running. If neuronal
death is correlated with level of exercise, then that
would provide strong support for the theory that the

functional significance of exercise-induced BDNF and/
or neurogenesis is in restoration of the hippocampus,
rather than in learning enhancement.

BIOMEDICAL IMPLICATIONS

Exercise addiction and mental health

The neurobiological profile of High-Runner mice
suggests that they are dependent on exercise, akin to
an exercise addiction (Aidman and Woollard, 2003).
When High-Runner mice are prevented from conduct-
ing their daily exercise routine on running wheels, a
similar pattern of brain activation occurs as when rats
are prevented from getting their daily fix of cocaine,
nicotine or morphine (Neisewander et al., 2000;
Schroeder et al., 2000, 2001; Rhodes et al., 2003a).
Others have suggested that wheel running produces a
natural reward (Belke, 1996; Sherwin, 1998; Nestler
et al., 2001; Werme et al., 2002; Eikelboom and Lat-
tanzio, 2003). Thus, the High-Runner mice appear to
have developed an increased craving, motivation and/
or dependence for this exercise reward in a similar way
that a rat can be made dependent on a drug of abuse
(Rhodes et al., 2003a). The same neurotransmitter—
dopamine—is implicated in both the process of craving
or ‘‘wanting’’ drugs (Berridge and Robinson, 1998; Jo-
seph et al., 2003) and motivation for wheel running in
High-Runner mice (Rhodes et al., 2001; Rhodes and
Garland, 2003). Moreover, GBR 12909, which is cur-
rently in clinical trials for use as a substitution therapy
for cocaine abuse (http:// www. clinicaltrials. gov / ct /
show/NCT00051896?order510), also appears to sub-
stitute for wheel running because it reduces the speed
but not duration of wheel running in High-Runner mice
(Rhodes et al., 2001).

The implication for human health is that physical
activity can be addictive in the sense that it can induce
withdrawal if exercise is denied (see Aidman and
Woollard, 2003, for a human example). Moreover, the
exercise addiction in our mice is genetically based,
which suggests the extrapolation that some individual
human beings may carry genes that make them espe-
cially prone to this form of addiction. One might think
that addiction to physical activity would have positive
biomedical implications because physical activity is
generally good for the body, the brain, and a sense of
well-being (Scully et al., 1998; Cotman and Berchtold,
2002). However, what the neurobiological profile of
the High-Runner mice tells us is that extreme levels
of exercise may have deleterious effects. For example,
the High-Runner mice have chronically elevated cor-
ticosterone levels, whether they are exercising or not
(Girard and Garland, 2002), which can damage the
body and brain (Sapolsky, 1996, 2000). Although a
normal amount of exercise can improve learning (van
Praag et al., 1999b; Anderson et al., 2000; Rhodes et
al., 2003b), the high levels of exercise in High-Runner
mice is associated with impaired learning when they
have access to running wheels (Rhodes et al., 2003b).
The impairment may come from an overactive hip-
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pocampus. Wheel-running exercise strongly activates
the hippocampus (e.g., see Fig. 3), and although the
hippocampus may be normally able to respond by
growing new neurons and producing chemicals that
strengthen pre-existing connections, the capacity for
regeneration and strengthening may be limited or over-
whelmed by the high levels of exercise in High-Run-
ner mice (Rhodes et al., 2003b). Thus, results from
our selection experiment suggest that exercise should
be conducted in moderation.

The idea that exercise produces a natural reward that
resembles the reward associated with drugs of abuse
is intriguing and may provide some key insights into
the pathology of drug addiction (Kelley and Berridge,
2002). The human brain evolved to respond to natural
rewards, such as food, sex, and exercise, long before
synthetic drugs of abuse were available. The percep-
tion of pleasure from eating, engaging in sexual activ-
ity or exercising represents part of an evolutionary
‘‘strategy’’ to ensure that these behaviors are ex-
pressed. One possibility is that drugs mimic natural
rewards, thus causing drug-seeking behavior to be re-
inforced even though drugs generally do not provide
a benefit in terms of Darwinian fitness (Wise, 2002).
Alternatively, drugs might alter natural brain reward
circuitry resulting in increased motivation to obtain
drugs in a fashion that is disproportionate to the plea-
surable effect of the drugs (Nesse and Berridge, 1997;
Berridge and Robinson, 1998). This might explain
why users often seek drugs even though they produce
aversive side effects, such as paranoia or nausea. By
including responses to such natural rewards as exercise
in addiction research, it may be possible to identify
what makes drug craving different from natural crav-
ing. That would be an important first step toward de-
velopment of a pharmaceutical therapy designed to tar-
get the pathology.

Attention deficit hyperactivity disorder

High-Runner mice share many features in common
with human ADHD, which suggests that they may rep-
resent a useful model to study the neural and genetic
basis of certain features of ADHD (Rhodes et al.,
2001; Rhodes and Garland, 2003; Rhodes et al.,
2003a), or vice versa! Similar to human subjects with
ADHD, High-Runner mice are hyperactive (Rhodes et
al., 2001) and their hyperactivity is largely genetically
determined. We consider the High-Runner mice to be
hyperactive because they run almost three times as far
as Control mice in running wheels and are more active
in photobeam cages (Rhodes et al., 2001; Garland,
2003). As compared with 13 species of wild murid
rodents, the High-Runner mice are among the highest
runners, but not the highest (see Fig. 4 in Garland,
2003; also see Swallow et al., 2005). This is important
because it demonstrates that hyperactivity is a relative
concept (i.e., the designation depends on what you use
as the reference population). The hyperactivity in both
High-Runner mice (Garland, 2003) and ADHD (Todd,
2000) is likely caused by many genes interacting in

complex ways with each other and with the environ-
ment. ADHD is most apparent in the habituated en-
vironment (e.g., at home or at school). At the doctor’s
office it is difficult to diagnose ADHD (Sleator and
Ullmann, 1981). Thus, medical doctors rely heavily on
reports from parents and teachers. Consistent with this
profile, High-Runner mice are hyperactive in their
home-cage (Rhodes et al., 2001) but not in novel,
‘‘stressful’’ environments (Bronikowski et al., 2001).
In addition, ADHD children (Solanto et al., 2001) and
High-Runner mice display motor impulsiveness (Gi-
rard et al., 2001) (short bursts of physical activity with
short interbout intervals). It has been hypothesized that
reduced function of dopamine and altered neuronal ac-
tivity in the prefrontal cortex underlie ADHD (Solanto
et al., 2001), and both of these features appear to occur
in High-Runner mice (Rhodes et al., 2001; Rhodes and
Garland, 2003; Rhodes et al., 2003a). Finally, Ritalin
is one of the most widely used pharmaceuticals to treat
ADHD (Solanto et al., 2001), and it ameliorates the
hyperactivity in High-Runner mice (Rhodes and Gar-
land, 2003). In particular, Ritalin makes wheel-running
of High-Runner mice more similar to Controls by re-
ducing the speed, not duration, of wheel running
(Rhodes and Garland, 2003). Moreover, Ritalin acti-
vates the medial frontal cortex differently in High-
Runner versus Control mice (Table 1, Fig. 5). Future
investigation of the mechanism for the differential ef-
fect of Ritalin on frontal cortical activation in High-
Runner versus Control mice could shed light on mech-
anisms of action of Ritalin in correcting hyperactivity.

One key feature of ADHD is inattention (Solanto et
al., 2001), and we do not yet know if the High-Runner
mice display impaired attention. Thus, for future de-
velopment of the High-Runner mice as a model of
ADHD, it will be important to test them on a task
designed to measure attention, such as the go/no-go
task (Eagle and Robbins, 2003). High-Runner mice
housed with wheels displayed impaired learning in the
Morris water maze (Rhodes et al., 2003b), so it is like-
ly they will display impairments in other tasks that
require attention and learning. Although the Morris
water maze was not designed to measure attention,
successful performance does require attention to visual
cues and, therefore, it is possible that the learning def-
icit was caused by an attention impairment in High-
Runner mice. A promising future direction in the de-
velopment of High-Runner mice as a model of ADHD,
would be to determine whether Ritalin rescues the
learning deficit observed in the Morris water maze or
other tests that involve attention and learning.

Taken at face value as a model of ADHD, the High-
Runner mice suggest that the genetic hyperactivity in
ADHD is caused by reduced function of D1-like re-
ceptors (Rhodes and Garland, 2003) and altered phys-
iology of the lateral hypothalamus, caudate-putamen,
and medial frontal cortex (Rhodes et al., 2003a). Brain
imaging studies in humans support a role for the cau-
date-putamen and frontal cortex in ADHD (as re-
viewed in Castellanos, 2001), but to the best of our
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knowledge, the lateral hypothalamus has never been
implicated in ADHD. Thus, a putative role for the lat-
eral hypothalamus in ADHD is a new insight from our
model that deserves further investigation.

Like all models, an animal model of a human mental
disorder never represents all features of the disorder,
and as such it is noteworthy to mention inconsistencies
between human ADHD and the High-Runner mice.
Human linkage studies have identified an association
between the incidence of ADHD and allelic variation
in the gene for the D4 receptor (for a meta analysis,
see Faraone et al., 2001). The D4 gene is highly poly-
morphic (i.e., many alleles exist) in humans (Faraone
et al., 2001), but only a few polymorphisms have been
found in mice (Scott et al., 1995). Therefore, it is un-
likely that allelic variation in the D4 receptor is as-
sociated with hyperactivity in our model. However, a
recent microarray study identified a trend for increased
expression of the D4 receptor in the hippocampus of
High-Runner relative to Control mice (Bronikowski et
al., 2004). Therefore, it is possible that the D4 receptor
plays a role in the hyperactivity of High-Runner mice
via a genetic alteration in a promoter region or tran-
scription factor that ultimately increases D4 expres-
sion. However, involvement of possibly increased ex-
pression of D4 receptors in the phenotypic difference
between High-Runner and Control mice is not sup-
ported by pharmacology because High-Runner mice
responded similarly to at least some agents that
blocked D4 receptors (Rhodes and Garland, 2003).

Another noteworthy difference between High-Run-
ner mice and ADHD is that ADHD occurs at a higher
incidence in males than in females (Solanto et al.,
2001), whereas the fold increase in wheel running, rel-
ative to Control lines, is virtually identical in High-
Runner males and females (Koteja and Garland, 2001;
Garland, 2003). Female house mice in general run
more than males, and this phenomenon occurs in both
our High-Runner and Control lines (Koteja and Gar-
land, 2001; Garland, 2003). It is not yet known what
underlies the sex difference in either ADHD (Bieder-
man et al., 1994, 2002) or wheel running. It may turn
out that the sex difference in ADHD is not a biological
phenomenon but rather a sociological one: a tendency
for over-diagnosis in males relative to females because
males are given more leeway to act out than females.

A unified theory of addiction

We have argued that High-Runner mice display
many features in common with two distinct mental
disorders: addiction and ADHD. We propose that their
may be an intriguing connection here. If physical ac-
tivity can be naturally rewarding and addictive, then
perhaps ADHD can be considered a kind of an addic-
tion, an addiction to the reward elicited by physical
activity itself. By definition, addicts compulsively seek
their reward of choice, devaluing other stimuli unre-
lated to acquiring the reward. Hence, ADHD subjects
may have trouble concentrating on problems that re-
quire them to sit still for prolonged periods of time

because they have uncontrollable urges to move,
which distracts their attention. A unified theory of ad-
diction may be a useful construct in future explorations
of the neurobiological basis of ADHD. One intriguing
piece of clinical evidence that is consistent with our
theory that ADHD is a form of an addiction is that
ADHD children have a much higher incidence of be-
coming addicted to drugs than normal children (Com-
ings, 1994; Solanto et al., 2001). Their brains may
simply be wired in a way that makes them susceptible
to addictions of all kinds. Evidence from our work and
many others on ADHD suggest that this wiring likely
involves a specific alteration of the dopaminergic sys-
tem, and hyperexcitability of brain regions involved in
incentive motivation for reward. Future studies with
the High-Runner mice hold promise for identifying the
specific genes and biochemical pathways that contrib-
ute to risk for developing an addiction to physical ac-
tivity.

CONCLUDING REMARKS

Selective breeding represents a powerful tool for in-
tegrative neuroscience research. With selective breed-
ing, the investigator can shape behavior to reflect spe-
cific features or symptoms of a mental disorder. In our
case, mice were bred to display high levels of volun-
tary wheel running. These mice were then were used
to identify neurobiological features that distinguish
High-Runner mice from their Controls. The research
has enabled insights into the underlying neural basis
of genetic hyperactivity, addiction to natural rewards,
and the relationship between exercise and learning.
The future holds great promise for this model. With
future research we may be able to discover how the
dopamine system has evolved to produce hyperactiv-
ity, what specific combinations of genes predispose
mice to become hyperactive, and why hyperactive
mice allowed to exercise at high levels have difficulty
learning despite increased generation of new neurons
in the brain.

ACKNOWLEDGMENTS

The authors wish to credit Bill Feeny for Figure 2.
We thank Craig Berridge for assistance and use of lab-
oratory facilities for the HPLC study. This work was
supported by National Science Foundation grant IBN-
0212567 to T.G., National Institute for Neurological
Diseases and Stroke fellowship NS42872-02 to J.S.R.,
and National Institute of Mental Health grant R01
MH066086 and University of Wisconsin Graduate
School and Department of Zoology start-up funds to
S.C.G. This is Publication #1 from the University of
California Intercampus Research Program on Experi-
mental Evolution.

REFERENCES

Aidman, E. and S. Woollard. 2003. The influence of self-reported
exercise addiction on acute emotional and physiological re-
sponses to brief exercise deprivation. Psychol Sport Ex 4:225–
236.



452 J. S. RHODES ET AL.

Anderson, B. J., D. N. Rapp, D. H. Baek, D. P. McCloskey, P. S.
Coburn-Litvak, and J. K. Robinson. 2000. Exercise influences
spatial learning in the radial arm maze. Physiol. Behav. 70:425–
429.

Baggio, G. and F. Ferrari. 1980. Role of brain dopaminergic mech-
anisms in rodent aggressive behavior: Influence of (6)N-n-pro-
pyl-norapomorphine on three experimental models. Psycho-
pharmacology. 70:63–68.

Baik, J. H., R. Picetti, A. Saiardi, G. Thiriet, A. Dierich, A. Depaulis,
M. Le Meur, and E. Borrelli. 1995. Parkinsonian-like locomotor
impairment in mice lacking dopamine D2 receptors. Nature
377:424–428.

Baker, H., T. H. Joh, and D. J. Reis. 1980. Genetic control of number
of midbrain dopaminergic neurons in inbred strains of mice:
Relationship to size and neuronal density of the striatum. Proc.
Natl. Acad. Sci. U.S.A. 77:4369–4373.

Becker, J. B., C. N. Rudick, and W. J. Jenkins. 2001. The role of
dopamine in the nucleus accumbens and striatum during sexual
behavior in the female rat. J. Neurosci. 21:3236–3241.

Belke, T. W. 1996. Investigating the reinforcing properties of run-
ning: Or, running is its own reward. In W. F. Epling and W. D.
Pierce (eds.), Activity anorexia: Theory, research, and treat-
ment, pp. 45–55. Lawrence Erlbaum Associates, Mahwah, New
Jersey.

Belter, J. G., H. V. Carey, and T. Garland, Jr. 2004. Effects of vol-
untary exercise and genetic selection for high activity levels on
HSP72 expression in house mice. J. Appl. Physiol. 96:1270–
1276.

Berridge, C. W., E. Mitton, W. Clark, and R. H. Roth. 1999. En-
gagement in a non-escape (displacement) behavior elicits a se-
lective and lateralized suppression of frontal cortical dopami-
nergic utilization in stress. Synapse 32:187–197.

Berridge, K. C. and T. E. Robinson. 1998. What is the role of do-
pamine in reward: Hedonic impact, reward learning, or incen-
tive salience? Brain Res. Brain Res. Rev. 28:309–369.

Biederman, J., S. V. Faraone, T. Spencer, T. Wilens, E. Mick, and
K. A. Lapey. 1994. Genetic differences in a sample of adults
with attention deficit hyperactivity disorder. Psychiatry. Res. 53:
13–29.

Biederman, J., E. Mick, S. V. Faraone, E. Braaten, A. Doyle, T.
Spencer, T. E. Wilens, E. Frazier, and M. A. Johnson. 2002.
Influence of gender on attention deficit hyperactivity disorder
in children referred to a psychiatric clinic. Am. J. Psychiatry
159:36–42.

Blomberg, S., T. J. Garland, and A. Ives. 2003. Testing for phylo-
genetic signal in comparative data: Behavioral traits are more
labile. Evolution 57:717–745.

Bronikowski, A. M., J. S. Rhodes, T. Garland, Jr., T. A. Prolla, T.
A. Awad, and S. C. Gammie. 2004. The evolution of gene ex-
pression in mouse hippocampus in response to selective breed-
ing for increased locomotor activity. Evolution 58:2079–2086.

Bronikowski, A. M., P. A. Carter, J. G. Swallow, I. A. Girard, J. S.
Rhodes, and T. Garland, Jr. 2001. Open-field behavior of house
mice selectively bred for high voluntary wheel-running. Behav.
Genet. 31:309–316.

Brudzynski, S. M. and C. J. Gibson. 1997. Release of dopamine in
the nucleus accumbens caused by stimulation of the subiculum
in freely moving rats. Brain Res. Bull. 42:303–308.

Bult, A., E. A. van der Zee, J. C. Compaan, and C. B. Lynch. 1992.
Differences in the number of arginine-vasopressin-immunore-
active neurons exist in the suprachiasmatic nuclei of house mice
selected for differences in nest-building behavior. Brain Res.
578:335–338.

Bult, A., L. Hiestand, E. A. Van der Zee, and C. B. Lynch. 1993.
Circadian rhythms differ between selected mouse lines: A mod-
el to study the role of vasopressin neurons in the suprachias-
matic nuclei. Brain Res. Bull. 32:623–627.

Cardinal, R. N., J. A. Parkinson, J. Hall, and B. J. Everitt. 2002. Emo-
tion and motivation: The role of the amygdala, ventral striatum,
and prefrontal cortex. Neurosci. Biobehav. Rev. 26:321–352.

Carroll, P. M., B. Dougherty, P. Ross-Macdonald, K. Browman, and
K. FitzGerald. 2003. Model systems in drug discovery: Chem-
ical genetics meets genomics. Pharmacol. Ther. 99:183–220.

Carter, P. A., J. G. Swallow, S. J. Davis, and T. Garland, Jr. 2000.
Nesting behavior of house mice (Mus domesticus) selected for
increased wheel-running activity. Behav. Genet. 30:85–94.

Castellanos, F. X. 2001. Neuroimaging studies of ADHD. In M. V.
Solanto, A. F. T. Arnsten, and F. X. Castellanos (eds.), Stimulant
drugs and ADHD, pp. 243–258. Oxford University Press, Ox-
ford, England.

Castner, S. A., L. Xiao, and J. B. Becker. 1993. Sex differences in
striatal dopamine: In vivo microdialysis and behavioral studies.
Brain Res. 610:127–134.

Chen, N. and M. E. Reith. 2000. Structure and function of the do-
pamine transporter. Eur. J. Pharmacol. 405:329–339.

Childress, A. R., P. D. Mozley, W. McElgin, J. Fitzgerald, M. Reiv-
ich, and C. P. O’Brien. 1999. Limbic activation during cue-
induced cocaine craving. Am. J. Psychiatry. 156:11–18.

Clark, M., S. R. Weiss, and R. M. Post. 1991. Expression of c-fos
mRNA in rat brain after intracerebroventricular administration
of corticotropin-releasing hormone. Neurosci. Lett. 132:235–
238.

Comings, D. E. 1994. Genetic factors in substance abuse based on
studies of Tourette syndrome and ADHD probands and rela-
tives. I. Drug abuse. Drug Alcohol Depend 35:1–16.

Cotman, C. W. and N. C. Berchtold. 2002. Exercise: A behavioral
intervention to enhance brain health and plasticity. Trends Neu-
rosci. 25:295–301.

Da Costa, A. P., R. J. Kampa, R. J. Windle, C. D. Ingram, and S.
L. Lightman. 1997. Region-specific immediate-early gene ex-
pression following the administration of corticotropin-releasing
hormone in virgin and lactating rats. Brain Res. 770:151–162.

Damsma, G., J. G. Pfaus, D. Wenkstern, A. G. Phillips, and H. C.
Fibiger. 1992. Sexual behavior increases dopamine transmission
in the nucleus accumbens and striatum of male rats: Comparison
with novelty and locomotion. Behav. Neurosci. 106:181–191.

DeFries, J. C., J. R. Wilson, and G. E. McClearn. 1970. Open-field
behavior in mice: Selection response and situational generality.
Behav. Genet. 1:195–211.

Dewey, S. L., C. S. Chaurasia, C. E. Chen, N. D. Volkow, F. A.
Clarkson, S. P. Porter, R. M. Straughter-Moore, D. L. Alexoff,
D. Tedeschi, N. B. Russo, J. S. Fowler, and J. D. Brodie. 1997.
GABAergic attenuation of cocaine-induced dopamine release
and locomotor activity. Synapse 25:393–398.

Drago, J., C. R. Gerfen, J. E. Lachowicz, H. Steiner, T. R. Hollon,
P. E. Love, G. T. Ooi, A. Grinberg, E. J. Lee, S. P. Huang, et
al. 1994. Altered striatal function in a mutant mouse lacking
D1A dopamine receptors. Proc. Natl. Acad Sci. U.S.A. 91:
12564–12568.

Dragunow, M. and R. Faull. 1989. The use of c-fos as a metabolic
marker in neuronal pathway tracing. J. Neurosci. Methods 29:
261–265.

Dube, T., T. Brunson, A. Nehlig, and T. Z. Baram. 2000. Activation
of specific neuronal circuits by corticotropin releasing hormone
as indicated by c-fos expression and glucose metabolism. J. Cer-
eb. Blood Flow Metab. 20:1414–1424.

Eagle, D. M. and T. W. Robbins. 2003. Lesions of the medial pre-
frontal cortex or nucleus accumbens core do not impair inhib-
itory control in rats performing a stop-signal reaction time task.
Behav. Brain Res. 146:131–144.

Eaton, M. J., S. Cheung, K. E. Moore, and K. J. Lookingland. 1996.
Dopamine receptor-mediated regulation of corticotropin-releas-
ing hormone neurons in the hypothalamic paraventricular nu-
cleus. Brain Res. 738:60–66.

Eikelboom, R. and S. B. Lattanzio. 2003. Wheel access duration in
rats: II. Day-night and within-session changes. Behav. Neurosci.
117:825–832.

Enoch, M. A. and D. Goldman. 2001. The genetics of alcoholism
and alcohol abuse. Curr. Psychiatry Rep. 3:144–151.

Espana, R. A., B. A. Baldo, A. E. Kelley, and C. W. Berridge. 2001.
Wake-promoting and sleep-suppressing actions of hypocretin
(orexin): Basal forebrain sites of action. Neuroscience 106:699–
715.

Falconer, D. S. and T. F. C. Mackay. 1996. Introduction to quanti-
tative genetics, 4th ed. Longman, Essex, England.

Fallon, J. H. 1981. Collateralization of monoamine neurons: Meso-



453NEUROBIOLOGY OF HIGH-RUNNING MICE

telencephalic dopamine projections to caudate, septum, and
frontal cortex. J. Neurosci. 1:1361–1368.

Faraone, S. V., A. E. Doyle, E. Mick, and J. Biederman. 2001. Meta-
analysis of the association between the 7-repeat allele of the
dopamine D(4) receptor gene and attention deficit hyperactivity
disorder. Am. J. Psychiatry 158:1052–1057.

Fink, J. S. and D. J. Reis. 1981. Genetic variations in midbrain
dopamine cell number: parallel with differences in responses to
dopaminergic agonists and in naturalistic behaviors mediated by
central dopaminergic systems. Brain Res. 222:335–349.

Freed, C. R. and B. K. Yamamoto. 1985. Regional brain dopamine
metabolism: A marker for the speed, direction, and posture of
moving animals. Science 229:62–65.

Gage, F. H. 2000. Mammalian neural stem cells. Science 287:1433–
1438.

Gage, F. H., G. Kempermann, T. D. Palmer, D. A. Peterson, and J.
Ray. 1998. Multipotent progenitor cells in the adult dentate gy-
rus. J. Neurobiol. 36:249–266.

Gainetdinov, R. R., W. C. Wetsel, S. R. Jones, E. D. Levin, M. Jaber,
and M. G. Caron. 1999. Role of serotonin in the paradoxical
calming effect of psychostimulants on hyperactivity. Science
283:397–401.

Gammie, S. C., N. S. Hasen, J. S. Rhodes, I. Girard, and T. Garland,
Jr. 2003. Predatory aggression, but not maternal or intermale
aggression, is associated with high voluntary wheel-running be-
havior in mice. Horm. Behav. 44:209–221.

Garland, T. 2003. Selection experiments: An underutilized tool in
biomechanics and organismal biology. In V. Bels, J. Gasc, and
A. Casinos (eds.), Biomechanics and evolution, pp. 23–56. Bios
Scientific Publishers, Oxford, England.

Girard, I. and T. Garland, Jr. 2002. Plasma corticosterone response
to acute and chronic voluntary exercise in female house mice.
J. Appl. Physiol. 92:1553–1561.

Girard, I., M. W. McAleer, J. S. Rhodes, and T. Garland, Jr. 2001.
Selection for high voluntary wheel-running increases speed and
intermittency in house mice (Mus domesticus). J. Exp. Biol.
204:4311–4320.

Goeders, N. E. and G. F. Guerin. 2000. Effects of the CRH receptor
antagonist CP-154,526 on intravenous cocaine self-administra-
tion in rats. Neuropsychopharmocology 23:577–586.

Gottfried, J. A., J. O’Doherty, and R. J. Dolan. 2003. Encoding
predictive reward value in human amygdala and orbitofrontal
cortex. Science 301:1104–1107.

Greengard, P., P. B. Allen, and A. C. Nairn. 1999. Beyond the do-
pamine receptor: The DARPP-32/protein phosphatase-1 cas-
cade. Neuron 23:435–447.

Haglund, L., C. Kohler, S. B. Ross, and D. Kelder. 1979. Forebrain
projections of the ventral tegmentum as studied by axonal trans-
port of [3H]dopamine in the rat. Neurosci. Lett. 12:301–306.

Harris, J. A. 1998. Using c-fos as a neural marker of pain. Brain
Res. Bull. 45:1–8.

Hattori, S., M. Naoi, and H. Nishino. 1994. Striatal dopamine turn-
over during treadmill running in the rat: Relation to the speed
of running. Brain Res. Bull. 35:41–49.

Henderson, K. K., H. Wagner, F. Favret, S. L. Britton, L. G. Koch,
P. D. Wagner, and N. C. Gonzalez. 2002. Determinants of max-
imal O(2) uptake in rats selectively bred for endurance running
capacity. J. Appl. Physiol. 93:1265–1274.

Herdegen, T. and J. D. Leah. 1998. Inducible and constitutive tran-
scription factors in the mammalian nervous system: Control of
gene expression by Jun, Fos and Krox, and CREB/ATF pro-
teins. Brain Res. Brain Res. Rev. 28:370–490.

Hochstetler, K. J., T. Garland, Jr., J. G. Swallow, P. A. Carter, and
A. Bult-Ito. 2004. Number of arginine-vasopressin neurons in
the suprachiasmatic nuclei is not related to level or circadian
characteristics of wheel-running activity in house mice. Behav.
Genet. 34:131–136.

Huey, R. B., P. E. Hertz, and B. Sinervo. 2003. Behavioral drive
versus behavioral inertia in evolution: A null model approach.
Am. Nat. 161:357–366.

Huff, J. K. and M. I. Davies. 2002. Microdialysis monitoring of
methylphenidate in blood and brain correlated with changes in
dopamine and rat activity. J. Pharm. Biomed. Anal. 29:767–777.

Iversen, S. and L. Iversen. 1975. Behavioral pharmacology. Oxford
University Press, New York.

Janowsky, A., C. Mah, R. A. Johnson, C. L. Cunningham, T. J.
Phillips, J. C. Crabbe, A. J. Eshleman, and J. K. Belknap. 2001.
Mapping genes that regulate density of dopamine transporters
and correlated behaviors in recombinant inbred mice. J. Phar-
macol. Exp. Ther. 298:634–643.

Jarvie, K. R. and M. G. Caron. 1993. Heterogeneity of dopamine
receptors. Adv. Neurol. 60:325–333.

Jimerson, D. and D. J. Reis. 1973. Effects of intrahypothalamic in-
jection of 6-hydroxydopamine on predatory aggression in rat.
Brain Res. 61:141–152.

Johnson, R. A., J. S. Rhodes, S. L. Jeffrey, T. Garland, Jr., and G.
S. Mitchell. 2003. Hippocampal brain-derived neurotrophic fac-
tor but not neurotrophin-3 increases more in mice selected for
increased voluntary wheel running. Neuroscience 121:1–7.

Joseph, M. H., K. Datla, and A. M. Young. 2003. The interpretation
of the measurement of nucleus accumbens dopamine by in vivo
dialysis: The kick, the craving or the cognition? Neurosci. Biob-
ehav. Rev. 27:527–541.

Kallmann, F. J. 1994. The genetic theory of schizophrenia. An anal-
ysis of 691 schizophrenic twin index families. 1946. Am. J.
Psychiatry. 151:188–198.

Katz, J. L. and S. T. Higgins. 2003. The validity of the reinstatement
model of craving and relapse to drug use. Psychopharmacology
168:21–30.

Kehr, J., T. Yoshitake, F. H. Wang, D. Wynick, K. Holmberg, U.
Lendahl, T. Bartfai, M. Yamaguchi, T. Hokfelt, and S. O. Ogren.
2001. Microdialysis in freely moving mice: Determination of
acetylcholine, serotonin and noradrenaline release in galanin
transgenic mice. J. Neurosci. Methods 109:71–80.

Kelley, A. E. and K. C. Berridge. 2002. The neuroscience of natural
rewards: Relevance to addictive drugs. J. Neurosci. 22:3306–
3311.

Koteja, P., J. G. Swallow, P. A. Carter, and T. Garland, Jr. 2003.
Different effects of intensity and duration of locomotor activity
on circadian period. J. Biol. Rhythms 18:491–501.

Koteja, P. and T. Garland, Jr. 2001. Forum: Response to R. Eikel-
boom. Anim. Behav. 61:F25–F26.

Koteja, P., T. Garland, Jr., J. K. Sax, J. G. Swallow, and P. A. Carter.
1999. Behaviour of house mice artificially selected for high lev-
els of voluntary wheel running. Anim. Behav. 58:1307–1318.

Kuczenski, R. and D. S. Segal. 1997. Effects of methylphenidate on
extracellular dopamine, serotonin, and norepinephrine: Com-
parison with amphetamine. J. Neurochem. 68:2032–2037.

Li, M. Y., Q. S. Yan, L. L. Coffey, and M. E. Reith. 1996. Extra-
cellular dopamine, norepinephrine, and serotonin in the nucleus
accumbens of freely moving rats during intracerebral dialysis
with cocaine and other monoamine uptake blockers. J. Neuro-
chem. 66:559–568.

Li, G., J. S. Rhodes, I. Girard, S. C. Gammie, and T. Garland, Jr.
2004. Opioid-mediated pain sensitivity in mice bred for high
voluntary wheel running. Physiol. Behav. 83:515–524.

Matecka, D., R. B. Rothman, L. Radesca, B. R. de Costa, C. M.
Dersch, J. S. Partilla, A. Pert, J. R. Glowa, F. H. Wojnicki, and
K. C. Rice. 1996. Development of novel, potent, and selective
dopamine reuptake inhibitors through alteration of the pipera-
zine ring of 1-[2-(diphenylmethoxy)ethyl]-and 1-[2-[bis(4-fluo-
rophenyl)methoxy]ethyl]-4-(3-phenylpropyl)piperazines (GBR
12935 and GBR 12909). J. Med. Chem. 39:4704–4716.

Morris, R. and J. J. Hagan. 1983. Hippocampal electrical activity
and ballistic movement. In W. Seifert (ed.), Neurobiology of the
hippocampus, pp. 321–331. Academic Press, London, England.

Neeper, S. A., F. Gomez-Pinilla, J. Choi, and C. Cotman. 1995. Ex-
ercise and brain neurotrophins. Nature 373:109.

Neisewander, J. L., D. A. Baker, R. A. Fuchs, L. T. Tran-Nguyen,
A. Palmer, and J. F. Marshall. 2000. Fos protein expression and
cocaine-seeking behavior in rats after exposure to a cocaine
self-administration environment. J. Neurosci. 20:798–805.

Nelson, R. J., G. E. Demas, P. L. Huang, M. C. Fishman, V. L.
Dawson, T. M. Dawson, and S. H. Snyder. 1995. Behavioural
abnormalities in male mice lacking neuronal nitric oxide syn-
thase. Nature 378:383–386.



454 J. S. RHODES ET AL.

Nesse, R. M. and K. C. Berridge. 1997. Psychoactive drug use in
evolutionary perspective. Science 278:63–66.

Nestler, E. J., M. Barrot, and D. W. Self. 2001. Delta FosB: A sus-
tained molecular switch for addiction. Proc. Natl. Acad. Sci.
U.S.A. 98:11042–11046.

Nestler, E. J., E. Gould, H. Manji, M. Buncan, R. S. Duman, H. K.
Greshenfeld, R. Hen, S. Koester, I. Lederhendler, M. Meaney,
T. Robbins, L. Winsky, and S. Zalcman. 2002. Preclinical mod-
els: Status of basic research in depression. Biol. Psychiatry 52:
503–528.

Nestler, E. J., R. Z. Terwilliger, and E. Halm. 1989. Corticosterone
increases protein tyrosine kinase activity in the locus coeruleus
and other monoaminergic nuclei of rat brain. Mol. Pharmacol.
35:265–270.

Oddie, S. D. and B. H. Bland. 1998. Hippocampal formation theta
activity and movement selection. Neurosci. Biobehav. Rev. 22:
221–231.

Oliff, H. S., N. C. Berchtold, P. Isackson, and C. W. Cotman. 1998.
Exercise-induced regulation of brain-derived neurotrophic fac-
tor (BDNF) transcripts in the rat hippocampus. Brain Res. Mol.
Brain Res. 61:147–153.

Paulson, P. E. and T. E. Robinson. 1994. Relationship between cir-
cadian changes in spontaneous motor activity and dorsal versus
ventral striatal dopamine neurotransmission assessed with on-
line microdialysis. Behav. Neurosci. 108:624–635.

Phillips, P. E., G. D. Stuber, M. L. Heien, R. M. Wightman, and R.
M. Carelli. 2003. Subsecond dopamine release promotes co-
caine seeking. Nature 422:614–618.

Ramsden, M., N. C. Berchtold, J. Patrick Kesslak, C. W. Cotman,
and C. J. Pike. 2003. Exercise increases the vulnerability of rat
hippocampal neurons to kainate lesion. Brain Res. 971:239–
244.

Rhodes, J. S. 2002. The neural basis of hyperactive wheel running
in mice. Ph.D. Diss., University of Wisconsin, Madison.

Rhodes, J. S. and J. C. Crabbe. 2003. Progress towards finding genes
for alcoholism in mice. Clinical Neurosci. Res. 3:315–323.

Rhodes, J. S. and T. Garland, Jr. 2003. Differential sensitivity to
acute administration of Ritalin, apormorphine, SCH 23390, but
not raclopride in mice selectively bred for hyperactive wheel-
running behavior. Psychopharmacology 167:242–250.

Rhodes, J. S., T. Garland, Jr., and S. C. Gammie. 2003a. Patterns of
brain activity associated with variation in voluntary wheel-run-
ning behavior. Behav. Neurosci. 117:1243–1256.

Rhodes, J. S., G. R. Hosack, I. Girard, A. E. Kelley, G. S. Mitchell,
and T. Garland, Jr. 2001. Differential sensitivity to acute ad-
ministration of cocaine, GBR 12909, and fluoxetine in mice
selectively bred for hyperactive wheel-running behavior. Psy-
chopharmacology 158:120–131.

Rhodes, J. S., H. van Praag, S. Jeffrey, I. Girard, G. S. Mitchell, T.
Garland, Jr., and F. H. Gage. 2003b. Exercise increases hippo-
campal neurogenesis to high levels but does not improve spatial
learning in mice bred for increased voluntary wheel running.
Behav. Neurosci. 117:1006–1016.

Ross, R. A., A. B. Judd, V. M. Pickel, T. H. Joh, and D. J. Reis.
1976. Strain-dependent variations in number of midbrain do-
paminergic neurones. Nature 264:654–656.

Ryabinin, A. E. 2000. ITF mapping after drugs of abuse: Pharma-
cological versus perceptional effects. Acta Neurobiol. Exp.
(Wars) 60:547–555.

Salamone, J. D. 1996. The behavioral neurochemistry of motivation:
Methodological and conceptual issues in studies of the dynamic
activity of nucleus accumbens dopamine. J. Neurosci. Methods
64:137–149.

Sapolsky, R. M. 1996. Why stress is bad for your brain. Science
273:749–750.

Sapolsky, R. M. 2000. Why zebras don’t get ulcers. W. H. Freeman
and Company, New York.

Schauwecker, P. E. 2003. Genetic basis of kainate-induced excito-
toxicity in mice: Phenotypic modulation of seizure-induced cell
death. Epilepsy Res. 55:201–210.

Schmidt, W. J. 1979. Effects of d-amphetamine, maprotiline, L-dopa,
and haloperidol on the components of the predatory behavior
of the ferret, Putorius furo L. Psychopharmacology 64:355–359.

Schmidt, W. J. 1983. Involvement of dopaminergic neurotransmis-
sion in the control of goal-directed movements. Psychophar-
macology 80:360–364.

Schroeder, B. E., J. M. Binzak, and A. E. Kelley. 2001. A common
profile of prefrontal cortical activation following exposure to
nicotine- or chocolate-associated contextual cues. Neuroscience
105:535–545.

Schroeder, B. E., M. R. Holahan, C. F. Landry, and A. E. Kelley.
2000. Morphine-associated environmental cues elicit condi-
tioned gene expression. Synapse 37:146–158.

Scott, A. W., S. A. Griffin, and R. R. Luedtke. 1995. Genetic poly-
morphisms at the rat and murine loci coding for dopamine D2-
like receptors. Brain Res. Mol. Brain Res. 29:347–357.

Scully, D., J. Kremer, M. M. Meade, R. Graham, and K. Dudgeon.
1998. Physical exercise and psychological well being: A critical
review. Br. J. Sports. Med. 32:111–120.

Sherwin, C. M. 1998. Voluntary wheel running: A review and novel
interpretation. Animal Behaviour 56:11–27.

Shirley, R. L., N. A. Walter, M. T. Reilly, C. Fehr, and K. J. Buck.
2004. Mpdz is a quantitative trait gene for drug withdrawal
seizures. Nat. Neurosci. 7:699–700.

Siegel, A., T. A. Roeling, T. R. Gregg, and M. R. Kruk. 1999. Neu-
ropharmacology of brain-stimulation-evoked aggression. Neu-
rosci. Biobehav. Rev. 23:359–389.

Slawinska, U. and S. Kasicki. 1998. The frequency of rat’s hippo-
campal theta rhythm is related to the speed of locomotion. Brain
Res. 796:327–331.

Sleator, E. K. and R. K. Ullmann. 1981. Can the physician diagnose
hyperactivity in the office? Pediatrics 67:13–17.

Smagin, G. N., S. C. Heinrichs, and A. J. Dunn. 2001. The role of
CRH in behavioral responses to stress. Peptides 22:713–724.

Solanto, M. V., A. F. T. Arnsten, and F. X. Castellanos. 2001. Stim-
ulant drugs and ADHD. Oxford University Press, Oxford, Eng-
land.

Stamp, J. and J. Herbert. 2001. Corticosterone modulates autonomic
responses and adaptation of central immediate-early gene ex-
pression to repeated restraint stress. Neuroscience 107:465–479.

Swallow, J. G., P. A. Carter, and T. Garland, Jr. 1998a. Artificial
selection for increased wheel-running behavior in house mice.
Behav. Genet. 28:227–237.

Swallow, J. G., T. Garland, Jr., P. A. Carter, W. Z. Zhan, and G. C.
Sieck. 1998b. Effects of voluntary activity and genetic selection
on aerobic capacity in house mice (Mus domesticus). J. Appl.
Physiol. 84:69–76.

Swallow, J. G., P. Koteja, P. A. Carter, and T. Garland, Jr. 2001.
Food consumption and body composition in mice selected for
high wheel-running activity. J. Comp. Physiol. B 171:651–659.

Swallow, J. G., J. S. Rhodes, and T. Garland, Jr. 2005. Phenotypic
and evolutionary plasticity of organ masses in response to vol-
untary exercise in house mice. Integr.Comp. Biol. 45:426–437.

Thal, L., I. Creese, and S. H. Snyder. 1978. 3H-Apomorphine inter-
actions with dopamine receptors in calf brain. Eur. J. Pharmacol.
49:295–299.

Thoren, P., J. S. Floras, P. Hoffmann, and D. R. Seals. 1990. En-
dorphins and exercise: Physiological mechanisms and clinical
implications. Med. Sci. Sports Exerc. 22:417–428.

Todd, R. D. 2000. Genetics of attention deficit/hyperactivity disor-
der: Are we ready for molecular genetic studies? Am. J. Med.
Genet. 96:241–243.

Vallone, D., R. Picetti, and E. Borrelli. 2000. Structure and function
of dopamine receptors. Neurosci. Biobehav. Rev. 24:125–132.

van Praag, H., G. Kempermann, and F. H. Gage. 1999a. Running
increases cell proliferation and neurogenesis in the adult mouse
dentate gyrus. Nat. Neurosci. 2:266–270.

van Praag, H., B. R. Christie, T. J. Sejnowski, and F. H. Gage. 1999b.
Running enhances neurogenesis, learning, and long-term poten-
tiation in mice. Proc. Natl. Acad. Sci. U.S.A. 96:13427–13431.

Van Ree, J. M., R. J. Niesink, L. Van Wolfswinkel, N. F. Ramsey,
M. M. Kornet, W. R. Van Furth, L. J. Vanderschuren, M. A.
Gerrits, and C. L. Van den Berg. 2000. Endogenous opioids and
reward. Eur. J. Pharmacol. 405:89–101.

Werme, M., C. Messer, L. Olson, L. Gilden, P. Thoren, E. J. Nestler,



455NEUROBIOLOGY OF HIGH-RUNNING MICE

and S. Brene. 2002. Delta FosB regulates wheel running. J.
Neurosci. 22:8133–8138.

Wise, R. A. 2002. Brain reward circuitry: Insights from unsensed
incentives. Neuron 36:229–240.

Zaborszky, L. and C. Vadasz. 2001. The midbrain dopaminergic

system: anatomy and genetic variation in dopamine neuron
number of inbred mouse strains. Behav. Genet. 31:47–59.

Zangenehpour, S. and A. Chaudhuri. 2002. Differential induction
and decay curves of c-fos and zif268 revealed through dual
activity maps. Brain Res. Mol. Brain Res. 109:221–225.


	Text1: Medial Frontal Cortex


