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a b s t r a c t

The mesolimbic reward pathway is implicated in stress-related psychiatric disorders and is a poten-
tial target of plasticity underlying the stress resistance produced by repeated voluntary exercise. It is
unknown, however, whether rats find long-term access to running wheels rewarding, or if repeated vol-
untary exercise reward produces plastic changes in mesolimbic reward neurocircuitry. In the current
studies, young adult, male Fischer 344 rats allowed voluntary access to running wheels for 6 weeks,
but not 2 weeks, found wheel running rewarding, as measured by conditioned place preference (CPP).
Consistent with prior reports and the behavioral data, 6 weeks of wheel running increased �FosB/FosB
immunoreactivity in the nucleus accumbens (Acb). In addition, semi quantitative in situ hybridization
revealed that 6 weeks of wheel running, compared to sedentary housing, increased tyrosine hydroxylase
(TH) mRNA levels in the ventral tegmental area (VTA), increased delta opioid receptor (DOR) mRNA levels
ucleus accumbens
osB

in the Acb shell, and reduced levels of dopamine receptor (DR)-D2 mRNA in the Acb core. Results indi-
cate that repeated voluntary exercise is rewarding and alters gene transcription in mesolimbic reward
neurocircuitry. The duration-dependent effects of wheel running on CPP suggest that as the weeks of
wheel running progress, the rewarding effects of a night of voluntary wheel running might linger longer
into the inactive cycle thus providing stronger support for CPP. The observed plasticity could contribute
to the mechanisms by which exercise reduces the incidence and severity of substance abuse disorders,

oper
changes the rewarding pr

. Introduction

Clinical data reveal that habitual physical activity is an effec-
ive means to prevent and treat stress-related psychiatric disorders
ncluding depression [4,13], anxiety [56,63], and substance abuse
isorders [15,19,20,48,87,88]. Because mood disorders and sub-
tance abuse share high comorbidity and perhaps overlapping
eural substrates [21,36,49], it is possible that common neuro-
iological mechanisms underlie the protective effect of physical

ctivity against these various stress-related psychiatric disorders.
he mesolimbic reward pathway, which includes dopaminergic
rojections from the ventral tegmental area (VTA) to the nucleus
ccumbens (Acb), has been implicated in both the pathophysiology
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ties of drugs of abuse, and facilitates successful coping with stress.
© 2010 Elsevier B.V. All rights reserved.

and treatment of depression [62,94], anxiety [24,68,84], and sub-
stance abuse disorders [18,33]. The mesolimbic reward pathway,
therefore, represents a potential target for exercise-induced neu-
roplasticity which could contribute to the stress buffering effects
of exercise.

Physical activity is a strong natural reward [6,9,14,47,53]. Rats
and mice, for example, choose to run spontaneously on running
wheels, and will learn to lever-press for access to a running wheel
[7,8,47]. Rats can also develop conditioned place preference (CPP)
to environments associated with the after-effects of brief wheel
running bouts [53,54]. Although rats can develop CPP to brief
periods of wheel running; it remains unknown whether rats can
develop and sustain CPP to nightly, long-term voluntary wheel
running, or if the rewarding effects of wheel running change over
time.

Repeated exposure to rewarding stimuli such as drugs or natural

rewards can produce plasticity in the mesolimbic reward path-
way. This neuroplasticity includes alterations in the dopaminergic
system such as the D1 and D2 dopamine (DA) receptors (DR-D1
and DR-D2, respectively; [35,79,81]), and the catacholamine syn-
thetic enzyme tyrosine hydroxylase (TH; [45,52,90,92]); as well
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s the opioidergic system including dynorphin [25,71,86], delta
3] and kappa [69,70,86] opioid receptors (DOR and KOR, respec-
ively). It seems likely, then, that repeated exercise reward would
lso produce adaptations within the dopaminergic and opioidergic
omponents of the reward circuitry. Indeed, altered sensitivity to
rugs of abuse can occur following voluntary wheel running in rats
55,73–77], and Werme et al. [93] observed an increase in �FosB, a
actor thought to underlie natural reward-related plasticity [60,91],
n the Acb of Lewis rats following 30 days of wheel running com-
ared to sedentary housing. Other specific plastic changes in the
esolimbic reward pathway following repeated voluntary physical

ctivity, however, have yet to be identified.
The current studies tested the hypothesis that long-term vol-

ntary exercise is rewarding and produces plastic changes in gene
ranscription of factors capable of modulating dopaminergic and
pioidergic neurotransmission in the mesolimbic reward pathway.
o determine if wheel running is rewarding, rats were exposed to
PP training during intermittent (every other night) voluntary run-
ing wheel access. CPP behavioral testing (probe tests) occurred

ollowing 2 or 6 weeks of wheel running and CPP training. Fol-
owing the final CPP probe test at week 6, wheels were locked
nd rats underwent daily extinction training to determine if the
trength of the CPP memory to exercise is similar to that of drugs
f abuse, which typically extinguish following 4–8 extinction trials
e.g. [12,22,82]). To examine the consequence of repeated exercise-
nduced activation of the reward pathway, �FosB/FosB protein was
uantified in the Acb using immunohistochemistry, and mRNAs for
actors capable of influencing reward and neurotransmission in the

esolimbic reward pathway were measured with in situ hybridiza-
ion following 6 weeks of wheel running or sedentary housing.
esults indicate that voluntary exercise is rewarding and results in
hanges in gene transcription in the reward circuitry which could
e involved in the mechanisms by which exercise reduces the inci-
ence and severity of stress-related psychiatric disorders, including
ubstance abuse disorders, and alters the rewarding effects of other
ewarding stimuli.

. Materials and methods

.1. Animals

Young adult, male Fischer 344 rats (Harlan SPF, Indianapolis, IN, USA) were
sed in all experimental procedures. Rats were housed in a temperature (22 ◦C)
nd humidity-controlled environment and were maintained on a 12:12 h light:dark
ycle (lights on 07:00 to 19:00 h). Animals acclimated to these housing conditions
or one week prior to any experimental manipulation. All animals were individ-
ally housed in Nalgene Plexiglas cages (45 cm × 25.2 cm × 14.7 cm) with attached
unning wheels. Wheels were rendered immobile with metal stakes during the accli-
ation period for the physically active animals and during the entire duration of the

xperiments for sedentary rats. This control housing ensured that both sedentary
nd physically active animals were exposed to equal environmental complexity.
ingle housing was necessary in these experiments to allow quantification of wheel
unning activity of individual animals, as well as to avoid any competition for run-
ing wheels. Care was taken to minimize animal discomfort during all procedures.
he University of Colorado Animal Care and Use Committee approved all experi-
ental protocols. All rats had ad libitum access to food (Lab Chow) and water and
ere weighed weekly.

.2. Wheel running activity

Animals were randomly assigned to either remain sedentary with locked run-
ing wheels or were allowed voluntary access to mobile running wheels for 6 weeks.
t the onset of the experiments, the wheels in the cages of the physically active rats
ere unlocked and these rats were allowed voluntary access to their wheels. Daily
heel revolutions were recorded digitally using Vital View software (Mini Mitter,
end, OR, USA), and distance was calculated by multiplying wheel circumference

1.081 m) by the number of wheel revolutions.

.3. Conditioning apparatus

The conditioning apparatus (27.9 cm × 40.6 cm × 83.8 cm) was made of opaque
lack Plexiglas (1.3 cm thick) and consisted of two joined compartments. The two
in Research 217 (2011) 354–362 355

compartments were separated by a removable black Plexiglas divider (1.3 cm thick).
Each compartment of the conditioning apparatus was made distinctive by chang-
ing the walls and floors. The first compartment contained white horizontal strips
(2.5 cm wide, 2.5 cm apart) and a floor made of metal chicken wire raised 2 cm from
the bottom of the apparatus. The second chamber contained white vertical stripes
(2.5 cm wide, 2.5 cm apart) and a metal rod floor raised 2.5 cm from the bottom of
the apparatus. The rods of the second chamber were 1 cm apart and all were parallel
to the midline of the short axis of the apparatus.

2.4. CPP training procedure

The conditioning training persisted daily for 6 weeks and involved alternating
exposure to each of the distinctive chambers. During a paired trial, each rat (n = 8)
was allowed free access to their running wheels overnight. At lights-on (07:00 h),
each rat was placed for 30 min in the side of the conditioning chambers contain-
ing vertical stripes (paired side). During an unpaired trial, wheels were rendered
immobile with metal stakes immediately prior to lights-out (07:00 h). The following
morning at lights-on, each rat was placed for 30 minutes into the side of the condi-
tioning chambers containing horizontal stripes (unpaired side). Pilot experiments
revealed no baseline preference for either side of the chamber (also see Fig. 2B);
therefore wheel running was paired with the vertical chamber, while the absence
of wheel running was paired with the horizontal chamber. Rats were returned to
their home cages immediately following each conditioning trial. Paired and unpaired
trials occurred on alternating nights and assured that a novelty preference would
not influence behavior during the probe trials. Thus, each rat had voluntary access
to a running wheel every-other night (during the night prior to the paired trial), for
a 6 week duration.

2.5. CPP behavioral testing

CPP testing (probe trials) occurred prior to the start of the experiment to assess
baseline preference, and again at week 2 and week 6 following the start of the CPP
training. During probe trials, the divider separating the two chambers was removed,
and each rat was given free access to both conditioning chambers for 10 min. Each
probe trial began by placing the rat along the midline of the conditioning appa-
ratus. Each test session was monitored with a digital video recorder (Canon HV20
High Definition Camcorder) and the amount of time spent in each chamber was
determined by later scoring of the video. A rat was considered to be in a chamber
only when all four paws were in that chamber. Behavioral testing occurred between
07:00 and 08:00 h and was conducted by an observer blind to the treatment condi-
tions of the animals. Each rat was tested in the same conditioning apparatus where
training occurred. All conditioning procedures and behavioral testing occurred in
the same room where the animals were housed.

2.6. CPP extinction training

Following the third probe trial at week 6, all the wheels were rendered per-
manently immobile. Rats underwent extinction training consisting of daily 30 min
presentations to the side of the conditioning apparatus previously paired with wheel
running (the vertical side). Training sessions occurred between 07:00 and 08:00 h.
A 10 min probe trial identical to those described above occurred 24 h following the
final extinction training session.

2.7. Immunohistochemistry

A second group of animals naïve to behavioral CPP testing were used for
detection of �FosB/FosB immunoreactivity in the Acb. These rats remained seden-
tary with locked wheels (n = 8) or had voluntary (daily) access to in-cage running
wheels (n = 8). These rats had continuous free access to running wheels rather than
alternating-daily access as in the above experiment in order to conform to the major-
ity of prior studies investigating the neurochemical and behavioral effects of daily
voluntary wheel running (e.g. [11,16,27,38–40]). After 6 weeks of wheel running
or sedentary conditions, rats were deeply anesthetized with sodium pentobarbi-
tal (Nembutal, 0.003 ml/g) between 2 and 3 h after lights-out. Rats were sacrificed
2–3 h after lights-out so acute wheel running, which peaks within 2 h after the start
of the active cycle ([32] and Fig. 1B), would have the greatest potential effect on FosB
expression [66]. Rats were perfused transcardially with 100 ml of cold physiologi-
cal saline, followed by 400–500 ml of 4% paraformaldehyde (PF) in 0.1 M phosphate
buffer (PB). Following perfusion, brains were extracted, post-fixed in 4% PF for 1 h,
transferred to PB containing 0.1% sodium azide and 30% sucrose, and stored at 4 ◦C
until sectioning. After rapid freezing in isopentane and dry ice (−40 ◦C), 35 �m coro-
nal sections of the brain were sliced on a cryostat (CM 1850, Leica Microsystems,
Nussloch, Germany) at −20 ◦C and tissue was placed in PB containing 0.1% sodium
azide. Tissue was stored at 4 ◦C until staining.
Floating, 35-�m sections of the rostral to caudal aspects of the Acb were rinsed 3
times for 10 min each in 0.01 M PBS followed by a 40 min incubation in 0.3% hydrogen
peroxide. Tissue was then incubated at 4 ◦C for 48 h in blocking solution containing
0.1% sodium azide, 0.5% Triton X-100, 5% normal goat serum, and polyclonal rab-
bit anti-�FosB/FosB IgG (SC-48; Santa Cruz Antibodies, Santa Cruz, CA, USA) at a
dilution of 1:500. This antibody is raised against an N-terminal region of FosB and
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Table 1
Brain area and coordinates of factors examined in physically active and sedentary rats.

Brain area Factors examined Levels and coordinates Subdivisions

Ventral tegmental area TH mRNA Rostral (−5.20 to −5.3 mm post. bregma) Rostral
DR-D2 mRNA Mid (−5.6 to −5.8 mm post.) Mid

Caudal (−6.04 to −6.30 mm post) Caudal

Nucleus Accumbens �FosB/FosB protein Rostral (2.70–2.20 mm ant.) Core
DR-D1 mRNA Mid (1.70–1.60 mm ant.) Shell
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DR-D2 mRNA
Dynorphin mRNA
KOR mRNA
DOR mRNA

FosB and it recognizes a 32–37-kDa protein corresponding to the molecular weight
f �FosB-like proteins and full-length FosB [2,66]. �FosB/FosB was assessed in this
xperiment because, unlike c-Fos which induces rapidly and transiently following
ell stimulation, �FosB immunoreactivity remains elevated for days after repeated
timulation [66,80]. �FosB, the truncated form of FosB, is unique among the Fos
amily proteins because it gradually accumulates in response to chronic stimuli,
uch as repeated drug treatment [67], stress [66], or wheel running [93], and can
ersist for long periods of time because of its high stability [29,44,61].

Incubation in primary antibody was followed by another series of washes in
BS after which the tissue was incubated at room temperature for 2 h in blocking
olution containing a 1:300 dilution of biotinylated goat anti-rabbit IgG (Jack-
on ImmunoResearch, West Grove, PA, USA). Tissue was then incubated with
vidin–biotin–horseradish peroxidase complexes (ABC; Vectastain Elite ABC kit,
ector Laboratories, Burlingame, CA, USA) in PBS containing 0.5% Triton X-100

or 2 h. After washes with PB, tissue was placed in a solution containing 3,3′-
iaminobenzidene (DAB), ammonium chloride, cobalt chloride, nickel ammonium

ulfate, and glucose oxidase in PB for 10 min. The peroxidase reaction was started by
ddition of glucose solution and reacted for 15–20 min, yielding a dark brown/black
roduct. The reaction was stopped by PBS washes.

To eliminate inter-assay variability, tissues from all animals were processed
imultaneously using two, 25-well circular staining nets (Brain Research Lab-

ig. 1. (A) Mean distance (km) run each day by adult male Fisher 344 rats allowed
oluntary access to running wheels. Rats included in the first experiment (Exp 1)
ere used for CPP behavioral testing and had voluntary access to running wheels

very other night. Rats in experiment 2 (Exp 2) and experiment 3 (Exp 3) were used
or immunohistochemistry and in situ hybridization, respectively, and had nightly
oluntary access to running wheels. (B) Mean hourly distance run (m) during the
rst, second, and sixth week of voluntary wheel access. Values represent group
eans ± standard error of measurement.
Caudal (1.20–1.00 mm ant.)

oratories, Newton, MA, USA). �FosB/FosB-labeled sections were mounted onto
gelatin-coated, glass slides and air-dried overnight. Slide-mounted sections were
dehydrated in a series of alcohols, rinsed in Xylene, and cover-slipped with DPX.
Each Acb section was assessed by an observer blind to the treatment of the ani-
mals for the number of �FosB/FosB immunoreactive cells (small brown/black
nuclei) as in our prior work [37,39,40]. Three sections from each level of the
Acb (Table 1; based on the Rat Brain in Stereotaxic Coordinates by Paxinos
and Watson [64]) were selected from each subject for analysis. Equivalent areas
(boundaries are depicted in Fig. 3A) were sampled from each section. The values
obtained from the three sections were averaged to yield the cell counts for that
level.

2.8. In situ hybridization

A third group of animals were again housed with locked wheels (n = 9) or
had voluntary access to running wheels (n = 10) for 6 weeks. Following 6 weeks
of sedentary or wheel running conditions, rats were killed by rapid decapitation
between 07:00 and 09:00 h. Brains were removed, frozen rapidly in isopentene
and dry ice (−40 to −50 ◦C), and stored at −80 ◦C until sliced into 10 �m coro-
nal sections on a cryostat. Brain slices through the rostral–caudal extent of the
VTA and Acb [64] were thaw-mounted directly onto polylysine-coated slides and
stored at −80 ◦C until processing for semi-quantitative single-labeled radioactive
in situ hybridization following our published procedures [23,38]. Briefly, sections
were fixed in 4% paraformaldehyde for 1 h, acetylated in 0.1 M triethanolamine
containing 0.25% acetic anhydride (10 min), and dehydrated in graded alcohol. Com-
plementary (c)RNA riboprobes (courtesy of Stanley Watson, University of Michigan,
Ann Arbor, USA) complementary to TH (300 bp), DR-D1 (460 bp), DR-D2 (495 bp),
dynorphin (2963 bp), KOR (700 bp), and DOR (983 bp) were prepared from cDNA
subclones in transcription vectors and labeled with [S-35]UTP (Amersham Bio-
sciences, Piscataway, NJ, USA), using standard transcription methods. Riboprobes
were diluted in 50% hybridization buffer containing 50% formamide, 10% dex-
tran sulfate, 2× saline sodium citrate (SSC), 50 mM PBS at pH 7.4, 1× Denhardt’s
solution, and 0.1 mg/ml yeast tRNA. Brain sections representing the rostral to cau-
dal extent of the VTA and Acb were hybridized with the probe overnight (55 ◦C).
The next day, sections were washed in 2× SSC, treated with RNase A (200 �g/ml)
for 1 h at 37 ◦C, and washed to a final stringency of 0.1× SSC at 65 ◦C for 1 h.
Dehydrated, air-dried sections were exposed to X-ray film (Biomax-MR; Eastman
Kodak, Rochester, NY, USA) for 1–2 weeks. For each probe, slides (each containing
four brain sections) from all rats exposed were processed in a single experiment
to allow for direct comparisons. Control experiments with “sense” probes indi-
cated that the labeling observed with the “antisense” probes was specific (data not
shown).

2.9. Image analysis for in situ hybridization

Levels of TH, DR-D1, DR-D2, dynorphin, KOR, and DOR mRNAs were analyzed by
computer-assisted optical densitometry. Brain section images were captured digi-
tally (CCD camera, model XC-77; Sony, Tokyo, Japan), and the relative optical density
of the x-ray film was determined using Scion Image Version 4.0 (Scion, Frederick,
MD, USA). A macro was written that enabled signal above background to be deter-
mined automatically. For each section, a background sample was taken over an area
of white matter, and the signal threshold was calculated as mean gray value of back-
ground +3.5 standard deviations. The section was automatically density-sliced at
this value, so that only pixels with gray values above these criteria were included in
the analysis. Results are expressed as mean integrated density, which reflects both
the signal intensity and the number of pixels above assigned background (mean sig-
nal above background × number of pixels above background). Each subject’s mean

integrated density of a particular cRNA probe at a given level represents the average
of three slices chosen for analysis. Templates for each region were made to assure
that equivalent areas were analyzed between animals. Each animal’s mean inte-
grated density of a particular cRNA probe at a given level represents the average of
three VTA slices chosen for analysis at that appropriate level. For analysis of each
cRNA probe in the Acb, three sections were chosen from each subject for analysis at
the rostral, mid, and caudal levels of analysis (Table 1).
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Fig. 2. (A) Experimental timeline for the conditioned place preference (CPP) exper-
iment (Exp 1). Following a baseline preference (probe) test (BL), rats (n = 8) had
alternating nightly access to running wheels or locked wheels for 6 weeks. Dur-
ing CPP training, wheel running was paired (30 min) with one side of the chamber
and the absence of wheel running was paired with the opposite side on alternat-
ing mornings. Ten minute CPP probe tests occurred following 2 (probe test A) or 6
(probed test B) weeks of CPP training. Following probe test B at the end of the 6th
week of wheel running, wheels were locked and rats underwent extinction training
during which rats were exposed to the paired side, in the absence of running, daily
B.N. Greenwood et al. / Behaviour

.10. Statistical analysis

Group differences in body weight were analyzed with repeated measures analy-
is of variance (ANOVA). Alternating average nightly running distance for rats used in
ach study were compared to one another using repeated measures ANOVA. Average
ourly running distance during weeks 1, 2, and 6 were also compared with repeated
easures ANOVA. CPP data for each probe test were expressed as a % preference for

he side of the chamber paired with wheel running by the following formula: (time
pent in the paired side/total time spent in both sides) × 100. Preference scores were
ompared with repeated measures ANOVA followed by paired t tests for individual
omparisons. Group differences in TH, DR-D1, DR-D2, dynorphin, KOR, and DOR
RNA levels were analyzed by one-way ANOVA. One-way ANOVA was also used to

nalyze group differences in �FosB/FosB immunoreactivity in the Acb. Fisher’s pro-
ected least significant difference (PLSD) post-hoc analyses were performed when
equired. Correlational analyses were performed on average weekly distance run to
he preference score at week 6, number of �FosB/FosB immunoreactive cells in the
cb, and levels of individual mRNAs examined. Alpha was set at p ≤ 0.05 for each
nalysis and correlation.

. Results

.1. Voluntary exercise behavior

Average alternating nightly running distance for rats used in
he three experiments is shown in Fig. 1A. Average daily run-
ing distance of rats used in all experiments increased over
ime (F(19,437) = 9.22; p < 0.0001). Running behavior did not differ
etween experiments (F(2,23) = 1.16; p > 0.05). Thus, even though
he rats used for CPP testing only had access to their wheels every
ther night, running behavior closely resembled that of the rats in
he other experiments, who had daily, voluntary, access to their
heels (Fig. 1A). Fig. 1B shows the average hourly distance run
uring the first, second, and final week of running for rats used for
he CPP testing (experiment 1). Running distance peaked shortly
fter lights-out (19:00 h) and slowly dissipated over time until
ights-on (07:00 h). Repeated measures ANOVA revealed a signif-
cant main effect of week (F(2,21) = 5.43; p = 0.01), time of day
F(23,483) = 43.9; p < 0.0001), and a significant interaction between
eek of running and time of day (F(46,483) = 3.56; p < 0.0001). Post
oc analyses revealed that the amount of running during the sleep
ycle was negligible and did not differ between groups. For most of
he active cycle, however, average hourly distance run during week
was greater than during week 1 (from 20:00 h until 05:00 h). The

verage hourly distance run during week 6 only differed from week
during 22:00 h and 23:00 h. Running distance during the first and

econd week were similar except for during the peak hour of run-
ing at 20:00 h, when rats ran more during the second week of
unning compared to the first.

.2. Experiment 1: CPP behavioral testing

Body weights of rats used for the CPP testing increased steadily
ver the duration of the experiment. Rats weighed 201 ± 2 g at
he start of the experiment and 272 ± 5.83 g at the end of the 6
eek running period. Running behavior is shown in Fig. 1A. Aver-

ge weekly running distance was not correlated to the preference
core at the week 6 time point (r2 = 0.094; p > 0.05).

Experimental timeline appears in Fig. 2A. Fig. 2B shows the
reference for the vertical (paired) side of the CPP chamber dur-

ng the probe tests. Rats spent equal amounts of time in each
hamber during the 10 minute baseline (BL) preference test which
ook place prior to wheel running and CPP training. Rats devel-
ped a preference to the paired side over time. Repeated measures
NOVA resulted in a significant effect of time on CPP (F(3,21) = 6.56;

< 0.01). Two weeks of wheel running did not result in a signifi-
ant increase in preference for the side of the CPP chamber paired
ith wheel running. During the probe test at week 6 (probe test B),
owever, rats displayed a preference for the paired side compared
o both the baseline (t = −4.16; p < 0.05) and the 2 week prefer-
for 30 min/day. A probe test occurred 24 h following the final extinction training
trial (probe test C). (B) Preference (± standard error of measurement) for the side
of the CPP chamber paired with wheel running observed during the 10 min probe
tests. *p < 0.05 compared to all other groups.

ence tests (t = −2.49; p < 0.05). Wheels were locked following the
probe test at the end of week 6 and extinction training started the
next day. A probe test following eight extinction trials (probe test
C) revealed that CPP was extinguished following eight extinction
trials. Preference for the vertical (paired) side of the condition-
ing apparatus during probe test C differed from the preference
observed during probe test B (t = 3.5; p < 0.05), but did not differ
from BL preference or the preference observed following 2 weeks
of wheel running/CPP training (probe test A).

3.3. Experiment 2: �FosB/FosB protein expression in the nucleus
accumbens

Sedentary (106.375 ± .78 g) and physically active
(106.143 ± 1.68 g) rats weighed the same amount prior to the
time the physically active rats were allowed access to their
wheels. Rats in both groups gained weight over the course of the
experiment, but physically active rats gained less weight than
their sedentary counterparts (F(1,14) = 5.89; p < 0.05). At the end
of the experiment, sedentary rats weighed 234.25 ± 4.57 g and
physically active rats weighed 223.375 ± 3.55 g. Running behavior
for Experiment 2 is shown in Fig. 1A. No significant correlations
were found between average weekly distance run and �FosB/FosB
immunoreactivity in the rostral (r2 = 0.612), mid (r2 = 0.568), or
caudal (r2 = 0.146) Acb core; or rostral (r2 = 0.344), mid (r2 = 0.709),
or caudal Acb shell (r2 = 0.085).

Acb tissue from one physically active rat was damaged during
processing, yielding final group sizes of n = 8 (sedentary) and n = 7

(physically active). Consistent with prior reports [93], wheel run-
ning increased �FosB/FosB immunoreactivity in the Acb. Fig. 3A
shows a photomicrograph of Acb �FosB/FosB immunoreactiv-
ity. ANOVA revealed a reliable main effect of activity in total
�FosB/FosB immunoreactivity in the mid core (F(1,13) = 20.036;
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F vity in the nucleus accumbens (Acb) of a sedentary rat. Boxes represent areas analyzed.
A re. (B) Number of �FosB/FosB positive cells in the Acb core and shell following 6 weeks of
v l (n = 8). Values represent mean number of positive cells ± standard error of measurement.
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Fig. 4. (A) Relative levels of tyrosine hydroxylase (TH) messenger ribonucleic acid
(mRNA) in the rostral to caudal subregions of the ventral tegmental area (VTA) of
sedentary rats housed with a locked wheel (Sedentary; n = 9) or rats allowed access
igure 3. (A) Photomicrograph (10× magnification) of �FosB/FosB immunoreacti
cbC, nucleus accumbens core; AcbS, nucleus accumbens shell; ac, anterior commisu
oluntary wheel running (exercised; n = 7) or sedentary housing with a locked whee
p < 0.05, **p < 0.01, ***p < 0.001 with respect to Sedentary group at that level.

< 0.0006), mid shell (F(1,13) = 10.935; p < 0.006), caudal core
F(1,13) = 9.000; p < 0.01), and caudal shell (F(1,13) = 4.959; p = 0.04)
spects of the Acb (Fig. 3B).

.4. Experiment 3: neuroplasticity in the mesolimbic reward
athway

Sedentary (127.78 ± 1.66 g) and physically active (121.9 ± 2.3 g)
ats weighed similar amounts prior to the time the physically active
ats were allowed voluntary access to their wheels. Rats in both
roups gained weight over the course of the experiment and phys-
cal activity had no significant effect on body weight gain. At the
nd of the experiment, sedentary rats weighed 255.11 ± 4.36 g and
hysically active rats weighed 238.9 ± 5.38 g. Running behavior for
xperiment 3 is shown in Fig. 1A. No significant correlations were
ound between average weekly distance run and levels of any of
he mRNAs investigated.

Six weeks of wheel running, compared to sedentary housing,
esulted in significant changes in gene transcription of factors capa-
le of modulating reward and dopaminergic neurotransmission in
he mesolimbic reward pathway. Compared to sedentary rats, ani-

als allowed access to running wheels for 6 weeks demonstrated
n increase in TH mRNA in the VTA (Fig. 4A). ANOVA revealed
reliable main effect of activity in the caudal (F(1,17) = 12.721;
< 0.002), but not rostral or mid aspects of the VTA. Representative
utoradiographs from a sedentary and physically active rat show-
ng TH mRNA expression in the VTA are shown in Fig. 4B and C,
espectively.

As shown in Fig. 5A, 6 weeks of wheel running, compared
o sedentary housing, reduced DR-D2 mRNA levels in the Acb.
NOVA revealed a reliable main effect of activity in the rostral

F(1,17) = 4.481; p < 0.05) and caudal core (F(1,17) = 7.332; p < 0.01),
nd a trend for a reduction in the mid core (F(1,17) = 4.094; p < 0.06)
ubregions of the Acb. Wheel running had no effect on DR-D2 mRNA
evels in the Acb shell. Fig. 5A and B shows representative autora-
iographs of DR-D2 mRNA in the Acb of a sedentary and physically
ctive rat, respectively.

Fig. 6A shows the results of 6 weeks of wheel running on DOR
RNA levels in the Acb. Six weeks of wheel running increased
OR mRNA expression in the Acb. ANOVA revealed a reliable
ain effect of activity in the rostral (F(1,17) = 6.993; p < 0.02),
id (F(1,17) = 4.746; p < 0.04), and caudal shell (F(1,17) = 5.230;
< 0.04), subregions of the Acb. Wheel running had no effect on

OR mRNA levels in the Acb core. Fig. 6B and C are representa-

ive radioautographs of DOR mRNA in the Acb of a sedentary and
hysically active rat, respectively.

No group differences were observed for levels of DR-D2 mRNA
n the VTA, DR-D1 mRNA in the Acb, dynorphin mRNA in the Acb, or
to a running wheel for 6 weeks (Exercised; n = 10). Values represent mean integrated
density ± standard error of measurement. *p < 0.01 with respect to Sedentary. Rep-
resentative autoradiographs showing in situ hybridization for TH mRNA in the VTA
of sedentary (B) and exercised (C) rats.

KOR mRNA in the rostral–mid Acb (Table 2). Wheel running com-
pared to sedentary housing, however, did increase KOR mRNA in
the caudal aspect of the Acb core (F(1,17) = 6.821; p < 0.02; Table 2).

4. Discussion

4.1. Long-term voluntary wheel running is rewarding

The present data are consistent with prior reports that rats
can develop CPP to the after-effects of wheel running. The dif-
ference between past work and the current experiment is that in
all prior studies of which we are aware, rats had limited access
to their wheels and conditioning occurred immediately following
brief bouts of wheel access [9,53,54]. In contrast, conditioning in

the current experiment occurred following wheel access for the
entire active cycle. Additionally, rats in prior experiments were
either food restricted [53,54], which can increase voluntary run-
ning behavior [43], or trained to run using operant conditioning
[9]; whereas rats used here had voluntary access to their wheels.
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Fig. 5. (A) Relative levels of dopamine receptor (DR)-D2 messenger ribonucleic acid
(mRNA) in the rostral to caudal subregions of the nucleus accumbens (Acb) of ani-
mals allowed access to a running wheel for 6 weeks (Exercised; n = 10) or housed
under sedentary, locked wheel, conditions (Sedentary; n = 9). Values represent mean
i
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Fig. 6. (A) Relative levels of delta opioid receptor (DOR) messenger ribonucleic acid
(mRNA) in the rostral to caudal subregions of the nucleus accumbens (Acb) of seden-
tary rats (Sedentary; n = 9) or rats allowed voluntary access to running wheels for

rewarding stimuli. The fact that CPP extinguished supports the

T
A

ntegrated density ± standard error of measurement. *p < 0.05 with respect to Seden-
ary. Representative autoradiographs showing in situ hybridization for DR-D2 mRNA
n the Acb of sedentary (B) and exercised (C) rats. CPu, caudate putamen.

he current study, therefore, is the first to demonstrate that rats
an develop CPP to the rewarding effects of exercise that linger
ollowing a night of voluntary wheel access.

CPP to the side of the conditioning apparatus paired with wheel
unning was extinguished following 8, 30 min extinction trials.

ince the only extinction probe test occurred following 8 extinction
raining sessions, it is unknown how many days the preference to
he paired side would persist following wheel lock. That CPP mem-
ry was extinguished following 8 extinction trials is not surprising,

able 2
verage densities ± standard error of the mean (S.E.M.) for mRNA levels of various factor

Factor Brain area examined Subdivision

DR-D2 mRNA VTA Rostral
Mid
Caudal

DR-D1 mRNA Acb Rostral core
Rostral shell
Mid core
Mid shell
Caudal core
Caudal shell

Dynorphin mRNA Acb Rostral core
Rostral shell
Mid core
Mid shell
Caudal core
Caudal shell

KOR mRNA Acb Rostral core
Rostral shell
Mid core
Mid shell
Caudal core
Caudal shell

* p < 0.05.
6 weeks (Exercised; n = 10). Values represent mean integrated density ± standard
error of measurement. *p < 0.05 with respect to Sedentary. Representative autora-
diographs showing in situ hybridization for DOR mRNA in the Acb of sedentary (B)
and exercised (C) rats. CPu, caudate putamen.

however, as extinction to both drug-induced CPP [12,22,82] and
CPP to other natural rewards [51,85] can also be observed follow-
ing eight or fewer extinction sessions. Thus, the strength of the
CPP memory to exercise reward seems to be comparable to other
interpretation that the significant CPP to the side of the condition-
ing chamber paired with wheel running observed at week 6 is due
to an association between that side of the chamber and the lingering
rewarding effects of wheel running, and not to a bias that could have

s in the mesolimbic reward pathway.

Physically active average
density ± S.E.M.
(arbitrary units)

Sedentary average
density ± S.E.M.
(arbitrary units)

5736 ± 525 6171 ± 788
4045 ± 248 4314 ± 64
2150 ± 180 1774 ± 145

10401 ± 462 9997 ± 662
13993 ± 662 14966 ± 964

8184 ± 685 7632 ± 596
13871 ± 1334 13636 ± 1055

8889 ± 832 8059 ± 1196
8458 ± 1043 7178 ± 518

817 ± 282 1064 ± 323
872 ± 259 1510 ± 402
686 ± 197 296 ± 126

1577 ± 485 577 ± 154
608 ± 189 251 ± 53

1025 ± 276 681 ± 213

247 ± 48 247 ± 50
741 ± 206 718 ± 155
254 ± 20 206 ± 51
653 ± 119 474 ± 94
218 ± 50 75 ± 15*

319 ± 54 292 ± 109
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nadvertently developed to the vertically-striped (paired) side over
ime. In fact, rats spent equivalent amounts of time in both sides of
he conditioning apparatus during the extinction probe trial; sim-
lar to what was observed during baseline testing. The possibility,
owever, that a bias to the vertical side of the CPP developed over
ime regardless of wheel running cannot be ruled out.

Interestingly, 2 weeks of wheel running did not produce signifi-
ant CPP. Even though average daily distance run during week 2 was
ess than during week 6, the time-dependent effect of wheel run-
ing on CPP is unlikely due to a simple matter of increasing distance
un, because; similar to prior reports [9], nightly running distance
as not correlated to CPP. These data do not imply that rats do not
nd short-term voluntary wheel running rewarding, or that eight
airings of the after-effects of running with the CPP chamber is an

nsufficient number to support significant CPP. Indeed, F344 rats are
otivated to run spontaneously, and Lett et al. [53] reported signif-

cant CPP after only 6 days of once-daily pairings of the after effects
f brief (2 h) wheel running bouts with the CCP chamber, albeit
n food deprived rats. Thus, if conditioning had occurred immedi-
tely following peak activity levels (2 h after lights-out; Fig. 1B),
ignificant CPP may have been observed at the 2 week time point.
nstead, the current data support the novel interpretation that as
he duration of voluntary wheel access progresses, the rewarding
ffects of voluntary exercise that support CPP linger longer past
he peak of wheel running. The observation that the rewarding
ffects of exercise persist for hours following the activity peak is
imilar to that of Smith and Yancey [77] who reported that the
ndogenous opioid-dependent antinociception produced by long-
erm voluntary exercise can also persist for hours after the end of
he active cycle. What is especially intriguing is that the persis-
ence of the lingering rewarding effects of voluntary exercise could
epend upon the duration of prior wheel access. This effect might
e at least partly explained by the slight shift in activity patterns
uring week 6 compared to week 2. Although the peak of running
ehavior occurred at 20:00 h during both weeks 2 and 6 of wheel
ccess, rats ran a greater distance closer to the start of the active
ycle as the weeks of running progressed (Fig. 1B).

Of note is that paired trials were alternated with unpaired trials
uring CPP training. In other words, after-effects of wheel run-
ing were paired with one side of the CPP chamber during paired
rials, and on alternating days, after-effects of the absence of a run-
ing wheel were paired with the opposite side of the chamber (an
npaired trial). This design was necessary to avoid a novelty bias
uring probe trials. There is, however, evidence that animals that
re expecting to exercise find the absence of the ability to exer-
ise aversive [58]. Although this effect was probably limited by
he fact that rats were accustomed to the alternating schedule of
heel access from the start of the experiment, it is possible that the

ontrast between the rewarding effects of running and the aver-
ive effects of denied access to the wheel was required to support
PP. In fact, it is feasible that the aversive effect of a lack of an
xpected running wheel grew over time and thus contributed to the
ime-dependent effect of wheel running on CPP. Regardless of the
nterpretation, the data suggest that rats find repeated voluntary

heel running rewarding.

.2. Exercise-induced neuroplasticity in the mesolimbic reward
athway

Six weeks of voluntary wheel running elicited an increase in
FosB/FosB immunoreactivity in the Acb. Because the antibody
sed does not discriminate between �FosB and full length FosB,
he increase in immunoreactivity could represent either an accu-

ulation of �FosB due to repeated exercise-induced activity in
he reward pathway, or a state-dependent increase in FosB elicited
y wheel running immediately preceding sacrifice. Because FosB
in Research 217 (2011) 354–362

induction can habituate following repeated homotypic stimula-
tion [66,80], it is more likely that the increase in �FosB/FosB-like
immunoreactivity observed represents accumulation of �FosB-
related antigens. The current observation of increased �FosB/FosB
in the Acb following wheel running is consistent with prior reports
that repeated access to other natural rewards such as sucrose
and sexual behavior [91], as well as drugs of abuse [59,60,67], all
increase �FosB-related antigens in the Acb core and shell. Addi-
tionally, Werme et al. [93] reported an increase in �FosB in the
Acb core, but not shell, following 30 days of wheel running in Lewis
rats. The reason for the discrepancy in �FosB expression in the Acb
shell between the current data and those of Werme et al. [93] could
lay in the strain of animal used, the time of day of sacrifice, or the
duration of wheel running prior to sacrifice. The current observa-
tion of increased �FosB/FosB expression in the Acb of F344 rats
is consistent with the hypothesis [93] that �FosB regulates wheel
running behavior, which increases over time in this strain (Fig. 1
and [37–39]).

Six weeks of wheel running altered gene transcription for
several factors involved in reward and dopaminergic neurotrans-
mission in the mesolimbic reward pathway. In the VTA, levels of
TH mRNA were elevated in physically active, compared to seden-
tary, rats. The increase in TH mRNA in the VTA following 6 weeks of
voluntary exercise is similar to reported effects of repeated admin-
istration of several drugs of abuse [45,52,90,92]. Wheel running
has also been reported to increase TH mRNA in substantia nigra
[34] and the locus coeruleus [31]. Thus, along with reports that
wheel running increases DA and norepinephrine content in several
brain regions [28,78], these cumulative data suggest that volun-
tary exercise can increase the synthetic capacity of catecholamines
throughout the brain.

Voluntary exercise also produced specific neuroplasticity in the
Acb. Six weeks of wheel running reduced DR-D2 mRNA in the Acb
core, but not Acb shell or VTA, increased DOR mRNA in the Acb
shell but not core, and increased KOR mRNA in the caudal aspect
of the Acb core. The observed differences in mRNA levels between
sedentary and physically active rats could represent stable changes
in gene expression in the mesolimbic reward pathway as a con-
sequence of repeated exposure to voluntary exercise. Because of
these regions’ involvement in motor activity [17,30,83] as well as
reward, it is impossible to determine whether the observed changes
are due to the rewarding effects of exercise or are simply con-
sequences of motor activity per se. The observation that running
distance did not correlate with the CPP behavior or any of the mRNA
changes suggests that the neural plasticity in the mesolimbic path-
way is not due to movement or activity per se. Instead, reaching a
certain threshold of running behavior may be sufficient for wheel
running to elicit rewarding effects and alterations in gene expres-
sion in the mesolimbic reward pathway. Regardless of the cause
of the observed changes in mRNA levels (be it repeated reward or
activity), the effects of these changes could certainly impact neu-
rotransmission in the mesolimbic reward pathway and thus have
important consequences on reward- or activity-related behavior.

Due to the complex interplay between opioidergic and DA
systems in the Acb [1,26,42], how the potential changes in Acb
gene expression could functionally influence the mesolimbic path-
way is not obvious. DR-D2 are Gi-coupled receptors located on
GABA-expressing neurons in the Acb. Thus, a reduction of DR-
D2 expression in the Acb following physical activity could alter
Acb neurotransmission via GABAergic disinhibition. Furthermore,
because DOR activation can facilitate DA release in the Acb [42,65],

an increase in DOR expression in the Acb following voluntary
exercise could, along with the increase in DA synthetic capacity,
contribute to an enhancement of Acb DA neurotransmission.

Although an understanding of whether the plastic changes pro-
duced by repeated voluntary exercise reward are similar to those
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licited by other natural rewards or drugs of abuse would be use-
ul, such a comparison is difficult due to the inconsistencies in
he literature regarding the effects of rewarding stimuli on plas-
icity in the mesolimbic reward pathway. For example, although
epeated sucrose consumption [79], repeated morphine [35,86],
nd cocaine [81] have all been reported to decrease DR-D2 mRNA
n the rodent Acb similar to the observed effect of wheel running,
pposite effects have also been reported [5,50,57]. Inconsistencies
ould be due to a variety of factors including differences in duration
f administration, type of drug, dose, or route of administration.
dditional research will be necessary in order to reveal whether the
bserved changes in gene transcription following repeated volun-
ary exercise include changes common to many rewarding stimuli,
r represent unique effects specific to exercise. Regardless of the
ommonalities between voluntary exercise and other rewarding
timuli, the observed neuroplasticity elicited by repeated wheel
unning could alter opioidergic or DA neurotransmission in the
esolimbic reward pathway. Such changes could account for the

ltered sensitivity to drugs of abuse often observed following
epeated voluntary wheel running [10,41,46,52,72,81,89].

In conclusion, the current results support the idea that long-
erm, repeated voluntary exercise produces a rewarding state that
ersists following exercise cessation, and elicits plastic changes

n the mesolimbic reward pathway. Neuroplasticity in the reward
athway following voluntary exercise could contribute to the bene-
cial effects of exercise which are related to DA neurotransmission

ncluding reduced incidence and severity of substance abuse disor-
ers and facilitation of successful stress coping.
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