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a b s t r a c t

Dysregulation of the dopamine system is linked to various aberrant behaviors, including addiction,
compulsive exercise, and hyperphagia leading to obesity. The goal of the present experiments was to
determine how dopamine contributes to the expression of opposing phenotypes, excessive exercise and
obesity. We hypothesized that similar alterations in dopamine and dopamine-related gene expression
may underly obesity and excessive exercise, as competing traits for central reward pathways. Moreover,
we hypothesized that selective breeding for high levels of exercise or obesity may have influenced genetic
variation controlling these pathways, manifesting as opposing complex traits. Dopamine, dopamine-
related peptide concentrations, and gene expression were evaluated in dorsal striatum (DS) and nucleus
accumbens (NA) of mice from lines selectively bred for high rates of wheel running (HR) or obesity (M16),
icroarray
ucleus accumbens
orsal striatum
ene expression

and the non-selected ICR strain from which these lines were derived. HPLC analysis showed significantly
greater neurotransmitter concentrations in DS and NA of HR mice compared to M16 and ICR. Microar-
ray analysis showed significant gene expression differences between HR and M16 compared to ICR in
both brain areas, with changes revealed throughout the dopamine pathway including D1 and D2 recep-
tors, associated G-proteins (e.g., Golf), and adenylate cyclase (e.g., Adcy5). The results suggest that similar

dopa
alter
modifications within the
mice, demonstrating that
excessive exercise.

. Introduction

Within the central nervous system, neurotransmitters, pep-
ides, and hormones interact to establish a balance between energy
ntake and energy expenditure, resulting in body weight regulation
nd homeostasis. Dopamine plays a key role in this complex system,

odulating such motivated behaviors as food intake and physi-

al activity. Moreover, disruption of normative neurotransmission
ithin dopaminergic pathways has been implicated in binge eat-

ng, obesity, and hyperactivity [1–7]. The genetic underpinnings of
uch behaviors are not well understood.
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mine system may contribute to the expression of opposite phenotypes in
ations within central reward pathways can contribute to both obesity and

© 2010 Elsevier B.V. All rights reserved.

Running-wheel activity has been shown to be rewarding and as
such a motivated behavior. For instance, rats can be conditioned
to lever press for access to running wheels [8–10]. Similarly, rats
trained to associate a novel environment with the after-effects of
wheel running choose to spend more time in that environment
compared to an environment not paired with wheel running [11].
Interestingly, mice selectively bred for high rates of wheel run-
ning (HR) show decreased operant responding for short periods
of wheel access compared with control mice; but when trained to
respond for longer periods of access, rates of responding do not
differ among HR and control lines [12]. These data suggest that HR
mice may have an altered reward threshold for wheel running com-
pared to controls. As such, it is possible that HR mice need to run
longer, at a higher intensity, to get the same reward from wheel

running that control mice receive after shorter, less intense bouts.
If true, this would imply that the endogenous reward system in
HR mice is dysregulated. In fact, data from pharmacological experi-
ments suggest that dopamine function in HR mice is altered [13,14].
For instance, psychostimulants such as methylphenidate (Ritalin)
and cocaine, that stimulate locomotor behavior and wheel run-

http://www.sciencedirect.com/science/journal/01664328
http://www.elsevier.com/locate/bbr
mailto:wfmathes@med.unc.edu
mailto:dpomp@unc.edu
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ing in control mice, decrease wheel running in HR mice. Similarly,
opamine receptor antagonists that decrease locomotor behavior

n control mice have reduced efficacy or are ineffective in alter-
ng wheel running in HR mice [13,14]. It is hypothesized that the
opamine dysregulation in HR mice manifests as either decreased
A concentrations, decreased DA receptor densities, or reduced

econd-messenger signaling [15].
Dopamine dysregulation has also been postulated to contribute

o development of obesity and binge eating. Data have illus-
rated that alterations in the D2 dopamine receptor are linked to
ncreased reward sensitivity in obese and binge eating individu-
ls [3]. Likewise, research examining obesity-prone rats revealed
opamine deficiencies in the nucleus accumbens and dorsal stria-
um that were directly linked to hyperphagia and increased body

ass [5]. Dopamine D4 receptors are associated with binge eat-
ng in depressed individuals and individuals with bulimia nervosa
16,17]. In addition, dopamine transporter knock-down mice that
how chronically elevated tissue dopamine display increased goal-
irected behavior for food reward [18].

Taken together, dopaminergic dysregulation is associated with
he expression of both physical activity and obesity-related pheno-
ypes. The mode of this dysregulation has yet to be fully elucidated.
he dual vulnerability theory of dopamine dysregulation presents
wo opposing hypotheses as to how dopamine and reward sen-
itivity may contribute to the expression of motivated behaviors,
uch as food intake and exercise [3]. The first hypothesis, Reward
eficiency Syndrome, states that individuals with low dopaminer-
ic function seek rewarding substances (e.g., food, drugs of abuse)
o increase endogenous dopamine levels and improve mood [19].
lternatively, hyper-sensitivity to reward paired with increased
opaminergic functioning may motivate an individual to seek
ewarding stimuli simply because the reinforcement value of the
eward is so great [3].

The aim of the current research was to examine neuropeptide
nd gene expression in midbrain dopaminergic nuclei of mice with
enetically predisposed extreme physical activity and obesity phe-
otypes. In addition, the effect of wheel running on brain dopamine
oncentrations and gene expression was evaluated in these mice.
ice having undergone long-term selective breeding for high rates

f wheel running (HR) or increased body mass and body fat (M16)
ere used as representative models for extreme and dichotomous

ehavioral phenotypes. HR mice, selected for high rates of wheel
unning on days 5 and 6 of a 6-day wheel exposure from an ICR
Institute of Cancer Research) background strain, run significantly

ore, faster, and are significantly leaner than non-selected ICR con-
rols [20–22]. M16 mice, also selected from the ICR strain, are heav-
er, hyperphagic, and have significantly greater amounts of body fat
han ICR controls [21,23]. We hypothesize that similar modifica-
ions in dopamine signaling and dopamine-related gene expression

ay contribute to the expression of opposite phenotypes in mice,
uggesting that alterations within central reward pathways can
ontribute to both obesity and excess physical activity.

. Materials and methods

.1. Animals

Male and female mice (8 weeks of age) from three different strains (HR, M16,
CR [21,22]) were housed individually in standard laboratory cages with attached
unning wheels (1.12 m diameter, Lafayette Industries, Lafayette, IN) in a tempera-
ure (23 ± 1 ◦C) and humidity controlled vivarium with a standard 12/12 light dark
ycle (lights on 0700 h). One-half of the animals in each strain and sex (N = 10–12)

ere allowed free access to the wheels for 6 days, while access to the wheels
as blocked for the remaining half (N = 10–12). All mice had ad libitum access to

tandard laboratory chow (LabDiet 5053, TestDiet, Richmond, IN) and water. Body
eight and composition were measured immediately prior to the start of the exper-

ment and again after the 6-day wheel trial. Body composition was assessed using
RI (EchoMRI, Houston, TX) to determine fat and lean mass percentages. Food was
eighed prior to the start of the experiment and again after 6 days. Daily average
Research 210 (2010) 155–163

food intake was calculated by dividing the total amount of food eaten during the
experiment by the number of days (i.e. 6). Wheel running was recorded continu-
ously over the 6-day period using an automated activity wheel monitoring program
(AWM, Lafayette Industries, Lafayette, IN).

After body composition measurements on day 6, mice were sacrificed by cer-
vical dislocation and whole brains were immediately removed and placed in 0.9%
saline chilled to 4 ◦C for 30 s to firm the tissue. Chilled brains were placed on an
aluminum block chilled on ice. A 1.0 mm coronal slice was taken between Bregma
1.70 and 0.74 mm [24]. Brains were placed posterior side up and a horizontal cut
was made beneath the lateral ventricle to produce a horizontal section containing
the nucleus accumbens. Another horizontal cut was made beneath the corpus cal-
losum to produce a section containing the caudate putamen (here forth referred to
as dorsal striatum). Cerebral cortex was removed from the edges of these sections.
Ventral pallidum was then removed from the nucleus accumbens section. Finally,
both sections were bisected at the midline to produce left and right hemisphere
tissues of caudate putamen and nucleus accumbens. Freshly dissected tissues were
flash frozen in liquid nitrogen and stored at −80◦ C. Samples to be used for gene
expression studies were placed in RNAlater (Ambion/Applied Biosystems, Austin,
TX) prior to freezing.

2.2. Brain monoamines

Nucleus accumbens and dorsal striatum tissue samples were weighed and
transferred to a contract service provider (Dr. Richard Mailman, Department of Psy-
chiatry, NC Neurosciences Hospital) where norepinephrine (NE), dopamine (DA),
the dopamine metabolites 3,4-dihydroxyphenylacetic acid (DOPAC) and homovanil-
lic acid (HVA), serotonin (5HT), and its metabolite 5-hydroxyindoleacetic acid
(5HIAA) concentrations were analyzed using high performance liquid chromatog-
raphy (HPLC)-electrochemical detection methods as described elsewhere [25,26].
Serotonin levels were not reported for the nucleus accumbens samples because
concentrations were too low to be reliably detected. Concentrations of monoamines
and their metabolites within each sample were calculated in reference to established
standard curves. Data were expressed as nanogram of compound per milligram of
brain tissue. The ratio of individual metabolites to monoamine concentrations was
calculated as an indirect measure of monoamine turnover.

2.3. RNA isolation and purification

RNA was isolated from thawed tissue samples using the Qiagen RNeasy Lipid
Tissue Mini Kit (Qiagen Inc., Valencia, CA) according to the manufacturer’s protocol.
Briefly, samples were placed into 1 ml of QIAzol lysis reagent and the lysate homog-
enized using a tissue homogenizer. RNA was separated from the homogenate using
chloroform, mixed with 70% ethanol and transferred to a binding column. RNA was
rinsed using a series of buffer solutions and eluted with distilled H2O. RNA qual-
ity and quantity was determined by full spectrum spectrophotometry (NanoDrop
ND-1000, NanoDrop Technologies, Wilmington, DE) and bio-analysis (Genomics
and Bioinformatics Core Facility, Lineberger Comprehensive Cancer Center, UNC
School of Medicine, Chapel Hill, NC). Any sample with a 260/230 ratio lower than
1.8 was purified using sodium acetate precipitation and re-evaluated for quantity
and quality.

2.4. Gene expression analysis

Approximately 300 ng RNA was amplified and biotin labeled using Illumina
TotalPrep RNA Amplification Kit (Ambion/Applied Biosystems, Austin, TX) accord-
ing to the manufacturer’s protocol. cRNA was eluted with warm, nuclease-free
water and quantified using spectrophotometry. A total of 1.5 �g labeled cRNA was
hybridized at 58 ◦C for 17.5 h to the Illumina Sentrix Bead Chip Array mouse 6v1.1
(Illumina, San Diego, CA) according to the manufacturer’s protocol. Arrays were
washed, blocked, and analyzed using Illumina BeadArray reader (Mammalian Geno-
typing Core, Lineberger Comprehensive Cancer Center, UNC School of Medicine,
Chapel Hill, NC). Image files were extracted using Illumina Bead Studio v3.0.

2.5. Statistical analysis

Main effects of strain, sex, running condition (wheel access or not), and the
interactions among the three on body weight, body composition, food intake, and
brain monoamine concentrations were determined using multivariate GLM ANOVA
(SPSS, Chicago, IL). A separate multivariate GLM ANOVA was performed to iden-
tify significant effects of strain and sex on wheel running distance and speed, with
wheel freeness as a covariate. LSD and multiple t-test post hoc analyses were used
to delineate significant main effects of strain and sex, respectively.

Using a hypothesis-driven approach (e.g., see Bronikowski et al. [57]), 129 genes
were chosen a priori using Ingenuity Pathway Analysis (IPA, Ingenuity Systems, Red-

wood City, CA, USA) and citations from the literature for their role in the dopamine
signaling pathway, G-protein coupled receptor mediated signaling, as well as com-
mon neurotransmitters known to interact with the dopamine system within the
two brain areas examined (Supplemental material) Gene expression differences
were determined using the SAM statistical package for microarray analysis (Stan-
ford University, Palo Alto, CA). Raw gene expression scores were exported from Bead
Studio and normalized using Loess-Quantile normalization methods using R v2.9.0
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tatistical software (www.r-project.com). Transcripts with a detection score greater
han or equal to 0.95 were imported into SAM for differential expression analysis.
ignificant expression differences were detected using the two class unpaired t-
tatistic and 1000 permutations. Genes detected with a FDR <0.01% and displaying
old changes greater than 1.5 were considered significant. Using both FDR and fold
hange to determine significant differences in gene expression increases the repro-
ucibility of the results as well as the likelihood that differences in gene expression
etected in the analyses have biological relevance [27,28].

. Results

.1. Body weight and composition prior to wheel running

Prior to the initiation of the 6-day wheel trial, there were signifi-
ant strain differences in body weight (p < 0.001), percent lean mass
p < 0.001), and percent fat mass (p < 0.001 (Table 1). M16 mice had
igher values than HR mice, with ICR being intermediate, for each
henotype. Likewise, there were significant effects of sex on body
eight (p < 0.001) and percent lean mass (p < 0.001), with males
aving increased values, and significant sex by strain interactions

or body weight (p < 0.002), percent lean mass (p < 0.001), and per-
ent fat mass (p < 0.002, Table 1). There was no statistical difference
n percent body fat between males and females in the HR and ICR
trains; however, female M16 mice had significantly greater body

at percentages than their male counterparts (p < 0.02) (Table 1).

.2. Wheel running

Significant strain differences were also identified in wheel run-
ing behavior. Multivariate GLM ANOVA revealed significant strain

able 1
ody weight and body composition of HR, M16 and ICR mouse strains prior to wheel run

Body weight (g)

HR Females 23.79 ± 2.22b,d

Males 29.5 ± 3.46b,d,*

ICR Females 28.83 ± 2.51b,f

Males 35.98 ± 3.81b,f ,*

M16 Females 45.6 ± 5.84d,f

Males 42.23 ± 2.79d,f ,*

ata expressed as mean ± SEM.
a Significantly different than M16, p<0.05.
b p<0.01.
c Significantly different than ICR, p<0.05.
d p<0.01.
e Significantly different than HR, p<0.05.
f p<0.01.
* Significant differences between males and females, p<0.05.

able 2
orrelations among monoamine concentrations and wheel running in the nucleus accum

Average speed

HR M16

Dopamine Pearson correlation −0.36 0.14
Sig. (2-tailed) *0.03 0.40
N 34 40

Norepinephrine Pearson correlation −0.28 −0.0
Sig. [2-tailed) 0.10 0.78
N 35 41

DOPAC Pearson correlation −0.41 −0.0
Sig. (2-tailed) *0.01 0.60
N 35 41

HVA Pearson correlation −0.36 −0.1
Sig. (2-tailed) *0.03 0.33
N 35 41

5HIAA Pearson correlation −0.32 −0.1
Sig. (2-tailed) 0.06 0.46
N 35 41

* p < 0.05.
Research 210 (2010) 155–163 157

differences in total distance run (p < 0.001) and average running
speed (p < 0.001), a significant effect of sex (p < 0.005) and a sex
by strain interaction (p < 0.05) in total distance run on days 5 and
6 of the experiment (Table 2). LSD and multiple t-test post hoc
tests showed that the HR mice ran significantly greater distances
(p < 0.001) and at faster speeds (p < 0.001) than either the ICR or
M16 mice (Fig. 1). There were no differences in running distance
or speed between males and females within the HR or M16 strains.
However, within the ICR strain, males ran significantly less than the
females (p < 0.03) (Fig. 1).

As expected, running-wheel activity had profound effects on
body composition and food intake. Details of the effects of wheel
running on body composition and food intake in these mouse
strains have been recently described by Nehrenberg et al. [29].
Because the effects of wheel running in this experiment are con-
sistent with previous findings, and the focus of this manuscript is
on the strain differences and wheel running in dopamine-related
functions in the CNS, data regarding wheel running effects on body
composition are not presented or discussed.

3.3. Brain monoamines
Analysis of neurochemical concentrations within the dorsal
striatum and nucleus accumbens of male and female HR, ICR, and
M16 mice showed significant strain effects on monoamine con-
centrations. Specifically, analyses revealed significant effects of
strain on the concentration of dopamine (p < 0.001), the dopamine
metabolites DOPAC (p < 0.01) and HVA (p < 0.001), and nore-

ning.

Lean mass (%) Fat mass (%)

85.49 + 2.43b,d 10.17 ± 2.26b,d

83.42 + 2.41b,d,* 10.01 ± 2.14b,c

77.03 ± 4.02b,f 17.04 ± 3.98b,f

78.12 ± 3.60a,f ,* 14.03 ± 3.97b,d

66.60 ± 4.52d,f 28.85 + 4.44d,f ,*

74.30 ± 5.63c,f ,* 19.45 ± 5.63d,f

bens of HR, M16 and ICR mice.

Average distance

ICR HR M16 ICR

0.06 −0.37 0.08 0.04
0.74 *0.03 0.63 0.80
36 34 40 36

5 −0.02 −0.25 0.07 0.00
0.89 0.15 0.65 1.00
36 35 41 36

8 −0.04 −0.43 −0.14 −0.02
0.82 *0.01 0.37 0.90
36 35 41 36

6 0.20 −0.36 −0.18 0.21
0.24 *0.03 0.25 0.22
36 35 41 36

2 −0.18 −0.33 −0.12 −0.15
0.30 0.06 0.44 0.39
36 35 41 36

http://www.r-project.com/
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Fig. 1. Wheel running distances (A) and running speed (B) in HR, M16 and ICR
mice. Mice were given access to running wheels for 6 days and distances and
speeds for days 5 and 6 were averaged. HR mice ran significantly greater distances
(F(2,60) = 56.82, p < 0.001) at greater speeds (F(2,60) = 54.37, p < 0.001) than M16 and
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running-wheel activity altered gene transcript expression among
CR mice. There were no differences in running distance or speed between males
nd females within the HR or M16 strains. However, within the ICR strain, males
an significantly less than the females (t(17) = 3.68, p < 0.03). Data are presented as
ean ± SEM.

inephrine (p < 0.05) in the nucleus accumbens (Fig. 2a). LSD post
oc comparisons revealed that monoamine and metabolite concen-
rations in the nucleus accumbens of HR mice were significantly
reater than either the M16 or the ICR mice. Analyses also showed
significant strain by sex interaction for DA (p < 0.01), DOPAC

p < 0.05), and HVA (p < 0.01) concentrations (Fig. 2a). Female HR
ice showed significantly higher DA concentrations in the nucleus

ccumbens than their male counterparts, while M16 males dis-
layed significantly greater DA, DOPAC, and HVA concentrations
han their female counterparts (Fig. 3).

Within the dorsal striatum, analyses showed significant
train effects on concentrations of dopamine (p < 0.001), DOPAC
p < 0.001), HVA (p < 0.001), serotonin (p < 0.01) and its metabo-
ite 5HIAA (p < 0.01). Post hoc tests demonstrated that HR mice
ad significantly higher concentrations of all peptides than the
ther two strains (Fig. 2b). There were no significant effects of
unning-wheel activity on dorsal striatum monoamine concen-
rations; however, there was a significant effect of sex on 5HIAA
oncentrations (p < 0.05) and a significant strain by sex interac-
ion for DOPAC concentrations (p < 0.05). Post hoc tests revealed
hat female mice had significantly higher 5HIAA concentrations
han male mice across all 3 strains and that female HR mice had

ower, while M16 and ICR females had higher, DOPAC concentra-
ions (Fig. 2b).

Concentrations of dopamine and its metabolites within the
ucleus accumbens were significantly correlated with wheel run-
ing distance and speed in HR mice, but not in M16 and ICR
Research 210 (2010) 155–163

mice. Pearson’s R correlations showed that greater wheel running
speeds and distances were associated with lower nucleus accum-
bens dopamine, DOPAC and HVA concentrations in the HR mice
(Table 2). Monoamine concentrations within the dorsal striatum
were not significantly related to running-wheel behaviors in any of
the three strains.

Univariate GLM analysis revealed significant strain effects for
dopamine turnover in the nucleus accumbens (p < 0.02). Turnover
ratios for HR mice and M16 mice were significantly lower than
those of ICR mice, however, they did not differ from one another.
There were no significant effects of wheel running, sex, or the inter-
actions of wheel, sex and strain on turnover ratios in the nucleus
accumbens. Turnover ratios for DA did not differ in the dorsal stria-
tum.

3.4. Gene expression

Within the dorsal striatum, 38 genes were significantly differen-
tially expressed between male HR and ICR mice. Of these, 18 were
down-regulated and 20 were up-regulated in HR mice compared
to ICR (Table 3). Gene expression profiles in M16 mice were sig-
nificantly different from ICR, but the number of genes that differed
was considerably lower than those seen with the HR by ICR compar-
isons. Only 8 genes were differentially expressed in M16 compared
with ICR mice, with 4 down-regulated and 4 up-regulated (Table 4).
Expression differences varied only slightly when analyzed sepa-
rately by running condition. Significant genes, their functions and
fold changes for all comparisons are listed in Tables 5 and 6.

Differences in gene expression within the nucleus accumbens
were less pronounced than those observed in the dorsal striatum.
Between the HR and ICR or M16 and ICR males, three genes were
differentially expressed. When analyzed separately by running
condition, differential gene expression did not change dramatically
(Table 7). A separate experiment assessing gene expression differ-
ences in the nucleus accumbens among female runners within the
HR, M16 and ICR strains showed similar results (Table 8).

4. Discussion

Our results demonstrate that mice selectively bred for high rates
of wheel running or polygenic obesity show significant dopamin-
ergic dysregulation compared with control ICR mice. HPLC analysis
showed that HR mice had significantly elevated dopamine and
dopamine metabolite concentrations in the dorsal striatum and
nucleus accumbens compared to M16 and ICR mice. These results
are independent of wheel activity as HR mice with and without
access to wheels showed elevated levels of tissue dopamine com-
pared to M16 and ICR mice. Calculated dopamine turnover was
significantly lower in the nucleus accumbens of HR and M16 mice
compared to ICR mice. Gene expression data demonstrate that
these two selected lines have down-regulated dopamine receptor
gene expression paired with significant alterations in gene expres-
sion for transcripts that regulate second-messenger signaling
within the dorsal striatum. Fewer changes in gene expression were
detected within the nucleus accumbens, yet there were significant
increases, in both M16 and HR mice, in the expression of transcripts
encoding genes that regulate dopaminergic neurogenesis and neu-
rotransmission. Gene transcript expression was similar between
runners and non-runners (mice housed with and without wheel
access, respectively) within each of the three strains, although
the three strains. Collectively, these findings support the hypoth-
esis that the expression of seemingly antithetical phenotypes –
such as excessive exercise and obesity – may be the consequence
of similar alterations in dopamine gene expression within central
reward pathways [5,13,14,29,30]. However, we speculate that the
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Fig. 2. Peptide concentrations in the nucleus accumbens for ICR, HR and M16 mice. HPLC analysis of tissue samples from nucleus accumbens in HR, M16 and ICR mice
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as performed to measure tissue concentrations of DA, DOPAC, HVA, NE and 5H
< 0.01), HVA (F(2,110) = 42.65, p < 0.001) and NE (F(2,110) = 3.44, p < 0.05) were sign
oncentrations among the strains. DA concentrations were significantly higher in f
OPAC (F(2,110) = 4.35, p < 0.05) and HVA (F(2,110) = 7.53, p < 0.01) concentrations
ean ± SEM.

unctional consequences of these gene expression changes may
e modulated by strain dependent differences in neurotransmitter
oncentrations, thus manifesting as opposing phenotypes.

Increased dopamine neurotransmission increases locomotor
ctivity, prolongs the duration of physical activity, and attenuates
he development of fatigue from physical activity [31,32]. Animals
enetically modified to over-express dopamine, such as dopamine
ransporter knockout mice, also show increased locomotor activity
33]. Likewise, rats selectively bred for increased aerobic capac-
ty show increased striatal DA activity, decreased body mass, and
ncreased running distances compared to rats selectively bred for
ow aerobic capacity [34]. Thus, hyperdopaminergia in the HR mice

ay contribute to the expression of the excessive exercise pheno-
ype.

Alternatively, physical activity has been shown to increase tis-
ue dopamine levels as well as dopamine synthesis and metabolism
35,36]. However, no effects of wheel running on dopamine or
opamine metabolite concentrations in HR mice were revealed

n this study. Moreover, previous studies reported significantly
levated home cage activity levels in HR mice denied access to run-
ing wheels compared to control mouse lines [37,38]. In addition,
hodes et al. [13] showed that HR mice had elevated basal activ-

ty levels compared to controls when housed individually without
heel access for 48 h [13]. These data provide evidence to suggest
hat elevated dopamine levels in HR mice may be causal to, rather
han an effect of, increased wheel running in these mice. In other
ords, elevated dopamine levels may have been a direct target of

election and a key driver of establishment of lines of mice geneti-
ally predisposed to increased activity levels, both in the home cage
nd when allowed to access to running wheels. However, repli-
eptide concentrations for DA (F(2,110) = 23.65, p < 0.001), DOPAC (F(2,110) = 8.14,
tly higher in HR mice than in M16 or ICR mice. There were no differences in 5HIAA
compared to male HR mice (F(2,110) = 5.26, p < 0.01). DA (F(2,110) = 5.26, p < 0.01),
significantly higher in male compared to female M16 mice. Data are presented as

cation of these results in one or more of the other HR replicate
selection lines for wheel running [39] is required to differentiate
actual selection response from possible effects of genetic drift.

Wheel running distance and speed were significantly negatively
correlated with DA, DOPAC, and HVA concentrations in the nucleus
accumbens of HR, but not M16 or ICR, mice suggesting the rein-
forcement potential of wheel running is decreased in these animals.
In fact, HR mice show decreased operant responding for short, but
not long, periods of wheel running access compared to control mice,
indicating that HR mice may be less sensitive to the reinforcing
properties of wheel running than controls [12]. Thus, the excessive
exercise phenotype in HR mice is most likely a dopamine driven
increase in general locomotor behavior rather than a reward driven
behavior. It is important to note that increased variability in wheel
running for the HR mice increased the statistical power to detect
significant correlations with DA levels compared to M16 and ICR
mice. When controlling for running levels using a treadmill test,
HR mice failed to show any significant correlations between run-
ning and DA levels [15]. However, differences in the physiological
response to treadmill versus wheel running may have contributed
to these discrepant findings [40].

Tissue dopamine levels were not different between M16 and
ICR mice. However, calculated dopamine turnover was significantly
decreased in the NA of M16 mice compared to ICR. Decreased

turnover indicates that dopamine may be persisting at the recep-
tor for a longer period of time, leading to receptor down-regulation
or desensitization and decreased dopamine neurotransmission in
M16 mice. Deficiencies in dopamine neurotransmission within the
nucleus accumbens have been associated with obesity phenotypes
in rats [5,41]. Similarly, stimulation-induced dopamine signaling is
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Fig. 3. Peptide concentrations in the dorsal striatum for ICR, HR and M16 mice. HPLC analysis of tissue samples from dorsal striatum in HR, M16 and ICR mice was performed
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o measure tissue concentrations of DA, DOPAC, HVA, NE, 5HT and 5HIAA. Peptide
F(2,92) = 61.98, p < 0.001), 5HT (F(2,92) = 6.61, p < 0.01) and 5HIAA (F(2,92) = 7.37,
ifferences in NE concentrations among the strains. 5HIAA concentrations were sig
< 0.05). Female HR mice had lower, while M16 and ICR females had higher, DOPAC
s mean ± SEM.

ecreased in the nucleus accumbens of ob/ob mice [29]. Moreover,
bese rats are less motivated to respond for food reward in an oper-
nt conditioning paradigm and show decreased DA turnover in the
A [42]. Reduced dopaminergic signaling in these obese models is
roposed to signify enhanced motivation for food intake whereby
opamine deficient animals seek food reward in an attempt to

ncrease dopaminergic signaling, thus leading to obese phenotypes
5]. Alternatively, decreased dopamine turnover may occur as the
esult of persistent hyperphagia-induced dopamine release [42].
16 mice are selected for increased growth and body mass at 3–6
eeks of age. During this developmental period, M16 mice display

ignificant hyperphagia, which contributes to the obesity pheno-
ype [23,43,44]. Thus, decreased DA turnover in M16 mice may be
vidence for hyperphagia-induced neuroadaptation within central
eward pathways. Although dopaminergic dysregulation is evident
n obese M16 mice, the role of the dopaminergic system in the
ntogeny of the obesity phenotype is not clear.

Several genes involved in the dopamine signaling pathway
ere differentially expressed among HR, M16, and ICR mouse

trains in the dorsal striatum. For example, transcripts encoding the
opamine D1a and D2 receptor genes were down-regulated in both
R and M16 mice compared to ICR. Down-regulation of transcripts
ncoding the dopamine D1a receptor gene in the dorsal striatum
f HR mice was accompanied by a down-regulation of transcripts

ncoding Gnal (adenylate cyclase-stimulating G-protein, alpha,
olf), the key G-protein involved in D1 receptor signal transduc-

ion, and Adcy5 (adenlyate cyclase 5) was down-regulated in both
R and M16 mice. Transcripts encoding adenylate cyclase subtypes
nd activating polypeptides were also differentially expressed in
he dorsal striatum of HR and M16 mice compared with ICR mice.
ntrations for DA (F(2,92) = 60.53, p < 0.001), DOPAC (F(2,92) = 34.34, p < 0.001), HVA
1) were significantly higher in HR mice than in M16 or ICR mice. There were no
tly higher in female compared to male mice across all three strains (F(1,92) = 5.40,
ntrations (F(2,92) = 4.47, p < 0.05) than their male counterparts. Data are presented

These genes are involved in second-messenger signaling of G-
protein coupled receptors, such as those described above. When
gene expression in the dorsal striatum was analyzed separately by
running condition, there was little difference in the transcripts that
were differentially expressed between active and inactive male HR
or M16 mice compared with ICR mice. However, M16 mice allowed
to run for 6 days displayed down-regulation of Gnal compared to
ICR mice. These results clearly show that dopaminergic signaling is
different in HR and M16 mice compared with ICR controls, yet the
exact function of these genes in dopaminergic signaling and inter-
actions with other neurotransmitter systems in HR and M16 mice
requires further study (see [45]).

Gene expression analyses within the nucleus accumbens identi-
fied several genes that may be involved in the neurological changes
that occur within the dopaminergic system of animals bred for
high rates of wheel running or increased body mass. For exam-
ple, HR mice displayed increased expression of Nr4a2 compared to
both the ICR and M16 mice. Similarly, M16 mice showed increased
Nr4a2 expression compared to ICR mice, but only when given access
to a running-wheel. Nr4a2, or Nurr1, is a key player in DA neu-
ronal differentiation, development of the midbrain dopaminergic
system, and DA neurotransmission and has been associated with
locomotor activity, wheel running, and reward-mediated behav-
iors [46,47]. Thus, upregulation of Nurr1 in the nucleus accumbens

of HR mice compared with ICR controls may complement increased
DA concentrations and physical activity in these animals. Moreover,
upregulation of Nurr1 in M16 mice, only when they had access to
a running-wheel, may indicate that wheel running acts to increase
dopamine neurotransmission in this strain, perhaps serving as a
reinforcing stimulus.



W.F. Mathes et al. / Behavioural Brain Research 210 (2010) 155–163 161

Table 3
Differential gene expression in the dorsal striatum between HR and ICR male mice.

Gene ID Fold change Description

Gfap + 3.85 Glial fibrillary acidic protein
Mapkll + 3.21 Mitogen-activated protein kinase 11
Adcyapl + 3.04 Adenylate cyclase activating

polypeptide 1
Klc2 + 2.80 Kinesin complex: microtubule motor

activity
Tp53ill + 2.76 Tumor protein p53 inducible protein

11
Osbplla + 2.26 Oxysterol binding protein-like 1A
Oprsl + 2.03 Opioid receptor, sigma 1
Npylr + 1.97 Neuropeptide Y receptor Yl
Junb + 1.87 JUN-B oncogene
Mapk8ip3 + 1.87 Mitogen-activated protein kinase 8

interacting protein 3
Mapkapk2 + 1.86 MAP kinase-activated protein kinase 2
Jundl + 1.83 Jun proto-oncogene related gene dl
Adcy2 + 1.78 Adenylate cyclase 2
Aktlsl + 1.74 AKT1 substrate 1 (proline-rich)
Snca + 1.63 Synuclein, alpha
Jun + 1.62 Jun oncogene
MapklO + 1.62 Mitogen-activated protein kinase 10
Adcy8 + 1.60 Adenylate cyclase 8
Oprl + 1.54 Orphan receptor; opioid receptor-like

1
Ucp2 + 1.53 Uncoupling protein 2, mitochondrial
Drdla − 2.91 Dopamine receptor D1A
Adcy5 − 2.70 Adenylate cyclase 5
Cdk5rl − 2.68 Cyclin-dependent kinase 5, regulatory

subunit 1
Gnal − 2.66 Adenylate cyclase-stimulating G alpha

protein
Adra2c − 2.24 Adrenergic receptor, alpha 2 c
Drd2 − 2.18 Dopamine receptor 2
Gnaq − 2.12 Guanine nucleotide binding protein,

alpha q polypeptide
Pccb − 1.96 Propionyl Coenzyme A carboxylase,

beta polypeptide
Akt2 − 1.96 Thymoma viral proto-oncogene 2
Atf4 − 1.82 Activating transcription factor 4
Fosb − 1.81 FBJ osteosarcoma oncogene B
Akt3 − 1.74 Thymoma viral proto-oncogene 3
Klfl6 − 1.73 Kruppel-like factor 16
Htrld − 1.73 5-Hydroxytryptamine (serotonin)

receptor ID
Adcyaplrl − 1.71 Adenylate cyclase activating

polypeptide 1 receptor 1
Gria3 − 1.71 Glutamate receptor, ionotropic,

AMPA3 (alpha 3)
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Table 4
Diffe rential gene expression in the D orsal Stri atum of H R and ICR m ale mice with
and with out access to running wheels for 6 days.

Runner Non-runner

Gene ID Fold change Gene ID Fold change

Gfap + 3.79 Gfap + 3.91
Mapkll + 3.29 Klc2 + 3.33
Adcyapl + 3.26 Mapkll + 3.25
Tp53ill + 2.74 Adcyapl + 2.84
Osbplla + 2.47 Tp53ill + 2.77
Klc2 + 2.35 Junb + 2.09
Nr4a2a + 2.18 Oprsl + 2.08
Npylr + 2.16 Osbplla + 2.07
Oprsl + 1.98 Jundl + 2.06
Adcy2 + 1.87 Mapkapk2 + 2.05
Mapk8ip3 + 1.83 Mapk8ip3 + 1.91
Snca + 1.75 Oprsl + 1.80
Aktlsl + 1.71 Npylr + 1.80
Mapkapk2 + 1.69 Ucp2a + 1.78
Junb + 1.68 Aktlsl + 1.77
Gfap + 1.64 MapklO + 1.74
Jundl + 1.62 Jun + 1.72
Adcy8 + 1.56 Adcy2 + 1.68
Jun + 1.53 Adcy8 + 1.64
MapklO + 1.51 Oprla + 1.63
Drdla − 2.71 Snca + 1.52
Adcy5 − 2.50 Gfap + 1.51
Gnal − 2.36 Gnaqa − 3.64
Adra2c − 2.16 Drdla − 3.13
Drd2 − 2.12 Adcy5 − 2.93
Akt2a − 2.04 Adra2c − 2.32
Pccb − 1.93 Drd2 − 2.25
Atf4a − 1.89 Pccb − 1.98
Htrld − 1.77 Oprkl − 1.92
Klfl6 − 1.77 Fosb − 1.88
Pdyna − 1.76 Gnal − 1.85
Fosb − 1.73 Cdk5rapl − 1.78
Adcyaplrla − 1.64 Klfl6 − 1.69
Cdk5rapl − 1.57 Htrld − 1.69
Oprkl − 1.53

a Indicates gene transcripts whose expression differs by running condition.

Table 5
Differential gene expression in the dorsal striatum between M16 and ICR male mice.

Gene ID Fold change Description

Gnaq + 3.25 Guanine nucleotide binding protein, alpha
q polypeptide

Adcy9 + 1.69 Adenylate cyclase 9
Mapkll + 1.65 Mitogen-activated protein kinase 11
Adcyapl + 1.58 Adenylate cyclase activating polypeptide 1
Drdla − 1.92 Dopamine receptor D1A
Adcy5 − 1.91 Adenylate cyclase 5
Drd2 1.80 Dopamine receptor 2
Htrld − 1.61 5-Hydroxytryptamine (serotonin) receptor

ID

Table 6
Differential gene expression in the dorsal striatum of M16 and ICR male mice with
and without access to running wheels for 6 days.

Runner Non-runner

Gene ID Fold change Gene ID Fold change

Gnaqa + 4.87 Adcy5 − 1.76
Drdla − 2.20 Drd2 − 1.71
Adcy5 − 2.06 Drdla − 1.68

a

Oprkl − 1.71 Opioid receptor, kappa 1
Cdk5rapl − 1.67 CDK5 regulatory subunit associated

protein 1

The results described within this manuscript are consistent with
xisting data demonstrating that HR mice have dopaminergic dys-
unction, resulting in hyperactivity not only in the running-wheel
ut also in the home cage [13,37,38]. Pharmacologic experiments
ave demonstrated that HR mice have altered sensitivity to the
ehavioral effects of dopaminergic drugs [13,14]. For instance,
R mice decrease while control mice increase wheel running

n response to ritalin administration [14]. Likewise, HR mice
ecrease while control mice do not alter running-wheel activ-

ty in response to the dopamine reuptake inhibitors cocaine and
BR12909 [13]. Moreover, a recent study [48] examining dopamine

eceptor expression in inbred strains with innate differences in
heel running reported that D1 receptors and tyrosine hydrox-
lase, the rate-limiting enzyme for dopamine production, were
ignificantly down-regulated in the nucleus accumbens and dor-
al striatum of a high-running inbred strain of mice compared to
low-running inbred strain. These differences in gene expression
ere the result of genetic differences in the inbred strains, and

Htrld − 1.90
Drd2 − 1.89
Gnala − 1.85
Ppplrlba − 1.63
Adra2ca − 1.59

a Indicates gene transcripts whose expression differs by running condition.
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Table 7
Differential gene expression in the nucleus accumbens of male mice with and with-
out access to running wheels for 6 days.

Runner Non-runner

Gene ID Fold change Gene ID Fold change

HR vs. ICR
Nr4a2 + 2.40 Nr4a2 + 2.48
Snca + 1.68 Mapkl + 1.57
Mapkll + 1.57 MapklO + 1.53

Snca + 1.51
Mapk8ip3 + 1.50
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M16 vs. ICR
Gnaq + 3.47 Gnaq + 2.78
Nr4a2 + 1.90 Osbp − 2.30
Osbp − 1.52

unning-wheel activity had no statistical effect on gene expression
48].

The HR behavioral, pharmacologic, and D1and D2 gene expres-
ion traits are reminiscent of traits characterizing the dopamine
ransporter knockout (DAT KO) mouse. The dopamine transporter,
hrough its rapid uptake of DA, controls the temporal and spa-
ial activity of synaptic DA. DAT KO mice are characterized by
yperlocomotion in novel environments and enhanced persevera-
ive behaviors [49], hyperlocomotor activity that is attenuated by
sychostimulants like methylphenidate and cocaine, and reduced
xpression of D1 and D2 receptors compared to wild type mice [50].
n contrast to HR mice, DAT KO mice exhibit low levels of striatum
A, but higher extracellular and slower clearance levels than wild

ype mice resulting in a hyperdopaminergic state [50,51]. In HR
ice the perseverative exercise phenotype, elevated DA levels, and

own-regulation of D1 and D2 receptors indicate a hyperdopamin-
rgic phenotype as well. Since HR mice exhibit a paradoxical
ecrease in wheel running behavior following methylphenidate
nd cocaine [13,14] it is possible that HR mice are also character-
zed by dopamine transporter deficiency. Interestingly, a dopamine
ransporter binding QTL has been reported on MMU7: 46.2 cM [52]
ear a QTL detected for average and maximum wheel running speed
n MMU7: 53.39 in a HR × C57BL/6J backcross [53].

Likewise, alterations in dopamine receptor expression and
opamine neurotransmission have been implicated in the etiology
f obesity. Obese individuals have been shown to have decreased
2 receptor expression [3,4]. Obesity-prone rats have decreased

eceptor expression accompanied by decreased extracellular DA
evels in the nucleus accumbens [5,41]. Although M16 mice did
ot show decreased tissue DA levels in the NA, they did display
ecreased DA turnover, revealing a deficiency in DA neurotransmis-
ion within this brain area. D1 receptors have been associated with
alatable food intake and the motivation to acquire food-related
eward [54–56]. The fact that transcripts encoding D1 receptors are

own-regulated in M16 mice suggests that these mice may have a
educed sensitivity to food-related reward.

In summary, these data demonstrate significant differences in
NS dopamine concentrations and gene expression in mice selec-
ively bred for extreme exercise or obesity-related phenotypes.

able 8
ifferential gene expression in the Nucleus Accumbens of female mice allowed
ccess to running wheels for 6 days.

HRvs.ICR M16vs.ICR

Gene ID Fold change Gene ID Fold change

Nr4a2 + 1.99 Gnaq + 3.59
Gfap − 1.57 Nr4a2 + 1.75

Sdfr2 + 1.71
Osbp − 1.91

[

[
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HR mice demonstrated significantly elevated dopamine concen-
trations in the mesolimbic and nigrostriatal reward pathways.
These increases in dopamine and its metabolites were accompa-
nied by down-regulation of gene transcripts encoding dopamine
receptors, corresponding G-proteins and second-messenger signal-
ing molecules. Similarly, while M16 mice did not show increased
dopamine concentrations within the CNS, they did demonstrate
decreased dopamine turnover and similar down-regulation of tran-
scripts encoding DA receptors and second-messenger signaling
molecules compared with ICR controls. These data suggest that
aberrant functioning of the dopaminergic system may underlie
both excessive exercise and obesity-related phenotypes. Specula-
tively, we may hypothesize that DNA variation in genes controlling
and/or regulating this system can act as substrate for diametric
selection responses depending on the phenotype under selection.
However, further evidence to support this must be based on valida-
tion using replicated selection lines in order to differentiate actual
selection responses from effects caused by genetic drift. Nonethe-
less, our findings may inform clinical research by providing targets
for pharmacologic interventions to treat obesity-related disorders
and compulsive exercise or hyperactivity phenotypes that are often
comorbid with disorders such as anorexia nervosa or attention
deficit-hyperactivity disorder.
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Supplementary Table 1.  Gene transcripts evaluated for differential expression among HR, ICR and M16 mice.
Target ID Accession Symbol Definition
scl026414.2_6‐S NM_009158 Mapk10 Mus musculus mitogen activated protein kinase 10 (Mapk10), mRNA.
scl0001307.1_2‐S NM_016961.2 Mapk9 Mus musculus mitogen activated protein kinase 9 (Mapk9), transcript variant 2, mRNA.
ri|1200011E13|R000009K AK004704 Pdcl phosducin‐like
scl0071720.1_33‐S NM_027881.1 Osbpl3 Mus musculus oxysterol binding protein‐like 3 (Osbpl3), mRNA.
scl50915.17_55‐S NM_011951 Mapk14 Mus musculus mitogen activated protein kinase 14 (Mapk14), mRNA.
scl0224129.19_263‐S XM_358801.1 Adcy5 Mus musculus adenylate cyclase 5 (Adcy5), mRNA.
scl0014580.2_305‐S NM_010277.1 Gfap Mus musculus glial fibrillary acidic protein (Gfap), mRNA.
scl018166.3_27‐S NM_010934.1 Npy1r Mus musculus neuropeptide Y receptor Y1 (Npy1r), mRNA.
scl0003403.1_22‐S NM_011643.1 Trpc1 Mus musculus transient receptor potential cation channel, subfamily C, member 1 (Trpc1), mR
scl0066596.2_43‐S NM_025652.1 Gtf3a Mus musculus general transcription factor III A (Gtf3a), mRNA.
scl45744.1.427_89‐S NM_021712.1 Slc18a3 Mus musculus solute carrier family 18 (vesicular monoamine), member 3 (Slc18a3), mRNA.
GI_6679121‐S NM_008731.1 Npy2r Mus musculus neuropeptide Y receptor Y2 (Npy2r), mRNA.
scl030957.1_28‐S NM_013931.1 Mapk8ip3 Mus musculus mitogen‐activated protein kinase 8 interacting protein 3 (Mapk8ip3), mRNA.
scl19785.7_63‐S NM_031373.2 Ogfr Mus musculus opioid growth factor receptor (Ogfr), mRNA.
scl24813.3_604‐S NM_008309.2 Htr1d Mus musculus 5‐hydroxytryptamine (serotonin) receptor 1D (Htr1d), mRNA.
scl0001427.1_15‐S NM_144828.1 Ppp1r1b Mus musculus protein phosphatase 1, regulatory (inhibitor) subunit 1B (Ppp1r1b), mRNA.
scl0002395.1_4‐S AK030714.1 Mus musculus  RIKEN full‐length enriched library, pro‐opiomelanocortin‐alpha, full insert seq
scl0013488.2_233‐S NM_010076.1 Drd1a Mus musculus dopamine receptor D1A (Drd1a), mRNA.
scl18671.5_48‐S NM_018863.2 Pdyn Mus musculus prodynorphin (Pdyn), mRNA.
scl31374.5.1_14‐S NM_007527.2 Bax Mus musculus Bcl2‐associated X protein (Bax), mRNA.
scl016443.4_14‐S NM_010587.1 Itsn1 intersectin 1 (SH3 domain protein 1A)
scl43956.3_488‐S NM_010076 Drd1a Mus musculus dopamine receptor D1A (Drd1a), mRNA.
scl18476.16.14_21‐S NM_025876.1 Cdk5rap1 Mus musculus CDK5 regulatory subunit associated protein 1 (Cdk5rap1), mRNA.
scl35445.15.1_13‐S NM_025835.1 Pccb Mus musculus propionyl Coenzyme A carboxylase, beta polypeptide (Pccb), mRNA.
scl53349.15_2‐S XM_148904 Osbp oxysterol binding protein
scl0011516.2_115‐S NM_009625.2 Adcyap1 Mus musculus adenylate cyclase activating polypeptide 1 (Adcyap1), mRNA.
scl34746.2_217‐S NM_016708 Npy5r Mus musculus neuropeptide Y receptor Y5 (Npy5r), mRNA.
scl0002989.1_42‐S NM_016886.1 Gria3 Mus musculus glutamate receptor, ionotropic, AMPA3 (alpha 3) (Gria3), mRNA.
scl053623.15_103‐S NM_016886.1 Gria3 Mus musculus glutamate receptor, ionotropic, AMPA3 (alpha 3) (Gria3), mRNA.
scl47132.18.1_100‐S NM_009623.1 Adcy8 Mus musculus adenylate cyclase 8 (Adcy8), mRNA.
scl32891.21_547‐S NM_007434 Akt2 Mus musculus thymoma viral proto‐oncogene 2 (Akt2), mRNA.
scl0026417.1_62‐S NM_011952.1 Mapk3 Mus musculus mitogen activated protein kinase 3 (Mapk3), mRNA.
scl0014682.1_7‐S NM_008139.2 Gnaq Mus musculus guanine nucleotide binding protein, alpha q polypeptide (Gnaq), mRNA.
scl18924.1.2532_104‐S NM_008036 Fosb Mus musculus FBJ osteosarcoma oncogene B (Fosb), mRNA.
scl000466.1_7‐S NM_008451.1 Klc2 Mus musculus kinesin light chain 2 (Klc2), mRNA.
scl54377.16.1_8‐S NM_172778.1 Maob Mus musculus monoamine oxidase B (Maob), mRNA.
scl021804.11_211‐S NM_009365.2 Tgfb1i1 Mus musculus transforming growth factor beta 1 induced transcript 1 (Tgfb1i1), mRNA.
scl35598.8_175‐S NM_015806.2 Mapk6 Mus musculus mitogen‐activated protein kinase 6 (Mapk6), mRNA.
scl014680.2_22‐S NM_010307 Gnal guanine nucleotide binding protein (G protein), alpha
scl22689.16.1_37‐S NM_009146 Sdfr2 Mus musculus stromal cell derived factor receptor 2 (Sdfr2), mRNA.
scl0002267.1_458‐S NM_020573.1 Osbpl1a Mus musculus oxysterol binding protein‐like 1A (Osbpl1a), mRNA.
scl0011517.1_49‐S NM_007407.2 Adcyap1r1 Mus musculus adenylate cyclase activating polypeptide 1 receptor 1 (Adcyap1r1), mRNA.
GI_6678046‐S NM_009221.1 Snca Mus musculus synuclein, alpha (Snca), mRNA.
scl39495.10_537‐S NM_010277 Gfap Mus musculus glial fibrillary acidic protein (Gfap), mRNA.
scl35495.10.1_8‐S NM_011643.1 Trpc1 Mus musculus transient receptor potential cation channel, subfamily C, member 1 (Trpc1), mR
scl019094.1_245‐S NM_011161.4 Mapk11 Mus musculus mitogen‐activated protein kinase 11 (Mapk11), mRNA.
scl46858.9.1_36‐S NM_013871.2 Mapk12 Mus musculus mitogen‐activated protein kinase 12 (Mapk12), mRNA.
scl0002696.1_5‐S NM_011014.1 Oprs1 Mus musculus opioid receptor, sigma 1 (Oprs1), mRNA.
scl38880.29_102‐S NM_011179 Psap Mus musculus prosaposin (Psap), mRNA.
scl26804.8_290‐S NM_007668.2 Cdk5 Mus musculus cyclin‐dependent kinase 5 (Cdk5), mRNA.
scl53486.15_226‐S NM_008451 Klc2 Mus musculus kinesin light chain 2 (Klc2), mRNA.
scl067605.5_228‐S NM_026270.1 Akt1s1 Mus musculus AKT1 substrate 1 (proline‐rich) (Akt1s1), mRNA.
scl41621.13_164‐S NM_207692.1 Mapk9 Mus musculus mitogen activated protein kinase 9 (Mapk9), transcript variant 2, mRNA.
scl0378430.1_272‐S NM_194064.1 Nanos2 Mus musculus nanos homolog 2 (Drosophila) (Nanos2), mRNA.
scl37728.2_209‐S NM_078477 Klf16 Mus musculus Kruppel‐like factor 16 (Klf16), mRNA.
scl36981.8.1_23‐S NM_010077.1 Drd2 Mus musculus dopamine receptor 2 (Drd2), mRNA.
scl47732.2_4‐S XM_139474.1 Atf4 Mus musculus activating transcription factor 4 (Atf4), mRNA.
scl52769.3.1_151‐S NM_009073 Rom1 Mus musculus rod outer segment membrane protein 1 (Rom1), mRNA.
scl16317.12_198‐S NM_008551.1 Mapkapk2 Mus musculus MAP kinase‐activated protein kinase 2 (Mapkapk2), mRNA.
scl00100273.2_58‐S NM_133885.1 Osbpl9 Mus musculus oxysterol binding protein‐like 9 (Osbpl9), mRNA.
scl0002227.1_9‐S NM_010307 Gnal guanine nucleotide binding protein (G protein), alpha
scl48681.7.1_1‐S XM_147265.1 Comt Mus musculus catechol‐O‐methyltransferase (Comt), mRNA.
scl0002534.1_775‐S NM_011161.4 Mapk11 Mus musculus mitogen‐activated protein kinase 11 (Mapk11), mRNA.
scl026413.2_16‐S NM_011949.2 Mapk1 Mus musculus mitogen activated protein kinase 1 (Mapk1), mRNA.
scl20407.30.36_15‐S NM_011941 Mapkbp1 Mus musculus mitogen activated protein kinase binding protein 1 (Mapkbp1), mRNA.  

 



Supplementary Table 1 (cont).  Gene transcripts evaluated for differential expression among HR, ICR and M16 mice.
Target ID Accession Symbol Definition
scl00100273.2_58‐S NM_133885.1 Osbpl9 Mus musculus oxysterol binding protein‐like 9 (Osbpl9), mRNA.
scl0002227.1_9‐S NM_010307 Gnal guanine nucleotide binding protein (G protein), alpha
scl48681.7.1_1‐S XM_147265.1 Comt Mus musculus catechol‐O‐methyltransferase (Comt), mRNA.
scl0002534.1_775‐S NM_011161.4 Mapk11 Mus musculus mitogen‐activated protein kinase 11 (Mapk11), mRNA.
scl026413.2_16‐S NM_011949.2 Mapk1 Mus musculus mitogen activated protein kinase 1 (Mapk1), mRNA.
scl20407.30.36_15‐S NM_011941 Mapkbp1 Mus musculus mitogen activated protein kinase binding protein 1 (Mapkbp1), mRNA.
scl30062.4.1_1‐S NM_023456.2 Npy Mus musculus neuropeptide Y (Npy), mRNA.
GI_31982683‐S NM_021921.2 Mapk8ip2 Mus musculus mitogen‐activated protein kinase 8 interacting protein 2 (Mapk8ip2), mRNA.
GI_83582785‐A NM_001037723.1 Adcy7 Mus musculus adenylate cyclase 7 (Adcy7), transcript variant 2, mRNA.
scl00035.1_45‐S NM_011671.2 Ucp2 Mus musculus uncoupling protein 2, mitochondrial (Ucp2), mRNA.
scl18186.3.1_175‐S NM_011011.1 Oprk1 Mus musculus opioid receptor, kappa 1 (Oprk1), mRNA.
scl43784.25.1_156‐S NM_153534.1 Adcy2 Mus musculus adenylate cyclase 2 (Adcy2), mRNA.
scl0001776.1_145‐S NM_011949.2 Mapk1 Mus musculus mitogen activated protein kinase 1 (Mapk1), mRNA.
scl0277414.7_122‐S XM_203859 Tp53i11 Mus musculus tumor protein p53 inducible protein 11 (Tp53i11), mRNA.
scl48815.9.1_11‐S XM_148699.3 Crebbp Mus musculus CREB binding protein (Crebbp), mRNA.
scl54967.10.1218_2‐S NM_016886.1 Gria3 Mus musculus glutamate receptor, ionotropic, AMPA3 (alpha 3) (Gria3), mRNA.
scl33714.1_27‐S NM_010592.3 Jund1 Mus musculus Jun proto‐oncogene related gene d1 (Jund1), mRNA.
scl45735.13_394‐S NM_016700 Mapk8 Mus musculus mitogen activated protein kinase 8 (Mapk8), mRNA.
scl35980.21.1_18‐S NM_175481.2 Grik4 Mus musculus glutamate receptor, ionotropic, kainate 4 (Grik4), mRNA.
scl1664.1.1_301‐S NM_007407 Adcyap1r1 Mus musculus adenylate cyclase activating polypeptide 1 receptor 1 (Adcyap1r1), mRNA.
scl31608.7.1_161‐S NM_181593.2 Itpkc Mus musculus inositol 1,4,5‐trisphosphate 3‐kinase C (Itpkc), mRNA.
scl0014285.1_257‐S Fosr
scl52314.6.1_5‐S NM_007452.1 Prdx3 Mus musculus peroxiredoxin 3 (Prdx3), mRNA.
scl24094.1_31‐S NM_010591.1 Jun Mus musculus Jun oncogene (Jun), mRNA.
scl33597.11_333‐S NM_008854 Prkaca Mus musculus protein kinase, cAMP dependent, catalytic, alpha (Prkaca), mRNA.
scl0012846.1_253‐S XM_147265.1 Comt Mus musculus catechol‐O‐methyltransferase (Comt), mRNA.
scl0001894.1_46‐S XM_147265.1 Comt Mus musculus catechol‐O‐methyltransferase (Comt), mRNA.
scl018391.1_236‐S NM_011014.1 Oprs1 Mus musculus opioid receptor, sigma 1 (Oprs1), mRNA.
scl45526.26.1_78‐S NM_080435.1 Adcy4 Mus musculus adenylate cyclase 4 (Adcy4), mRNA.
scl0003256.1_3‐S NM_025876.1 Cdk5rap1 Mus musculus CDK5 regulatory subunit associated protein 1 (Cdk5rap1), mRNA.
scl23999.29_549‐S NM_133885 Osbpl9 Mus musculus oxysterol binding protein‐like 9 (Osbpl9), mRNA.
scl41169.1_6‐S NM_009871.2 Cdk5r1 cyclin‐dependent kinase 5, regulatory subunit 1 (p35)
scl53314.1_457‐S NM_008139 Gnaq Mus musculus guanine nucleotide binding protein, alpha q polypeptide (Gnaq), mRNA.
scl47616.12_239‐S NM_021921 Mapk8ip2 Mus musculus mitogen‐activated protein kinase 8 interacting protein 2 (Mapk8ip2), mRNA.
scl44430.1.474_5‐S NM_008308.2 Htr1a Mus musculus 5‐hydroxytryptamine (serotonin) receptor 1A (Htr1a), mRNA.
scl21036.31.1_8‐S NM_177345.2 Mapkap1 Mus musculus mitogen‐activated protein kinase associated protein 1 (Mapkap1), mRNA.
scl39113.8_92‐S NM_010511.1 Ifngr1 interferon gamma receptor 1
scl0011652.2_199‐S NM_007434.2 Akt2 Mus musculus thymoma viral proto‐oncogene 2 (Akt2), mRNA.
scl15142.1.1_162‐S NM_010307 Gnal guanine nucleotide binding protein (G protein), alpha
scl074309.1_115‐S NM_152818.1 Osbp2 Mus musculus oxysterol binding protein 2 (Osbp2), mRNA.
scl0228983.14_82‐S NM_144500.1 Osbpl2 Mus musculus oxysterol binding protein‐like 2 (Osbpl2), mRNA.
scl015980.8_163‐S NM_008338.2 Ifngr2 Mus musculus interferon gamma receptor 2 (Ifngr2), mRNA.
scl00104252.2_200‐S NM_026772.1 Cdc42ep2 Mus musculus CDC42 effector protein (Rho GTPase binding) 2 (Cdc42ep2), mRNA.
scl48812.11_88‐S NM_009624.1 Adcy9 Mus musculus adenylate cyclase 9 (Adcy9), mRNA.
scl099031.19_30‐S NM_145525 Osbpl6 Mus musculus oxysterol binding protein‐like 6 (Osbpl6), mRNA.
scl0002479.1_2‐S NM_013871.2 Mapk12 Mus musculus mitogen‐activated protein kinase 12 (Mapk12), mRNA.
scl0001471.1_1‐S NM_207692.1 Mapk9 Mus musculus mitogen activated protein kinase 9 (Mapk9), transcript variant 2, mRNA.
scl0018227.2_224‐S NM_013613.1 Nr4a2 Mus musculus nuclear receptor subfamily 4, group A, member 2 (Nr4a2), mRNA.
scl15870.13_49‐S NM_011785.2 Akt3 Mus musculus thymoma viral proto‐oncogene 3 (Akt3), mRNA.
scl00227743.1_265‐S NM_177345.2 Mapkap1 Mus musculus mitogen‐activated protein kinase associated protein 1 (Mapkap1), mRNA.
scl018227.1_24‐S NM_013613 Nr4a2 Mus musculus nuclear receptor subfamily 4, group A, member 2 (Nr4a2), mRNA.
scl17784.1.1_200‐S NM_009872.1 Cdk5r2 Mus musculus cyclin‐dependent kinase 5, regulatory subunit 2 (p39) (Cdk5r2), mRNA.
scl0026419.2_93‐S NM_016700.2 Mapk8 Mus musculus mitogen activated protein kinase 8 (Mapk8), mRNA.
scl27874.1.190_60‐S NM_013503.1 Drd5 Mus musculus dopamine receptor 5 (Drd5), mRNA.
scl026417.10_0‐S NM_011952.1 Mapk3 Mus musculus mitogen activated protein kinase 3 (Mapk3), mRNA.
scl0064291.1_176‐S NM_020573.1 Osbpl1a Mus musculus oxysterol binding protein‐like 1A (Osbpl1a), mRNA.
scl8260.1.1_298‐S NM_016886 Gria3 Mus musculus glutamate receptor, ionotropic, AMPA3 (alpha 3) (Gria3), mRNA.
scl018389.7_4‐S NM_011012.2 Oprl
scl0099031.1_295‐S NM_145525.1 Osbpl6 Mus musculus oxysterol binding protein‐like 6 (Osbpl6), mRNA.
scl48870.1_132‐S NM_010587 Itsn1 intersectin 1 (SH3 domain protein 1A)
scl18987.13.1_0‐S NM_011162.2 Mapk8ip Mus musculus mitogen activated protein kinase 8 interacting protein (Mapk8ip), mRNA.
scl43434.22.1_35‐S NM_138305.2 Adcy3 Mus musculus adenylate cyclase 3 (Adcy3), mRNA.
scl016477.1_58‐S NM_008416.1 Junb Mus musculus Jun‐B oncogene (Junb), mRNA.
scl45926.20.1_29‐S NM_144844.1 Pcca Mus musculus propionyl‐Coenzyme A carboxylase, alpha polypeptide (Pcca), mRNA.
scl39662.12.1_73‐S NM_030248.1 Cdk5rap3 Mus musculus CDK5 regulatory subunit associated protein 3 (Cdk5rap3), mRNA.
scl51269.7_133‐S NM_172632.1 Mapk4 Mus musculus mitogen‐activated protein kinase 4 (Mapk4), mRNA.
scl30448.26_191‐S NM_024289 Osbpl5 Mus musculus oxysterol binding protein‐like 5 (Osbpl5), mRNA.
scl000618.1_71‐S NM_010308 Gnao Mus musculus guanine nucleotide binding protein, alpha o (Gnao), mRNA.
scl0019047.1_2‐S NM_013636.2 Ppp1cc Mus musculus protein phosphatase 1, catalytic subunit, gamma isoform (Ppp1cc), mRNA.
scl41339.16.1_19‐S NM_145429.1 Arrb2 Mus musculus arrestin, beta 2 (Arrb2), mRNA.
scl27902.1_282‐S NM_007418.2 Adra2c Mus musculus adrenergic receptor, alpha 2c (Adra2c), mRNA.  
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