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Abstract

Mouse lines selectively bred for high voluntary wheel-running behavior are helpful models
for uncovering gene networks associated with increased motivation for physical activity and
other reward-dependent behaviors. The fact that multiple brain regions are hypothesized to
contribute to distinct behavior components necessitates the simultaneous study of these
regions. The goals of this study were to identify brain-region dependent and independent
gene expression patterns, regulators, and networks associated with increased voluntary
wheel-running behavior. The cerebellum and striatum from a high voluntary running line and
a non-selected control line were compared. Neuropeptide genes annotated to reward-
dependent processes including neuropeptide S receptor 1 (Npsr1), neuropeptide Y (Npy),
and proprotein convertase subtilisin/kexin type 9 (Pcsk9), and genes implicated in motor
coordination including vitamin D receptor (Vdr) and keratin, type | cytoskeletal 25 (Krt25)
were among the genes exhibiting activity line-by-region interaction effects. Genes annotated
to the Parkinson pathway presented consistent line patterns, albeit at different orders of
magnitude between brain regions, suggesting some parallel events in response to selection
for high voluntary activity. The comparison of gene networks between brain regions
highlighted genes including transcription factor AP-2-delta (Tfap2d), distal-less homeobox 5
gene (DIx5) and sine oculis homeobox homolog 3 (Six3) that exhibited line differential
expression in one brain region and are associated with reward-dependent behaviors.
Transcription factors including En2, Stat6 and Eomes predominated among regulators of
genes that differed in expression between lines. Results from the simultaneous study of
striatum and cerebellum confirm the necessity to study molecular mechanisms associated
with voluntary activity and reward-dependent behaviors in consideration of brain region
dependencies.
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Introduction

Reward-dependent behaviors have been linked to learning, memory, and neurological disease
processes [1]. High levels of voluntary exercise can be considered a behavior that is dependent
on a physical activity reward, and this behavior is also dependent on locomotor control pro-
cesses [2, 3]. A model based on healthy human subjects proposes that the cortico-striatal and
cortico-cerebellar systems contribute differentially to motor sequence learning and motor
adaptation, respectively [4].

Mouse lines selectively bred for high voluntary wheel-running behavior have been a helpful
model for uncovering the neurological basis of motor learning and adaptation, increased moti-
vation of physical activity, and reward-dependent behaviors [2, 5, 6]. Significant behavioral
and physiological differences can be identified between lines selected for high voluntary run-
ning and non-selected control lines [2, 3]. For example, differences between high running and
control lines in the concentration of monoamines in the substantia nigra pars compacta and
dorsolateral striatum, and in the expression of genes coding for chromatin regulators of mono-
amine receptor in the striatum have been reported [7]. Consistent with the expected associa-
tion with reward-dependent pathways, we reported differential expression between the
striatum of the high running and control lines of genes coding for members of the dopamine
signaling pathway, including the neurotransmitters glutamate and GABA and the neuromodu-
lator serotonin [6]. A different set of genes associated with locomotor control, reward-depen-
dent behaviors and dopamine processes, including dopamine receptor D1 and muscarinic
acetylcholine receptor M1 were differentially expressed between the cerebellum of the high
running and control lines [8]. A more complete understanding of the complementary role of
the striatum and cerebellum on the motivation to exercise in particular, and for reward-depen-
dent behaviors in general necessitates the simultaneous analysis of transcriptome between
high running and control lines across brain regions.

The goals of this study were: 1) to identify brain-region dependent and independent gene
expression patterns and pathways between the high voluntary running and control mouse
lines; 2) to integrate information on gene relationships and differential expression between
these lines and characterize distinct gene networks between brain regions; and 3) to investigate
brain-region dependent and independent differences between the lines in transcription factor
regulation. This study advances our understanding regarding the gene networks associated
with motivation to exercise that are unique to a brain region or common across brain regions.
Understanding the molecular underlining of high voluntary physical activity advances the
knowledge on the molecular mechanisms associated with reward dependent and addictive
behaviors.

Materials and methods
Animal experiments, sampling and sequencing

The experimental procedures were approved by the UCR Institutional Animal Care and Use
Committee and were in accordance with the National Institutes of Health Guide for the Care
and Use of Laboratory Animals. The cerebellum (Ce) and striatum (St) from 7-week old male
mice corresponding to a line selected for high voluntary wheel running (designation line 7)
and a control line (designation line 1) were studied. The studied mice were derived from gen-
eration 66 of a replicated selective breeding experiment for increased voluntary wheel running
behavior on the Hsd:ICR strain [9-11]. Wheel revolutions were recorded in 1-minute inter-
vals, continuously for 6 days and mice were selected within-family for the number of revolu-
tions run on days 5 and 6. In the selected line, the highest running male and female within 10
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individual families were selected per generation and each mice was mated to a mice from
another family. Mating decisions minimized inbreeding such that the effective population size
is approximately 35 [12]. In the control line, one female and one male within each family were
selected at random and full sib mating were also prevented [9]. The mice in this study were
neither full nor half-sibs. A comparison of the additive genetic variance of 6 locomotor behav-
ior traits between high running and control lines indicated that, albeit the selected line having
one third of the variance than the control line, these variances remained fairly constant across
30 generations [13]. By generation 61, mice from four selected lines ran on average approxi-
mately 3.3 fold more per day relative to the four control lines [9]. The Ce and St from mice rep-
resenting the high voluntary running line (Hi) and from the control line (Co) were studied in
a 2-by-2 factorial design.

At 35 days old (£5 days) the Hi and Co mice were housed in individual cages with free
access to a running wheel and were kept on a 12-hour light/dark cycle with lights on at 0000 h
and off at 1200 h for 6 days. Complementary locomotor behavior indicators were measured
during the 6 days of the trial including: a) number of wheel revolutions within non-overlap-
ping 30 minute intervals between 150 minutes and up to when the mouse was removed from
the cage for dissection; b) maximum number of revolutions per minute in the previously
described intervals; c) average number of revolutions per minute in the previously described
intervals; and d) average number of revolutions per minute of activity in days 1 to 6.

On day 7 during a period of typical activity, starting at 1300 h and ending at 1700 h (1-4 h
after the lights were shut off), mice were removed from their cages with access to running
wheel and euthanized by immediate decapitation. Relative to the temporary access to wheel
running prior to sampling that all mice in the experiment experienced, the results from the
transcriptome comparison between Hi and Co mice are expected to be dominated by the long-
term effect of the 66 generations of selection. This expectation is based on a study that com-
pared mice selected for high wheel running versus control and concluded that selection may
have affected the motivational system resulting in lower reinforcing value of short running
periods on the first group [14].

Brains were extracted, placed on an iced aluminum platform and the entire Ce and St were
dissected, immediately transferred to a centrifuge tube and stored at —80°C [15, 16]. Individual
brain region samples were homogenized with an RNase-free disposable pellet pestle (Fisher);
RNeasy® Lipid Tissue Mini Kit (Qiagen, Valencia, CA) was used for RNA extraction; and
DNase I (Qiagen, Valencia, CA) was used to purify the isolated RNA. Qubit®) 2.0 (Life Tech-
nologies, Carlsbad, CA) was used to assess total RNA yield. The integrity of isolated RNA was
measured by the 285/18S rRNA analysis using the Agilent 2100 Bioanalyzer (Agilent Technol-
ogies, Santa Clara CA) and the integrity of the isolated RNA was measured using the Agilent
2100 Bioanalyzer with RNA Pico chip (Agilent Technologies, Palo Alto, CA). The 16 individ-
ual samples were evaluated for RNA Integrity Numbers (RIN). Samples were sequenced with
the Illumina HiSeq 2000 system (Illumina, San Diego, CA, USA) and 100nt-long paired-end
reads from individual mouse and brain regions were generated. The RNA-seq data files are
available in the National Center for Biotechnology Information Gene Expression Omnibus
(GEO) database (accession identifier GSE114062).

Differential expression analysis

The analysis compared the transcriptome profiles from 4 groups defined by the brain region

followed by the activity line: StHi, StCo, CeHi, and CeCo. These groups encompassed a total of
16 individual mouse samples; half of the samples corresponded of the Hi and the rest to the Co
line. Within line; half of the samples corresponded to the St and the rest to the Ce brain region.
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Quality control of the sequence reads included a minimum average Phred score of 30 across
all positions using FastQC [8, 17]. The reads were mapped to the genome assembly Mus mus-
culus NCBI GRCm38 using Tophat2 v2.1.1 [18]. The Cuffnorm v2.2.1 routine within the Cuf-
flinks software was used to normalize the gene counts for library size and filter genes
inadequately detected across samples [19]. Genes represented in 3 or more sample by one or
more read count per million were further studied. The Trimmed Mean of M-values normal-
ized values of 15,213 genes were analyzed for differential expression between activity lines and
brain regions. One StHi sample was removed from subsequent testing based on principal com-
ponent analysis of all genes profiled that suggested deviations from all other samples in the
same line-region group.

A linear model including the main effects of activity line, brain region, and the interaction
between these effects was used to describe the gene expression patterns. A preliminary analysis
of the locomotor measurements indicated that the variation between lines was substantially
higher than the variation within lines and thus no additional covariate was included in the
model. The analysis was implemented in the edgeR Bioconductor package, v. 3.14.0 within the
Rv. 3.3.1 software environment [20, 21]. A robust common gene variance was specified using
the tag-wise dispersion option to curtail potential false positive results. The quasi-likelihood F-
test was used to test for differential expression and the P-values were adjusted for multiple test-
ing using the false discovery rate (FDR) method [22]. Among the possible interaction contrasts,
patterns of particular interest were distinct differential gene expression between activity lines
within each brain region (StHi-StCo and CeHi-CeCo). These 2 contrasts and StHi-CeHi con-
stitute 3 orthogonal contrasts that can completely characterize the interaction. These results
were complemented with a study of the main effect of line by contrasting the gene expression
levels between lines (Hi-Co) across brain regions. Likewise, the main effect of brain region was
characterized by contrasting the gene expression levels between brain regions (St-Ce).

Functional, interacting, and regulatory network analyses

Complementary enrichment analyses were used to obtain a comprehensive understanding of
the functional categories over-represented among the differentially expressed genes. The cate-
gories studied included Gene Ontology (GO) molecular function (MF) and biological process
(BP) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways [15, 23]. Gene Set
Enrichment Analysis (GSEA) considered the expression profiles of all genes analyzed [24].
Genes were ranked based on the signed and standardized logarithm-transformed fold change
in the StHi-StCo, CeHi-CeCo, contrasts. The statistical significance of the enrichment was
assessed based on P-value from 1,000 permutations and adjusted using FDR. Categories
including at least 5 genes were considered. Functional enrichment among genes exhibiting a
significant interaction effect and among genes solely exhibiting a significant line effect was
performed using the Database for Analysis, Validation, and Integrated Discovery system
(DAVID) [25]. EASE scores (modified Fisher Exact) were used to assess the statistical signifi-
cance of the enrichment of the individual categories [8, 26]. Functional categories including
genes in common were clustered and the statistical significance of these functional clusters is
represented by the enrichment score (ES) that is the geometric mean of the EASE scores of the
categories in the cluster [15, 26]. Further analysis of the enrichment of categories from the
Mouse Genome Informatics (MGI) mammalian phenotype database of using Fisher exact test
were implemented using the software Enrichr [27].

Gene networks were reconstructed using the BisoGenet package [28] within the Cytoscape
environment [29] for the 3 orthogonal contrasts. The edges of the networks depict molecular
relationships annotated in the BIOGRID, HPRD, DIP, BIND, INTACT, and MINT databases
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[30-35] and integrated in the BisoGenet SysBiomics repository. The network framework
includes genes that exhibited differential expression in at least one of the 2 orthogonal con-
trasts between lines (CeCo-CeHi or StCo-StHi) at log2(line fold change) > |1| and P-

value < 0.05. This specification ensured adequate connectivity between genes and overlap
between brain regions and enabled direct network comparison. The network framework genes
are identified by nodes with size representing the fold change magnitude. The remaining net-
work genes connect the framework genes in at least one of the interactome databases but
missed the differential expression thresholds used for the framework genes. The comparison
of these networks enabled the detection of shared and distinct co-regulation pattern between
lines and brain regions.

The study of transcription factor representation among the target genes exhibiting interac-
tion or activity line effects offered further insights into brain region dependent and independent
differences in gene regulation. The iRegulon plugin in Cytoscape was used to detect transcrip-
tion factors, binding motifs, and their optimal sets of direct targets among the differentially
expressed genes [29, 36]. Transcription factors that can regulate differentially expressed target
genes were identified using the motif position weight matrix [36] and their prevalence was
assessed using the normalized enrichment score (NES). Using the iRegulon default parameters,
motif sensitivity and specificity was ascribed for minimum receiver operator curve estimation
of the area under the curve threshold equal to 0.03 and motif similarity was deemed significant
at FDR P-value < 0.001 [36]. Transcription factors supported by > 15% of input genes and that
surpassed the default iRegulon NES = 3 cutoff [36] and are discussed.

Results and discussion
Locomotor and sequencing statistics

The Se and Co groups were significantly distinct on several locomotor behavior indicators. The
Se mice run between 4.4 and 5.5 fold more wheel revolutions during a 30 minute interval
(0.0001 < P-value < 0.004) between 150 minutes and before the mouse was removed from the
cage for dissection. The Se mice reached between 2.3 and 3.6 fold higher maximum number of
revolutions per minute (0.00002 < P-value < 0.002) during the same intervals. The Se mice
attained between 3.0 and 4.3 fold higher average number of revolutions per minute (0.0002 <
P-value < 0.001) during the same intervals The Se mice attained between 2.7 and 3.4 fold higher
average number of revolutions per minute of activity per day (0.01 < P-value < 0.000001)
between days 1 and 6 before dissection. These comparisons offer evidence that mice from the Se
line ran more and faster than mice from the Co line and that the variation of locomotor indica-
tors between lines is substantially higher than the variation within line.

The number of reads and quality scores along the reads were concordant across samples.
The average RIN was consistent across line-brain region groups and ranged from 8.8 to 9.1.
The average number of reads per sample was 114,142,993. The average quality score Phred
across read positions and samples was 30 indicating a 99.9% base call accuracy and thus reads
were not trimmed. The percentage of reads mapped to the mouse genome was consistent
across samples and was approximately 92% corresponding to an average of 104,394,396.3 total
reads mapped per sample. The normalized values of 15,213 genes were analyzed.

Voluntary activity line-by-brain region interaction effects on the
transcriptome

An innovative comparison of the transcriptome between a line selected for high voluntary
physical activity and a control line simultaneously in two brain regions is presented. Table 1
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Table 1. Genes exhibiting significant (FDR-adjusted P-value < 0.01, minimum log2 (line fold change) > |1.25|) activity line-by-brain region interaction.

Gene Log2(Line Fold Change)" Line-by-region Interaction
Symbol Name CeCo-CeHi StCo-StHi P-value FDR P-value
Krt25 keratin, type I cytoskeletal 25 isoform X2 -1.98 3.02 1.5E-09 2.3E-05
Lamc2 laminin subunit gamma-2 isoform X2 1.57 -0.59 7.7E-09 5.9E-05
Fam124a protein FAM124A isoform X1 -1.35 0.03 1.4E-08 7.1E-05
Npsrl neuropeptide S receptor isoform X2 -6.47 -0.56 4.9E-08 1.9E-04
Myo18b unconventional myosin-XVIIIb isoform X1 1.40 -1.02 1.4E-07 3.5E-04
Vdr vitamin D3 receptor -3.37 -0.39 2.0E-07 4.4E-04
Rab37 ras-related protein Rab-37 isoform 1 0.23 1.61 3.4E-07 6.5E-04
Necabl N-terminal EF-hand calcium-binding protein 1 -2.69 -0.32 4.2E-07 7.1E-04
Pcsk9 proprotein convertase subtilisin/kexin type 9 precursor 3.21 0.54 1.2E-06 1.8E-03
Tifa TRAF-interacting protein with FHA domain-containing protein A isoform X1 -1.58 -0.30 6.7E-06 6.0E-03
Creb3l1 cyclic AMP-responsive element-binding protein 3-like protein 1 1.40 0.20 1.0E-05 7.6E-03
Col5a2 collagen alpha-2(V) chain preproprotein -0.26 1.31 1.2E-05 8.2E-03
En2 homeobox protein engrailed-2 -0.31 1.54 1.3E-05 8.4E-03
Cd3001f CMREF35-like molecule 1 isoform X3 -1.12 -4.23 1.8E-05 1.1E-02
Npy pro-neuropeptide Y preproprotein 1.28 -0.11 1.9E-05 1.1E-02

! CeCo-CeHi: cerebellum control versus selected high running line; StCo-StHi: striatum control versus selected high running line.

https://doi.org/10.1371/journal.pone.0201773.t001

lists the genes that exhibited the most significant line-by-region interaction effects (FDR-
adjusted P-value < 0.01, minimum log2 (fold change between lines) > |1.25|). The extended
list of 334 genes that exhibited interaction effect (P-value < 0.005) is presented in Table A in
S1 File. Among these, 86 genes exhibited a significant interaction effect (FDR-adjusted P-
value < 0.05) and the vast majority of these (76 genes) reached the same significance level in at
least one line contrast within brain region (StCo-StHi and CeCo-CeHi).

Further study of the interaction enabled the characterization of the differential expression
between activity lines within region among the genes that exhibited a significant interaction
effect. Overall, 154 genes exhibited line effect [log2(line fold change > |1|] in each brain region,
a difference between regions in the log2(line fold change) > |1|, and interaction effect (P-
value < 0.05). Among the 154 genes that exhibited an interaction effect, the majority (107
genes) exhibited differential expression between lines in either or both brain regions (Figure A
in S1 File). Furthermore, the Spearman correlation of the log2(line fold change) between both
regions based on the 154 genes was -0.034 further confirming that the brain regions studied
exhibit distinct associations between gene expression and high voluntary wheel-running
behavior.

The expression of various neuropeptide prohormones and related receptor genes exhibited
significant line-by-region interaction (Table 1). The over-expression of neuropeptide S recep-
tor 1 (Npsrl) in the Hi relative to Co line in both brain regions, albeit different levels of magni-
tude, is in line with reports that Neuropeptide S (NPS) and its receptor system have been
associated with arousal, anxiolysis, control of fear expression [37], drug addiction, stress [38]
and addictive behaviors [39] in human and mouse models. Consistent with the under-expres-
sion of Npsr1 in Co relative to Hi observed in this study, mice deficient for Npsr1 did not
exhibit NPS-induced hyperlocomotion nor abnormal response to stress [40].

Neuropeptide Y (Npy) was also under-expressed in the Ce of Hi relative to Co mice
(Table 1). This neuropeptide modulates reward-dependent and anxiety behaviors. The pattern
of Npy gene expression recorded in this study is consistent with reports that decreased concen-
trations of NPY are implicated in alcohol drinking behaviors and anxiety [41]. Related to
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neuropeptide production, the proprotein convertase subtilisin/kexin type 9 (Pcsk9) can cleave
preprohormones into neuropeptides and biologically active peptides, and in the present study
this gene was substantially under-expressed in the Ce of Hi relative to Co line and the same
pattern albeit at lower magnitude was observed in the St. In agreement with the over-expres-
sion of Pcsk9 in Co relative to Hi mice observed in this study, Pcsk9 was over-expressed in the
prefrontal cortex of mice selected for low stress reaction (measured by magnitude of swim
stress-induced analgesia) relative to control mice [42].

In our study, vitamin D receptor (Vdr) and N-terminal EF-hand calcium-binding protein 1
(Necabl) showed the same interaction pattern as Npsrl, with over-expression in the Ce of Hi
relative to Co mice and to lesser extent in the St (Table 1). Reports of the association between
these genes, locomotor regulation, and reward-dependent behaviors support our findings.
Vitamin D interacts with the metabolites of several neuropeptides, including oxytocin [43],
vasoactive intestinal peptide, and pituitary adenylate cyclase-activating polypeptide [44] that
are associated with addiction, reward-dependent, and locomotor behaviors [45]. In agreement
with the observed over-expression of Vdr in Hi mice, Vdr-deficient mice have motor impair-
ments that interfere with their ability to float and with post-swimming activity [46]. Necabl is
a candidate marker for commissural interneurons involved in coordinating left/right locomo-
tion and expression in the mouse dorsal root ganglia [47, 48]. Also, the Necab1/2 system serves
as a molecular marker for neuron populations of mechanosensory and pain circuits in the spi-
nal cord [48].

Similar to Vdr and Necabl, CD300 molecule like family member F (Cd300lf) was highly
over-expressed in the St of Hi relative to Co mice and presented a similar yet four-fold lower
differential expression in the Ce (Table 1). This pattern is in agreement with the reported over-
expression of Cd3001f in the St of mice that self-administered oxycodone (a highly addictive
opioid narcotic) relative to saline controls [49].

Genes associated with reward-dependent behaviors and locomotor control were among
those exhibiting highly significant interaction effects and opposite line patterns between the
two brain regions (Table 1). Keratin, type I cytoskeletal 25 (Krt25) was over-expressed in Hi
relative to Co mice in the Ce and under-expressed in the St. Krt25 was identified as a hub gene
in a network of genes associated with Rotarod and Beam Transversal tasks used to assess
motor coordination in mice [50], supporting the observed over-expression in the Ce of Hi rel-
ative to Co. Reciprocally, homeobox-containing transcription factor engrailed 2 (En2), lami-
nin subunit gamma-2 (Lamc2), and myosin XVIIIb (Myo18b) were all under-expressed in Hi
relative to Co mice in the Ce while over-expressed in the St. In agreement with the profiles
detected in this study, En2 knockout mice exhibited deficits in specific motor, spatial learning
and memory tasks, and altered social behavior including decreased play, reduced social sniff-
ing and allogrooming, and less aggressive behavior [51]. Conforming to our results, Lamc2
was under-expressed in acute nicotine exposure conditions [52] and Myo18b was under-
expressed in the midbrain ventral tegmental area that projects to the striatum of rats that self-
administered methamphetamine relative to control.

The identification of genes exhibiting significant line-by-brain region interaction effects
supports our premise that molecular mechanisms in the Ce and St can have complementary
and distinct associations during high voluntary wheel-running behavior. This finding illus-
trates the additional insights into the molecular basis of the reward-dependent and addictive
behaviors offered by the transcriptome comparison of high voluntary physical activity and
control mouse lines. Moreover, the annotation of numerous genes exhibiting significant activ-
ity-by-region interaction effects to reward-dependent and locomotor control processes
endorses the significance of the model and brain regions studied to understand mechanisms
associated with addiction-related behaviors.
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Table 2. Clusters of informative Gene Ontology molecular functions (MF), biological processes (BP), and KEGG pathway categories including at least 5 genes
exhibiting an interaction effect and enriched (FDR-adjusted P-value < 0.1) from the DAVID analysis.

Cluster ES /Category
ES:

BP
BP
BP
BP

ES:

BP
BP
BP

ES: 2.

BP
BP
BP

ES:

BP

ES: 1.

BP
BP
BP

ES: 1.

BP
BP

https://doi.org/10.1371/journal.pone.0201773.t002

2.7

GO Identifier

G0:0007399
GO:0022008
G0:0007420
GO:0031175

GO:0021695
GO:0021587
GO:0021575

G0:0007610
G0:0044708
GO:0008344

GO:0007155

GO:0071495

GO:0032870

GO:1901653

GO:0021953
G0O:0030900

Name Count P-value FDR P-value
nervous system development 37 1.9E-05 5.0E-02
neurogenesis 29 5.9E-05 5.3E-02
brain development 18 7.2E-05 4.8E-02
neuron projection development 18 8.6E-04 1.3E-01
cerebellar cortex development 5 1.3E-03 1.5E-01
cerebellum morphogenesis 4 7.0E-03 3.4E-01
hindbrain morphogenesis 4 8.7E-03 3.7E-01
behavior 17 1.1E-04 4.3E-02
single-organism behavior 11 5.3E-03 3.0E-01
adult locomotory behavior 5 9.6E-03 3.7E-01
cell adhesion 25 1.2E-03 1.5E-01
cellular response to endogenous stimulus 22 3.7E-04 8.0E-02
cellular response to hormone stimulus 12 3.9E-03 2.6E-01
cellular response to peptide 8 5.3E-03 3.0E-01
central nervous system neuron differentiation 7 6.0E-03 3.1E-01
forebrain development 8 4.4E-02 6.4E-01

Functional analysis of voluntary activity line-by-region interaction effects

The molecular mechanisms that could be impacted by selection for high wheel running on a
brain-region dependent manner were detected by functional analysis of the genes exhibiting
an interaction effect. Table 2 lists several clusters of enriched (ES > 1.4) GO BP, MF, and
KEGG functional categories (> 5 genes exhibiting significant interaction effect and P-value <
0.0001) obtained from the DAVID analysis. A more complete list of clusters (ES > 1.5)

is available in Table B in S1 File. The enrichment of the BP nervous system development
(G0:0007399) is consistent with reports of similar functional enrichment in the striatum of
spontaneously hypertensive rats (SHi) that exhibit hyperactivity behaviors [53, 54], given that
lines of mice selected for high wheel running are also hyperactive in home cages when housed
without wheels [55]. The over-representation of this category was also observed among genes
differentially expressed in the striatum in response to acute morphine [56]. The enrichment of
neurogenesis (GO:0022008) is in agreement with reports that running and exercise were able
to increase adult neurogenesis in the dorsal dentate gyrus and hippocampus [57, 58]. These
categories are consistent with the suggestion that long-term exercise induces plastic changes in
the central nervous system, some of which may improve cognition [59].

The over-representation of cell adhesion (GO:0007155) among the genes exhibiting a sig-
nificant interaction effect is in agreement with the apparently addictive properties of high vol-
untary wheel running and is brain-region dependent [60]. Cell adhesion plays a central role in
neuronal connectivity and communication, synapse adhesion, and signal transduction, thus
providing the fundamental bases for learning, memory, and addiction [61, 62]. The enrich-
ment of BP cerebellum morphogenesis (GO:0021587) and cerebellar cortex development (GO:
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GO0:0021695) is in agreement with its functions in motor control, and in cognitive and motiva-
tional processes [8, 63, 64]. The enrichment of the locomotory behavior category
(GO:0008344) is consistent with the high voluntary activity line studied, with the role of the
cerebellum in locomotor control [65], and is supported by the genes associated with locomotor
control that exhibited significant interaction effect. Likewise, the enrichment of the response
to hormone and peptide categories (e.g.) is in agreement with reports that wheel-running stim-
ulates endogenous opioids [66, 67] and the anxiolytic effects of voluntary exercise [68]. This
finding is supported by the neuropeptide genes (e.g. Nr4a2, Pcsk9, Vdr) exhibiting interaction
effect in this study (Table 1).

The significant representation of the GO MF transcription factor (GO:0043565) category
(Table B in S1 File) is supported by genes such as the transcription factor En2 (Table 1). This
result suggests that regulators of gene expression are associated with high voluntary activity
line in a brain region-dependent. The enrichment of a transcription regulatory category is in
agreement with reports of a positive association between high wheel running in mice or tread-
mill running in rats and the expression of transcription factors such as Delta, c-Fos and FosB
in the brain [58, 69, 70]. More broadly, this category is in agreement with suggestions that
transcription factors contribute to reward-induced adaptations in the brain [71].

Impaired coordination (MP:0001405; P-value < 0.001), increased anxiety-related response
(MP:0001363; P-value < 0.001), abnormal cued conditioning behavior (MP:0001454; P-
value < 0.001), abnormal locomotor activation (MP:0003313; P-value < 0.003) and hyperac-
tivity (MP:0001399; P-value < 0.01) were the top MGI mammalian phenotype categories
enriched among the genes exhibiting interaction effect. Despite not reaching the FDR-adjusted
P-value < 0.05 threshold in Enrichr, these phenotypes are aligned with differences in locomo-
tor behaviors between the Se and Co lines [13].

Functional analysis of voluntary activity lines within brain region

Further insights into the molecular mechanisms potentially underlying the high voluntary
activity phenotype on a brain region-dependent manner were gained from the study of func-
tional categories over-represented among genes differentially expressed between lines within a
region. Tables 3 and 4 summarize several BP and KEGG categories enriched (FDR-adjusted P-
value < 0.05) among the over- and under-expressed genes in the CeCo-CeHi and StCo-StHi
contrasts, respectively detected using GSEA. The complete lists of all the terms enriched in
both contrasts (FDR-adjusted P-value < 0.2) are available in Tables C and D in S1 File.
Consistently enriched functional categories in Ce and St among the genes differentially
expressed between Hi and Co mice (Tables 4 and 5) include the KEGG oxidative phosphoryla-
tion (mmu00190) and ribosome (mmu03010) pathways, as well as cellular respiration process
(G0:0045333). The KEGG Parkinson’s disease pathway was also enriched among the genes
over-expressed in StCo-StHi at P-value < 1.0E-10 or FDR-adjusted P-value < 0.15 (Table D in

Table 3. Gene Ontology (GO) biological process (BP) and KEGG pathway categories enriched (FDR-adjusted P-value < 0.05) among the genes over-expressed in

the CeCo-CeHi contrast detected using GSEA.

Expression/Category Identifier
Over-expressed

KEGG mmu00190
KEGG mmu03010
BP GO0:0045333
KEGG mmu05012
KEGG mmu05016

https://doi.org/10.1371/journal.pone.0201773.t003

Name Gene Count P-value FDR P-value
oxidative phosphorylation 99 0.0E+00 0.0E+00
ribosome 82 0.0E+00 0.0E+00
cellular respiration 127 0.0E+00 3.7E-04
Parkinson’s disease 101 0.0E+00 2.2E-03
Huntington’s disease 146 0.0E+00 6.1E-02
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Table 4. Gene Ontology (GO) biological process (BP) and KEGG pathway categories enriched (FDR-adjusted P-value < 0.05) among the genes over- and under-
expressed in the StCo-StHi contrast detected using GSEA.

Expression/Category Identifier Name Gene Count P-value FDR P-value
Over-expressed

BP GO:0006119 oxidative phosphorylation 73 <1.0E-20 2.8E-03

BP GO:0045333 cellular respiration 129 <0.0E+00 4.2E-03
KEGG mmu03010 ribosome 82 0.0E+00 5.6E-03

Under-expressed
BP GO0:0010575 + regulation of vascular endothelial growth factor production 18 0.0E+00 3.6E-02

https://doi.org/10.1371/journal.pone.0201773.t004

S1 File). Additional GO BPs were enriched in both regions, but these are less specific (e.g. BP
cellular respiration) or subsets of the previous three categories (e.g. BP oxidoreductase activity
acting on a heme group of donors) and thus further interpretation focuses on the 3 informative
categories.

The over-representation of the oxidative phosphorylation and cellular respiration processes
among the genes over-expressed in Co relative to Hi mice (Tables 3 and 4) is consistent with
reports that regular exercise decreases the level of reactive oxygen species and modulates pro-
tein oxidation in the brain of adult rats [72, 73]. Likewise, the enrichment of the KEGG ribo-
some pathway among the genes over-expressed in Co relative to Hi mice is consistent with
work demonstrating that protein synthesis is noticeably depressed in the brain of swimming
rats [74]. The enrichment of Parkinson’s disease in Hi relative to Co is in agreement with a
large body of studies in rodent models and humans suggesting that exercise can protects the
brain against such neurodegenerative conditions [75-77].

Further study of the consistency of the line expression patterns across regions helped us
understand the consistent enrichment of three KEGG pathways (oxidative phosphorylation,
ribosome, and Parkinson’s disease) in Ce and St summarized in Tables 3 and 4 despite the
non-overlapping differentially expressed genes listed in Table 1. The correlation between
regions of the log2(line fold change) of the genes enriching each pathway was computed to
assess the consistency of activity line patterns across brain regions. The correlation of gene
log2(line fold change) between brain regions for oxidative phosphorylation, ribosome, and
Parkinson’s pathways were 0.39, 0.53, and 0.89, respectively. The strong consistency between
brain regions of line differences among genes in the Parkinson’s pathway genes is in agreement
with reports that exercise augments the level of a dopamine receptor associated with addiction
and reward-dependent behaviors in a mouse model of Parkinson’s disease [78]. The brain

Table 5. Top informative genes exhibiting significant (FDR-adjusted P-value < 0.01, log2 (fold change) > |4|) differential expression between Control (Co) and
high activity (Se) lines across brain regions.

Symbol Name Log2(Co/Hi) FDR P-value
Zfp33b low quality protein: zinc finger protein 431-like -4.46 3.76E-12
Ms4a2 high affinity immunoglobulin epsilon receptor subunit beta isoform c 8.20 4.25E-11
Hist1h2al histone Cluster 1 H2A Family Member L 5.06 1.26E-09
Arhgap8& rho GTPase-activating protein 8 isoform X2 -5.13 1.61E-08
Ms4a3 membrane-spanning 4-domains subfamily A member 3 8.16 2.14E-08
Cypllal cholesterol side-chain cleavage enzyme, mitochondrial isoform X1 -5.29 2.82E-08
Lipo2 lipase, member O2 isoform X3 4.30 8.35E-08
Gif gastric intrinsic factor precursor 8.25 2.02E-05
Krt12 keratin, type I cytoskeletal 12 -4.44 6.49E-05
Shox2 short stature homeobox protein 2 isoform X1 -5.34 0.0092

https://doi.org/10.1371/journal.pone.0201773.t005
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region-dependent profiles of the genes exhibiting interaction effect yet common enrichment
of the Parkinson’s disease pathway observed in this study supports the paradigm that both
striatal and cerebellar systems participate in motor skill learning albeit in distinct processes
[4]. The striatum processes may predominate during the learning of a sequence of movements
that support fast wheel running, whereas the cerebellum processes may predominate during
motor adaptation to environmental perturbations such as free access to running wheel. Evi-
dence supporting the previously hypothesized complementary role of these brain systems in
motor skill learning has come from impairments found in patients with striatal dysfunction
such as Parkinson’s disease [4]. With respect to the other two pathways enriched in genes
exhibiting brain-region dependent profiles between lines, ribosome and oxidative phosphory-
lation pathways were enriched in a rat model of cerebral ischemic tolerance to restricted blood
flow [79]. Learning a complicated sequence of voluntary finger movements in humans has
been associated with higher regional cerebral blood flow in the cerebellum and that acquisition
of the motor skill results in an increase of the regional cerebral blood flow in the striatum [80].

A motivating finding is the enrichment of the BP positive regulation of vascular endothelial
growth factor (VEGF) production among genes over-expressed in the St of Hi relative to Co
mice (Table 4, Table D in S1 File), whereas no functional category achieved significant enrich-
ment among the genes exhibiting the same pattern in the Ce (Table 3, Table C in S1 File).
Despite the presence and role of VEGF in both brain regions, the over-representation of the
positive regulation of VEGF in the St of Hi mice is consistent with the neuroprotective effect of
VEGF in Parkisons’s disease. Parkinson’s disease patients exhibit dopamine deficit in the St and
suffer loss of locomotor control, expressed in rigidity and shaking [81]. These findings lead us
to suggest that the high gene expression of VEGF in the Hi mice could support higher locomo-
tor control through the St, rather than the Ce. Our study of Ce and St simultaneously enabled
this innovative insight into the molecular mechanisms supporting high voluntary activity.

Interaction networks of voluntary activity lines within brain region

Gene networks were inferred to understand the simultaneous impact of line and brain region
on multiple gene expression profiles while accounting for known molecular relationships. The
reconstructed networks supplemented the discovery of candidate genes and enriched biologi-
cal processes. Networks were obtained for the contrasts between the Hi and Co lines within
brain region. Figs 1 and 2 depict the gene networks for the CeCo-CeHi and StCo-StHi con-
trasts, respectively. The majority of the genes in the network were differentially abundant at
FDR P-value < 0.1 (Six3, Ndst4, Lamc2, DIx5, Spp1, Vdr, Cd300If, Tifa, Nphs1, Tfap2d, Tec,
Pik3apl). Four genes differentially abundant at P-value < 0.05 were included to enable con-
nectivity and a more populated network. The network reconstruction centered on a frame-
work of genes that exhibited a line fold change difference between brain regions > |2| and an
activity line-by-brain region interaction effect. This strategy enabled the reconstruction of a
network of 110 genes, afforded adequate connectivity between framework genes and corre-
spondence between brain regions, and facilitated the interpretation of gene network differ-
ences between lines and brain regions. In the networks, green and red rectangular nodes
represent over and under-expressed framework genes. The size of the node and intensity of
the color denote the magnitude of the fold change. The genes in the network depicted without
nodes did not reach the differential expression threshold but connect the framework genes
based on the protein-protein interaction databases considered. The edges represent known
direct associations between the corresponding nodes.

Two network framework genes, Cd300lf and secreted phosphoprotein 1 (Sppl), reached
significant differential expression level in both brain region networks and have been associated
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Fig 1. Network of differential gene expression in the cerebellum. Delineated nodes: framework genes that exhibited
a line fold change difference between brain regions > |2| and an activity line-by-brain region interaction effect; red:
under-expression in Hi and green: over-expression in Hi relative to Co. The size of the node and intensity of the color
denote the magnitude of the fold change. Non-delineated nodes: genes that did not reach the differential criteria or
connecting genes. Edges: known direct associations between the corresponding nodes.

https://doi.org/10.1371/journal.pone.0201773.9001

with functional categories relevant to this study. Cd300lf was over-expressed whereas Sppl was
under-expressed in Hi relative to Co in both brain regions. Both genes were more differentially
expressed in the St than in the Ce. The pattern of these genes in this study is consistent with pro-
files associated with reward-dependent behaviors. Spp1 is postulated to have neuroprotective
activity in the cerebellar cortex in adult rats [82] and was down-regulated in the dorsolateral
prefrontal cortex of alcoholic patients relative to controls [83]. Also, this gene is annotated to
multiple risk pathways associated with Parkinson’s disease [84]. In our study, the Parkison’s
pathway was enriched among the genes differentially expressed between activity lines, and the
expression patterns were highly and positively correlated between brain regions. Also, Cd3001f
was over-expressed in the striatum of mice that self-administered oxycodone relative to saline
controls [49]. Laminin, gamma 2 (Lamc2) was under-expressed in Hi relative to Co mice only
in the Ce network. Lamc2 was also down-regulated by acute nicotine exposure [8, 52].

Both networks (Figs 1 and 2) highlight several transcription regulators that are under-
expressed in Hi relative to Co and that have been previously associated with reward-depen-
dency studies. In the Ce, these genes include transcription factor AP-2-delta (Tfap2d), Sine
oculis homeobox homolog 3 (Six3), and distal-less homeobox 5 gene (DIx5). Tfap2d is a key
transcriptional regulator of the posterior midbrain region that adjoins the cerebellum [85] and
was identified among the genes associated with preferential amplification in the dorsal dentate
gyrus of rats administered methamphetamine relative to saline [86]. Six3 is a transcription reg-
ulator that has been associated with alcohol and nicotine co-dependence [87]. In a study of
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Fig 2. Network of differential gene expression in the striatum. Delineated nodes: framework genes that exhibited a
line fold change difference between brain regions > |2| and an activity line-by-brain region interaction effect; red:
under-expression in Hi and green: over-expression in Hi relative to Co. The size of the node and intensity of the color
denote the magnitude of the fold change. Non-delineated nodes: genes that did not reach the differential criteria or
connecting genes. Edges: known direct associations between the corresponding nodes.
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Lewis rats known to be more vulnerable to drugs of addiction than Fischer 344 rats, DIx5
exhibited differential expression in the nucleus accumbens and frontal cortex between both
strains [88]. DIx5 was proposed to activate transcriptional networks required for GABAergic
fate specification of neurons in the forebrain [89].

In the St network, epsin 3 (Epn3) and the transcription regulators LIM/homeobox protein
Lhx1 (Lhx1) and SKI family transcriptional corepressor 1 (Skorl) were under-expressed in Hi
relative to Co mice. Consistent with our results, Lhx1 was over-expressed in the striatum of
rats treated with the sedative Isoliquiritigenin that reduced cocaine-triggered locomotor activ-
ity [90]. Variants in Skor] have been associated with restless leg syndrome that has high inci-
dence during opioid withdrawal periods [91]. The comparison of the gene networks of
differential expression between activity lines across brain regions exemplified the mostly dis-
tinct impact of high voluntary activity in the Ce and St.

Brain-region independent effect of activity line

Genes that exhibited differential expression between activity lines independent of brain region
(excluding genes with a significant interaction effect) were studied. Table 6 lists several top differ-
entially expressed genes between activity lines (FDR-adjusted P-value < 0.01, log2(line fold
change) > |4]). An extended list of 144 genes log2(Co/Se) > |1| is presented in Table E in S1 File.
Many of these genes have been associated with reward-dependent behaviors and with loco-
motor regulation in a manner similar to that observed in the present study. Among the genes
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in Table 5, cytochrome P450 11A1 (Cypl1A1) was over-expressed in the Hi relative to the Co
mice in both brain regions. This gene modulates the brain sensory and motor systems and
locomotor coordination through the involvement of the coded enzyme in the modifications of
neurosteroidogenesis-related proteins and neurosteroids [92].

The differential expression of rho GTPase activating protein 8 (Arhgap8) in Hi relative to
Co mice is consistent with reports that several rhoGAPs are coded by a gene that modulates
stimulant and sedative behaviors, such as motor incoordination induced by ethanol in the
fruit fly [93]. The over-expression of keratin, type I cytoskeletal 12 (Krt12) in Hi relative to Co
mice is consistent with the detected association between mutations in this gene and sensitivity
of mice to the locomotor stimulant methamphetamine [94]. Likewise, the over-expression of
Shox2 in the Hi relative to Co mice is consistent with the association between the expression
of this gene and chronic substance abuse treatments in mice [95].

The functional enrichment analysis of the 122 genes differentially expressed between Co
and Hi mice was implemented in DAVID because of the removal from consideration of genes
exhibiting an interaction effect. Among these genes, 24 genes were annotated to the GO BP
immune system process (GO:0002376), 16 genes were annotated to the GO BP immune
response (GO:0006955), and 7 genes to the KEGG pathway cytokine-cytokine receptor inter-
action (mmu04060). These categories were enriched at P-value < 0.0007) yet did not reach the
FDR-adjusted P-value < 0.1. The enrichment of MGI mammalian phenotype categories
including: abnormal immune system organ morphology (MP:0002722; P-value < 0.0008),
decreased tumor necrosis factor secretion (MP:0008561; P-value 0.003) detected by EnrichR
among the differentially expressed genes support the previous findings. Overall, a limited
number of genes exhibited differential expression between lines exempt of interaction effect,
and the known function of several of these genes support the categories identified for genes
exhibiting line-by-brain region interaction effects.

Main effect of brain region on gene expression

The focus of this study was to further the understanding of the transcriptome differences between
a high voluntary activity relative to control line in both or either the St and Ce. The comparison of
gene expression between brain regions presented here serves as molecular confirmation of the
regions studied and analytical completeness. The comparison of brain regions also offers evidence
of the statistical power of the experimental design used to detect genes known to be differentially
expressed between brain regions based on the mouse ENCODE transcriptome database [96]. Sup-
porting the expected differences between regions, 243 genes presented a significant (FDR-adjusted
P-value < 1.0E-15) brain region effect, excluding genes exhibiting an interaction effect. Table 6
lists the top differentially expressed genes (FDR-adjusted P-value < 1.0 E-19, log2(region fold
change) > |5|) and an extended list of genes is presented in Table G in S1 File.

Several known molecular markers of Ce and St were differentially expressed in this study,
confirming the representativeness of the brain region samples profiled. Consistent with
known expression patterns of genes for the 2 brain region studied in the mouse ENCODE
database, Homer3, Car8, Cbln3, Gabra6, Pcp2, Fat2, Arhgef33, and Cbln1 are uniquely or
highly over-expressed in the Ce relative to the whole brain whereas Foxgl, Rinl, DIx6asl,
Chrm4, and DIxlas are highly over-expressed in non-cerebrum regions relative to the Ce.

Regulatory networks of brain-region dependent and independent activity
line effects

The Ce and St gene networks in Figs 1 and 2 highlight the differential expression between
activity lines of genes that regulate the transcription of other genes. This finding was
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Table 6. Lists top differentially expressed genes between the cerebellum (Ce) and the striatum (St) at FDR-adjusted P-value < 1.0 E-19 and log2(fold change) > |5|.

Symbol Name log2(Ce/St) P-value FDR P-value
Homer3 homer protein homolog 3 isoform X1 5.47 4.7E-24 3.6E-20
Car8 carbonic anhydrase-related protein 7.09 4.7E-24 3.6E-20
Cbln3 cerebellin-3 precursor 10.79 1.1E-23 5.5E-20
Gabra6 gamma-aminobutyric acid receptor subunit alpha-6 isoform X1 11.52 7.9E-23 2.4E-19
Atp2a3 sarcoplasmic/endoplasmic reticulum calcium ATPase 3 isoform a 5.67 7.3E-22 1.2E-18
Foxgl forkhead box protein G1 -9.40 7.6E-22 1.2E-18
Pcp2 Purkinje cell protein 2 isoform X2 10.48 2.1E-21 2.3E-18
Rinl ras and Rab interactor 1 isoform X4 -5.09 4.0E-21 3.3E-18
Adora2a adenosine receptor A2a isoform X2 -7.40 4.8E-21 3.7E-18
Fat2 protocadherin Fat 2 isoform X2 11.20 5.2E-21 3.7E-18
Arhgef33 rho guanine nucleotide exchange factor 33 isoform X1 7.38 5.4E-21 3.7E-18
Chrm4 muscarinic acetylcholine receptor M4 -5.93 6.4E-21 3.9E-18
Cblnl cerebellin-1 precursor 6.40 1.9E-20 9.3E-18
Dbpht2 DNA binding protein with his-thr domain -5.21 2.0E-20 9.4E-18

https://doi.org/10.1371/journal.pone.0201773.t006

corroborated by the enrichment of MF category related to transcription regulation among the
genes that exhibited an interaction effect. Further understanding of this phenomenon was
gained by studying the enrichment of transcription factors among the 276 potential target
genes that exhibited interaction and activity line main effects. Both groups of genes were ana-
lyzed together for potential co-regulatory enrichment because transcription factors may
impact the expression of some target genes on a brain region-dependent and on a brain-inde-
pendent manner in other genes.

Table 7 summarizes the transcription factors over-represented (NES > 3.5, > 15% of all the
differentially expressed genes analyzed) together with the number of target genes, number of
motifs used to assign the transcription factors to the genes, and the magnitude of the interac-
tion and line effects on the transcription factor. Fig 3 depicts the relationships between the 3
transcription factors (triangles), target genes (ovals) and the targets of multiple transcription
factors.

The 3 transcription factors most enriched were: En2, signal transducer and activator of
transcription 6 (Stat6), and eomesodermin (Eomes), and these transcription factors have been
associated with behavior, locomotor, and dopamine processes. En2 exhibited a significant
interaction effect characterized by under-expression in the St of Hi relative to Co mice
(Table 1). This trend is consistent with reports that En2-deficient mice perform under-par in

Table 7. Transcription factors over-represented (normalized enrichment score > 3.5, targeting > 15% of all the differentially expressed genes considered) among
genes exhibiting interaction and line effect and identified by at least 2 motifs.

Transcription factor | NES' Target Count®

Stat6 3.80 61
En2 3.49 48
Eomes 3.49 42

%> Motif/Track Count* Interaction Effect Line Effect
P-value FDR P-value Log2(Co/Se) P-value FDR P -value
22.1 4 3.5E-01 8.5E-01 0.21 3.2E-02 1.7E-01
17.4 12 1.3E-05 8.4E-03 -0.62 7.7E-04 1.6E-02
15.2 2 1.3E-01 6.9E-01 -1.10 1.6E-03 2.5E-02

1 . . . . e .
NES: normalized enrichment score or maximal enrichment score for a transcription factor

? Number of target genes

? Percentage of potential target genes out of all genes analyzed

* Number of motifs per transcription factor

https://doi.org/10.1371/journal.pone.0201773.t007
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Fig 3. Transcription factors enriched among the genes exhibiting line-by-region interaction or activity line main
effect. Triangles: transcription factors; ovals: target genes.

https://doi.org/10.1371/journal.pone.0201773.9003

motor, spatial learning and memory tasks [51]. Eomes is highly expressed in the cerebellum
compared to the frontal cortex and is associated with neurodevelopment [97]. Stat6 was
under-expressed in Hi relative to Co mice and this pattern is consistent with reports that
Stat6-deficient mice exhibited lower immobility time in the forced swimming test relative to
wild type mice [98].

Fig 3 depicts the association between En2 and Eomes through a reciprocal regulation of
each other and this mode of action is in agreement with the consistent over-expression of both
genes in Hi relative to Co mice (Table 5). En2 and Eomes have been associated with multiple
neuropeptide genes that exhibited line-by-region effects including vasoactive intestinal poly-
peptide (Vip), neurotensin (Nts), cholecystokinin (Cck), neuropeptide Y (Npy), and the recep-
tor Npsr. This finding indicates that members of the neuropeptidome system have distinct
profiles between activity lines. Moreover, the association between neuropeptides and activity
line are distinct between the Ce and the St.

Conclusions

The innovative comparison of the transcriptome between two mouse lines that exhibit differ-
ent levels of voluntary wheel-running behavior simultaneously in the Cerebellum and Striatum
offered novel insights into brain-region specific and common differential gene expression and
networks that can be associated with reward-dependent behaviors. The analysis of locomotor
measurements between days 1 and 6 prior to dissection indicated that the mice from the
selected line run substantially further and faster than the mice from the control line. The ratio
between selected and control mice on average number of revolutions per minute of activity
per day remained fairly uniform between days 1 and 6 prior to dissection. This result does not
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offer evidence of differential sensitization to running wheel access for the mice and period
studied although sensitization during longer trials should be assessed. The majority of these
genes were differentially expressed between activity lines in either one or the other brain
region, with approximately even distribution between Ce and St.

The differentially expressed genes detected in this study have been previously associated
with reward-dependent behaviors, locomotor control, and neurological or behavioral disor-
ders. Moreover, the differential expression patterns discussed were consistent with patterns
observed in relevant studies of addiction, locomotor behaviors, and/or neurological disorders.
Insufficient resources prevented further validation of the profiles using different quantitative
technologies. On the other hand, the detection of differential expression of multiple genes that
are accepted molecular markers of the corresponding brain regions from other studies sup-
ports the capacity of the experimental design to detect molecular differences.

Applying the environmental conditions of the high voluntary running and control lines, all
mice had access to running wheels prior to sampling. This practice minimized the likelihood
that highly motivated mice would experience stress akin to withdrawal from reward if blocked
from wheel access. On the other hand, the used practice hinders the possibility to distinguish
the effect of a genetic basis of motivation for wheel running from the effect of running per se
on the transcriptome. Further studies comparing female and male mice enabled or blocked
from physical activity can offer insights into potential multi-factorial interactions impacting
gene expression profiles.

A breakthrough result was the identification of 3 KEGG pathways that were enriched
among the genes differentially expressed between activity lines in both brain regions studied.
Among these, the pattern of expression between lines of genes in the enriched Parkinson’s
pathway was high and positively correlated between regions whereas the patterns in the
enriched oxidative phosphorylation and ribosome pathways were less consistent between
brain regions. This result highlights how the same selection for high voluntary activity can
impact some molecular mechanisms in a consistent manner across brain regions while other
processes are impacted in distinct manner across regions. The simultaneous study of St and Ce
enabled us to confirm the predominant brain-region dependent association of transcription
factors with activity line through their target genes. Our study of transcriptional regulation
advanced the understanding of the inherent role of transcription factors in modulating volun-
tary exercise and possibly reward-dependent behaviors in general.

A compelling finding was the prevailing differential expression of genes in the neuropeptide
system between lines across the brain regions studied. Moreover, the enriched transcription
factors detected in this study are associated with neuropeptide and related genes. The predom-
inant brain-region dependent differential gene expression associated with lines that exhibit
distinct voluntary activity behavior supports the necessity to develop biomarkers and therapies
for reward-dependent behaviors in consideration of brain-region dependencies.

Supporting information

S1 File. Extended lists of differentially expressed genes and enriched functional categories.
Table A. Extended list of genes exhibiting activity line by brain region interaction effect.

Table B. Extended list of clusters of Gene Ontology molecular functions, biological processes,
and KEGG pathways enriched among genes exhibiting activity line-by-brain region using
DAVID.

Table C. Extended list of enriched Gene Ontology (GO) terms among genes differentially
expressed between activity lines selected and Control mice in the cerebellum using GSEA.
Table D. Extended list of enriched Gene Ontology (GO) terms among genes differentially
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expressed between activity lines selected and Control mice in the striatum using GSEA.

Table E. Extended list of genes exhibiting activity line main effect.

Table F. Extended list of enriched Gene Ontology (GO) terms among genes exhibiting activity
line main effect using GSEA.

Table G. Extended list of genes exhibiting brain region main effect.

Figure A. Venn diagram of number of genes that exhibited line effect within each brain region
and activity line-by-interaction effect.

(XLSX)

Author Contributions

Conceptualization: Sandra L. Rodriguez-Zas.

Data curation: Sam D. Perez, Bruce R. Southey.

Formal analysis: Pan Zhang.

Funding acquisition: Justin S. Rhodes, Theodore Garland, Jr., Sandra L. Rodriguez-Zas.
Investigation: Sandra L. Rodriguez-Zas.

Project administration: Sandra L. Rodriguez-Zas.

Resources: Justin S. Rhodes, Theodore Garland, Jr., Sam D. Perez.
Software: Bruce R. Southey.

Supervision: Sandra L. Rodriguez-Zas.

Visualization: Pan Zhang.

Writing - original draft: Pan Zhang, Sandra L. Rodriguez-Zas.

Writing - review & editing: Justin S. Rhodes, Theodore Garland, Jr., Bruce R. Southey, Sandra
L. Rodriguez-Zas.

References

1. Groves-Chapman JL, Murray PS, Stevens KL, Monroe DC, Koch LG, Britton SL, et al. Changes in
mRNA levels for brain-derived neurotrophic factor after wheel running in rats selectively bred for high-
and low-aerobic capacity. Brain Res. 2011; 1425:90-7. https://doi.org/10.1016/j.brainres.2011.09.059
PMID: 22024546; PubMed Central PMCID: PMCPMC3312391.

2. Garland T, Schutz H, Chappell MA, Keeney BK, Meek TH, Copes LE, et al. The biological control of vol-
untary exercise, spontaneous physical activity and daily energy expenditure in relation to obesity:
human and rodent perspectives. J Exp Biol. 2011; 214(Pt 2):206—29. https://doi.org/10.1242/jeb.
048397 PMID: 21177942; PubMed Central PMCID: PMCPMC3008631.

3. Lightfoot JT, DE Geus EJC, Booth FW, Bray MS, DEN Hoed M, Kaprio J, et al. Biological/Genetic Regu-
lation of Physical Activity Level: Consensus from GenBioPAC. Med Sci Sports Exerc. 2018; 50(4):863—
73. https://doi.org/10.1249/MSS.0000000000001499 PMID: 29166322.

4. Doyon J, Penhune V, Ungerleider LG. Distinct contribution of the cortico-striatal and cortico-cerebellar
systems to motor skill learning. Neuropsychologia. 2003; 41(3):252—62. PMID: 12457751.

5. Caetano-Anollés K, Rhodes JS, Garland T Jr, Perez SD, Hernandez AG, Southey BR, et al. Cerebellum
transcriptome of mice bred for high voluntary activity offers insights into locomotor control and reward-
dependent behaviors. PLoS ONE. 2016; 11(11):e0167095. https://doi.org/10.1371/journal.pone.
0167095 PMID: 27893846

6. Saul M, Majdak P, Perez S, Reilly M, Garland T, Rhodes JS. High motivation for exercise is associated with
altered chromatin regulators of monoamine receptor gene expression in the striatum of selectively bred
mice. Genes Brain Behav. 2016. Epub 2016/10/17. https://doi.org/10.1111/gbb.12347 PMID: 27749013.

7. Waters RP, Pringle RB, Forster GL, Renner KJ, Malisch JL, Garland T Jr., et al. Selection for increased
voluntary wheel-running affects behavior and brain monoamines in mice. Brain Res. 2013; 1508:9-22.

PLOS ONE | https://doi.org/10.1371/journal.pone.0201773  August 2,2018 18/23


https://doi.org/10.1016/j.brainres.2011.09.059
http://www.ncbi.nlm.nih.gov/pubmed/22024546
https://doi.org/10.1242/jeb.048397
https://doi.org/10.1242/jeb.048397
http://www.ncbi.nlm.nih.gov/pubmed/21177942
https://doi.org/10.1249/MSS.0000000000001499
http://www.ncbi.nlm.nih.gov/pubmed/29166322
http://www.ncbi.nlm.nih.gov/pubmed/12457751
https://doi.org/10.1371/journal.pone.0167095
https://doi.org/10.1371/journal.pone.0167095
http://www.ncbi.nlm.nih.gov/pubmed/27893846
https://doi.org/10.1111/gbb.12347
http://www.ncbi.nlm.nih.gov/pubmed/27749013
https://doi.org/10.1371/journal.pone.0201773

@° PLOS | ONE

Brain region-dependent pathways of high voluntary activity

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

https://doi.org/10.1016/j.brainres.2013.01.033 PMID: 23352668; PubMed Central PMCID:
PMCPMC3660142.

Caetano-Anolles K, Rhodes JS, Garland T Jr., Perez SD, Hernandez AG, Southey BR, et al. Cerebel-
lum Transcriptome of Mice Bred for High Voluntary Activity Offers Insights into Locomotor Control and
Reward-Dependent Behaviors. PLoS ONE. 2016; 11(11):e0167095. https://doi.org/10.1371/journal.
pone.0167095 PMID: 27893846; PubMed Central PMCID: PMCPMC5125674.

Meek TH, Dlugosz EM, Vu KT, Garland T Jr. Effects of leptin treatment and Western diet on wheel run-
ning in selectively bred high runner mice. Physiol Behav. 2012; 106(2):252-8. https://doi.org/10.1016/j.
physbeh.2012.02.012 PMID: 22361262.

Swallow JG, Carter PA, Garland T. Atrtificial selection for increased wheel-running behavior in house
mice. Behav Genet. 1998; 28(3):227-37. PMID: 9670598.

Xu S, Garland T. A Mixed Model Approach to Genome-Wide Association Studies for Selection Signa-
tures, with Application to Mice Bred for Voluntary Exercise Behavior. Genetics. 2017; 207(2):785-99.
Epub 2017/08/03. https://doi.org/10.1534/genetics.117.300102 PMID: 28774881; PubMed Central
PMCID: PMCPMC5629339.

Hiramatsu L. Physiological and Genetic Causes of a Selection Limit for Voluntary Wheel-Running in
Mice: University of California, Riverside; 2017.

Careau V, Wolak ME, Carter PA, Garland T. Evolution of the additive genetic variance-covariance matrix
under continuous directional selection on a complex behavioural phenotype. Proc Biol Sci. 2015; 282(1819).
https:/doi.org/10.1098/rspb.2015.1119 PMID: 26582016; PubMed Central PMCID: PMCPMC4685799.

Belke TW, Garland T. A brief opportunity to run does not function as a reinforcer for mice selected for
high daily wheel-running rates. J Exp Anal Behav. 2007; 88(2):199-213. https://doi.org/10.1901/jeab.
2007.62-06 PMID: 17970415; PubMed Central PMCID: PMCPMC1986434.

Gonzalez-Pena D, Nixon SE, Southey BR, Lawson MA, McCusker RH, Hernandez AG, et al. Differen-
tial Transcriptome Networks between IDO1-Knockout and Wild-Type Mice in Brain Microglia and Mac-
rophages. PLoS ONE. 2016; 11(6):e0157727. https://doi.org/10.1371/journal.pone.0157727 PMID:
27314674; PubMed Central PMCID: PMCPMC4912085.

Gibbons TE, Pence BD, Petr G, Ossyra JM, Mach HC, Bhattacharya TK, et al. Voluntary wheel running,
but not a diet containing (—)-epigallocatechin-3-gallate and B-alanine, improves learning, memory and
hippocampal neurogenesis in aged mice. Behav Brain Res. 2014; 272:131-40. https://doi.org/10.1016/
j.bbr.2014.05.049 PMID: 25004447

Nixon SE, Gonzalez-Pena D, Lawson MA, McCusker RH, Hernandez AG, O’Connor JC, et al. Analyti-
cal workflow profiling gene expression in murine macrophages. J Bioinform Comput Biol. 2015; 13
(2):1550010. https://doi.org/10.1142/S0219720015500109 PMID: 25708305; PubMed Central PMCID:
PMCPMC4539142.

Trapnell C, Pachter L, Salzberg SL. TopHat: discovering splice junctions with RNA-Seq. Bioinformatics.
2009; 25(9):1105-11. https://doi.org/10.1093/bioinformatics/btp120 PMID: 19289445; PubMed Central
PMCID: PMCPMC2672628.

Trapnell C, Roberts A, Goff L, Pertea G, Kim D, Kelley DR, et al. Differential gene and transcript expres-
sion analysis of RNA-seq experiments with TopHat and Cufflinks. Nat Protoc. 2012; 7(3):562—78.
https://doi.org/10.1038/nprot.2012.016 PMID: 22383036; PubMed Central PMCID: PMCPMC3334321.

Robinson MD, McCarthy DJ, Smyth GK. edgeR: a Bioconductor package for differential expression
analysis of digital gene expression data. Bioinformatics. 2010; 26(1):139—40. https://doi.org/10.1093/
bioinformatics/btp616 PMID: 19910308; PubMed Central PMCID: PMCPMC2796818.

Robinson MD, Oshlack A. A scaling normalization method for differential expression analysis of RNA-
seq data. Genome Biol. 2010; 11(3):R25. https://doi.org/10.1186/gb-2010-11-3-r25 PMID: 20196867;
PubMed Central PMCID: PMCPMC2864565.

Benjamini Y, Hochberg Y. Controlling the False Discovery Rate—a Practical and Powerful Approach to
Multiple Testing. Journal of the Royal Statistical Society Series B-Methodological. 1995; 57(1):289—
300. PubMed PMID: WOS:A1995QE45300017.

Gonzalez-Pena D, Nixon SE, O’Connor JC, Southey BR, Lawson MA, McCusker RH, et al. Microglia
transcriptome changes in a model of depressive behavior afterimmune challenge. PLoS ONE. 2016;
11(3):e0150858. https://doi.org/10.1371/journal.pone.0150858 PMID: 26959683

Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA, et al. Gene set enrichment
analysis: a knowledge-based approach for interpreting genome-wide expression profiles. Proc Natl
Acad Sci U S A. 2005; 102(43):15545-50. https://doi.org/10.1073/pnas.0506580102 PMID: 16199517;
PubMed Central PMCID: PMCPMC1239896.

Huang DW, Sherman BT, Lempicki RA. Systematic and integrative analysis of large gene lists using
DAVID bioinformatics resources. Nat Protoc. 2009; 4(1):44. https://doi.org/10.1038/nprot.2008.211
PMID: 19131956

PLOS ONE | https://doi.org/10.1371/journal.pone.0201773  August 2,2018 19/23


https://doi.org/10.1016/j.brainres.2013.01.033
http://www.ncbi.nlm.nih.gov/pubmed/23352668
https://doi.org/10.1371/journal.pone.0167095
https://doi.org/10.1371/journal.pone.0167095
http://www.ncbi.nlm.nih.gov/pubmed/27893846
https://doi.org/10.1016/j.physbeh.2012.02.012
https://doi.org/10.1016/j.physbeh.2012.02.012
http://www.ncbi.nlm.nih.gov/pubmed/22361262
http://www.ncbi.nlm.nih.gov/pubmed/9670598
https://doi.org/10.1534/genetics.117.300102
http://www.ncbi.nlm.nih.gov/pubmed/28774881
https://doi.org/10.1098/rspb.2015.1119
http://www.ncbi.nlm.nih.gov/pubmed/26582016
https://doi.org/10.1901/jeab.2007.62-06
https://doi.org/10.1901/jeab.2007.62-06
http://www.ncbi.nlm.nih.gov/pubmed/17970415
https://doi.org/10.1371/journal.pone.0157727
http://www.ncbi.nlm.nih.gov/pubmed/27314674
https://doi.org/10.1016/j.bbr.2014.05.049
https://doi.org/10.1016/j.bbr.2014.05.049
http://www.ncbi.nlm.nih.gov/pubmed/25004447
https://doi.org/10.1142/S0219720015500109
http://www.ncbi.nlm.nih.gov/pubmed/25708305
https://doi.org/10.1093/bioinformatics/btp120
http://www.ncbi.nlm.nih.gov/pubmed/19289445
https://doi.org/10.1038/nprot.2012.016
http://www.ncbi.nlm.nih.gov/pubmed/22383036
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1093/bioinformatics/btp616
http://www.ncbi.nlm.nih.gov/pubmed/19910308
https://doi.org/10.1186/gb-2010-11-3-r25
http://www.ncbi.nlm.nih.gov/pubmed/20196867
https://doi.org/10.1371/journal.pone.0150858
http://www.ncbi.nlm.nih.gov/pubmed/26959683
https://doi.org/10.1073/pnas.0506580102
http://www.ncbi.nlm.nih.gov/pubmed/16199517
https://doi.org/10.1038/nprot.2008.211
http://www.ncbi.nlm.nih.gov/pubmed/19131956
https://doi.org/10.1371/journal.pone.0201773

@° PLOS | ONE

Brain region-dependent pathways of high voluntary activity

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

M,

42,

43.

44,

Huang da W, Sherman BT, Lempicki RA. Systematic and integrative analysis of large gene lists using
DAVID bioinformatics resources. Nat Protoc. 2009; 4(1):44-57. https://doi.org/10.1038/nprot.2008.211
PMID: 19131956.

Chen EY, Tan CM, Kou Y, Duan Q, Wang Z, Meirelles GV, et al. Enrichr: interactive and collaborative
HTMLS5 gene list enrichment analysis tool. BMC Bioinformatics. 2013; 14:128. Epub 2013/04/15.
https://doi.org/10.1186/1471-2105-14-128 PMID: 23586463; PubMed Central PMCID:
PMCPMC3637064.

Martin A, Ochagavia ME, Rabasa LC, Miranda J, Fernandez-de-Cossio J, Bringas R. BisoGenet: a new
tool for gene network building, visualization and analysis. BMC Bioinformatics. 2010; 11:91. https://doi.
org/10.1186/1471-2105-11-91 PMID: 20163717; PubMed Central PMCID: PMCPMC3098113.

Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D, et al. Cytoscape: a software environ-
ment for integrated models of biomolecular interaction networks. Genome Res. 2003; 13(11):2498—
504. https://doi.org/10.1101/gr.1239303 PMID: 14597658; PubMed Central PMCID: PMCPMC403769.

Salwinski L, Miller CS, Smith AJ, Pettit FK, Bowie JU, Eisenberg D. The Database of Interacting Pro-
teins: 2004 update. Nucleic Acids Res. 2004; 32(Database issue):D449-51. https://doi.org/10.1093/
nar/gkhn086 PMID: 14681454; PubMed Central PMCID: PMCPMC308820.

Alfarano C, Andrade CE, Anthony K, Bahroos N, Bajec M, Bantoft K, et al. The Biomolecular Interaction
Network Database and related tools 2005 update. Nucleic Acids Res. 2005; 33(Database issue):D418—
24. https://doi.org/10.1093/nar/gki051 PMID: 15608229; PubMed Central PMCID: PMCPMC540005.

Stark C, Breitkreutz BJ, Reguly T, Boucher L, Breitkreutz A, Tyers M. BioGRID: a general repository for
interaction datasets. Nucleic Acids Res. 2006; 34(Database issue):D535-9. https://doi.org/10.1093/
nar/gkj109 PMID: 16381927; PubMed Central PMCID: PMCPMC1347471.

Licata L, Briganti L, Peluso D, Perfetto L, lannuccelli M, Galeota E, et al. MINT, the molecular interaction
database: 2012 update. Nucleic Acids Res. 2012; 40(Database issue):D857—-61. https://doi.org/10.
1093/nar/gkr930 PMID: 22096227; PubMed Central PMCID: PMCPMC3244991.

Kerrien S, Alam-Faruque Y, Aranda B, Bancarz |, Bridge A, Derow C, et al. IntAct—open source
resource for molecular interaction data. Nucleic Acids Res. 2007; 35(Database issue):D561-5. https://
doi.org/10.1093/nar/gkl958 PMID: 17145710; PubMed Central PMCID: PMCPMC1751531.

Mishra GR, Suresh M, Kumaran K, Kannabiran N, Suresh S, Bala P, et al. Human protein reference
database—2006 update. Nucleic Acids Res. 2006; 34(Database issue):D411-4. https://doi.org/10.
1093/nar/gkj141 PMID: 16381900; PubMed Central PMCID: PMCPMC1347503.

Janky R, Verfaillie A, Imrichova H, Van de Sande B, Standaert L, Christiaens V, et al. iRegulon: from a
gene list to a gene regulatory network using large motif and track collections. PLoS Comput Biol. 2014;
10(7):e1003731. https://doi.org/10.1371/journal.pcbi. 1003731 PMID: 25058159; PubMed Central
PMCID: PMCPMC4109854.

Jungling K, Seidenbecher T, Sosulina L, Lesting J, Sangha S, Clark SD, et al. Neuropeptide S-mediated
control of fear expression and extinction: role of intercalated GABAergic neurons in the amygdala. Neu-
ron. 2008; 59(2):298-310. https://doi.org/10.1016/j.neuron.2008.07.002 PMID: 18667157; PubMed
Central PMCID: PMCPMC2610688.

Li W, Chang M, Peng YL, Gao YH, Zhang JN, Han RW, et al. Neuropeptide S produces antinociceptive
effects at the supraspinal level in mice. Regul Pept. 2009; 156(1-3):90-5. https://doi.org/10.1016/j.
regpep.2009.03.013 PMID: 19345242.

Cannella N, Kallupi M, Ruggeri B, Ciccocioppo R, Ubaldi M. The role of the neuropeptide S system in
addiction: focus on its interaction with the CRF and hypocretin/orexin neurotransmission. Prog Neuro-
biol. 2013; 100:48-59. https://doi.org/10.1016/j.pneurobio.2012.09.005 PMID: 23041581.

Zhu H, Mingler MK, McBride ML, Murphy AJ, Valenzuela DM, Yancopoulos GD, et al. Abnormal
response to stress and impaired NPS-induced hyperlocomotion, anxiolytic effect and corticosterone
increase in mice lacking NPSR1. Psychoneuroendocrinology. 2010; 35(8):1119-32. https://doi.org/10.
1016/j.psyneuen.2010.01.012 PMID: 20171785; PubMed Central PMCID: PMCPMC2888805.

Pandey SC. Anxiety and alcohol abuse disorders: a common role for CREB and its target, the neuro-
peptide Y gene. Trends Pharmacol Sci. 2003; 24(9):456—60. https://doi.org/10.1016/S0165-6147(03)
00226-8 PMID: 12967770.

Lisowski P, Wieczorek M, Goscik J, Juszczak GR, Stankiewicz AM, Zwierzchowski L, et al. Effects of
chronic stress on prefrontal cortex transcriptome in mice displaying different genetic backgrounds. J
Mol Neurosci. 2013; 50(1):33-57. https://doi.org/10.1007/s12031-012-9850-1 PMID: 22836882;
PubMed Central PMCID: PMCPMC3622021.

Jia F, Wang B, Shan L, Xu Z, Staal WG, Du L. Core symptoms of autism improved after vitamin D supple-
mentation. Pediatrics. 2015; 135(1):196-8. https://doi.org/10.1542/peds.2014-2121 PMID: 25511123.

Delgado M, Gonzalez-Rey E, Ganea D. The neuropeptide vasoactive intestinal peptide generates tol-
erogenic dendritic cells. J Immunol. 2005; 175(11):7311-24. PMID: 16301637.

PLOS ONE | https://doi.org/10.1371/journal.pone.0201773  August 2,2018 20/23


https://doi.org/10.1038/nprot.2008.211
http://www.ncbi.nlm.nih.gov/pubmed/19131956
https://doi.org/10.1186/1471-2105-14-128
http://www.ncbi.nlm.nih.gov/pubmed/23586463
https://doi.org/10.1186/1471-2105-11-91
https://doi.org/10.1186/1471-2105-11-91
http://www.ncbi.nlm.nih.gov/pubmed/20163717
https://doi.org/10.1101/gr.1239303
http://www.ncbi.nlm.nih.gov/pubmed/14597658
https://doi.org/10.1093/nar/gkh086
https://doi.org/10.1093/nar/gkh086
http://www.ncbi.nlm.nih.gov/pubmed/14681454
https://doi.org/10.1093/nar/gki051
http://www.ncbi.nlm.nih.gov/pubmed/15608229
https://doi.org/10.1093/nar/gkj109
https://doi.org/10.1093/nar/gkj109
http://www.ncbi.nlm.nih.gov/pubmed/16381927
https://doi.org/10.1093/nar/gkr930
https://doi.org/10.1093/nar/gkr930
http://www.ncbi.nlm.nih.gov/pubmed/22096227
https://doi.org/10.1093/nar/gkl958
https://doi.org/10.1093/nar/gkl958
http://www.ncbi.nlm.nih.gov/pubmed/17145710
https://doi.org/10.1093/nar/gkj141
https://doi.org/10.1093/nar/gkj141
http://www.ncbi.nlm.nih.gov/pubmed/16381900
https://doi.org/10.1371/journal.pcbi.1003731
http://www.ncbi.nlm.nih.gov/pubmed/25058159
https://doi.org/10.1016/j.neuron.2008.07.002
http://www.ncbi.nlm.nih.gov/pubmed/18667157
https://doi.org/10.1016/j.regpep.2009.03.013
https://doi.org/10.1016/j.regpep.2009.03.013
http://www.ncbi.nlm.nih.gov/pubmed/19345242
https://doi.org/10.1016/j.pneurobio.2012.09.005
http://www.ncbi.nlm.nih.gov/pubmed/23041581
https://doi.org/10.1016/j.psyneuen.2010.01.012
https://doi.org/10.1016/j.psyneuen.2010.01.012
http://www.ncbi.nlm.nih.gov/pubmed/20171785
https://doi.org/10.1016/S0165-6147(03)00226-8
https://doi.org/10.1016/S0165-6147(03)00226-8
http://www.ncbi.nlm.nih.gov/pubmed/12967770
https://doi.org/10.1007/s12031-012-9850-1
http://www.ncbi.nlm.nih.gov/pubmed/22836882
https://doi.org/10.1542/peds.2014-2121
http://www.ncbi.nlm.nih.gov/pubmed/25511123
http://www.ncbi.nlm.nih.gov/pubmed/16301637
https://doi.org/10.1371/journal.pone.0201773

@° PLOS | ONE

Brain region-dependent pathways of high voluntary activity

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Kash TL, Pleil KE, Marcinkiewcz CA, Lowery-Gionta EG, Crowley N, Mazzone C, et al. Neuropeptide
regulation of signaling and behavior in the BNST. Mol Cells. 2015; 38(1):1-13. https://doi.org/10.14348/
molcells.2015.2261 PMID: 25475545; PubMed Central PMCID: PMCPMC4314126.

Burne TH, Johnston AN, McGrath JJ, Mackay-Sim A. Swimming behaviour and post-swimming activity
in Vitamin D receptor knockout mice. Brain Res Bull. 2006; 69(1):74-8. https://doi.org/10.1016/j.
brainresbull.2005.10.014 PMID: 16464687.

Zhang MD, Barde S, Szodorai E, Josephson A, Mitsios N, Watanabe M, et al. Comparative anatomical
distribution of neuronal calcium-binding protein (NECAB) 1 and -2 in rodent and human spinal cord.
Brain Struct Funct. 2016; 221(7):3803—-23. https://doi.org/10.1007/s00429-016-1191-3 PMID:
26843217.

Zhang MD, Tortoriello G, Hsueh B, Tomer R, Ye L, Mitsios N, et al. Neuronal calcium-binding proteins
1/2 localize to dorsal root ganglia and excitatory spinal neurons and are regulated by nerve injury. Proc
Natl Acad Sci U S A. 2014; 111(12):E1149-58. https://doi.org/10.1073/pnas.1402318111 PMID:
24616509; PubMed Central PMCID: PMCPMC3970515.

ZhangY, Liang Y, Levran O, Randesi M, Yuferov V, Zhao C, et al. Alterations of expression of inflam-
mation/immune-related genes in the dorsal and ventral striatum of adult C57BL/6J mice following
chronic oxycodone self-administration: a RNA sequencing study. Psychopharmacology (Berl). 2017;
234(15):2259-75. https://doi.org/10.1007/s00213-017-4657-y PMID: 28653080.

Lakatos A, Goldberg NR, Blurton-Jones M. Integrated analysis of genetic, behavioral, and biochemical
data implicates neural stem cell-induced changes in immunity, neurotransmission and mitochondrial
function in Dementia with Lewy Body mice. Acta Neuropathol Commun. 2017; 5(1):21. https://doi.org/
10.1186/s40478-017-0421-0 PMID: 28283027; PubMed Central PMCID: PMCPMC5345195.

Cheh MA, Millonig JH, Roselli LM, Ming X, Jacobsen E, Kamdar S, et al. En2 knockout mice display
neurobehavioral and neurochemical alterations relevant to autism spectrum disorder. Brain Res. 2006;
1116(1):166—76. https://doi.org/10.1016/j.brainres.2006.07.086 PMID: 16935268.

Wang J, Cui W, Wei J, Sun D, Gutala R, Gu J, et al. Genome-wide expression analysis reveals diverse
effects of acute nicotine exposure on neuronal function-related genes and pathways. Front Psychiatry.
2011; 2:5. https://doi.org/10.3389/fpsyt.2011.00005 PMID: 21556275; PubMed Central PMCID:
PMCPMC3089989.

dela Penall, de la Pena JB, Kim BN, Han DH, Noh M, Cheong JH. Gene expression profiling in the stria-
tum of amphetamine-treated spontaneously hypertensive rats which showed amphetamine conditioned
place preference and self-administration. Arch Pharm Res. 2015; 38(5):865—75. https://doi.org/10.
1007/s12272-014-0470-x PMID: 25163681.

Hill JC, Herbst K, Sanabria F. Characterizing operant hyperactivity in the Spontaneously Hypertensive
Rat. Behav Brain Funct. 2012; 8:5. https://doi.org/10.1186/1744-9081-8-5 PMID: 22277367; PubMed
Central PMCID: PMCPMC3292830.

Malisch JL, Breuner CW, Kolb EM, Wada H, Hannon RM, Chappell MA, et al. Behavioral despair and
home-cage activity in mice with chronically elevated baseline corticosterone concentrations. Behav
Genet. 2009; 39(2):192-201. Epub 2008/12/09. https://doi.org/10.1007/s10519-008-9246-8 PMID:
19067154.

Korostynski M, Piechota M, Kaminska D, Solecki W, Przewlocki R. Morphine effects on striatal tran-
scriptome in mice. Genome Biol. 2007; 8(6):R128. https://doi.org/10.1186/gb-2007-8-6-r128 PMID:
17598886; PubMed Central PMCID: PMCPMC2394777.

Vivar C, Peterson BD, van Praag H. Running rewires the neuronal network of adult-born dentate gran-
ule cells. Neurolmage. 2016; 131:29—41. https://doi.org/10.1016/j.neuroimage.2015.11.031 PMID:
26589333.

Rhodes JS, Garland T, Gammie SC. Patterns of brain activity associated with variation in voluntary
wheel-running behavior. Behav Neurosci. 2003; 117(6):1243-56. https://doi.org/10.1037/0735-7044.
117.6.1243 PMID: 14674844.

Kerr AL, Swain RA. Rapid cellular genesis and apoptosis: effects of exercise in the adult rat. Behav
Neurosci. 2011; 125(1):1-9. https://doi.org/10.1037/a0022332 PMID: 21319881.

Kolb EM, Kelly SA, Garland T Jr. Mice from lines selectively bred for high voluntary wheel running
exhibit lower blood pressure during withdrawal from wheel access. Physiol Behav. 2013; 112—113:49—
55. https://doi.org/10.1016/j.physbeh.2013.02.010 PMID: 23458632.

Shapiro L, Love J, Colman DR. Adhesion molecules in the nervous system: structural insights into func-
tion and diversity. Annu Rev Neurosci. 2007; 30:451-74. https://doi.org/10.1146/annurev.neuro.29.
051605.113034 PMID: 17600523.

Yamada S, Nelson WJ. Synapses: sites of cell recognition, adhesion, and functional specification. Annu
Rev Biochem. 2007; 76:267—-94. https://doi.org/10.1146/annurev.biochem.75.103004.142811 PMID:
1750664 1; PubMed Central PMCID: PMCPMC3368613.

PLOS ONE | https://doi.org/10.1371/journal.pone.0201773  August 2,2018 21/23


https://doi.org/10.14348/molcells.2015.2261
https://doi.org/10.14348/molcells.2015.2261
http://www.ncbi.nlm.nih.gov/pubmed/25475545
https://doi.org/10.1016/j.brainresbull.2005.10.014
https://doi.org/10.1016/j.brainresbull.2005.10.014
http://www.ncbi.nlm.nih.gov/pubmed/16464687
https://doi.org/10.1007/s00429-016-1191-3
http://www.ncbi.nlm.nih.gov/pubmed/26843217
https://doi.org/10.1073/pnas.1402318111
http://www.ncbi.nlm.nih.gov/pubmed/24616509
https://doi.org/10.1007/s00213-017-4657-y
http://www.ncbi.nlm.nih.gov/pubmed/28653080
https://doi.org/10.1186/s40478-017-0421-0
https://doi.org/10.1186/s40478-017-0421-0
http://www.ncbi.nlm.nih.gov/pubmed/28283027
https://doi.org/10.1016/j.brainres.2006.07.086
http://www.ncbi.nlm.nih.gov/pubmed/16935268
https://doi.org/10.3389/fpsyt.2011.00005
http://www.ncbi.nlm.nih.gov/pubmed/21556275
https://doi.org/10.1007/s12272-014-0470-x
https://doi.org/10.1007/s12272-014-0470-x
http://www.ncbi.nlm.nih.gov/pubmed/25163681
https://doi.org/10.1186/1744-9081-8-5
http://www.ncbi.nlm.nih.gov/pubmed/22277367
https://doi.org/10.1007/s10519-008-9246-8
http://www.ncbi.nlm.nih.gov/pubmed/19067154
https://doi.org/10.1186/gb-2007-8-6-r128
http://www.ncbi.nlm.nih.gov/pubmed/17598886
https://doi.org/10.1016/j.neuroimage.2015.11.031
http://www.ncbi.nlm.nih.gov/pubmed/26589333
https://doi.org/10.1037/0735-7044.117.6.1243
https://doi.org/10.1037/0735-7044.117.6.1243
http://www.ncbi.nlm.nih.gov/pubmed/14674844
https://doi.org/10.1037/a0022332
http://www.ncbi.nlm.nih.gov/pubmed/21319881
https://doi.org/10.1016/j.physbeh.2013.02.010
http://www.ncbi.nlm.nih.gov/pubmed/23458632
https://doi.org/10.1146/annurev.neuro.29.051605.113034
https://doi.org/10.1146/annurev.neuro.29.051605.113034
http://www.ncbi.nlm.nih.gov/pubmed/17600523
https://doi.org/10.1146/annurev.biochem.75.103004.142811
http://www.ncbi.nlm.nih.gov/pubmed/17506641
https://doi.org/10.1371/journal.pone.0201773

@° PLOS | ONE

Brain region-dependent pathways of high voluntary activity

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Strick PL, Dum RP, Fiez JA. Cerebellum and nonmotor function. Annu Rev Neurosci. 2009; 32:413-34.
https://doi.org/10.1146/annurev.neuro.31.060407.125606 PMID: 19555291.

Marien P, Ackermann H, Adamaszek M, Barwood CH, Beaton A, Desmond J, et al. Consensus paper:
Language and the cerebellum: an ongoing enigma. Cerebellum. 2014; 13(3):386—410. https://doi.org/
10.1007/s12311-013-0540-5 PMID: 24318484; PubMed Central PMCID: PMCPMC4090012.

Popa D, Spolidoro M, Proville RD, Guyon N, Belliveau L, Lena C. Functional role of the cerebellum in
gamma-band synchronization of the sensory and motor cortices. J Neurosci. 2013; 33(15):6552—6.
https://doi.org/10.1523/JNEUROSCI.5521-12.2013 PMID: 23575852.

Li G, Rhodes JS, Girard I, Gammie SC, Garland T. Opioid-mediated pain sensitivity in mice bred for
high voluntary wheel running. Physiol Behav. 2004; 83(3):515-24. https://doi.org/10.1016/j.physbeh.
2004.09.003 PMID: 15581674.

Cosgrove KP, Hunter RG, Carroll ME. Wheel-running attenuates intravenous cocaine self-administra-
tion in rats: sex differences. Pharmacol Biochem Behav. 2002; 73(3):663—71. PMID: 12151042.

Santos-Soto IJ, Chorna N, Carballeira NM, Velez-Bartolomei JG, Mendez-Merced AT, Chornyy AP,

et al. Voluntary running in young adult mice reduces anxiety-like behavior and increases the accumula-
tion of bioactive lipids in the cerebral cortex. PLoS ONE. 2013; 8(12):81459. https://doi.org/10.1371/
journal.pone.0081459 PMID: 24349072; PubMed Central PMCID: PMCPMC3859495.

Liste |, Guerra MJ, Caruncho HJ, Labandeira-Garcia JL. Treadmill running induces striatal Fos expression
via NMDA glutamate and dopamine receptors. Exp Brain Res. 1997; 115(3):458—68. PMID: 9262200.

Werme M, Messer C, Olson L, Gilden L, Thoren P, Nestler EJ, et al. Delta FosB regulates wheel run-
ning. The Journal of neuroscience: the official journal of the Society for Neuroscience. 2002; 22
(18):8133-8. doi: 22/18/8133 [pii].

Nestler EJ. Molecular basis of long-term plasticity underlying addiction. Nat Rev Neurosci. 2001; 2
(2):119-28. https://doi.org/10.1038/35053570 PMID: 11252991.

Radak Z, Toldy A, Szabo Z, Siamilis S, Nyakas C, Silye G, et al. The effects of training and detraining
on memory, neurotrophins and oxidative stress markers in rat brain. Neurochem Int. 2006; 49(4):387—
92. https://doi.org/10.1016/j.neuint.2006.02.004 PMID: 16564605.

Jolitha AB, Subramanyam MV, Asha Devi S. Modification by vitamin E and exercise of oxidative stress
in regions of aging rat brain: studies on superoxide dismutase isoenzymes and protein oxidation status.
Exp Gerontol. 2006; 41(8):753-63. https://doi.org/10.1016/j.exger.2006.04.007 PMID: 16843630.

Guarnieri C, Fussi F, Fanelli O, Davalli P, Clo C. RNA and protein synthesis in rat brain during exercise.
Effect of arginine and some phosphorylated amino acids. Pharmacology. 1979; 19(1):51-6. https://doi.
org/10.1159/000137282 PMID: 515169.

Smith AD, Zigmond MJ. Can the brain be protected through exercise? Lessons from an animal model of
parkinsonism. Exp Neurol. 2003; 184(1):31-9. PMID: 14637076.

Sutoo D, Akiyama K. Regulation of brain function by exercise. Neurobiol Dis. 2003; 13(1):1-14. PMID:
12758062.

Ahlskog JE. Does vigorous exercise have a neuroprotective effect in Parkinson disease? Neurology.
2011; 77(3):288-94. https://doi.org/10.1212/WNL.0b013e318225ab66 PMID: 21768599; PubMed Cen-
tral PMCID: PMCPMC3136051.

Vuckovic MG, Li Q, Fisher B, Nacca A, Leahy RM, Walsh JP, et al. Exercise elevates dopamine D2
receptor in a mouse model of Parkinson’s disease: in vivo imaging with [(1)(8)F]fallypride. Mov Disord.
2010; 25(16):2777-84. https://doi.org/10.1002/mds.23407 PMID: 20960487; PubMed Central PMCID:
PMCPMC3273304.

Feng Z, Davis DP, Sasik R, Patel HH, Drummond JC, Patel PM. Pathway and gene ontology based
analysis of gene expression in a rat model of cerebral ischemic tolerance. Brain Res. 2007; 1177:103—
28. https://doi.org/10.1016/j.brainres.2007.07.047 PMID: 17916339.

Pascual-Leone A, Nguyet D, Cohen LG, Brasil-Neto JP, Cammarota A, Hallett M. Modulation of muscle
responses evoked by transcranial magnetic stimulation during the acquisition of new fine motor skills. J
Neurophysiol. 1995; 74(3):1037—45. https://doi.org/10.1152/jn.1995.74.3.1037 PMID: 7500130.

Carmeliet P, Ruiz de Almodovar C. VEGF ligands and receptors: implications in neurodevelopment and
neurodegeneration. Cell Mol Life Sci. 2013; 70(10):1763—78. https://doi.org/10.1007/s00018-013-1283-
7 PMID: 23475071.

Suzuki T, Sato T, Ichikawa H. Osteocalcin- and osteopontin-containing neurons in the rat hind brain.
Cell Mol Neurobiol. 2012; 32(8):1265-73. Epub 2012/05/03. https://doi.org/10.1007/s10571-012-9851-
1 PMID: 22552891.

Manzardo AM, Gunewardena S, Wang K, Butler MG. Exon microarray analysis of human dorsolateral
prefrontal cortex in alcoholism. Alcohol Clin Exp Res. 2014; 38(6):1594—601. https://doi.org/10.1111/
acer.12429 PMID: 24890784; PubMed Central PMCID: PMCPMC4047192.

PLOS ONE | https://doi.org/10.1371/journal.pone.0201773  August 2,2018 22/23


https://doi.org/10.1146/annurev.neuro.31.060407.125606
http://www.ncbi.nlm.nih.gov/pubmed/19555291
https://doi.org/10.1007/s12311-013-0540-5
https://doi.org/10.1007/s12311-013-0540-5
http://www.ncbi.nlm.nih.gov/pubmed/24318484
https://doi.org/10.1523/JNEUROSCI.5521-12.2013
http://www.ncbi.nlm.nih.gov/pubmed/23575852
https://doi.org/10.1016/j.physbeh.2004.09.003
https://doi.org/10.1016/j.physbeh.2004.09.003
http://www.ncbi.nlm.nih.gov/pubmed/15581674
http://www.ncbi.nlm.nih.gov/pubmed/12151042
https://doi.org/10.1371/journal.pone.0081459
https://doi.org/10.1371/journal.pone.0081459
http://www.ncbi.nlm.nih.gov/pubmed/24349072
http://www.ncbi.nlm.nih.gov/pubmed/9262200
https://doi.org/10.1038/35053570
http://www.ncbi.nlm.nih.gov/pubmed/11252991
https://doi.org/10.1016/j.neuint.2006.02.004
http://www.ncbi.nlm.nih.gov/pubmed/16564605
https://doi.org/10.1016/j.exger.2006.04.007
http://www.ncbi.nlm.nih.gov/pubmed/16843630
https://doi.org/10.1159/000137282
https://doi.org/10.1159/000137282
http://www.ncbi.nlm.nih.gov/pubmed/515169
http://www.ncbi.nlm.nih.gov/pubmed/14637076
http://www.ncbi.nlm.nih.gov/pubmed/12758062
https://doi.org/10.1212/WNL.0b013e318225ab66
http://www.ncbi.nlm.nih.gov/pubmed/21768599
https://doi.org/10.1002/mds.23407
http://www.ncbi.nlm.nih.gov/pubmed/20960487
https://doi.org/10.1016/j.brainres.2007.07.047
http://www.ncbi.nlm.nih.gov/pubmed/17916339
https://doi.org/10.1152/jn.1995.74.3.1037
http://www.ncbi.nlm.nih.gov/pubmed/7500130
https://doi.org/10.1007/s00018-013-1283-7
https://doi.org/10.1007/s00018-013-1283-7
http://www.ncbi.nlm.nih.gov/pubmed/23475071
https://doi.org/10.1007/s10571-012-9851-1
https://doi.org/10.1007/s10571-012-9851-1
http://www.ncbi.nlm.nih.gov/pubmed/22552891
https://doi.org/10.1111/acer.12429
https://doi.org/10.1111/acer.12429
http://www.ncbi.nlm.nih.gov/pubmed/24890784
https://doi.org/10.1371/journal.pone.0201773

@° PLOS | ONE

Brain region-dependent pathways of high voluntary activity

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94,

95.

96.

97.

98.

Zhang M, Mu H, Shang Z, Kang K, Lv H, Duan L, et al. Genome-wide pathway-based association analy-
sis identifies risk pathways associated with Parkinson’s disease. Neuroscience. 2017; 340:398—410.
https://doi.org/10.1016/j.neuroscience.2016.11.004 PMID: 27840232.

Hesse K, Vaupel K, Kurt S, Buettner R, Kirfel J, Moser M. AP-25 is a crucial transcriptional regulator of
the posterior midbrain. PLoS ONE. 2011; 6(8):23483. Epub 2011/08/09. https://doi.org/10.1371/
journal.pone.0023483 PMID: 2185814 1; PubMed Central PMCID: PMCPMC3153493.

Moszczynska A, Burghardt KJ, Yu D. Neurotoxic Doses of Chronic Methamphetamine Trigger Retro-
transposition of the Identifier Element in Rat Dorsal Dentate Gyrus. Genes (Basel). 2017; 8(3). https://
doi.org/10.3390/genes8030096 PMID: 28272323; PubMed Central PMCID: PMCPMC5368700.

Lodhi RJ, Rossolatos D. Genetics and genomics in addiction research. The SAGE Handbook of Drug &
Alcohol Studies: Biological Approaches. 2016:1.

Higuera-Matas A, Montoya GL, Coria SM, Miguens M, Garcia-Lecumberri C, Ambrosio E. Differential
Gene Expression in the Nucleus Accumbens and Frontal Cortex of Lewis and Fischer 344 Rats Rele-
vant to Drug Addiction. Curr Neuropharmacol. 2011; 9(1):143-50. https://doi.org/10.2174/
157015911795017290 PubMed PMID: WOS:000288996400031. PMID: 21886580

Colasante G, Lignani G, Rubio A, Medrihan L, Yekhlef L, Sessa A, et al. Rapid Conversion of Fibro-
blasts into Functional Forebrain GABAergic Interneurons by Direct Genetic Reprogramming. Cell Stem
Cell. 2015; 17(6):719-34. https://doi.org/10.1016/j.stem.2015.09.002 PMID: 26526726.

Jeon JP, Buono RJ, Han BG, Jang EY, Kim SC, Yang CH, et al. Proteomic and Behavioral Analysis of
Response to Isoliquiritigenin in Brains of Acute Cocaine Treated Rats. J Proteome Res. 2008; 7
(12):5094—-102. https://doi.org/10.1021/pr800237s PubMed PMID: WOS:000261478700004. PMID:
19367698

Ghosh A, Basu D. Restless legs syndrome in opioid dependent patients. Indian J Psychol Med. 2014;
36(1):85—7. https://doi.org/10.4103/0253-7176.127262 PMID: 24701019; PubMed Central PMCID:
PMCPMC3959028.

London SE, Monks DA, Wade J, Schlinger BA. Widespread capacity for steroid synthesis in the avian
brain and song system. Endocrinology. 2006; 147(12):5975-87. https://doi.org/10.1210/en.2006-0154
PMID: 16935847; PubMed Central PMCID: PMCPMC2903432.

Rothenfluh A, Threlkeld RJ, Bainton RJ, Tsai LT, Lasek AW, Heberlein U. Distinct behavioral responses
to ethanol are regulated by alternate RhoGAP18B isoforms. Cell. 2006; 127(1):199-211. https://doi.
org/10.1016/j.cell.2006.09.010 PMID: 17018286.

Bryant CD, Chang HP, Zhang J, Wiltshire T, Tarantino LM, Palmer AA. A major QTL on chromosome
11 influences psychostimulant and opioid sensitivity in mice. Genes Brain Behav. 2009; 8(8):795-805.
https://doi.org/10.1111/1.1601-183X.2009.00525.x PMID: 19694818; PubMed Central PMCID:
PMCPMC3697834.

Le Merrer J, Befort K, Gardon O, Filliol D, Darcq E, Dembele D, et al. Protracted abstinence from distinct
drugs of abuse shows regulation of a common gene network. Addict Biol. 2012; 17(1):1-12. https://doi.
org/10.1111/j.1369-1600.2011.00365.x PMID: 21955143.

ShenY, Yue F, McCleary DF, Ye Z, Edsall L, Kuan S, et al. A map of the cis-regulatory sequences in
the mouse genome. Nature. 2012; 488(7409):116-20. https://doi.org/10.1038/nature 11243 PMID:
22763441; PubMed Central PMCID: PMCPMC4041622.

Davies MN, Volta M, Pidsley R, Lunnon K, Dixit A, Lovestone S, et al. Functional annotation of the
human brain methylome identifies tissue-specific epigenetic variation across brain and blood. Genome
Biol. 2012; 13(6):R43. https://doi.org/10.1186/gb-2012-13-6-r43 PMID: 22703893; PubMed Central
PMCID: PMCPMC3446315.

Nam SY, Kim HY, Lee HE, Ryu JH, Jang JB, Kim HM, et al. Functions of the Signal Transducer and
Activator of Transcription 6 in a Behavioral Animal Model of Depression. Pharmacology. 2018; 101(5—
6):285-9. Epub 2018/03/27. https://doi.org/10.1159/000487954 PMID: 29587269.

PLOS ONE | https://doi.org/10.1371/journal.pone.0201773  August 2,2018 23/23


https://doi.org/10.1016/j.neuroscience.2016.11.004
http://www.ncbi.nlm.nih.gov/pubmed/27840232
https://doi.org/10.1371/journal.pone.0023483
https://doi.org/10.1371/journal.pone.0023483
http://www.ncbi.nlm.nih.gov/pubmed/21858141
https://doi.org/10.3390/genes8030096
https://doi.org/10.3390/genes8030096
http://www.ncbi.nlm.nih.gov/pubmed/28272323
https://doi.org/10.2174/157015911795017290
https://doi.org/10.2174/157015911795017290
http://www.ncbi.nlm.nih.gov/pubmed/21886580
https://doi.org/10.1016/j.stem.2015.09.002
http://www.ncbi.nlm.nih.gov/pubmed/26526726
https://doi.org/10.1021/pr800237s
http://www.ncbi.nlm.nih.gov/pubmed/19367698
https://doi.org/10.4103/0253-7176.127262
http://www.ncbi.nlm.nih.gov/pubmed/24701019
https://doi.org/10.1210/en.2006-0154
http://www.ncbi.nlm.nih.gov/pubmed/16935847
https://doi.org/10.1016/j.cell.2006.09.010
https://doi.org/10.1016/j.cell.2006.09.010
http://www.ncbi.nlm.nih.gov/pubmed/17018286
https://doi.org/10.1111/j.1601-183X.2009.00525.x
http://www.ncbi.nlm.nih.gov/pubmed/19694818
https://doi.org/10.1111/j.1369-1600.2011.00365.x
https://doi.org/10.1111/j.1369-1600.2011.00365.x
http://www.ncbi.nlm.nih.gov/pubmed/21955143
https://doi.org/10.1038/nature11243
http://www.ncbi.nlm.nih.gov/pubmed/22763441
https://doi.org/10.1186/gb-2012-13-6-r43
http://www.ncbi.nlm.nih.gov/pubmed/22703893
https://doi.org/10.1159/000487954
http://www.ncbi.nlm.nih.gov/pubmed/29587269
https://doi.org/10.1371/journal.pone.0201773



