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ABSTRACT

Objectives: There is significant interest in uncovering the mechanisms through which exercise enhances cognition, memory, and mood, and
lowers the risk of neurodegenerative diseases. In this study, we utilize forced treadmill running and distance-matched voluntary wheel running,
coupled with light sheet 3D brain imaging and c-Fos immunohistochemistry, to generate a comprehensive atlas of exercise-induced brain
activation in mice.
Methods: To investigate the effects of exercise on brain activity, we compared whole-brain activation profiles of mice subjected to treadmill
running with mice subjected to distance-matched wheel running. Male mice were assigned to one of four groups: a) an acute bout of voluntary
wheel running, b) confinement to a cage with a locked running wheel, c) forced treadmill running, or d) placement on an inactive treadmill.
Immediately following each exercise or control intervention, blood samples were collected for plasma analysis, and brains were collected for
whole-brain c-Fos quantification.
Results: Our dataset reveals 255 brain regions activated by acute exercise in mice, the majority of which have not previously been linked to
exercise. We find a broad response of 140 regulated brain regions that are shared between voluntary wheel running and treadmill running, while
32 brain regions are uniquely regulated by wheel running and 83 brain regions uniquely regulated by treadmill running. In contrast to voluntary
wheel running, forced treadmill running triggers activity in brain regions associated with stress, fear, and pain.
Conclusions: Our findings demonstrate a significant overlap in neuronal activation signatures between voluntary wheel running and distance-
matched forced treadmill running. However, our analysis also reveals notable differences and subtle nuances between these two widely used
paradigms. The comprehensive dataset is accessible online at www.neuropedia.dk, with the aim of enabling future research directed towards
unraveling the neurobiological response to exercise.

� 2024 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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1. INTRODUCTION

Regular exercise is acknowledged for its wide-ranging benefits to brain
health, including mood improvement and protection against age-
related cognitive decline and neurodegenerative diseases [1e3]. As
for long-term exercise training, a growing body of research also
suggests a significant influence of a single bout of exercise, termed
“acute exercise”, on brain function, including enhancement of
emotional states and stress coping [4]. In the context of exercise, the
most widely studied brain region is arguably the hippocampus [5], but
running wheel exercise in rodents coincides with neuronal activity in a
long list of brain regions, including the hypothalamus [6], several
striatal regions [7], the somatosensory cortex [6], the medial prefrontal
cortex [8], and the motor-coordinating red nucleus of the midbrain [9].
Thus, not surprisingly, endurance exercise in rodents has been linked
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to pleiotropic central effects including effects on appetite, reward, pain,
locomotion, and proprioception [10e15]. Insights into the impact of
exercise on the brain have largely been derived from studies conducted
on rats or mice, utilizing two commonly employed exercise paradigms:
forced treadmill running and voluntary wheel running [16,17]. While
forced treadmill running offers control over exercise intensity and
duration, it has been implied to be a stressful paradigm [18,19]. Both
male and female rats exhibit increased plasma corticosterone levels in
response to treadmill running [20]. Accordingly, phenotypic changes
resulting from forced treadmill running may be attributed not only to
exercise itself but also to the added stress [20]. Running wheels, in
contrast, are often viewed as an environmental enrichment [21] and
rodents voluntarily engage with running wheels to run distances of 4e
8 km each night, depending on strain and sex. This underscores that
running wheels provide an opportunity for mice and rats to engage in
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regular exercise, and that this activity is remarkably rewarding for the
animals [21,22]. Despite the substantial differences between these
two endurance exercise interventions, they are often interchangeably
utilized in the literature. This is potentially problematic, and the
stressful aspects of forced treadmill running might limit the predictable
value of this intervention for mimicking human exercise.
Previous attempts to understand the underlying mechanisms for ex-
ercise on brain health have focused on specific, pre-selected brain
regions. However, given the intricacy of the brain and the diverse ef-
fects of exercise on brain health, a more global, unbiased approach is
required to grasp the complete brain activation signature induced by
exercise. Recent histological advancements combining tissue clearing
and light-sheet fluorescent microscopy (LSFM) have enabled whole-
brain mapping and quantification of neuronal activation patterns at
single-cell resolution [23e30]. In this study, we take advantage of this
methodological advancement, using c-Fos expression as an indicator
of neuronal stimulation, to provide a comprehensive 3D analysis of
whole-brain activity patterns in exercising male mice. We compare c-
Fos response of forced treadmill running to distance-matched volun-
tary wheel running and scrutinize the confounding effects that can be
attributed to exercise control groups. Finally, we have developed an
online activity-induced brain map resource, available at www.
neuropedia.dk, that can be used to guide and support future explo-
ration into the neurological effects of exercise.

2. METHODS

2.1. Animals
All in vivo experiments were conducted at the University of Copen-
hagen, Denmark, according to internationally accepted principles for
animal care and under approval from the Danish Animal Experiments
Inspectorate, Danish Ministry of Food, Agriculture and Fisheries (permit
number: 2018-15-0201-01457). The mice were single-housed in a
temperature-controlled environment (21e23 �C) enriched with nesting
materials on a 12:12-h lightedark cycle (light: 6:00 am - 6:00 pm;
dark: 6:00 pme6:00 am CEST) with ad libitum access to chow diet
(Altromin 1324, Brogaarden, DK) and drinking water, unless otherwise
specified. All in vivo experiments were conducted using male C57Bl/6J
mice (Janvier, FR) at the age of 9e10 weeks. Minimum 1 week before
study start, mice were habituated to single housing and randomized
into four groups: treadmill control (CTRL-TR, n ¼ 8), treadmill running
(TR, n ¼ 8), wheel running control (CTRL-WR, n ¼ 8), and wheel
running (WR, n ¼ 25).

2.2. Treadmill acclimatization and exercise
Prior to the terminal treadmill exercise experiment, treadmill runners
and treadmill control mice were all acclimatized to a treadmill running
system (TSE Systems, GmbH, Germany). The adaptation protocol
comprised 10 min at 10.2 m min�1 each day for three consecutive
days (with active shocker grid), whereafter mice rested for two days
prior to the day of termination to avoid any residual effects of acute
exercise. On the day of termination, mice were exposed to a running
paradigm of 10 min at 6 m min�1 then 40 min at 17.4 m min�1 (50%
of max speed) followed by gradually increased speed (0.6 m min�1

every minute for 10 min - thereafter 1.8 m min�1 every minute) until
exhaustion. All treadmill exercise performed at an incline of 10�. Mice
were forced to run until exhaustion using pressurized air and an
electric shocker grid at the back of the treadmill. Exhaustion was
defined when mice fell back to the grid three times within 30 s.
Treadmill controls were placed on an inactive treadmill for w1 h on
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termination day. Treadmill habituation and exercise experiment was
performed 1e3 h into the dark phase (zeitgeber time, ZT 13-16).

2.3. Running wheel acclimatization and exercise
Wheel running control and wheel running mice were single housed 12
days prior to termination in cages equipped with running wheels
(23 cm in diameter, Techniplast activity cage, Techniplast, Buguggiate,
Italy). Amount of bedding was reduced in order to avoid blocking of the
running wheel. 5 days prior to termination, running wheels were
unlocked and mice had free access to active running wheels for 2
days, followed by 3 days where running wheels were unlocked 2 h a
day 1e3 h into the dark phase (ZT 13-16) to acclimatize the mice to
the running wheels, but at the same time avoid exercise training ef-
fects prior to the experimental day. WR and CTRL-WR mice had free
access to food and water at all times. On the day of termination, CTRL-
WR mice were kept in home cages with locked running wheel for 2 h,
while WR mice had their running wheel unlocked for 2 h. All mice were
terminated immediately after end of exercise experiment. Running
distance was measured by an odometer (Sigma Pure 1 Topline 2016,
Sigma, Denmark). Wheel running habituation and exercise experiment
were performed 1e3 h into the dark phase. After end exercise
experiment, mice from WR group were divided into groups depending
on running distance: Mice with running distance matching the tread-
mill running mice (WR_matched, 1.1<>1.6 km, n¼ 12), low runners
(WR_low, distance <1.1 km, n ¼ 5) and high runners (WR_high,
distance >1.6 km, n ¼ 8) (Fig. S1).

2.4. Plasma collection and analysis
On the day of termination, mice were anaesthetised by isoflurane/O2
(Attane Vet., Scanvet animal Health, Fredensborg, Denmark) inhalation
immediately after exercise exposure and blood was collected on wet-
ice for plasma separation. Corticosterone was measured in mouse
plasma using enzyme-linked immunosorbent assay (ELISA, Cat. No.
50-22-6, Biosite, Denmark). Fatty acids (FA) were measured in mouse
plasma using NEFA-HR (2) Assay (FUJIFILM, Wako Chemicals, Europe)
and triglycerides (TG) were measured in mouse plasma using Tri-
glyceride LiquiColor� Test (Enzymatic) (Stanbio Laboratory, Cat. No.
2100-225, Block Scientific, Bellport, NY, USA). All assays were used
according to the protocol provided by the manufacturer.

2.5. Tissue harvest and processing
Following blood collection, mice were perfused intracardially with
heparinized PBS (15,000 IU/L) for 2 min and subsequently 10% neutral
buffered formalin (NBF) (SigmaeAldrich, Darmstadt, Germany) for
5 min. Brains were removed and post-fixed overnight in NBF at room
temperature.

2.6. Whole-brain c-Fos staining and imaging
Brains were stained against c-Fos using previously described protocol
for immunolabelling-enabled 3D imaging of solvent cleared organs
(iDISCO) [29,31]. Antibodies included anti-c-Fos antibody (1:5000;
2250, Cell Signaling Technology, Danvers, MA, USA) and anti-Rb-Cy5
1:1000 (cat. No. 711-175-152, Jackson ImmunoResearch, West
Grove, PA). Whole brains were imaged using a light sheet microscope
(Miltenyi Biotec GmbH, Bergisch Gladbach, Germany) with Zyla
4.2PCL10 sCMOS camera (Andor Technology, Belfast, UK), MV PLAPO
2XC (Olympus, Tokyo, Japan) objective and SuperK EXTREME super-
continuum white-light laser EXR-15 (NKT Photonics, Birkerød,
Denmark). Brains were imaged in axial orientation in a DBE filled
chamber using two-sided illumination with an exposure time of
This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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254 ms in a z-stack at 10 mm intervals at 0.63 � magnification
(1.2 � total magnification). Data was acquired in two channels,
autofluorescence at 560 � 20 nm (excitation) and 650 � 25 nm
(emission) wavelength (80% laser power) and c-Fos staining at
630 � 15 nm (excitation) and 680 � 15 nm (emission) wavelength
(100% laser power).

2.7. Semi-systematic literature review
To assess the extent of lacking proper controls in animal exercise
studies using treadmills and running wheels, we conducted a review of
published articles in five selected top-tier journals: Cell Metabolism,
Nature Metabolism, Nature, Science, and Cell. Using the websites of
these journals and the search terms “treadmill” and “wheel-running”
were used and the searches were conducted in July and August of
2023.
The search using “Treadmill” as search term returned the following
hits published within the period of January 2019 to June 2023: Nature
Metabolism (24 hits, 14 relevant articles), Cell Metabolism (27 hits, 19
relevant articles), Cell (27 hits, 2 relevant articles), Nature (84 hits, 6
relevant articles), Science (31 hits, 7 relevant articles). The search
using “Wheel-running” as search term returned the following hits
within the period of January 2019 to June 2023: Nature Metabolism
(13 hits, 9 relevant articles of which 6 articles were also identified in
the “Treadmill” search), Cell Metabolism (38 hits, 10 relevant articles
of which 4 articles were also identified in the “Treadmill” search), Cell
(269 hits, 5 relevant articles of which 2 articles were also identified in
the “Treadmill” search), Nature (7 hits, 4 relevant articles of which 1
articles were also identified in the “Treadmill” search), Science (73
hits, 3 relevant articles of which 2 articles were also identified in the
“Treadmill” search). Hits considered “not relevant” were other types of
articles than original research articles or not directly related to exercise
biology in rodents. A list of all relevant articles can be found in
Table S3. In this table, irrelevant hits are highlighted in grey. Studies
that provide insufficient information on control-handling or state that
controls are kept in home cage are highlighted in red, and studies
reporting exposure of controls to either running wheel or treadmill are
highlighted in green.

2.8. Image analysis
Image processing and quantification of c-Fos positive cells was per-
formed according to previously described method [32]. Individual c-
Fos segmentation volumes were generated and to enable region-wise
quantification of c-Fos positive cells, the segmentation volumes were
aligned to a digital LSFM-based mouse brain atlas [32], which is
based on the common coordinate framework version 3 (CCFv3)
developed by Allen Institute of Brain Science. The alignment was
performed through an affine and a B-spline-based registration using
the Elastix toolbox [33]. Density heatmaps, visualizing the density of c-
Fos positive cells, were generated by aligning the cell-segmentation
volumes to the LSFM atlas using an inverse transform followed by
generating and summing up spheres of uniform value in a 100 mm
radius around each detected c-Fos positive cell. Heatmaps depicting
up- and downregulation of c-Fos expression were created by sub-
tracting the group average control heatmap (n ¼ 8 brains) from the
group average heatmap (n ¼ 8e12 brains) and removing signal from
non-significant brain regions. Principal component analysis and hi-
erarchical clustering were performed on relative mean c-Fos cell
count, centered and scaled across all brain regions. Image analysis
and processing were performed in Python and 3D brain visualizations
were created using the ImarisTM software version 2 (Oxford in-
struments, Abington, UK).
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2.9. Statistical analysis
Whole-brain c-Fos cell counts were analysed using both region-based
and voxel-based statistics similar to what has been described previ-
ously [32]. Region-based analysis was performed on 438 atlas-defined
brain regions. A generalised linear model (GLM) was fitted to the
number of detected c-Fos positive cells in each brain region of every
animal. For each GLM, a Dunnett’s test was performed, and subse-
quently Benjamini-Hochberg false discovery (FDR) correction was
applied to correct for multiple comparison (p < 0.05). Manual vali-
dation was conducted to verify that the datapoints follow the negative
binomial distribution and significance of the regions were not achieved
due to outliers. Deviance residuals were investigated, and significant
regions were discarded if residuals violated the assumptions of
normality and homoscedasticity. Moreover, Cook’s distance was used
to discard any significant regions with overly influential data points.
Voxel-based statistical analysis was performed on cell segmentation
volumes converted to the LSFM-based mouse brain atlas space. At
each voxel position, Welch’s t-test was performed between groups,
and the corresponding p-value was converted to a standard Z-score.
Plasma data and c-Fos counts in selected brain regions were analysed
using two-way ANOVA with TukeyeKramer post hoc test to account for
unequal samples size when interactions between exercise and exer-
cise modality was reported. Initial c-Fos quantification was performed
on brains from all 49 animals. In second, and final iteration of the
analysis, 13 mice with running distances <1.1 km (n ¼ 5) and
>1.5 km (n ¼ 8) were removed from the study (Fig. S1, Table S1).
Running distance and running time data were analysed using unpaired
t-test. Whole-brain statistical analysis was performed using R pack-
ages MASS, multcomp, Imtest and car. Two-way ANOVA was per-
formed using GraphPad Prism 9.0 (GraphPad, USA).

3. RESULTS

3.1. Acute exercise induces profound neuronal c-Fos activation
To understand how exercise impacts brain activity, we compared
whole-brain activation profiles of mice exposed to treadmill running
and mice exposed to distance-matched wheel running. Four groups of
young adult male mice were subjected to either an acute bout of 2 h
voluntary wheel running (WR, n¼ 25), 1-hour forced treadmill running
until exhaustion (TR, n¼ 8), rest in either a cage with a locked running
wheel (CTRL-WR, 2 h, n¼ 8) or on an inactive treadmill (CTRL-TR, 1 h,
n ¼ 8). Immediately following the intervention, blood was collected for
plasma analysis and brains were collected for whole-brain c-Fos
quantification (Figure 1A). Twelve mice from the voluntary wheel
running paradigm, for which running time and distance closely
matched the treadmill running group (Figure 1BeE), were selected for
further analysis (Fig. S1). Light-sheet fluorescence microscopy (LSFM)
was used to assess the whole-brain activation signature in response to
exercise (Movie S1, S2, and Fig. S2). We observed an extensive brain-
wide c-Fos upregulation in response to both forced treadmill running
and voluntary wheel running, with much more wide-spread c-Fos
upregulation detected in treadmill running group (Figure 1FeG).
Strikingly, a pronounced c-Fos induction was not only observed in
exercising mice, but also in control mice that were placed on an
inactivated treadmill (CTRL-TR). In these mice, induction of c-Fos was
induced more widespread and stronger than in mice in the wheel
running group. In contrast, mice that were exposed to a locked running
wheel in their home-cage displayed only a limited number of c-Fos
positive cells (Figure 1H). Brain-wide total c-Fos positive cell count
indicated a 3.6-times trend for an increase in therunning wheel group
compared to mice housed with a locked running wheel (100 � 34 �
open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/). 3
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Figure 1: Exercise has pronounced effect on brain activity in mice (A) 49 young male C57Bl/6J mice were randomized to 2 h in home cage with inactive running wheel (CTRL-
WR), 2 h in home cage with active running wheel (WR), 1 h rest on inactive treadmill (CTRL-TR), or 1 h forced treadmill exercise until exhaustion (TR). Brains were collected for
whole-brain c-Fos quantification. (B) Time of active running wheel (min) for CTRL-WR and WR. Data were analysed using unpaired t-test (***p < 0.001). (C) Running distance (m)
of CTRL-WR and WR. Data were analysed using unpaired t-test (***p < 0.001). (D) Time of active treadmill (min) CTRL-TR and TR. Data were analysed using unpaired t-test
(***p < 0.001). (E) Running distance (m) of CTRL-TR and TR. Data were analysed using unpaired t-test (***p < 0.001). (F) Number of c-Fos positive cells (group average � SEM)
in the whole brain of WR and CTRL-WR. Data were analysed using unpaired t-test (***p < 0.001). (G) Number of c-Fos positive cells (group average � SEM) in the whole brain of
TR and CTRL-TR. Data were analysed using unpaired t-test (**p < 0.01). (H) Whole-brain heatmaps depicting average c-Fos signal in each group. (I) Proportional venn diagram
illustrating the number of significant brain regions unique for TR when compared to CTRL-TR (83 regions, not regulated by WR), number of significant brain regions unique for WR
when compared to CTRL-WR (32 regions, not regulated by TR), and number of significant regions shared among the two exercise paradigms (140 regions). (J) Plasma levels of
fatty acids (mM) in each group (average � SEM). Two-way ANOVA demonstrated main effect of exercise modality (xxxp < 0.001; WR groups vs. TR groups). (K) Plasma levels of
triacylglycerol (mg/dl) in each group (average � SEM). Two-way ANOVA demonstrated main effect of exercise modality (xp < 0.05; WR groups vs. TR groups). (L) Plasma levels of
corticosterone (pg/ml) in each group (average � SEM). Two-way ANOVA demonstrated main effect of exercise modality (xxxp < 0.001; WR groups vs. TR groups). Scale bars:
1000 mm.
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103 and 27 � 16 � 103, p ¼ 0.08, c-Fos positive cells on average,
respectively). In contrast, because control mice on the inactivated
treadmills displayed a profound induction of c-Fos, only a 2-fold in-
crease in c-Fos positive cells was observed with treadmill running
group compared to the control group (369 � 111 � 103 and
185 � 47 � 103, c-Fos positive cells on average, respectively)
(Figure 1F, G). These data imply a higher sensitivity to wheel running
relative to treadmill running for distinguishing exercise-induced
neuronal activation. To further assess exercise-modality specific dif-
ferences in brain activation, we quantified the number of c-Fos positive
cells in 438 atlas-defined brain regions (Table S1 þ Fig. S2). This
revealed that 140 brain regions (55% of all regulated brain regions)
were activated by both exercise interventions in comparison to the
controls (Figure 1H, I). We also discovered that 83 brain regions were
uniquely regulated by treadmill running and that 32 brain regions were
uniquely regulated by wheel running (Figure 1I). Furthermore, analyses
of the circulating levels of fatty acids (Figure 1J) and triacylglycerol
(Figure 1K) unveiled an increase in these lipids simply by placing mice
on the treadmills, irrespective of whether they were forced to run or
not. This observation potentially corresponds to stress-triggered adi-
pose tissue lipolysis and hepatic VLDL-TG release. In alignment with
this interpretation, mice subjected to both treadmill running and
treadmill control conditions demonstrated similarly elevated plasma
corticosterone levels (Figure 1L), reinforcing the association with
stress-induced responses. Previous reports on corticosterone levels in
response to light exercise have been variable [34], probably due to
discrepancies in study designs, as corticosterone fluctuate with the
time of the day. However, in agreement with previous findings [20],
treadmill exercise induced a marked increase in corticosterone levels.
Supplementary video related to this article can be found at https://doi.
org/10.1016/j.molmet.2024.101907

3.2. Common and unique neuronal activation signatures of forced
treadmill running and voluntary wheel running
To further elucidate differences in c-Fos upregulation in response to
treadmill running and wheel running (Figure 2A), we conducted a hi-
erarchical clustering analysis (Figure 2B, C). The principal component
analysis (PCA) demonstrated clustering of samples based on their c-
Fos activation signatures (Figure 2B) and the subsequent clustering
analysis emphasized the increase in c-Fos positive cells in multiple
brain regions in mice exposed to treadmill running (Figure 2C,
Table S2). The analysis further revealed that most brain regions
demonstrated higher c-Fos cell count in treadmill running group than in
the wheel running group and only a few brain regions demonstrated
higher c-Fos positive cell count in wheel running group compared to
treadmill running (Figure 2C). Moreover, cluster 4 characterized by a
high number of c-Fos positive cells in the treadmill running group,
demonstrated an overlap of c-Fos activity between the treadmill
running group and its control, whereas more separation was observed
between wheel running group and its control in cluster 2.
With the aim of characterizing the brain activity profiles of forced
treadmill running and voluntary wheel running, we used the Allen Brain
Atlas anatomical hierarchy to generate a complete list of brain regions
significantly regulated by each exercise paradigm (Fig. S3 and Fig. S4).
Notably, brain regions activated by both exercise paradigms (shared
response) were found to be predominantly located within isocortical
regions, e.g., primary motor area (MOp), retrosplenial areas (RSP) and
the hippocampal formation (e.g., dentate gyrus (DG) and Cornu
Ammonis (CA) areas). These brain regions have all previously been
linked to exercise [35,36]. However, also brain regions that have not
MOLECULAR METABOLISM 82 (2024) 101907 � 2024 The Author(s). Published by Elsevier GmbH. This is an
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previously been associated with exercise emerged from the analysis as
part of the shared response to forced treadmill and voluntary wheel
running. This included brain regions within the cortical subplate, such
as the thalamus, pons, and the medulla (Figure S3,S4). The number of
brain regions uniquely regulated by voluntary wheel running were
limited but were also mostly regions not previously linked to exercise
and were located in different anatomical regions, such as the hypo-
thalamus, cerebellum, and medulla. Remarkably, brain regions
uniquely regulated by forced treadmill running were primarily located
in the hypothalamus and striatum, with the majority of regions being
part of the limbic pathway. This probably reflect stress and fear, evi-
denced by regulation of the central amygdala (CEA) [37], the anterior
cingulate area (ACA) [38], and the ventromedial hypothalamic nucleus
(VMH) [39].

3.3. Voluntary wheel running display a unique brain activity
signature
Following the discovery that forced treadmill exercise and voluntary
wheel running give rise to distinct c-Fos activation signatures, we
sought to scrutinize the brain signatures in further detail aiming to
unveil novel exercise-induced neurobiological insights. To accommo-
date this, we applied two different statistical analyses (Fig. S2). First,
voxel-based statistical analysis was applied to average c-Fos heat-
maps [32], depicting all voxels with statistically significant average c-
Fos signal in wheel running group when compared to its control group
(p < 0.05, Figure 3A). This was used as a visual aid to support
conclusions from the region-based analysis. The region-based sta-
tistical analysis was performed to report all brain regions with a sta-
tistically different number of c-Fos positive cells in the wheel running
group compared to its control (Figure 3B). A significantly increased
number of c-Fos positive cells was found in a total of 172 brain regions
in wheel running group when compared to its control (Figure 3B). No
brain regions demonstrated a significant decrease in c-Fos positive
cells (Figure 3B). Out of the 172 significantly upregulated brain regions,
32 regions were uniquely regulated by voluntary wheel running, i.e.
were not significantly regulated by treadmill running when compared
to their respective control groups (Figure 3C). Given the high c-Fos
level in treadmill controls, we hypothesized that most of these unique
wheel running regions were also activated by treadmill running, but not
statistically significant, due to control-subtraction. Hence, we
compared the number of c-Fos positive cells in the two runners groups
without control-subtraction to elucidate any regions statistically sig-
nificant between wheel running and treadmill running, irrespective of
c-Fos levels in controls.
Using this strategy, we demonstrated significantly increased c-Fos
activity in 4 brain regions from the voluntary wheel running group
compared to the treadmill running group (the dentate nucleus, DN; the
medullary reticular nucleus, ventral part, MDRNv; the nucleus pre-
positus, PRP; and the fields of forel, FF) (Figure 3C, D). In line with
previous findings, we observed activation of subnuclei within the
ventral part of the DN, a deep cerebellar region, involved in limb
movement [40] (Figure 3EeH). Through striatal interactions, the DN is
reported to participate in reward signalling and could be involved in
the motivational aspects of voluntary running [41,42]. Another region
that demonstrated increased c-Fos expression following wheel
running when compared to treadmill running was the fields of forel
(FF) (Figure 3I-L), a brain region consisting of dense nerve bundles
projecting from the thalamus to the globus pallidum and cerebellum,
and that has reported to be involved in involuntary movement [43].
Other regions uniquely activated by voluntary wheel running included
open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/). 5
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Figure 2: Voluntary wheel running and forced treadmill running elicit distinct brain activation signatures (A) Heatmaps (dorsal view) depict control-subtracted average
whole-brain c-Fos expression responses to forced treadmill running or voluntary wheel running (n ¼ 8e12 mice per group). Voxels with increased average c-Fos count (in WR
compared to CTRL-WR; TR compared to CTRL-TR) are depicted in red and voxels with reduced average c-Fos count are depicted in blue (none). Scale bars: 1000 mm. (B) Principal
component analysis (PCA) plot illustrating distinctness in region-based c-Fos counts between samples defined by the first two principal components, PC1 and PC2, accounting for
most variance in the data are shown. (C) Heatmap depicting relative mean c-Fos count within each brain region of each group (scalebar: low to high), divided into 4 clusters. Major
brain divisions activated in the two main clusters, cluster 2 and 4, are depicted as 3D volumes and sagittal section using Allen Brain Atlas nomenclature. Minor cluster 1 consists of
two brain regions that are low in treadmill running group. These brain regions are Interstitial nucleus of Cajal and the Intergeniculate leaflet of the lateral geniculate complex, that
both receive retinal input for oculomotor control and circadian rhythmicity, respectively. Minor cluster 3 is characterized by brain regions with a high number of c-Fos positive cells
in the CTRL-TR group. This includes different parts of the interpeduncular nucleus, the lateral habenula as well as the posterior part of the cortical amygdala (for details, see
Table S2). Lines below heatmap depict brain regions with statistically significantly different number of c-Fos positive cells in WR compared to CTRL-WR (red) and TR compared to
CTRL-TR (yellow). Data was analysed using Dunnett’s test negative binomial generalised linear model and FDR <0.05 for p-value adjustment. Abbreviations: cerebellum (CB),
hippocampal formation (HPF), hypothalamus (HY), isocortex (ISO), midbrain (MB), medulla (MY), olfactory areas (OLF), pallidum (PAL), pons (P), striatum (STR), thalamus (TH).

Original Article
the nucleus prepositus (PRP) that plays a role in eye movements
during changes in head posture [44] and thus might be activated
when mice run in the rotating running wheel. Moreover, the ventral
part of the medullary reticular nucleus (MDRNv) was also found to be
activated specifically by wheel running (Fig. S5). The role of this re-
gion in wheel running is unclear but might be worth noticing that the
lateral part has been suggested to control cardiovascular and respi-
ratory functions [45] (Fig. S5). Regarding the potential physiological
function of these brain regions, it is interesting to note that activation
in response to wheel running seems to be unrelated to the total
running distance, as illustrated by data obtained in MDRNv (Fig. S5D)
and PRP (Fig. S5H) but also DN and FF (Fig. S5). This might suggest
that activation of these regions reflect neurological responses that are
related to altered housing enrichment rather than a response to the
exercise stimuli per se.
6 MOLECULAR METABOLISM 82 (2024) 101907 � 2024 The Author(s). Published by Elsevier GmbH.
3.4. Forced treadmill running activates brain regions involved in
stress and nociception
After assessing the unique brain activation profile in response to
voluntary wheel running, we examined the activation signature induced
by forced treadmill running. A voxel-based statistical map depicted all
voxels with statistically significant average c-Fos signal in the treadmill
running group compared to its control demonstrating that despite high
levels of c-Fos in the treadmill control group, significant differences
were observed throughout the brain (Figure 4A). The subsequent
regional analysis demonstrated a total of 223 brain regions significantly
regulated by forced treadmill running, out of which 6 regions were
downregulated (Figure 4B). While 83 out of the 223 regions were
uniquely regulated by treadmill running, it could be that several of these
regions were activated as a part of a broader stress response rather
than being specific to the treadmill running per se [18]. The pronounced
This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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Figure 3: Selected brain regions activated by voluntary wheel exercise (A) Whole-brain voxel-wise Z-score map illustrates statistically significant (p < 0.05; Welch’s t-test)
brain activity in wheel running mice compared to wheel running controls, dorsal view. (B) Volcano plot showing all brain regions with regulation of c-Fos cell count in WR mice
compared to CTRL-WR. Colours indicate brain regions with upregulation of c-Fos protein (light green, n ¼ 172 regions) by WR, brain regions regulated by wheel running
exclusively, i.e. not regulated by treadmill running (dark green, n ¼ 32 regions) and brain regions with increased c-Fos when compared to TR (orange, n ¼ 4 regions). Statistically
insignificant brain regions are reported in grey (p > 0.05). Dotted vertical line indicates fold change 0 and horizontal line indicates threshold for p value (p < 0.05; Dunnett’s test
negative binomial generalised linear model and FDR <0.05 for p-value adjustment. (C) Proportional Venn diagram illustrating number of brain regions significantly regulated by WR,
WR unique regions and regions upregulated compared to TR. (D) Unique WR brain regions upregulated when compared to TR, ranked by significance (p < 0.05). (E þ I) 3D
reconstructed average mouse brain (dorsal view) with delineation of Fields of Forel or Dentate nucleus (DN) in green (left) and virtual coronal section delineating the brain region in
green (right). (F þ J) Heatmaps (virtual coronal sections) depict average whole-brain c-Fos expression within the FF or DN of brains from each group (n ¼ 8e12 mice per group).
(G þ K) Virtual coronal sections of the voxel-wise Z-score map illustrates statistically significant voxels within the FF or DN for the individual exercise modality when compared to its
control. Threshold: p ¼ 0.05; Welch’s t-test. (H þ L) Number of c-Fos positive cells in the FF or DN of each group. Data was analysed with two-way ANOVA followed by Tukeye
Kramer multiple comparison test, ***p < 0.001. Scale bars: 1000 mm.
c-Fos staining throughout the brain in the treadmill control group
combined with high corticosterone levels in plasma, implies that placing
mice on an enclosed treadmill for w60 min is a severe stressor.
Consequently, we decided to compare the number of c-Fos positive
cells in treadmill control group (CTRL-TR) with the wheel running control
group (CTRL-WR) and subsequently subtracted all regions that were
significantly different between controls from the TR response. This
resulted in 30 regions that were found to be the specifically induced by
treadmill running (Figure 4C, D). Within these 30 treadmill running-
regulated regions, we found nucleus raphe magnus (RM, Figure 4Ee
H), a brain region extensively studied for its role in pain modulation [46].
Since neuronal pathways for pain and stress are interconnected [47],
we decided to delve deeper into the 83 brain regions regulated by forced
MOLECULAR METABOLISM 82 (2024) 101907 � 2024 The Author(s). Published by Elsevier GmbH. This is an
www.molecularmetabolism.com
treadmill running and found several brain regions involved in the
ascending and descending pathways of nociception (Figure 4I) [48e
51]. Electrical shock for running motivation was part of the treadmill
running protocol, and this could be the explanation for activation of the
ascending pain pathway. However, the descending pain pathway,
responsible for pain modulation, mediated by locus coeruleus (LC) and
RM via nociceptive input from the periaqueductal gray (PAG) [52], may
be activated due to a general stress response stimulated by the hy-
pothalamicepituitaryeadrenal (HPA) axis [47].

3.5. Common exercise-induced neuronal activation signature
Following the mapping of unique activation signatures of each exer-
cise intervention, we went on to characterize the shared exercise
open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/). 7
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Figure 4: Selected brain regions activated by forced treadmill running (A) Whole-brain voxel-wise Z-score map illustrates statistically significant (p< 0.05; Welch’s t-test) brain
activity in treadmill running (TR) mice compared to treadmill controls (CTRL-TR), dorsal view. (B) Volcano plot showing all brain regions with regulation of c-Fos expression in TR mice
compared to CTRL-WR. Colours indicate brain regions with regulation of c-Fos protein (light green, n¼ 223 regions) by TR, brain regions regulated by TR exclusively, i.e. not regulated
by WR (dark green, n ¼ 83 regions) and unique TR regions that are not upregulated by CTRL-TR when compared to CTRL-WR, i.e. not regulated by stress (orange, n ¼ 30 regions).
Statistically insignificant brain regions are reported in grey (p> 0.05). Vertical line indicates fold change 0 and dotted horizontal line indicates threshold for p value (p< 0.05; Dunnett’s
test negative binomial generalised linear model and FDR<0.05 for p-value adjustment). (C) Proportional Venn diagram illustrating number of brain regions regulated by TR, TR unique
regions and TR regions not regulated by stress. (D) Unique TR brain regions not regulated by stress, ranked by significance (p< 0.05). (E) 3D reconstructed average mouse brain (dorsal
view) with delineation of Nucleus raphe magnus (RM) in green (left) and virtual coronal section delineating the brain region in green (right). (F) Heatmaps (virtual coronal sections) depict
average whole-brain c-Fos expression within the RM of brains from each group (n ¼ 8e12 mice per group). (G) Virtual coronal sections of the voxel-wise Z-score map illustrates
statistically significant voxels within the RM for the individual exercise modality when compared to its control. Threshold: p¼ 0.05; Welch’s t-test. H) Number of c-Fos positive cells in
the RM of each group (average � SEM). Data was analysed with two-way ANOVA followed by TukeyeKramer multiple comparison test, ***p < 0.001. I) Brain regions significantly
regulated by treadmill running involved in pain facilitation and modulation. www.neuropedia.dk Abbreviations: Anterior cingulate area, dorsal part (ACAd), nucleus accumbens (ACB),
basolateral amygdala (BLA), central amygdalar nucleus, lateral part (CEAl), infralimbic area (ILA), locus ceruleus (LC), mediobasal hypothalamus (MBH), periaqueductal gray,
ventrolateral part (vlPAG), prelimbic area (PL), primary somatosensory area (SSp), nucleus raphe magnus (RM), parabrachial nulcues, lateral part (lPB), ventral tegmental area (VTA).
Scale bars: 1000 mm *PAG is not statistically significant in TR compared to CTRL-TR, but increased in both groups.
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Figure 5: Selected brain regions regulated by both exercise paradigms (A þ E þ I) 3D reconstructed average mouse brain (dorsal view) with delineation of Dentate gyrus,
granule cell layer (DG-sg), Red nucleus (RN), or Anterodorsal nucleus (AD) in green (left) and virtual coronal section delineating the brain region in green (right). (B þ F þ J)
Heatmaps (virtual coronal sections) depict average whole-brain c-Fos expression within the DG-sg, RN or AD of brains from each group (n ¼ 8e12 mice per group). (C þ G þ K)
Virtual coronal sections of the voxel-wise Z-score map illustrates statistically significant voxels within the DG-sg, RN or AD for the individual exercise modality when compared to its
control. Threshold: p ¼ 0.05; Welch’s t-test. (D þ H þ L) Number of c-Fos positive cells in the DG-sg, RN or AD of each group (average � SEM). Data was analysed with two-way
ANOVA. Main effect of exercise: ###p < 0.001. Scale bars: 1000 mm.
brain activation response. Out of the 140 brain regions with increased
c-Fos expression in response to both forced treadmill running and
voluntary wheel running, we noted several previously identified
exercise-related brain regions, for example the dentate gyrus
(Figure 5AeD) [35]. We also observed increased c-Fos activation
within the red nucleus (RN) following both exercise interventions, with
a tendency for higher c-Fos activation in wheel running mice
compared to treadmill running mice (Figure 5EeH). RN is mostly
acknowledged for its role in motor control [53], but has more recently
been implicated in exercise reinforcement through its projections to
the ventral tegmental area (VTA) [9]. Notably, we also identified
several new exercise-related brain regions that were part of the
shared response. One example is the anterodorsal nucleus (AD) for
which a prominent c-Fos induction was found following both wheel
running and treadmill running (Figure 5I-L). This brain region plays a
significant role in spatial learning, memory, and attention [54].
MOLECULAR METABOLISM 82 (2024) 101907 � 2024 The Author(s). Published by Elsevier GmbH. This is an
www.molecularmetabolism.com
3.6. Treadmill exposure triggers a pronounced stress response in
the brain
Our observations are consistent with the literature that suggests that
forced treadmill running is stressful [18,19]. Furthermore, the wide-
spread c-Fos induction observed in non-running mice positioned on an
idle treadmill (Figure 6A, B) indicates that the significant level of stress
arises not solely from treadmill running but is contributed by pre-
conditioned association of the treadmill with stress. To assess the
contributing from and confounding effects of the control groups to the
neuronal activity signatures, we generated a whole-brain heatmap
demonstrating extensive brain-wide c-Fos upregulation in the treadmill
control group compared to running wheel control (Figure 6C). The
subsequent region-based analysis demonstrated 211 significantly
upregulated brain regions in the treadmill control group compared to
the wheel running control (Figure 6D). These regions included the
periaqueductal gray (PAG), specifically the dorso-medial (dm) and
open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/). 9
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Figure 6: Stress - and fear-induced c-Fos activation in treadmill control mice (A) Whole-brain heatmaps depicting average c-Fos expression in treadmill control (CTRL-TR)
and voluntary running control (CTRL-WR) groups. (B) Whole-brain voxel-wise Z-score map illustrates statistically significant (p < 0.05; Welch’s t-test) brain activity in CTRL-TR
mice compared to CTRL-WR, dorsal view. (C) Heatmap (dorsal view) depict CTRL-WR-subtracted average whole-brain c-Fos expression (n ¼ 8) in CTRL-TR. Voxels with increased
average c-Fos signal depicted in red and brain areas with reduced average c-Fos signal are depicted in blue (none). (D) Volcano plot depicting all brain regions with regulation of c-
Fos expression in CTRL-TR mice compared to CTRL-WR. Light green colour indicates brain regions with upregulation of c-Fos protein (n ¼ 210 regions) in CTRL-TR compared to
CTRL-WR. Statistically insignificant brain regions are reported in grey (p > 0.05). Dotted horizontal line indicates threshold for p value (p < 0.05; Dunnett’s test negative binomial
generalised linear model and FDR <0.05 for p-value adjustment). (E þ G) Virtual coronal section showing statistically significant voxels (p < 0.05; Welch’s t-test) in periaqueductal
gray (PAG) and paraventricular hypothalamic nucleus (PVH). (F þ H) Number of c-Fos positive cells in the PAG and PVH of each group. Data was analysed with two-way ANOVA.
Main effect of exercise: #p < 0.05 and main effect of exercise modality: xxxp < 0.001, WR groups vs. TR groups. (I þ K) Illustration of pathway for fear to aggressive conspecific
cues leading to activation of the dorsomedial (dm) PAG and pathway for fear to pain leading to activation of the ventrolateral (vl) PAG. (J þ L) Virtual coronal sections showing
statistically significant voxels (p < 0.05; Welch’s t-test) in medial amygdalar nucleus (MEA), ventromedial hypothalamic nucleus (VMH), dorsal premammillary nucleus (PMd), lateral
amygdalar nucleus (LA), basolateral amygdalar nucleus (BLA), and central amygdalar nucleus (CEA). Scale bars: 1000 mm.
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ventro-lateral (vl) segments of PAG were enriched for c-Fos in treadmill
control mice compared to running wheel controls (Figure 6E, F). These
subregions of PAG are linked to fear responses and learned fear
retrieval [35,39,41]. In line with this, the paraventricular hypothalamic
nucleus (PVH), was strongly activated by treadmill exposure (Figure 6G,
H), indicative of HPA axis activation [55,56] and thus consistent with
the increased plasma corticosterone levels observed in these groups.
We also found brain regions activated downstream of the dmPAG, such
as the medial amygdalar nucleus (MEA), ventro-lateral divisions of the
ventromedial hypothalamic nucleus (vlVMH) and dorsal premammillary
nucleus (PMd) (Figure 6I, J), corresponding to learned fear response to
aggressive conspecific cues [39]. This fear pathway is activated upon
olfactory input and thus possibly activated due to exposure of different
mice to the same treadmill system with 4 parallel lanes. We also
observed activation of lateral amygdalar nucleus (LA), basolateral
amygdalar nucleus (BLA), and central amygdalar nucleus (CEA) which
are upstream brain regions to vlPAG and implicated in the learned fear
response to pain (Figure 6K, 6L). While the treadmill control mice were
unlikely to get electrical shock on the experimental day (i.e., the
treadmill was not active), they had been habituated similarly to the
treadmill running group and for the habituation would have been
exposed to the risk of electrical shock for motivation. Accordingly, they
might associate the treadmill with painful stimuli, and thus display
activation of a conditioned fear response to pain.

4. DISCUSSION

Amid a growing emphasis on the mental and cognitive benefits of
exercise, there has been a notable surge in studies utilizing voluntary
wheel running and forced treadmill running in rodents to investigate
the mechanisms by which exercise affects the brain [57]. Strikingly,
treadmill running and wheel running are often used interchangeably in
the literature, and there have been little prior efforts to determine
which intervention holds the highest predictive value for compre-
hending the neural benefits of exercise in humans. To date, most
research into the neurological response triggered by exercise has
relied on histological examination of predetermined brain regions. No
prior studies have explored the global brain activation response to
exercise. Here, we used a fully automated 3D quantitative imaging
approach to map whole-brain activation signatures in response to
forced treadmill running and voluntary wheel running in male mice.
The extensive dataset generated by this study is available online at
www.neuropedia.dk and we hope that this resource will support future
research efforts in the field of exercise neurobiology.
One of the most notable findings of the present work is the over-
whelming brain-wide neurological activation following both acute
treadmill running and wheel running in mice. We found 140 brain re-
gions regulated by both wheel running and treadmill running, inde-
pendent of intervention type. This included several canonical exercise-
related brain regions within hippocampal and cortical areas that are
well-described in the context of long-term exercise [6]. We also iden-
tified significant activation of 89 brain regions beyond the hippocampus
and the isocortex. It remains to be elucidated whether these acute ef-
fects observed in this study mirror initial neuronal alterations that
contribute to the positive outcomes seen with chronic endurance ex-
ercise training. Notably, most of these regions have not previously been
linked to exercise biology, underscoring an opportunity for future in-
terventions to further elucidate the impact of exercise on the brain.
In addition to mapping the common neuronal responses between wheel
and treadmill running, our results outlined substantial differences in
brain activation signatures between these two exercise interventions.
MOLECULAR METABOLISM 82 (2024) 101907 � 2024 The Author(s). Published by Elsevier GmbH. This is an
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Accordingly, 83 brain regions were uniquely regulated by forced
treadmill running and 32 brain regions were uniquely regulated by
voluntary running. Intriguingly, the red nucleus was upregulated in both
exercise models, with a tendency to be more increased in the group of
wheel running mice than in the treadmill running mice. Interestingly,
this brain region has recently been linked to exercise reward [9], thus
not only supporting the widespread notion that exercise is a highly
rewarding and reinforcing activity in mice [21], but also indicating that
the rewarding effects might not be dependent on whether exercise is
forced or voluntary [58]. However, to our surprise, regions of the
mesocorticolimbic circuitry that generally play a significant role in
motivation, such as ventral tegmental area (VTA) and nucleus accum-
bens (ACB), were activated by forced treadmill running, but not by
voluntary wheel running. It should be noted that the VTA-ACB axis is also
implicated in pain modulation [59,60]. Moreover, free access to running
wheels may be suboptimal for assessing exercise motivation [61]. One
study found that unexpected blocking of wheels following prolonged
access elicited an activation of the striatum, prefrontal cortex, and
lateral hypothalamus [61] and future studies with temporal c-Fos re-
sponses to different exercise paradigms are needed for additional in-
sights into the rewarding aspects of running in mice. Finally, we
discovered that voluntary wheel-running induced activity in hitherto
novel brain regions in the context of exercise, such as the fields of forel
(FF) and dentate nucleus (DN). It would be exciting for future studies to
investigate the potential functional implication of these brain regions in
the context of voluntary running.
In addition to the mesolimbic reward pathway, forced treadmill exer-
cise also resulted in significant c-Fos induction in limbic-related re-
gions associated with fear and stress responses [62,63], as well as
regions linked to pain [46]. This ‘adverse’ neuronal profile coincided
with high plasma levels of corticosterone that was evident in both
treadmill runners and in treadmill control mice. The physiological
significance of simply placing treadmill habituated mice on the
treadmills, was underscored by the increased lipid and corticosterone
levels and the remarkable 211 brain regions that displayed increased
number of c-Fos positive cells in brains from treadmill control mice
compared to brains from wheel running control mice. Several of the
regions that were affected by changing the environment of the control
animals are linked to fear and stress [62,63], implying how seemingly
subtle differences in study design can heavily confound the outcome of
brain-focused exercise studies. This challenge is likely not unique to
the study of the neural response to exercise but might also confound
the study of peripheral exercise responses, including signalling mol-
ecules secreted from various tissues and cell types during and after
exercise. To explore if the absence of appropriate control groups in
rodent exercise studies is a pervasive and wide-ranging issue, we
reviewed the exercise-related papers that were published in five top-
tier journals within the last 4 years. This indicated that treadmill
running is a commonly employed methodology for studying exercise in
rodents (Fig. S7A, Table S3). Of note, 88% of the identified treadmill
studies that compared a group of ‘exercised’ mice with a group of
‘non-exercised’ control mice did either not expose control mice to an
inactivate treadmill or did not sufficiently describe how sedentary
controls were treated (e.g. if control mice were kept in their home cage
or placed on an inactivate treadmill). Similarly, 84% of the identified
wheel-running studies that compared a group of ‘exercised’ mice with
a group of ‘sedentary’ control mice did either not expose control mice
to a locked running wheel or did not sufficiently describe how
sedentary controls were treated (e.g. if control mice had a locked
running wheel placed in their home cage or not). Without subjecting
sedentary control mice to an equivalent cage enrichment, such as one
open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/). 11
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with a locked running wheel, or specifically ensuring that they undergo
identical handling procedures and stimuli as those in treadmill studies
(excluding the running), there is a risk of drawing erroneous conclu-
sions. Accordingly, attributing various biological effects solely to ex-
ercise may overlook potential confounding influences from other
stressors or experimental procedure disparities.
In summary, we have created a comprehensive atlas of exercise
induced brain activation and made this available as an online resource.
Our results reveal a considerable overlap in neuronal activation sig-
natures between voluntary wheel running and distance-matched
forced treadmill running, but also bring to light significant differ-
ences and subtle nuances between these two widely used paradigms.
Of particular significance, forced treadmill running triggers a peripheral
stress response and activates brain regions associated with stress,
pain, and fear. This raises concerns regarding the current utilization of
forced treadmill running in rodent studies and calls into question the
applicability of this specific intervention for investigating the neurobi-
ological benefits of exercise in humans.

4.1. Limitations of the study
Whereas our study offers a comprehensive neurobiological snapshot of
exercise-induced c-Fos activity, it offers no insights into the temporal
changes that are likely to emerge in response to more prolonged ex-
ercise training interventions. Accordingly, it might be that the pervasive
stress response to acute treadmill exercise will diminish over time with
prolonged and repeated exposure. Moreover, it should be noted that
using c-Fos as a proxy for neuronal activation provides no information
on the targets of activation and further experiments should be con-
ducted to elucidate neuronal circuits activated. Also, the quantification
of c-Fos cells employs an in-house algorithm constructed to detect
distinct c-Fos cell labelling in whole-mount cleared brains. In this
study, we employ c-Fos as a surrogate marker for neuronal activity.
While c-Fos is one of several early activation markers, examining
others such as FosB and pCREB may uncover additional insights into
the neurobiology of exercise.
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