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ABSTRACT (250/250 words) 

Exercise training promotes brain health, yet the underlying mechanisms remain unclear. ∆FOSB, 

a transcription factor involved in neuroplasticity, stress-, cognition- and reward-related 

behavior, accumulates in response to repetitive neuronal stimulation due to its unusual protein 

stability and can thus serve as a proxy for chronic neuronal activation. This study employed 

voluntary wheel running (VWR), an animal model for exercise training, in male and female 

Wistar rats to quantify VWR-induction of ∆FOSB in 44 brain regions implicated in stress, 

cognition and reward. Using network analysis, we examined broader patterns of co-activation 

and changes in network topology (e.g. centrality, small-world-likeness) of this comprehensive 

map of brain regions. Four weeks of VWR improved metabolic health, independent of sex, and 

females ran more than males. Notably, semi-automated quantification of ∆FOSB-

immunoreactivity revealed VWR regulation of ∆FOSB in several cortical, striatal, hippocampal, 

hypothalamic and midbrain regions, which was more pronounced in females. VWR altered 

several parameters of ∆FOSB co-activation networks, decreasing network density while 

increasing global efficiency in both sexes, and was associated with greater cortical centrality. 

These findings demonstrate that VWR-mediated chronic neuronal activation extends beyond 

previously studied brain regions and that habitual VWR shifts hierarchy to more cortical 

regions. Because ∆FOSB overexpression is associated with lower neuronal excitability, the 

current ∆FOSB brain atlas and network co-activation dataset extends our understanding of the 

impact of VWR on brain neuroplasticity and provides a framework for future mechanistic 

studies into ∆FOSB-mediated changes in neuronal excitability during habitual VWR and 

subsequent effects on stress-, cognition- and reward-related behavior.  
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Introduction (559/1500 words) 

Exercise training has numerous health benefits in the brain, including greater neuroplasticity, 

reduced risk for neurodegenerative and mental health-related disorders, and beneficial effects 

on cognition and substance abuse. Despite the clinical importance of these beneficial effects, 

the underlying brain mechanisms remain unclear. Understanding the neurobiological processes 

that mediate exercise training-induced improvements in stress-, cognition- and reward-related 

behavior, and whether these differ between sexes, can help optimize future therapeutic 

strategies based on physical activity to promote brain health in men and women, including 

beneficial effects on mental health, cognition, reward-related behavior, and healthy aging. 

 

Mechanistic studies in rodents have identified the transcription factor ΔFOSB as a molecular 

mechanism driving neuroplasticity and long-term adaptation during diverse conditions, such as 

depression, antidepressant treatment, drug addiction, Parkinson's disease treatment, 

Alzheimer’s Disease, adult hippocampal neurogenesis, epilepsy and learning and memory (1–

17). ΔFOSB, part of the FOS family of immediate early genes, regulates gene expression via self-

assemblies and heterodimerization with JUN proteins to form activator protein-1 transcription 

complexes (18–21). Due to structural modifications, ΔFOSB has a remarkable long half-life and 

can persist for days to weeks in neurons where it further accumulates upon repetitive 

stimulation (22–27). This makes ΔFOSB an attractive proxy to map chronic neuronal activation 

in a brain-wide manner. Functionally, mice that are resilient to chronic social stress are 

hallmarked by induction of ΔFOSB in specific subpopulations of nucleus accumbens (NAc) or 

ventral hippocampus (vHPC) neurons, which was associated with altered gene expression and 

neuronal plasticity in these neurons (13,15,28,29). Furthermore, viral-mediated overexpression 

of ΔFOSB in mouse dorsal HPC (dHPC) or vHPC decreased neuronal excitability (12,13). Thus, 

ΔFOSB mediates long-lasting molecular, structural, and functional adaptations in neuronal 

circuits involved in stress-, cognition- and reward-related behavior (2,20,28,30). 

 

Long-term voluntary wheel running (VWR), a rodent model for exercise training, can be 

effectively used to identify molecular mechanisms underlying exercise-induced improvements 

in stress-, cognition- and reward-related behavior, including ΔFOSB-dependent processes (31–
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33). For example, long-term (3-6 weeks) VWR increased ΔFOSB in several stress-related brain 

regions, including rat and mouse NAc (34–38) and mouse dHPC and vHPC (39), which can have 

functional implications for VWR-induced changes in stress-, cognition- and reward-related 

behavior. Indeed, we previously showed that long-term VWR increased resilience to chronic 

social stress, and that functional impairment of ∆FOSB in the NAc negated these protective 

effects (36). VWR also repressed ∆FOSB, as reported for the prairie vole basolateral amygdala 

(40) and rat suprachiasmatic nucleus (41), indicating a region-specific bilateral modulation of 

ΔFOSB, which suggests that regional differences in its expression may contribute to the VWR-

mediated stress resilience. 

 

While VWR is known to modulate ΔFOSB in specific brain regions, more complex behaviors, like 

mood, emerge from the coordinated activity of neuronal networks. Hence, a broader, brain-

wide map of all ΔFOSB changes would not only provide a more complete overview of the 

patterns of chronic brain activation following long-term VWR, but would also allow to identify 

novel brain regions potentially involved in VWR-induced changes in stress-, cognition- and 

reward-related behavior, and explore the connectivity between such brain regions. To do this, 

we used an atlas-based semi-automated analysis approach (42) and assessed how four weeks 

of VWR in male and female Wistar rats, a duration sufficient to induce stable ΔFOSB 

accumulation and neural plasticity in limbic and cortical circuits (36,38–41), modulated ΔFOSB 

expression patterns in 44 brain regions linked to stress-, cognition- and reward-related 

behavior. We then used this ΔFOSB brain-wide map to investigate how VWR impacts ΔFOSB co-

activation networks.  
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Materials and methods (1963 words) 

Ethics approval 

All experimental procedures were performed in accordance with the European guidelines for 

laboratory animals (EU directive 2010\63\EU) and approved by the Dutch Central Committee 

for Animal Experiments (CCD; AVD8010020172424) and the Agency for Animal Welfare (IvD) of 

the Netherlands Institute of Neuroscience (NIN; Royal Dutch Academy of Sciences), Amsterdam. 

 

Animals 

We used 24 male (220-260g) and 24 female (170-210g) Wistar WU rats [8 weeks old; 

Crl:WI(WU), strain code 619, Charles River, Germany]. Males were studied in two separate 

cohorts (n = 12/cohort) and females in one cohort (n = 24/cohort). Rats were housed at the NIN 

animal facility in a temperature- (21-23˚C), humidity- (40-60%) and light-controlled room 

[12:12h light/dark cycle, 280 (±80) Lux, lights on; <5 Lux, lights off] with lights on at Zeitgeber 

time 0 (ZT0; 07:00). Continuous and soft radio functioned as background noise. To acclimate, 

rats were group-housed (4/cage) in a polycarbonate type 4 cage [53 x 33 x 20cm; 1749cm2; 

Plexx] for one week upon arrival. During acclimatization and the actual experiments, cages 

contained corncob bedding, enrichment (aspen wood gnawing stick, Technilab-BMI; PVC 

shelter, Bio Services) and rats had ad libitum access to a bottle of tap water (except for sucrose 

preference test, see below) and a high-carbohydrate pelleted diet (Teklad global diet 2918, 

18.6% protein, 44.2% carbohydrate, and 6.2% fat, 3.1 kcal/g, Envigo).  

 

Energy homeostasis and VWR 

Following acclimatization, rats were individually housed in polycarbonate type 3H cages (37.5 x 

21.5 x 18cm; 806cm2; Plexx) with standard diet and two bottles of water. All rats were housed 

in open cages within the same experimental room to allow sensory contact, helping to mitigate 

effects of individual housing, which was necessary to measure individual running distances and 

caloric intake. Baseline food and water intake were measured daily for four days. Then, to test 

if sucrose reward can predict subsequent running reward, a sucrose preference test (SPT) was 

performed by replacing one water bottle with 1% sucrose water, and food and liquid intake was 
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again measured daily for three days. Bottles were swapped daily to prevent a side bias. 

Following this seven-day baseline period, rats were randomized by body weight into two 

experimental groups: half remained housed sedentary (SED; male, n = 12; female n = 12), 

whereas the other half were housed in custom-made cages (42.2 x 42.22 x 47.5cm, 1781cm2) 

with free access to a vertical running (RUN) wheel (male = 12; female = 12; 34 cm diameter; 10 

cm width; 1.068m/revolution) for 28 days. Sample sizes were determined based on prior 

experience with VWR experiments and previous experiments of comparable design. Wheel 

revolutions were continuously recorded using custom-made software (Cage Registration 

Program, Dep. Biomedical Engineering, UMC Utrecht, The Netherlands) (43). Body weight, food 

and water intake were measured weekly. To promote estrous cycle synchronization, two male 

transgenic ChAT::Cre Long-Evans rats were housed with the females and a vaginal smear was 

taken to determine estrous stage at the time of death. As the presence of the running wheel 

revealed group assignment, experimenters were not blinded to the experimental condition. 

However, all data collection and analyses were performed by investigators blinded to group 

identity. 

 

Determination of estrous stage 

Vaginal epithelial cells were collected using sterile plastic swabs (#861.562.010, Sarstedt BV), 

transferred onto glass slides (#631-0457, VWR), and air-dried overnight at room temperature. 

Smears were stained with Giemsa solution (#48900-100ML-F, Merck) for 10 min, rinsed three 

times with 1X tris-buffered saline (TBS; 50 mM Tris–Cl, 150 mM NaCl; pH 7.6), and subsequently 

dried overnight at room temperature (RT). Estrous stage was determined under a light 

microscope (DM2000, Leica) based on standard cytological criteria. 

 

Tissue collection and single-labeling immunohistochemistry 

To ensure degradation of full-length FOSB protein and isolate ΔFOSB accumulation during the 

VWR period, running wheels were blocked twenty-four hours prior to sacrifice (44,45). After 28 

days of running and the 24h wheel blockade, rats were fasted for 1-6 hours before sacrifice 

between ZT0 and ZT6 via an overdose of sodium-pentobarbital. The left gonadal white adipose 
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tissue (gWAT) pad and both adrenals were quickly removed and weighed prior to transcardial 

perfusion with ice-cold 0.9% saline followed by ice-cold 4% paraformaldehyde (PFA) in 0.1M 

phosphate-buffered saline (PBS; pH 7.4). Removed brains were stored overnight in 4% PFA at 

4°C, then washed and transferred to 30% sucrose in TBS with 0.05% sodium azide and stored at 

-80°C once saturated. Coronal brain sections (35μm) were cut on a cryostat (Leica CM1950) and 

stored in cryoprotectant medium (30%v/v glycerol, 30%v/v glyceraldehyde and 40%v/v 0.1M 

PBS) at -20°C. Sections containing the cortex, basal ganglia/septum, hippocampus, (extended) 

amygdala, thalamus, hypothalamus and midbrain were collected from Bregma 5.16 till 0.36 and 

-1.08 till -6.72 (males) and Bregma 5.64 till 0.60 and -0.48 till -6.72 (females). For visualization 

of ΔFOSB, free-floating sections were washed in TBS and pre-treated with 10% methanol and 

3% H2O2 (Merck) in TBS for 10 minutes to block endogenous peroxidase activity. Sections were 

then washed in TBS and incubated with rabbit anti-FOSB (5G4; #2251, Cell Signaling 

Technology, RRID: AB_2106903), diluted 1:3000 in supermix (0.25% w/v gelatin, 0.5% v/v Triton 

X-100, in 1x TBS, pH 7.6) for 1h at RT and overnight at 4 °C. After washing in TBS, sections were 

incubated with 1:400 biotinylated goat anti-rabbit IgG (H + L) (BA-1000; Vector Laboratories, 

Burlingham, RRID: AB_2313606) for 1h at RT. Following washing with TBS, Avidin-Biotin 

complex (Vectastain Elite ABC HRP Kit, PK-6100, Vector Laboratories) diluted 1:800 in supermix 

was added for amplification, followed by signal detection using DAB as a chromogen (0.05% 

w/v 3.3 -diaminobenzine (Sigma), 0.23% w/v nickelammoniumsulphate (Merck) and 0.01% w/v 

H2O2 (Merck) in 0.05M TB, pH 7.6). The reaction was stopped in ultrapure H2O and sections 

were washed in TBS. Hereafter, sections were mounted onto Superfrost Plus slides (Thermo 

Scientific) and air-dried O/N. Slides were dehydrated using increasing concentrations of 

ethanol, followed by xylene, and coverslipped with Entellan (#107961, Merck). 

 

Image acquisition and analysis 

For unbiased quantification, immuno-stained sections were randomly numbered and scanned 

using a Zeiss Axio Scan.Z1 slide scanner (Carl Zeiss AG, Oberkochen, Germany) at 10X (0.45 NA) 

brightfield magnification to ensure that investigators remained blinded to group identity during 

image acquisition and analysis. ΔFOSB-expressing cells per region of interest (ROI) were 
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quantified using atlas-based analysis (42) in FIJI (ImageJ2). Corresponding Bregma levels were 

assigned using a rat brain atlas (46), and images were converted to 8-bit grayscale. The Warp 

Image plugin (42) was used to align sections with matching atlas figures via anatomical 

landmarks. To ensure accuracy, atlas overlays were visually inspected during overlay construction 

and following particle analysis. Reproducibility was confirmed by duplicating a subset of the 

overlays and validating automated ROI delineation against manually drawn ROIs in selected 

regions by two independent experts. Furthermore, ΔFOSB DAB-nickel immunostaining provided 

sufficient contrast to reliably identify cortical, striatal, hippocampal, amygdalar, and midbrain 

regions (e.g. PAG, LHb, Pir). For regions where boundaries were less distinct, segmentation was 

guided by surrounding anatomical landmarks. To minimize misclassification, small (sub-

)subregions that could not be reliably identified without counterstaining (e.g. BNST subnuclei, 

thalamic/hypothalamic and VTA subregions), were grouped together. 

Thresholding, automatic ROI drawing and quantification of ΔFOSB-immunoreactive nuclei 

was performed with the Batch Counter plugin (42), with embedding of the Robust Automatic 

Threshold Selection (RATS) plugin (noise = 24, lambda = 3) and the Analyze Particle function (size 

= 20 - 250, circularity = 0.40 - 1.00). A stringent intensity threshold was applied to ensure that 

only strongly labeled ΔFOSB-positive nuclei were detected. Missing or damaged ROIs were 

excluded. Counts were normalized to ROI area and mean of the respective sedentary control 

group. Fig. 1C shows an overview of the included ROIs, whereas Supplementary Tables 1-4 

illustrate all details, including full name, Bregma range and number of slices included per 

experimental group. Brain regions listed in Supplementary Tables 1 and 2 were included in the 

main network analysis. In contrast, subregions listed in Supplementary Tables 3 and 4 are part of 

larger brain structures already represented in the main network analysis and were therefore not 

separately included, as their activity is expected to be highly correlated with the activity of their 

respective parent region. 

 

Co-activation network generation and permutation analyses 

Pearson correlation coefficients were calculated between brain regions using the cor() function in 

R (version 4.4.1), resulting in group-specific correlation matrices. All correlations were visualized 
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as heatmaps using the corrplot() function (R version 0.95), as previously done (47). Thresholded 

versions (α = 0.05, 0.01, and 0.0001) were calculated to assess likelihood of false positives. From 

these matrices, co-activation networks were constructed using the igraph package (R version 

2.1.4), representing brain regions as nodes and significant correlations (α = 0.005) as undirected 

edges. Edge thickness (weight) reflects the Pearson correlation coefficient. Networks were laid 

out using the Fructerman-Reingold algorithm (layout_with_fr()) from the igraph package (version 

2.1.4), which places nodes with higher connectivity more centrally. To characterize the co-

activation networks, we first analyzed global network properties, following established methods 

(48). Specifically we calculated (using the igraph package): 

• Network density, indicating the proportion of actual edges relative to all possible edges 

(49), using the edge density() function. 

• Weighted characteristic path length, representing the average shortest weighted path 

between all pairs of nodes, reflecting network’s efficiency in information transfer, 

calculated using the mean distance() function. 

• Weighted transivity, a variant of the clustering coefficient, in which the coefficient is 

normalized collectively instead of for each node, to lower the influence of nodes with a 

low degree (50,51), calculated with the transivity() function.  

• To evaluate small-world characteristics, we compared our networks to 1000 randomly 

resampled Erdös-Rényi graphs with matched node count and edge density (52). A small-

worldness coefficient greater than one indicated small-world-like topology, characterized 

by higher clustering (transivity) and short average path lengths. 

We also examined local network properties: 

• Node degree, the number of edges connected to each node (49), using the degree() 

function. 

• Weighted betweenness centrality, reflecting how often a node is on the shortest path 

between other nodes, calculated using the centrality_betweenness() function.  

Finally, we performed permutation analyses to test for differences in correlations between 

groups. The correlation_diff_permutation() function (53) was used to calculate individual 

correlation differences Δr (rRUN – rSED),with 1000 bootstrap resamples and considered significant 
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at α = 0.005. All the differences in correlations between groups were visualized as heatmaps using 

the pheatmaps() function (Supplementary Fig. 9). Overall differences between the SED and RUN 

correlation matrices were assessed using the mantel.test() function with 999 permutations.  

 

Statistical analysis 

VWR, metabolic and physiological analyses: comparisons between two groups were performed 

using two-tailed unpaired Student’s t-tests or Mann-Whitney U tests when parametric 

assumptions were violated. Experiments involving multiple conditions were analyzed via two-way 

analysis of variance (ANOVA), with repeated measures where applicable, followed, when 

appropriate by Šidák post hoc tests to adjust for multiple comparisons. Correlations were 

assessed using simple linear regression. P < 0.05 was considered statistically significant and P < 

0.10 was considered a trend towards an effect. No statistical methods were used to estimate 

sample size. 

Regional ΔFOSB expression analyses: two-group comparisons and correlation analyses followed 

the same approach but included False Discovery Rate (FDR) correction for multiple testing. Given 

the exploratory nature of the study, both uncorrected and FDR-corrected P values are reported. P 

< 0.05 was considered statistically significant, while P < 0.10 was considered a trend towards an 

effect. 

Co-activation network analyses: interregional ΔFOSB expression correlations were computed and 

visualized in unfiltered heatmaps. Co-activation networks were constructed by filtering these 

matrices at P < 0.005 to reduce spurious correlations. Global and local network metrics were 

derived from the filtered networks and are presented in bar graphs. Permutation testing of 

individual correlation differences between experimental groups was performed using 

bootstrapping (n = 1000), with unweighted and significant results (P < 0.005) visualized in 

heatmaps and volcano plots (with additional threshold for correlation differences of >1). Overall 

differences between experimental groups were assessed using a Mantel test with 999 

permutations, with P < 0.05 considered statistically significant.  

Software: all network analyses and statistical computations were performed in R (version 4.4.1). 

Behavioral, physiological, and regional ΔFOSB expression data visualizations were generated in 
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GraphPad Prism (version 10.2.3). See figure legends, Supplementary Tables 1-4 for full statistical 

details.  
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Results (1814 words) 

Long-term VWR behavior 

To assess how habitual VWR modulated brain ΔFOSB and ΔFOSB co-activation networks, young-

adult male and female Wistar rats were housed without (sedentary) or with free access to a 

running wheel for 28d (Fig. 1A). Males and females showed a steady increase in daily running 

distances during the first two weeks of running, followed by stabilization around 2 km/day for 

males and 6 km/day for females (Fig. 2A,C). Males and females ran a total of 43.2 ± 18.7 km and 

145.2 ± 53.8 km, respectively, on average during the 28-day running period (Fig. 2B,D). Rats are 

nocturnal and accordingly, running was mainly performed during the dark phase 

(Supplementary Fig. 1A-J). 

A two-bottle SPT prior to running suggested that affinity for sucrose did not predict 

subsequent running behavior in either males or females (Supplementary Fig. 2A-H). Together, 

males and females showed habitual VWR and females engaged in more running than males, 

consistent with prior reports (33,54). 

 

Physiological and metabolic impact of long-term VWR 

Males and females, whether sedentary or running, gained body weight throughout the 

experiment, but running generally blunted weight gain compared to sedentary controls 

(Supplementary Fig. 3A-D). Running significantly lowered body weight compared to sedentary 

counterparts during week 2 and onwards in males (Supplementary Fig. 3A), whereas running 

significantly lowered body weight during week 1, but not in the other experimental weeks, in 

females (Supplementary Fig. 3C).  

Running significantly lowered caloric intake during week 1 compared to sedentary controls 

in both males and females (Supplementary Fig. 3E,G). However, running did not affect 

consumption of calories during weeks 2-4 compared to sedentary controls in males, whereas 

running significantly increased caloric intake compared to sedentary controls during week 3 and 

4 in females (Supplementary Fig. 3E,G). Overall, running significantly lowered total caloric 

intake in males, whereas running did not affect total caloric intake in females (Supplementary 
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Fig. 3F,H). Running did not affect water intake in males or females throughout the experiment 

(Supplementary Fig. 3I-L).  

Running decreased terminal gWAT weight compared to sedentary controls in males and 

females (Supplementary Fig. 4A,C), but final gWAT weight did not correlate with total running 

distance in either sex (Supplementary Fig. 4B,D). Running increased final adrenal weight, when 

normalized for body weight, in both males and females (Supplementary Fig. 4E,G). 

Furthermore, final adrenal weight correlated positively with total running distance in males, but 

not in females (Supplementary Fig. 4F,H).  

Determination of estrous stage at death revealed that most females were in proestrus (SED, 

n = 7; RUN, n = 6), with smaller numbers in estrus (SED, n = 3; RUN: n = 2), metestrus (SED, n = 

1; RUN, n = 1), or diestrus (SED, n = 1; RUN, n = 3). This distribution along the estrous cycle 

made statistical comparison of fluctuations in ΔFOSB in the 44 brain regions under analysis not 

possible (41,55). Taken together, running improved metabolic health and modulated adrenal 

physiology in both sexes. 

 

Long-term VWR modulates brain ΔFOSB in males and females 

Next, we used an atlas-based analysis approach (42) to determine how 28 days of VWR affected 

ΔFOSB-positive cell numbers in 44 brain regions linked to stress-, cognition- and reward-related 

behavior in males and females compared to sedentary controls (Fig. 1B,C; see Supplementary 

Tables 1-4 for a full overview of all included ROIs, Bregma ranges, number of slices included per 

group, percentage of change in runners and statistics). 

In males, running increased ΔFOSB-positive cell numbers in infralimbic cortex (IL), cingulate 

cortex 1 (Cg1), nucleus accumbens shell (AcbSh), dorsomedial (DMS) and dorsolateral striatum 

(DLS), dorsal part of the lateral septum (LSD), dorsal (dGrDG) and ventral (vGrDG) part of the 

granule cell layer of the dentate gyrus, ventral molecular layer of the dentate gyrus (vMoDG), 

ventral part of the cornu ammonis 1 (vCA1) and 3 (vCA3), posterior part of the basolateral 

amygdala (BLAp), and paraventricular hypothalamic nucleus (PVN) compared to sedentary 

controls (all P < 0.05; Fig. 3A,B; Supplementary Tables 1,3). In addition, running showed a trend 

towards increased ΔFOSB-positive cell numbers in the prelimbic cortex (PrL), cingulate cortex 2 
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(Cg2), ventral polymorph layer of the dentate gyrus (vPoDG), basomedial amygdala (BMA), BLA, 

lateral hypothalamus (LHA) and piriform cortex (Pir) compared to sedentary controls (P < 0.10; 

Fig. 3A,B; Supplementary Table 1). Running did not significantly decrease ΔFOSB-positive cell 

numbers in any of the examined brain regions (Fig. 3A,B; Supplementary Tables 1,3). A positive 

and negative correlation between total running distance and ΔFOSB-positive cell numbers was 

observed in the vCA1 and PVN, respectively (Supplementary Fig. 5A,B). None of the significant 

increases in ΔFOSB-positive cell numbers in the above-mentioned ROIs, nor any of the 

significant correlations, survived FDR correction for multiple comparisons (Supplementary 

Tables 1,3; Supplementary Fig. 5A,B).  

In females, running increased ΔFOSB-positive cell numbers in MO, VO, IL, PrL, Cg1, Cg2, 

dCA1, vPoDG, vCA1, vCA2, vCA3, periaqueductal gray (PAG), and ventral tegmental area (VTA), 

compared to sedentary controls (all P < 0.05; Fig. 4A,B; Supplementary Table 2). In addition, 

running showed a trend towards increased ΔFOSB-positive cell numbers in M2, AcbSh, LSI, and 

dCA2, and a trend towards decreased ΔFOSB-positive cell numbers in the arcuate nucleus of the 

hypothalamus compared to sedentary controls (P < 0.10; Fig. 4A,B; Supplementary Table 2). 

After application of FDR correction for multiple comparisons, running significantly increased 

ΔFOSB-positive cell numbers in the VO, PrL, Cg2, dCA1, vPoDG, vCA1, vCA2, vCA3 compared to 

sedentary controls (all P < 0.05; Supplementary Table 2). Finally, a positive correlation between 

total running distance and ΔFOSB-positive cell numbers was observed for the vMoDG and 

vPoDG, whereas negative correlations trended to be significant for the Cg1, M1, M2 and bed 

nucleus of the stria terminalis (BNST) of female runners (Supplementary Fig. 6A-G). These 

significant correlations did not survive FDR correction for multiple comparisons. Together, long-

term VWR modulated ΔFOSB in several brain regions involved in stress-, cognition- and reward-

related behavior in both sexes. 

 

Long-term VWR modulates brain ΔFOSB co-activation networks in males 

To start to investigate how VWR modulates ΔFOSB in brain circuits involved in stress-, 

cognition- and reward-related behavior on a network level, we assessed ΔFOSB co-activation 

patterns based on cross-correlated regional ΔFOSB expression across selected brain regions in 
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male and female sedentary controls and runners. We characterized these networks using global 

(i.e. density and small-world properties) and local (i.e. the degree and betweenness centrality 

per node) network metrics. Additionally, permutation testing was conducted to identify edges 

that significantly differed between groups. 

 In sedentary males, the co-activation heatmap and network representations revealed a 

densely interconnected network, with the hippocampus playing a central role, surrounded by 

amygdala and cortical regions (Fig. 5A,B). In contrast, male runners displayed a reorganization 

that was characterized by increased cortical centrality and overall reduced connectivity (Fig. 5B, 

Supplementary Fig. 9A). These network features remained robust across multiple threshold (α = 

0.05, α = 0.01, and α = 0.0001; Supplementary Figs. 7A,B), indicating robust effects of VWR on 

network organization in males. 

Global network analysis confirmed these observations, revealing reduced density in male 

runners compared to sedentary controls (SED: kDEN = 0.222; RUN kDEN = 0.163; Fig. 5C). 

Additionally, small world-like network properties analyses revealed that the networks of both 

sedentary males and runners exhibited small-world structure with stronger small-world 

characteristics in runners (σ = 2.51 and σ = 3.52, respectively; Fig. 5D), suggesting greater 

efficiency in their co-activation networks while maintaining local clustering.  

Analysis of local metrics further showed a characteristic long-tailed distribution of node 

degree and betweenness centrality in both groups, indicating that a small subset of nodes 

exerted a disproportionate influence over the network (Fig. 5E-H). In sedentary males, node 

degree was highest for hippocampal (dCA1, dPoDG, vCA3, vPoDG) and amygdala (BLA) regions 

(Fig. 5E). In male runners, degree shifted towards cortical areas (Cg1, Cg2, PrL), with additional 

high-degree nodes in the amygdala (BMA) and striatum (AcbSh; Fig. 5F). Betweenness centrality 

was similarly hippocampus- and amygdala-centric (dMoDG, dCA1, LA) in sedentary males, but in 

runners, the nucleus accumbens (AcbSh) emerged as the most central node, followed by 

cortical (Cg1), piriform, amygdalar (lateral amygdala; LA) and hippocampal (vPoDG) regions (Fig. 

5G,H).  

Permutation analysis identified several edges with significantly altered correlations 

between sedentary and running males (Fig. 5I,J; Supplementary Fig. 9A). For example, 
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connections between the VTA and both dGrDG and vGrDG, as well as between BLA and dPoDG, 

were positively correlated in sedentary males but became negatively correlated in runners. 

Conversely, BNST-PrL and BNST-AcbCo connections switched from negative to positive 

correlations after VWR. Consistent with these edge-level changes, a Mantel test revealed a 

significant overall difference between the co-activation heatmaps of male runners and 

sedentary controls (Supplementary Fig. 9A).  

Together, these results suggest that long-term VWR in males enhanced network efficiency, 

as indicated by increased small world-like network properties, reorganized network topology, 

and shifts central connectivity from the hippocampal towards cortical and striatal hubs. 

 

Long-term VWR alters ΔFOSB co-activation network efficiency and topology in females 

In sedentary females, co-activation maps showed a densely connected network centered 

around striatal, hippocampal, and orbitofrontal cortical regions (Fig. 6A,B). VWR led to a 

marked reduction in overall connectivity, accompanied by enhanced intra-cortical connectivity 

(Fig. 6A,B; Supplementary Fig. 9B). Main network features were retained at α = 0.05 and α = 

0.01, but not at the more conservative α = 0.0001 level (Supplementary Fig. 8A,B), indicating a 

slightly greater sensitivity to statistical thresholding in females. 

Global network metrics supported these observations, revealing reduced density in female 

runners compared to sedentary controls (SED: kDEN = 0.213; RUN: kDEN = 0.057; Fig. 6C). 

Additionally, small-worldness was high in both groups, with stronger small-world characteristics 

in female runners (SED: σ = 4.37; RUN: σ = 8.62; Fig. 6D), suggesting greater global efficiency 

while maintaining local clustering despite sparser connectivity. 

Local metrics revealed long-tailed distributions for node degree and betweenness centrality 

(Fig. 6E-H). In sedentary females, high-degree nodes were found in the striatum (caudate 

putamen (CPu), AcbSh), hippocampus (dCA1, vCA2), amygdala (LA) and cortex (VO, LO; Fig. 6E). 

VWR shifted node degree towards cortical regions (PrL, VO, IL, LO; Fig. 6F). Betweenness 

centrality analyses mirrored these findings: in sedentary females, central nodes included 

hippocampal (vCA2, dCA1, dCA3), striatal (CPu), cortical (LO, VO) and amygdalar (LA) areas (Fig. 
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6G). In runners, cortical (PrL, IL, VO) and striatial (AcbCo) regions displayed greater 

betweenness centrality (Fig. 6H). 

Permutation analysis identified edges that significantly changed following VWR (Fig. 6I,J; 

Supplementary Fig. 9B). Notably, connections between the lateral habenula (LHb) and LHA, 

BNST and vMoDG, and vCA2 and AcbSh, which were positively correlated in sedentary females, 

became negatively correlated in runners (Fig. 6I,J). A Mantel test revealed a significant overall 

difference between the co-activation heatmaps of female runners and sedentary controls 

(Supplementary Fig. 9B).These findings indicate that VWR in females reorganizes co-activation 

networks by reducing global connectivity, enhancing efficiency, and shifting centrality from 

hippocampal and striatal regions towards cortical hubs. 

Together, long-term VWR reorganizes brain-wide ΔFOSB co-activation networks in males 

and females. This reorganization is characterized by reduced network density, increased 

efficiency, and a shift from hippocampal and amygdala region centrality towards cortical region 

centrality. As such, this suggests that in contrast to the more diffuse and hippocampal-centric 

architecture observed in sedentary controls, habitual VWR fosters more efficient and cortically 

integrated co-activation patterns in the brain.  
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DISCUSSION (1593 words) 

Here, we confirm prior studies that VWR improves metabolic health in rats and that females 

run greater distances than males. We report the novel findings that long-term VWR caused 

significant chronic neural activation, but not repression, in a subset of 44 brain regions involved 

in stress-, cognition- and reward-related behavior in both males and females, many of which 

have not been studied before in the context of VWR. Subsequent analysis of ΔFOSB co-

activation networks revealed that VWR decreases network density, while increasing global 

efficiency and reorganizing network topology in both sexes. 

 

VWR effects on regional brain ΔFOSB changes 

Our exploratory study assessed VWR-induced modulation of brain-wide activation using 

mapping of ΔFOSB in a large set of brain regions involved in stress-, cognition- and reward-

related behavior. Consequently, several significant differences, as well as correlation effects, 

did not survive the FDR correction for multiple comparisons and as a cautionary note, our 

differences in individual brain regions thus await confirmation in additional studies. However, 

consistent with prior studies in male rats (34,35,37,38), we observed VWR induction of ΔFOSB 

in AcbSh in males and observed smaller effects in females, with a relatively lower induction in 

AcbCo. Previous studies on VWR induction of NAc ΔFOSB did not specify when brains were 

collected (38), had collected brains quickly after running in the dark phase (37), or had collected 

brains during the peak of dark phase running (34,35). These designs did not apply a locked 

wheel at the end of the experiment which implies that the immunoreactivity they reported 

could reflect both FOSB and ΔFOSB. In contrast, we collected brains after a ~24h wheel 

blockade, ensuring that immunoreactivity primarily reflects VWR-induction of only ΔFOSB, 

which potentially explains the smaller effect sizes observed in this study. 

We also observed (significant or trending to be significant) induction of ΔFOSB in brain 

regions that have previously not been reported in males following VWR, including cortical 

regions (IL, PrL, Cg1, Cg2), lateral septum (LSD), amygdalar (BLAp) and hypothalamic regions 

(PVN, LHA). Several of these effects were also observed in females (e.g. IL, PrL, Cg1, Cg2). 

Furthermore, males, but not females, showed (significant or trending to be significant) VWR 
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induction of ΔFOSB in LSD, dGrDG, vGrDG, BMA, BLA, PVN, and LHA, whereas females, but not 

males, showed (significant or trending to be significant) VWR induction of ΔFOSB in MO, VO, 

M2, LSI, dCA1, dCA2, vCA2, PAG and VTA. These findings suggest biological meaningful sex 

differences and future follow-up studies should disentangle the functional relevance of these 

sex-specific activation signatures.  

Our findings extend upon the current literature in males, as well as on VWR effects in 

females, as to date, the latter had only been studied in prairie voles (40).  

VWR activated many brain regions involved in stress-, cognition- and reward-related 

behavior, but here we highlight several regions. First, we observed VWR induction of ΔFOSB in 

male PVN, which negatively correlated with total running distance. Because the PVN is 

important for stress regulation and depression (56,57), and ΔFOSB overexpression has been 

linked to reduced neuronal excitability in dHPC and vHPC (12,13), these data suggest that VWR 

may blunt excitability in a subset of PVN neurons, consistent with previous reports of a 

dampened PVN response to stressors following VWR (58). Second, we observed VWR induction 

of ΔFOSB in the NAc (mostly in males) and vHPC (in males and females), with positive 

correlations between ΔFOSB and total running distance observed in several vHPC subregions. In 

agreement, studies in male mice had demonstrated that stress- or VWR-induction of ΔFOSB in 

the NAc (15,29,36), or stress induction of ΔFOSB in NAc-projecting vHPC, but not dHPC neurons, 

is necessary for resilience to stress (13). Third, we observed VWR induction of ΔFOSB in several 

cortical regions, including IL and PrL. Stress induction of ΔFOSB in the PrL, but not IL, decreased 

resilience for stress in mice (59). Finally, viral-mediated blockade or overexpression of ΔFOSB in 

mouse dHPC impaired learning and/or memory via alterations in neuronal excitability (12,17), 

whereas viral-mediated blockade or overexpression of ΔFOSB in mouse vHPC altered neuronal 

excitability and stress susceptibility (13). Additional studies which e.g. specifically manipulate 

ΔFOSB in the above-mentioned or newly-identified brain regions and/or study the functional 

properties of their neurons, will be required to clarify their interdependence and/or unique 

roles in the VWR-mediated changes in learning, cognition, and stress resilience. 
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Taken together, our findings confirm observations from prior studies in male rats and reveal 

several novel brain regions where ΔFOSB is altered by VWR in male and female rats, 

highlighting a broader network of chronic neural activation than previously recognized.  

 

VWR effects on global brain ΔFOSB co-activation changes 

Next, to better understand how the regional ΔFOSB changes relate to more global changes, we 

studied ΔFOSB co-activation networks. Long-term VWR decreased network density and 

increased network efficiency, in both sexes, suggesting more selective and efficient 

connectivity. Elevated ΔFOSB levels, either viral-mediated or stimulus-driven, were further 

shown before to be linked to reduced hippocampal neuronal excitability (12,13), repression of 

cFOS in the DG, but not CA1, and striatum (11,60) and decreased glutamatergic signaling (16). 

Thus, VWR-mediated accumulation of ΔFOSB may reduce excitability in particular brain regions, 

or network nodes, which can lead to more efficient network connectivity. Our findings that 

VWR increases global efficiency may similarly reflect a shift towards more robust and efficient 

network interactions. This interpretation aligns with human studies, where exercise training 

also strengthened functional network connections (61,62). Thus, ΔFOSB accumulation might 

dampen neuronal reactivation in regions involved in stress and mood regulation, reducing 

overall network density, while potentially promoting stronger, functionally relevant 

connections. 

VWR further shifted centrality of the hippocampus and amygdala nodes to cortical regions, 

suggesting an altered top-down control. In human studies, exercise training modulated resting-

state functional connectivity in cognitive networks (63) and enhanced coherence within the 

default mode network (64–66) and executive control network (67). In contrast, overall cortical 

hypoactivity is associated with poorer top-down regulation of emotions in depression (68–70) 

and post-traumatic stress disorder (71). These observations suggest that VWR-induced changes 

in network topology, particularly towards cortical hubs, may promote a protective ‘rebalancing’ 

of downstream emotional and cognitive processing systems to protect against stress-related 

disorders. Animal studies that manipulate ΔFOSB in specific brain regions before assessment of 

network topology will be required to test these hypotheses.  
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To the best of our knowledge, by studying the construction of co-activation networks, we 

introduce a novel network perspective on how VWR impacts brain function. Due to the high 

stability of ΔFOSB (16), we capture enduring network changes, making it well-suited to examine 

how brain circuits are activated by repetitive events or behaviors, like VWR. This approach is, 

however, also limited in that it does not capture acute and recent, or more transient responses. 

Different experimental designs, or the integration of ΔFOSB and cFOS co-activation networks, 

e.g. after an acute stressor, could address other temporal levels of brain activation.  

Our networks are further based on interregional correlations in ΔFOSB expression, 

reflecting co-activational rather than structural interactions. Despite these limitations, VWR 

reorganized network topology, reducing density, while enhancing efficiency and shifting 

centrality towards cortical regions. Thus, ΔFOSB co-activation networks provide a valuable 

perspective on how VWR reshapes global chronic neuronal activation. 

 

Potential upstream mechanisms underlying VWR-induction of ΔFOSB 

It is so far unclear which specific signaling cascades mediate VWR induction of ΔFOSB. The self-

reinforcing and rewarding nature of VWR (31) suggests involvement of dopamine. Indeed, 

ΔFOSB is well-known for its role in NAc medium spiny neurons, particularly in response to 

dopamine signaling (16). Furthermore, dopamine can synergize with TGFβ receptor ALK4 to 

enhance ΔFOSB production via the RNA-binding proteins PCBP1 and SMAD3 in NAc MSNs (72). 

Another modulator might be estrogen, as we have recently demonstrated that estrogen 

modulated ΔFOSB in rat suprachiasmatic nucleus (41). Similarly, fluctuating estrogen levels 

across the estrous cycle regulate NAc ΔFOSB-related chromatin changes that influence cocaine 

responses (55). While our attempt to synchronize the estrous cycle at the start of the 

experiment has likely reduced estrogen-driven variation, differences in estrous phase at the 

end of the experiment may potentially have influenced ΔFOSB expression. As the number of 

animals per phase did not differ much between the groups, it is unlikely the estrous cycle has 

contributed significantly to our current ΔFOSB results, but we cannot fully exclude this and this 

remains a limitation of our study. 
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Beyond potential effects on ΔFOSB, estrogen may also influence sucrose affinity. We 

observed that sucrose preference prior to running did not predict subsequent VWR behavior, 

short- or long-term, in either males or females. In females, however, the three-day sucrose test 

may not have fully captured estrous cycle-related variation (which usually spans four days) 

influences on hedonic behaviors, such as sucrose water consumption. Therefore, the absence 

of a correlation between sucrose affinity prior to running and subsequent running behavior 

cannot be fully excluded by the current study. Studies which manipulate dopamine, TGFβ 

and/or estrogen signaling in specific neuronal populations and brain regions during VWR will be 

required to clarify the role of these signaling molecules in VWR-mediated changes in ΔFOSB. 

Because ΔFOSB regulates expression of many genes (73), our findings suggest widespread 

neuronal adaptations following VWR. Previous VWR research in mice has largely focused on 

NAc and HPC, but our findings highlight that many additional brain regions might play a role in 

behavioral processes affected by VWR, including VWR-induction of stress resilience. Because 

ΔFOSB manipulation in the NAc reshapes whole brain functional connectivity (74), such 

manipulations should focus on these ‘hub’ regions and also study subsequent general changes 

in network topology. 

 

Conclusion 

Habitual VWR induced brain-wide ΔFOSB accumulation in several brain regions involved in 

stress-, cognition- and reward-related behavior in male and female rats and reshaped ΔFOSB 

co-activation networks. Our VWR ΔFOSB brain atlas provides a starting point for functional 

studies in male and female rats to provide more mechanistic understanding as to how VWR-

mediated ΔFOSB accumulation promotes neuroplasticity and alters stress-, cognition- and 

reward-related behavior.   
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FIGURE LEGENDS 

Fig. 1: Experimental timeline and workflow. (a) Experimental timeline of animal studies. All 
male and female rats were housed without a running wheel (sedentary; SED) during the 7-day 
acclimatization period and the 7-day baseline measurement period. During the last three days 
of the baseline period, animals were subjected to a two-bottle sucrose preference test (SPT). 
During the subsequent 28-day experimental period, SED controls remained housed without a 
running wheel, whereas runners (RUN) were housed with a running wheel. Body weight, food 
and water intake were measured weekly. Wheels were blocked for 24h before isolation of 
brains. (b) Experimental workflow of immunohistochemistry, ΔFOSB quantification, and ΔFOSB 
co-activation network generation and analysis. (c) Brain regions of interest (ROIs) categorized 
by parent structures: cortex (green), basal ganglia and septum (purple), hippocampus (yellow), 
extended amygdala (pink), thalamus and hypothalamus (blue), midbrain (orange), and other 
(gray), see Supplementary Tables 1-4, for a list of abbreviations. 
 
 
Fig. 2: Running behavior in males and females. (a) Daily and (b) total running distance of males 
during 28 days of running. (c) Daily and (d) total running distance of females during 28 days of 
running. Data are presented as the mean ± S.E.M (a, c) or as box plots indicating the median 
(line) and mean (+), the interquartile range, and the minimum to maximum values of the data 
distribution, with dots representing individual rats (b, d). (a-d) n = 12/group. 
 
Fig. 3: Long-term VWR induction of ΔFOSB in males. (a) Fold change in the mean number of 
ΔFOSB-positive cells per region of interest (ROI) in male sedentary (SED) controls and runners 
(RUN), normalized to the mean of SED rats; *P < 0.05, †P < 0.10 before FDR correction; see 
Supplementary Table 1 for exact statistical values. (b) Representative images of ΔFOSB 
immunoreactivity in the infralimbic cortex (IL), cingulate cortex 1 (Cg1), nucleus accumbens 
shell (AcbSh), dorsal part of the lateral septum (LSD), the dorsal part of the granule cell layer of 
the dentate gyrus (dGrDG), the ventral dentate gyrus (vDG) including the granule cell layer 
(vGrDG), the molecular layer (vMoDG) and the polymorph layer (vPoDG), the ventral cornu 
ammonis 1 (vCA1) and 3 (vCA3) and the paraventricular hypothalamus nucleus (PVN). Scale bar 
= 100 µm. Data are presented as the mean ± S.E.M (a). (a) n = 12/group. 
 
Fig. 4: Long-term VWR induction of ΔFOSB in females. (a) Fold change in the mean number of 
ΔFOSB-positive cells per region of interest (ROI) in female sedentary (SED) controls and runners 
(RUN), normalized to the mean of SED rats; *P < 0.05, †P < 0.10 before FDR correction; see 
Supplemental Table 2 for exact statistical values. (b) Representative images of ΔFOSB 
immunoreactivity in the medial (MO) and ventral orbital cortex (VO), the infralimbic (IL) and 
prelimbic cortex (PrL), cingulate cortex 1 (Cg1) and 2 (Cg2), dorsal cornu ammmmonis 1 (dCA1), 
the ventral polymorph layer of the dentate gyrus (vPoDG), the ventral cornu ammonis (vCA) 
including the vCA1, vCA2 and vCA3, the periaqueductal gray (PAG) and the ventral tegmental 
area (VTA). Scale bar = 100 µm. Data are presented as the mean ± S.E.M (a). (a) n = 12/group. 
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Fig. 5: Network analysis reveals altered ΔFOSB co-activation following VWR in males. (a) 
Unweighted regional cross-correlation matrices of ΔFOSB-positive cells per mm² between all 
pairs of neuroanatomical regions of male sedentary controls (SED) and runners (RUN). (b) 
ΔFOSB co-activation networks constructed after thresholding for the strongest and most 
significant correlated or anti-correlated connections (r > 0.7, P < 0.005) in SED and RUN rats. (c) 
Network density expressed as kDEN, of SED and RUN rats. (d) Small world-like properties 
expressed as σ of SED and RUN rats. (e, f) Node degree per ROI of (e) SED and (f) RUN rats. (g, 
h) Betweenness centrality per ROI of (g) SED and (h) RUN rats. (i) Volcano plot of Pearson 
correlation differences (rRUN - rSED) for all individual regional connections against their P-values 
calculated from a permutation analysis. Points intersecting or within the upper left or right 
quadrant represent the regional relationships with the greatest change (|correlation 
difference| > 1) that were most significant. (j) Parallel coordinate plots highlighting individual 
significantly changed regional correlations between SED and RUN rats. (a-j) n = 12/group. (b-j) P 
< 0.005 was considered significant. 
 
Fig. 6: Network analysis reveals altered ΔFOSB co-activation following VWR in females. (a) 
Unweighted regional cross-correlation matrices of ΔFOSB-positive cells per mm² between all 
pairs of neuroanatomical regions of female sedentary controls (SED) and runners (RUN). (b) 
ΔFOSB co-activation networks constructed after thresholding for the strongest and most 
significant correlated or anti-correlated connections (r > 0.7, P < 0.005) of SED and RUN rats. (c) 
Network density expressed as kDEN, of SED and RUN rats. (d) Small world-like properties 
expressed as σ of SED and RUN rats. (e, f) Node degree per ROI of (e) SED and (f) RUN rats. (g, 
h) Betweenness centrality per ROI of (g) SED and (h) RUN rats. (i) Volcano plot of Pearson 
correlation differences (rRUN - rSED) for all individual regional connections against their P-values 
calculated from a permutation analysis. Points intersecting or within the upper left or right 
quadrant represent the regional relationships with the greatest change (|correlation 
difference| > 1) that were most significant. (j) Parallel coordinate plots highlighting individual 
significantly changed regional correlations between SED and RUN rats. (a-j) n = 12/group. (b-j) P 
< 0.005 was considered significant. 
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