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Abstract

Brain reward circuits are implicated in stress-related psychiatric disorders. Exercise reduces the 

incidence of stress-related disorders, but the contribution of exercise reward to stress resistance is 

unknown. Exercise-induced stress resistance is independent of exercise controllability; both 

voluntary and forced wheel running protect rats against anxiety- and depression-like behavioral 

consequences of stress. Voluntary exercise is a natural reward, but whether rats find forced wheel 

running rewarding is unknown. Moreover, the contribution of dopamine (DA) and striatal reward 

circuits to exercise reward is not well characterized. Adult, male rats were assigned to locked 

wheels, voluntary running (VR), or forced running (FR) groups. FR rats were forced to run in a 

pattern resembling rats' natural wheel running behavior. Both VR and FR increased the reward-

related plasticity marker ΔFosB in the dorsal striatum (DS) and nucleus accumbens (NAc), and 

increased activity of DA neurons in the lateral ventral tegmental area (VTA), as revealed by 

immunohistochemistry for tyrosine hydroxylase (TH) and pCREB. Both VR and FR rats 

developed conditioned place preference (CPP) to the side of a CPP chamber paired with exercise. 

Re-exposure to the exercise-paired side of the CPP chamber elicited conditioned increases in cfos 

mRNA in direct pathway (dynorphin-positive) neurons in the DS and NAc in both VR and FR rats, 

and in TH-positive neurons in the lateral VTA of VR rats only. Results suggest that the rewarding 

effects of exercise are independent of exercise controllability and provide insight into the DA and 

striatal circuitries involved in exercise reward and exercise-induced stress resistance.

Keywords

dopamine; ventral tegmental area; rat; immediate early genes; striatum

*To whom correspondence should be addressed: benjamin.greenwood@ucdenver.edu.
†Current Address: National Institute on Aging, 253 Bayview Blvd, 21224
††Current Address: Department of Psychology, University of Colorado Denver, 80217

HHS Public Access
Author manuscript
Eur J Neurosci. Author manuscript; available in PMC 2017 May 01.

Published in final edited form as:
Eur J Neurosci. 2016 May ; 43(9): 1190–1202. doi:10.1111/ejn.13193.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



 Introduction

Exercise can increase resistance to the development of stress-related psychiatric disorders, 

including depression, anxiety, and post-traumatic stress disorder (Sothmann et al., 1996; 

Greenwood & Fleshner, 2011; Sciolino et al., 2012; Asmundson et al., 2013; Greenwood & 

Fleshner, 2013). Rats allowed voluntary access to running wheels, for example, are protected 

against anxiety- and depression-like behavioral effects of stress (Dishman et al., 1997; 

Solberg, 1999; Greenwood et al., 2003a; Zheng et al., 2006). Central reward circuitry, 

including dopamine (DA) neurons originating in the midbrain substantia nigra (SN) or 

ventral tegmental area (VTA) and projecting to the dorsal striatum (DS; nigrostriatal 

pathway) or nucleus accumbens (NAc; mesolimbic pathway), are implicated in the 

pathophysiology and treatment of stress-related disorders (Nestler & Carlezon, 2006). 

Rodents find exercise a naturally reinforcing and rewarding activity (Iversen, 1993; Lett et 
al., 2000; Greenwood et al., 2011; Trost & Hauber, 2014). Indeed, voluntary wheel running 

produces adaptations within DA reward pathways consistent with repeated activation of 

these circuits (Foley & Fleshner, 2008; Greenwood et al., 2011). Reward-related phasic, 

“burst” firing of DA neurons activates low-affinity DA 1 receptors (D1) located on direct-

pathway striatal neurons (Bertran-Gonzalez et al., 2008; Bertran-Gonzalez et al., 2010b; 

Dreyer et al., 2010). ΔFosB, a marker of repeated neuronal activity (Perrotti et al., 2004; 

Ulery-Reynolds et al., 2009) and reward-related plasticity (Nestler, 2008; Wallace et al., 
2008), increases specifically in direct-pathway neurons of the NAc following voluntary 

exercise (Werme et al., 2002). Moreover, over-expression of ΔFosB in the DS or NAc can 

elicit stress resistance in a manner similar to exercise (Vialou et al., 2010; Nestler, 2015). 

These data suggest that rewarding effects of exercise could include activation of nigrostriatal 

and mesolimbic DA pathways, and that repeated activation of these circuits could contribute 

to exercise-induced stress resistance. Despite this possibility, the contribution of DA 

pathways to exercise reward is not well characterized.

One goal of the current studies was to identify the neural circuits sensitive to exercise that 

might contribute to reward and stress resistance from exercise. A second goal was to 

determine whether behavioral and neurochemical indices of exercise reward depend on 

exercise controllability. Using a novel forced wheel running paradigm in which rats are 

forced to run on motorized wheels in a pattern that closely resembles their natural running 

behavior, we have observed that stress resistance is independent of exercise controllability 

(Greenwood et al., 2013). Therefore, comparing the effects of voluntary and forced wheel 

running on reward-related circuitry could provide important insights into the contribution of 

exercise reward to exercise-induced stress resistance. The results of these studies suggest 

that both voluntary and forced wheel running are rewarding and activate similar circuits 

implicated in reward, including DA neurons of the lateral VTA and direct-pathway neurons 

of the DS and NAc. These data are consistent with exercise reward being an important factor 

for the stress resistance produced by both voluntary and forced exercise. The mechanism 

through which exercise recruits reward-related striatal circuits, however, may differ 

depending on the controllability of exercise.
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 Materials and Methods

 Subjects

A total of 47, young adult (between P42-P49 upon arrival), male Fischer 344 rats (Harlan 

SPF, Indianapolis, IN., USA) were used in all experimental procedures. Rats were housed in 

a temperature (22°C) and humidity-controlled environment and were maintained on a 12:12 

hour light:dark cycle (lights on 07:00 - 19:00 h). All rats had ad libitum access to food (lab 

chow) and water and were weighed weekly. All rats were individually housed in Nalgene 

Plexiglas home cages (45 cm × 25.2 cm × 14.7 cm). Rats acclimated to these housing 

conditions for 7 days prior to any experimental manipulation. Care was taken to minimize 

animal discomfort during all procedures. The University of Colorado Boulder Animal Care 

and Use Committee approved all experimental protocols.

 Exercise Protocols

Rats were randomly assigned to Locked, voluntary wheel running (VR), or forced wheel 

running (FR) conditions. Because experience with wheel running is required to minimize 

non-running behaviors (e.g. tumbling, hanging onto wheel rungs) during forced wheel 

running (Greenwood et al., 2013), motorized wheels belonging to rats in the FR group were 

removed from the motor and were allowed to spin freely, and all rats in the VR and FR 

conditions were allowed voluntary access to their wheels for 5 consecutive active (dark) 

cycles prior to the start of differential group treatment. Wheels belonging to rats in the FR 

group were re-connected to motors following these 5 nights of voluntary running, and all 

subsequent running by the FR group was controlled by the motorized wheels. Nights during 

which rats ran in wheels, rats were transported immediately prior to the start of the active 

cycle from their home cages to their assigned locked (Locked), freely mobile (VR), or 

motorized (FR) running wheels (1.1 m circumference; Lafayette Instruments, Lafayette, IN., 

USA). The motorized running wheels cannot be turned voluntarily by the rats. Instead, 

forced wheels are driven by a motor controlled by the Activity Wheel Monitor software 

(Lafayette Instruments, Lafayette, IN., USA) according to a protocol pre-programed by the 

experimenters and designed to closely approximate a rat's natural voluntary running 

behavior based on analyses of prior experiments. In order to reduce tumbling in the wheel, 

speed, bout length and distance run by FR rats was slowly increased during the first few 

days of FR. Moreover, the average and maximum running speed of the FR condition was 

less than that of the VR condition (Greenwood et al., 2013). Because of this reduction in 

speed, rats in the FR group run less distance per day than rats in the VR group. However, the 

pattern of running is similar. Running bout length (average 2.04±1.95) and duration of rest 

periods (range 0.33-30 min) were carefully matched between VR and FR conditions. Rats in 

the Locked, VR and FR groups were confined to their wheels for their assigned running 

bouts which were either the entire 12h duration of the active cycle (Experiment 1) or for the 

first 2 h of the active cycle (Experiment 2). A food tray and water bottle mounted on the side 

of the wheel allowed access to food and water while rats were confined to the wheel. We 

have previously observed that rats eat and drink equal amounts regardless of exercise 

condition (Greenwood et al., 2013). Wheel revolutions were automatically recorded by the 

Lafayette Activity Wheel Monitor software. A visual depiction of the voluntary and forced 
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running wheels, as well as detailed analyses of voluntary and forced running patterns, can be 

found in our prior report (Greenwood et al., 2013).

 Experimental Procedures

 Experiment 1—The experimental timeline used for Experiment 1 appears in Figure 1A. 

In order to characterize the sensitivity of reward-related circuits to voluntary and forced 

exercise, rats were randomly assigned to Locked (n = 9), VR (n = 8), and FR (n = 7) groups. 

In this study rats were placed into their assigned locked, mobile, or motorized wheel 5 

nights / week for 7 weeks. For the first 5 nights of the study, wheels belonging to rats in the 

FR condition were rendered freely mobile and all rats in the VR and FR conditions were 

allowed to run freely in their wheels. Following this wheel running-acclimatization 

procedure, rats in the VR group continued nightly exposure to their voluntary wheels, 

whereas rats in the FR group began running according to the forced wheel protocol. On the 

last evening of the study, following 6 weeks of Locked, VR, or FR conditions, all rats were 

placed into their assigned wheels at the onset of the active (dark) cycle as usual. Then, 

between 2-3 h later, all rats were sacrificed and brains were removed for IHC detection of 

double TH/pCREB and ΔFosB immunoreactivity in midbrain and striatum, respectively.

 Experiment 2—The experimental timeline for experiment 2 is shown in Figure 1B. 

After the 5 nights of wheel acclimation during which all rats ran voluntarily in their wheels 

for the entirety of the active cycle, rats were randomly assigned to VR or FR groups (n = 12/

group). Rats were then placed nightly into their assigned voluntary or motorized wheel for 2 

h, starting at the beginning of the active cycle, for 15 days in order to establish voluntary and 

forced running behavior. Baseline CPP testing occurred after 15 days of VR or FR. CPP 

training started after baseline CPP testing. During CPP training, rats were placed into their 

assigned VR or FR wheels or empty cage for 2 h on alternating nights for 30 days. Because 

most voluntary running behavior occurs within the first 3 h of the active cycle (Eikelboom & 

Mills, 1988; Greenwood et al., 2011), rats in the current study were exposed to CPP training 

after only 2 h of running, during peak running, in order to provide a discrete exercise 

stimulus to pair with the paired side of the CPP chamber and facilitate CPP. In order to 

determine if CPP to exercise depends upon exercise controllability, a probe trial occurred 

after every 10 days of CPP training, for a total of 3 probe trials.

In order to identify the reward-related neural circuits that might contribute to the 

development of exercise CPP, rats were exposed to 1 additional evening of a wheel running/

paired CPP training bout following the 3rd and final probe trial. Rats were then randomly 

assigned to be re-exposed to either the paired or unpaired side of the CPP chamber 24 h after 

the last running bout, yielding the following groups: Voluntary / Unpaired (n = 6), 

Voluntary / Paired (n = 6), Forced / Unpaired (n = 6), and Forced / Paired (n = 6). During re-

exposure the wall separating the 2 sides of the CPP chamber remained in place, and rats 

were placed into the assigned unpaired or paired side for 30 min, during which time 

locomotor activity was recorded and scored in a subset of rats (n = 4 /group) using TopScan. 

Rats were sacrificed after the 30 min re-exposure and activity of midbrain DA neurons was 

quantified using double fluorescent in situ hybridization (FISH) for cfos and TH. Reward-

related DA release in the striatum increases signaling at low-affinity D1 receptors, located 
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on medium spiny neurons associated with the direct pathway of the DS and NAc (Bertran-

Gonzalez et al., 2008; Bertran-Gonzalez et al., 2010b; Dreyer et al., 2010). Since emerging 

data suggest that D1 signaling on direct pathway neurons in both the DS and NAc can 

contribute to reward and reinforcement (Kravitz & Kreitzer, 2012a; Kravitz et al., 2012a; 

Ilango et al., 2014), conditioned activation of DS and NAc direct pathway neurons was also 

assessed with double FISH for cfos and dynorphin mRNAs. Dynorphin is nearly 100% co-

localized with D1 on direct pathway neurons in the DS and NAc core (NAcC)(Anderson & 

Reiner, 1990; Gerfen et al., 1990; Bertran-Gonzalez et al., 2010a), thus serves as a 

convenient genotypic marker of D1-expressing, direct pathway neurons. FISH was used in 

this experiment rather than immunohistochemistry because the presence of dynorphin 

labeling in striatal neuropil makes co-label protein quantification challenging, whereas 

dynorphin mRNA is restricted to cell bodies. Quantification of immediate early genes in 

both of these experiments was performed in the nigrostriatal and mesolimbic pathways 

because of the overlapping roles of these pathways in reward and reinforcement (Wise, 

2009; Kravitz & Kreitzer, 2012b).

 Double Immunohistochemistry

Rats were deeply anesthetized with sodium pentobarbital between 2-3 h after the start of the 

active (dark) cycle, during peak running. Rats were perfused transcardially with cold saline, 

followed by 300-400 ml of 4% paraformaldehyde (PF) in 0.1 M phosphate buffer (PB). 

Brains were extracted, post-fixed in PF overnight, and then transferred to 30% sucrose 

solution for 3 days. Brains were then rapidly frozen in isopentane with dry ice and 

subsequently stored at -70°C until coronal sectioning at 35 μm on a cryostat. Brain slices 

were stored in cryoprotectant at -20°C until staining. All tissue from each region was 

processed simultaneously in 25-well staining dishes so that direct comparisons between 

could be made.

Immunohistochemistry was performed as previously described (Greenwood et al., 2003a; 

Greenwood et al., 2003b; Greenwood et al., 2011). Briefly, 35 μm brain sections 

representing the rostral to caudal extent of the striatum (1.6mm to 0.2mm rostral from 

Bregma) or SN and VTA (5.30mm to -6.04mm caudal from Bregma) were rinsed in 0.01 M 

phosphate buffered saline (PBS) followed by a 15 min incubation in 0.6% hydrogen 

peroxide. Sections were incubated at room temperature (RT) for 48 h at 4°C in blocking 

solution containing 0.5% Triton X-100, 5% normal goat serum, and rabbit anti-ΔFosB 

(1:450; catalog number 9890, Cell Signaling, Danvers, MA) or rabbit anti-pCREB antibody 

(1:5000; catalog number 06-519, Millipore, Billerica, MA). The ΔFosB antibody was chosen 

because of its high selectivity for the stable, larger (33-37-kDa) isoforms of ΔFosB induced 

by chronic manipulations, and its lack of cross-reactivity to smaller isoforms of FosB 

induced transiently by acute manipulations (Chen et al., 1997; McClung et al., 2004). CREB 

is phosphorylated rapidly after cellular activity, including in the VTA following rewarding 

drugs such as morphine (Walters et al., 2003). Therefore, pCREB is a useful immediate early 

gene to use as a marker of recent neural activity in midbrain DA neurons following reward-

eliciting stimuli.
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Incubation in primary antisera was followed by another series of washes in PBS after which 

the sections were incubated at RT for 90 min in blocking solution containing a 1:300 

dilution of biotinylated goat anti-rabbit IgG (Jackson Immunoresearch, West Grove, PA). 

Sections were then incubated with avidin-biotin-horseradish peroxidase complexes (ABC; 

Vecastain Elite ABC kit, Vector Laboratories, Burlingame, CA) in PBS containing 0.5% 

Triton X-100 for 2 hr. After washes with PB, sections were placed in a solution containing 

3,3′-diaminobenzidene tetrahydrochloride (DAB), ammonium chloride, cobalt chloride, 

nickel ammonium sulfate, and glucose oxidase in PB for 10 min. The peroxidase reaction 

was started by addition of glucose solution and reacted for ∼15 min, yielding a dark brown / 

black reaction product. The reaction was stopped by rinses in PBS. For double labeled 

sections through the midbrain, staining for pCREB preceded TH. For double-labeling, 

sections through the midbrain labeled with pCREB were incubated in blocking solution for 

30 min, followed by 48 h incubation at 4°C in blocking buffer containing a 1:100,000 

dilution of rabbit anti-TH (Pel Freeze Biologicals, Rogers, AR). Sections were then placed 

in goat anti-rabbit IgG (1:300; Jackson ImmunoResearch) for 90 min, followed by rinses and 

a 2 h incubation in ABC. Tissue was rinsed in PB and reacted with DAB and glucose 

oxidase. The peroxidase reaction was initiated by addition of glucose and allowed to proceed 

for approximately 15 minutes, yielding a light brown reaction product. The reaction was 

stopped by PBS washes.

Controls for the cross-reactivity of ΔFosB, pCREB, and TH antisera consisted of processing 

additional sections except without addition of the primary antibody. Sections processed this 

way demonstrated a lack of labeling. Stained sections were mounted onto gelatin coated, 

glass slides and air-dried overnight. Slide-mounted sections were dehydrated in a series of 

alcohols, rinsed in Histoclear, and cover-slipped with DPX.

 Quantification of immunohistochemistry—Images of the medial and lateral 

portions of the DS, NAcC, NAc shell (NAcS), VTA and SN pars compacta regions (see 

Figures 3A and 4A) were captured digitally on a Nikon Eclipse 55i microscope at 20X. At 

least 6 hemispheres per rat were imaged for each region counted, resulting in a total of at 

least 36 images per rat (6 images per brain region). Quantification was done with Image J by 

multiple experimenters blind to treatment condition of the rats. A 450 μm by 450 μm square 

was drawn around the region of interest and quantification of single ΔFosB (dark stained 

nucleus in striatal slices), single pCREB (dark stained nucleus in midbrain slices), TH (light 

brown cytoplasmic stain), and double-labeled neurons (light brown cytoplasm containing a 

darkly-stained nucleus) took place within that area.

 Conditioned Placed Preference

 CPP Apparatus—The CPP apparatus (38 cm tall × 57 cm long × 38 cm high) was 

composed of opaque black Plexiglas (5mm thick) and contained 2 joined compartments 

(Figure 1C). The 2 compartments of the conditioning apparatus were separated by a 

removable black Plexiglas wall (10 cm tall × 12 cm wide × 5 mm thick), and had distinctive 

flooring. One side (the “bar” side) consisted of black, anodized stainless steel bars 29 cm 

long and 5 mm thick, separated by 4 mm between each bar. The flooring of the opposite side 
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(the “hole” side) consisted of a perforated, black anodized steel sheet covered in small holes 

6.5 mm in diameter, and spaced 3.5 mm apart edge-to-edge.

 Baseline preference—Rats were placed into the CPP apparatus for 20 minutes to 

assess baseline CPP. The wall separating the 2 halves of the CPP chamber was replaced with 

a black Plexiglass divider (10 cm tall × 12 cm wide × 5 mm thick) with a doorway cutout 

(10 cm tall × 12 cm wide × 5 mm thick) to allow rats free access to both sides of the 

apparatus. Behavior was videotaped for time spent on each side of the CPP apparatus and 

scored using TopScan (CleverSys Inc., Reston, VA., USA) software. If rats demonstrated a 

baseline preference to a particular side of the CPP chamber, the opposite side of the chamber 

was assigned as the side paired with exercise, so that rats would have to overcome their 

baseline preference in order to develop CPP to the exercise-paired side.

 CPP training—Running occurred every-other night during CPP training. On running 

nights, rats were placed into their assigned running wheel (voluntary or forced) for 2 h. 

Following 2 h of running, rats were removed from their wheels and immediately placed into 

one side of the CPP apparatus (the “paired” side) for 20 min. During CPP training the wall 

separating the 2 sides of the CPP chambers was inserted, so rats were confined to 1 side. On 

alternating nights, rats were placed individually into an empty cage (Nalgene Plexiglas cage; 

45 cm × 25.2 cm × 14.7 cm) for 2 h, rather than into their assigned running wheel. We have 

observed previously that CPP to the side of the CPP chamber paired with VR occurs even 

when compared to the side paired with a locked wheel (Greenwood et al., 2011), indicating 

that CPP to exercise can overcome potential rewarding effects a locked wheel may provide. 

In the current study exposure to an empty cage, rather than a locked wheel, was paired with 

the “unpaired” side of the CPP chamber in an attempt to speed development of exercise CPP. 

After 2 h in this empty cage, rats were placed for 20 min into the opposite side of the CPP 

chamber, deemed the “unpaired” side. This protocol insured that each rat was exposed to 

both sides of the CPP apparatus equally, but only one side was associated with wheel 

running. Rats were returned to their home cages following the CPP training. CPP chambers 

were thoroughly cleaned with water between each rat exposure. CPP training was conducted 

for a total of 30 days.

 Probe trials—To determine which side of the CPP apparatus (unpaired or paired side) 

the rats preferred, the wall separating the 2 halves of the CPP chamber was again replaced 

with the Plexiglass insert containing a doorway cutout as for baseline testing. Rats were 

placed (1 at a time) onto one side of the apparatus in a counterbalanced manner. Rats were 

allowed to explore both sides of the apparatus for 10 min. Time spent in each side of the 

CPP chamber was recorded and scored automatically using TopScan. Probe trials occurred 

24 h following a wheel running/paired training bout, and occurred immediately following 

the start of the active cycle.

 Fluorescent In Situ Hybridization

Rats were sacrificed by rapid decapitation after 30 min of re-exposure to the paired or 

unpaired side of the CPP chamber, brains were extracted, frozen in chilled isopentane (-40° 

C), and stored at -80 °C until sectioning. Coronal sections (10μm) containing the striatum 
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(between 1.6mm to 0.2mm rostral from Bregma) or midbrain (between -5.30mm to 

-6.04mm caudal from Bregma) were cut on a cryostat, thaw-mounted directly on to 

FisherBrand Colorfrost Plus (Fisherbrand, Pittsburg, PA., USA), and stored at -80° C until 

processing for double label fluorescent in situ hybridization (FISH). FISH was used to detect 

the proportion of TH or dynorphin neurons co-expressing cfos mNRA in the midbrain or 

striatum, respectively. The protocol for FISH followed our previously published procedures 

(Clark et al., 2014; Mika et al., 2015). cRNA ribroprobes complementary to TH (300 mer), 

dynorphin (744 mer), or cfos (680 mer) prepared from cDNA subclones in transcription 

vectors were labeled with fluorescein-12-UTP (for cfos; Roche) and digoxigenin-11-UTP 

(for TH or dynorphin; Roche) using standard transcription methods. Riboprobes were 

diluted in 50% hybridization buffer containing 50% formamide, 10% dextran sulfate, 2X 

saline sodium citrate (SSC), 50 mM PBS (pH = 7.4), 1X Denhardt's solution, and 0.1 mg/ml 

yeast tRNA. Brain sections were hybridized with the probe overnight (55°C). The next day, 

sections were washed in 2X SSC, treated with RNase A (200 mg/ml) for 1 h at 37°C, and 

washed to a final stringency of 0.1X SSC at 65°C for 1 h, then placed into 0.05 M PBS 

overnight at 4°C. Endogenous peroxidases were quenched in 2% H2O2 in PBS with 

agitation (30 min, RT). Subsequently, slides were washed with 1X TBS containing 0.05% 

Tween-20 (pH 7.5; TBS-T), incubated in blocking buffer (30 min, RT; FP1012; Perkin 

Elmer), then incubated with anti-fluorescein-HRP (1:100 in blocking buffer, 80 μl/slide; 

NEF710, Perkin Elmer) for 2 h in humidified chambers. Next, slides were washed in TBS-T, 

and the fluorescein–UTP–probe complex was detected with a tyramide signal amplification 

kit with fluorescein as the fluorophore (1h at RT in humidified chambers; 1:100, 80 μl/slide; 

TSA-Plus Kit, Perkin Elmer). Slides were washed in TBS-T, rinsed in 1X TBS and 

transferred to PBS. Subsequently, slides were washed with TBS-T and incubated with anti-

digoxigenin–peroxidase (1:750 in blocking buffer, 80 μl/slide; Roche) for 30 min at RT in 

humidified chambers. The digoxigenin–UTP–cfos complex was detected as stated above 

with cyanine-3 as the fluorophore. Slides were then cover-slipped with Vectashield hard-set 

mounting medium (containing DAPI as a counterstain; H-1500, Vector Labs). Control slides 

of the same tissue without the addition of probe or without amplification were included.

 Image analysis for FISH—Images were captured at 20X magnification on a Zeiss 

AX10 with axioscan Z1 fluorescent microscope, interfaced to a computer operating 

AxioVision software (Zeiss, Oberkochen, Germany). Digoxigenin (dynorphin or TH), Cy3 

(cfos), and DAPI (nuclei) emission channels were merged to construct a single image. For 

each rat, 2 images were acquired in both the left and right, medial and lateral DS from each 

of 2 striatal sections (total of 4 images per slice; 8 images per animal; coordinates between 

1.6mm to 0.2mm from bregma). Additionally, images of both the left and right medial and 

lateral VTA (2 slices per rat) were taken for each rat (total 4 images per slice; 8 images per 

animal; coordinates between -5.30mm to -6.04mm from bregma). Regions sampled are 

shown in Figure 3A (midbrain) and 4A (striatum). The number of cfos, TH, dynorphin, and 

co-labeled (TH/cfos or dynorphin/cfos) neurons were counted by multiple experimenters 

blind to treatment conditions of the animals with Zeiss Zen Vision software using the 

‘measure events’ tool to prevent multiple counts of the same cell. If less than 2 images of a 

brain region could not be obtained for a particular rat due to tissue damage, that rat was 

excluded from analysis of that particular brain region.
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 Statistical Analyses

Group differences in body weight and running distance were analyzed utilizing repeated 

measures analysis of variance (ANOVA). ANOVA was used for comparison of protein 

expression data between Locked, VR, and FR groups in Experiment 1. CPP was expressed 

as a percent preference for the side of the CPP chamber paired with wheel running, using the 

following formula: (time spent on the paired side/total time spent on both sides) × 100. 

Preference scores were compared with repeated measured ANOVA. Activation of midbrain 

and striatal circuits following re-exposure to the unpaired or paired side of the CPP chamber 

(Experiment 2) were compared using 2 × 2 ANOVA with exercise type (VR or FR) and side 

of the chamber (unpaired or paired) as the factors. Percentage of TH (midbrain) or 

dynorphin (striatum) neurons expressing IEGs was calculated using the following formula: # 

of double-labeled cells / total # of single TH or dynorphin-labeled cells. Regression analyses 

was used to determine relationships between distance run by rats in the VR group and 

behavioral and neurochemical outcomes. Analyses were followed by Fisher's protected least 

significant difference (PLSD) post hoc tests when appropriate. Group differences were 

considered different when p ≤ 0.05.

 Results

 Voluntary and forced wheel running recruit similar midbrain and striatal neural circuits 
implicated in reward

All rats were allowed unrestricted nightly access to voluntary wheels for 5 active cycles 

prior to being randomly assigned to VR or FR groups. Running data during this time were 

lost due to a hardware failure, but Figure 2A shows running distance over the course of the 

experiment starting from the time rats were split into VR and FR groups. All rats increased 

running distance over time (F (5, 65) = 11.7; p < 0.0001), and VR rats ran a greater distance 

than FR rats during several weeks (exercise × time interaction: F (5, 65) = 3.4; p = 0.0085; 

see Figure 2A for results of post-hoc tests). Rats in the VR (406.6 ± 121.2 m) and FR (431.3 

± 137.1 m) groups ran equivalent distances during the hours prior to sacrifice on the last 

night of the study (data not shown). Body weights are shown in Figure 2B. Body weights of 

rats in all groups increased over time (F (6, 126) = 524.4; p < 0.0001), but the rate of weight 

gain depended on the exercise condition (exercise × time interaction: F (12, 126) = 9.9; p < 

0.0001). Similar to our prior observations (Greenwood et al., 2013), Locked rats gained the 

most weight and rats in the FR group gained the least (Figure 2B).

Following 6 weeks of either Locked, VR, or FR conditions, rats were sacrificed during peak 

running and IHC for double TH / pCREB in the midbrain or single ΔFosB in the striatum 

was performed in order to determine whether increases in pCREB and ΔFosB in these 

regions depend on exercise controllability. Figure 3A shows a figure from the atlas of 

Paxinos and Watson (Paxinos, 1998) with the regions sampled in the SN and VTA outlined. 

Figure 3B shows a representative photomicrograph (40X magnification) of TH / pCREB 

double-labeling in the lateral VTA, and Figure 3C shows the mean % of double TH / 

pCREB-labeled neurons in the midbrain. No group differences were observed in the % of 

TH+ neurons containing pCREB in the SN or the medial VTA. However, group differences 

were observed in the lateral VTA (F (2, 21) = 5.44; p = 0.01), where the % of double TH / 
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pCREB-labeled cells were higher in both the VR and FR groups relative to the Locked 

group. No group differences in the number of total TH or single pCREB-immunoreactive 

cells were observed (Table 1), with the exception of the lateral VTA, where wheel running 

increased the number of pCREB-labeled cells regardless of controllability.

Figure 4A shows a figure from the atlas of Paxinos and Watson (Paxinos, 1998) depicting 

the striatal regions sampled. Figure 4 also shows representative photomicrographs of ΔFosB-

labeling in the medial DS (Figures 4C-E) and NAcC (Figures 4F-H). Figure 4B shows the 

mean number of ΔFosB-positive cells in the striatum. No group differences were observed in 

the lateral DS. However, group differences were observed in the medial DS (F (2, 21) = 5.1; 

p = 0.01), the NAcC (F (2, 21) = 4.1; p = 0.03), and the NAcS (F (2, 21) = 3.6; p = 0.04). 

ΔFosB in each of these regions was elevated in both VR and FR rats relative to Locked 

controls (see Figure 4H for results of post hoc tests). No significant correlations were found 

between distance run by rats in the VR group and % double pCREB/TH neurons or ΔFosB 

labeling.

 Both voluntary and forced wheel running produce conditioned place preference

Distance run by rats subsequently assigned to VR (2,140 ± 432.3 m/night) and FR (1,575.74 

± 291.1 m/night) conditions during the first 5 nights of unrestricted access to voluntary 

running wheels did not differ. Following assignment to VR and FR groups, rats were placed 

into their assigned VR or FR wheel for the first 2 h of the active cycle each night for 15 

days, in order to acquire wheel running behavior. Figure 5A shows the average nightly 

running distance once rats were split into VR and FR groups. Interestingly, rats in the VR 

group initially ran more than rats in the FR group, but distance run by the VR group began 

to decline around day 15, and by day 22 of running rats in the VR run group were running 

less than the FR group (time × exercise interaction: F (29, 609) = 18.7; p < 0.0001; see 

Figure 5A for results of post hoc analyses). Body weights are shown in Figure 5B. Again, 

rats in the FR group gained less weight over time compared to VR rats (time × exercise 

interaction: F (5, 105) = 3.4; p = 0.007; see Figure 5B for post hoc analyses).

To determine if CPP to the after-effects of wheel running depends on exercise controllability, 

VR or FR rats were exposed to CPP training for 30 days and probe trials were conducted at 

baseline (after 15 consecutive days of 2 h/day VR or FR), and every 10 days thereafter in 

order to determine preference. There was no difference between the VR and FR groups in 

preference to the side of the CPP chamber paired with exercise (Figure 5C). However, 

preference to the paired side of the CPP chamber increased over time in both exercise groups 

(F (3, 63) = 6.1; p = 0.001; Figure 5C), indicating that rats develop CPP to the after effects 

of wheel running regardless of the controllability of the exercise. Distance run by rats in the 

VR group did not correlate with their preference to the paired side of the CPP chamber.

 Neural pathways responsive to exercise reward differ depending on exercise 
controllability

In order to investigate the contribution of midbrain DA and striatal direct-pathway neurons 

to exercise reward, rats used in the CPP study were confined to either the unpaired or paired 

side of the CPP chamber for 30 min and cfos mRNA in TH mRNA-positive neurons 
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(midbrain) or dynorphin mRNA-positive neurons (striatum) was quantified with double 

FISH. Top-scan analyses revealed that locomotor activity during re-exposure to the CPP 

chamber did not differ between groups (data not shown). Regions sampled in the SN and 

VTA were identical to regions shown in Figure 3A. Numbers of cfos mRNA-positive cells in 

the SN were close to zero, thus SN data are not shown. Figure 6A depicts a representative 

photomicrograph of TH / cfos mRNA double-labeling in the lateral VTA, and Figure 6B 

shows the mean % of double TH / cfos mRNA-labeled neurons in the VTA. There were no 

group differences in the number of double-labeled neurons in the medial VTA. Interestingly, 

however, re-exposure to the side of the CPP chamber previously paired with exercise, 

relative to the unpaired side, elicited an increase in the number of double-labeled neurons in 

the lateral VTA of VR, but not FR, rats (exercise × side interaction: F (1, 19) = 4.4; p = 

0.04). There were no group differences in the total number of TH mRNA-positive cells or 

single cfos mRNA-positive cells in the VTA (Table 2).

Figure 7A shows a representative photomicrograph of dynorphin / cfos mRNA double-

labeling in the medial DS. Regions sampled in the striatum were identical to regions shown 

in Figure 4A. Figure 7B shows the mean percentage of dynorphin mRNA-positive cells that 

also contained cfos mRNA. Exposure to the paired side of the CPP chamber increased the 

percent of double-labeled cells in the lateral DS (F (1, 15) = 4.7; p = 0.04), medial DS (F (1, 

15) = 9; p = 0.009), NAcC (F (1, 19) = 4.3; p = 0.05), and NAcS (F (1, 19) = 10.2; p = 

0.005) regardless of exercise condition. Interestingly, relative to the VR group, rats in the FR 

group had a greater percentage of double-labeled neurons in the medial DS (F (1, 15) = 7.6; 

p = 0.01) and NAcS (F (1, 19) = 7; p = 0.01), but not the lateral DS or NAcC, regardless of 

which side of the CPP chamber rats were re-exposed to. The total numbers of dynorphin 

mRNA-positive and single cfos mRNA-positive cells in the striatum are shown in Table 2. 

No significant correlations were found between distance run by rats in the VR group and % 

double cfos/dynorphin neurons.

 Discussion

We report the novel observations that neurochemical and behavioral indices of reward 

elicited by wheel running are independent of the controllability of the wheel running. Rats 

forced to run in motorized wheels lacked any control over the onset or offset of the wheel 

revolutions, yet demonstrated an increase in activation of midbrain DA neurons, an 

accumulation of the reward-related plasticity marker ΔFosB in the DS and NAc, and CPP to 

the aftereffects of wheel running; effects similar to those observed in rats allowed to run 

voluntarily in wheels. Re-exposure to the side of the CPP chamber paired with exercise, 

relative to the side paired with a sedentary cage, also elicited conditioned activation of 

dynorphin-positive neurons in the DS and NAc regardless of exercise controllability, 

suggesting that striatal direct-pathway neurons could contribute to the rewarding effects of 

exercise. Interestingly, however, the mechanisms by which exercise reward activates direct 

pathway neurons might differ depending on exercise controllability. VR rats re-exposed to 

the side of the CPP chamber paired with VR demonstrated a conditioned activation of DA 

neurons of the lateral VTA, suggesting that activation of subpopulations of midbrain DA 

neurons could contribute to direct pathway activation during voluntary exercise reward. In 

contrast, no such cfos mRNA increases were observed in midbrain DA neurons of FR rats 
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re-exposed to the side of the CPP chamber paired with FR. Together, these data are 

consistent with the idea that rewarding effects of exercise contribute to exercise-induced 

stress resistance, as both VR and FR produce stress resistance (Greenwood et al., 2013) and 

our data suggest are also both rewarding. Moreover, these data offer insight into the neural 

circuitries and mechanisms underlying exercise reward and provide potential targets for 

future investigations of exercise reward and exercise-induced stress resistance.

The accumulation of ΔFosB in the NAc has been observed in response to a variety of drug 

and natural rewards, and ΔFosB is thought to mediate the rewarding effects of these 

manipulations (Hope et al., 1994; Nestler et al., 1999; Perrotti et al., 2008; Wallace et al., 
2008; Pitchers et al., 2013). Consistent with ΔFosB being responsive to natural rewards, 

Werme et al. (2002) reported that 4 weeks of voluntary exercise increased ΔFosB in the 

NAcC of mice (Werme et al., 2002). Using an antibody non-selective for FosB/ΔFosB, we 

observed a similar increase in the NAcC and NAcS following 6 weeks of voluntary wheel 

running in rats (Greenwood et al., 2011). Interestingly, the increase in ΔFosB in the NAcC 

occurs selectively in dynorphin-positive, D1-expressing direct pathway neurons, and 

overexpression of ΔFosB in this neuronal population, but not enkephalin-positive, D2-

expressing indirect pathway neurons, increases wheel running behavior (Werme et al., 
2002). Direct-pathway neurons are well known to be responsive to increases in reward-

related phasic activity of midbrain DA neurons, and direct pathway neurons can themselves 

contribute to reinforcement and reward, as indicated by an increase in lever pressing and 

CPP in response to optogenetic stimulation of DS and NAc direct pathway neurons (Kravitz 

et al., 2012b). It is therefore possible that the increase in ΔFosB following voluntary exercise 

could be a consequence of DA signaling in the striatum and be an important contributing 

factor to exercise reward and the motivation to exercise.

Using a ΔFosB antibody with little cross-reactivity to the transient FosB, we show that the 

accumulation of ΔFosB in response to exercise occurs not only in the ventral striatum, but 

also the medial DS (Figure 3), a region implicated in movement, goal-directed behavior, and 

reward (Kravitz & Kreitzer, 2012b). Moreover, increases in ΔFosB were not selective to 

voluntary exercise. FR also increased ΔFosB in these same regions, suggesting that exercise-

related signaling responsible for the induction of ΔFosB occurs regardless of exercise 

controllability. The current results also are consistent with a role for DA in mediating the 

observed increase in striatal ΔFosB. Rats exposed to VR or FR conditions were sacrificed 

during the peak of their active cycle and activation of midbrain DA neurons was assessed 

with double-label TH / pCREB IHC. Although exercise-induced increases in double-

labeling in the SN, the main origin of DA projections to the DS, did not reach significance 

(Figure 2), both VR and FR increased the percentage of activated DA neurons in the lateral 

VTA, relative to Locked wheel treatment. These data suggest that activation of a distinct 

population of VTA DA neurons could contribute to the increase in ΔFosB observed 

following VR or FR. It is interesting that lateral, but not medial, VTA neurons seem to be 

most sensitive to exercise. Emerging data suggest that distinct circuits within the VTA differ 

in their roles in reward (Lammel et al., 2014). Lammel et al. (2012), for example, reported 

that whereas optogenetic stimulation of the laterodorsal tegmentum elicited a strong c-Fos 

response in the lateral VTA and CPP to the location where the optical stimulation occurred, 

optogenetic stimulation of the lateral habenula produced a strong c-Fos response in the 
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medial VTA and conditioned place aversion (Lammel et al., 2012). Based on these data, the 

IEG response observed in DA neurons of the lateral VTA could be contributing to the 

rewarding effects of exercise, in part, by increasing ΔFosB in the striatum. However, because 

contribution of the VTA to DS DA is minimal (Fallon, 1988), it is unlikely that lateral VTA 

activity significantly influenced the increase of ΔFosB observed in the DS. Instead, it is 

possible that activity of SN DA neurons that is inadequate to elicit a detectible increase in 

pCREB, or other mechanisms within the DS, could be responsible for the increase in DS 

ΔFosB following exercise.

An increase in ΔFosB in direct pathway neurons in response to exercise could directly 

contribute to the stress-protective effects of exercise. Indeed, overexpression of ΔFosB in 

direct pathway neurons of the DS or NAc (Vialou et al., 2010; Nestler, 2015) and higher 

levels of dynorphin mRNA in the DS (Berube et al., 2013), which is specific to direct 

pathway neurons in this region, are both associated with resistance to social defeat stress. 

Although increase in ΔFosB in response to voluntary exercise occur specifically in direct 

pathway neurons (Werme et al., 2002), it remains unknown whether the observed increase in 

ΔFosB after FR occurred in similar neuronal populations. Exposure to chronic stress can 

increase ΔFosB in both direct and indirect pathway neurons in the NAc (Perrotti et al., 2004; 

Lobo et al., 2013). Because FR rats gain less weight over time compared to VR (Figures 2 

and 5, and (Greenwood et al., 2013)), and our prior study indicated that FR elicited other 

indices of chronic stress such as adrenal hypertrophy and thymic involution (Greenwood et 
al., 2013), it is possible that a portion of the ΔFosB induced by FR occurred within indirect 

pathway neurons as a consequence of stress. This seems unlikely when considered in light of 

the observation that FR produces robust protection against anxiety- and depression-like 

behavioral effects of subsequent acute uncontrollable stress (Greenwood et al., 2013). 

Interestingly, a proportion of mice exposed to chronic social defeat stress are resistant to the 

depression-like consequences of the defeat, and these stress-resistant mice display an 

increase in ΔFosB selectively within direct-pathway neurons of the NAc (Lobo et al., 2013). 

Thus, it is possible that manipulations that foster stress resistance, such as FR, increase 

ΔFosB in direct pathway neurons despite the potential presence of a stress response. Future 

studies will be required to characterize the contribution of stress and to identify the specific 

neuronal population in which ΔFosB increases following FR. We also cannot completely 

rule out the possibility that the ΔFosB antibody used bound to the smaller isoforms of 

ΔFosB which, rather than accumulating over weeks of running, could have increased rapidly 

during the acute exercise session prior to sacrifice.

In addition to increasing ΔFosB and activating DA neurons in the lateral VTA, both VR and 

FR increase CPP to the side of a chamber paired with the after-effects of the exercise (Figure 

5C). CPP is a common rodent model of reward, and CPP can be observed following drugs of 

abuse or naturally rewarding stimuli (Mucha et al., 1982; Chesworth et al., 2015; Mustroph 

et al., 2015). It may be surprising that rats will develop CPP to forced exercise, especially in 

light of the classic signs of chronic stress adaptations present in FR rats. Indeed, because the 

wheels were not actually contained within the paired side of the CPP chambers, it is possible 

that the CPP observed in FR rats developed not to the rewarding after-effects of the exercise, 

but developed instead to the cessation of forced exercise. Although this possibility cannot be 

ruled out, the interpretation that the CPP developed to rewarding effects of exercise is 
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supported by the observations that FR elicits stress resistance (Greenwood et al., 2013), 

increases striatal ΔFosB and activity of lateral VTA DA neurons, and that rats will learn to 

lever press for forced rotations of a rotating drum, despite the fact that the rats lacked control 

over the revolutions of the drum after it was switched on (Kavanau, 1967). These data 

suggest that rats find wheel running rewarding regardless of its controllability.

Whether the current results would extend to treadmill training, another type of forced 

exercise, remains unknown. The common use of aversive stimuli such as electric foot shock 

to motivate the animals to treadmill run would present a difficult confound to overcome. 

However, an important difference between typical treadmill training paradigms and the 

forced wheel running used in the current studies could be the pattern of running. Typical 

treadmill training studies, including our prior study in which treadmill training failed to 

produce stress resistance (Greenwood et al., 2013), force rats to run continuously at one 

speed for durations up to an hour. In contrast, FR rats were forced to run in brief running 

bouts (average of 2.04 ± 1.95 min), and at constantly varying speeds, characteristic of 

voluntary wheel running (Greenwood et al., 2013). Rather than using treadmill training, 

future experiments using motorized wheels can manipulate the pattern of running in order to 

determine if there are preferred running patterns that produce CPP and stress resistance.

CPP is a Pavlovian learning phenomenon in which a rewarding stimulus is associated with 

one side of the CPP chamber (the paired side), and a neutral stimulus is associated with the 

opposite (unpaired) side. Since rats preferred the side of the chamber paired with the after 

effects of exercise, an effect of exercise that lingers beyond the termination of acute exercise 

likely became associated with the paired side of the CPP chamber during CPP training. It is 

therefore possible that re-exposure to the paired side of the CPP chamber would illicit 

conditioned activation of these same after-effects through similar Pavlovian processes. To 

investigate whether midbrain DA neurons and striatal direct pathway neurons become 

activated during re-exposure to the paired side of the CPP chamber, versus the unpaired side, 

rats that went through 30 days of CPP training were re-exposed to either the paired or 

unpaired side and double TH / cfos mRNA (midbrain) or dynorphin / cfos mRNA (striatum) 

neurons were labeled with FISH. Re-exposure to the paired side, relative to the unpaired 

side, elicited an increase in the percentage of dynorphin-positive, direct pathway neurons in 

the DS, NAcC, and NAcS (Figure 7B). These data suggest that activation of striatal direct 

pathway neurons occurs concurrently with exercise CPP. Importantly, cfos mRNA within 

dynorphin-positive neurons does not appear to be a consequence of locomotor activity. 

Although there was a pattern of greater overall cfos mRNA in both dynorphin-positive 

(Figure 7B) and -negative (Table 2) neurons in the striatum of FR rats compared to VR rats, 

rats within the VR and FR groups had similar histories of exercise, and rats re-exposed to the 

paired side displayed locomotor activity during re-exposure equal to rats re-exposed to the 

unpaired side.

DA signaling through D1 receptors is one mechanism by which striatal direct pathway 

neurons can be activated. Since cfos may not have been the optimal IEG with which to 

assess activation of the SN given its low levels of expression within the SN, the potential 

contribution of SN DA neurons to DS direct pathway activation remains unknown. In the 

lateral VTA, however, re-exposure to the paired side of the CPP chamber elicited an increase 
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in the percentage of TH-positive neurons that contained cfos mRNA in VR rats (Figure 6B). 

Thus, re-exposure to the side of the CPP chamber increases activity of a portion of VTA DA 

neurons that could contribute to NAc direct pathway activation and the rewarding effects of 

exercise. No such pattern of VTA activation was observed in FR rats (Figure 6B). Therefore, 

in FR rats, activation of direct pathway neurons during re-exposure to the paired side of the 

CPP chamber may be driven by a source other than activity of VTA neurons. Activity of 

striatal direct pathway neurons is modulated by a variety of factors including glutamate, 

endocannabinoids, adenosine, acetylcholine, endogenous opioids, and GABA. Of these, 

there is evidence that an opioidergic mechanism of DA and/or direct pathway modulation 

and reward occurs in exercising rats. Voluntary exercise produces plasticity in opioidergic 

systems in the striatum (Werme et al., 2000; Brene et al., 2007; Greenwood et al., 2011), and 

CPP to the after-effects of acute voluntary exercise can be blocked by the opioid receptor 

antagonist naloxone (Lett et al., 2001).

In conclusion, we present the novel findings that the rewarding effects of exercise are 

independent of exercise controllability. Both voluntary and forced wheel running increase 

ΔFosB in the striatum, activate midbrain DA circuits implicated in reward, and produce CPP 

to the after-effects of exercise. These data are especially interesting in light of the clear 

consequences of chronic stress present in the FR rats. Despite apparent chronic 

physiological stress, FR still elicits neurochemical and behavioral indices of reward, 

although a contribution of stress to these observation can't be ruled out. Our data also 

implicate direct pathway neurons of the DS and NAc in the rewarding effects of exercise. 

Interestingly, however, whereas data are consistent with activity of VTA DA neurons driving 

striatal direct pathway activation during voluntary exercise reward, similar evidence does not 

exist for FR. Together, these data suggest that striatal direct pathway neurons represent a 

promising target for modulation of rewarding / reinforcing effects of exercise, exercise 

motivation, and stress resistance. Should these data translate to humans, they imply that 

midbrain DA and striatal circuits implicated in reward and stress resistance may be recruited 

during exercise even in those individuals who perceive exercise as “forced,” such as military 

personnel, professional athletes, those to whom exercise is prescribed by health care 

providers, or those who perceive exercise as a stressor.
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Figure 1. 
Experimental timelines. A) Following 5 nights of voluntary wheel running, rats were 

assigned to Locked, voluntary running (VR) or forced running (FR) groups. Rats were 

placed into their assigned Locked, VR, or FR wheels 5 nights a week for 6 weeks prior to 

sacrifice for immunohistochemistry (IHC) for tyrosine hydroxylase / pCREB or ΔFosB in 

the midbrain or striatum, respectively. B) Following 5 nights of voluntary wheel running, 

rats were assigned to voluntary running (VR) or forced running (FR) groups and nightly 

running was subsequently restricted to 2 h. Rats were placed into their assigned voluntary or 

motorized wheels for the first 2 h of the active cycle for 15 consecutive nights prior to 

assessment of baseline conditioned place preference (CPP). Following baseline CPP, CPP 

training was initiated. During CPP training, rats were exposed to the paired side of the CPP 

chamber following 2 h of either VR or FR during the first 2 h of the active cycle, or, on 

alternating nights, the unpaired side of the CPP chamber following 2 h of exposure to an 

empty rat cage. Probe trials, during which the barrier separating the 2 sides of the CPP 

chamber was removed, were conducted every 10 days. One additional day of paired CPP 

training took place the day after the 3rd probe trial. Then, the next day, rats were re-exposed 

to either the unpaired or paired side of the CPP chamber for 30 min prior to sacrifice via 

rapid decapitation for assessment of neural activation patterns with double fluorescent in situ 
hybridization (FISH). C) CPP apparatus used in experiment 2. The barrier between the two 

halves of the CPP chamber is removed to show the floor textures.
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Figure 2. 
Running distance and body weights of rats used in Experiment 1. A) Voluntarily running 

(VR) rats ran more than forced running (FR) rats during weeks 2 and 3 (* p < 0.05). B) 

Locked rats weighed more than exercising rats during weeks 3 and 5 (* p < 0.05 relative to 

both VR and FR groups). Additionally, FR rats weighed less than Locked and VR rats 

during weeks 4 and 6 (Ɵp < 0.05 relative to Locked and VR groups). Points represent group 

means ± SEM.
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Figure 3. 
Exercise, regardless of controllability, activates dopamine neurons in the lateral ventral 

tegmental area (VTA). A) Figure from the atlas of Paxinos and Watson showing the regions 

analyzed in the VTA and the substantia nigra (SN). B) Photomicrograph showing tyrosine 

hydroxylase (TH; light brown) and pCREB (dark brown/black) immunostaining in the 

lateral VTA (400x magnification). C) Six weeks of voluntary (VR) and forced (FR) running 

increased the percentage of TH neurons in the lateral VTA that contained pCREB, relative to 

Locked controls (* p < 0.05 relative to Locked group). Bars represent group means ± SEM.
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Figure 4. 
Exercise, regardless of controllability, increases ΔFosB in the medial dorsal striatum (DS) 

and nucleus accumbens (NAc). A) Figure from the atlas of Paxinos and Watson showing the 

regions analyzed in the DS, NAc core (NAcC) and NAc shell (NAcS). B) Six weeks of 

voluntary (VR) of forced (FR) running increased ΔFosB in the medial DS, NAcC, and 

NAcS, but not the lateral DS (* p < 0.05 relative to Locked controls). C-E) Representative 

photomicrographs depicting immunostaining of ΔFosB in the medial dorsal striatum. F-H) 

Representative photomicrographs depicting immunostaining of ΔFosB in the NAcC. Bars 

represent group means ± SEM.
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Figure 5. 
Both voluntary (VR) and forced (FR) wheel running produce conditioned place preference 

(CPP). A) Rats in the VR condition ran more than FR rats during the first phase of 

Experiment 2, when rats were placed in their wheels for the entire active cycle for 15 

consecutive nights. After the start of CPP training, when running was restricted to 2 h per 

night for every-other night, VR rats began to run less than FR rats (* p < 0.05). B) FR rats 

weighed less than VR rats at the time of baseline (BL) CPP testing and during the time of 

the 3rd probe trial (P3; * p < 0.05). C) Both VR and FR produced an increase in preference 

for the paired side of the CPP chamber (*p < 0.05 relative to baseline CPP). P1, probe 1; P2, 

probe 2; P3, probe 3. Data represent group means ± SEM.
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Figure 6. 
Activation of ventral tegmental area (VTA) dopamine neurons in response to voluntary and 

forced exercise reward. A) Photomicrograph (200x magnification) showing DAPI (blue), 

tyrosine hydroxylase (TH) mRNA (red), cfos mRNA (green), and triple-labeled (yellow, 

designated by arrows) cells in the lateral VTA. B) Re-exposure to the side of the conditioned 

place preference chamber paired with voluntary running (VR), but not forced running (FR), 

elicited an increase in the percentage of double TH/cfos mRNA-labeled cells in the lateral, 

but not medial, VTA of VR rats (*p < 0.05). Bars represent group means ± SEM.
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Figure 7. 
Activation of dorsal striatum (DS) and nucleus accumbens (NAc) regions in response to 

voluntary and forced exercise reward. A) Photomicrograph (200x magnification) showing 

DAPI (blue), dynorphin mRNA (red), cfos mRNA (green), and triple-labeled (yellow, 

designated by arrows in inset) cells in the DS. B) Re-exposure to the side of the conditioned 

place preference chamber paired with voluntary running (VR) or forced running (FR) 

elicited an increase in the percentage of double dynorphin/cfos mRNA-labeled cells in the 

lateral DS, medial DS, NAc core (NAcC), and NAc shell (NAcS; * p < 0.05 paired vs. 

unpaired; Ɵ p < 0.05 FR vs. VR). Bars represent group means ± SEM.
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Table 1

Dependent Variable Brain Region Sedentary Voluntary Run Forced Run

# of TH+ cells

SN 22.8 ± 2.2 19.6 ± 2.2 15.8 ± 2.6

Lateral VTA 73.2 ± 5.7 73.7 ± 5.2 74.6 ± 4.8

Medial VTA 72.6 ± 3.5 66.6 ± 2.9 68.5 ± 4.2

# of pCREB+ cells

SN 9.6 ± 0.8 12.7 ± 0.9 13.3 ± 1.7

Lateral VTA* 36.5 ± 3.1A 43.8 ±1.4 48.1 ± 2.7

Medial VTA 31.5 ± 2.0 31.4 ± 1.8 32.9 ± 1.5

*
main effect of exercise (p<0.05)

A
different from all other groups (p<0.05)
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