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Abstract

The ranges of mechanisms by which exercise affects energy balance remain unclear. One potential 

mechanism may be that exercise reduces intake and preference for highly palatable, energy dense 

fatty foods. The current study used a rodent wheel running model to determine whether and how 

physical activity affects HF diet intake/preference and reward signaling. Experiment 1 examined 

whether wheel running affected the ability of intracerebroventricular (ICV) µ opioid receptor 

agonist D-Ala2, NMe-Phe4, Glyol5-enkephalin (DAMGO) to increase HF diet intake. Experiment 

2 examined the effects of wheel running on the intake of and preference for a previously preferred 

HF diet. We also assessed the effects of wheel running and diet choice on mesolimbic 

dopaminergic and opioidergic gene expression. Experiment 1 revealed that wheel running 

decreased the ability of ICV DAMGO administration to stimulate HF diet intake. Experiment 2 

showed that wheel running suppressed weight gain and reduced intake and preference for a 

previously preferred HF diet. Furthermore, the mesolimbic gene expression profile of wheel 

running rats was different from that of their sedentary paired-fed controls but similar to that of 

sedentary rats with large HF diet consumption. These data suggest that alterations in preference 

for palatable, energy dense foods play a role in the effects of exercise on energy homeostasis. The 

gene expression results also suggest that the hedonic effects of exercise may substitute for food 

reward to limit food intake and suppress weight gain.
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1. Introduction

Reduced physical activity and unhealthy diet choices are predominant factors that contribute 

to the global obesity crisis (Lenard and Berthoud, 2008, Berthoud, 2012). Physical activity 

has multiple beneficial effects on general health. Data from animal models and clinical 

studies have suggested that sufficient physical activity can improve cardiovascular function 

(Park et al., 2012), glucose metabolism (Boersma et al., 2012, Cadeddu et al., 2014), mood 

disorders (Cunha et al., 2013, Wegner et al., 2014), and lead to healthy weight maintenance 

and weight loss (Anderson et al., 2001, Swift et al., 2014). While regular physical exercise 

can sustain a healthy weight or a weight loss regimen, the range of mechanisms by which 

exercise contributes to the control of body weight remains unclear.

One potential mechanism is through reducing intake of and preference for highly palatable, 

energy dense foods. According to National Weight Control Registry of the USA, individuals 

who successfully maintain ≥ 30 lbs (13.6 kg) weight loss for over one year exercise 

persistently e.g., an average weekly energy expenditure of 2853.6 kcal from physical 

activity. The data also indicate a negative relationship between physical activity and fat 

intake i.e. the more exercise the less fat intake (Ogden et al., 2012). Nonetheless, the few 

studies on exercise and macronutrient intake in human subjects have not provided consistent 

results (Elder and Roberts, 2007, Donnelly et al., 2014). The primary limitations of studies 

involving human subjects include the control of the amount and intensity of exercise 

between and within subjects and food intake assessment. Furthermore, considerable 

variation in daily food intake and energy expenditure in humans has been reported (Edholm 

et al., 1955, Bray et al., 2008). The studies that have investigated the effects of exercise on 

food intake/selection, however, normally measured food intake of only a single meal each 

prior to and after exercise regimen. Taken together, the fact that no consistent conclusions 

can be drawn from those studies may reflect the difficulty of using human subjects to 

elucidate physiological interactions among exercise, appetite, and the multiple regulatory 

mechanisms controlling food intake. Thus, the current study applied a diet choice (high 

carbohydrate chow vs. high fat diet) protocol in a well-developed rat wheel running model 

to examine the effects of voluntary physical activity on high fat (HF) diet intake and 

preference.

Previous studies have demonstrated that infusion of a µ opioid receptor agonist D-Ala2, 

NMe-Phe4, Glyol5-enkephalin (DAMGO) into the brain increases HF diet intake and 

preference (Bakshi and Kelley, 1993, Zhang and Kelley, 2000). Furthermore, opioid 

agonists and antagonists have been reported to enhance or attenuate wheel running activity 

and the effects produced by it (Boer et al., 1990, Lett et al., 2001, Sisti and Lewis, 2001). 

Despite these effects, no study has examined how highly palatable food and physical activity 

interact to alter µ opioid receptor stimulated behaviors and related gene expression. This 

study examined whether and how exercise affects HF diet preference from two perspectives. 

Experiment 1 tested whether wheel running alters DAMGO induced increases in HF diet 

intake/preference. Because µ opioid receptors undergo several post-translational 

modifications (Zheng et al., 2010), using a selective µ opioid receptor agonist, such as 

DAMGO, will allow us to accurately assess the interaction between wheel running and 

highly palatable food intake on µ opioid receptor stimulated behaviors. Multiple studies have 
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reported that wheel running is rewarding (Belke, 1997, Greenwood et al., 2011, Meijer and 

Robbers, 2014) and may alter the drive for other rewards e.g. drugs of abuse (Smith et al., 

2008, Smith and Pitts, 2012) and palatable food (Satvat and Eikelboom, 2006, Scarpace et 

al., 2010). Thus, Experiment 2 examined whether wheel running reduces preference for a 

previously preferred HF diet. Both the dopaminergic and opioid systems mediate the 

intensity/amount (Boer et al., 1990, Sisti and Lewis, 2001, Knab et al., 2012, Roberts et al., 

2012, Klinker et al., 2013) as well as the rewarding effects of wheel running in rodents (Lett 

et al., 2001, Vargas-Perez et al., 2008, Greenwood et al., 2011, Rasmussen and Hillman, 

2011). Thus, Experiment 2 also determined whether wheel running alters the mRNA 

expression of dopaminergic and opioidergic genes in reward pathways.

2. Experiment 1: methods

2.1 Subjects

Sixteen male Sprague-Dawley (Harlan, Frederick, MD) rats weighing 250-275 g upon 

arrival were the subjects of this experiment. The rats were housed in a climate-controlled 

vivarium with a 12 h on//off light (0100)/dark (1300) cycle. Rats were individually housed 

either in metal wire-meshed hanging cages (the sedentary, Sed group) or conventional tubs 

equipped with a locked wheel (Mini Mitter, Philips Respironics, OR, USA; the wheel 

running, WR group). Due to limited number of running wheel cages, the Sed controls were 

housed in metal wire-meshed hanging cages. A standard chow diet (Harlan 2018, 3.1 kcal/g, 

58% carbohydrate, 24% protein and 18% fat; Harlan Laboratories, USA) and tap water were 

available ad libitum. All animal procedures were approved by the Institutional Animal Care 

and Use Committee at Johns Hopkins University and conformed to the guidelines of the 

National Institutes of Health.

2.2 Lateral intracerebroventricular (ICV) cannulation and verification

After two days of habituation, rats were anesthetized with a mixture of ketamine (100 

mg/kg, ip) and xylazine (20 mg/kg, ip) and mounted in a stereotaxic instrument. A 23-gauge 

stainless steel guide cannula (Plastics One, VA, USA) aimed at the lateral ventricle was 

implanted 4.5 mm below the skull, 0.8 mm caudal to bregma, and 1.6 mm lateral to the 

midline. A stainless steel dummy (Plastics One, VA, USA) was inserted into the cannula to 

maintain patency. After 8 days of postoperative recovery, body weight was more than 

preoperative level, and cannula placements were assessed by examining water intake 

without food or water deprivation in response to ICV angiotensin II (Sigma, MO, USA) 

administration. Rats were injected with 5 nmol angiotensin II in 5 μl of saline or saline alone 

and allowed 30-min access to bottles of water with drinking tubes. The criterion for correct 

placement and cannula patency was defined as 5 ml more water intake after angiotensin II 

than after saline vehicle administration. The same angiotensin II test was done again at the 

end of the experiment. Only data from the rats that met the criterion during both of the 

angiotensin II tests were included in the statistical analyses.

2.3. Procedures

Two-diet choice test. Three days after the cannulation surgery, rats had daily exposure to 

two diets simultaneously at the first 3 hrs of the dark cycle for 5 consecutive days. During 
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this period, Harlan 2018 chow was replaced by a Prolab chow (RMH 1000, 3.37 kcal/g, 

65.6% carbohydrate, 18.6% protein and 15.8% fat, LabDiet, MO, USA) and a HF diet 

(D12492, 5.24 kcal/g, 20% carbohydrate, 20% protein and 60% fat; Research Diets, NJ, 

USA). Intakes of these two diets were measured at 1 and 3 hr time point. The positions of 

the diets were alternated daily to prevent bias in the results if the rats develop a side 

preference. After 5 training days, the two-diet choice test occurred once when the WR rats 

had run for 2 wks and on the days the rats received an ICV injection.

Wheel running schedule—Two to three days after the initial angiotensin II placement 

verification, the wheels for the WR rats were unlocked and their voluntary running was 

recorded and analyzed through a computer and the Vital View Software System (Philips 

Respironics, OR, USA). All rats were provided with water ad libitum. Except for during the 

two-diet choice test, the Harlan chow diet was available at all times. The WR rats had free 

access to the running wheels until the end of the experiment.

ICV injection—After one week of wheel running access, ICV injections of DAMGO 

(Sigma, MO, USA) or saline vehicle (bacteriostatic 0.9% saline, HOSPIRA, IL, USA) 

began. The doses of DAMGO injected were administered in a randomized order of 3.2, 10, 

and 1 nmol (in 3 μl/injection). Saline injections occurred twice, once before and once 

between the DAMGO injections. To ensure the washout of DAMGO, there were at least 72 

hrs between each injection. The injections occurred between 30 min before and 30 min after 

the dark onset. Before the injections, Harlan chow diet was removed and immediately after 

the injection, the Prolab chow and HF diets were placed into the cage. One and 3 hr intakes 

of the two diets were measured. A summary of the experimental time line is listed in Table 

1.

2.4 Statistical analysis

Data were analyzed by one-way ANOVA, repeated-measures ANOVA, and post hoc Fisher 

LSD tests as appropriate using Statistica 7.1 (Tulsa, OK). Average intakes from the two 

saline ICV injections were used to compare with DAMGO effects on intakes. High fat diet 

preference was calculated as HF intake (g) divided by HF + Prolab chow intake (g). Data are 

presented as mean ± standard error of the mean (SEM).

3. Experiment 1: Results

Diet choice tests

At baseline training, both Sed (n=5) and WR (n=4) rats preferred the HF diet (average 

preference ratio > 0.98). There were no baseline differences in Prolab, HF or total energy 

intake (data not shown). Lateral DAMGO ICV injections differently affected total energy 

intake during the 3 hrs diet choice tests in the Sed and WR groups (Fig. 1). Total energy 

intake significantly increased in the Sed rats but remained unchanged or decreased in the 

WR rats after lateral DAMGO ICV injections [1 hr vs. 3 hr for group effect, F(1,7)=7.43 vs. 

11.94, both P<0.03 ; for DAMGO effect, F(3,21)=9.18 vs. 6.03, both P<0.004; for group χ 

DAMGO, F(3, 21)= 2.84 vs. 4.82, P=0.06 vs. <0.02]. The differences in total energy intake 

were due to differences in HF diet intakes because DAMGO administration did not 
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significantly affect chow intakes in either the Sed and WR rats. DAMGO significantly 

increased the HF diet intake in Sed but not in WR rats at both 1 hr and 3 hr [1 hr vs. 3 hr, for 

group, F(1, 7)=6.29 vs. 6.56, both P<0.05; for DAMGO, F(3, 21)=9.64 vs. 5.69, both 

P<0.006; for group χ DAMGO, F(3, 21)=2.80 vs. 3.54, P=0.07 vs. <0.04]. In Sed rats, 

DAMGO administration significantly increased the HF diet intake at 1 nmol (post hoc 1 hr 

and 3 hr, both P<0.02) and 3.2 nmol (post hoc 1 hr and 3 hr, both P<0.009). In contrast, 

DAMGO administration in WR rats did not change HF diet intake at the low and median 

doses but decreased intake significantly at 10 nmol (post hoc 1 hr and 3 hr, both P<0.03). As 

a result, HF diet intakes differ significantly between the Sed and WR groups at the dose of 

3.2 and 10 nmol (post hoc 1 hr and 3 hr, both P<0.02). Fig 2 shows the effects of DAMGO 

on 3 hrs intakes of chow and HF diet. Finally, the WR rats weighed less and so the intake 

data were also analyzed by normalizing to body weight. Results of repeated measure 

ANOVA with normalized intakes during the 3 hr intake test [group effect, F(1,7)=9.19, 

P<0.02; DAMGO effect, F(3,21)=4.2, P<0.02; group χ DAMGO, F(3, 21)=4.9, P<0.01] 

were consistent with the effects mentioned above. That is, high dose DAMGO reduced 

intakes during the 3 hrs test duration in WR rats.

Although HF diet intakes differed between groups after DAMGO treatment, it did not alter 

HF diet preference at 1 hr or 3 hr. Repeated-measures ANOVA revealed no effect of group 

[1 hr vs. 3 hr: F(1, 7)= 0.38, P=0.56 vs. F(1, 7)= 0.84, P=0.39], DAMGO dose [1 hr vs. 3 hr: 

F(3, 21)=0.78, P=0.52 vs. F(3, 21)=0.61, P=0.61] or the group and DAMGO interaction [1 

hr vs. 3 hr: F(3, 21)=0.21, P=0.89 vs. F(3, 21)=0.79, P=0.51].

Daily total intakes, wheel running activity and body weight

At baseline, the Sed and WR groups had similar total energy intake (average ranging 70 – 83 

kcal/day). Energy intake was reduced to 47.59 ± 2.19 kcal after the first day of wheel 

running. Daily energy intakes during the first 11 days of running were significantly less than 

not only the baseline intake of WR rats but were also significantly below the intakes of the 

Sed rats during the same period [Repeated measure ANOVA: group, F(1, 7)=136.78, 

P<0.0001; intake, F(14, 98)=4.07, P<0.0001; group × intake, F(14, 98)=2.50, P<0.005 ]. 

After 2 weeks of running, daily energy intake of the WR rats were comparable to that of the 

Sed rats and group differences only reappeared during DAMGO injection. That is, DAMGO 

injection increased total daily intake (sum of Harlan, Prolab and HF diets) in the Sed rats 

(average ranging 84.8 – 94.0 kcal), but the increases were not statistically significant. As 

mentioned above, DAMGO injection in the WR rats significantly decreased HF intake 

during the 3 hrs of the diet choice test at the doses of 3.2 and 10 nmol. Such decreases in HF 

intake were not compensated for since the total energy intakes during these two days were 

significantly less than baseline (3.2 vs. 10 nmol = 49.13 ± 5.26 vs. 49.29 ± 5.94 kcal). 

Repeated measure ANOVA comparing daily intakes at baseline and during DAMGO 

injection revealed significant effects of group [F(1, 7)=39.98, P<0.0004], intake [F(3, 

21)=8.61, P<0.0007] and group × intake [F(3, 21)=6.99, P<0.002].

Wheel running activity varied greatly among the WR rats (lowest vs. highest runner: 645.7 ± 

53 vs. 3283.8 ± 289.6 revolution/day; Fig. 3.). One way repeated measure ANOVA of the 

degree of wheel running suppression after ICV DAMGO administration revealed a 
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significant dose effect [F(3, 9)=8.38, P<0.006]. That is, DAMGO at 1 (pre vs. post ICV: 

1852.8 ±801 vs. 935.5 ± 149.9 revolution/day) and 3.2 nmol (pre vs. post ICV: 1785.3 ± 

1092.8 vs. 597.8 ± 277.4 revolution/day) significantly decreased wheel running (both post 

hoc P<0.02). Although the 24 hr running revolutions were reduced after DAMGO 

administration, the reduction in running appeared to occur outside the 3-hr chow and HF diet 

intake test. That is, repeated measure ANOVA comparing the 3-hr running activity on the 

day prior to and on the day of DAMGO administration revealed no significant effects of 

DAMGO injection [F(1, 6)=0.24, P=0.64]. During this 3-hr period, running activity also 

varied greatly among WR rats (lowest vs. highest runner: 92.6 ± 30.7 vs. 1566 ± 284.9 

revolution/3-hr). Among the WR rats, the three low runners increased (average prior day vs. 

the day of DAMGO injections: 111.2 ± 24.2 vs. 215.9 ± 75.2 revolution/3-hr) whereas the 

one high runner decreased (average prior day vs. the day of DAMGO injections: 1825.3 ± 

166.7 vs. 636.3 ± 134.6 revolution/3-hr) the 3-hr running activity in response to DAMGO 

injections.

Wheel running suppressed weight gain. Repeated-measures ANOVA comparing weekly 

body weight indicates significant effects of group [F(1,7)=7.48, P<0.03] and time [F(4, 

28)=16.04, P<0.0001] but not group × time interaction [F(4, 28)=1.51, P=0.23]. At pre-

running baseline, the two groups of rats had similar weight (average of 343 – 344 g). At the 

end of DAMGO experiment, WR rats weighed significantly less than the Sed ones (401.88 ± 

7.13 vs. 375.1± 6.66 g, P<0.02).

4. Experiment 2: methods

4.1 Subjects

A total of 44 male Sprague-Dawley (Harlan, Frederick, MD) rats weighing 250-275 g upon 

arrival were used in this experiment. Rats were housed in a climate-controlled vivarium with 

a 12 h on/off light (0400)/dark (1600) cycle. Due to the limited numbers of running wheels, 

the experiment was conducted in two cohorts. The first cohort included 3 groups: Naïve, 

sedentary (Sed) and wheel running (WR). The group assignment of the second cohort was 

similar to the first cohort except that a Paired-Fed group was included. Together, the subject 

number for each group was 13 for Naïve, 12 for Sed, 12 for WR, and 7 for Paired-Fed 

groups.

4.2 Procedures

Upon arrival, rats in the Naïve group were individually housed in conventional tubs with 

water and the standard Harlan chow (3.1 kcal/g, the same as in Experiment 1) available ad 

libitum. Naïve rats remained in the tubs throughout the experiment. Sed and WR rats were 

individually housed in tubs equipped with a running wheel (Mini Mitter, Philips 

Respironics, OR, USA) and, during habituation the wheels were locked. These rats had free 

access to water, the standard chow and a 60% HF diet (5.24 kcal/g, D12492, Research Diets, 

NJ, USA; the same as in Experiment 1). The locations of the chow and HF diet were 

alternated daily to prevent side preference. Initial side preferences were observed in 

approximately 90% of the rats. This behavior did not differ between groups. Once intakes of 

chow and the HF diet stabilized (2 weeks), the Sed rats remained sedentary and the wheels 
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were unlocked for the WR group. Voluntary running was recorded and analyzed through a 

computer and the Vital View Software System (Philips Respironics, OR, USA). The two-

diet choice and free running regimen continued for 16 days. Daily body weight and food 

intakes were measured during the light cycle between 0700 and 0900. The Paired-Fed rats 

were individually housed in conventional tubs. They were acclimated with free access to 

water and chow during the first week. From the 2nd week, their intakes were paired to those 

of the WR group. That is they received the amount of daily average intakes of chow and HF 

diet consumed by the WR group. The allotted foods for the paired-fed rats were provided at 

the time when body weight and intakes were measured.

At the end of 16 days running, foods were removed at 0700 and wheels for the WR rats were 

locked. After 3 hrs, rats were sacrificed with rapid decapitation. Sacrificing order was 

organized so that the timing of sacrifice for each group was distributed evenly. Brains were 

collected and instantly frozen on powdered dry ice and then stored at −80°C until further 

processing for RNA extraction.

4.3 Brain punch and real-time QPCR

The prefrontal cortex (PFC), nucleus accumbens (NAc) and ventral tegmental area (VTA) 

were punched from frozen coronal sections (300 – 600 µm) using a blunted 16G stainless 

steel needle (inner diameter = 1.65 mm) based on the coordinates described in Paxinos and 

Watson (Paxinos and Watson, 2007). Taking Bregma as reference, PFC and NAc were 

punched between +2.28 and +0.88 mm. The PFC punches were dorsal to the midline of the 

corpus callosum and the NAc punches were from the shell of the NAc located medial to the 

anterior commissure. The VTA was punched between −4.80 and −6.00 mm. The punches 

were dorsal to mammillary nucleus and medial to substantia nigra. Punches of PFC, NAc 

and VTA were put into QIAzol Lysis Reagent (QIAGEN, Valencia, CA) and homogenized 

immediately with a sterile pipet tip. RNA was extracted with the RNeasy Mini Kit 

(QIAGEN). For each individual sample, 500ng total RNA was used in reverse transcription 

using the QuantiTect Rev. Transcription Kit (QIAGEN). mRNA expression levels of target 

genes was determined by real-time QPCR using gene-specific TaqMan probes (Applied 

Biosystems, Foster City, CA) with TaqMan Gene Expression Master Mix (Applied 

Biosystems) on the ABI 7900HT Fast Real Time PCR system set for 40 PCR cycles. Probes 

used for RT-PCR are listed in Table 2. We measured mRNA for Actb (beta actin), DAT 

(dopamine transporter), D1R (dopamine receptor 1), D2R (dopamine receptor 2), OPRM1 

(opioid receptor µ1), and PENK (proenkephalin). To determine relative expression values, 

the 2−ΔΔCt method (Applied Biosystems) was used, where triplicate Ct values for each 

sample were averaged and subtracted from those derived from the housekeeping gene Actb. 

Data are expressed as relative fold change to levels of the Naïve controls.

4.4 Data analysis

Data included in the analysis were from 13 Naïve, 11 Sed, 10 WR and 7 paired-fed rats. One 

rat in the Sed group was water deprived by mistake at the beginning of the experiment and 

two in the WR group did not run once the wheels were unlocked. Thus, data from these rats 

were excluded. Although the locations of chow and HF diet were alternated daily to prevent 

side preference, signs of side preference i.e. significant higher HF intake on alternative days 
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were observed in some rats. To minimize such effect in statistical analysis, intake data are 

presented as 2 days blocks. The HF diet preference ratio was calculated as the kcal intake of 

the HF diet divided by total kcal intake within that block. Data were analyzed by ANOVA, 

repeated-measures ANOVA, or Student’s t tests for independent samples as appropriate 

using Statistica 7.1 (Tulsa, OK). Subsequent comparisons between groups were performed 

using Fisher LSD tests. Data are presented as the mean ± standard error of the mean (SEM).

5. Experiment 2: results

HF and chow diet intakes

After two weeks of exposure, all rats consumed significantly more of the HF than the chow 

diet (Fig. 4, top) and the HF diet preference ratio were >0.85 (Fig. 4, bottom). Wheel 

running significantly increased chow intake and decreased HF diet intake and preference. 

Two-way (group, block) repeated measures ANOVA revealed significant effects of group 

[chow vs. HF: F(1,19)=5.5 vs. 19.0, P<0.03 vs. 0.001], block [chow vs. HF: F(10,190)=4.5 

vs. 19.1, both P<0.001], and group × block interaction [chow vs. HF: F(10,190)=5.8 vs. 

14.0, both P<0.001]. As soon as the wheels were unlocked for the WR group, the HF intake 

reduced significantly. The reduced HF intake continued throughout the period of running 

(post hoc P<0.05 for blocks 1-8). The HF intakes were significantly less in the WR than in 

the Sed group for as long as the WR rats were running (post hoc P<0.05 for blocks 1-8). The 

chow intake in the WR group increased gradually and became significantly more than 

baseline level by block 4 (post hoc P<0.003 for blocks 4-7) and more than that of the Sed 

group by block 3 (post hoc P<0.05 for blocks 3-7). In contrast, the chow and HF intakes in 

the Sed rats remained constant during the same period. As a result, the HF preference ratios 

were significantly reduced in the WR group but remain unchanged in the Sed controls. 

These results are supported by two-way (group, block) repeated measures ANOVA with 

significant effects of group [F(1,19)=9.8, P<0.006], block [F(10,190)=6.9, P<0.001] and 

group × block interaction [F(10,190)=8.1, P<0.001]. The HF preference ratios of the WR 

group were significantly lower than at baseline (post hoc P<0.04, blocks 1-8) and those of 

the Sed controls in blocks 1-7 (post hoc P<0.009).

Energy intake, wheel running and body weight

Rats with access to both chow and HF diets (Sed and WR) had significantly higher energy 

intake per 2 day block than did the Naïve group at baseline (mean=124.9 – 133.8 kcal/

block). During this baseline period, total energy intakes did not differ between the Sed 

(mean=145.7 – 159.7 kcal/block) and WR (mean=152.3 – 167.1 kcal/block) groups. Two-

way repeated measures ANOVA comparing energy intakes throughout the experiment 

indicates significant effects of group [F(2, 31)=17.7, P<0.001], block [F(13, 403)=15.7, 

P<0.001] and group × block interaction [F(26,403)=11.6, P<0.001]. Immediately after 

wheels were unlocked, energy intake of WR rats significantly reduced to less than their 

baseline consumption and was also less than the intake levels in both the Sed and Naïve 

groups. The energy intakes for the WR group were significantly less than those of the Naïve 

group for 4 blocks (mean=96.4 – 118.4 kcal/block, post hoc P<0.03). At the end of the 

experiment, energy intake of the WR (last block=134.8 ± 4.8 kcal) group did not differ from 

either the Naïve (last block= 124.9 ± 2.7 kcal) or Sed, (last block=143.5 ±4.3 kcal) but the 
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intakes of Sed were significantly more than those of the Naïve ones (post hoc, P<0.001). 

Finally, because body weigh differed between groups (see below), energy intakes were 

normalized to body weight and the main effects remain when the normalized intakes were 

analyzed. Two-way repeated measures ANOVA comparing body weight normalized energy 

intakes throughout the experiment indicates significant effects of group [F(2, 31)=25.7, 

P<0.001], block [F(13, 403)=64.7, P<0.001] and group × block interaction [F(26,403)=9.9, 

P<0.001].

Running activity in the WR rats initially increased over days and then stabilized (Fig. 5). 

One-way repeated measure ANOVA revealed a significant time effect [F(15, 135)=4.9, 

P<0.001]. During the 16-day running period, the mean running activity rose from 518.4 ± 

74.5 revolutions on day 1 to a peak of 1907.8 ± 704.4 revolutions on day 13. Body weights 

on the day before wheels were unlocked were significantly different among groups [one-

way ANOVA, F(2, 31)=6.1, P<0.006]. At this point, Naïve rats (320.1 ± 2.7 g) with chow 

access weighted significantly less than the sedentary Sed (330.9 ± 4.1 g) and WR (336.5 ± 

3.6 g) rats with access to both the chow and HF diets. Running not only decreased energy 

intake but also suppressed weight gain. That is, after 16 days running, body weights of the 

WR rats (361.0 ± 4.7 g) became significantly less than that of the Sed rats (381.9 ± 6.6 g) 

but were not different from the body weight of Naïve controls [368.3 ± 4.2 g; one-way 

ANOVA, F(2, 31)=3.9, P<0.04]. The Paired-Fed rats arrived in the laboratory on the same 

days as the rats in the other groups. However, their experimental procedure began 1 week 

later, a time at which they weighed more than the rats in the other groups. During the entire 

experimental period, their intakes were first matched with average intakes of chow and HF 

diet in the sedentary Sed and WR rats. The last 16 days were matched with the average 

intakes of the running WR rats. Comparison of the percent weight gain during this 16-day 

period with one-way ANOVA revealed a significant group effect [F(3,37)=30.8, P<0.001]. 

That is, during this period percent weight gain from highest to lowest was: Naïve = Sed > 

Paired-Fed > WR (Fig. 6).

Gene expression

Data on gene expression of PENK, OPRM1 and DAT in the VTA are presented in Fig. 7A. 

One way ANOVA indicated a significant group effect on PENK expression [F(3,33)=4.9, 

P<0.007]. There was a trend for mRNA expression in the Sed and WR groups to be 

similarly elevated relative to that of the Naïve group (for both groups vs. Naïve, post hoc, 

P=0.06). While PENK gene expression in the Paired-Fed rats did not differ significantly 

from the Naïve levels, the level was significantly less than those in both the Sed and WR. 

There were also group differences in the mRNA expression of DAT in the VTA 

[F(3,30)=11.8, P<0.001]. Levels were similar in Naïve, Sed and WR groups and these levels 

were significantly lower than those in the Paired-Fed group. The mRNA expression of 

OPRM1 in the VTA was not affected by the various treatments [F(3, 33)=0.96, P=0.4].

Data on mRNA expression of PENK, OPRM1, D1R and D2R in the NAc and PFC are 

presented in Fig. 7B and Fig. 7C, respectively. In the NAc, the mRNA levels of PENK and 

D2R were significantly lower in the Paired-Fed group than those in the other 3 groups 

[F(3,36)=3.9 and 4.2, both P<0.02]. Furthermore, the one way ANOVA also revealed a 
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significant group effect for the gene expression of D1R [F(3,36)=3.2, P<0.04]. The mRNA 

expression of D1R in the Paired-Fed group was similar to that of the WR group but was 

significantly lower than those of the Naïve and Sed controls. Expression of OPRM1 mRNA 

did not differ among all four groups [F(3, 36)=0.5, P=0.7]. Finally, in the PFC, one-way 

ANOVA revealed no significant effect in any of the genes [PENK, OPRM1, D1R and D2R: 

F(3,36)=2.1, 0.3, 1.1 and 2.1; P=0.12, 0.82, 0.35 and 0.12] measured.

6. Discussion

Wheel running alters HF diet intake and/or preference under different feeding schedules. In 

Experiment 1, all rats preferred the HF diet to the high carbohydrate diet during intermittent 

3-hr diet choice schedule. Lateral ICV infusion of DAMGO significantly increased HF diet 

intake at the doses of 1 and 3.2 nmol in the sedentary rats. In contrast, the same DAMGO 

infusions not only failed to increase but actually significantly decreased HF diet intake at the 

dose of 10 nmol in rats with running wheel access. It is possible, however, that the reduction 

in HF diet intake in the WR group was caused by an aversive effect of DAMGO at the 10 

nmol dose. Nonetheless, these data indicate that running wheel activity can prevent 

hyperphagia induced by µ-opioid receptor stimulation. The use of a selective µ opioid 

agonist, such as DAMGO, to assess the intake of a more preferred diet compared with a less 

preferred diet allowed to determine the role of central µ opioid stimulation on diet intake and 

preference.

Experiment 2 examined whether wheel running access and the resulting activity alter intake 

of a preferred HF diet in a continuous ad lib access feeding schedule. Prior to wheel running 

access, rats developed persistent preferences to the HF diet and consumed significantly more 

HF than the high carbohydrate chow diet. As soon as wheel running access was allowed, the 

rats ran and reduced their HF diet intake significantly. Over the 16 days running period, the 

chow diet intake gradually increased. Consequently, the HF diet was less preferred by the 

WR rats that resulted in a HF diet preference ratio less than that of the Sed controls. 

Although Paired-Fed rats consumed the same amount of HF and chow diet as the WR rats, 

they had reduced expression of PENK in the VTA and NAc and D2R in the NAc but 

showed increased expression of DAT in the VTA. Intriguingly, the gene expression profiles 

of the WR and Sed rats were similar; both had elevated PENK expression in the VTA, 

despite differences in HF and chow diet consumption between the two groups. Overall, the 

results indicate that running exercise can reduce exogenous opioid agonist stimulated or 

daily non-stimulated HF diet intakes. Furthermore, running may maintain the gene 

expression profile of PENK and dopamine (DA) receptors at levels similar to those of rats 

maintained in sedentary condition without consuming comparably large amount of HF diet – 

the reward from wheel running activity appears to substitute for the reward derived from 

consuming a HF diet.

The findings that wheel running activity reduces the consumption of highly palatable foods 

are consistent with results from previous studies. The reduced intake of palatable foods as a 

result of wheel running has been demonstrated in different exercise and feeding paradigms 

as well as in different strains of rats. Daily or alternative-day access to running suppresses 

intake of a 24% sucrose solution in Sprague-Dawley rats (Satvat and Eikelboom, 2006). In 
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Fisher 344 and Brown Norway hybrid rats, wheel running not only reduces intake/

preference to a previously preferred HF diet (Scarpace et al., 2010) but also results in 

relative anorexia to both a familiar chow and a novel HF diet leading to severe weight loss 

(Scarpace et al., 2012). Furthermore, treadmill running reduces fat intakes of weight cycling 

female rats (Gerardo-Gettens et al., 1991). Taken together, previous findings and this current 

data indicate that, unlike the inconclusive results in human studies (Elder and Roberts, 

2007), exercise reduces intake and preference for highly palatable, energy dense food in rats. 

Data from this study further demonstrate that running suppresses weight gain even with HF 

diet available. The suppression of weight gain is not simply due to reduced intakes of chow 

and HF diet in WR rats compared to Sed rats with similar diet availability because sedentary 

Paired-Fed rats that consumed equal amount of chow and HF diets also gained significantly 

more weight than rats with wheel running access (Fig. 4). Accordingly, the results of percent 

weight gain and energy intake among Sed, WR and Paired-Fed groups indicate that running 

sustains a relative negative energy balance even with ad lib access to chow and HF diets.

The reduced responses to DAMGO stimulated HF diet intake in WR rats do not appear to be 

a result of general behavioral inhibition produced by DAMGO in wheel running condition. 

As mentioned above, the opioid system has been shown to modulate the intensity/amount of 

wheel running (Boer et al., 1990, Sisti and Lewis, 2001) in rodents. Depending on the 

dosage, the opioid receptor agonist morphine has been shown to have biphasic effects on 

wheel running activity (Schnur et al., 1983, Schnur et al., 1983). Low dose morphine 

enhances and high dose decreases wheel running activity (Schnur et al., 1983, Schnur et al., 

1983, Sisti and Lewis, 2001). The current result that ICV DAMGO administration reduced 

daily wheel running activity is consistent with these data and suggests that the alteration of 

wheel running activity by peripheral opioid agonist is a central effect. Furthermore, in 

combination with the result that WR rats also had reduced responses to DAMGO stimulated 

hyperphagia/HF intake, one would suspect that DAMGO administration in the wheel 

running condition may result in general behavioral inhibition. The answer to this question is 

complicated by the fact that the ICV injections themselves may affect wheel running activity 

and the effects of ICV injections on running may vary dependent on the activity level. At 

low running activity (<1000 revolution/day), saline injection did not alter running activity. 

As the running activity increased to above 1500 revolution/day, both saline and DAMGO 

injections suppressed running (Fig. 3). While a general behavioral inhibition may be 

excluded by the fact that running activity during the 3-hr intake test was not changed by 

DAMGO treatment, a conclusion cannot be made due to the low numbers of WR animals 

(n=4) with verified ICV DAMGO injection. The low subject numbers and lack of a running 

group without HF diet competition are limitations of Experiment 1.

This is one of the very few studies (Scarpace et al., 2010, Scarpace et al., 2012) that 

monitored daily, ad libitum intakes and choices between a standard high carbohydrate and a 

60% HF diet throughout a period of running wheel access. Sedentary rats exposed to 

simultaneous access to the high carbohydrate and HF diets highly preferred the HF diet 

during the first 2 wks of exposure i.e. HF diet preference ratio > 0.8. After two weeks of 

exposure, HF diet preference ratio may fluctuate but in general the ratio remained between 

0.7-0.8 (Fig. 3). Experiment 2 demonstrated that wheel running decreased preference to a 

previously preferred HF diet in male rats. Overall, we demonstrated that chronic wheel 
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running in rats produces a decreased HF diet preference and the running rats maintain 

significantly lower body weight as compared to sedentary rats with the same simultaneous 

access to the high carbohydrate and HF diets. The effects of exercise in human subjects are 

variable with some subjects responding to exercise and others not. Responders show 

significant reductions in energy intake and body weight whereas the non-responders increase 

energy intake with little weight loss (Hopkins et al., 2011). Furthermore, our results support 

the concept that wheel running is rewarding in rodents (Greenwood et al., 2011, Meijer and 

Robbers, 2014) and suggest that the rewarding property of wheel running may contribute to 

the decreased HF diet preference. In humans, however, only about half of the studies 

recording fat intake reported decreased fat intake in subjects with higher levels of physical 

activity and the rest studies failed to show any relationship (Donnelly et al., 2014). Given 

that the rewarding effects of exercise may be an important factor, one future approach for 

human studies may be to determine whether the responders and non-responders have 

differences in diet choice and in perceived reward during exercise.

To our knowledge, this is the first study to examine how wheel running affects opioid-

stimulated HF diet intake (Experiment 1). This is also the first study to assess changes in 

dopaminergic and opioidergic gene expression after simultaneous free access to wheel 

running and HF diet (Experiment 2). Both the dopaminergic and opioidergic systems 

underlie highly palatable food intake. As mentioned above, administration of opioid analogs 

in the brain increases intakes of foods and particularly those high in fat content (Zhang and 

Kelley, 2000, Gosnell and Levine, 2009). Compared to controls, rats that are prone to 

overconsume HF diet and diet-induced-obesity (DIO) have higher expression of PENK 

mRNA in multiple forebrain regions including the NAc (Chang et al., 2010). DAT function, 

D1R and D2R expression decrease after prolonged HF diet consumption and DIO in rats 

(Narayanaswami et al., 2013). In this study, although a significant change was not found in 

the NAc, both the Sed and WR rats with a history of HF diet consumption showed a trend 

toward increased PENK mRNA expression in the VTA. Dopaminergic mRNA expression in 

Sed and WR rats with 4 wks ad lib access to HF diet did not differ from that of chow Naïve 

controls. While not consistent with previous reports mentioned above, these results are 

consistent with the unchanged dopaminergic gene expression after short term (days – 2 wks) 

and prolonged (> 6 wks) HF diet exposure reported in other studies (South et al., 2012, Cone 

et al., 2013, Martire et al., 2014). Differences in types of HF diets, feeding schedule and 

brain collection protocol may contribute to differences in gene expression changes among 

the current and previous studies.

The results of this study also suggest that altered behavioral responses to exogenous opioid 

stimulation may not be accompanied by changes in mRNA expression in the mesolimbic 

opioidergic system. Although the running and feeding schedules between Experiment 1 and 

2 were not identical, the timing of DAMGO test and gene expression measurement both 

occurred after 2 wks of running. While Experiment 2 showed that PENK and OPRM1 

mRNA expression in WR brains did not differ from Naïve or Sed brains, Experiment 1 

revealed that the ability for DAMGO to increase HF diet intake were compromised in WR 

rats. Similar phenomenon of altered behavioral responses to exogenous agents without 

changes in endogenous mRNA expression has also been reported in the dopaminergic 

system (Cone et al., 2013). Furthermore, previous studies have demonstrated that wheel 
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running can reduce the rewarding and analgesic effects of morphine (Kanarek et al., 1998, 

Mathes and Kanarek, 2001, Lett et al., 2002). In combination with the current result of 

decreased responses to DAMGO-stimulated HF intake after wheel running, these data 

support the notion that cross-tolerance develops between exogenous opioid drugs and the 

endogenous opioid released during wheel running (Mathes and Kanarek, 2001).

Perhaps the potential mechanisms by which wheel running reduces HF diet intake/

preference are better understood by examining the gene expression results of the brain from 

Paired-Fed rats in Experiment 2. The data of Paired-Fed rats would indicate the effects of 

restricting intake of a previous abundant HF diet because the HF diet intake was matched 

with the WR rats and was significantly reduced for the two weeks period before the brains 

were collected. This two-week restriction resulted in increased gene expression of DAT in 

the VTA and decreased expression of PENK and D2R in the NAc. Such a gene expression 

profile is consistent with previous reports of the same genes in respective brain regions after 

restricted consumption of palatable HF, high sugar foods (Bello et al., 2003, Kelley et al., 

2003, Alsio et al., 2010). These changes in gene expression appear to be neural adaptive 

responses to limited availability of food rewards. The differences in mesolimbic 

dopaminergic and opioidergic gene expression profiles between WR and Paired-Fed rats that 

had the same chow and HF intake indicate the neural effects of wheel running. The 

expression profile of WR brains was actually similar to that of Sed brains that experienced 

more HF diet. Together with prior reports (Greenwood et al., 2011, Meijer and Robbers, 

2014), these data suggest that wheel running produces rewarding effects and furthermore, 

such effects may substitute for food reward.

The suggestion that wheel running may substitute for food reward does not necessarily 

imply a correlation between the levels of running activity and the degree of HF diet intake 

suppression i.e. the more the running activity the less the HF diet intake. Under ad libitum 

feeding and free running access conditions, physiological mechanisms to maintain balance 

between energy intake and expenditure play important roles in food intake and weight 

maintenance. Rats reduce food intake when initially provided with wheel running access. As 

the running access continues, running activity levels increase and food intakes also increase 

to maintain body weight i.e. no further weight loss. These phenomena are shown in the 

current study as well as previous studies (Tokuyama et al., 1982, Bi et al., 2005, Chao et al., 

2011). The results in Experiment 2 that HF diet intake increased toward the end of the 

experiment were not unpredicted because intakes of both the high carbohydrate and HF diets 

increased (Fig. 4) as energy expenditure increased with increased running (Fig. 5) and the 

HF diet preference ratio in the WR rats was maintained lower than that of the Sed rats. In 

Experiment 2, the Sed rats with access to both the high carbohydrate and HF diets were 

housed in the same wheel running cages as were the WR rats. The difference was that the 

wheels were locked for the Sed rats. Compared to the Naïve rats housed in cages without 

wheels, the Sed rats were housed in an enriched environment and they were often seen 

climbing the wheels. These Sed rats, however, did not show significant reduction in HF diet 

preference. Taken together, it does not appear that the changes in HF diet preference in the 

WR rats were due to the existence of the running wheel that may provide the opportunity for 

a competing behavior e.g. eating or interacting with the wheel. Nonetheless, the 

interpretation of the results in Experiment 2 is limited by not including Sed rats with two-
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diet choice and without locked wheels and WR rats without access to the HF diet. Because 

our goal was to assess the impact of physical activity on diet preference, we did not 

investigate the independent (i.e., under non-competing conditions) effects of DAMGO on 

wheel running or diet preference. Thus, the suppressive effects of DAMGO could have been 

influences by the conditions of our paradigm. In a similar fashion, the gene expression 

profile could represent a response to other aspects of our paradigm, such as response to diet 

novelty, and scheduling and entrainment consequences. Future experiments will be designed 

to account for these possible influences.
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Highlights

• Wheel running decreases high-fat diet intake after DAMGO injection.

• Wheel running decreases preference for previously preferred high-fat diet.

• Wheel running suppresses weight gain during high-fat diet exposure.

• Exercised and sedentary rats had similar reward gene expression profile.
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Fig. 1. 
First (top) and third (bottom) hour total energy intake of the chow and high fat (HF) diet. 

Rats were either sedentary (Sed) or with wheel running (WR) access. They received access 

to both a high carbohydrate chow and a HF diet for 3 hrs immediately after lateral ICV 

DAMGO ((µ-opioid receptor agonist) injection. Intakes (mean ± SEM) after 10 nmol 

DAMGO injection during 1 and 3 hrs were reduced in WR rats. *: saline vs. DAMGO in 

Sed rats; #: saline vs. DAMGO in WR rats, P< 0.05.
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Fig. 2. 
Three hours intakes of the chow and HF diet. Lateral ICV 1 nmol and 3.2 nmol DAMGO 

administration significantly increased HF diet intake in Sed rats. In contrast, 10 nmol 

DAMGO administration significantly decreased HF diet intake in WR rats. *: saline vs. 

DAMGO in SedHF, P<0.05; #: saline vs. DAMGO in WRHF, P< 0.05.
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Fig. 3. 
Average daily wheel running activity from 4 WR rats with verified functioning ICV 

cannulas in Experiment 1. The letter S and D indicates saline and DAMGO injection, 

respectively. Rats received ad lib access to standard chow diet during non-injection days. On 

the injection days, they received simultaneous access to a Prolab and a HF diet for 3 hours 

after the injection (see the description in Section 2).
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Fig. 4. 
Intakes of chow and HF diet (top) and HF diet preference (bottom) in Sed and WR rats. All 

rats were initially sedentary and wheel running access was provided to the WR rats after 

block 0. Wheel running significantly reduced HF diet and increased chow intakes. *, Sed vs. 

WR in chow intake (top) or in HF diet preference, P<0.05. #, Sed vs. WR in HF diet intake, 

P<0.05.
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Fig. 5. 
Average daily wheel running activity from 10 WR rats in Experiment 2. Rats received 

simultaneous ad lib access to a standard chow and a HF during this running period (see the 

description in Section 4).
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Fig. 6. 
Percent weight gain during the 16 days period when the WR rats run voluntarily. Rats with 

wheel running access (WR) showed significantly less percent weight gain compared to their 

sedentary Paired-Fed controls, Naïve with only chow diet and Sed with both chow and HF 

diet. Different letters indicate significant difference between the two groups (P<0.05).
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Fig. 7. 
Reward relative gene expression profile in the ventral tegmental area (VTA, A), nucleus 

accumbens (NAc, B) and prefrontal cortex (PFC, C). Data is expressed as relative fold 

change to the Naïve, chow only controls. The Sed and WR groups had simultaneous ad lib 

access to chow and HF diet. The Paired-Fed group was sedentary and their chow and HF 

diet intakes were matched with the WR group. Sed and WR brains had a trend of increased 

proenkephalin (PENK) gene expression in the VTA (for both groups vs. Naïve, post hoc, 

P=0.06). The Paired-Fed group showed decreased expression of PENK in the VTA and 

NAc, decreased dopamine receptor 1 (D1R) and dopamine receptor 2 (D2R) expression in 

the NAc and increased dopamine transporter (DAT) expression in the VTA. Overall no 

significant opioid receptor µ1 (OPRM1) expression changes were found. The Different 

letters indicate significant difference between the two groups (P<0.05).
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Table 1

Timeline of Experiment 1.

Time Day -16 and -15 Day -11 to -7 Day -4 and -3 Day 1-14 Day 15-38 Day 43

Procedures cannula
implantation

Diet Choice
Training

ICV
verification 1

Sedentary
vs. wheel
running

Sedentary
vs. wheel
running

ICV
verification 2

Diet test ad lib Harlan
chow

daily 3 hrs
Prolab and HF
diet choice
training

ad lib Harlan
chow

saline
injection with
diet choice
on day 7

injections
with diet
choice on
days 18, 25,
29, 34

ad lib Harlan
chow
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Table 2

List of TaqMan probes used for gene expression assays.

Gene Gene Refseq TaqMan

Symbol Name mRNA Assay ID

Actb actin, beta NM_031144.2 Rn00667869_m1

DAT dopamine transporter NM_012694.2 Rn00562224_m1

D1R dopamine receptor 1 NM_012546.2 Rn03062203_s1

D2R dopamine receptor 2 NM_012547.1 Rn00561126_m1

OPRM1 opioid receptor μ1 NM_013071.2 Rn01430371_m1

PENK proenkephalin NM_017139.1 Rn00567566_m1
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