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Background

Although it is well-known that obesity is closely associated with numerous 

maladies – including, but not limited to, coronary heart disease, hypertension, cardiac 

arrest, stroke, and Type-2 diabetes – the National Center for Health Statistics recently 

reported that 35% of American adults and 16% of American children, respectively, are 

obese (Ogden et al, 2014). In many Western societies, the historically-recent ubiquity of 

energy-dense foods, and decreased levels of physical activity, are two likely causes of 

increasing rates of obesity over the past several decades (Drewnowski & Levine, 2003). 

Physical Activity Guidelines for Americans recommends a minimum amount of moderate

to vigorous weekly physical activity; however, fewer than 10% of American adults fulfill 

these criteria (Tucker et al, 2011). Presently, the interrelations between motivating factors

(both genetic and environmental) underlying diet choice, propensity for exercise, and 

reward thus derived, are not well understood.

A review of correlates of human physical activity identified a number of candidate

genes that may be related to motivation for physical activity (Bauman et al., 2012). 

However, considerable variation in estimates of genetic heritability (perhaps owing to 

heterogeneous methodologies), and the present lack of evidence for a causal role on 

behalf of candidate genes, present questions which are not easily answered by cross-

sectional, or even longitudinal, surveys. Furthermore, complex behaviors are likely to be 

mediated by a network of genes rather than allelic variation; therefore, selective breeding 

for a desired trait may be a more ecologically-valid method for understanding the trait's 

neural substrates rather than studying the effects of single gene knock-in or -out models 
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(Rhodes, et al, 2005). 

Previous studies employing selectively-bred rodent models have developed 

phenotypes which exhibit high, but not low, levels of voluntary physical activity (e.g. 

Mathes et al., 2010). The omission of the low voluntary group has, until recently, resulted

in a failure to model physical inactivity, and its potential causes. Using a selective-

breeding model, our colleagues have developed rats that exhibit high- and low levels of 

voluntary wheel running (HVR and LVR, respectively) behavior. Work from their 

laboratory has examined the effects of dopaminergic neurotransmission on voluntary 

running (Roberts et al., 2012) and identified genes that are differentially expressed 

between the lines (Roberts et al., 2014; Roberts et al., 2013).

Opioids and palatability

While the analgesic properties of opioids have been known to humankind since 

antiquity – the Sumerians of Mesopotamia were cultivating opium over five thousand 

years ago, and perhaps earlier (Brownstein, 1993) – these agents' orexigenic properties 

were recognized only relatively recently. Martin et al (1963) reported that rats injected 

daily with the mu (μ) opioid receptor agonist morphine exhibited an increase in food 

consumption, among other physiological and behavioral changes. In contrast to the 

appetitive effects of μ-opioid receptor agonism, Levine et al (1985) found that 

administration of the μ-opioid receptor antagonist naloxone decreased rats' food intake. 

Lynch (1986) reported that rats' preference for a sweetened solution to water, which 

would otherwise develop over time, could be blocked by daily naloxone administration. 
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These findings suggested a role for opioids – particularly at the μ-receptor – in 

determining feeding behavior. However, it was not immediately apparent if μ-receptor 

mediation of food intake was due to a shift in homeostatic regulation, changes in 

perceived palatability, or if these processes should even be considered independently 

from one another. 

Early research attempting to characterize appetitive systems used measures which 

confounded appetite and palatability , or “liking” and “wanting”. Total food consumption,

lick rate of a sweetened solution, eating patterns, etc., are problematic measures, as they 

capture elements of both categories. In Toates' (1986) model of incentive motivation, 

liking/wanting is a single process or mechanism which incentivizes behavior. Indeed, in 

many natural circumstances, liking and wanting covary – when one is hungry vs. sated, 

sick vs. healthy, nutrient deficient, etc. Berridge (1996), however, “[distinguished] 

between affective processes of palatability/pleasure/displeasure (liking)...and the non-

affective but still motivational processes of appetite that translate into action (wanting)”. 

The question of how to operationalize (let alone quantify) the subjective hedonic or 

aversive state of a rat inspired development of new techniques to isolate systems believed

to underlie liking and wanting.

To quantify rats' pleasurable or aversive responses to a given taste, Grill & 

Norgren (1978) developed the taste reactivity test, in which varying concentrations of 

different solutions (sweet, salty, or bitter) were delivered directly into the animal's mouth 

through an indwelling cannula. Analysis of rats' orofacial gestures revealed characteristic 

reactions to the various tastes that were consistent across rats (e.g., lip- and paw-licking 
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in response to sucrose, or head-shaking and gaping after tasting a bitter quinine solution), 

and thereby provided a method for assessing the role of palatability in feeding behavior. 

In a series of experiments (Berridge, Venier, & Robinson, 1989; unpublished 

observations), dopaminergic neurons of the rat substantia nigra were lesioned so as to 

deplete the striatum of dopamine. Although rats lesioned thusly “remain capable of 

performing the movements needed for eating, they seem not to want food or any other 

incentive object. At least, they ignore these incentives when they are readily available” 

(Berridge, 1996). Neither hedonic nor aversive responses were found to differ between 

lesioned and intact animals, thus providing evidence that liking and wanting components 

could be manipulated independently at the neural level.

Using the taste reactivity test, Parker et al (1992) found that morphine reduced 

aversive responses to a bitter solution while naloxone reduced hedonic responses to a 

sweet solution, suggesting a role for opioids in taste palatability. Further investigation 

revealed that morphine injection causes an increase of both hedonic responses to a 

sucrose solution and food consumption in separate tests, supporting the notion that 

opioids promote feeding by enhancing the palatability of food (Doyle et al, 1993); in the 

context of a motivational model, opioids enhance the “liking” of palatable foods 

(Berridge, 1996). In support of opioids' role in palatability, Le Magnen et al (1980) found

that rats' preference for sweetened solutions could be eliminated by naloxone 

pretreatment. Consistent with results from animal studies, Fantino et al, (1986) reported 

that a systemic injection of the μ-opioid antagonist naltrexone in humans reduced 

participants' ratings of enjoyment in response to a sucrose solution; similarly, 
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Drewnowski et al (1992) found that naloxone reduced binge eaters' preference for sweet, 

high-fat foods, relative to baseline conditions. Crucially, μ-opioid agonism appears to 

enhance the palatability of a tastant independently of caloric content; relative to saline, 

intra-Acb DAMGO significantly increased intake of a sweet, non-caloric saccharin 

solution (Zhang & Kelley, 1997). The preceding evidence suggests that the increase (or 

decrease) in consumption following opioid modulation is due to change in the hedonic 

(or aversive) value of a given taste or food item, as mediated through the μ-receptor. 

Several potential loci for these processes were identified by analyzing the distribution of 

μ- and other opioid receptor subtypes in the adult rat brain; Mansour et al (1987) 

identified, among other brain regions within the greater mesolimbic system, the nucleus 

accumbens (Acb) of the ventral striatum.

Nucleus accumbens, opioids and feeding behavior

The Acb is a structure of the ventral striatum, which is in turn a component of the 

basal ganglia - a collection of subcortical nuclei which contribute to associational 

learning, emotional processing, and motor output, among other functions. Taste 

information arrives at the Acb from the brainstem's nucleus of the solitary tract (Ricardo 

& Koh, 1978), the gustatory cortex (Braun et al, 1982), and the amygdala (McDonald & 

Jackson, 1987). This pattern of inputs to the Acb suggests a role for the structure in 

integration of emotional, associational, and taste information; these functions are 

supported by the structure's outputs, which reach brain regions implicated in goal-

directed motor pattern selection, such as the lateral hypothalamus, ventral tegmentum, 
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substantia nigra, and ventral pallidum (Haber et al, 1990; Zahm et al, 1999). The Acb 

itself is primarily composed of inhibitory GABA-ergic medium spiny neurons, many of 

which are dense in μ-, kappa- (ϰ), and delta (δ) opioid receptors. Of these opioid receptor 

subtypes, agonism of the μ-receptor produces robust bouts of hyperphagia, while δ-

receptor agonism is less efficacious, and ϰ-receptor agonism does not appear to play a 

role in feeding behavior (Bakshi & Kelley, 1993). Intra-Acb microinjection of the μ-

opioid receptor agonist D-Ala2,Nme-Phe4,Glyol5-enkephalin (DAMGO) is the most 

prolific model of opioid-driven hyperphagia of palatable foods high in fat, sugar, and salt 

(Kelley et al, 2005; Zhang & Kelley, 2002; later, a subregion of the Acb – the rostral and 

dorsal quarter of the medial shell – would be identified as the μ-opioid mediated hedonic 

“hotspot” for increasing “liking” reactions (Pecina, 2005).

The Acb appears to be a necessary, but not sufficient, component of a distributed 

network responsible for μ-receptor-mediated hyperphagia of palatable foods. Temporary 

pharmacological inactivation of the lateral hypothalamus, dorsomedial hypothalamic 

nucleus, ventral tegmental area, or a subregion of the nucleus of the solitary tract (Will, 

Franzblau, & Kelley, 2003) is sufficient to prevent increased consumption of palatable 

food otherwise observed following intra-Acb DAMGO. Additionally, glutamatergic 

neurotransmission from the BLA to the Acb appears to be both necessary and sufficient 

for reward-seeking behavior when delivery of the reward is contingent on performance of

a learned action (Stuber et al., 2011). The ultimate object of μ-receptor-mediated 

hyperphagia is yet unresolved; Gosnell et al (1990) reported that morphine selectively 

increased consumption of rats' preferred diets, whereas Zhang, Gosnell, & Kelley (1998) 
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found that DAMGO microinjection caused rats to preferentially consume fat over a 

sucrose-sweetened carbohydrate diet. Regardless of whether intra-Acb DAMGO 

selectively enhances the reward of one palatable taste relative to others, or all palatable 

tastes to some degree, a large body of evidence suggests the Acb plays an integral role in 

μ-receptor-mediated hyperphagia. However, consumption of palatable food is but one 

modality of reward believed to be processed, at least in part, by activation of the brain's 

opioidergic systems.

Exercise & opioids

Regular exercise causes multifarious physiological changes throughout the body. 

Long-term running increases levels of circulating β-endorphin (Grossman & Sutton, 

1985), an endogenous opioid that may contribute to the “runner's high” (Janal et al, 

1984), a feeling of euphoria which occurs after distance running. Elevated levels of 

circulating β-endorphin may be secondary to exercise-induced downregulation of 

receptors for the ligand; the brains of rats exercised for 5 months on a treadmill expressed

fewer β-endorphin receptors than did those of sedentary controls (Houghten et al, 1986).  

Reduced expression of β-endorphin receptors following repeated exercise-induced release

of the ligand parallels the downregulation of μ-receptor expression after repeated 

administration of the partial μ-receptor agonist buprenorphine (Belcheva et al., 1993) or 

chronic infusion of the opioid agonist sufentanil (Diaz et al, 1995). 

Several converging lines of evidence suggest that the brain's neuroplastic 

responses to long-term exercise may share common mechanisms with drug use. Rats 
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which were allowed to voluntarily run for either 11 or 30 days self-administered 

significantly fewer doses of morphine in an operant lever-pressing task than did sedentary

controls (Hosseini et al, 2009). Furthermore, as few as 8 days' of voluntary running was 

sufficient to preclude the development of conditioned place preference to the effects of 

morphine (Lett, et al 2002). That the rewarding properties of morphine seem to have been

attenuated in both operant lever-pressing and conditioned place preference paradigms 

suggests that the value derived from exercise is a substitute for, or in competition with, 

drug reward. However,  Sisti & Lewis (2001) reported that intraperitoneal morphine 

increased voluntary wheel running, while it was reduced following naloxone treatment. 

This discrepancy may be due to methodological differences; in contrast to preceding 

experiments, rats in the latter study were allowed only limited running wheel access, 

which occurred in a separate cage from the animals' living quarters. Additionally, Sisti 

and Lewis used the same group of rats for three separate experiments. Although their 

drug treatment procedures were designed to minimize sensitization or tolerance, the 

authors could not rule out the possibility that either had occurred. Nevertheless, the 

foregoing evidence suggests a degree of overlap between the effects of endogenous and 

exogenous opioids on a variety of measures.

Although opioids present a clear liability for abuse, they are also widely used for 

analgesic purposes in a medical setting. In this context, too, some properties of exercise 

appear to parallel those of opioids. Compared to sedentary animals, rats which were 

allowed home-cage access to a running wheel were found to be less sensitive to the 

analgesic effect of morphine (Kanarek et al, 1998), its metabolite, morphine-6-
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glucuronide (Mathes & Kanarek, 2001), and several other μ-receptor agonists of varying 

efficacy (Smith & Yancey, 2003; Smith & Lyle, 2006) – operationalized as a greater 

latency to withdraw the tail from a heat source. These results suggest once again a 

common neural substrate for the multifarious effects of both exercise and opioids on the 

body, perhaps due to a cross-tolerance between β-endorphin and exogenously-

administered opioids. Indeed, the brain's response to both long-term exercise and drug 

admnistration are remarkably similar at the cellular and molecular levels.

Voluntary running is rewarding, and, over time, capable of altering an organism's 

behavior and affecting neuroplastic change within the mesolimbic reward pathway. In a 

conditioned place preference paradigm, rats spent more time in a context paired with the 

interoceptive after-effects of running than in a non-paired context (Greenwood et al., 

2011); this finding is consistent with the place preference rats develop when a context is 

paired with, e.g., an injection of cocaine or morphine. Additionally, the six weeks' of 

voluntary wheel running allowed by Greenwood et al caused an accumulation of ΔfosB, 

an early immediate gene involved in the neuroplastic response to rewarding stimuli, in 

the Acb. Accumulation of this factor is believed to enhance the rewarding value of drugs 

of abuse, and possibly running or other natural rewards (Werme et al., 2002). Other 

neuroplastic changes reported by Greenwood et al included increases in the expression of

intra-Acb δ-opioid-receptor, a decrease in Acb dopamine D2 receptor, and an increase in 

the catecholamine precursor tyrosine hyrdroxylase within the ventral tegmental area. 

Taken together, and in light of evidence considered previously, these results suggest that 

the reward derived from food-, drug-, and exercise may share common neural substrates, 
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and that repeated exposure to different modes of rewarding stimuli may elicit similar 

neuroplastic changes in motivational and reward-processing systems. 

Exercise and diet choice

Given that, in humans, two leading factors contributing to obesity appear to be the

overconsumption of palatable foods and low levels of physical activity, and in light of 

evidence that food- and exercise reward may share a common neural substrate, it is 

important to consider the extent to which diet selection may affect physical activity, and 

vice-versa. Voluntary wheel running has been associated with increased overall caloric 

intake, as well as consumption of carbohydrate – but not fat or protein – in a 

macronutrient selection paradigm (Oudot et al, 1996). This shift in diet preference may be

due to the ability of carbohydrates to increase blood glucose levels, thereby providing 

energy requisite for wheel running. In support of this notion, (Keeley et al, 2014) found 

that exercising female rats preferred a context previously paired with starch to a dextrose-

or un-paired context in a conditioned place preference paradigm. The preference for 

starch (a complex carbohydrate) over dextrose (a simple carbohydrate) amongst 

exercising animals suggests a response to the demands of physiology: complex 

carbohydrates maintain blood glucose at a more steady level than do simple 

carbohydrates (Crapo et al, 1981), thus providing a more reliable source of energy for 

exercise. In contrast to running rats' preference for carbohydrate, Scarpace, Matheny, & 

Zhang (2010) reported that one week of voluntary wheel running eliminated previously 

sedentary rats' preference for a high-fat diet to a less palatable standard rat chow, and that
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wheel running and the observed shift in diet preference were both associated with an 

increase in signaling of the “satiety hormone”, leptin. In the same study, rats' daily caloric

intake decreased during the period of wheel running, in contrast to, e.g., Oudot et al; this 

inconsistent pattern of results may be due to the possibility that the week of wheel access 

provided to rats by the Scarpace group (compared to 16 days in Oudot et al) was an 

insufficient amount of time to alter consummatory behavior. Additionally, differences 

may have arisen due to intrinsic differences between female dark agouti rats used by 

Oudot et al and male brown Norway rats used by Scarpace et al, or an interaction of 

wheel access, sex, and strain of rat. Given that both environmental factors and genetic 

background may affect intrinsic activity of opioidergic, dopaminergic, or other 

behavioral-motivational systems as they relate to food, drug, and exercise reward, and 

that a majority of the foregoing research has focused upon what motivates voluntary 

physical activity, but not inactivity, the need for a more comprehensive animal model of 

the spectrum of human activity (or lack thereof) became apparent.

HVR & LVR lines

The degree to which genetic and environmental factors influence an organism's 

level of voluntary physical activity or inactivity is not yet well understood. A recent study

of mono- and dizygotic human twins estimated the heritability of daily physical activity 

traits to range from approximately 30% for sedentary behavior, to 47% for physical 

activity energy expenditure; twins' non-shared environmental factors explained much of 

the remainder of variance in physical activity  (Hoed et al., 2013). Correlational studies 
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such as the above cannot infer causation, and variability between human participants is 

presently extremely difficult to control for or model to a satisfactory degree. To examine 

the factors underlying motivation to exercise, our colleagues have selectively bred 

(following Koch & Britton, 2001; Swallow, et al, 1998) Wistar rats to exhibit high- and 

low levels of voluntary wheel running (HVR and LVR, respectively). By the 9th 

generation, HVR rats ran longer distances, at a higher speed, for a longer duration, than 

did LVRs; HVR males ran 8.5 times longer distance over a period of two days than did 

LVRs, while the disparity was even greater in females (Roberts et al, 2013). These 

considerable differences in running behavior between lines could not be explained by 

inherent differences in, e.g., the quality of skeletal musculature, food consumption, or 

proportion of body fat (Roberts et al, 2013); however, sedentary HVR and LVR rats did 

differ in expression of 35 genes within the Acb, including the Oprd1 pathway, which 

codes for the δ-opioid receptor (Roberts et al, 2013). This pathway is of particular 

interest, as intra-Acb infusion of the δ-opioid receptor agonist DPDPE has been shown to 

increase locomotion (Simmons & Self, 2009). Intra-Acb DPDPE, and systemic or intra-

Acb DAMGO, were found to increase levels of extracellular dopamine, while systemic 

DPDPE had the opposite effect (Borg & Taylor, 1997). An interplay between opioidergic 

and dopaminergic systems may contribute to observed differences in physical activity 

between the lines; however, this finding must be interpreted with caution, as the 

correlation between spontaneous locomotor activity and wheel running is quite low 

(Eayrs, 1954). 

Further investigation of HVR and LVR lines revealed that, of the aforementioned 
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35 genes whose expression differed between lines under sedentary conditions, 13 

remained differentially expressed following 6 days' of wheel running, including pathways

which code for both the μ- and δ- opioid receptors (HVR > LVR); these genes may 

represent inherent line differences (Roberts et al., 2014). Additionally, the Acb of LVRs 

was composed of a greater number of immature medium spiny neurons (MSNs) than in 

HVRs, raising the possibility that differences in the growth and development of these 

cells may play a role in running behavior. A correlational analysis revealed a negative 

association between density of Acb MSNs and running distance in both lines. MSNs of 

the Acb project inhibitory GABAergic axons to the globus pallidus – part of the basal 

ganglia – which regulates voluntary movement (Smith & Bolam, 1990); this pathway 

may be a mechanism by which the neural configuration of the Acb affects voluntary 

wheel running.

Research Methods and Design

Adult male HVR and LVR rats were individually housed in a climate-controlled 

environment and randomly assigned to receive either an unlocked running wheel (RUN 

condition) or a section of white PVC tubing (SED condition). Animals were given ad 

libitum standard laboratory rat chow and water, and maintained on a 12-hour light/dark 

cycle throughout the course of the experiment.

For the initial 6 weeks, daily measurements of rats' bodyweights, food 

consumption, and running distance (when applicable) were recorded. All animals were 

then anesthetized and stereotaxically implanted with bilateral guide cannula to allow 

future delivery of intra-Acb DAMGO. Following a week of post-operative recovery, rats 
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began baseline, drug-naive assessment of diet preference in a free-feeding chamber.

To measure baseline diet preference, rats were placed in a chamber separate from 

the home cage and allowed simultaneous, non-contingent access to two diets: one high in 

fat (HF), the other high in carbohydrate (HC). Five such baseline assessments, lasting two

hours each, took place on consecutive days. In order to acclimate rats to the micoinjection

process, all animals received a sham injection followed by a saline injection on the sixth 

and seventh consecutive days, respectively. Data from baseline days 3, 4, 5, as well as 

sham and saline injections, were analyzed to determine if there existed any relations 

between phenotype (line by exercise conditions) on the dependent measures of total food 

consumption (kilocalories from both diets) and taste preference (kCal from HF : total 

kCal). 

During the test phase, each rat received vehicle saline and four doses of DAMGO 

in counterbalanced order, separated by at least a day's washout period. The DAMGO 

doses of 0.0025, 0.025, 0.25, and 2.5 μg / 0.5 μl were used so as to represent the range of 

doses commonly used in similar feeding studies. In addition to the between-subjects 

factors of line and exercise condition, the within-subject factor of DAMGO dose was 

considered in analyzing total consumption and preference.

Results

All data from each phase were analyzed using repeated measures analysis of 

variance (ANOVA) with between-subjects factors of exercise condition (RUN vs. SED) 

and line (HVR vs. LVR), and the within-subject factor of week (pre-surgery phase), 
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baseline session (drug-naive baseline phase), or DAMGO dose (treatment phase). Holm-

Bonferroni corrected pairwise comparisons were performed following significant 

omnibus ANOVA tests. 

Despite the ubiquity of null hypothesis significance testing (NHST), 

misinterpretations and misapplications of the p-value abound. The criterion by which 

effects are designated “significant” – that is, a p-value less than the traditional Type-I 

error rate of α = 0.05 – is rigidly arbitrary, and affords little room for further 

interpretation. Given the interpretation of even a very small p-value – that is, a very low 

probability of observing the same or more extreme data under the null hypothesis – it 

does not logically follow that rejection of the null hypothesis entails the validity of an 

alternative hypothesis. Stated differently, a significant p-value provides only evidence 

against the null hypothesis of “no effect” or “no difference”, rather than evidence for a 

competing hypothesis. Indeed, NHST cannot make statements about the probability that 

an alternative hypothesis is true. By common convention, NHST results in this section 

are reported in the format of, “[factor] was found to be significant (or non-significant)”; 

while inaccurate as written, this convention shall be used as shorthand for the more 

accurate (albeit more cumbersome) phraseology of, “the null hypothesis of no difference 

between levels of [factor] was rejected (or retained)”.

In addition to presenting the p-value typical of NHST, Bayes Factors were 

computed for further comparison with full and reduced ANOVA models (Morey & 

Rouder, 2014). The interpretation of Bayes Factors is direct and intuitive: a ratio, K, of 

the odds of observing a given set of data under competing hypotheses. For example, 
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when comparing a simple one-parameter alternative model to a null (intercept-only) 

model, a Bayes Factor of K = 2 would indicate that the alternative model is favored over 

the null by odds of 2:1. Unlike NHST, which privileges the null hypothesis (and cannot 

make a statement about the probability of an alternative hypothesis), Bayes Factors 

directly compare how well the data support one hypothesis as compared to another, and 

are therefore useful for deciding between alternative hypotheses in addition to 

comparisons with the null. Finally, interpretation of K is not as arbitrarily rigid as the 

cutoff of p < 0.05 in NHST; Kass and Raftery (1995) and Jeffreys (1961) offered scales 

for the strength of evidence favoring one hypothesis over another, both of which afford 

the reader a more active role in interpreting the model selection process than does a 

black-or-white, significant-or-not outcome.

1. Pre-surgery home cage behavior: Body mass, chow consumption, and 

running distance and time (for rats in the RUN condition) were measured daily for 6 

weeks. Data from the week of intra-Acb surgery were not analyzed. 

Running distance

Repeated measures ANOVA of weekly total running distance revealed significant 

main effects of line [F(1, 7) = 15.46, p = 0.006] and week [F(5, 35) = 8.10, p < 0.001], as

well as their interaction [F(5, 35) = 3.70, p = 0.009]. Holm-Bonferroni corrected pairwise

comparisons revealed that HVRs ran significantly greater distances than did LVRs at all 

timepoints (see Table 3 & Figure 3).

Bayes Factor K provided strong support for a model corresponding to the above 

ANOVA (M
1
) relative to the null model (M

0
 ; K = 7,151,481), although a model omitting 
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the interaction term was also very well-supported (M
2
 ; K = 6,910,024). A direct 

comparison provided evidence which is “barely worth mentioning” favoring the model 

which included a week-by-line interaction (M
1
 > M

2
 ; K = 1.03).

Body Weight

Repeated measures ANOVA of weekly mean body weights across treatment 

groups revealed a significant main effect of exercise condition [F(1, 26) = 33.12, p < 

0.001], but not line [F(1, 26) = 0.60, ns], nor the interaction thereof [F(1, 26) = 0.07, ns]. 

Experimental week [F(5, 130) = 2392.94, p < 0.001], the interaction between week and 

exercise condition [F(5, 130) = 34.84, p < 0.001], and the interaction between week and 

line [F(5, 130) = 2.72, p = 0.023] were found to be significantly predictive of 

bodyweight, but not the three-way interaction between week, line, and exercise condition 

[F(5, 130) = 1.08, ns]. Holm-Bonferroni corrected pairwise comparisons revealed 

significant differences between running vs. sedentary animals from week 4 – 6, with no 

differences between lines within exercise condition (see Table 1 & Figure 1). 

Bayes Factor K provided evidence that the model corresponding to the 

aforementioned ANOVA (M
1
) is extremely well-supported (K = 7.62e90) relative to an 

unparameterized (intercept-only) model (M
0
); however, the model best supported is more 

parsimonious, with main effects and interaction between exercise condition and week (M
2

; K = 4.1e91), but not the week-by-line interaction. However, in a direct comparison, 

evidence favoring the more parsimonious model M
2
 over M

1
 is “barely worth 
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mentioning” (K = 1.46).

Chow Consumption

Repeated measures ANOVA of weekly mean weekly home-cage chow 

consumption across treatment groups revealed significant main effects of exercise 

condition [F(1, 26) = 21.25, p < 0.001], line [F(1, 26) = 27.41, p < 0.001], and their 

interaction [F(1, 26) = 9.31, p = 0.0052]. Experimental week [F(5, 130) = 134.72, p < 

0.001], and interactions between week and exercise condition [F(5, 130) = 5.70, p < 

0.001], and the three-way interaction between week, line, and exercise condition [F(5, 

130) = 2.80, p = 0.012] were significantly related to chow consumption, but not the line-

by-week interaction [F(5, 130) = 2.04, ns]. Holm-Bonferroni corrected pairwise 

comparisons revealed significant differences between LVR-RUN rats and all other groups

during weeks 1-6, but no other differences between groups (see Table 2 & Figure 2).

Bayes Factor K provided very strong support for the three-way interaction model 

corresponding to the above ANOVA (M
1
) relative to the null model (M

0
 ; K = 7.7e38); 

however, a less-parameterized model including only main effects of week, line, exercise 

condition and a line-by-exercise interaction (M
2
) was found to be better supported (K = 

9.4e40). Direct comparison provided “decisive” evidence in favor of the more 

parsimonious model M
2
 over M

1
 (K = 122.9). 

2. Drug-naive diet preference: Excluding the initial two baseline sessions, 

preference in a 2-diet choice paradigm was operationalized as the proportion of 
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kilocalories obtained from HF during each 2-hour assessment period (HF kCal / HF + HC

kCal; Table 4 & Figure 4). Total kilocalories from each 2-hour session (HF + HC kCal) 

were also analyzed for this time period. Here and in later sections, kilocalories from 

individual diets were not analyzed separately, as doing so would ignore the opportunity 

cost of consuming one diet instead of the other. Stated differently, the amount of one diet 

consumed cannot be considered independently of the other, as they were presented 

simultaneously. Nevertheless, data are presented separately (see Tables 6a & 6b, Figure 

6).

Diet selection

Repeated measures ANOVA of proportion of kilocalories from the fat diet 

consumed during 2-hour baseline sessions (HF kCal / (HF + HC kCal)) revealed an 

insignificant trend for line [F(1, 26) = 3.593, p = 0.0692], and no significant relation 

between proportion of high-fat calories and exercise condition [F(1, 26) = 1.128, ns] or 

the line-by-exercise interaction [F(1, 26) = 1.399, ns]. The effect of test session was 

significant [F(4, 104) = 4.314, p = 0.003], but not its interactions with line [F(4, 104) = 

0.91; ns] or exercise condition [F(4, 104) = 1.72; ns], nor the line-by-exercise condition-

by-test session interaction [F(4, 104) = 1.83, ns] (Figures 5 & 6).

Compared to the non-parameterized model (M
0
), a model including both main 

effects of line and exercise condition, as well as their interaction (M
1
; K = 509.4) was 

well-supported, as well as a reduced model with only a main effect of line, corresponding

to the above ANOVA (M
2
; K = 116.1). In a direct comparison, substantial evidence 
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supported M
1
 over M

2
 (K = 4.4). 

2-hour total calories

Repeated measures ANOVA of total 2-hour caloric consumption (HF + HC 

kilocalories) revealed a significant main effect of line [F(1, 26) = 11.13, p = 0.003], an 

insignificant trend for exercise condition [F(1, 26) = 3.93, p = 0.058], and a non-

significant line-by-exercise interaction [F(1, 26) = 0.061, ns]. The effect of test session 

was significant [F(4, 104) = 3.944, p = 0.005], as well as its interaction with exercise 

condition [F(4, 104) = 3.995, p = 0.0047], but not the session-by-line [F(4, 104) = 0.879; 

ns] or session-by-line-by-exercise condition interactions [F(4, 104) = 1.23, ns] (see Table 

7 & Figure 7).

The model corresponding to the above ANOVA (M
1
) was extremely well-

supported, relative to a null model (M
0
 ; K = 527,847); however, an additive main-effects 

model of only line and exercise condition (M
2
) was found to be another possible 

alternative to the intercept-only model (K = 26,694,372). Direct comparison of alternative

models provided “very strong” evidence in favor of the simpler model, M
2
, over M

1 
(K = 

50.57).

3. Intra-Acb DAMGO diet preference: During this experimental phase, every 

rat received each of 5 doses of DAMGO (0, 0.0025, 0.025, 0.25, and 2.5μg / 0.5μL) in 

counterbalanced order. Diet selection in a 2-diet choice paradigm was operationalized as 
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the proportion of kilocalories obtained from HF during each 2-hour assessment period 

(HF kCal / HF + HC kCal). Total kilocalories from each 2-hour session (HF + HC kCal) 

were also analyzed for this time period.

Diet selection

Repeated measures ANOVA on proportion of kilocalories from the high-fat diet 

revealed no main effects of exercise condition [F(1, 22) = 0.53, ns] or line [F(1, 22) = 

2.66, ns], nor their interaction [F(1, 22) = 0.007, ns]. There was no evidence for effects of

DAMGO dose [F(4, 88) = 1.74, ns], nor exercise-by-DAMGO dose interaction [F(4, 88] 

= 0.66, ns], line-by-DAMGO interaction [F(4, 88) = 0.23, ns], or the three-way line-by-

exercise-by-DAMGO dose interaction [F(4, 88) = 1.57, ns] (see Table 9 & Figure 9). 

Intake of individual diets were not analyzed separately, but descriptive statistics are 

presented in Tables 10a/b & Figure 10.

The model best supported by the data, relative to the null (M
0
), was a one-

predictor model of line (M
1
 ; K = 26.05). The simplest possible model which contained 

terms for main effects of line, exercise, and DAMGO dose (but not their interactions; M
2
)

performed worse than the null model (K = 0.92), although the evidence was not 

substantial. More complicated models incorporating line, exercise condition, and 

DAMGO dose interaction terms fared comparatively worse, even relative to the null 

model.

2-hour total calories

Repeated measures ANOVA on HF + HC kilocalories consumed within each 2-
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hour test session revealed main effects of exercise condition [F(1, 22) = 4.44, p = 0.047] 

and line [F(1, 22) = 11.40, p = 0.0023], but no significant exercise-by-line interaction 

[F(1, 22) = 0.38, ns]. DAMGO dose was significantly related to 2-hour caloric 

consumption [F(4, 88) = 33.78, p < 0.001], but there was no evidence of interactions 

between DAMGO dose and exercise condition [F(4, 88) = 1.37, ns], DAMGO dose and 

line [F(4, 88) = 0.93, ns], nor the line-by-exercise-by-dose interaction [F(4, 88) = 0.38, 

ns] (see Table 11 & Figure 11).

A main-effects model of exercise condition, line, and DAMGO dose, but not their 

interactions (M
1
), overwhelmingly supported the data, relative to the intercept-only 

model (M
0
 ; K = 3.5e13). The next-best-supported model additionally included a line-by-

exercise condition interaction (M
2
) and also performed better than the null (K = 1.44e13). 

Evidence that the simpler model M
1
 would be preferable to one including the interaction 

term, M
2 
, however, is “barely worth mentioning” (K = 2.41).

DAMGO-influenced diet preference

Rats were classified as either fat- or carbohydrate-preferring based on the mean 

proportion of the fat diet to total kilocalories eaten over baseline sessions 3, 4, & 5, plus 

sham and saline days (Figure 4). A mean 5-day value of  0.5 caused the rat to be ≧

assigned to the “fat-preferring” group; otherwise, rats were considered “carb-preferring”, 

following Zhang, Gosnell, & Kelley (1998). As presence or absence of the running wheel

was previously found to be unrelated to diet selection during baseline sessions, 

proportion of fat kilocalories and total kilocalories were analyzed using line, DAMGO 
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dose, and baseline diet preference (fat or carbohydrate). Additionally, kilocalories from 

both diets were analyzed within each preference group.

During the baseline phase, 15 rats of each line were evaluated for diet preference 

(7 runners and 8 sedentary per line). Of the original 30 animals, four were excluded at 

various points throughout the remainder of the experiment due to complications from 

surgery or difficulty during the microinjection process, leaving 26 with a complete data 

set. Of these 26 remaining rats, 10 were categorized as fat preferrers (7 HVR, 3 LVR) and

the remaining 16 preferred carbohydrate (6 HVR, 10 LVR; see Table 12)

Both line [F (1, 22) = 6.631, p = 0.0173] and baseline preference [F (1, 22) = 

45.175, p < 0.001] were found to be predictive of proportion of kilocalories from fat diet; 

however, their interaction was non-significant [F (1, 22) = 0.025, n.s.]. There was limited 

evidence for nonsignificant trends of both DAMGO dose [F (4, 88) = 2.067, p = 0.0919] 

and its interaction with line [F (4, 88) = 2.067, p = 0.0919]; however, the DAMGO dose-

by-baseline preference interaction [F (4, 88) = 0.796, p = 0.5306] and the DAMGO dose-

by-baseline preference-by-line ineraction [F (4, 88) = 0.5969, p = 0.6859] were non-

significant (Figure 12). The additive model of line and baseline preference was well-

supported (K = 1.48e30; M
1 
vs M

o
); however, a more parsimonious model including only 

a term for baseline preference (M
2
) was better-supported (K = 37.57; M

2
 vs M

1
).

Line, [F (1, 22) = 9.717, p = 0.005], but neither baseline preference [F (1, 22) = 

0.532, n.s.] nor their interaction [F (1, 22) = 0.33, n.s.] was significantly predictive of 

total kilocalories during 2-hour test sessions. Additionally, DAMGO dose [F (4, 88) = 

35.921, p < 0.001] and the three-way interaction between DAMGO dose, line, and 
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baseline preference [F (4, 88) = 3.116, p = 0.019], but neither the DAMGO dose-by-line 

[F (4, 88) = 0.99, n.s.] nor the DAMGO dose-by-baseline preference [F (4, 88) = 0.142, 

n.s.] interactions were significantly related to total calories (Figure 13). The fully-

parameterized model including the above 3-way interaction was well-supported (K = 

563,489,426; M
1
); however, a simpler additive model of only DAMGO dose and line 

performed substantially better (K = 1091.5; M
2
 vs M

1
). Fat, carbohydrate, and 2-hour 

total kilocalories for carbohydrate-preferrers and fat-preferrers are presented in Figures 

14 and 15, respectively, although individual diets were not analyzed separately.

Discussion

The present experiment had three primary objectives: first, to examine changes 

over a 6-week period in the home cage behaviors of HVR and LVR rats which either 

were or were not given a running wheel; second, to determine what, if any, differences in 

diet preference exist between these groups; and third, to assess the extent to which these 

behaviors are affected by DAMGO microinjection. Findings corresponding to each 

objective are discussed in turn, followed by an overall discussion of results, limitations, 

and suggestions for future directions.

1. Pre-surgery home cage behavior

Among rats with access to a running wheel, HVRs ran approximately 7-10 fold 

longer distances than did LVRs – a highly significant difference. Both frequentist and 
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Bayesian methods of analysis produced the same results, that a week-by-line interaction 

was present, indicating that HVRs' mean distance changed across the span of this initial 

experimental phase. These data comport with earlier studies of these two lines, in which 

previous generations of male HVRs were found to run approximately 8.5 times longer 

distance than LVRs (Roberts et al., 2012, 2013). Furthermore, although mRNA 

transcripts were not collected in the present study, six weeks of voluntary running ought 

to be more than sufficient to sustain the 13 intra-Acb mRNA pathways which differed 

between HVR and LVR lines after 6 days of voluntary running (including pathways for 

the μ- and δ-opioid receptors; Roberts et al. (2014), with the crucial assumption that 

mRNA expression between lines does not converge after a longer period of exercise. To 

the extent that HVRs' greater expression of μ- and δ-opioid receptor mRNA expression 

after 6 days' running results in a systemic increase in synthesis of opioid receptors, such 

neuroplastic changes would be consistent with the present results. 

While Roberts et al reported no difference in body mass between HVR and LVR 

males either before (2012) or after (2013) 6 days of running, and it is unsurprising that 

HVR runners weighed less than did sedentary animals, one unanticipated result of the 

present study was that, despite their extraordinarily low levels of daily exercise, LVR 

runners were able to maintain a body mass statistically indistinguishable from their HVR 

counterparts over the long term. Both ANOVA and analysis using Bayes Factors detected 

evidence for week-by-exercise condition interaction, indicating that sedentary rats' weight

gain across time was greater than that of running rats. A second interaction, between 

week and line, was also detected – albeit with substantially less evidence – suggesting 
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that, regardless of exercise condition, HVR and LVR rats may gain weight at inherently 

different rates. While the week-by-line interaction is somewhat more difficult to interpret 

under these circumstances, it is abundantly clear that even LVRs' very low levels of daily 

physical activity – they never averaged more than 3.6 km/week, or barely more than 

0.5km/day at maximum (Table 1) –  appears to have been sufficient to maintain a 

bodyweight statistically indistinguishable from the much more active HVRs. This result 

seems to suggest that there exists some minimal threshold for daily exercise capable of 

blocking weight gain which would otherwise result from a sedentary lifestyle; however, 

the mechanism by which this may occur – e.g., by triggering a metabolic cascade, a 

rebalancing of homeostatic requirements, or some other physiological event – is presently

(to this author) the object of mere speculation. If such a threshold exists in LVR runners, 

these results contrast with, e.g., the findings of Rodnick et al (1989), who reported 

significantly reduced body mass only in rats running > 6km/day, relative to sedentary 

controls. Within a group of 69 Sprague-Dawley rats given access to a running wheel, 

Rodnick et al identified three distinct voluntary exercise profiles: low (2-5km/day; 14% 

of rats), medium (6-9km/day; 20% of rats) and high ( > 11km/day; 58% of rats) runners 

(the remainder were excluded from classification due to injury or “erratic running 

patterns”). Relative to age-matched sedentary controls, the body masses of both medium- 

and high-runners, but not low runners, were significantly reduced after 6 weeks of 

running. To reconcile this finding with that of the present study, one possible 

interpretation is that the apparent threshold for daily exercise is epiphenomenal, and a 

yet-unidentified factor prevented weight gain in LVR runners. Another possible 
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interpretation is that the minimum amount of daily exercise required to prevent weight 

gain is thresholded differently in LVR runners as compared to non-selectively-bred 

animals. If the former is true, then the present study is unlikely to yield additional insight.

If the latter is true, then the relative genetic heterogeneity of the Sprague-Dawleys (as 

compared to LVRs) used by Rodnick et al may be at least partially responsible for the 

higher, and apparently more variable, lower limit to this exercise threshold. If there 

indeed exists some minimal threshold for physical activity, such a mechanism may 

explain not only why LVR runners did not gain weight as rapidly as their sedentary 

counterparts, but may also be related to the most perplexing finding from this 

experimental phase – the pattern of daily chow intake, particularly by LVR runners.

LVR runners exercised substantially less than HVR runners, but the two groups' 

mean body masses were statistically indistinguishable. At the same time, LVR runners 

consumed significantly less chow during the baseline phase than any other group (Figure 

3). Interestingly, despite their greater physical exertion, HVR runners did not take in 

more calories than either sedentary group; at the same time, despite averaging at most 

~0.5 km/day, LVR runners ate less than either sedentary group or the HVR runners. This 

pattern of results contrasts strongly with behavior observed in wild-type animals. In male 

Sprague-Dawley rats, the introduction of a running wheel into the home cage is was 

associated with an initial 25% depression in daily consumption (Afonso & Eikelboom, 

2003); however, after a period of ~2 weeks, runners' consumption reverted to pre-running

levels, and was greater than that of sedentary controls by the end of the 32-day running 

period. In the present study, LVR runners did not increase intake to levels comparable to 
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sedentary controls, and neither did HVR runners' intake significantly increase by the end 

of the running period. It appears, then, that both HVRs' and LVRs' exercise and 

consummatory behaviors are not directly comparable to those of Sprague-Dawleys, at 

least. Qualitative issues aside, analysis of these data using ANOVA detected a third-order 

interaction between week, line, and exercise condition, which was driven almost 

exclusively by LVR runners' low consumption. In the presence of a three-way interaction,

lower-level interactions and main effects become uninterpretable, as they depend 

crucially on levels of other factors. However, such higher-order interactions become 

increasingly difficult to interpret, and can be driven by even a single substantial group 

difference, as appears to have occurred in this case. Turning then to the Bayesian 

analysis, a (relatively) reduced model which includes a line-by-exercise interaction as its 

highest-order term is intuitively more appealing, as this interaction may reflect the 

putative minimal threshold for physical activity, discussed earlier. The line-by-exercise 

interaction indicates, in this case, that HVRs' and LVRs' consumption is differentially 

affected by the presence (or absence) of a running wheel, which once again hints at the 

possibility of some minimal threshold, whatever the underlying mechanism may be.

While was not surprising that HVRs ran significantly greater distances than LVRs 

when given a wheel, much of the behavior observed during the baseline experimental 

phase is difficult to parse. Particularly in the case of LVR runners, the data at first appear 

paradoxical: running fewer than 0.5km/day was apparently sufficient for LVRs to not 

only to maintain a body mass comparable to HVR runners, but also to maintain that body 

mass while consuming fewer calories than either sedentary group. Perhaps there is a more
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direct, intuitive, or parsimonious answer to why the observed behavior occurred, but 

taken together, the data from this experimental phase seem to suggest a minimal 

threshold for physical activity which would then confer certain metabolic or other 

benefits, by which LVR runners were able to not only maintain a body weight lower than 

that of sedentary groups, but could also do so while taking in fewer calories.

2. Drug-naive diet preference

Following the 6-week running period (and a 7th during which rats were cannulated

and allowed to recover), all animals were assessed for taste preference using fat and 

carbohydrate diets (for composition of each diet, see appendix A3). Given previous 

evidence that as few as 6 days of running is sufficient to increase expression of mRNAs 

for both μ- and δ- opioid receptors in HVRs (Roberts et al, 2014), that agonism at the μ 

receptor via DAMGO appears to increase either consumption of fat specifically (Zhang, 

Gosnell, & Kelley, 1998) or that of an already-preferred diet (Gosnell et al 1990), and 

similarities between neuroplastic adaptations of the opioid system following either 

repeated drug exposure or long-term exercise (e.g., Mathes & Kanarek, 2001), the second

phase of the present experiment sought to establish what, if any, differences in taste 

preference exist between HVR and LVR lines.

As diets were presented simultaneously, diet selection was analyzed as a 

proportion of total calories from the fat, as opposed to analyzing intake of both diets 

separately. Crucially, analysis of each diet separately would eliminate the dependency 

which exists between the two diets as presented – animals consume one diet at the 
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“opportunity cost” of consuming the other. Qualitatively, there were substantial 

differences in diet selection between HVR and LVR rats. Of the 15 LVRs assessed for 

diet preference, all but 3 clearly preferred the carbohydrate diet, while HVRs' preferences

were more heterogeneous (Table 4, Figure 4). Results from NHST and Bayesian analyses 

differed somewhat; there was evidence of a non-significant trend for line, and a 

significant effect of baseline session under the former, while Bayes Factors indicated the 

presence of a line-by-exercise interaction. These results stand in contrast to, e.g.,  Oudot 

et al, (1996) and  Keeley et al, (2014), both of whom found that voluntary wheel running 

was associated with not only increase in total caloric intake, but also a preference for 

carbohydrate over fat or protein in macronutrient selection. Indeed, the opposite appears 

to be more the case in the present study – HVRs overall, and especially runners, selected 

the fat diet over carbohydrate, particularly by the third baseline session, while LVRs in 

general favored the carbohydrate diet (Figure 5). The implications for this disparity in 

diet preference between lines is not altogether clear. Marks-Kaufman and Lipeles (1982), 

for instance, found that rats with a strong preference for fat also drank more of a 

morphine solution than did rats with a less clear preference. However, morphine intake 

does not appear to be associated with preference for one taste in particular. Gosnell et al 

(1995) showed that rats with a strong preference for saccharin self-administered 

morphine to a greater degree than did those with a less developed preference. These data 

suggest that strong preference for either palatable taste is associated with voluntary 

morphine use, implying that there is at least some common mechanism by which reward 

is derived from food and drug. Although at present the mechanism underlying apparent 
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line differences in diet preference is unclear, as exercise per se did not cause a shift 

toward preference for the carbohydrate diet, the effects of line and exercise on total 

consumption are somewhat more apparent.

For 2-hour total (fat + carbohydrate) consumption, results from frequentist and 

Bayesian analyses differed somewhat: ANOVA found evidence for a significant effect of 

line and test session, with insignificant trends for exercise condition and the line-by-

exercise interaction, while Bayes Factors favored an additive model of line and exercise 

condition. LVRs in both exercise conditions consumed more calories than either group of 

HVRs, and the majority of this consumption came from the carbohydrate diet (Figures 6 

& 7). If the preceding evidence from Marks-Kaufman and Lipeles (1982) and Gosnell et 

al (1995) apply in this case, then both LVRs with strong preferences for carbohydrate as 

well as HVRs with strong preferences for fat would be expected to voluntarily consume 

morphine at a greater rate than their more ambivalent counterparts, but these preferences 

may be mediated differently in the central nervous system. Given that Roberts et al 

(2014) found evidence for greater mRNA expression coding for  δ- and particularly μ-

opioid receptors after 6 days' of voluntary running, it may be the case that differences in 

endogenous opioid function may contribute to observed differences in physical activity 

and diet preference. Although a change in mRNA expression does not necessarily imply a

necessary change in actual receptor synthesis, one possible interpretation is that greater 

availability of opioid receptors (such as may be the case in HVRs, particularly runners) is

associated with both greater level of physical activity and preference for a fat diet, and 

that fewer opioid receptors is associated with less voluntary running and a preference for 
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carbohydrate. 

However, it is likely that this interpretation is an oversimplification, as it does not 

take into account other possible differences between lines, such as the interface between 

opioidergic and dopaminergic neurotransmitter systems, nor between the central nervous 

system and the rest of the body (e.g., central nervous system and endocrine system, 

intestinal microbiota, etc). Although a full review of the aforementioned topics is well 

beyond the scope of this discussion, one final difference in the Acb between HVR and 

LVR rats is worth exploring briefly, even if in a speculative manner. In addition to 

observed differences in expression of certain mRNAs, the Acb of running LVRs 

expressed a greater number of immature MSNs than did those of HVRs (Roberts et al. 

2014). MSN maturity, or potentially other differences in MSN expression between HVRs 

and LVRs, may contribute to the observed differences in motor and consummatory 

behaviors.

There are two main types of MSNs within the Acb – those that express the 

dopamine D1 receptor subtype, and those that express the D2 subtype; however, less than

1% of MSNs colocalize both D1 and D2 receptors (Shuen, et al, 2008). Frazier & 

Mrejeru (2010) proposed that these subpopulations of the dopamine receptor within the 

Acb core or shell may support divergent behaviors: within the Acb core, dopamine D2 

activation reduces consummatory motor movements such as licking for a sucrose 

solution, whereas stimulation of Acb core D1 MSNs excites the motor thalamus and 

promotes movement. Kelley et al (2005) suggested that projections from the shell may 

support basic consummatory behaviors, while those from the core support more complex 
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tasks, e.g., those which involve associative learning. The negative correlation between 

MSN maturity and running distance reported by Roberts et al. (2014), taken together with

the divergent effects of dopamine receptor subtype activation within Acb MSNs on 

motor- and consummatory activity reported by Frazier & Mrejeru (2010), may offer 

future possibilities for further elucidating inherent and acquired differences between 

HVR and LVR rats.

3. Intra-Acb DAMGO diet preference

Whereas there was limited evidence for effects of line and test session during 

drug-naive preference assessment, no significant main effects or interactions were 

detected for diet selection under the influence of DAMGO. In the Bayesian analysis, a 

one-predictor model of line accounted for the data better than an intercept-only (grand 

mean) model; however, further parameterized models performed even worse, relative to  

intercept-only. While HVRs generally tended to favor the fat diet, and LVRs the 

carbohydrate, within-group variability was sufficiently high that the effect of DAMGO 

dose was not statistically significant. Despite the lack of positive statistical results from 

frequentist methods of analysis, these data do not appear to be in opposition to the 

foregoing results. Frequentist and Bayesian methods disagree in both drug-naive and 

DAMGO diet selection phases, with Bayes Factors in both cases retaining at least the line

variable in a one-predictor model while ANOVA found only a nonsignificant trend for 

line during baseline, and null results in the DAMGO phase. Nevertheless, to the extent 

that line differences do truly manifest distinct taste preferences, these results do not 
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support the hypothesis that DAMGO increases consumption of fat specifically, as 

proportion of kilocalories from fat was unchanged across doses. Indeed, if anything, these

results appear to support the hypothesis that DAMGO-driven consumption is an 

exaggeration of an existing preference. Total 2-hour consumption data support this notion

as well.

The analysis of total 2-hour caloric intake provided evidence for additive effects 

of line (LVR > HVR), exercise condition (RUN > SED), and DAMGO dose, but no 

interactions. LVRs' selection of the carbohydrate diet provided the majority of their 

calories in each 2-hour session, and selection of the total calories generally followed the 

same ordinal pattern as carbohydrate (LVR-RUN > LVR-SED > HVR-RUN > HVR-

SED; Tables 9a & b, Figures 9 & 10). Interestingly, there was no evidence for 

interactions of either line or exercise condition with DAMGO dose, suggesting that, to 

the degree DAMGO increased consumption of a preferred diet, rats in all groups 

exhibited a similar degree of hyperphagia. This null result suggests that the lines' diet 

preferences are determined by more than opioid neurotransmission: while agonism of the 

μ-opioid receptor appears to increase consumption generally, opioidergic activity in 

general appears to be guided by, rather than guide, diet selection. Once again, while it is 

beyond the scope of this discussion, dopaminergic-opioidergic interfaces within and 

between structures and their subnuclei, such as the amygdala and accumbens in 

particular, may be responsible for discerning between palatable tastes.

While the foregoing analyses appear to support Gosnell's hypothesis that 

DAMGO produces hyperphagia of an already-preferred diet, what follows is an 
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alternative analysis of the intra-Acb DAMGO diet selection data. Baseline diet preference

data were used to determine drug-naive preference, which was then entered as an 

independent variable into frequentist and Bayesian analyses of the later intra-Acb phase. 

As diet preference could not be determined or experimentally assigned beforehand, group

sizes were unequal and imbalanced (Table 11). Exercise condition was omitted as a 

predictor variable, as it was not found to be significantly related to diet selection during 

either baseline or intra-Acb DAMGO phases.

4. DAMGO effect on baseline diet preference

There is conflicting evidence regarding whether intra-Acb DAMGO preferentially

enhances intake of high-fat foods (Zhang et al, 1998), or rather a previously preferred diet

Gosnell et al, (1990). One major difference between the methodologies of these two 

experiments was the duration of access to the diets. Zhang et al allowed rats 3 hours of 

simultaneous access to carbohydrate and fat diets in a separate chamber from the home 

cage, whereas Gosnell et al provided the diets on a 24-hour basis. If duration of access is 

a crucial factor – with shorter durations prioritizing consumption of fat and 24-hour 

access allowing a “true” preference to emerge – then the 2-hour sessions in the present 

study ought to cause rats to prefer the fat diet even moreso than in Zhang et al. While rats

in the present experiment are not directly comparable to the Sprague-Dawleys used in the

aforementioned studies, it does not appear to be the case that a shorter duration of access 

prioritizes consumption of a fat diet – particularly among LVRs, who favored the 

carbohydrate diet in baseline testing. After dividing rats according to baseline preference, 
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and further by line (see Table 11), it was possible to statistically test whether DAMGO 

dose affected diet choice. In the NHST analysis, both baseline preference and line were 

strongly predictive of diet selection. Notably, however, there was only a trend for an 

effect of DAMGO dose. Indeed, DAMGO dose was not a parameter in either of the 

models which best account for the data according to their Bayes Factors; in such an 

analysis, a single-predictor model of baseline preference outperformed even a two-

predictor additive model of line and preference. However, the above analyses must be 

interpreted with caution, as group sizes were both quite small and imbalanced for both 

preference groups when further subdivided into HVR/LVR – potentially fatal flaws which

may cause results to be distorted, and sufficient statistical power to be lacking. 

Nevertheless, to the extent that the present results would be maintained given a larger 

sample, these data support Gosnell et al (1990), i.e., diet selection is more heavily 

influenced by preexisting differences in genetic background and taste preference than by 

DAMGO driving fat consumption specifically. 

Indeed, both methods of statistical analysis more or less agreed that baseline 

preference and line were important predictors of diet selection, and the proportion of fat 

consumed did not change across DAMGO dose (Figure 12). A single analysis of 

proportion of fat consumed, rather than independent statistical tests of each diet, is the 

most appropriate approach in a diet selection paradigm. While there is little doubt that 

DAMGO induces greater consumption of either diet considered alone – especially the 

preferred diet – increasing doses of the drug does not appear to have systematically 

biased choice of diet; rather, preference after DAMGO treatment appears to be best 
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predicted by baseline preference, and, to a lesser extent, genetic background. While 

DAMGO dose did not affect diet choice within or between preference groups, it did 

affect total consumption (once again, subject to limitations previously mentioned).

With regard to total 2-hour intake, both the Bayesian and frequentist analyses 

once again yielded similar results – that baseline preference, line, and DAMGO dose 

affected consumption – however, the results are somewhat difficult to interpret. Analyzed

with ANOVA, there is evidence of a three-way interaction between baseline preference, 

line, and dose, suggesting not only does total intake increase with DAMGO dose, but the 

line-by-preference groups differ within each dose. How these factors relate to one another

may become more clear if it were possible to further divide the groups to include a factor 

for exercise condition; however, doing so would reduce several group sizes to 1, and 

render any results uninterpretable. It is most clear that DAMGO dose increased 

consumption; taken together with results from diet selection, these results appear to 

support the notion that DAMGO dose-dependently increases consumption of an already-

preferred diet, as opposed to a specific taste. Once again, however, these results must be 

interpreted with greater caution than earlier analyses of exercise condition and line on 

consumption, as group membership is even more imbalanced in the current analysis.

5. Limitations

The major limitations of the present study are twofold: first, group sizes suffer 

from low n, in particular both groups of runners; second, at present, there is no point of 

reference for comparing the present results to previous studies of diet and exercise, as 
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there was no wild-type control group. These limitations potentially cast doubt upon all 

foregoing analyses, but also make even more difficult the task of relating the behavior of 

HVRs and LVRs to more commonly-used strains. Each will be discussed in turn.

Group sizes in this experiment were difficult to maintain at acceptable levels for 

several reasons. Ensuring that rats stayed alive through the cannulation surgery – LVRs, 

in particular – was one unanticipated difficulty. On several occasions, rats progressed 

through the first phase of the experiment only to die unexpectedly after surgery. The 

nature of these rats' deaths was especially perplexing: even after regaining consciousness 

from the ketamine-xylazine cocktail, several would die within hours of becoming 

ambulatory once again. Insufficient sterile technique cannot account for this manner of 

death, as sepsis is unlikely to take hold so quickly. An examining University of Missouri-

Columbia veterinarian ascribed these rats' deaths to congestive heart failure, but the 

mechanism by which the surgical procedure introduced such a condition is still unknown.

Of the rats which proceeded through baseline assessment into the final, DAMGO phase 

of the experiment, several HVRs had to be excluded due to erratic or belligerent behavior

during the microinjection process. Several of these HVRs were extraordinarily difficult to

handle on multiple microinjection attempts, and retaining their data would have 

introduced serious confounding factors to the final analysis. As a result, group sizes –  

particularly when further subdivided into diet preference groups – were small and 

unbalanced. Once again, for these reasons, all of the foregoing analyses ought to be 

interpreted with caution. 

The second major limitation of the present study is the lack of control animals. 
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For the moment, it is indeterminate if some of the observed results are truly due to 

inherent differences in HVR or LVR rats, or some other factor. One plausible alternative 

interpretation of the present data is that the diets themselves – the texture, composition, 

manner of presentation, etc. – are sufficiently different from those used in other diet 

choice studies that the same results would be observed in control animals were the 

present experiment to be replicated. Additionally, differences in mRNA expression 

between HVR and LVR lines are relative only to one another, which problematizes direct 

comparisons with other, non-selectively-bred animals. Finally, while it is somewhat 

easier to compare HVRs to others selectively bred for high levels of voluntary running, 

no such analogue currently exists for LVRs. For all of these reasons, it is important to 

resist the temptation to overgeneralize the present results.

6. Overall discussion

While there are important limitations to bear in mind while interpreting these data,

the overall pattern of results suggests that the remarkable differences in behavior between

HVR and LVR rats extend well beyond voluntary physical activity. Despite great 

differences in physical activity levels between the lines, LVRs' mere fraction of HVRs' 

daily running was sufficient to maintain the same body mass throughout a 6-week period.

This finding suggests the existence of a (quite low) minimum threshold of physical 

activity for preventing weight gain which would otherwise occur due to inactivity. While 

the mechanism of this putative threshold is not immediately obvious, it may be related to 

another interesting and unexpected result from the 6-week wheel running phase, that 
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LVR-runners consumed significantly less home cage chow than any other group. The 

data are somewhat paradoxical – the rats who run, at maximum, under half a kilometer a 

day, also eat the least yet weigh as much as those who run much greater distances. One 

possible resolution to this apparent paradox is that the putative threshold for minimum 

physical activity causes a shift in homeostatic set point, metabolism, endocrine 

functioning, etc., which would allow for more “efficient” use of energy, and explain 

simultaneously the low activity level, consumption, and body mass of LVR-runners. 

While LVR-runners consumed the least home cage chow over the 6-week running

period, that group in particular (and LVRs in general) consistently consumed the most 

carbohydrates, and overall calories, during both diet selection phases of the experiment. 

Once again, it is not immediately apparent why LVR-runners in particular represented the

extremes of both these data. There are several factors in addition to the putative minimum

threshold of physical activity, briefly discussed earlier, to consider. 

First is the notion of “reward substitution”, which posits that individuals have a 

latent reservoir of reward which can be filled in numerous ways. As a corollary, partaking

of one source of reward comes at the opportunity cost of another, and not all rewards are 

“weighted” equally. Such a system would be distributed throughout brain systems and 

would therefore be plastic and adaptable to experience. “Reward substitution” would then

predict that HVR-runners experience more reward from running – perhaps due to 

inherent differences in their opioid systems – and would require less additional reward to 

attain satisfaction. In the case of LVR-runners in particular, and to a lesser degree 

sedentary LVRs as well, running (if available) may provide little to no reward, and it is 
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therefore attained through consumption of palatable foods. However, such a framework 

cannot easily account for the relatively low consumption of sedentary HVRs in both 

baseline and intra-Acb DAMGO phases. Sedentary HVRs presumably experienced little 

to no reward in their home cage environment, yet did not appear to over-consume either 

diet in compensation. Perhaps in this case, the reward system of HVRs who would 

otherwise be highly active has been dampened or otherwise muted by lack of input, 

thereby lowering the reward threshold to a very low point. It is more likely that reward 

substitution, if it operates as outlined above, however, is dependent upon inherent 

differences in the Acb and related structures.

The second and third considerations involve line differences in opioid mRNA 

expression and Acb MSNs, respectively. As outlined previously, the present data appear 

to support Gosnell's hypothesis that DAMGO elicits increased intake of an already-

preferred diet, while determination of diet preference involves a different set of systems. 

While it may be the case that running behavior both determines, and is determined by, 

inherent differences in opioidergic function, the divergent behaviors exhibited by HVRs 

and LVRs across domains may be due to a combination of factors such as opioid receptor

expression, maturity of MSNs within the Acb, and possibly the distribution of dopamine 

D1 and D2 receptors expressed within functionally distinct subregions of the Acb. Thus, 

the extended opioidergic-dopaminergic interface may be a candidate for diet preference 

and selection – via amygdalar dopaminergic signaling (Robinson & Berridge's stimulus 

salience) – as well as strengthening or dampening that signal through hedonic or aversive 

taste responses, via opioidergic signaling within the Acb.
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7. Future directions

To directly address the limitations discussed in the previous section, an expansion 

of the present study would be desirable. Attaining at least an n of 8 per group when line 

and exercise condition are fully crossed would be the absolute minimum, and more than 8

per group would be necessary to further divide groups into fat or carbohydrate preferrers 

so as to satisfactorily answer the question of whether DAMGO induces consumption of 

fat specifically, or an existing preference. Additionally, the inclusion of a control group 

from the progenitor Wistar line may help to address possible confounding factors, such as

differences between the appeal of various carbohydrate diets used in various studies.

In addition to expanding upon the present study, several other paradigms to assess 

opioid tone could be employed, such as morphine locomotor activity or the tail-flick test. 

The locomotor activity assay could potentially reveal inherent line differences 

specifically as they relate to opioid-induced locomotor sensitivity, while the tail-flick test 

would determine the extent to which the lines respond to antinociceptive qualities of 

opioids. These dimensions of opioid activity are qualitatively different from consumption

of palatable foods or voluntary wheel-running behavior, and could yield further insights 

into the mechanisms by which divergent behaviors emerge in HVR and LVR lines.
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Table 1. Descriptive statistics for weekly cumulative running distance during pre-surgery 
experimental phase. Note that the n of LVR-RUN changes from weeks 1 & 2 to the 
remaining time; missing-at-random data were listwise-deleted. Abbreviations: sd: 
standard deviation; se: standard error; ci: (95%) confidence interval.
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Figure 1. Weekly running distance for HVR vs LVR within the exercise condition. Data 
from week 7, the surgery week, were not analyzed. ANOVA revealed a significant week-
by-line interaction [F(5, 35) = 3.70, p = 0.009]. Asterisks denote a significant difference 
(HVR > LVR).
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Table 2. Descriptive statistics of rats' weekly mean body weights during pre-surgery 
experimental phase. Note that the n of LVR-RUN changes from weeks 1 & 2 to the 
remaining time; missing-at-random data were listwise-deleted. Abbreviations: sd: 
standard deviation; se: standard error; ci: (95%) confidence interval.
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Figure 2. Weekly body weights during pre-surgery experimental phase. Data from week 
7, the surgery week, were not analyzed. ANOVA revealed significant interactions of 
week-by-exercise condition [F(5, 130) = 34.84, p < 0.001] and week-by-line [F(5, 130) =
2.72, p = 0.023]. Asterisks denote significant post-hoc differences between exercise 
conditions (SED > RUN).
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Table 3. Descriptive statistics of weekly home-cage chow consumption during pre-
surgery experimental phase. Note that the n of LVR-RUN changes from weeks 1 & 2 to 
the remaining time; missing-at-random data were listwise-deleted. Abbreviations: sd: 
standard deviation; se: standard error; ci: (95%) confidence interval.
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Figure 3. Weekly mean home-cage chow consumption from pre-surgery experimental 
phase. Data from week 7, the surgery week, were not analyzed. ANOVA revealed a 
significant three-way interaction between week, line, and exercise condition [F(5, 130) = 
2.80, p = 0.012]. Asterisks denote significant contrasts (LVR-RUN < other groups).
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Table 4. Descriptive statistics for mean proportion of diet selected (carbratio) and total 
calories consumed during drug-naive preference assessment experimental phase. Data 
from baseline days 1 and 2 were not analyzed. Abbreviations: sd: standard deviation; se: 
standard error; ci: (95%) confidence interval.
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Figure 4. Scatterplot of total kilocalories and proportion of calories consumed during 
baseline days 3, 4, 5, and sham & saline sessions. Data from baseline days 1 and 2 were 
not analyzed. Diet preferences were determined with reference to the source of a majority
of calories during 2-hour sessions. 
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Table 5. Proportion of 2-hour kilocalories from fat (eatenprophi) during drug-naive 
assessment experimental phase. Data from baseline days 1 and 2 were not analyzed. 
Abbreviations: sd: standard deviation; se: standard error; ci: (95%) confidence interval.
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Figure 5. Proportion of kilocalories from fat diet across baseline phase sessions. Data 
from baseline days 1 and 2 were not analyzed when determining rats' diet preferences. 
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Table 6a. Descriptive statistics for kilocalories from high fat diet (hifatcal) during drug-
naive baseline preference experimental phase. Data from baseline days 1 and 2 were not 
analyzed. Data from individual diets were not analyzed separately. Abbreviations: sd: 
standard deviation; se: standard error; ci: (95%) confidence interval.
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Table 6b. Descriptive statistics for kilocalories from high carbohydrate diet (lofatcal) 
during drug-naive baseline preference experimental phase. Data from baseline days 1 and
2 were not analyzed. Data from individual diets were not analyzed separately. 
Abbreviations: sd: standard deviation; se: standard error; ci: (95%) confidence interval.
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Figure 6. Kilocalories from each diet across all 7 baseline sessions. Only data from 
baseline days 3-5 plus sham and saline sessions were used to determine diet preference. 
As diets were presented simultaneously, data were not analyzed separately.
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Table 7. Descriptive statistics for 2-hour total calories (HF + HC diets) during drug-naive
baseline preference experimental phase. Data from baseline days 1 and 2 were not 
analyzed. Abbreviations: sd: standard deviation; se: standard error; ci: (95%) confidence 
interval.

63



Figure 7. Total (HF + HC) kilocalories for each baseline session. ANOVA revealed a 
significant test session-by-exercise condition interaction [F(4, 104) = 3.995, p = 0.0047]. 
Data from baseline sessions 1 and 2 were not analyzed.
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Table 8. Descriptive statistics for proportion of kilocalories from fat diet (eatenprophi) 
during DAMGO test phase. Abbreviations: sd: standard deviation; se: standard error; ci: 
(95%) confidence interval.
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Figure 8. Proportion of kilocalories from fat diet during DAMGO test phase of 
experiment. No significant main effects or interactions were detected.
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Table 9a. Descriptive statistics for kilocalories from high fat diet (hifatcal) during 
DAMGO test phase.  Data from individual diets were not analyzed separately. 
Abbreviations: sd: standard deviation; se: standard error; ci: (95%) confidence interval.
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Table 9b. Descriptive statistics for kilocalories from high carb diet (lofatcal) during 
DAMGO test phase.  Data from individual diets were not analyzed separately. 
Abbreviations: sd: standard deviation; se: standard error; ci: (95%) confidence interval.
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Figure 9. Kilocalories from each diet during DAMGO test phase of experiment. Intake of
individual diets were not analyzed separately.

69



Table 10. Descriptive statistics for 2-hour total kilocalories (HF + HC diet) during 
DAMGO test phase. Abbreviations: sd: standard deviation; se: standard error; ci: (95%) 
confidence interval.
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Figure 10. 2-hour total (HF + HC) kilocalories during DAMGO phase of experiment. 
ANOVA revealed significant main effects of main effects of exercise condition [F(1, 22) 
= 4.44, p = 0.047], line [F(1, 22) = 11.40, p = 0.0023], and DAMGO dose [F(4, 88) = 
33.78, p < 0.001], but no interactions.
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Table 11. Descriptive statistics of proportion of kilocalories from fat diet (eatenprophi) 
during 2-hour DAMGO test sessions. Here, rats were assigned a diet preference as 
previously determined during drug-naive assessment phase. Abbreviations: sd: standard 
deviation; se: standard error; ci: (95%) confidence interval.
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Figure 11.  Proportion of kilocalories from fat diet during DAMGO test phase of 
experiment. Note that the two independent variables predicting proportion are now line 
and baseline preference. ANOVA revealed significant effects of both line [F (1, 22) = 
6.631, p = 0.0173] and baseline preference [F (1, 22) = 45.175, p < 0.001]; however, their
interaction was non-significant. 
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Table 12. Descriptive statistics of 2-hour total (HF + HC) kilocalories during DAMGO 
test sessions. Here, rats were assigned a diet preference as previously determined during 
drug-naive assessment phase. Abbreviations: sd: standard deviation; se: standard error; ci:
(95%) confidence interval.
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Figure 12. 2-hour total kilocalories (HF + HC) during DAMGO test phase of experiment.
Note that the two independent variables predicting proportion are now line and baseline 
preference. Both the main effect of DAMGO dose [F (4, 88) = 35.921, p < 0.001] and the
three-way interaction between DAMGO dose, line, and baseline preference [F (4, 88) = 
3.116, p = 0.019] were significantly predictive of 2-hour consumption.
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Table 13a. Descriptive statistics for carbohydrate-preferring rats' 2-hour total (HF + HC) 
consumption during DAMGO test phase of experiment.

Table 13b. Descriptive statistics for carbohydrate-preferring rats' 2-hour carbohydrate 
consumption during DAMGO test phase of experiment.

Table 13c. Descriptive statistics for carbohydrate-preferring rats' 2-hour fat consumption 
during DAMGO test phase of experiment.
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Figure 13. Carbohydrate-preferring rats' (n = 16) 2-hour consumption during DAMGO 
test phase of experiment. Individual diets were not analyzed separately from one another.
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Table 14a. Descriptive statistics for fat-preferring rats' 2-hour total (HF + HC) 
consumption during DAMGO test phase of experiment.

Table 14b. Descriptive statistics for fat-preferring rats' 2-hour carbohydrate consumption 
during DAMGO test phase of experiment.

Table 14c. Descriptive statistics for fat-preferring rats' 2-hour fat consumption during 
DAMGO test phase of experiment.
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Figure 14. Fat-preferring rats' (n = 10) 2-hour consumption during DAMGO test phase 
of experiment. Individual diets were not analyzed separately from one another.
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A1. Interpretation of Bayes Factor K-values, adapted from Jeffreys (1961).

A2. Interpretation of Bayes Factor K-values, adapted from Kass & Raftery (1995).
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A3. Composition of home-cage chow (LabDiet-brand FormuLab 5008)

81



A4. Composition of high carbohydrate (“Low Fat”) and high fat diets. Values presented 

as g/kg.
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