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The relationship between physical activity levels and feeding behaviors has

been a focus of preclinical research for decades, yet this interaction has

only recently been explored for potential sex differences. The aim of the

present study was to isolate sex-dependent effects of voluntary wheel running

(RUN) vs. sedentary locked wheel (SED) home cage conditions on palatability-

driven feeding behavior using a 2-diet choice task between standard chow

and a high-fat diet. The sex-dependent effects of physical activity on feeding

behavior were examined following a within-subject novel reversal design of

physical activity conditions (i.e., RUN > SED > RUN), to assess temporal

sensitivity of the interaction. Following the final 2 weeks of reestablished and

sustained RUN vs. SED conditions in separate groups of both males and females,

reward-related opioid and dopamine gene expression within the nucleus

accumbens (Acb) brain region were analyzed. Results demonstrated that the

initial RUN > SED transition led to sex-dependent effects of SED condition, as

males increased, and females decreased their high fat consumption, compared

to their respective high fat consumption during previous RUN condition

phase. Following reintroduction to the RUN condition, males decreased, and

females increased their high fat consumption, compared to their separate

SED control group. Last, sex-dependent shifts in ventral striatal opioid- and

dopamine-related gene expression were observed to parallel the behavioral

effects. The major findings of the study reveal that SED and RUN home cage

conditions shift palatability-driven feeding in the opposite direction for males

and females, these effects are sensitive to reversal, and these sex-dependent

feeding behaviors track sex-dependent changes to critical reward-related gene

expression patterns in the Acb. Considering the present high rates of sedentary

behavior and obesity, furthering our understanding of the interaction between
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physical activity (or lack thereof) and feeding behavior should be a priority,

especially in the context of these divergent sex-dependent outcomes.

KEYWORDS

physical activity, sex differences, nucleus accumbens, dopamine, opioids, high fat diet,
diet preferences, voluntary wheel running

1 Introduction

Obesity and associated diseases rank as the 2nd leading cause
of preventable death in the United States (Hurt et al., 2011) and yet
the prevalence rate continues to climb, with recent reports showing
that 41.9% of US adults are considered obese (CDC, 2022). While
obesity is most commonly attributed to the overconsumption of
high calorie energy dense foods, the lack of physical activity is
another major contributor. Indeed, only an estimated 24% of adults
meet the US Department of Health and Human Services minimum
physical activity levels (Elgaddal et al., 2022), an alarming statistic
considering physical inactivity is one of the primary underlying
causes of chronic disease (Booth et al., 2012; Bhaskaran et al.,
2014). Therefore, two of the greatest threats to public health in the
United States today are obesity and physical inactivity.

While overconsumption of high-calorie palatable food and
physical inactivity may not appear related based on etiology or
phenomenology, they are mediated by similar overlapping neural
pathways (Kelley et al., 2005). Indeed, the neural system most
clearly implicated in subserving the rewarding properties of both
drugs of abuse and natural rewards is the nucleus accumbens (Acb)
and its associated corticostriatal circuitry (Robbins and Everitt,
1996; Schultz et al., 1997; Kelley et al., 2005; Morales and Berridge,
2020). Considering the obesity epidemic and the associated
increased risk for numerous diseases are largely attributed to an
energy imbalance, it is crucial to understand and characterize the
behavior and underlying physiology occurring between intake of
energy dense food and physical activity levels.

Few human studies have examined the relationship between
exercise and dietary patterns, and fewer have specifically
investigated differences between males and females (Després
et al., 1984; Anderson et al., 2001; Donnelly and Smith, 2005;
Elder and Roberts, 2008; Donnelly et al., 2014; Williams et al.,
2015; Beaulieu et al., 2020; Feraco et al., 2024). While some studies
have shown sex differences, the interpretation is difficult given
limited control over variables such as the amount and intensity
of exercise and the quantity of food consumed, as well as a lack
of adequately powered trials of sufficient duration. To better
understand the complex interaction between physical activity and
feeding behavior, preclinical animal models have employed varying
methodologies, including forced treadmill or voluntary wheel
running, variations in timing of wheel and diet access, diet choice
composition, and number of diets made available (Miller et al.,
1994; Eckel and Moore, 2004; Scarpace et al., 2010, 2012; Shapiro
et al., 2011; Moody et al., 2015; Lee et al., 2017, 2019a). These
methodological differences have also led to varying conclusions
on the nature of this interaction of physical activity and feeding,
potentially representing different underlying phenomena being

modeled, including but not limited to metabolic (Cortright et al.,
1997), aversion (Moody et al., 2015; Yang and Liang, 2018), or
altered incentive motivational properties (Lee et al., 2017, 2019b).

One of the more recent and impactful methodological shifts
toward investigating this interaction of physical activity and feeding
behavior has been to examine outcomes in both male and female
animals. Indeed, the vast majority of animal studies exploring this
topic have only included males, yet it has long been observed that
female rats exhibit greater preference and consumption of palatable
diets (Pankevich and Bale, 2008) and exhibit significantly higher
voluntary wheel running levels (Eikelboom and Mills, 1988; Jones
et al., 1990). Recent studies examining interactions of physical
activity and feeding behavior have revealed robust sex differences
of physical activity on feeding behavior, with male rats showing
a decrease in palatable high fat diet intake when given running
access, while the same does not occur in female rats (Moody et al.,
2015; Lee et al., 2017). Lee et al. (2017) revealed a differential
impact of voluntary wheel running access among male and female
rats’ palatable diet preferences, showing a sex-dependent shift in
macronutrient diet choices. Indeed, while females with running
wheel access increased their high-fat diet intake compared to
sedentary females, males with running wheel access decreased
high-fat intake in favor of a high-sucrose diet when compared to
sedentary males (Lee et al., 2017). Last, the influence of physical
activity on palatable feeding behavior in females is unaffected by
ovariectomy (Moody et al., 2015), suggesting the observed sex
differences are mediated by factors other than sex hormones.

Palatability-driven feeding and voluntary running behavior
are both altered by endogenous opioid receptor agonists and
antagonists, through systemic (Marks-Kaufman, 1982; Gosnell
et al., 1990; Sisti and Lewis, 2001; Ruegsegger et al., 2016)
and/or direct administration into the Acb (Zhang et al., 1998;
Will et al., 2006, 2007; Ruegsegger et al., 2015). Also, both
voluntary wheel running and palatable diet intake are rewarding
and produce transcriptional changes to opioid-related factors in the
Acb (Werme et al., 2002; Kelley et al., 2003; Greenwood et al., 2011).
Although these shared mechanisms have been shown to underlie
both palatability-driven feeding and voluntary wheel running,
there are few studies that have investigated the interaction of
these behaviors and underlying physiological processes, especially
through direct comparison of both male and females. Lee et al.
(2017) revealed that voluntary wheel running wheel access,
compared to sedentary conditions, increased opioid-related mRNA
expression in females, but not in males. The lack of opioid gene
expression changes in males could have been due to the decreased
high-fat diet intake observed during the wheel access, compared
to sedentary condition. However, rats in this study had access
to multiple highly palatable diets, so interpretation of the effects
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of physical activity on palatability-driven feeding specifically was
limited.

The present study examined both male and female rats to
examine the interaction of voluntary wheel running (RUN) and
locked wheel sedentary (SED) conditions and feeding patterns
using a 2-diet choice test (high fat diet and standard chow).
The current study was also designed to test if RUN effects
are sensitive to reversal by SED condition. Lastly, all rats were
assessed for opioid- and dopamine-related gene expression changes
within the ventral striatum following two-weeks of continual RUN
and SED conditions.

2 Materials and methods

2.1 Subjects and housing

Sixteen male and sixteen female outbred Wistar rats (Charles
River Breeding, Raleigh, NC, USA) of approximately 6 weeks of age
arrived in the laboratory and were initially pair housed in separate
male and female rooms. Animals remained in a climate-controlled
room at a temperature of 22◦C and a 12:12 h light cycle (lights on at
0700). Animal usage and procedures were approved by University
of Missouri Animal Care Use Committee.

2.2 Experimental procedure and
intervention

At approximately 10 weeks of age, rats were individually housed
in standard Plexiglas cages with Tecniplast stainless steel running
wheels (34 cm diameter). Running distance and duration was
measured daily using Sigma Sport bicycle pedometers. Following
a 1-week acclimation to voluntary wheel running access (RUN)
with ad libitum standard chow diet (Phase 0), rats were given
ab libitum access to both high fat diet and standard chow diet
(for details see below) for the 4-week testing period (Weeks 2–5).
Both diets were made concurrently available in separate divided
sections of the cage lid, counterbalancing location within each
treatment group. Daily diet consumption and body weight were
recorded throughout the 4-week diet-choice period. All groups
were given 1 week in the RUN condition (Phase 1) followed by
1 week of a locked wheel condition (SED) (Phase 2), to determine
diet preference change between the RUN and SED conditions.
During Phase 3 (weeks 4 and 5), one half of the males and females
were placed back in the RUN condition (group RS-R), while the
other half remained in the SED condition (group RS-S) to examine
the impact of RUN and SED conditions on diet preference for a
prolonged period. Animals were assigned to phase 3 cohort on day
1 of the experiment. The abbreviations RS-R and RS-S stand for
“RUN-SED-RUN” and “RUN-SED-SED” respectively, in reference
to which conditions the group had during phases 1, 2, and 3. At
the end of week 5, three hours before onset of dark cycle (1,600 h),
rats were anesthetized with CO2 (100% CO2 was introduced at the
rate of 10–20% of the chamber volume per minute, regulated by
a flow meter attached to the CO2 cylinder) and underwent rapid
decapitation. Brains were rapidly removed, frozen and stored in
−80◦C for later dissection in cryostat.

2.3 Diet compositions

Upon arrival, rats were provided with ad libitum access to water
and standard chow (Lab Diet 5008– 3.5 kcal/gram). After 1 week
of running wheel access with standard chow, rats were given the
choice between standard chow and a high-fat diet (Research Diet
D12492: 5.24 kcal/gram) consisting of 60% fat, 20% carbohydrate
and 20% protein. Consumption of each diet was recorded daily and
standardized to kilocalories per 100 g body weight.

2.4 Ventral striatum RNA extraction and
cDNA synthesis

Brain sections visibly identified as the ventral striatum, (Bregma
2.2–0.7 mm) (Paxinos and Watson, 1998) were sliced coronally
with a cryostat (Leica BioSystems). Tissue was collected in 3 mm
diameter punch samples at −20◦C and then stored at −80◦C until
processing. Samples were lysed in Trizol using a high-speed shaking
apparatus for 3 min at 25 Hz (Tissuelyser LT, Qiagen, Valencia,
CA, USA) with RNase-free stainless-steel beads. RNA was separated
according to the manufacturer’s instructions (TRIzol, Invitrogen,
Carlsbad, CA, USA). A Nanodrop 1000 (Thermo Scientific) was
used to quantify the RNA. Quality of RNA was confirmed on a 1%
agarose gel. RNA was reverse transcribed using the High-Capacity
cDNA Reverse Transcription kit (Applied Biosystems, Carlsbad,
CA, USA).

2.5 Ventral striatum mRNA expression
quantification

The cDNA for each sample was assayed in duplicate for target
genes using SYBR Green Mastermix (Applied Biosystems Carlsbad,
CA, USA). The mRNA was assessed for dopamine receptor
type 1 (DRD1), dopamine receptor type 2 (DRD2), µ-opioid
receptor 1 (OPRM1), proenkephalin (PENK), and Cyclophilin A.
The mRNA expression values are presented as 21Ct, whereby
1CTt = Cyclophilin A Ct-gene of interest Ct, and were normalized
to MALE RS-S condition values. The fold changes were calculated
from standard error of 21 Ct values.

2.6 Statistical analysis

Analytical procedures were performed using SPSS version
29.0.1.0 (171). All values are presented as mean ± SEM.
Significance for all analyses was set with an alpha value of 0.05. Rats
were assigned to one of two treatment groups (i.e., RS-S or RS-R)
on Day 1 of the experiment [in two cohorts (n = 16/cohort)] and
all analyses treated these as two distinct groups from Phase 0 to
Phase 3. Outcome measures for between-group and within-group
comparisons were analyzed using a two-way analysis of variance
(ANOVA) [Sex (MALE vs. FEMALE), group (RS-S vs. RS-R)], or
across weeks/physical activity condition using a repeated measures
ANOVA [Week/physical activity, sex (MALE vs. FEMALE), and
group (RS-S vs. RS-R)]. Significant effects were followed by either a
Tukey post hoc comparison or planned post hoc comparison t-tests.
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3 Results

3.1 Body weight and running distance

3.1.1 Body weight
RS-S and RS-R males displayed no significant difference in

average daily body weight at week 1 (F1,15 0.2, p> 0.05), while RS-S
and RS-R females were different (F1,15 9.1, p = 0.01). The males and
females were run in multiple cohorts, and cohorts were matched
for age, which led to minor weight difference between treatment
groups in females. A repeated measures ANOVA revealed that
this difference within females continued throughout the remainder
of the experiment where females the RS-S group weighed more
than the RS-R group (F1,14 9.7, p = 0.008), yet the difference
between the groups increased from 20 g in the first week to 57 g
in the fifth week. Males in the RS-S and RS-R groups did not
have significantly different bodyweights throughout the 4-week diet
preference assessment (F1,14 0.158, p > 0.05), but there was a
trending difference for RS-S increasing body weight compared to
RS-R during the final week (Figure 1).

3.1.2 Running distance
A one-way ANOVA revealed that average daily running

distance was higher in females than in males across all four weeks
(p< 0.001). When comparing RS-R and RS-S average daily running
distance in males during the first phase, no difference was found
in week 1 (F1,14 0.4, p > 0.05) or week 2 (F1,14 0.0, p > 0.05). In
females, no difference was found in average daily running distance
between RS-R and RS-S groups during week 1 (F1,15 2.2, p > 0.05),
but there was a significant difference during week 2 (F1,15 37.7,
p < 0.001) (Figure 1).

3.2 Dietary preference assessment

3.2.1 Standard chow diet consumption
Phase 0 and 1: A two-way repeated measures ANOVA of chow

consumption in Phase 0 and 1 revealed a main effect of week (F1,28
790.6, p < 0.001), but no main effect of sex (F1,28 3.9, p > 0.05)
or group (F1,28 0.7, p > 0.05). There was a week by sex interaction
(F1,28 51.6, p < 0.001), but no week by group (F1,28 0.0, p > 0.05),
sex by group (F1,28 0.0, p > 0.05), or week by group by sex
interaction (F1,28 0.4, p > 0.05). Post hoc comparison showed all
rats significantly decreased their chow consumption from week 1 to
week 2 (when high fat diet was introduced). There was no difference
between males and females chow consumption in week 1 (p> 0.05)
when only chow was available. When high fat was also available
in week 2, males continued to consume small amounts of chow
diet, while females stopped consuming chow diet almost entirely
(p < 0.001) (Figure 2).

Phase 1 and 2: When comparing differences between Phase 1
(RUN condition) and Phase 2 (SED condition), a two-way repeated
measures ANOVA on chow consumption revealed a main effect
of physical activity (F1,28 21.6, p < 0.001) and sex (F1,28 27.9,
p< 0.001), but not group (F1,28 0.7, p> 0.05). There was a physical
activity by sex interaction (F1,28 18.5, p< 0.001), but no interaction
of physical activity by group (F1,28 0.05, p > 0.05), sex by group
(F1,28 0.4, p > 0.05), or physical activity by group by sex (F1,28

0.4, p > 0.05). Post hoc comparisons showed chow consumption
in the RUN condition was significantly higher than the SED
condition in both males (p < 0.001) and females (p = 0.012).
Males consumed more chow than females in both physical activity
conditions (p < 0.001), however, the difference was smaller during
the SED condition (Figure 2).

When comparing chow consumption on Days 14 and 15
(when rats transitioned from RUN to SED condition), a two-way
repeated measures ANOVA revealed a main effect of sex (F1,28
17.1, p < 0.001), but not day (F1,28 3.3, p > 0.05) or group (F1,28
2.1, p > 0.05). There were no significant interactions. Regardless of
group, females showed a significant decrease in chow consumption
from Day 14 to 15 (p < 0.001), but males showed no difference
(p > 0.05) (Figure 3).

Phase 2 and 3: When comparing differences between Phase
2 (SED condition) and Phase 3 week 4 (half remained in SED
condition and half transitioned to RUN condition), a two-way
repeated measures ANOVA revealed a main effect of sex (F1,28
17.0, p < 0.001), but not week (F1,28 3.4, p > 0.05) or group (F1,28
3.4, p > 0.05). There was an interaction of week by group (F1,28
8.8, p = 0.006) and week by group by sex (F1,28 9.1, p = 0.005),
but not week by sex (F1,28 3.5, p > 0.05) or sex by group (F1,28
3.7, p > 0.05). Post hoc comparison revealed that males consumed
more chow than females across both weeks (p < 0.001). RS-S males
who remained in the SED condition showed no difference between
weeks 3 and 4 chow consumption (p > 0.05), but RS-R males who
were placed into the RUN condition in Phase 3 increased their chow
consumption from weeks 3 to 4 (p = 0.014). Females showed no
difference in chow consumption between weeks 3 to 4, regardless
of group (p > 0.05) (Figure 2).

When comparing chow consumption on Days 21 and 22 in
only RS-R rats (where RS-R rats transitioned from SED to RUN
condition), a one-way repeated measures ANOVA revealed a main
effect of sex (F1,14 8.3, p = 0.012), but not day (F1,14 0.2, p > 0.05).
There was no interaction of day by sex (F1,14 0.2, p > 0.05). Males
consumed more chow than females across Days 21 and 22 for
both RS-R and RS-S groups (p < 0.05). No differences were found
between Days 21 and 22 for RS-S male or female rats, who remained
in the SED condition (p > 0.05) (Figure 3).

Phase 3: A two-way repeated measures ANOVA of chow
consumption revealed no main effect of week (F1,28 3.1, p > 0.05)
in Phase 3. There was a main effect of sex (F1,28 17.7, p< 0.001) and
group (F1,28 6.3, p = 0.018), as well as an interaction of sex by group
(F1,28 8.6, p = 0.007). There was no interaction of week by group
(F1,28 0.2, p > 0.05), week by sex (F1,28 0.6, p > 0.05), or week by
group by sex (F1,28 2.5, p > 0.05). Post hoc comparisons revealed
that males consumed more chow diet than females across Phase
3 (p < 0.001). Males in the RUN condition ate significantly more
chow than males in the SED condition (F1,14 7.6, p = 0.016). There
was no difference in chow consumption between RUN and SED
condition females (F1,14 1.8, p > 0.05). No significant differences
were found across weeks when comparing week 4 and 5’s average
daily chow consumption (Figure 2).

As shown in Figure 5, data was also analyzed by collapsing
intake across both Weeks 4 and 5 of phase 3. A two-way ANOVA
of average daily chow consumption in phase 3 revealed a main
effect of sex (F1,28 17.5, p < 0.001), group (F1,28 6.4, p = 0.017),
and a significant interaction of sex by group (F1,28 8.5, p = 0.007)
(Figure 4).
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FIGURE 1

Average daily body weight and running distance with the timeline of experiment listed above the graphs. (A) Body weight shown as average daily
across each week in grams. RS-S females had significantly larger bodyweights than RS-R females (#p < 0.01). (B) Average daily running distance in
kilometers. Females exhibit higher running distance compared to males (*p < 0.001).

3.2.2 High-fat diet consumption
Phases 1 and 2: When comparing average daily high fat

consumption differences between Phase 1 (RUN condition) and
Phase 2 (SED condition), a two-way repeated measures ANOVA
revealed no main effect of physical activity (F1,28 2.3, p > 0.05),
or group (F1,28 1.1, p > 0.05). There was a main effect of sex
(F1,28 160.2, p < 0.001), and a significant physical activity by sex
interaction (F1,28 66.8, p < 0.001). There was no interaction of
physical activity by group (F1,28 0.1, p > 0.05), sex by group (F1,28

0.0, p > 0.05), or physical activity by sex by group (F1,28 0.1,
p > 0.05). Post hoc comparisons revealed no differences in high fat
consumption found between RS-S and RS-R groups during Phases
1 and 2 in both males (p > 0.05) and females (p > 0.05) when both
groups were undergoing the same treatment. Male rats showed a
significant increase in high fat diet consumption when transitioned

from RUN condition to SED condition (p < 0.001). In contrast,
females showed a significant decrease in high fat consumption
when transitioned from the RUN condition to the SED condition
(p < 0.001) (Figure 2).

When comparing high fat consumption on Days 14 and 15
(where rats transitioned from RUN to SED condition), a two-way
repeated measures ANOVA revealed a main effect of sex (F1,28 75.8,
p < 0.001), but not day (F1,28 0.01, p > 0.05) or group (F1,28 0.9,
p > 0.05). There was a significant interaction of day by sex (F1,28

8.4, p < 0.001), but not day by group (F1,28 1.3, p > 0.05), sex
by group (F1,28 0.7, p > 0.05), or day by sex by group (F1,28 0.1,
p > 0.05). Regardless of group, males showed a significant increase
in high fat consumption from Day 14 to 15 (p < 0.001), but no
significant change in females (p > 0.05) (Figure 3).
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FIGURE 2

Average daily caloric consumption of chow diet, high fat diet, and total calories normalized to 100 g body weight. (A) Chow diet: Both males
(*p < 0.05) and females (#p < 0.05) showed a significant decrease in chow consumption when transitioned from phase 1 to 2. During phase 3, RS-R
males consumed more chow than RS-S males (*p < 0.05). (B) High fat diet: Males (*p < 0.05) increased while females (#p < 0.05) decreased high fat
consumption when transitioned from phase 1 to 2. During phase 3, RS-S males consumed more high fat than RS-R males (*p < 0.05), while RS-R
females consumed more high fat than RS-S females (#p < 0.05). (C) Total caloric consumption: Males (*p < 0.05) increased while females
(#p < 0.05) decreased calorie consumption when transitioned from phase 1 to 2. During phase 3, RS-S males consumed more calories than RS-R
males (*p < 0.05), while RS-R females consumed more calories than RS-S females (#p < 0.05).

Phase 2 and 3: When comparing high fat consumption
differences between Phase 2 (SED condition) and Phase 3 week
4 (half remain in SED condition and half transition to RUN
condition), a two-way repeated measures ANOVA revealed a main
effect of week (F1,28 52.7, p < 0.001), sex (F1,28 94.1, p < 0.001),
and group (F1,28 4.6, p = 0.042). There was a significant interaction
of sex by group (F1,28 9.9, p = 0.004), week by group by sex (F1,28
21.9, p < 0.001), but not week by sex (F1,28 3.6, p > 0.05) or week
by group (F1,28 0.3, p > 0.05). Post hoc comparison revealed that
females consumed more high fat than males across both weeks
(p < 0.001). While both RS-S males who remained in the SED

condition (p = 0.04) and RS-R males who transitioned to RUN
condition (p < 0.001) decreased their high fat consumption from
Phase 2 to 3, RS-R condition males decreased at a much larger
scale (p< 0.001). RS-S females who remained in the SED condition
decreased their high fat consumption from Phase 2 to 3 (p = 0.010),
while high fat consumption for RS-R females who were placed in
RUN condition in Phase 3 did not differ between phases (p > 0.05)
(Figure 2).

When comparing high fat consumption levels between Days
21 and 22 in only RS-R rats (where RS-R rats transitioned from
SED to RUN condition), a one-way repeated measures ANOVA
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FIGURE 3

Daily caloric consumption of chow and high fat diet normalized to 100 g body weight.

FIGURE 4

Phase 3 (weeks 4 and 5) average daily caloric consumption of each diet normalized to 100 g body weight. Males who were in the SED condition for
the last two weeks consumed more total calories than males who were in the RUN condition. In contrast, females who were in the RUN condition
for the last two weeks consumed more total calories than females who were in the SED condition (*p < 0.05).

revealed a main effect sex (F1,14 805.0, p < 0.001), but not day
(F1,14 3.0, p > 0.05). There was an interaction of day by sex
(F1,14 5.2, p < 0.05). RS-R males significantly decreased their high
fat consumption from Days 21 to 22 (p < 0.05), but high fat
consumption in RS-R female was unchanged (p > 0.05). Females
consumed more high fat than males across Days 21 and 22 in both
RS-R and RS-S rats (p< 0.001). No differences were found between
Days 21 and 22 for RS-S male or female rats, who remained in the
SED condition (p > 0.05) (Figure 3).

Phase 3: A two-way repeated measures ANOVA revealed a
main effect of sex, (F1,28 112.4, p < 0.001), but no main effect of
week (F1,28 0.9, p> 0.05) or group (F1,28 0.1, p> 0.05). There was a

significant interaction of week by group (F1,28 28.8, p < 0.001), and
sex by group (F1,28 51.1, p < 0.001), but not for week by sex (F1,28
1.0, p > 0.05) or week by sex by group (F1,28 1.3, p > 0.05). Post
hoc comparisons revealed that females consumed more high fat
than males across both weeks 4 and 5 (p < 0.001). Males who were
reintroduced to the RUN condition consumed less high fat when
compared to the males in the SED condition (F1,14 23.8, p< 0.001).
In contrast, females who were reintroduced to the RUN condition
significantly increased their high fat consumption, compared to
their SED counterparts (F1,14 28.4, p < 0.001). When comparing
high fat consumption between week 4 and 5, rats in the RUN
condition increased their high fat consumption (p < 0.001), while
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FIGURE 5

mRNA expression levels of 4 different feeding and reward related genes in the ventral striatum. Values represent a normalization to the male RS-S
treatment group. (A) DRD1: RS-S males showed increased levels of dopamine receptor type 1 (DRD1) expression compared to RS-R males
(*p < 0.05). (B) DRD2: RS-S males showed increased levels of dopamine receptor type 2 (DRD2) expression compared to RS-R males (*p < 0.05),
and RS-R females showed increased levels of DRD2 expression compared to RS-S females (#p < 0.05). (C) OPRM1: RS-R females showed increased
levels of µ-opioid receptor (OPRM1) expression compared to RS-S females (#p < 0.05). (D) PENK: RS-S males showed increased levels of
proenkephalin (PENK) expression compared to RS-R males (*p < 0.05), and RS-R females showed increased levels of PENK expression compared to
RS-S females (#p < 0.05).

rats in the SED condition decreased their high fat consumption
over time (p = 0.013) (Figure 2).

As shown in Figure 5, data was also analyzed by collapsing
intake across both Weeks 4 and 5 of phase 3. A two-way ANOVA
of average daily high fat consumed in phase 3 revealed a main effect
of sex (F1,28 112.4, p < 0.001) and a significant interaction of sex by
group (F1,28 51.1, p< 0.001), but no main effect of group (F1,28 0.1,
p > 0.05) (Figure 4).

3.2.3 Total diet consumption
Phase 1 and 2: A two-way repeated measures ANOVA of total

calories consumed across Phase 1 (RUN condition) and Phase 2
(SED condition) revealed a main effect of physical activity (F1,28
19.1, p < 0.001) and sex (F1,28 190.8, p < 0.001), but not group
(F1,28 0.6, p > 0.05). There was an interaction of physical activity
by sex (F1,28 64.3, p < 0.001), but no interaction of physical
activity by group (F1,28 0.1, p > 0.05), sex by group (F1,28 0.6,
p > 0.05), or physical activity by sex by group (F1,28 0.4, p > 0.05).
Post hoc comparisons showed that females had significantly higher
caloric consumption than males (p < 0.001). Male rats showed
a significant increase in caloric consumption when transitioned
from RUN condition to SED condition (p = 0.018). In contrast,
females showed a significant decrease in caloric consumption
when transitioned from the RUN condition to the SED condition
(p < 0.001) (Figure 2).

When comparing total consumption on Days 14 and 15
(where rats transitioned from RUN to SED condition), a two-
way repeated measures ANOVA revealed a main effect sex
(F1,28 79.2, p < 0.001), but not day (F1,28 0.05, p > 0.05)
or group (F1,28 0.00, p > 0.05). There was an interaction
of day by sex (F1,28 7.4, p = 0.01), but not day by group
(F1,28 1.4, p > 0.05), sex by group (F1,28 0.00, p > 0.05),

or day by sex by group (F1,28 0.2, p > 0.05). Regardless of
group, males showed a significant increase in total consumption
from Day 14 to 15 (p < 0.001), but female’s decrease in total
consumption from Day 14 to 15 was not significant (p > 0.05)
(Figure 3).

Phase 2 and 3: When comparing differences between Phase
2 (SED condition) and Phase 3 week 4 (half remain in SED
condition and half transition to RUN condition), a two-way
repeated measures ANOVA revealed a main effect of week (F1,28

46.9, p < 0.001), sex (F1,28 90.0, p < 0.001), but not group (F1,28

1.4, p > 0.05). There was an interaction of sex by group (F1,28 7.9,
p = 0.009) and week by group by sex (F1,28 20.2, p < 0.001), but
not week by sex (F1,28 3.5, p > 0.05) or week by group (F1,28 0.0,
p > 0.05). Post hoc comparison revealed that females consumed
more calories than males across both weeks (p< 0.001). While both
RS-S males who remained in the SED condition (p = 0.011) and
RS-R males who were transitioned to RUN condition (p < 0.001)
decreased their total caloric consumption from weeks 3 to 4, RS-
R males decreased to a greater extent (p < 0.001). RS-S females
who remained in the SED conditioned decreased their total caloric
consumption from weeks 3 to 4 (p = 0.010), while total caloric
consumption for RS-R females who were transitioned to RUN
condition did not differ between weeks 3 and 4 (p > 0.05)
(Figure 2).

When comparing total consumption between Day 21 and 22
in only RS-R rats (where RS-R rats transition from SED to RUN
condition), a one-way repeated measures ANOVA revealed a main
effect of day (F1,14 5.6, p = 0.05) and sex (F1,14 1013.4, p < 0.001),
and a significant interaction of day by sex (F1,14 9.2, p < 0.01).
RS-R males decreased their total consumption from Day 21 to 22
(p < 0.05), but there was no difference in RS-R female high fat
consumption (p > 0.05). Females consumed more calories than
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TABLE 1 Pearson’s correlation coefficient of average daily running
distance and average daily high fat consumption for Phase 1 and Phase 3.

Phase 1 Phase 3

RS-R Males r(6) = 0.119, p > 0.05 r(6) = −0.235, p > 0.05

RS-S Males r(6) = 0.213, p > 0.05

RS-R Females r(6) = 0.008, p > 0.05 r(6) = 0.200, p > 0.05

RS-S Females r(6) = 0.525, p > 0.05

males across Day 21 and 22 in both RS-R and RS-S rats (p < 0.001).
No differences were found between Days 21 and 22 for RS-S male
or female rats, who remained in the SED condition (p > 0.05)
(Figure 3).

Phase 3: A two-way repeated measures ANOVA of total calories
consumed revealed a main effect of sex (F1,28 115.3, p < 0.001),
but no main effect of week (F1,28 0.3, p > 0.05) or group (F1,28
3.2, p > 0.05). There was a significant interaction of week by group
(F1,28 37.3, p < 0.001), and group by sex (F1,28 53.5, p < 0.001), but
no interaction of week by sex (F1,28 1.6, p > 0.05), or week by sex
by group (F1,28 0.04, p > 0.05). Post hoc comparisons showed that
females had significantly higher caloric consumption than males
across Phase 3 (p < 0.001). Males who were reintroduced to the
RUN condition had lower total caloric consumption compared to
the males in the SED condition (F1,14 19.3, p < 0.001). In contrast,
females who were reintroduced to the RUN condition had higher
caloric consumption when compared to their counterparts in the
SED condition (F1,14 34.2, p < 0.001). Both male and female rats in
the RUN condition increased their caloric consumption from Week
4 to 5 (p < 0.001), and all rats in the SED condition decreased their
caloric consumption from week 4 to 5 (p < 0.001) (Figure 2).

As shown in Figure 5, data was also analyzed by collapsing
intake across both Weeks 4 and 5 of phase 3. A two-way ANOVA
of average daily total calories consumed in phase 3 revealed a main
effect of sex (F1,28 115.1, p < 0.001) and a significant interaction of
sex by group (F1,28 53.9, p < 0.001), but no main effect of group
(F1,28 4.0, p > 0.05) (Figure 4).

3.3 Correlation between running
distance and consumption

A Pearson’s correlation coefficient was computed to assess the
linear relationship between wheel running distance and intake of
either of the 2 diets in RS-R males, RS-S males, RS-R females, and
RS-S females separately. No significant correlation was found for
wheel running distance and high fat for any of the phases (p> 0.05).
In addition, no correlation was found for wheel running distance
and chow consumption for any phase (p > 0.05). Tables 1, 2 show
Pearson’s correlation coefficients for all phases for both chow and
high fat diets.

3.4 Ventral striatum mRNA expression

3.4.1 DRD1 mRNA expression
A two-way ANOVA for DRD1 mRNA expression revealed a

main effect of group (F1,17 26.9, p < 0.001), and sex (F1,17 21.5,

TABLE 2 Pearson’s correlation coefficient of average daily running
distance and average daily chow consumption for Phase 0, Phase 1, and
Phase 3.

Phase 0 Phase 1 Phase 3

RS-R Males r(6) = 0.643,
p > 0.05

r(6) = 0.027,
p > 0.05

r(6) = 0.525,
p > 0.05

RS-S Males r(6) = 0.453,
p > 0.05

r(6) = −0.234,
p > 0.05

RS-R Females r(6) = 0.157,
p > 0.05

r(6) = 0.034,
p > 0.05

r(6) = −0.259,
p > 0.05

RS-S Females r(6) = −0.542,
p > 0.05

r(6) = 0.449,
p > 0.05

p < 0.001). There was an interaction of group by sex (F1,17 59.2,
p < 0.001) (Figure 5). RS-S males who were in the SED condition
during the last 2 weeks expressed greater levels of DRD1 than RS-
R males who were in the RUN condition during the last 2 weeks
(F1,12 17.0, p < 0.001). There was no difference between the RS-R
condition and RS-S females (F1,12 0.5, p > 0.05).

3.4.2 DRD2 mRNA expression
A two-way ANOVA for DRD2 mRNA expression revealed no

main effect of group (F1,17 0.2, p> 0.05), or sex (F1,17 0.1, p> 0.05).
There was an interaction of group by sex (F1,17 10.7, p = 0.004)
(Figure 5). RS-S Males who were in the SED condition during the
last 2 weeks expressed greater levels of DRD2 than RS-R males
who were in the RUN condition during the last 2 weeks (F1,13 6.0,
p = 0.029). In contrast, RS-S females who were in the SED condition
during the last 2 weeks expressed lower levels of DRD2 than RS-R
females who were in the RUN condition during the last 2 weeks
(F1,11 5.8, p = 0.035).

3.4.3 OPRM1 mRNA expression
A two-way ANOVA for OPRM1 mRNA expression revealed a

main effect of sex (F1,17 6.6, p = 0.020), but not group (F1,17 1.4,
p > 0.05). There was no interaction of group by sex (F1,17 2.6,
p> 0.05) (Figure 5). Females showed greater levels of OPRM1 than
males when groups were collapsed. RS-S females who were in the
SED condition during the last 2 weeks expressed lower levels of
OPRM1 than RS-R females who were in the RUN condition during
the last 2 weeks (F1,13 5.0, p = 0.043). There was no difference
between RS-R and RS-S males (F1,11 0.0, p > 0.05).

3.4.4 PENK mRNA expression
A two-way ANOVA for PENK mRNA expression revealed a

main effect of group (F1,17 6.1, p = 0.024), but not sex (F1,17 3.7,
p > 0.05). There was an interaction of group by sex (F1,17 44.4,
p < 0.001) (Figure 5). RS-S males who were in the SED condition
during the last 2 weeks expressed greater levels of PENK than RS-R
males who were in the RUN condition during the last 2 weeks (F1,12

33.3, p < 0.001). In contrast, RS-S females who were in the SED
condition during the last 2 weeks expressed lower levels of PENK
than RS-R females who were in the RUN condition during the last
2 weeks (F1,13 12.4, p = 0.004).
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FIGURE 6

The sex-dependent directional shift in behavioral and mRNA
measures in response to sedentary (locked wheel) conditions,
compared to voluntary wheel running access conditions. Behavioral
measures: HF, high-fat diet intake; gene expression (mRNA)
measures; DRD1, dopamine receptor type 1; DRD2, dopamine
receptor type 2; OPRM1, µ-opioid receptor 1; PENK, proenkephalin.

4 Discussion

The present study explored the effects of voluntary physical
activity levels on a 2-diet preference test between palatable high
fat diet and a less palatable, nutritionally balanced chow diet, in
both male and female rats. The major findings of the study reveal
that voluntary wheel running access, compared to sedentary locked
wheel, shifts preference and consumption of palatable diet in the
opposite direction for males and females. Indeed, males consumed
50% more high fat while in SED, compared to RUN condition.
In contrast, females consumed 20% less high fat while in SED,
compared to RUN condition (for summary, see Figure 6). The
response in females would appear to be adaptive, as they decrease
palatable food intake when in sedentary home cage conditions. In
contrast, the opposite response observed in males would appear to
be a potential maladaptive response, overconsuming palatable food
when in sedentary home cage conditions.

To further understand the relationship between physical
activity and palatability-driven feeding, the present study also
followed a reversal/ABA research design, providing additional
experimental control over the interaction and increased internal
validity to overall findings. The results demonstrate that the sex-
dependent interaction between physical activity and diet preference
and consumption patterns respond quickly to changing physical
activity conditions, reversing within the first 24 h of alternating
between RUN and SED conditions. Lastly, these sex dependent
feeding behaviors were associated with parallel sex-dependent
changes to critical reward-related gene expression patterns in the
Acb (for summary, see Figure 6), suggesting a role for both opioid
and dopamine as potential regulatory processes underlying these
behaviors.

One potential explanation for the sex dependent effect of
voluntary wheel running in the present study could be the influence
of metabolic changes due to the discrepancy in running behavior
between males and females (Tokuyama et al., 1982; Stiegler and
Cunliffe, 2006). However, there was no correlation in either males
or females between running distance and intake levels of either diet
at any phase of the experiment. This lack of correlation aligns with
previous findings from our lab and others showing that while rats
exhibit a range of daily running distances, no correlation between
running distance and palatable diet intake has been observed
(Shapiro et al., 2011; Scarpace et al., 2012; Lee et al., 2017, 2019a).
This suggests that the critical factor underlying the influence of

the RUN condition on feeding behavior is access to the voluntary
running wheel, not the distance ran.

Another potential explanation for the sex-dependent
interaction of physical activity and feeding patterns could be
an influence of sex-specific hormones, a question most often
explored in females. It is well known that female rats exhibit
markedly higher running distances compared to males, and
that this difference is estrogen dependent (Mathis et al., 2024).
While the current study didn’t directly address the role of sex
hormones, it did reveal that there was no correlation between
high fat consumption and running distance, in either females or
males. Also, it has been shown that ovariectomized female rats,
compared to intact rats, display similar palatable feeding behavior
in response to physical activity (Moody et al., 2015). While these
findings suggest that metabolic or hormonal mechanisms may
not be the key mediators underlying the sex-dependent effects in
the present study, additional approaches to investigating either
direct or indirect roles of both male and female sex hormones are
certainly warranted (McCarthy et al., 2012; Park et al., 2016).

The mesolimbic reward pathway has revealed many sex-
dependent physiological differences for both drug and natural
rewards (Contet et al., 2004; Avena et al., 2008; Le Merrer et al.,
2009; Bobzean et al., 2014; Harp et al., 2020; Orsini et al., 2022),
yet this pathway remains relatively unexplored for mediating
the sex-dependent interaction of physical activity and feeding
behavior. The processes underlying the rewarding properties of
both palatability-driven feeding and voluntary wheel running have
been well documented (Garland et al., 2011; Novak et al., 2012), as
both palatable diet consumption and voluntary wheel running have
been shown to be altered through systemic (Cooper, 1980; Marks-
Kaufman, 1982; Gosnell et al., 1990; Sisti and Lewis, 2001) and
direct opioid administration into the ventral striatum (Zhang et al.,
1998; Will et al., 2006, 2007; Ruegsegger et al., 2015). Considering
this overlap, the opioid system is a likely candidate for mediating
the interaction of physical activity and feeding behavior. Long-term
voluntary wheel running leads to adaptations in the gene expression
patterns associated with reward in the Acb (Werme et al., 2002;
Greenwood et al., 2011). Previous studies, conducted mostly in
males, have shown that access to voluntary wheel running causes
animals to be less sensitive to the reinforcing properties of drugs of
abuse (Mustroph et al., 2011; Lynch et al., 2013), as voluntary wheel
running decreased acquisition and self-administration response
rates for cocaine, heroin, methamphetamine, and nicotine (Lacy
et al., 2014; Bardo and Compton, 2015; Sanchez et al., 2015).

Previous findings in our lab revealed a sex dependent effect of
voluntary wheel running access on a 3-diet preference test, where
RUN females increased their high-fat diet intake compared to SED
females, but RUN males decreased high-fat intake in favor of a
high-sucrose diet compared to SED males (Lee et al., 2017). In
the same study, females in the RUN condition, compared to SED
condition, had increased OPRM1 and PENK mRNA expression
in the Acb, but no significant differences in gene expression were
found in males. The lack of mRNA expression differences between
RUN and SED conditions in males might have been due to multiple
palatable diets being available. While RUN males did reduce fat
intake (as in the present study), they also significantly increased
sucrose intake, when compared to SED males (Lee et al., 2017).
Therefore, the present study sought to simplify the diet preference
test, providing access to only one palatable diet and standard chow,
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which allowed for easier interpretation of both behavioral and
mRNA expression changes. Interestingly, the DRD2 and PENK
mRNA expression levels track the high-fat diet consumption for
both sexes, with decreased expression in RUN males and increased
expression in RUN females. DRD1 and OPRM1 gene expression
levels tracked with high fat diet consumption for males and
females, respectively. These mRNA expression differences observed
in response to RUN vs. SED conditions provide support for these
ventral striatum reward signaling processes being likely mediators
of the sex-dependent interaction between physical activity and
feeding patterns. Future studies will be necessary to isolate the
independent influence of physical activity and the resulting effects
on these gene expression patterns.

Another potential theory to explain these sex dependent results
involves the reward substitution principle; a process involving two
or more rewarding events reducing the appetitive nature of each
other (Lynch et al., 2013; Bardo and Compton, 2015). Previously,
it has been shown that female rats demonstrate higher levels for
the self-administration of drugs of abuse, palatable food intake, and
voluntary wheel running, when compared to males (Mathes and
Kanarek, 2001; Lett et al., 2002; Carroll et al., 2004; Carroll and
Anker, 2010; Smith and Pitts, 2012; Lee et al., 2017). Therefore,
the ceiling for the behavioral expression related to the rewarding
properties of high-fat diet or voluntary wheel running would be
higher for females, compared to males. While males decreased
their high fat consumption when running wheel was available, the
opposite occurred in females. This aligns with reward substitution,
as male’s reward “ceiling” may lead to greater reward competition
between running and high fat diet when concurrently accessible,
while females may experience a reduced level of competition. It also
raises the importance of methodological approach used to assess
feeding behavior (i.e., novel feeding chambers or home cage), where
feeding is typically assessed with or without concurrent access to the
running wheel, respectively, which can produce different outcomes
in feeding behavior (Lee et al., 2017, 2019b).

Previous research has found that chronic access to either
palatable diets or voluntary wheel running produces similar
neuronal plasticity in the Acb and associated reward pathways
(Kelley et al., 2002; Vargas-Pérez et al., 2003; Greenwood et al.,
2011). Considering the current study only assessed mRNA gene
expression, it would be interesting to use a different experimental
approach to investigate the directional influence occurring between
physical activity and the gene expression patterns. One approach
is to assess the effect of intra-Acb administration of the selective
µ-opioid receptor agonist D-Ala2, NMe-Phe4, Glyol5-enkephalin
(DAMGO). Intra-Acb DAMGO administration has been well
characterized to increase consumption of palatable diets by
increasing the rewarding and palatable properties of preferred
food, rather than increasing the state of “hunger” or negative
energy balance (Peciña and Berridge, 2000; Kelley et al., 2002;
Hanlon et al., 2004; Will et al., 2009). Previous research from
our lab demonstrated that in females, intra-Acb DAMGO feeding
behavior of palatable diets was altered by access to a running wheel,
where females in the RUN condition responded to lower doses of
DAMGO than SED condition females. In male rats, there was no
effect of RUN condition compared to SED condition on DAMGO
increased palatable diet consumption (Lee et al., 2019b). However,
this study tested intra-Acb DAMGO feeding behaviors in a separate
feeding chamber, with no access to a running wheel during the

feeding test. As the present study’s results suggest, access to running
wheel in males may cause reward competition between the running
wheel and high fat diet. Future studies examining the impact of
access to a running wheel being present during DAMGO feeding
test will help further characterize the interaction of physical activity
and feeding behavior.

As mentioned previously, the present study also examined if
RUN effects are sensitive to reversal by SED condition in male
and female rats. The results demonstrated in general these effects
were indeed reversible. Male rats show an immediate (24 h)
increase in high fat consumption when transitioned from RUN
to SED condition, and then a subsequent decrease in high fat
consumption when transitioned back from SED to RUN, with
the changes persisting throughout the final two weeks. Within
females, transition effects of physical activity conditions were also
observed, as they initially showed a decrease in high fat when
transitioned from RUN to SED, yet slowly increased high fat intake
after they transitioned from SED back to RUN condition, compared
to the rats that remained in SED condition. These findings all
lend support that run effects on palatable diet consumption are
reversible in both males and females.

Overall, the present data strongly suggest that physical activity
has a sex-dependent effect on palatable diet preference and feeding
behavior. Furthermore, in line with the dissociative sex-dependent
influence of physical activity condition on feeding behavior, ventral
striatal opioid- and dopamine-related mRNA expression also were
found to parallel these behavioral effects. The sex-dependent effects
of physical activity were also shown to reverse in response to
alternating physical activity conditions, suggesting the underlying
opioid and dopaminergic mediators may also respond similarly.
Considering the widespread prevalence of sedentary behavior and
excessive consumption of energy-rich, palatable diets, it seems
critical to further our understanding of how a sedentary lifestyle
impacts males and females differently. Continued research into
this interaction should also provide insight into whether the sex-
dependent influence of physical activity on palatable hedonic
feeding might also extend to drugs of abuse and in turn, lead to
sex-specific approaches to treatment options.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The animal study was approved by the Animal Care and
Use Committee (ACUC) of University of Missouri. The study
was conducted in accordance with the local legislation and
institutional requirements.

Author contributions

CK: Conceptualization, Data curation, Formal analysis,
Investigation, Methodology, Project administration, Validation,

Frontiers in Integrative Neuroscience 11 frontiersin.org

https://doi.org/10.3389/fnint.2024.1426219
https://www.frontiersin.org/journals/integrative-neuroscience
https://www.frontiersin.org/


fnint-18-1426219 July 23, 2024 Time: 15:30 # 12

Kocum et al. 10.3389/fnint.2024.1426219

Visualization, Writing – original draft, Writing – review &
editing. YC: Investigation, Writing – review & editing. DS: Data
curation, Formal analysis, Investigation, Writing – review &
editing. TAS: Investigation, Writing – review & editing. EK:
Investigation, Writing – review & editing. TH: Investigation,
Writing – review & editing. CS: Investigation, Writing – review
& editing. TRS: Supervision, Writing – review & editing. VV-P:
Writing – review & editing. MW: Conceptualization, Investigation,
Methodology, Project administration, Supervision, Validation,
Writing – review & editing.

Funding

The authors declare that no financial support was received for
the research, authorship, and/or publication of this article.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

References

Anderson, J. W., Konz, E. C., Frederich, R. C., and Wood, C. L. (2001). Long-
term weight-loss maintenance: A meta-analysis of US studies. Am. J. Clin. Nutr. 74,
579–584. doi: 10.1093/ajcn/74.5.579

Avena, N. M., Rada, P., and Hoebel, B. G. (2008). Evidence for sugar addiction:
Behavioral and neurochemical effects of intermittent, excessive sugar intake. Neurosci.
Biobehav. Rev. 32, 20–39. doi: 10.1016/j.neubiorev.2007.04.019

Bardo, M. T., and Compton, W. M. (2015). Does physical activity protect against
drug abuse vulnerability? Drug Alcohol Depend. 153, 3–13. doi: 10.1016/j.drugalcdep.
2015.05.037

Beaulieu, K., Hopkins, M., Gibbons, C., Oustric, P., Caudwell, P., Blundell,
J., et al. (2020). Exercise training reduces reward for high-fat food in adults
with overweight/obesity. Med. Sci. Sports Exerc. 52:900. doi: 10.1249/MSS.
0000000000002205

Bhaskaran, K., Douglas, I., Forbes, H., dos-Santos-Silva, I., Leon, D. A., and Smeeth,
L. (2014). Body-mass index and risk of 22 specific cancers: A population-based cohort
study of 5·24 million UK adults. Lancet 384, 755–765. doi: 10.1016/S0140-6736(14)
60892-8

Bobzean, S. A. M., DeNobrega, A. K., and Perrotti, L. I. (2014). Sex differences in
the neurobiology of drug addiction. Exp. Neurol. 259, 64–74. doi: 10.1016/j.expneurol.
2014.01.022

Booth, F. W., Roberts, C. K., and Laye, M. J. (2012). Lack of exercise is a major cause
of chronic diseases. Compr. Physiol. 2, 1143–1211. doi: 10.1002/cphy.c110025

Carroll, M. E., and Anker, J. J. (2010). Sex differences and ovarian hormones in
animal models of drug dependence. Hormones Behav. 58, 44–56. doi: 10.1016/j.yhbeh.
2009.10.001

Carroll, M. E., Lynch, W. J., Roth, M. E., Morgan, A. D., and Cosgrove, K. P.
(2004). Sex and estrogen influence drug abuse. Trends Pharmacol. Sci. 25, 273–279.
doi: 10.1016/j.tips.2004.03.011

CDC (2022).Overweight & obesity, data& statistics. Atlanta, GA: Centers for Disease
Control and Prevention.

Contet, C., Kieffer, B. L., and Befort, K. (2004). Mu opioid receptor: A gateway
to drug addiction. Curr. Opin. Neurobiology 14, 370–378. doi: 10.1016/j.conb.2004.
05.005

Cooper, S. J. (1980). Naloxone: Effects on food and water consumption in the
non-deprived and deprived rat. Psychopharmacol. 71, 1–6. doi: 10.1007/BF0043
3244

Cortright, R. N., Chandler, M. P., Lemon, P. W., and DiCarlo, S. E. (1997). Daily
exercise reduces fat, protein and body mass in male but not female rats. Physiol. Behav.
62, 105–111. doi: 10.1016/s0031-9384(97)00148-0

Després, J. P., Bouchard, C., Savard, R., Tremblay, A., Marcotte, M., and Thériault,
G. (1984). The effect of a 20-week endurance training program on adipose-tissue
morphology and lipolysis in men and women. Metab. Clin. Exp. 33, 235–239. doi:
10.1016/0026-0495(84)90043-x

Donnelly, J. E., and Smith, B. K. (2005). Is exercise effective for weight loss with
ad libitum diet? Energy balance, compensation, and gender differences. Exerc. Sport
Sci. Rev. 33, 169–174. doi: 10.1097/00003677-200510000-00004

Donnelly, J. E., Herrmann, S. D., Lambourne, K., Szabo, A. N., Honas, J. J., and
Washburn, R. A. (2014). Does increased exercise or physical activity alter ad-libitum
daily energy intake or macronutrient composition in healthy adults? A systematic
review. PLoS One 9:e83498. doi: 10.1371/journal.pone.0083498

Eckel, L. A., and Moore, S. R. (2004). Diet-induced hyperphagia in the rat is
influenced by sex and exercise.Am. J. Physiol. 287, R1080–R1085. doi: 10.1152/ajpregu.
00424.2004

Eikelboom, R., and Mills, R. (1988). A microanalysis of wheel running in
male and female rats. Physiol. Behav. 43, 625–630. doi: 10.1016/0031-9384(88)9
0217-X

Elder, S. J., and Roberts, S. B. (2008). The effects of exercise on food intake and body
fatness: A summary of published studies.Nutr. Rev. 65, 1–19. doi: 10.1111/j.1753-4887.
2007.tb00263.x

Elgaddal, N., Kramarow, E. A., and Reuben, C. (2022). Physical activity among
adults aged 18 and over: United States, 2020. NCHS Data Brief. 443, 1–8.

Feraco, A., Armani, A., Amoah, I., Guseva, E., Camajani, E., Gorini, S., et al.
(2024). Assessing gender differences in food preferences and physical activity: A
population-based survey. Front. Nutr. 11:1348456. doi: 10.3389/fnut.2024.1348456

Garland, T., Schutz, H., Chappell, M. A., Keeney, B. K., Meek, T. H., Copes, L. E.,
et al. (2011). The biological control of voluntary exercise, spontaneous physical activity
and daily energy expenditure in relation to obesity: Human and rodent perspectives.
J. Exp. Biol. 214, 206–229. doi: 10.1242/jeb.048397

Gosnell, B. A., Krahn, D. D., and Majchrzak, M. J. (1990). The effects of morphine
on diet selection are dependent upon baseline diet preferences. Pharmacol. Biochem.
Behav. 37, 207–212. doi: 10.1016/0091-3057(90)90322-9

Greenwood, B. N., Foley, T. E., Le, T. V., Strong, P. V., Loughridge, A. B., Day,
H. E. W., et al. (2011). Long-term voluntary wheel running is rewarding and produces
plasticity in the mesolimbic reward pathway. Behav. Brain Res. 217, 354–362. doi:
10.1016/j.bbr.2010.11.005

Hanlon, E. C., Baldo, B. A., Sadeghian, K., and Kelley, A. E. (2004). Increases in
food intake or food-seeking behavior induced by GABAergic, opioid, or dopaminergic
stimulation of the nucleus accumbens: Is it hunger? Psychopharmacology 172, 241–247.
doi: 10.1007/s00213-003-1654-0

Harp, S. J., Martini, M., Lynch, W. J., and Rissman, E. F. (2020). Sexual
differentiation and substance use: A mini-review. Endocrinology 161:bqaa129. doi:
10.1210/endocr/bqaa129

Hurt, R. T., Frazier, T. H., McClave, S. A., and Kaplan, L. M. (2011). Obesity
epidemic: Overview, pathophysiology, and the intensive care unit conundrum.
J. Parenteral Enteral Nutr. 35, 4S–13S. doi: 10.1177/0148607111415110

Jones, L. C., Bellingham, W. P., and Ward, L. C. (1990). Sex differences in voluntary
locomotor activity of food-restricted and ad libitum-fed rats. Implications for the
maintenance of a body weight set-point. Comp. Biochem. Physiol. 96, 287–290. doi:
10.1016/0300-9629(90)90694-n

Kelley, A. E., Bakshi, V. P., Haber, S. N., Steininger, T. L., Will, M. J., and Zhang,
M. (2002). Opioid modulation of taste hedonics within the ventral striatum. Physiol.
Behav. 76, 365–377. doi: 10.1016/S0031-9384(02)00751-5

Frontiers in Integrative Neuroscience 12 frontiersin.org

https://doi.org/10.3389/fnint.2024.1426219
https://doi.org/10.1093/ajcn/74.5.579
https://doi.org/10.1016/j.neubiorev.2007.04.019
https://doi.org/10.1016/j.drugalcdep.2015.05.037
https://doi.org/10.1016/j.drugalcdep.2015.05.037
https://doi.org/10.1249/MSS.0000000000002205
https://doi.org/10.1249/MSS.0000000000002205
https://doi.org/10.1016/S0140-6736(14)60892-8
https://doi.org/10.1016/S0140-6736(14)60892-8
https://doi.org/10.1016/j.expneurol.2014.01.022
https://doi.org/10.1016/j.expneurol.2014.01.022
https://doi.org/10.1002/cphy.c110025
https://doi.org/10.1016/j.yhbeh.2009.10.001
https://doi.org/10.1016/j.yhbeh.2009.10.001
https://doi.org/10.1016/j.tips.2004.03.011
https://doi.org/10.1016/j.conb.2004.05.005
https://doi.org/10.1016/j.conb.2004.05.005
https://doi.org/10.1007/BF00433244
https://doi.org/10.1007/BF00433244
https://doi.org/10.1016/s0031-9384(97)00148-0
https://doi.org/10.1016/0026-0495(84)90043-x
https://doi.org/10.1016/0026-0495(84)90043-x
https://doi.org/10.1097/00003677-200510000-00004
https://doi.org/10.1371/journal.pone.0083498
https://doi.org/10.1152/ajpregu.00424.2004
https://doi.org/10.1152/ajpregu.00424.2004
https://doi.org/10.1016/0031-9384(88)90217-X
https://doi.org/10.1016/0031-9384(88)90217-X
https://doi.org/10.1111/j.1753-4887.2007.tb00263.x
https://doi.org/10.1111/j.1753-4887.2007.tb00263.x
https://doi.org/10.3389/fnut.2024.1348456
https://doi.org/10.1242/jeb.048397
https://doi.org/10.1016/0091-3057(90)90322-9
https://doi.org/10.1016/j.bbr.2010.11.005
https://doi.org/10.1016/j.bbr.2010.11.005
https://doi.org/10.1007/s00213-003-1654-0
https://doi.org/10.1210/endocr/bqaa129
https://doi.org/10.1210/endocr/bqaa129
https://doi.org/10.1177/0148607111415110
https://doi.org/10.1016/0300-9629(90)90694-n
https://doi.org/10.1016/0300-9629(90)90694-n
https://doi.org/10.1016/S0031-9384(02)00751-5
https://www.frontiersin.org/journals/integrative-neuroscience
https://www.frontiersin.org/


fnint-18-1426219 July 23, 2024 Time: 15:30 # 13

Kocum et al. 10.3389/fnint.2024.1426219

Kelley, A. E., Baldo, B. A., Pratt, W. E., and Will, M. J. (2005). Corticostriatal-
hypothalamic circuitry and food motivation: Integration of energy, action and reward.
Physiol. Behav. 86, 773–795. doi: 10.1016/j.physbeh.2005.08.066

Kelley, A. E., Will, M. J., Steininger, T. L., Zhang, M., and Haber, S. N. (2003).
Restricted daily consumption of a highly palatable food (chocolate Ensure(R)) alters
striatal enkephalin gene expression. Eur. J. Neurosci. 18, 2592–2598. doi: 10.1046/j.
1460-9568.2003.02991.x

Lacy, R. T., Strickland, J. C., Brophy, M. K., Witte, M. A., and Smith, M. A. (2014).
Exercise decreases speedball self-administration. Life Sci. 114, 86–92. doi: 10.1016/j.lfs.
2014.08.005

Le Merrer, J., Becker, J. A. J., Befort, K., and Kieffer, B. L. (2009). Reward processing
by the opioid system in the brain. Physiol. Rev. 89, 1379–1412. doi: 10.1152/physrev.
00005.2009

Lee, J. R., Muckerman, J. E., Wright, A. M., Davis, D. J., Childs, T. E., Gillespie, C. E.,
et al. (2017). Sex determines effect of physical activity on diet preference: Association
of striatal opioids and gut microbiota composition. Behav. Brain Res. 334, 16–25.
doi: 10.1016/j.bbr.2017.07.018

Lee, J. R., Tapia, M. A., Nelson, J. R., Moore, J. M., Gereau, G. B., Childs, T. E., et al.
(2019a). Sex dependent effects of physical activity on diet preference in rats selectively
bred for high or low levels of voluntary wheel running. Behav. Brain Res. 359, 95–103.
doi: 10.1016/j.bbr.2018.10.018

Lee, J. R., Tapia, M. A., Weise, V. N., Bathe, E. L., Vieira-Potter, V. J., Booth,
F. W., et al. (2019b). Voluntary wheel running effects on intra-accumbens opioid
driven diet preferences in male and female rats. Neuropharmacology 155, 22–30.
doi: 10.1016/j.neuropharm.2019.05.017

Lett, B. T., Grant, V. L., Koh, M. T., and Flynn, G. (2002). Prior experience
with wheel running produces cross-tolerance to the rewarding effect of morphine.
Pharmacol. Biochem. Behav. 72, 101–105. doi: 10.1016/s0091-3057(01)00722-5

Lynch, W. J., Peterson, A. B., Sanchez, V., Abel, J., and Smith, M. A. (2013). Exercise
as a novel treatment for drug addiction: A neurobiological and stage-dependent
hypothesis. Neurosci. Biobehav. Rev. 37, 1622–1644. doi: 10.1016/j.neubiorev.2013.
06.011

Marks-Kaufman, R. (1982). Increased fat consumption induced by morphine
administration in rats. Pharmacol. Biochem. Behav. 16, 949–955. doi: 10.1016/0091-
3057(82)90051-x

Mathes, W. F., and Kanarek, R. B. (2001). Wheel running attenuates the
antinociceptive properties of morphine and its metabolite, morphine-6-glucuronide,
in rats. Physiol. Behav. 74, 245–251. doi: 10.1016/s0031-9384(01)00577-7

Mathis, V., Wegman-Points, L., Pope, B., Lee, C.-M. J., Mohamed, M., Rhodes, J. S.,
et al. (2024). Estrogen-mediated individual differences in female rat voluntary running
behavior. J. Appl. Physiol. 136, 592–605. doi: 10.1152/japplphysiol.00611.2023

McCarthy, M. M., Arnold, A. P., Ball, G. F., Blaustein, J. D., and De Vries Geert,
J. (2012). Sex differences in the brain: The not so inconvenient truth. J. Neurosci. 32,
2241–2247. doi: 10.1523/JNEUROSCI.5372-11.2012

Miller, G. D., Dimond, A. G., and Stern, J. S. (1994). Exercise reduces fat selection
in female Sprague-Dawley rats. Med. Sci. Sports Exerc. 26, 1466–1472. doi: 10.1249/
00005768-199412000-00009

Moody, L., Liang, J., Choi, P. P., Moran, T. H., and Liang, N.-C. (2015). Wheel
running decreases palatable diet preference in Sprague–Dawley rats. Physiol. Behav.
150, 53–63. doi: 10.1016/j.physbeh.2015.03.019

Morales, I., and Berridge, K. C. (2020). “Liking” and “wanting” in eating and food
reward: Brain mechanisms and clinical implications. Physiol. Behav. 227:113152. doi:
10.1016/j.physbeh.2020.113152

Mustroph, M. L., Stobaugh, D. J., Miller, D. S., DeYoung, E. K., and Rhodes,
J. S. (2011). Wheel running can accelerate or delay extinction of conditioned place
preference for cocaine in male C57BL/6J mice, depending on timing of wheel access.
Eur. J. Neurosci. 34, 1161–1169. doi: 10.1111/j.1460-9568.2011.07828.x

Novak, C. M., Burghardt, P. R., and Levine, J. A. (2012). The use of a running wheel
to measure activity in rodents: Relationship to energy balance, general activity, and
reward. Neurosci. Biobehav. Rev. 36, 1001–1014. doi: 10.1016/j.neubiorev.2011.12.012

Orsini, C. A., Brown, T. E., Hodges, T. E., Alonso-Caraballo, Y., Winstanley, C. A.,
and Becker, J. B. (2022). Neural mechanisms mediating sex differences in motivation
for reward: Cognitive bias, food, gambling, and drugs of abuse. The J. Neurosci. 42,
8477–8487. doi: 10.1523/JNEUROSCI.1378-22.2022

Pankevich, D. E., and Bale, T. L. (2008). Stress and sex influences on food-seeking
behaviors. Obesity 16, 1539–1544. doi: 10.1038/oby.2008.221

Park, Y.-M., Kanaley, J. A., Padilla, J., Zidon, T., Welly, R. J., Will, M. J., et al. (2016).
Effects of intrinsic aerobic capacity and ovariectomy on voluntary wheel running
and nucleus accumbens dopamine receptor gene expression. Physiol. Behav. 164:70.
doi: 10.1016/j.physbeh.2016.06.006

Paxinos, G., and Watson, C. (1998). The Rat Brain in Stereotaxic Coordinates, 4th
Edn. San Diego, CA: Academic Press.

Peciña, S., and Berridge, K. C. (2000). Opioid site in nucleus accumbens shell
mediates eating and hedonic “liking” for food: Map based on microinjection FOS
plumes. Brain Res. 863, 71–86. doi: 10.1016/s0006-8993(00)02102-8

Robbins, T. W., and Everitt, B. J. (1996). Neurobehavioural mechanisms of reward
and motivation. Curr. Opin. Neurobiol. 6, 228–236. doi: 10.1016/s0959-4388(96)
80077-8

Ruegsegger, G. N., Brown, J. D., Kovarik, M. C., Miller, D. K., and Booth,
F. W. (2016). Mu-opioid receptor inhibition decreases voluntary wheel running in a
dopamine-dependent manner in rats bred for high voluntary running. Neuroscience
339, 525–537. doi: 10.1016/j.neuroscience.2016.10.020

Ruegsegger, G. N., Toedebusch, R. G., Will, M. J., and Booth, F. W. (2015). Mu
opioid receptor modulation in the nucleus accumbens lowers voluntary wheel running
in rats bred for high running motivation. Neuropharmacology 97, 171–181. doi: 10.
1016/j.neuropharm.2015.05.022

Sanchez, V., Lycas, M. D., Lynch, W. J., and Brunzell, D. H. (2015). Wheel running
exercise attenuates vulnerability to self-administer nicotine in rats. Drug Alcohol
Depend. 156, 193–198. doi: 10.1016/j.drugalcdep.2015.09.022

Scarpace, E. T., Matheny, M., Strehler, K. Y. E., Shapiro, A., Cheng, K. Y., Tümer,
N., et al. (2012). Simultaneous introduction of a novel high fat diet and wheel running
induces anorexia. Physiol. Behav. 105, 909–914. doi: 10.1016/j.physbeh.2011.11.011

Scarpace, P. J., Matheny, M., and Zhang, Y. (2010). Wheel running eliminates high-
fat preference and enhances leptin signaling in the ventral tegmental area. Physiol.
Behav. 100, 173–179. doi: 10.1016/j.physbeh.2010.02.017

Schultz, W., Dayan, P., and Montague, P. R. (1997). A neural substrate of prediction
and reward. Science 275, 1593–1599. doi: 10.1126/science.275.5306.1593

Shapiro, A., Cheng, K.-Y., Gao, Y., Seo, D., Anton, S., Carter, C. S., et al. (2011).
The act of voluntary wheel running reverses dietary hyperphagia and increases leptin
signaling in ventral tegmental area of aged obese rats. Gerontology 57, 335–342. doi:
10.1159/000321343

Sisti, H. M., and Lewis, M. J. (2001). Naloxone suppression and morphine
enhancement of voluntary wheel-running activity in rats. Pharmacol. Biochem. Behav.
70, 359–365. doi: 10.1016/s0091-3057(01)00624-4

Smith, M. A., and Pitts, E. G. (2012). Wheel running decreases the positive
reinforcing effects of heroin. Pharmacol. Rep. 64, 960–964. doi: 10.1016/s1734-
1140(12)70891-5

Stiegler, P., and Cunliffe, A. (2006). The role of diet and exercise for the maintenance
of fat-free mass and resting metabolic rate during weight loss. Sports Med. 36, 239–262.
doi: 10.2165/00007256-200636030-00005

Tokuyama, K., Saito, M., and Okuda, H. (1982). Effects of wheel running on food
intake and weight gain of male and female rats. Physiol. Behav. 28, 899–903. doi:
10.1016/0031-9384(82)90211-6

Vargas-Pérez, H., Mena-Segovia, J., Giordano, M., and Díaz, J. L. (2003). Induction
of c-fos in nucleus accumbens in naive male Balb/c mice after wheel running. Neurosci.
Lett. 352, 81–84. doi: 10.1016/j.neulet.2003.08.073

Werme, M., Messer, C., Olson, L., Gilden, L., Thorén, P., Nestler, E. J., et al.
(2002). Delta FosB regulates wheel running. J. Neurosci. 22, 8133–8138. doi: 10.1523/
JNEUROSCI.22-18-08133.2002

Will, M. J., Pratt, W. E., and Kelley, A. E. (2006). Pharmacological characterization of
high-fat feeding induced by opioid stimulation of the ventral striatum. Physiol. Behav.
89, 226–234. doi: 10.1016/j.physbeh.2006.06.008

Will, M. J., Pritchett, C. E., Parker, K. E., Sawani, A. M., Ma, H., and Lai, A. Y. (2009).
Behavioral characterization of amygdala involvement in mediating intra-accumbens
opioid-driven feeding behavior. Behav. Neurosci. 123, 781–793. doi: 10.1037/a00
16060

Will, M. J., Vanderheyden, W. M., and Kelley, A. E. (2007). Striatal opioid peptide
gene expression differentially tracks short-term satiety but does not vary with negative
energy balance in a manner opposite to hypothalamic NPY. Am. J. Physiol. 292,
R217–R226. doi: 10.1152/ajpregu.00852.2005

Williams, R. L., Wood, L. G., Collins, C. E., and Callister, R. (2015). Effectiveness of
weight loss interventions–is there a difference between men and women: A systematic
review. Obes. Rev. 16, 171–186. doi: 10.1111/obr.12241

Yang, T. Y., and Liang, N.-C. (2018). Ovarian hormones mediate running-induced
changes in high fat diet choice patterns in female rats. Hormones Behav. 100, 81–93.
doi: 10.1016/j.yhbeh.2018.02.010

Zhang, M., Gosnell, B. A., and Kelley, A. E. (1998). Intake of high-fat food is
selectively enhanced by mu opioid receptor stimulation within the nucleus accumbens.
J. Pharmacol. Exp. Ther. 285, 908–914.

Frontiers in Integrative Neuroscience 13 frontiersin.org

https://doi.org/10.3389/fnint.2024.1426219
https://doi.org/10.1016/j.physbeh.2005.08.066
https://doi.org/10.1046/j.1460-9568.2003.02991.x
https://doi.org/10.1046/j.1460-9568.2003.02991.x
https://doi.org/10.1016/j.lfs.2014.08.005
https://doi.org/10.1016/j.lfs.2014.08.005
https://doi.org/10.1152/physrev.00005.2009
https://doi.org/10.1152/physrev.00005.2009
https://doi.org/10.1016/j.bbr.2017.07.018
https://doi.org/10.1016/j.bbr.2018.10.018
https://doi.org/10.1016/j.neuropharm.2019.05.017
https://doi.org/10.1016/s0091-3057(01)00722-5
https://doi.org/10.1016/j.neubiorev.2013.06.011
https://doi.org/10.1016/j.neubiorev.2013.06.011
https://doi.org/10.1016/0091-3057(82)90051-x
https://doi.org/10.1016/0091-3057(82)90051-x
https://doi.org/10.1016/s0031-9384(01)00577-7
https://doi.org/10.1152/japplphysiol.00611.2023
https://doi.org/10.1523/JNEUROSCI.5372-11.2012
https://doi.org/10.1249/00005768-199412000-00009
https://doi.org/10.1249/00005768-199412000-00009
https://doi.org/10.1016/j.physbeh.2015.03.019
https://doi.org/10.1016/j.physbeh.2020.113152
https://doi.org/10.1016/j.physbeh.2020.113152
https://doi.org/10.1111/j.1460-9568.2011.07828.x
https://doi.org/10.1016/j.neubiorev.2011.12.012
https://doi.org/10.1523/JNEUROSCI.1378-22.2022
https://doi.org/10.1038/oby.2008.221
https://doi.org/10.1016/j.physbeh.2016.06.006
https://doi.org/10.1016/s0006-8993(00)02102-8
https://doi.org/10.1016/s0959-4388(96)80077-8
https://doi.org/10.1016/s0959-4388(96)80077-8
https://doi.org/10.1016/j.neuroscience.2016.10.020
https://doi.org/10.1016/j.neuropharm.2015.05.022
https://doi.org/10.1016/j.neuropharm.2015.05.022
https://doi.org/10.1016/j.drugalcdep.2015.09.022
https://doi.org/10.1016/j.physbeh.2011.11.011
https://doi.org/10.1016/j.physbeh.2010.02.017
https://doi.org/10.1126/science.275.5306.1593
https://doi.org/10.1159/000321343
https://doi.org/10.1159/000321343
https://doi.org/10.1016/s0091-3057(01)00624-4
https://doi.org/10.1016/s1734-1140(12)70891-5
https://doi.org/10.1016/s1734-1140(12)70891-5
https://doi.org/10.2165/00007256-200636030-00005
https://doi.org/10.1016/0031-9384(82)90211-6
https://doi.org/10.1016/0031-9384(82)90211-6
https://doi.org/10.1016/j.neulet.2003.08.073
https://doi.org/10.1523/JNEUROSCI.22-18-08133.2002
https://doi.org/10.1523/JNEUROSCI.22-18-08133.2002
https://doi.org/10.1016/j.physbeh.2006.06.008
https://doi.org/10.1037/a0016060
https://doi.org/10.1037/a0016060
https://doi.org/10.1152/ajpregu.00852.2005
https://doi.org/10.1111/obr.12241
https://doi.org/10.1016/j.yhbeh.2018.02.010
https://www.frontiersin.org/journals/integrative-neuroscience
https://www.frontiersin.org/

	Voluntary wheel running access produces opposite effects in male and female rats on both palatable diet consumption and associated ventral striatal opioid- and dopamine-related gene expression
	1 Introduction
	2 Materials and methods
	2.1 Subjects and housing
	2.2 Experimental procedure and intervention
	2.3 Diet compositions
	2.4 Ventral striatum RNA extraction and cDNA synthesis
	2.5 Ventral striatum mRNA expression quantification
	2.6 Statistical analysis

	3 Results
	3.1 Body weight and running distance
	3.1.1 Body weight
	3.1.2 Running distance

	3.2 Dietary preference assessment
	3.2.1 Standard chow diet consumption
	3.2.2 High-fat diet consumption
	3.2.3 Total diet consumption

	3.3 Correlation between running distance and consumption
	3.4 Ventral striatum mRNA expression
	3.4.1 DRD1 mRNA expression
	3.4.2 DRD2 mRNA expression
	3.4.3 OPRM1 mRNA expression
	3.4.4 PENK mRNA expression


	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	References


