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Abstract

Despite evidence that exercise reduces the negative impacts of stressor exposure and promotes
stress robustness, health and well-being, most people fail to achieve recommended levels of
physical activity. One reason for this failure could be our fundamental lack of understanding the
brain motivational and motor circuits underlying voluntary exercise behavior. Wheel running is an
animal model used to reveal mechanisms of exercise-induced stress robustness. Here we detail the
strengths and weakness of wheel running as a model; and propose that running begins as a
purposeful, goal-directed behavior that becomes habitual with continued access. This fresh
perspective could aid in the development of novel strategies to motivate and sustain exercise
behavior and maximize the stress-robust phenotype.

Introduction

Physical activity impacts nearly every physiological system and tissue in the body including
cardiorespiratory, nervous, reproductive, digestive, immune, endocrine, skeletal muscle, and
bone. The deleterious effects of a lack of physical activity on health and disease are broad
and indisputable. In fact, the World Health Organization lists physical inactivity as a leading
cause of disease and disability; and Booth et al., (2017) presents compelling evidence that
inactivity directly contributes to 35 chronic diseases and 10 leading causes of death in the
US alone [1]. Importantly, increasing physical activity status can help ameliorate effects of a
sedentary lifestyle [2]*. Recent studies using unbiased accelerometers, however, indicate
that only 5 — 14% of adults achieve recommended levels of physical activity [3]*. This
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startling statistic reveals the failure of current strategies to encourage physical activity. One
reason for this failure could be our lack of understanding of the mechanisms motivating
voluntary exercise. Although progress is being made towards illuminating the means by
which social, ethnic, economic, geographical and educational factors could motivate
physical activity across the lifespan, how these and additional physiological factors capable
of directly influencing physical activity interact with motivation and motor circuits in the
brain remains relatively unknown.

Rodent models of exercise, such as voluntary wheel running, can be useful tools for
revealing the beneficial physiological adaptions produced by physical activity, as well as the
neural circuits motivating voluntary exercise behavior. Mice and rats, when housed with a
running wheel, choose to voluntarily run on the wheel, find wheel running rewarding, and
benefit from exercise in many of the same ways as humans; including a reduction in the
negative impacts of stressor exposure on mind (e.g., mood, cognition) and body (e.g.,
immune dysregulation). While the benefits of wheel running on mind and body are robust
and consistent, effects of other animal models of exercise, such as forced treadmill training
or swimming, are more variable. The current review; therefore, focuses on voluntary wheel
running as an animal model of physical activity. Limiting the translational potential of this
model are long-standing debates over why captive rodents run on wheels and what this
behavior could represent [4,5]. Given that rodents voluntarily choose to run if given access
to wheel, it is reasonable to question if wheel running represents the experimental or control
condition?

In the current review, we discuss issues associated with rodent voluntary wheel running as a
model, present evidence that wheel running reduces the negative impacts of stressor
exposure on mind and body, and propose the novel hypothesis that wheel running begins as a
purposeful, goal-directed activity motivated by reward outcome and, with continued access,
shifts to become a habit. We also introduce evidence of specific neural circuits that could
control goal-directed and habitual exercise behavior. This fresh perspective on the impacts
and neural control of wheel running could aid in the development of novel strategies to
motivate exercise behavior and maximize the stress-robust phenotype.

Which is the experimental group?

One lingering question about wheel running as a model is, which is the experimental
condition? This issue is predicated on the notion that human beings and rodents evolved to
be physically active in their environments and only due to recent, rapid changes in the
environment, such as advanced technology (humans) or laboratory caging (rodents), can
these sedentary organisms survive without daily physical activity. If we focus specifically on
voluntary wheel running as a rodent exercise model, one way to address this issue is by
comparing measures of physical activity in laboratory rodents with and without running
wheels, to those of their wild counterparts. This comparison is complicated by the fact that
many generations of breeding of common laboratory strains may have altered normal
activity levels when compared to wild rodents, and that wheel running behavior varies
depending on age, sex, strain, and history of prior wheel running. Prior work in larger
mammals indicate that animals in captivity tend to move around less than in their natural
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habitat [6]. If this observation applies to rodents, it would suggest that the sedentary group
represents an experimental group, rather than a control. What is more difficult to understand
is how wheel running compares to levels of physical activity in wild rodents. Neither the
spontaneous activity [7], distance traveled in a naturalistic enclosure [8], nor speed or bout
length of wheel running [9], seem to differ between wild rodents and common laboratory
strains, thus comparisons between laboratory and wild rodents, if they existed, could be
revealing.

If wild rodents and wheel running rodents have similar overall levels of activity, then the
sedentary group would be the only experimental group since their levels of activity are
diminished due to laboratory housing compared to levels attained in the wild. There is,
however, evidence to suggest that this is not the whole story. An early study by Brant and
Kavenau [8] reported dramatically greater distances traveled per day by captive mice
running in a wheel placed in a large, naturalistic enclosure compared to the daily distance
traveled in the enclosure when the wheel was locked. This observation is reasonable given
evidence that wheel running is rewarding and rodents can prefer it over other enriching and
rewarding stimuli. It seems feasible, in light of these data, that the sedentary and exercise
conditions are actually both experimental groups each having opposing effects on
physiological, immunological, and neurobiological outcomes. This idea is in agreement with
the fact that effects of wheel running in rodents are often very robust; perhaps because
studies capture both the negative effects of inactivity and positive impacts of physical
activity. Supporting this view is the fact that a sedentary lifestyle increases susceptibility to
the same maladaptive health outcomes that exercise is known to ameliorate. In the end,
perhaps what wheel running studies reveal are differences in physiology and behavior along
a continuum of physical activity status.

Benefits of physical activity are greatest in the face of challenge

Exercise-evoked positive effects are best revealed in the face of challenges such as disease,
aging, and stressor exposure. There are recent reports, for example, that voluntary wheel
running produces positive effects in studies testing animal models of multiple sclerosis [10],
arterial inflammation [11], neural inflammation [12,13], Alzheimer’s disease [14], liver
disease [15], immune aging [16], and adipose immunometabolism [17]. Results from these
preclinical studies are significant because they identify novel adaptations in physiology
produced by exercise that reduce pathologies associated with each disease state.

One challenge that readily reveals the benefits of regular physical activity is stressor
exposure. Organisms have individual differences in stress vulnerability. Some individuals,
for example, are better able to resist the negative impacts of chronic, repeated, or severe
stressor exposure (i.e., stress resistance); and/or some individuals recover faster after
suffering negative health consequences (i.e., stress resilient). We have described organisms
that possess both stress resistance and stress resilience as stress robust [18]. Exercise is
unique among stress-protective factors because it produces a stress robust phenotype.

To better understand the mechanisms of the stress robust phenotype using a preclinical
model, we varied physical activity status by housing juvenile or adult rats (inbred and
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outbred strains) with access to either a mobile or locked running wheel in their home cages.
After 3—6 weeks, rats housed with mabile running wheels display physical changes
indicative of improved fitness, including increased endurance when tested on the treadmill,
reduced abdominal adiposity when fed a high fat diet, increased lean body mass, and
changes in muscle citrate synthase. Most importantly for our work, is that physically active
compared to sedentary rats have reduced adipose inflammation [19], no antibody
suppression [20], facilitated antibacterial innate immunity [21], reduced anxiety- and
depressive-like behaviors [22], and faster diurnal rhythm and sleep disturbance recovery
[23], after exposure to an acute, uncontrollable stressor (100, 1.5mA, 5-s tailshocks). Using
this paradigm, we exploited the differences in stress robustness to reveal unique adaptations
in stress-responsive neurocircuitry that were necessary and sufficient for specific outcomes,
including adaptations in serotonergic dorsal raphe neuronal responses responsible for
anxiety-like and depressive-like behaviors [22], and central sympathetic drive associated
with immunomodulation [24-27]. Our most recent work extends our assessment of
adaptations produced by exercise to include commensal intestinal microbes (gut microbiota).
The gut microbiota contributes to many aspects of host physiology. Our recent evidence
demonstrates that wheel running changes the gut microbial structure favoring a lean-
promoting composition [28,29]; 2) increases the abundance of beneficial microbial species
[28,29]; and 3) increases butyrate-producing bacteria and butyrate, a short chain fatty acid
implicated in metabolism and epigenetic processes [30]. These effects are greater when
running is initiated in adolescence compared to adulthood [29]. In light of the demonstrable
mental and physical benefits of physical activity, it is important to develop novel strategies
for motivating exercise behavior.

Factors influencing exercise behavior

Several factors act as barriers to reduce the chances of sustaining regular exercise behavior.
In addition to factors that indirectly influence exercise behavior (e.g. social, ethnic,
geographical, economic, educational factors), several physiological variables could directly
act to decrease physical activity. Among these are obesity and psychologically stressful
lifestyles, both of which are on the rise. Obesity is associated with a decline in physical
activity [31], and both high-fat western diets [32] and stressor exposure [33,34] can reduce
voluntary exercise. Stress, in particular, has been identified as a primary psychological
determinant of low physical activity [35]*. Sterile inflammation, circadian disruption, and/or
direct effects on motivation circuits could all at least partly mediate the effects of obesity and
stress on physical activity. Non-exercise rewards also compete with exercise behavior to
decrease physical activity, perhaps through direct interaction with hedonic circuits in the
brain. Indeed, rodent studies indicate that non-exercise rewards such as cocaine compete
with exercise and reduce wheel running behavior [36].

Interestingly, there is some evidence that these physiological factors have a stronger
influence over exercise behavior when they occur during the early phase of exercise
participation (acquisition phase) than after exercise has been maintained for long periods
(maintenance phase). Wheel running initiated prior to psychological stress, for example,
attenuates the ability of stress to reduce voluntary exercise [20]. These data could partly
explain the difficulty in developing consistent exercise routines, as exercise programs could
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be most susceptible to interference during the early stages of their development. Indeed,
individuals with a recent history of exercise are more likely to adhere to new exercise
programs [37]. A better understanding of factors that modulate the initial acquisition and
long-term maintenance of physical activity could help increase exercise participation and
quality of life.

Goal-directed and habit circuits motivate voluntary exercise

Although there are likely several explanations for why exercise is more susceptible to
interference during the acquisition than the maintenance phase, one particularly intriguing
idea is that distinct mechanisms that are differentially sensitive to interference by external
factors might motivate exercise behavior depending on exercise history. This is a useful
theory from a clinical perspective, as understanding these mechanisms could inform the
development of unique interventions designed to maximize exercise adherence depending on
exercise history. Two anatomically and functionally distinct strategies the brain uses to
control behavior that differ in their sensitivity to disruption by external factors are goal-
directed and habit-based strategies [38]*. Actions controlled by the goal-directed circuit are
motivated by their anticipated outcome, remain flexible in the face of challenge, and involve
the dorsomedial portion of the striatum (DMS). Habits are controlled by a more rigid,
stimulus-driven circuit insensitive to reward outcome that involves the dorsolateral striatum
(DLYS). It is possible that during the acquisition of exercise behavior, when exercise is most
vulnerable to disruption, goal-directed strategies involving the DMS predominate to
motivate exercise. A shift in relative reliance on goal-directed to habit strategies involving
the DLS, however, might be necessary for long-term maintenance of exercise behavior. In
other words, to overcome factors that would interfere with exercise behavior and maintain a
physically active lifestyle, exercise might need to become a habit. The different sub-regions
of the dorsal striatum are shown in Figure 1A, and the hypothetical control exerted by the
DMS and DLS in the acquisition and maintenance phases of voluntary exercise is depicted
in Figure 1B.

Switching from goal-directed to habit strategies commonly occurs during motor-skill and
instrumental learning. In fact, there is evidence that this shift underlies the ability of rats to
learn to balance in a running wheel during the acquisition phase of wheel running [39]. This
shift in behavioral strategies is also thought to underlie the development of habitual drug-
taking behavior. The DMS is involved in the acquisition phase of drug self-administration,
when rodents learn to press a lever for a drug reinforcement, whereas drug self-
administration relies more upon the DLS during the maintenance phase [40]. Interestingly,
the long-term pattern of rodent voluntary exercise closely resembles that of free-access to
drug self-administration: both escalate during the acquisition phase followed by a plateau at
a high level during the maintenance phase (Figure 1B). This pattern of voluntary exercise
suggests that goal-directed and habit circuits could differentially control voluntary exercise
during these different phases, and makes rodents a useful translational tool for studying
mechanisms underlying the acquisition and maintenance of voluntary exercise behavior.

It should be mentioned that although we are suggesting that habit circuits can control long-
term maintenance of wheel running behavior, this does not imply that wheel running
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represents stereotypy previously suggested to underlie wheel running in captive rodents [4].
Meijer and Robbers [9] observed wild rodents running on wheels placed in their natural
habitats, indicating that wheel running is not stereotypy. Wild rodents have even been
observed to return to the wheel after leaving [9]; an observation suggesting that wheel
running behavior begins as purposeful, goal-directed behavior that can develop into a habit.
Lastly, although exercise habits are more likely to develop into overtraining syndrome or
exercise dependence in humans, standard laboratory rodent strains display healthy amounts
of wheel running [41] suggesting that wheel running behavior that develops into a habit is
not analogous to human exercise dependence.

Exercise-induced plasticity in goal-directed and habit circuits

At present, there are no studies directly testing the idea that the acquisition and maintenance
phases of voluntary exercise behavior differ in their relative reliance on goal-directed and
habit circuits, respectively; however, several observations in the literature are consistent with
this possibility. First, Cordony et al. [42]* recently demonstrated that during the acquisition
phase of wheel running, when nightly wheel running was still escalating, motivation for
wheel running (as assessed by breakpoints in operant responding for access to a running
wheel) can be devalued by prior wheel running. Behaviors motivated by goal-directed
processes remain sensitive to devaluation, whereas behaviors motivated by habit processes
are resistant to devaluation. These data, therefore, indicate that goal-directed processes
might motivate wheel running during the acquisition phase. Second, the maintenance of
voluntary exercise does not seem to depend on functioning goal-directed circuits. The DMS
supports goal-directed behavior through bi-directional communication with the prefrontal
cortex (PFC), whereas performance strategies resort to the habit system in the absence of the
PFC [43]. Although the effect of PFC damage prior to the acquisition of wheel running is
unknown, rats quickly return to pre-surgical levels of voluntary exercise after PFC lesions if
lesions occur after 3 weeks of wheel running [44], suggesting that functioning DMS-PFC
circuits are not required for the maintenance of exercise after acquisition. Third, with a few
notable exceptions, chronic wheel running produces neural adaptations in both the DMS and
DLS (reviewed in [45]), suggesting that long-term wheel running recruits both goal-directed
and habit-based circuits. If only one of these strategies motivates wheel running behavior,
then wheel running might be expected to elicit neural adaptations in either the DMS or DLS,
but not both. In both the DMS and DLS, 6 weeks of wheel running reduces mRNA for
adenosine Al and A2A receptors [46], increases mammalian target of rapamycin signaling
[47], increases DA D2 receptor mRNA [46], potentiates stress-induced cfos mRNA in D1-
expressing medium-spiny neurons and attenuates stress-induced cfos mMRNA in D2-
expressing medium-spiny neurons [46], and constrains stress-induced 5-HT efflux while
potentiating stress-induced DA efflux [48].

Goal-directed and habit learning also alters structural plasticity, including dendritic
complexity, within the DMS and DLS. There is evidence, for example, that high levels of
habit behavior is associated with increased dendritic complexity in the DLS along with a
reduction in dendritic complexity in the DMS [49]. If wheel running remains solely goal-
directed or habitual, then one might expect wheel running to increase dendritic complexity
only in the striatal region driving the behavior. We investigated the effects of voluntary
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exercise on dendritic complexity in the DMS and DLS of adult, male F344 rats (3 per group)
singly housed with either a locked or freely mabile running wheel. All procedures were
approved by the University of Colorado’s Institutional Animal Care and Use Committee and
were compliant with the National Institutes of Health guide for the care and use of
Laboratory animals (NIH Publications No. 8023, revised 1978).

After 6 weeks of sedentary or voluntary exercise conditions, brain sections were prepared
with FD Rapid Golgi Stain (FD NeuroTechnologies, Columbia, MD) following
manufacturer’s instructions. Medium-spiny neurons were identified (Figure 1C), traced
under 400X magnification using a drawing tube, and dendritic bifurcations were counted
every 10pum from the soma using manual Sholl analyses [50]. Compared to sedentary rats, 6
weeks of wheel running increased dendritic bifurcations in both the DMS (Figure 1D) and
the DLS (Figure 1E). Differences were greatest close to the soma (interaction between
exercise and distance from soma: DMS (F (25,100) = 3.7; p < 0.0001); DLS, (F (25,100) =
2.3; p =0.001)), resulting in higher peak bifurcations in exercised rats. These data, together
with prior findings mentioned above, suggest that voluntary wheel running recruits both
DMS and DLS circuits. They do not; however, shed light on whether these circuits are
differentially recruited during the acquisition vs. maintenance phase. More detailed time-
course studies will be required to fully test this hypothesis.

Conclusions

A physical active lifestyle is associated with a plethora of positive health benefits and
produces a stress robust phenotype. Unfortunately, few adults achieve recommended levels
of physical activity, thus a better understanding of factors that modulate the initial
acquisition and long-term maintenance of physical activity could help increase exercise
participation and quality of life. Here we present evidence that rodent voluntary wheel
running produces many of the same health benefits found in humans, making it a useful
model for research designed to reveal physiological and neural adaptations contributing to
these health benefits. In addition, this model is uniquely positioned to advance our
understanding of the neural circuitry associated with acquisition and maintenance of
exercise behavior. We hypothesize wheel running behavior initially begins as a goal-directed
behavior and overtime becomes a habit, with an associated shift in neural control of exercise
from goal-directed to habit circuits. This fresh perspective on the neural control and impacts
of wheel running could aid in the development of novel strategies to motivate exercise
behavior and maximize the stress-reducing and health-promoting impacts of regular physical
activity.
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Highlights

. Physical activity produces a stress robust phenotype

. Rodent wheel running recapitulates benefits of a physically active lifestyle

. Wheel running begins as a purposeful, goal-directed activity motivated by

reward
. Wheel running shifts to become a habit
. Unique neural circuits control goal-directed and habitual exercise behavior
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Figure 1A-E. Different sub-regions of the dorsal striatum are proposed to control early vs late
phases of voluntary wheel running behavior.

Figure 1A is schematic of a coronal section of the rat brain highlighting the dorsal medial
striatum (DMS) and dorsal lateral striatum (DLS) sub-regions of the dorsal striatum. Figure
1B depicts our hypothetical distinct acquisition and maintenance phases of voluntary wheel
running, differentially controlled by the DMS and DLS. To explore the effects of voluntary
wheel running on dendritic complexity in the DMS and DLS, adult, male F344 rats (3 per
group) were singly housed with either a locked or freely mobile running wheel. After 6
weeks of sedentary or voluntary exercise conditions, brain sections were prepared with FD
Rapid Golgi Stain (FD NeuroTechnologies, Columbia, MD) following manufacturer’s
instructions. Medium-spiny neurons were identified (Figure 1C), traced under 400X
magnification using a drawing tube, and dendritic bifurcations were counted every 10um
from the soma using manual Sholl analyses [48]. Compared to sedentary rats, 6 weeks of
wheel running increased dendritic bifurcations in both the DMS (Figure 1D) and the DLS
(Figure 1E). Differences were greatest close to the soma (interaction between exercise and
distance from soma: DMS (F (25,100) = 3.7; p < 0.0001); DLS, (F (25,100) =2.3;p =
0.001)), resulting in higher peak bifurcations in exercised rats.
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