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Summary

Mammals expend energy in many ways, including basic cellular maintenance and repair, digestion, thermoregulation, locomotion,
growth and reproduction. These processes can vary tremendously among species and individuals, potentially leading to large
variation in daily energy expenditure (DEE). Locomotor energy costs can be substantial for large-bodied species and those with
high-activity lifestyles. For humans in industrialized societies, locomotion necessary for daily activities is often relatively low, so
it has been presumed that activity energy expenditure and DEE are lower than in our ancestors. Whether this is true and has
contributed to a rise in obesity is controversial. In humans, much attention has centered on spontaneous physical activity (SPA)
or non-exercise activity thermogenesis (NEAT), the latter sometimes defined so broadly as to include all energy expended due to
activity, exclusive of volitional exercise. Given that most people in Western societies engage in little voluntary exercise,
increasing NEAT may be an effective way to maintain DEE and combat overweight and obesity. One way to promote NEAT is to
decrease the amount of time spent on sedentary behaviours (e.g. watching television). The effects of voluntary exercise on other
components of physical activity are highly variable in humans, partly as a function of age, and have rarely been studied in
rodents. However, most rodent studies indicate that food consumption increases in the presence of wheels; therefore, other
aspects of physical activity are not reduced enough to compensate for the energetic cost of wheel running. Most rodent studies
also show negative effects of wheel access on body fat, especially in males. Sedentary behaviours per se have not been studied
in rodents in relation to obesity. Several lines of evidence demonstrate the important role of dopamine, in addition to other neural
signaling networks (e.g. the endocannabinoid system), in the control of voluntary exercise. A largely separate literature points to
a key role for orexins in SPA and NEAT. Brain reward centers are involved in both types of physical activities and eating
behaviours, likely leading to complex interactions. Moreover, voluntary exercise and, possibly, eating can be addictive. A growing
body of research considers the relationships between personality traits and physical activity, appetite, obesity and other aspects
of physical and mental health. Future studies should explore the neurobiology, endocrinology and genetics of physical activity
and sedentary behaviour by examining key brain areas, neurotransmitters and hormones involved in motivation, reward and/or
the regulation of energy balance.
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Introduction
The goal of this review is to provide an overview of the biological
control of voluntary exercise and spontaneous physical activity
(SPA) in relation to total daily energy expenditure (DEE), food
consumption and obesity in humans and laboratory rodents. In so
doing, we bring together areas of the literature that rarely overlap,
even though are clearly relevant to one another.

By biological control we mean that, in a given environment,
two individuals will exhibit an innately different behavioural or
physiological state, or will respond differently to a change in that
environment. In this context, environment refers to all external
and internal factors that influence (and alter) development and
functioning within an individual from fertilization (formation of
the zygote), or even before. Such an idealized definition of
biological control is essentially impossible to make operational

because we cannot ensure that the environment is 100% identical
for multiple individuals. Nonetheless, careful experimental and/or
statistical control can allow us to probe the extent of biological
control in various behavioural or physiological phenotypes.
Considerable evidence, reviewed below, demonstrates that both
voluntary exercise and SPA are under substantial biological
control in both humans and rodents (Rowland, 1998; Thorburn
and Proietto, 2000; Eisenmann and Wickel, 2009; Swallow et al.,
2009; Feder et al., 2010). However, few studies have examined
the relationship between voluntary exercise and SPA, especially
in rodents, in spite of the fact that compensatory interactions
between voluntary and spontaneous activity could have major
implications for overall energy expenditure. For many phenotypes,
the effects of genetic variation among individuals play a major
role in biological control, so we also briefly review the evidence
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for genetic effects on physical activity. We begin with some
definitions.

Defining voluntary exercise and SPA

Locomotion is a defining characteristic of animal life, and in most
mammalian species it constitutes a key element of daily life as
individuals search for food, shelter and mates, interact with
competitors and avoid predators. This sort of physical activity can
be termed obligatory (e.g. FAO, 2004). One can also think of
discretionary activity or voluntary exercise, which we define as
locomotor activity that is not directly required for survival or
homeostasis and not directly motivated by any external factor.
Human voluntary exercise occurs in a seemingly endless variety of
ways (e.g. sports) and varies greatly in both intensity and duration,
both of which affect its energetic cost and may modulate its other
physiological consequences.

In humans, the motivation for voluntary exercise can be
multifactorial, exceedingly complex (Dishman, 2008) and related to
major personality traits (Rhodes and Smith, 2006) (see below). It can
also be rewarding (i.e. psychologically and/or physically) and
apparently even addictive [Aidman and Woollard, and others (Aidman
and Woollard, 2003; Brene et al., 2007; MacLaren and Best, 2010)
and references therein]. In domesticated rodents under laboratory
conditions, one presumes that the motivation for voluntary exercise
—usually measured by wheel running — is simpler (e.g. societal effects
are absent), but it can nonetheless be related to personality traits (Jonas
et al., 2010b) (see below). Wheel running is clearly rewarding for
rodents, and comparative psychologists have considered it to represent
the classic self-motivated behaviour. Sherwin has reviewed evidence
indicating that various species are often highly motivated to run on
wheels, even in the absence of any external reward (Sherwin, 1998).
Importantly, wheel running is not a behaviour exhibited only by
laboratory strains of rodents (e.g. Dewsbury et al., 1980), and some
species of wild rodents run more on wheels than even those that have
been bred specifically for high wheel running (Garland, 2003).
Evidence is accumulating that wheel running can be addictive in
rodents [Werme et al. and others (Werme et al., 2000; Brene et al.,
2007; Kanarek et al., 2009; De Chiara et al., 2010) and references
therein], and it is clear that removing wheel access from animals that
have had it for some period of time can lead to changes in behaviour
(e.g. Malisch et al., 2009) and in the brain [e.g. on neuronal activity
in specific regions (Rhodes et al., 2003a)].

Humans and rodents engage in much physical activity that does
not qualify as voluntary exercise [e.g. fidgeting, non-specific
ambulatory behaviour (pacing)], and this is often termed SPA (e.g.
Ravussin et al., 1986; Kotz et al., 2008). Again, such activity can
vary greatly in both intensity and duration. Recently, Levine et al.
emphasized the importance of NEAT, which they describe as
follows: ‘Physical activity thermogenesis can be subdivided into
volitional exercise (sports and fitness-related activities)
thermogenesis and what we characterize as nonexercise activity
thermogenesis (NEAT).... NEAT is the thermogenesis that
accompanies physical activities other than volitional exercise, such
as the activities of daily living, fidgeting, spontancous muscle
contraction, and maintaining posture when not recumbent’ [(Levine
et al., 1999) p. 924]. In the present review, we are not generally
concerned with thermogenesis, temperature regulation or heat
balance per se, but the same general distinctions apply when we
consider physical activity (i.e. some aspects are obligatory and others
discretionary or voluntary).

In subsequent papers, the definition of NEAT in humans has been
made even more inclusive, e.g. “NEAT is ... akin to the energy
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expenditure of spontaneous physical activity. For a human it would
be ... performing all of our daily tasks such as walking, talking,
yard work, and fidgeting” [(Levine et al., 2003) p. 169 (see also
Donahoo et al., 2004)]. Under this sort of very broad definition,
lots of NEAT can be voluntary and even encompass what is
commonly viewed as exercise (Kotz et al., 2008) (see also Johanssen
and Ravussin, 2008; Owen et al., 2010). We believe that NEAT
should be more narrowly defined in order to facilitate study of
logically and operationally separable components of energy
expenditure.

With respect to animals, Novak and Levine [(Novak and Levine,
2007) p. 924 (see also Levine et al., 2003)] argued that: “Because
animal [sic] do not have volitional exercise per se, we define animal
NEAT as encompassing the energy expenditure of all activity,
including spontaneous, locomotor, and more stationary or repetitive
activities such as grooming. All animal physical activities require
energy expenditure and are subject to biological regulation and thus
are a part of NEAT and equivalent to human NEAT.” Noting that
wheel running and SPA are not equivalent (Sherwin, 1998), they
express concern that “a running wheel introduces confounding
effects on the amount of activity and energy expenditure that are
independent of energy balance regulation” [(Novak and Levine
2007) p. 924]. Of course, the same may occur in human exercise,
e.g. in exercise addiction or anorexia nervosa, the latter of which
may sometimes be related to dysregulation of physical activity
(activity-based anorexia) (Hillebrand et al., 2008; Kas et al., 2009).
Moreover, following Eikelboom (Eikelboom, 1999), we have argued
elsewhere that voluntary wheel running in rodents may be a
reasonable model of human volitional exercise (Rezende et al., 2009;
Kelly et al., 2010). For example, the day-to-day variability in wheel
running by individual mice from lines selectively bred for high
voluntary wheel running (High Runner lines) and from a non-
selected control line was found to be similar to that observed for
activity levels of free-living human children, adolescents and young
adults, which has been interpreted as evidence that biological
mechanisms influence daily levels of physical activity (Eisenmann
et al., 2009).

Irrespective of how broadly one defines NEAT, it is clear that
we have a large ‘gray area’ between voluntary (or planned) (e.g.
Johanssen and Ravussin, 2008) exercise and SPA, both in humans
and other animals (see also Stubbe and de Geus, 2009; Owen et al.,
2010). For example, in humans, how should we classify mowing
your lawn when you have sufficient financial resources to hire
someone else to do it? What about walking to buy lunch at a
restaurant even though you had brought a sack lunch for the day?
What about play behaviour, which occurs commonly in the young,
and sometimes in the adults, of most mammals (Byers and Walker,
1995), including laboratory house mice (Walker and Byers, 1991);
hyperactivity in the attention-deficit hyperactivity disorder (ADHD)
child; and exercise addiction or activity-based anorexia?

Our conclusion from such considerations is that further scientific
progress will be facilitated by the development of operational
definitions for the components of overall physical activity (see also
Tou and Wade, 2002). In other words, we need definitions that are
tied, more or less directly, to measurement protocols (Table 1). We
also need to pay close attention to whether activity is measured as
duration, intensity or a combination, as these can have differential
effects on, for example, energetic costs (e.g. Koteja et al., 1999b;
Rezende et al., 2009), be differentially affected by pharmacological
interventions (e.g. Keeney et al., 2008) and can have different genetic
bases (e.g. Nehrenberg et al., 2009b; Kelly et al., 2010; Leamy et
al., 2010). Moreover, if animal models are to be used to elucidate
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the human condition, then we need to make claims — and eventually
support them with data on underlying mechanisms — regarding how
behavioural phenotypes equate across species (see also Dishman,
2008). Of course, one can also view the situation in reverse, e.g.
by noting that studies of human voluntary exercise may serve as
good models for understanding the basis of wheel running in other
species (see also Eikelboom, 1999).

As noted by Stubbe and de Geus, “Operational definitions of
exercise behaviour have differed strongly across studies” [(Stubbe
and de Geus, 2009) p. 343]. In humans, voluntary exercise is
quantified in various ways, including questionnaires, surveys,
diaries, direct observation, motion sensors (pedometers and
accelerometers), heart-rate monitors and indirect calorimetry
(Table 1) (Westerterp, 2009). Each method has advantages and
disadvantages. Issues of reliability, validity and feasibility are
important considerations. In general, there is an inverse relationship
between validity and feasibility. For instance, a feasible method in
large population studies, such as a questionnaire, is probably the
least valid measure (e.g. Shephard, 2003) (see also Ebstein, 2006);
however, the most valid measures of energy expenditure (as opposed
to voluntary exercise per se), such as indirect calorimetry (e.g.
Joosen et al., 2005), are neither practical nor feasible in large studies.
Given the various methodologies and limitations of measuring
physical activity, it is difficult to compare studies. Moreover, studies
that impose relatively greater experimental control on their subjects
with respect to certain factors (e.g. instructing subjects to refrain
from voluntary exercise and/or confining them to metabolic
chambers or hospital wards) may sacrifice face validity with respect
to the phenomenon they wish to study (e.g. behavior and physiology
of free-living subjects).

In captive rodents, voluntary exercise (as we define it) has been
measured almost exclusively using running wheels, which may come
in a variety of sizes, shapes, surface textures and configurations
(Sherwin, 1998; De Bono et al., 2006). Depending on the counting
device employed, and with due methodological cautions
(Eikelboom, 2001; Koteja and Garland, 2001), wheel running over
some period of time (e.g. 24 h) can be quantified as total revolutions,
the amount of time activity and/or the average intensity of activity
(e.g. Girard et al., 2007; Dlugosz et al., 2009; Gomes et al., 2009;
Rezende et al., 2009). With video analysis, details of individual
running bouts and the degree of intermittent locomotion can be
quantified (Girard et al., 2001) (see also Waters et al., 2008).

The assessment of SPA in human subjects has also been
accomplished using pedometers, accelerometers and direct
observation/video analysis (Table 1). As noted above, much recent
work concerns the variously defined NEAT, which has been
estimated in a variety of ways, corresponding to different definitions
(e.g. Levine et al., 1999; Levine et al., 2003; Levine and Kotz, 2005;
Levine et al., 2005). In most of these studies, accelerometry or multi-
sensor units are used to capture NEAT.

In captive rodents, SPA in cages has been measured using
photobeams in various configurations, force plates (e.g. Malisch et
al., 2009), video analysis and passive infrared detectors (e.g.
Vaanholt et al., 2008; Gebczynski and Konarzewski, 2009a;
Gebczynski and Konarzewski, 2009b). Here, as elsewhere, one needs
to be extremely careful when reading the literature to note what a
particular study actually means by ‘locomotor activity’, as it is often
used to describe either activity in home cages after a period of
acclimation or habituation (of main interest in the present review)
(see also Kotz et al., 2008), locomotion in acute tests in novel arenas
(e.g. open-field tests) (see also Viggiano, 2008; Hesse et al., 2010)
or even wheel running. Variation exists even within studies focusing

specifically on home-cage activity, ranging from variation in
measurement devices and cages or arenas to the software used to
process and analyse the data. These different aspects of locomotor
behaviour generally do not show strong positive relations with
each other (e.g. Sherwin, 1998; Bronikowski et al., 2001)
(http://phenome.jax.org/). Additionally, locomotion most often
refers to ambulation, but SPA refers to all activities, including non-
ambulatory events, such as grooming and rearing behavior.

Some activities of daily living are commonly termed sedentary
behaviours in humans, including reading books, playing cards,
watching television or videos, using a computer (all of which
typically occur while sitting) or sitting in automobiles (e.g.
Speakman and Selman, 2003; Ford et al., 2005; Prentice and Jebb,
2006; Chaput and Tremblay, 2009; Jackson et al., 2009; Owen et
al., 2010). It is apparent that these sorts of behaviours are not
necessarily the opposites of active behaviours, such as jogging, in
either a psychological or a physiological sense (e.g. see Owen et
al., 2010). In other words, voluntary exercise, SPA and sedentary
behaviours do not necessarily lie along a single continuum or axis
of variation, either phenotypically or genetically. Many sedentary
behaviours expressed by humans, especially those involving man-
made objects or devices, cannot have direct counterparts in rodents.
However, rodents will spend time (and energy) interacting with (e.g.
playing with) objects placed in their cages (similar to young
children playing and interacting with objects), and a substantial
research effort in the area of enrichment has relevance in this context
(Young, 2003). Environmental enrichment can have substantial
effects on brain neurochemistry, even blunting the addictive effects
of certain drugs in mice given enrichment beginning at a young age
(Solinas et al., 2009). Some of the molecules affected by
environmental enrichment (e.g. brain-derived neurotrophic factor)
are also affected by exercise and diet (Johnson et al., 2003;
Pietropaolo et al., 2008; van Praag, 2009; Fahnestock et al., 2010),
but interactions among enrichment, diet and propensity for exercise
or SPA have not yet been studied to our knowledge. Nonetheless,
one can imagine that such interactive effects exist. As reviewed by
Chaput and Tremblay, both sleep (“the most sedentary of human
activities”) and cognitive or knowledge-based work have relatively
low rates of energy expenditure, but the former is associated with
a hormonal profile that facilitates appetite control, whereas the latter
enhances food intake (as does television viewing) (Chaput and
Tremblay, 2009). Apparently, no study has yet attempted to
simultaneously examine voluntary exercise, SPA and analogs of
human sedentary behaviours in a laboratory rodent. Nor are we
aware of any studies that have attempted to quantify these
simultaneously in free-living non-human mammals.

DEE and its components
The first law of thermodynamics states that energy can be transformed,
but it can be neither created nor destroyed. Applied to a living animal,
this means that the energy entering via food consumed (Fig. 1) will
be balanced by the sum of energy expended (e.g. in physical activity),
stored as fat or glycogen, and used for maintenance, growth and
reproduction. The so-called energy balance equation (e.g. Schoeller,
2009) is simplified for adult mammals that are not reproducing and
not storing energy, in which case energy intake is balanced by energy
expended on basal metabolic rate (BMR), digestion and subsequent
processing of food [thermic effect of food (TEF)], thermoregulation
and activity energy expenditure (AEE). The BMR accounts for a
substantial proportion of DEE, whereas the TEF is thought to
contribute ~5-10% of DEE (FAO, 2004; Schoeller, 2009). The most
malleable component of DEE is AEE, the main focus of this review.
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Food consumption

Consumed Thermic effect of food
food (gut motility, enzyme secretion, fluid secretion and
energy absorption, nutrient absorption and processing)

Fecal loss (things not absorbed)

Urinary loss (deamination of amino
acids, yielding urea, uric acid and ammonia)

Absorbed food molecules

(e.g. amino acids) available to the

animal for ATP production or as molecules
for biosynthesis

Fig. 1. Partitioning of consumed food energy. Note that energy going to the
thermic effect of food is not available for ATP production or biosynthesis,
but it can be used for thermoregulation. In addition, a considerable portion
of the chemical potential energy in absorbed food molecules is lost as heat
during the production of ATP (but again, some of this heat may be used for
thermoregulation).

Asnoted above, AEE can be further divided into the energy expended
in voluntary exercise and SPA, also termed habitual physical activities
of daily living, which generate NEAT.

Locomotor costs can be a substantial portion of DEE for
mammals, especially for large-bodied species and those with a highly
active lifestyle (Garland, 1983; Gorman et al., 1998; Girard, 2001;
Carbone et al., 2005). As illustrated in Figs2 and 3, the energy
expended on voluntary exercise can range from negligible to one-
third of DEE in a mouse and two-thirds of DEE in a human in the
Tour de France cycling race (Saris et al., 1989; Swallow et al., 2001;
Vaanholt et al., 2007a; Vaanholt et al., 2007b; Rezende et al., 2009).
In all cases, except perhaps during extreme human endurance
activities, the energy expended in SPA is also appreciable. It is also
worth noting that the amount of energy expended while sitting (a
sedentary behavior) can be substantial. For example, Widdowson
et al. estimated that young male military cadets, with an average
DEE equivalent to men engaged in ‘moderate work’, spent almost
40% of their time and almost one-third of their energy while sitting
(Widdowson et al., 1954).

The techniques for estimating or measuring DEE in free-living
human subjects include doubly labeled water (DLW), heart-rate
monitoring, accelerometry and multi-sensor devices, and
questionnaires that include physical activity and/or food
consumption (Nydon and Thomas, 1989). Questionnaires yield
estimates of the amount of time spent in various activities, and these
can be translated into energy via time—energy budgets, given
estimates of the costs of various activities (Ainsworth et al., 2000).
Although direct and indirect calorimetry are seen as the most reliable
and accurate methods for assessing energy expenditure (e.g.
Ravussin et al., 1986; Joosen et al., 2005; McDonald et al., 2009),
these techniques are not feasible for individuals moving about in
their normal environment. Hence, DLW is considered the gold
standard for capturing DEE in free-living populations (Speakman,
1997; Nagy, 2001; Nagy, 2005; Westerterp and Speakman, 2008).
However, a limitation of DLW for studies of physical activity is
that, although AEE can be calculated, e.g. as the difference between
DEE and resting metabolism, no information on the nature
(spontaneous or voluntary) or intensity (sedentary, low, moderate,
vigorous) can be ascertained without some sort of additional
information, e.g. from accelerometry. In cold environments, there
may also be thermoregulatory expenditures (shivering) that further
confound DLW-derived estimates of activity. The method of heart-
rate monitoring requires measurement of the relationship between

Exercise, spontaneous activity and obesity 209

20

100
;\? i
o 80
2 1 M Exercise
°
S 60 [ SPA (NEAT)
% i [l Thermoregulation
3 40 B TEF
) M BVR
2
[}
=
®
a

Sedentary
human

Sedentary
mouse

Fig. 2. (A,B) Partitioning of daily energy expenditure in a sedentary human
and a sedentary laboratory mouse. The human engages in negligible
voluntary exercise, and the mouse is housed without a wheel. At room
temperature (~21°C), people wear appropriate clothing and so do not have
any extra energy expenditure to maintain body temperature. For mice,
however, 21°C is below their thermoneutral zone, so they have a
substantial cost of thermoregulation (e.g. see Hart, 1971; Hudson and
Scott, 1979; Lacy and Lynch, 1979). The values depicted are
approximations, based on the synthesis of a number of sources (e.g.
http://www.fao.org/docrep/007/y5686e/y5686e04.htm) [Garland and others
(Garland, 1983; Saris et al., 1989; Hammond and Diamond, 1997; Gorman
et al., 1998; Girard, 2001; Swallow et al., 2001; Donahoo et al., 2004;
Westerterp, 2004; Carbone et al., 2005; Vaanholt et al., 2007a; Vaanholt et
al., 2007b; Johanssen and Ravussin, 2008; Rezende et al., 2009; Secor,
2009) and references therein]. BMR, basal metabolic rate; NEAT, non-
exercise activity thermogenesis; SPA, spontaneous physical activity; TEF,
thermic effect of food.

heart rate and oxygen consumption in an individual across a range
of activities (sedentary to vigorous activity); similarly,
accelerometers or multi-sensor devices depend on calibration of
output (counts, etc.) and energy expenditure as determined by
independent methods (e.g. Freedson et al., 1998; Franks et al., 2003;
Welk et al., 2007; Westerterp, 2009). The least-valid manner of
determining DEE is through subjective self-reported surveys and
diaries. Diet records that allow the calculation of total daily energy
intake (kJ day ') can also be used if no weight gain occurs and energy
balance is maintained.

Methods for determining energy use in free-living rodents or other
animals parallel those used for humans (and have similar advantages
and limitations). DLW is the de facto standard for determining
energy use over long periods (e.g. days). This method yields accurate
estimates of average DEE [often called field metabolic rate (FMR)
for free-living animals], but does not provide a detailed breakdown
of the costs of various activities. Some studies have combined DLW
with time-budget analysis and, if sample size is sufficiently large
and there is substantial variation in both FMR and activity, regression
techniques can give insight into energy costs of particular activities
(e.g. Vehrencamp et al., 1989; Chappell et al., 1993; Girard, 2001).
The DLW method has been used to determine FMR in a wide range
of species and its relationship to animal body size, thermal
environment, ecology and phylogeny have been analysed in
considerable detail (e.g. Nagy et al., 1999; Nagy, 2005). In addition
to DLW, investigators have employed heart-rate monitors to estimate
activity energy costs in numerous species (e.g. Bevan et al., 1994;
Bevan et al., 1995), and accelerometry in various forms has been
used for a limited range of subjects (e.g. Shepard et al., 2008).
Finally, time-budget studies combined with laboratory
measurements of different activity costs (and, where appropriate,
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Fig. 3. (A,B) Partitioning of daily energy expenditure (DEE) when the
amount of voluntary exercise is extraordinarily high. For humans, this
occurs during the Tour de France cycling race (Saris et al., 1989) and for
mice it represents the High Runner lines housed with wheel access
(Swallow et al., 2001; Vaanholt et al., 2007a; Vaanholt et al., 2007b;
Rezende et al., 2009). For the mice, some of the heat produced during
wheel running is used for thermoregulation, thus reducing costs of
thermoregulation per se. SPA is still a substantial part of the energy budget
for mice (Rezende et al., 2009). SPA may also appreciable for these
human ultra-racers, but it has not been directly measured to our
knowledge. In general, larger-bodied mammals are predicted to expend a
larger fraction of their DEE on costs of locomotion, based on previous
allometric analyses (Garland, 1983; Goszczynski, 1986). For additional
literature sources, see Fig. 2 legend.

biophysical modeling of thermoregulatory costs) have also been used
to estimate DEE (e.g. Goldstein, 1988). Comparisons with DLW
suggest that carefully done time-budget studies can be quite accurate
(e.g. Weathers et al., 1984).

In summary, both voluntary exercise and SPA can be important
components of DEE. Apparently, the latter can still be important
even when exercise is high. Over the long term, relatively small
alterations in either component of physical activity can lead to weight
gain (or loss), as can small changes in energy intake (Hill et al.,
2003). However, many human studies have shown that, beyond
approximately 1 year, the amount of weight loss predicted to occur
following a sustained increase in energy expenditure or a decrease
in energy intake is often not realized, implying that other changes
must be occurring, e.g. in hunger, satiety or dietary adherence
(Schoeller, 2009). Moreover, alterations in specific dietary
components can have effects that go far beyond their effects on
energy intake [Jebb (Jebb, 2007) and references therein] (Meek et
al., 2010). Hence, prospective use of the energy balance equation
can be a risky proposition with respect to bringing about reductions
in human body fat (Schoeller, 2009).

Voluntary exercise, SPA and energy expenditure in human
beings

In studies of human subjects confined within metabolic chambers
for 24 h, Ravussin et al. found that SPA varied widely and was a
rather strong positive predictor of DEE (Ravussin et al., 1986). They
commented (p. 1577) that: “Because the subjects were not allowed
to carry out physical exercise such as isometric exercises or
calisthenics, it is possible that such activity represents an
unconscious need to be active.” The implication is that forced
reduction in voluntary exercise may lead to an increase in other
types of physical activity. Of course, it is also possible that an
increase in voluntary exercise would be accompanied by a decrease
in SPA.

As AEE is a major component of DEE (Figs2 and 3), it is often
assumed that if one initiates (or increases) structured exercise
training or voluntary exercise in free-living humans, then DEE will
necessarily increase. Of course, SPA (or NEAT) may decrease
during the remaining portion of the day (e.g. a compensatory
behaviour or mechanism that homeostatically controls DEE)
following voluntary exercise, thus resulting in no change in overall
AEE or DEE. This has not gone unnoticed in the literature (reviewed
in Westerterp and Plasqui, 2004; Westerterp, 2008; Schoeller, 2009).
Other human studies have addressed the question more from the
perspective of appetite and resting metabolic rate (e.g. Speakman
and Selman, 2003; King et al., 2007a; King et al., 2007b), and related
studies have examined rodents forced to work for food (Vaanholt
et al., 2007b). During free-living daily life, the amount of energy
expended during human locomotion and SPA (i.e. AEE) can also
be greatly impacted by cultural and/or societal factors and
environmental conditions (Dishman, 2008), including the so-called
‘built environment’ (Sallis and Glanz, 2006). Rowland suggested
that habitual physical activity (and DEE) is subject to substantial
biological control (Rowland, 1998). He coined the term ‘activity
stat’ to refer to a hypothetical control center, maintaining energy
expenditure at a particular set point via regulatory changes in SPA,
resting energy expenditure and/or AEE via voluntary exercise.
Others have noted that activity levels may sometimes be a
consequence of, rather than a contributor to, body weight (e.g. Tou
and Wade, 2002). Long-term voluntary exercise does not
consistently affect resting metabolic rate in humans (Speakman and
Selman, 2003).

Studying the relationships between voluntary exercise, SPA and
DEE in humans can be accomplished either by experimental
exercise-training studies or by observational studies of habitual
physical activity. In the former, pre- and post-exercise measures of
DEE (and its components) are assessed, whereas in the latter DEE
and its components can be monitored over a period of time [e.g.
what happens to DEE and NEAT during a particular day when
moderate-to-vigorous physical activity (MVPA) increases?].

Most studies examining this question have measured DEE in free-
living subjects using DLW (Speakman, 1997). If DEE does not
change with the addition of exercise training, then (barring changes
in thermoregulatory costs) that implies that other activities of low-
to-moderate intensities (i.e. SPA) must be reduced during the day,
although there is no specific measure of these activities available
from a DLW study in and of itself. In addition, DLW cannot
document the energy expenditure or MVPA from the exercise-
training portion of the day. This methodological issue can be
resolved by using an accelerometer/multi-sensor device (e.g.
ActiGraph accelerometer, Pensacola, FL, USA).

Summary of experimental studies with humans
In general, the effect of exercise training on non-training physical
activity seems to be age dependent, with no change in DEE in older
adults and an increase in DEE in younger subjects (Westerterp, 2008)
(see also Schoeller, 2009). The matter of the contribution of the
exercise vs non-training activity to the total AEE and DEE was
addressed by Westerterp’s research group using an additional
physical activity measure with DLW (Meijer et al., 1999; Meijer et
al., 1991). They used the Tracmor tri-axial accelerometer, a device
the size of a small pager that is worn on the waist. Their results
provide evidence that older individuals compensate for increased
exercise training by lowering their non-training activity during the
remainder of the day, whereas no such compensation occurs in
younger subjects, who show an increase in both accelerometer output
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and DEE. More specifically, the average accelerometer output of
16 women and 16 men (age 28—41) increased after 8 and 20 weeks
(Meijer et al., 1991), and this increase was attributed to the exercise-
training program because non-exercise activity remained fairly
stable. By contrast, total physical activity did not change in 55- to
68-year-old subjects (19 women and 18 men) who decreased their
non-exercise activity (Meijer et al., 1999). However, a recent report
provides conflicting results. Hollowell et al. reported an increase in
total AEE (DEE was not measured) in sedentary, overweight, older
subjects (mean age=53years) randomly assigned to groups of
inactive control, low-amount/moderate-intensity, low-amount/
vigorous-intensity or high-amount/vigorous-intensity aerobic
exercise (Hollowell et al., 2009). The intervention lasted 8 months,
substantially longer than previous studies (e.g. 7—14 weeks).

Studies of free-living humans
The previous section considered the effects of structured exercise
training on DEE and on non-training activity, but of equal interest
is the normal activity of ‘ordinary’ people not engaged in a specified
exercise-training regimen (free-living, unmanipulated humans).
In general, DEE is relatively stable from day to day, despite
considerable variation in the amount of energy expended in MVPA.
In a meta-analysis of 21 DLW studies, the mean within-individual
coefficient of variation for DEE was 12%, ranging from 6.5-22.6%
(Black and Cole, 2000). Hence, on days when MVPA levels are
high, the amount of low-intensity activity (e.g. fidgeting, SPA,
NEAT) is reduced; conversely, on days when MVPA levels are low,
the amount of low-intensity activity is increased.

These results have been replicated in young adults using a 3-day
diary reporting method. Results showed a large coefficient of
variation for energy expended during MVPA (84%), but a small
coefficient of variation for DEE (12%) (Wickel and Eisenmann,
2006). Therefore, when energy expended during MVPA was higher,
the amount of energy expended during inactivity was lower, such
that some degree of compensation occurred for DEE. Fig.4 shows
the negative relationship between the amount of energy expended
during inactivity and during MVPA. Importantly, the slope is
shallower than —1 (dashed line), indicating that compensation for
increased energy expenditure during days with high MVPA is not
complete.

Voluntary exercise, SPA and food consumption in laboratory
rodents

Access to wheels has been shown by many studies to increase food
consumption in rodents (e.g. Tokuyama et al., 1981; Bell et al., 1997),
including in the High Runner (HR) lines of mice that have been
selectively bred for high daily wheel running, as well as their non-
selected control lines (Koteja et al., 1999b; Swallow et al., 2001).
However, in female DBA/2J mice, which ran only 1-2kmday™!, food
consumption was not significantly increased. This anomalous finding
may be attributable to the level of activity being too low to stimulate
food intake (Jung et al., 2010) (see also Jung and Luthin, 2010) (on
C57Bl/6 mice). Even with the concomitant increase in food
consumption, access to a running wheel, particularly in males and
especially if access begins at a young age, tends to reduce growth,
body mass and body fat in both the HR and control lines of mice
[Tokuyama et al. and others (Tokuyama et al., 1981; Bell et al., 1997,
Koteja et al., 1999b; Swallow et al., 1999; Swallow et al., 2001; Kelly
etal., 2006) and references therein]. However, this effect is not always
observed in rodents. In a recent report, wheel access had no significant
effect on % body fat in young male C57B1/6 mice [Jung and Luthin
(Jung and Luthin, 2010) and references therein]. The cause of such
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Fig. 4. Relationship between estimated energy expenditure during inactivity
and during moderate-to-vigorous physical activity (MVPA) in 125 human
males and 152 females aged 18-24 years [data from Wickel and
Eisenmann (Wickel and Eisenmann, 2006)]. On days when MVPA was
relatively high, DEE was also relatively high [see fig. 3 in Wickel and
Eisenmann (Wickel and Eisenmann, 2006)], but, as shown here, some
compensation occurred in that the energy expended during inactive
behaviours was reduced. However, the slope (—0.25) is much shallower
than —1 (dashed line), indicating that compensation was incomplete.

discrepant results deserves systematic investigation. As previously
noted for HR and control mice measured for wheel running, body
mass and apparent food consumption weekly from ages 4 to 84 weeks,
the mean ontogenetic trajectories for food consumption are more
complex than those for either wheel running or body mass (Morgan
etal.,2003). In any case, if wheel access causes a significant increase
in food consumption, then we take that as prima facie evidence that
the energy cost of wheel running is not fully compensated by reduced
cage activity (see also Kumar et al., 2010). In this context it is
important to note that long-term voluntary exercise does not
consistently affect resting metabolic rate in rodents (Speakman and
Selman, 2003; Kane et al., 2008).

Forced treadmill exercise can affect SPA in rats [Kotz (Kotz, 2008)
and references therein], but because very few studies report
simultaneous measurements of SPA and wheel running, the extent
to which reductions in SPA may partially counteract various effects
of voluntary exercise on wheels is currently unclear. Lachmansingh
and Rollo found a negative, non-significant correlation between time
spent in wheel running and in non-wheel running locomotion in
transgenic mice with high growth rates (»=—0.01) and in their normal
siblings (=—0.15), but when transgenic and normal mice were
pooled, the correlation was significantly positive (r=0.45)
(Lachmansingh and Rollo, 1994). Koteja et al. found that, after 6 weeks
of acclimation, access to a free vs locked wheel reduced cage
locomotion in both HR and control lines of mice, especially in males,
based on focal-animal scan observations (Koteja et al., 1999a). Harri
et al. reported that adult male C57BL/6J mice ran for an average of
114 min in a 24-h period, while spending an additional 22 min feeding
on the cage floor, compared with mice without wheel access (Harri
et al., 1999). The extra time spent running and feeding was deducted
from time spent resting, climbing/feeding on the cage lid, locomoting
on the cage floor and grooming. Weight gain and food consumption
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were similar for wheel-access and control groups, indicating that wheel
running can substitute for other forms of energy-consuming
behaviours and vice versa. However, these mice were running only
2kmday !, and higher amounts of wheel running, typical of some
other inbred strains, may lead to different results (see also Festing,
1977; Lightfoot et al., 2004; Jung et al., 2010; Jung and Luthin, 2010).
de Visser et al. found that, during a 6-day observation period, female
C57BL/6J mice decreased home-cage activity when allowed
simultaneous access to a wheel, but increased the total amount of
time in activity (cage plus wheel) (de Visser et al., 2005).

We emphasize that laboratory strains of house mice have been
evolving for many generations in relatively small cages without a
wheel. Such conditions have been in force since their ancestors were
first brought into laboratory culture in the early 1900s, or even
earlier. Thus, laboratory mice have been evolving in the absence of
any opportunity for voluntary exercise. We estimate the number of
generations in captivity as approximately 400 (100years X
4 generations per year).

Many aspects of the phenotype are known to evolve during
domestication and/or adaptation to laboratory culture [Garland et
al. (Garland et al., 1995) and references therein]. Given how rapidly
this evolutionary change can occur (Hare et al., 2005; Albert et al.,
2009; Simoes et al., 2009), laboratory strains of mice may now be
rather well adapted to this low-activity environment, in which they
do not need to move long distances to secure food, other resources
or mates, and they do not have to avoid or escape from predators.
Many (perhaps most) populations of modern Homo sapiens are
living in similar conditions. We estimate the number of reduced-
activity generations as perhaps 10-25 (200-500years divided by
20years per generation) (see also Booth et al., 2002b), far fewer
than for laboratory mice. It is possible that some evolutionary
adaptations may have occurred in response to the altered selective
regime even over this relatively small number of generations (Byars
et al., 2010). Nevertheless, it is hard to imagine that the modern
human genome is optimally adapted to a low-activity lifestyle, and
it is thus not surprising that low levels of physical activity are
associated with a broad range of human diseases and disorders
(Booth and Lees, 2007). As Booth and colleagues have argued,
physical activity is probably a prerequisite for normal physiological
gene expression (Booth et al., 2002a; Booth et al., 2002b). The
foregoing leads to the disturbing perspective that the normal state
for laboratory house mice is the absence of voluntary exercise,
whereas that for humans is the presence of exercise. If valid, this
perspective would call into question numerous studies of mice that
have tried to draw inferences about human physiology and
behaviour, and vice versa.

Energy intake, physical activity and obesity
The current human obesity epidemic in industrialized countries is
stunning in its magnitude and probable effects. For example, healthy-
weight adults are now in the minority in the US (Schoeller, 2009).
The cost of this increase in obesity and related conditions and diseases
has been estimated to approach 100 billion dollars in the US alone
(Finkelstein et al., 2003). Moreover, it has been speculated that the
current generation is the first that will, on average, have a lifespan
shorter than that of their parents (Olshansky et al., 2005).

Given the energy balance equation (see DEE and its components),
it seems intuitive that obesity is caused by an increased energy intake
and/or reduced DEE and, more specifically, a reduced level of AEE.
Indeed, cross-sectional, longitudinal and experimental studies have
all demonstrated the role of energy intake and energy expenditure
in human weight gain and/or loss (Zurlo et al., 1992; Miller et al.,

1997; Prentice and Jebb, 2004; Tremblay et al., 2004; Jebb, 2007;
Bray, 2008). An additional factor that contributes to increased energy
intake in many modern human populations is the availability of
highly palatable, energy-dense foods, and Prentice and Jebb argue
for the importance of “interactions between energy-dense diets and
low-levels of physical activity... due to an asymmetry between the
hunger and satiety arms of human appetite control”, which will result
in a disruption of an individual’s energy balance [(Prentice and Jebb,
2004) p. S98]. Needless to say, eating can also be strongly influenced
by hedonic responses (Blundell, 2006) and social facilitation
(Drewett, 2007), and obesity can spread through large social
networks (Christakis and Fowler, 2007). More recently, the possible
stimulatory effect of knowledge-based work on appetite has been
emphasized (Chaput and Tremblay, 2009).

In spite of the received wisdom that industrialized humans have
reduced physical activity levels [e.g. see references in Booth et al.
(Booth et al., 2002a; Booth et al., 2002b)], Westerterp and Speakman
provide evidence that physical AEE has not declined over the same
period that obesity rates have increased, and argue that it is unlikely
that decreased DEE has been a major contributor to the human obesity
epidemic (Westerterp and Speakman, 2008). Furthermore, recent
reviews of the temporal trend in human obesity and the ‘big two’ (i.e.
physical activity and diet) are challenging this traditional view and
offering alternative (or additional) putative contributors, including
microorganisms, epigenetics, increasing maternal age, greater
fecundity among people with higher adiposity, assortative mating,
sleep debt, endocrine disruptors, pharmaceutical iatrogenesis,
reduction in variability of ambient temperatures, and intrauterine and
intergenerational effects (Bray and Champagne, 2005; Eisenmann,
2006; Pomp and Mohlke, 2008; McAllister et al., 2009). Previously,
Sclafani classified nine different origins of obesity in animals: neural,
endocrine, pharmacological, nutritional, environmental, seasonal,
genetic, idiopathic and viral (Sclafani, 1984). Just as there are several
etiological factors acting independently or together in the development
of obesity at any point in time, it is possible that the increase in obesity
was due to the temporal change in a single or combination of
etiological factors in each individual case. One may argue that the
trend can be attributed to changes in several environmental factors
acting and interacting with each other during prenatal and postnatal
growth, puberty and into adulthood. Another factor adding complexity
is that genotype—environment interactions are likely to be common
(see also Dishman, 2008). For example, the relationships between
physical activity, energy intake and body composition can differ
dramatically between the sexes, among individual humans and among
strains of mice, and the effects of exercise training are also known
to vary among individual humans in relation to genotype (Swallow
et al., 2001; Melzer et al., 2005; Girard et al., 2007; Vaanholt et al.,
2008; Nehrenberg et al., 2009a; Jung and Luthin, 2010; Jung et al.,
2010; Meek et al., 2010; Timmons et al., 2010). As noted in the
previous section, wheel access usually, but not always, reduces body
fat in rodents, especially in males.

This leads us to the concept of the obesogenic environment, which
can be defined as “a set of circumstances that encourages people
to eat and drink more calories than they expend and to become
obese” (NHS, 2008). For humans, components of an obesogenic
environment may include ready availability of highly palatable and
energy-dense foods, lack of easy access to the opportunity for
exercise (e.g. no safe parks nearby), use of motorized transportation
for essential activities, social facilitation of eating, social facilitation
of sedentary activities and a lack of education for making good
decisions with respect to diet and exercise. For laboratory rodents,
an obesogenic environment may be considered as one with ad
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libitum availability of palatable foods (including standard chow and,
even more so, ‘Western’ diets) (e.g. Meek et al., 2010), housing in
relatively small cages with no need to move to find food or other
resources and the absence of a wheel. Lab rodents are routinely
housed in same-sex groups of a few individuals, and it is possible
that some social facilitation of eating or of sedentary behaviours
occurs, although we are not aware of any studies that specifically
address this issue. As discussed above, it is reasonable to view both
modern humans and laboratory rodents as living in ‘unnatural’
environments relative to their not-so-distant ancestors (see also
Booth et al., 2002a; Booth et al., 2002b; Booth and Lees, 2007).
Instead, an environment that requires, promotes or at least allows
higher levels of physical activity is more attuned to their genetic
complements, perhaps especially for humans. In addition, the
process of domestication and selection of rodents for good breeding
success, large litters, successful parental care, etc., has led to genetic
changes that probably interact with the laboratory environment. In
any case, as noted by de Krom et al., when using animal models to
elucidate aspects of human obesity, it is important to consider
whether and how to model components of obesogenic environments
(de Krom et al., 2009).

In rodents, diets high in fat are routinely used to induce obesity,
although effects can vary substantially among strains (e.g. Brownlow
et al., 1996; Funkat et al., 2004; Svensson et al., 2007; Bjursell et
al., 2008; Novak et al., 2010) (http://jaxmice.jax.org/diomice/
diets.html). The obesogenic effect of high-fat diets is related to their
higher caloric density; although rodents typically decrease the total
amount (mass) of food consumed when given a high-fat diet, they
do not decrease food intake enough to avoid gaining body fat.
Recently, Meek et al. showed that a Western diet (42% of kJ from
fat, plus added sucrose) was obesogenic in males of both HR and
control lines of mice, beyond its effects on caloric intake (Meek et
al., 2010). They converted food consumption in grams to an
equivalent caloric intake, and found that even with caloric intake
and amount of daily wheel running as covariates, statistical analysis
indicated that Western diet caused increased body mass and
retroperitoneal fat pad mass in both HR and control mice. This result
emphasizes the importance of dietary components for weight gain
(Jebb, 2007).

In human studies, both under- and overeating have been shown
to influence DEE and its components. It is fairly clear that both
DEE and AEE will decrease during energy-restricted diets
(Westerterp, 2008). This reduction in energy expenditure is partly
due to a reduction in body weight with a negative energy balance
(~40%), but the majority (~60%) is a consequence of lower activity
levels. This was perhaps best demonstrated in the semi-starvation
studies at the University of Minnesota following World War II (Keys
et al., 1950).

Although it has long been known that humans differ in the
susceptibility to weight gain in response to overfeeding, few studies
have quantified the changes in AEE in response to overfeeding. As
one example, Leibel et al. chronically over- or underfed human
subjects to produce 10% changes from initial body mass, and did
not restrict exercise (Leibel et al., 1995). Individuals compensated
for this gain or loss both through resting metabolic rate and AEE.
No differences were observed in compensation between non-obese
and obese subjects, and the extent of compensation was greater than
the predicted change in energy expenditure due to adjustments in
body mass. In another experiment, Levine and colleagues overfed
16 sedentary, lean adults (both sexes) an extra 1000kcalday ™" for
8 weeks, while restricting voluntary exercise. NEAT was estimated
by subtracting of basal and postprandial energy expenditure from
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DEE, which was measured by DLW. Subjects displayed changes
in NEAT that ranged from —98 to +692 kcalday !, and 59% of the
variation in fat gain could be statistically explained by the variation
in NEAT (Levine et al., 1999).

With such a wide array of causes to weight gain, future studies
of human susceptibility/resistance to obesity need to be more all
encompassing. For example, they need to determine simultaneously
the effects of voluntary exercise, NEAT/SPA and sedentary
behaviours (including breaks in sedentary behaviour) (e.g. Healy et
al., 2008) on weight gain/loss and body composition, while
simultaneously measuring DEE, food consumption and specific
dietary components (at least macronutrients) with robust methods
(e.g. not based solely on self-reporting). In addition, biomarkers of
appetite and energy regulation (see below) should also be considered.
Effects of age and sex need to be considered with sample sizes
adequate to detect interactive effects with reasonable statistical
power. And, eventually, comparisons among socioeconomic,
cultural and racial groupings need to be performed (e.g. Simonen
et al., 2003a; Stubbe and de Geus, 2009). We recognize that such
studies will be neither easy nor inexpensive, but they are warranted
to better understand the complex nature of energy homeostasis and
body-weight regulation in human populations. Similar studies need
to be performed with rodents as putative models of the human
condition, and similarities/differences elucidated.

Neurobiology of voluntary exercise and SPA

Relative to other areas of exercise physiology, very little is known
about the neurobiology of voluntary exercise, SPA or sedentary
behaviours in healthy animals. Similarly, we are far from
understanding the neurobiology of human ADHD (van der Kooij
and Glennon, 2007). At present, it is widely accepted that the
mammalian brain directs complex behaviours, and that there can
be vast individual variation in these behaviours. However, we lack
a comprehensive understanding of the neurobiological regulation
of motivated behaviours, including voluntary exercise (and eating).
Various neural correlates of generalized locomotor activity have long
been the subject of considerable research, but central themes are
difficult to extract, often because operational definitions of
locomotor activity vary widely in the literature, as has been noted
elsewhere in this paper. For example, studies that purport to address
SPA often do so from the construct of activity in an open-field and/or
in a novel environment, rather than in a standard housing cage with
habituated animals. Although all behaviours within the spectrum of
locomotor activity do involve locomotor activation, it is abundantly
clear that not all are created equal (e.g. Dishman, 1997; Dishman,
2008; Sherwin, 1998; Bronikowski et al., 2001; Ang and Gomez-
Pinilla, 2007; Kotz et al., 2008; Leasure and Jones, 2008; Pietropaolo
et al., 2008). The following sections will discuss neurobiological
underpinnings of both voluntary exercise and SPA, but we include
some studies that involve other measures of locomotion. We also
include a consideration of how aspects of personality may be related
to locomotor behaviour of various types. The endocrine bases of
variation in voluntary exercise and SPA are also of great importance,
but that literature is beyond the scope of the present review (e.g.
see Girard et al., 2007; Levine et al., 2003; Castaneda et al., 2005;
Malisch et al., 2007; Vaanholt et al., 2007c; Vaanholt et al., 2008;
Lightfoot, 2008a).

Neurobiology of voluntary exercise
In general, locomotor activity in both humans and rodents is
controlled by a complex cascade of neurochemical interactions that
coordinate central neural impulses with motor outputs. At this point,
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it not known to what extent voluntary behaviour, like eating and
sex, can be considered a classical motivated behaviour. However,
because it can be agreeable to be physically active, a litany of other
neural systems beyond those required for basic motor control
become relevant, including those involved in aversion, conditioning,
learning and the desire for and perception of both exogenous and
endogenous rewards.

During earlier stages of human evolution, locomotion, including
endurance running, was closely linked to caloric acquisition (Dudley,
2001; Bramble and Lieberman, 2004). The reward derived from
exercise could be at least part of the proverbial ‘bringing home the
bacon’. For contemporary humans in Western societies, locomotion
is rarely required for food acquisition, but exercise activities,
including endurance running, are often described as both rewarding
and pleasurable. Moreover, endurance training has been reported
to induce an array of pleasant psychophysical effects, including stress
reduction (Long, 1983), increased anxiolysis and mood improvement
(Ledwidge, 1980). Many athletes claim a pleasurable state of
euphoria following or during sustained endurance-type exercise,
commonly referred to as a ‘runner’s high’ (Morgan, 1985; Dietrich
and McDaniel, 2004). Thus, it has been suggested that evolution
can ‘use’ neurobiological rewards (e.g. euphoria, anxiety reduction,
reduced pain sensation or exercise-induced analgesia) (e.g. Li et al.,
2004) to motivate animals to engage in activities, such as endurance
running, that otherwise may be painful, stressful, energetically
costly, time-consuming or risky (Ekkekakis et al., 2005). This
hypothesis can be partially tested using selective breeding
experiments (Keeney et al., 2008) (for reviews, see Rhodes and
Kawecki, 2009; Swallow et al., 2009; Feder et al., 2010) and through
comparisons of species that differ in their propensity for exercise
under natural conditions (Raichlen et al., 2010).

As previously stated, voluntary wheel running can be a classic
self-rewarding behaviour in laboratory rats and mice (Premack,
1964; Timberlake and Wozny, 1979; Belke and Heyman, 1994;
Belke, 1996; Sherwin and Nicol, 1996; Sherwin, 1998; Ekkekakis
etal., 2005; Brené et al., 2007). Many studies have shown that both
wild rodents and laboratory strains are highly motivated to run on
wheels and will voluntarily run long distances (e.g. Dewsbury et
al., 1980; Rodnick et al., 1989; Lambert et al., 1996; Sherwin, 1998;
Allen et al., 2001; Burghardt et al., 2004; Naylor et al., 2005; Leasure
and Jones, 2008; Rhodes et al., 2005). Similarly, rats show
conditioned place-preference for environments associated with
bouts of wheel running (Lett et al., 2000), as well as the arm of a
T-maze allowing access to a running wheel (Hill, 1961). In addition,
rats and mice can be entrained to perform a variety of tasks to receive
areward of access to wheel running, including crossing an aversive
water barrier (Sherwin and Nicol, 1996) or lever-pressing (Kagan
and Berkum, 1954; Collier and Hirsch, 1971; Iversen, 1993; Belke
and Garland, 2007).

In extreme cases, exercise can be enjoyable to the point where
it becomes habit-forming, sometimes so much so that it justifies
comparison with traditional addictive behaviours [Werme et al. and
others (Werme et al., 2000; Aidman and Woollard, 2003; Brené et
al., 2007; Kanarek et al., 2009; De Chiara et al., 2010; MacLaren
and Best, 2010) and references therein]. As synthesized by Scheurink
et al., some regular distance runners have reported a progression of
feelings towards exercise similar to those experienced during the
course of addiction to a drug of abuse (Scheurink et al., 2010). The
runners reported sensations of euphoria after strenuous bouts of
exercise, often coincident with a perceived need to increase the
duration or intensity of exercise to achieve similar feelings of well-
being (i.e. they appeared to develop tolerance), followed by

increasing encroachment of the addiction into everyday life (e.g.
difficulties in job performance and social interactions) and, lastly,
symptoms of withdrawal, including depression, irritability and
anxiety, when prohibited from running (Aidman and Woollard,
2003; Allegre et al., 2006). It is worth noting that, like exercise,
some types of overeating may represent a form of addictive
behaviour (Barry et al., 2009; DiLeone, 2009; Johnson and Kenny,
2010; Liu et al., 2010).

It has traditionally been hypothesized that dopamine is the crucial
transmitter for the mediation of reinforcement phenomena
(Salamone and Correa, 2002). Although the literature has yet to
reach a consensus on the behavioural significance of dopamine
(Salamone and Correa, 2002), several lines of evidence highlight
its role in reward (Berridge and Robinson, 1998; Schultz, 2001;
Schultz, 2002), learning (Wise, 2004; Owesson-White et al., 2008),
motivation (Salamone and Correa, 2002; Wise, 2004), emotion
(Sevy etal., 2006), addiction (Hyman and Malenka, 2001; Volknow
etal., 2004) and the control of complex motor movement (Beninger,
1983; Salamone, 1992).

At present, a relationship between dopaminergic signaling and
the performance of voluntary exercise seems fairly well established.
Disruption of dopaminergic transmission in certain parts of the brain
can strongly affect a wide range of locomotor behaviours. For
example, administration of dopamine antagonists systemically or
into the nucleus accumbens, as well as depletions of dopamine within
the nucleus accumbens, reduces exploratory (Ahlenius et al., 1987),
open-field (Correa et al., 2002; Correa et al., 2004), spontaneous,
conditioned and drug-induced locomotor activity in rats (Jones and
Robbins, 1992). When considering voluntary exercise, however,
there remains significant debate about whether an individual’s
dopaminergic profile is a result of or an effecter of activity levels
(Knab and Lightfoot, 2010). For instance, it has been suggested that
differences in activity between inbred strains of mice result from
expression differences of dopamine 1 (D1)-like receptors and
tyrosine hydroxylase (Knab et al., 2009). In a related fashion,
obesity-prone rats have decreased receptor expression, accompanied
by decreased extracellular dopamine levels in the nucleus accumbens
(Geiger et al., 2008; Geiger et al., 2009; Rada et al., 2010). Obese
humans have also been shown to have decreased D2 receptor
expression, based on a series of six single nucleotide polymorphisms
related to D2 receptor expression (Davis et al., 2008; Davis et al.,
2009). However, studies in rats have shown that acute bouts of
exercise increase central dopamine concentrations (Meeusen et al.,
1997), and that these effects are mediated by locomotor speed,
direction and posture (Freed and Yamamoto, 1985).

Work from the Garland laboratory suggests that the HR lines of
mice have an altered reward threshold for wheel running compared
with their non-selected control lines (Belke and Garland, 2007), and
that this difference is related to overall dopaminergic tone (Mathes
et al., 2010). This ‘dysregulation’ could affect one or many of the
factors that influence the sensitivity or reactivity of the neural
network that regulates the anticipation of rewards. These factors
can include the amount of dopamine present, the density and
localization of dopamine receptors, and the rapidity of its transport
back into the cell (Davis et al., 2008). Several studies confirm that
HR mice have diverged with respect to control mice in dopamine
receptor expression, as well as response to drugs that affect
dopaminergic signaling. For example, HR mice had a 20% increase
in mRNA for D2 and D4 receptors in the hippocampus compared
with control mice (Bronikowski et al. 2004). Pharmacological
studies with dopamine transporter blockers found differential effects
on wheel running in HR and control mice, attributed to altered
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functionality of the D1 receptor system (but not the D2 receptor,
serotonergic or opioidergic systems) (Rhodes et al., 2001; Rhodes
and Garland, 2003; Rhodes et al., 2005; Li et al., 2004). In addition,
HR and control mice also have different wheel-running responses
to D1-like antagonists (Rhodes and Garland, 2003).

The behavioural significance of these observed differences in
dopamine functioning between HR and control mice may be
tantamount to an addiction to wheel running in HR mice (Rhodes et
al., 2005). Consistent with this idea, Fos immunohistochemistry
studies show that, when wheel access is blocked, HR mice have a
greater proportional increase in activity in several brain regions
implicated in reward and motivation, suggestive of a classic state of
withdrawal (Rhodes et al., 2003a). If HR mice are addicted to wheel
running, then it is possible that they run at higher speeds (and thus
achieve greater distances) to achieve the same neurobiological reward
from wheel running that control mice receive during or after lower-
speed running. By this logic, one could hypothesize that HR mice
have decreased dopaminergic functioning, and thus differentially seek
rewards to increase dopamine tone. This is consistent with studies of
humans, in which it has been suggested that individuals with relatively
low dopaminergic function may seek rewarding substances (e.g. such
natural rewards as food or sex, or drugs of abuse) to increase
endogenous dopamine levels and thus ameliorate mood (Blum et al.,
2000; Davis et al., 2008). Of course, it is also possible that HR mice
have increased dopamine functioning relative to controls. As suggested
by Mathes et al., HR mice could run more because they are
hypersensitive to rewards, perhaps as a result of increased
dopaminergic functioning (Mathes et al., 2010). The authors suggest
that this combination may enhance the reinforcement value of a given
reward and thus motivate individuals to further pursue its acquisition.

Consistent with the idea that HR mice may have acquired reward-
related neurobiological alterations over the course of selective
breeding, we have also observed sex-specific differences in the
wheel-running response of HR mice to pharmacological
manipulation of the endocannabinoid system (ECS) (Keeney et al.,
2008). The ECS is a complex endogenous signaling system made
up of transmembrane cannabinoid receptors (CB receptors), their
ligands (endocannabinoids) and proteins involved in synthesis and
modification of endocannabinoids (De Petrocellis et al., 2004; Cota
and Woods, 2005; Demuth and Molleman, 2006). There are two
primary cannabinoid receptors, CB1 and CB2. The CBI1 receptor
is the most abundant G protein-coupled receptor expressed in the
brain (Pagotto et al., 2006), with particularly dense expression in
the hypothalamus, pituitary, cerebellum and mesolimbic
dopaminergic reward pathways (Herkenham et al., 1990; Matsuda
et al.,, 1990; Demuth and Molleman, 2006). Endocannabinoid
signaling via the CBI receptor is thought to play an important role
in incentive stimuli, in part because of the close involvement of
endocannabinoid signaling with the dopaminergic system (Lupica
and Riegel, 2005; Laviolette and Grace, 2006; Maldonado et al.,
2006; Pillolla et al., 2007). Studies have shown that, in some cases,
both the ECS and the dopaminergic system mutually influence the
performance of locomotor behaviours (Giuffrida et al., 1999;
Beltramo et al., 2000; Gorriti et al., 2005).

Ample evidence supports a relationship between the ECS and
the regulation of physical activity (for review, see Fuss and Gass,
2010). In particular, it is thought that the CB1 receptor may control
the expression of wheel running in rodents (Dubreucq et al., 2010),
as well as exercise in humans (Dietrich and McDaniel, 2004). Hill
et al. have recently shown that voluntary exercise (wheel running)
increases CB1 receptor binding and the tissue content of anandamide
in the hippocampus of rats (Hill et al., 2010). Sparling et al. showed
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that a single bout of exercise in trained humans increases blood
levels of anandamide (Sparling et al., 2003). Although these and
other studies demonstrate a clear link between ECS signaling and
exercise behavior, much still remains to be known, particularly in
reference to the directionality of the behaviour—neuropeptide
relationship, as well as the extent of any sex differences.

Neurobiology of SPA and NEAT

Understanding of the neurobiological underpinnings of SPA and
NEAT is in its infancy, but it is clear that the brain plays the critical
regulatory role in determining their levels. Brain lesion and
stimulation studies demonstrate changes in SPA, which translate
into differences in NEAT. Although many brain areas contribute to
SPA, none can be considered in isolation as the brain operates in a
network, such that firing activity in one area — which is positively
or negatively affected by environmental cues or physiology —
ultimately influences firing patterns in other brain areas. Fig. 5
incorporates some of these ideas by showing some of the central
and peripheral mediators that interact to produce SPA and the
resultant NEAT. Behavioural studies can determine the output of
specific brain activity, which will aid in understanding the brain
areas and neurotransmitter systems that play dominant roles. For
instance, in rats, direct electrical stimulation of the ventral tegmental
area and substantia nigra, which have dopaminergic projections to
the nucleus accumbens and striatum, respectively, elevates SPA and
probably NEAT (Kotz et al., 2008). Many neurotransmitters have
been shown to influence SPA, although most studies that report
locomotor activity do not study SPA as a primary endpoint. Rather,
locomotor activity, measured in a beam-break chamber, is often used
as an assessment of non-specific drug effects, e.g. in studies of drugs
of abuse. Similarly, low locomotor activity is used as a diagnostic
criterion for depression or illness in rats and mice (e.g. Malisch et
al., 2009). Thus, the data are not always easy to find, and there is
probably much missing. Further, the energetic consequence of
locomotor activity is often not considered, and thus the relative
impact on body weight cannot be assessed.

Like the complex regulatory network for feeding behaviour, a
network of mediators regulates SPA. Very recent reviews (Kotz et
al., 2008; Teske et al., 2008) have covered the specific data linking
the action of several neuropeptides to SPA and NEAT, and hence
that information will not be repeated here; rather, we will put some
of the information into the context of physiological mechanisms
contributing to obesity and obesity resistance. The studies discussed
in those papers included only literature in which the endpoint was
obtained from animals that had been habituated (usually for >24h)
to a measurement chamber large enough to encourage SPA (i.e.
unlike most home-cage environments). The habituation period to
these chambers reduces the potential novelty-induced anxiety
behavior that is often observed in classic open-field testing
paradigms (Castaneda et al., 2005).

Although not comprehensive, the major neuropeptide systems
(peptide and receptor) that have been studied relative to SPA include
cholecystokinin, corticotropin-releasing hormone, neuromedin U,
neuropeptide Y, leptin, agouti-related protein, orexins and ghrelin.
As mentioned above, dopamine may be the final common signaling
mechanism for the action of all of these neuropeptides. Importantly,
all have established roles in feeding behaviour, and thus the reported
effects on SPA must be considered in the context of concurrent
changes in other behaviours. Relevant to obesity is the proportional
effect of stimulation and/or inhibition of relevant brain pathways
on energy balance. If the energetic consequences of one behaviour
(e.g. SPA) cancel out those of another behaviour (e.g. feeding), then
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the sum effect on energy balance will be nil. More likely, there is
a disproportionate effect, with one elicited behaviour impacting
energy balance more so than the other. Thus, in considering any of
these neuropeptides as obesity targets, one must consider the full
effect of the neuropeptide action.

Orexin A (hypocretin) is one such peptide that has been studied
in detail. Orexin is synthesized in the lateral hypothalamic area,
with projections throughout the hypothalamus and the rest of the
brain (de Lecea et al., 1998; Sakurai et al., 1998). There are two
orexin receptors, also distributed throughout the brain (Sakurai et
al., 1998; Trivedi et al., 1998). Orexin B is derived from the same
preprohormone as orexin A, but its effects are less studied, in part
because its effects are less robust, probably because of its reduced
binding affinity to both orexin receptors relative to orexin A
(Sakurai et al., 1998; Trivedi et al., 1998). The large orexin network
is suggestive of an integrative function for these neurons and the
neuroanatomical origin of a particular orexin neuron population
may define its functions. With respect to feeding behaviour and
SPA, orexin neurons projecting from more caudal medial lateral
hypothalamus regions may be more important to SPA as a result
of projections to the midbrain ventral tegmental area, which
contain dopamine-producing neurons important to locomotor
activity.

Orexin A injected into specific brain areas markedly stimulates
SPA (Kotz et al., 2006; Kotz et al., 2008) and NEAT in rats. This
effect is much larger than that for orexin B. Mice lacking orexin
have less SPA and weigh significantly more than wild-type
littermates, despite reduced feeding behaviour (Hara et al., 2001),
suggesting that changes in SPA may have a more profound influence
on body weight than energy intake in these orexin-depleted animals,
and implicating orexin in the regulation of energy balance. SPA
and NEAT induced by orexin A are blocked by pre-administration
of the orexin 1 receptor antagonist SB334867 (Kiwaki et al., 2004;
Kotz et al., 2002; Kotz et al., 2006; Novak et al., 2006; Teske et
al., 2006). Although this suggests that the orexin 1 receptor governs
orexin A-induced effects on SPA and NEAT, the role of orexin 2
receptors cannot be discounted as orexin A binds to both receptors,
and other literature suggests that the orexin 2 receptor may be
important in the effect of orexin on physical activity (Kotz, 2006);
the lack of availability of a specific orexin 2 receptor antagonist has
hampered this line of investigation.

Of note is that behavioural effects of orexin depend upon the site
of action. In the Kotz laboratory, orexin A injected in almost all
brain areas increased SPA, whereas feeding behaviour was only
influenced after injection into some of these same sites (Kotz et al.,
2008). The time course of action is different for the feeding and
activity effects of orexin A (Thorpe et al., 2003), indicting that the
presence of one behaviour (feeding or SPA) does not depend upon
the other. Thus, the question of displacement — whether one action
of SPA displaces another — is still relevant, but may be less so owing
to the temporal response. Likewise, whether orexin A-induced SPA
is a derivative of enhanced wakefulness is uncertain, but this may
be too simplistic an explanation. One must be awake to exhibit SPA,
and so a sequence of waking, prior to physical activity, would be
advantageous in producing elevated SPA. Narcoleptic humans
lacking orexin are equally as awake as non-narcoleptics, yet are
significantly heavier (Dahmen et al., 2001; Kotagal et al., 2004;
Schuld et al., 2000). This argues against the idea that amount of
time spent awake is directly related to the amount of time in SPA.
In support of this concept, obesity-resistant (OR) rats with elevated
SPA are awake the same amount of time as obesity prone (OP)
animals with reduced SPA (Mavanji et al., 2010).

The standard laboratory rat model — the Sprague Dawley rat — is
subject to variability in weight gain, regardless of diet exposure.
Understanding the difference between rats that remain lean vs those
who become obese (with aging) is the subject of intense investigation
(e.g. Rada et al., 2010). Differences in absolute food intake clearly
contribute to differences in body weight gain, but caloric intake is
not the sole determinant. Studies in the Kotz laboratory and others
suggest that energy expenditure differences, due to SPA, may
underlie phenotypic differences in body weight gain (Levin et al.,
1997; Ricci and Levin, 2003; Teske et al., 2006).

Indirect calorimetry studies show that, on a daily basis, OR and
OP rats expend approximately the same number of absolute
kilojoules (Kotz et al., 2008), in spite of reduced body fat, reduced
energy intake and smaller body size in OR rats. This is important
to note because several factors influence energy expenditure
measurements, including body circumference (heat loss is a function
of total area of the body), amount of body fat and lean mass (adipose
tissue is approximately 20% as metabolically active as lean tissue)
and energy intake differences (energy consumed results in energy
expended, if body mass remains constant). The value of correcting
estimates of energy expenditure for these factors is hotly debated,
and there is not an agreed-upon standard method (Arch et al., 2006;
Kaiyala et al., 2010). Nonetheless, the existing data suggest that
NEAT in OR rats may be an important factor in preventing these
rats from developing obesity (Teske et al., 2006).

Evidence from the Kotz laboratory suggests that OR rats are more
sensitive to the SPA-promoting effects of orexin A, relative to both
Sprague Dawley (Teske et al., 2006) and OP rats (Novak et al.,
2006; Teske et al., 2006), implicating neurobiological differences
in orexin signaling. Potential orexin signaling differences in OP and
OR rats are now being explored, but the existing data show
increased brain gene expression (Teske et al., 2006) and peptide
content of orexin receptors (T. A. Butterick, personal
communication) in OR rats. Together these data suggest that
sensitivity to orexin A SPA promotion is inherent to OR rats and
may be critically important to their obesity resistance. This is
supported primarily by: (1) data showing OR rats remain lean despite
enhanced food intake (on a per body weight basis relative to OP
rats) (Teske et al., 2006), (2) observations in humans that loss of
brain orexin (due to autoimmunity to orexin in narcolepsy) results
in increased body mass index (Kotagal et al., 2004; Schuld et al.,
2000), and (3) in rodents, loss of brain orexin (e.g. through pre- and
post-natal genetic engineering approaches) results in reduced SPA
and increased body weight, despite reduced feeding behaviour (Hara
et al., 2001).

In conclusion, both human and animal studies indicate that SPA,
and the resultant energy expenditure (NEAT) are inherent,
biologically regulated and may protect against obesity. Multiple
neuromodulators exist that interact and respond to environmental
and physiological stimuli to define the level of SPA (and thus
NEAT). These brain networks, which are important to SPA (and
thus NEAT; Fig. 5), are beginning to be defined and may serve as
new therapeutic targets of obesity research.

Personality correlates of physical activity
As discussed by Rhodes and Smith, the study of human personality
“has a long and tumultuous history” with “numerous definitions,
but most encompass the concepts that traits are enduring and
consistent individual-level differences in tendencies to show
consistent patterns of thoughts, feelings and actions” [(Rhodes and
Smith, 2006) p. 958]. Their meta-analysis showed that the amount
of physical activity in humans was positively related to the major
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personality traits of extraversion and conscientiousness, and
negatively to neuroticism (Rhodes and Smith, 2006). Importantly,
this meta-analysis did not consider sedentary behaviours as a
separate variable, nor did it consider obesity or other indicators of
physical health. However, previous studies (see also Dishman et
al., 2008) have shown that human personality is related to health-
related behaviours (e.g. exercise and maintaining a good diet)
(Booth-Kewley and Vickers, 1994), obesity (Lykouras, 2008; Barry
et al., 2009), and the metabolic syndrome (Sutin et al., 2010).
Donahoo et al. (Donahoo et al., 2004) and Johanssen and Ravussin
(Johanssen and Ravussin, 2008) speculated that individuals with
inherently higher SPA may subconsciously tend to choose jobs that
are more physically demanding. Ebstein reviewed empirical studies
of the molecular genetic architecture of human personality (Ebstein,
20006).

In other species, concepts similar to personality are often termed
coping styles, temperaments, behavioural tendencies, strategies,
syndromes, axes or constructs (Gosling, 2001; Sih et al., 2004a;
Koolhaas et al., 2007; Stamps and Groothuis, 2010). For example,
Réale et al. stated that: “Temperament describes the idea that
individual behavioural differences are repeatable over time and
across situations” [(Réale et al., 2007) p. 291]. Of course, studies
of human and non-human personality necessarily entail some major
conceptual and empirical differences. First, human personality is
usually measured using questionnaires that attempt to sample major,
independent axes of behavioural variation in various situations of
modern life. Obviously, such questionnaires cannot be administered
to other animals. Nevertheless, the basic idea remains the same —
a few major traits (or axes of variation in correlated traits) underlie
(or at least predict) an individual’s behaviour in many situations.
Second, human personality traits are generally conceptualized and
studied independent of each other, whereas animal personality traits
are often assumed to be correlated strongly enough that they form
behavioural syndromes. A third major difference is that, in non-
human personality studies, consistently high vs low voluntary
activity in a familiar environment is viewed as a temperament trait
in and of itself, i.e. one of five major temperament trait categories:
shyness—boldness, exploration—avoidance, activity, sociability and
aggressiveness (Réale et al., 2007). In a risky environment, high

Neurons
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Fig.5. SPA (and resulting NEAT) regulatory brain areas and
associated neuropeptides/transmitters [updated from fig. 1 in Kotz
(Kotz, 2008)]. Colors correspond to specific
neuropeptides/hormones as follows: blue, orexin; purple, CCK;
pink, NMU; orange, Agrp; brown, POMC; green, ghrelin; yellow,
leptin. Areas with these colors indicate site of synthesis (e.g.
AgRP, POMC and ARC; orexin, LH), peripheral source (NMU,
ghrelin, leptin and CCK), areas in which the
neuropeptide/hormone has been injected and effects on SPA
reported, or proposed site(s) of action (see text). Signals from all
of these areas have the potential to influence cortical premotor
neurons. Brain areas are not to scale, and connections and
neuropeptides/transmitters indicated are not all-inclusive. Outline
of rat brain was modified from Paxinos and Watson (Paxinos and
Watson, 1990). For an alternative depiction, see fig.2 in
Castaneda et al. (Castaneda et al., 2005). 5HT, serotonin; Agrp,
Agouti-related protein; ARC, hypothalamic arcuate nucleus; CCK,
cholecystokinin; CRH, corticotrophin releasing hormone; DA,
dopamine; LC, locus coeruleus; LH, lateral hypothalamus; MCH,
melanin concentrating hormone; NAccSH, shell of nucleus
accumbens; NE, norepinephrine; NMU, neuromedin U; NPY,
neuropeptide Y; POMC, proopiomelanocortin; PVN, hypothalamic
paraventricular nucleus; VTA, ventral tegmental area; rLH, rostral
LH; SN, substantia nigra; TMN, tuberomammillary nucleus.

activity becomes boldness. In a non-risky but novel environment,
activity is interpreted as exploration (Réale et al., 2007). Some
caution is due when reading the literature on personality of non-
human animals, as this term is sometimes used merely to increase
the appeal of a rather ordinary study of behaviour (e.g. concerning
the repeatability of behaviour or correlations between different
aspects of behaviour). Nonetheless, it has been established that, in
rodents, birds and fish, some individuals are consistently more risk-
taking and exploratory than others, and these aspects consistently
reflect other behaviours, such as foraging style and invasion of novel
territories (see below).

Irrespective of the extent to which personality traits correlate with
the habitual level of physical activity due to some common
underlying mechanisms, physical activity can have strong effects
on cognitive and affective functions (Dey, 1994; Dietrich and
McDaniel, 2004; Ekkekakis et al., 2005; Hillman et al., 2008;
Tomporowski et al., 2008). Daily exercise in humans has been shown
to attenuate anxiety and depression (Kligman and Pepin, 1992;
Antunes et al., 2005) and to stimulate learning capability (Hillman
et al., 2008), and similar effects of voluntary wheel running on
emotionality, stress coping and learning have been demonstrated in
rodents (Greenwood et al., 2007; Pietropaolo et al., 2008; van Praag
et al., 1999; Rhodes et al., 2003b). Although this is certainly
interesting in light of the idea that obese individuals are more
frequently depressed than lean ones (McElroy et al., 2004), it does
not necessarily mean that individuals display a high level of
voluntary activity to ‘subconsciously medicate’ themselves. A
perhaps more probable explanation is that the display of voluntary
activity is a trait characteristic of one’s personality.

In non-human studies, it is recognized that a fundamental factor
structuring personality is the degree to which individual behaviour
is guided by environmental stimuli (Sih et al., 2004; Groothuis and
Carere, 2005; Korte et al., 2005). Individuals can differ along an
axis that ranges from paying close attention to environmental stimuli
and quickly adapting their behaviour to the prevailing conditions
(i.e. flexible, reactive individuals) to those that show more rigid,
routine-like behaviours, regardless of conditions (i.e. proactive
individuals). Relative to reactive animals, proactive animals are often
aggressive to male conspecific rivals, are more impulsive, take
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higher risks in the face of potential dangers and are impulsive in
decision-making (Steimer et al., 1999; Steimer et al., 2003;
Groothuis and Carere, 2005). Specific behaviours like these have
been referred to as coping style, and they have been observed in
birds (van Oers et al., 2004; Verbeek et al., 2008), mammals
(Koolhaas et al., 1999) and primates including humans (Aron and
Aron, 1997). To our knowledge, no distinction has been made on
the basis of physical activity (or sedentary behaviours as such), and
it remains to be investigated whether the display of voluntary
exercise and/or SPA aligns with the above-mentioned behavioural
categories. It can nevertheless be hypothesized that proactive
individuals tend to be more agile and physically active (to oppose
environmental challenges) than reactive animals. This idea needs
empirical testing. Recently, rats from lines that vary in coping style
were shown also to vary in responses to a high-fat diet, leading to
the suggestion that “a proactive personality might be protected
against the development of diet-induced insulin resistance”
[(Boersma et al., 2010) p. 401].

Because the expression of proactive-like behaviours (activity,
aggressiveness, boldness) is supposedly energy demanding, Careau
et al. recently suggested the existence of fundamental associations
between personality types and energy expenditure (Careau et al.,
2008). Empirical support for associations between personality and
energetics has just begun to accumulate in fishes (Huntingford et
al., 2010), dogs (Careau et al., 2010) and rodents (Careau et al.,
2009) (but see Jonas et al., 2010b), but how these associations may
relate to SPA and voluntary exercise is unclear.

Because the expression of personality can be strongly contingent
on the environmental context, Careau and colleagues argued that
psychological stress (e.g. as a response to conspecific rivalry, caused
by assessment of locomotor behaviour or energy expenditure) may
lead to more freezing behaviour in passively coping animals, which
would be scored by locomotion detectors as resting (sedentary)
behaviour (Careau et al., 2008). However, whether animals would
freeze for periods long enough to be a problem in practice has not
been established through empirical studies. The converse may also
be true — that some animals with a proactive coping style are trying
to escape from confinement; i.e. they would have a relative
overestimation of energy devoted to SPA, as this activity may have
a large volitional component (see above). However, as noted by
Careau et al. (Careau et al., 2008), many investigators carefully
exclude individuals that do not appear to rest sufficiently — which
may lead to a bias. These possibilities pose an intrinsic difficulty
for assessment of several aspects of DEE under certain conditions,
because animal personality may affect the amount of energy
expended under resting conditions, SPA and volitional activity
(Careau et al., 2008). For this reason, it is useful to investigate in
more detail the behavioural syndrome or personality of animals that
are known to differ in SPA under normal, habituated conditions.

We have previously investigated whether and how certain
personality traits are associated with the level of SPA in mice from
HR lines and their controls (Swallow et al., 1998). If some
personality traits are indeed related to voluntary physical activity,
then one would hypothesize that the expression of homologous
behavioural traits will be altered in HR mice relative to control lines.
Extraversion has homology with exploratory behaviour (Garcia-
Sevilla, 1984), which can be assessed in mice by placing them in
a open field, typically a circular or square arena of approximately
I m diameter. The tendency of the animal to explore the open inner
surface is positively related to the level of exploratory behaviour
(Archer, 1973). At generation 22, Bronikowski et al. did not
observe any statistically significant differences between HR and

control mice for distance traveled, defecation, time spent in the
interior or average distance from the center of the arena during a
3-min trial (Bronikowski et al., 2001). However, HR mice of both
sexes turned less in their travel paths, and HR females had slower
travel times (longer latencies) to reach the wall on trial day 1.
Recently, we re-evaluated this outcome in two of the HR lines and
one control line from a later generation (45) (Jonas et al., 2010b).
One of the two HR lines (line 8) showed more locomotion and visit
frequency towards the middle surface than the controls, and also
showed more exploration in the center when the novel object was
placed in the center of the open field. Another HR line (line 7),
however, did not increase locomotion towards the middle ring, but
instead showed almost a doubling of rearing or upright behaviour
exploring the wall compared with control and line 8 mice. If scored
with automated locomotion detection, this may have lead to
tremendously different interpretations. Furthermore, when a novel
object was placed in the center of the open field, only HR line 8
mice showed increased approach and (presumed) risk-assessment
behaviour (Augustsson et al., 2004). The response in this particular
risk-taking line of mice may be secondary to the horizontal
expression of exploratory behaviour, which is more likely to be
followed by approach behaviour to the novel object than the vertical
expression of exploratory behaviour displayed by line 7 mice. Thus,
although expressed differently, both HR lines clearly showed
increased information-gathering behaviour in the empty open field.
The willingness of mice to explore an open field bears an emotional
stress component. In other words, if the anxiety level is high the
tendency of an animal is to stay away from the open inner
compartment of the open field. One way to test anxiety more directly
in mice is to place them on an elevated plus maze, with two opposing
arms fenced off by high walls, and the other two opposing arms
left open (Lister, 1987). The extent to which animals expose
themselves on the open arms vs the closed arms is correlated with
the level of anxiety (with low open exposure linked to a high level
of anxiety). To our surprise, HR mice spent, on average, less time
in the open arms than the control mice, suggesting that the former
have higher anxiety levels. This seems incongruent with the
aforementioned findings in the surveyable open-field tests, where
HR mice showed more exploratory and risk-taking behaviour (in
line 8). Moreover, it seems incongruent with the overarching
hypothesis that high and (relatively) low voluntarily physically active
mice would fall into the same categories as the proactive and reactive
coping styles.

One interesting aspect of behavioural changes in the HR mice is
increased predatory aggression when non-fasted mice are offered
live crickets, possibly related to alterations in dopamine signaling
(Gammie et al., 2003). This difference does not generalize to other
types of aggression, as HR and control lines show no statistical
differences in intermale or maternal aggression. The positive genetic
correlation between predatory tendencies and the propensity and/or
ability to run long distances on a daily basis could, if it occurs in
wild populations of rodents, facilitate the adaptive evolution of an
active, widely foraging lifestyle (Feder et al., 2010).

An important factor not previously mentioned in this context is
the nutritional status of the animal, which could alter behavioural
responses to environmental stimuli (and perhaps including those in
the elevated plus maze), as well as affect activity levels directly
(see Meek et al., 2010). In rodents, food restriction has been reported
both to alleviate (Inoue et al., 2004; Yamamoto et al., 2009) and to
increase anxiety (Jahng et al., 2007). However, a field study of great
tits found that food availability in the environment was a major
determinant in the differential survival of fast- and slow-exploring
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birds (Dingemanse et al., 2004). After a sudden drop in food
availability, fast-exploring juvenile tits more rapidly invaded new
territories than slow-exploring individuals (van Overveld et al.,
2010). Although this needs a much more elaborate experimental
approach using carefully characterized animals, it does suggests that
fast-exploring and thus potentially physically active individuals
range over larger territories compared with slow-exploring and thus
potentially inactive ones. As mentioned earlier and suggested by
Careau et al. (Careau et al., 2008), inactive animals may have an
advantage over active animals under high predation pressure if their
frugal energy budget allows them to be less noticeable to predators
(e.g. Clobert et al., 2000). It can be hypothesized that these
alternative strategies belong to different suites of correlated
behaviours (or personalities by some definitions), which have been
shaped by the trade-off between retaining energy (i.e. a thrifty
phenotype) and spending energy anticipating future energy return
(i.e. an exploratory phenotype). It would be of interest to test the
relevance of any of these interactions and potential trade-offs in
mice living in natural habitats (Benus et al., 1991). Recently, a
theoretical basis was provided for the idea that energy trade-offs
can, in fact, rapidly shape different personalities, and can lead to
dimorphic populations (Wolf et al., 2007; Wolf et al., 2008).

A major challenge is to understand correlated behaviours in a
neurobiological context. An attempt can be made based on the
transient hypofrontality hypothesis of Dietrich and colleagues
(Dietrich, 2003; Dietrich and Sparling, 2004). They suggested that
there is a temporary inhibition of neural activity in the prefrontal
lobe during monotonous, automated movements (Dietrich and
McDaniel, 2004). At the same time, when neuronal activity in the
prefrontal lobes becomes reduced, the basal ganglia — which control
routine behaviour — are being activated (Dietrich, 2003; Dietrich
and McDaniel, 2004; Graybiel, 2008). It is possible that mice from
the HR lines have a higher capacity of re-allocating neuronal activity
from prefrontal cortical regions to the basal ganglia during exercise,
which may help them to sustain this behaviour. This could provide
aneurobiological explanation for the observation that HR mice, after
extensive maze learning, visited a former habituated exit in the
complex maze when a new exit is somewhere else (Jonas et al.,
2010b). In a novel environment, however, where the HR mice are
faced with uncertainty (such as in the open field), this switch of
neuronal activity from prefrontal cortex to basal ganglia probably
does not occur. If anything, the HR mice show increased curiosity
and exploration in a novel environment, which reduces uncertainty
and vigilance (Dember and Earl, 1957; Berlyne, 1966). Thus, in
nature, where resources sometimes become temporarily reduced
and/or predation increases, the behavioural characteristics of
increased locomotor activity associated with — or perhaps causal to
— curiosity and exploration may be favored by selection. This
hypothesis could be partially tested by housing of individuals in
semi-natural enclosures (e.g. see Potts et al., 1991; Carroll et al.,
2004).

Synthesis; physical activity, neurobiology and personality
Given that both eating and voluntary exercise can be rewarding and
invoke hedonic responses, can be addictive and are affected by some
of the same neurotransmitter systems (e.g. dopamine) and brain
regions (e.g. nucleus accumbens), it would be expected that factors
affecting one may also affect the other (see also Dishman, 2008;
De Chiara et al., 2010). Hence, we may expect genetic variants that
mainly affect, say, appetite or responses to (preferences for) specific
dietary components also to have pleiotropic effects on the propensity
for voluntary exercise. Accordingly, Mathes et al. compared one of
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Fig.6. Western diet increased voluntary wheel running of mice from High
Runner (HR) lines by ~52% (+36% duration of running, +18% average
speed of running) during days 17-30 of wheel access, whereas it had no
effect on control lines [standard diet (Std)] [data from Meek et al. (Meek et
al., 2010)]. This stimulation of voluntary exercise is remarkable in particular
because the lines have been at an apparent selection limit for ~35
generations (see Kolb et al., 2010). Data are adjusted means + s.e.m.

the HR lines of mice, a hyperphagic line that had been bred for
increased body mass and body fat (M16), with a non-selected
Institute of Cancer Research (ICR) line representing the base
population from which both HR and M16 were selected (Mathes
et al., 2010). HPLC analysis showed significant strain effects on
brain neurotransmitter concentrations and microarray analysis
showed significant differences in brain gene expression between
HR and M16 compared with ICR mice in both dorsal striatum and
nucleus accumbens. Results demonstrate that alterations within
central reward pathways can contribute to both obesity and excessive
exercise, and suggest that similar modifications within the dopamine
system may contribute to the expression of opposite phenotypes in
mice.

Of course, several other hormones, neuropeptides and
neurotransmitters may be involved in the exerciser phenotype. For
example, leptin affects appetite, energy balance, motivation, reward
and locomotor activity via effects on the central nervous system
(e.g. Girard et al., 2007; Hillebrand et al., 2008; DiLeone, 2009;
Gluckman and Hanson, 2009; Zheng et al., 2009; Davis, 2010; Davis
et al., 2010) and hence could lead to pleiotropic genetic effects. A
recent study indicates that restoration of leptin receptors exclusively
in POMC neurons in hypoactive, leptin-receptor deficient mice
(db/db) enhances locomotor activity, suggesting that POMC
mediates locomotor activity (Huo et al., 2009). Young adult female
HR mice show reduced circulating leptin levels, even after adjusting
statistically for their reduced body fat (Girard et al., 2007). Both
sexes of HR mice show elevated circulating adiponectin (Vaanholt
et al., 2007c; Vaanholt et al., 2008) and corticosterone (Malisch et
al., 2007; Malisch et al., 2008) levels. In children (Metcalf et al.,
2009), physical activity measured by accelerometers (over 7days
and averaged for readings taken at ages of 5, 6, 7 and 8 years) showed
a weak negative correlation with circulating adiponectin level
(partial » controlling for sex=—0.18, P=0.02, N=213), a result that
is at odds with findings from the HR lines of mice. In the same
study, activity was not correlated with circulating leptin level
(r=0.04), which again seems at odds with the HR mice and with
some studies of adult humans (e.g. Franks et al., 2003). The causality
of such relationships is presently unclear, e.g. because the HR mice
show elevated SPA when housed without wheels (Malisch et al.,
2009). One possibility worth exploring is whether genetically
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Table 1. Examples of measurement techniques for voluntary exercise and spontaneous physical activity, showing the clear separation of
methods in rodents but not in humans

Humans Laboratory rodents
Voluntary exercise Pedometers Wheel activity
Accelerometers Various sizes
Self-report Various configurations
Written questionnaires
Surveys
Diaries

Direct observation
Heart-rate monitors
Indirect calorimetry

Spontaneous physical activity

Pedometers
Accelerometers
Direct observation/video analysis
Indirect calorimetry

Cage activity
Photobeams
Force plates
Video analysis
Passive infrared sensors

For a review of the measurement of physical activity in humans, see Westerterp (Westerterp, 2009). Note that both voluntary exercise and spontaneous activity
can be quantified in terms of duration, intensity or total activity (product of duration and intensity). Studies can vary considerably in what is reported, even
when a similar apparatus is used, so great caution needs to be exercised when comparing results from different studies.

elevated levels of adiponectin not only stimulate fat oxidation (e.g.
in active muscles that allow sustainable increases in physical
activity), but also augment SPA or voluntary exercise by actions in
the brain. Although a number of rodent studies have investigated
effects of genetic (e.g. by overexpression) or pharmacological
manipulation of adiponectin on aspects of energy balance (see
reviews below), they apparently have not addressed specific
locomotor effects of these treatments.

Some rodent studies show that high-fat diet can affect (typically
lower) SPA and/or wheel running, although others have not found
an effect [Hesse et al. (Hesse et al., 2010) and references therein].
Brownlow et al. reported no statistical effect of high-fat diets
administered for 10 weeks on SPA of male C57BL/6J or A/J mice
measured by photobeams for 1hour during the dark phase
(Brownlow et al., 1996). Cheng et al. reported that male Long—Evans
rats fed high-fat diet for up to 6 weeks did not show any statistical
effect on voluntary wheel-running distance compared with rats fed
a standard diet (Cheng et al., 1997). Funkat et al. administered a
high-fat diet to males from three strains of mice for 6 weeks, then
measured SPA and wheel running in separate groups of individuals
on days 3-7 of a 7-day test (Funkat et al., 2004). High-fat diet
significantly decreased SPA (in horizontal, vertical and ambulatory
measures) in one of three strains (C57BL/6) whereas it decreased
the vertical component in another strain (129T2). By contrast, wheel
running was significantly decreased in both C57BL/6 and DBA/2
mice. Bjursell et al. also reported that high-fat diet reduced SPA in
male C57BI/6] mice, both acutely (within 24h) and over a 21-day
period (Bjursell et al., 2008). When housed without wheel access,
both the high capacity runner (HCR) and low capacity runner (LCR)
lines of endurance-selected rats showed a similar decrease in daily
activity levels in response to high-fat feeding for 1 month (Novak
et al., 2010). In a study of mice bred for low or high percent body
fat, low-body-fat mice did not change their total wheel-running
distance on being fed a high-fat diet (Simoncic et al., 2008). The
high-body-fat mice fed a high-fat diet increased wheel running
compared with high-body-fat mice fed regular chow, but running
distances did not exceed values of low-body-fat animals on either
diet (see fig. 3 in their paper). A high-fat diet did not appear to
affect habituated SPA of control lines of mice in cages over a 48-
hour measurement period, but tended to increase it in HR lines,
although the effects were not statistically significant (Vaanholt et

al., 2008). Remarkably, a Western diet greatly stimulated wheel
running in HR mice whereas it had little or no effect in control mice
(Fig. 6) (Meek et al., 2010); unfortunately, home-cage activity was
not measured. So far as we are aware, this stimulation of voluntary
exercise by Western diet has not been previously reported in any
rodent or human study [but see Simoncic et al. (Simoncic et al.,
2008) and discussion of that paper (Meek et al., 2010)]. In future
studies, it will be important to determine the neural and/or metabolic
mechanisms underlying this unique effect, as well as possible effects
on NEAT/SPA and sedentary behaviours.

We are not aware of any human studies that have specifically
investigated the effects of dietary intervention (e.g. Western diet)
on the amount of voluntary exercise (Jebb, 2007). Most studies of
dietary intervention either restrict diet or reduce a macro- or
micronutrient (e.g. low fat, low sodium) and focus on weight loss
or change in a risk factor for cardiovascular disease (e.g. blood
pressure, cholesterol level), and perhaps measure physical activity
secondarily. However, in an observational study of young adult men,
habitual high-fat consumers had somewhat lower levels of physical
activity and significantly more periods of sedentary behaviour than
habitual low-fat consumers (Blundell and Cooling, 2000). Thus,
dietary preferences and activity levels may be related.

Genetic basis of variation in physical activity and related
phenotypes
Simonen et al. noted that: “The genetic dissection of complex traits
represents a daunting challenge” [(Simonen et al., 2003b) p. 1358].
As one example, the genetics of obesity per se is currently the subject
of intense research in both human populations and rodent models,
and the more we learn about this topic, the more complicated it
seems (Rankinen et al., 2005; O’Rahilly and Farooqi, 2006;
O’Rahilly and Farooqi, 2008; Pomp et al., 2008; Speakman et al.,
2008; de Krom et al., 2009; Fawcett et al., 2010; Rankinen et al.,
2010; Speakman, 2010). Results to date make it clear that the effects
of physical activity on the human body mass index (BMI) vary with
genotype (Rankinen et al., 2010), and similar results have been
observed for different strains of mice (Nehrenberg et al., 2009a;
Meek et al., 2010). More generally, an individual’s adult obesity
phenotype may be affected by epigenetic effects passed on from
mothers, their in utero and early-life experiences (including diet
and opportunity for exercise), developmental plasticity and their
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bacterial complement (Ozanne et al., 2004; Kotz, 2008; Pomp and
Mohlke, 2008; Gluckman and Hanson, 2009; Metges, 2009). We
also have strong evidence for genetic effects on aspects of eating
behaviour in both humans and rodents (Koteja et al., 2003; de Castro,
2004; Rankinen and Bouchard, 2006; de Krom et al., 2009), and
emerging evidence that in rodents and humans the propensity for
physical activity and aspects of eating behaviour can be genetically
related and possibly genetically correlated (Cai et al., 2006; Jonas
etal., 2010a; Kumar et al., 2010). Here, we provide a brief summary
of the genetics of physical activity and related phenotypes, many
of which are related to obesity and/or energy intake. Our focus here
is not on the genetics of personality [e.g. see references in Stamps
and Groothuis (Stamps and Groothuis, 2010)], but, as noted in the
previous section, evidence suggests that personality may be an
important component of weight gain and obesity (e.g. Booth-Kewley
and Vickers, 1994; Lykouras, 2008; Barry et al., 2009; Sutin et al.,
2010). Readers should note that the molecular-genetic analysis of
behavioral traits, especially with mice, is undergoing rapid technical
and conceptual progress (Flint and Mott, 2008).

Before delving into specifics, it is worth emphasizing some
general points about the genetic architecture of quantitative traits,
such as body size, metabolic rate and activity level. A recent review
of humans, mice and Drosophila concluded that most quantitative
traits in all of these species are affected by a large number of genetic
loci, most harboring alleles with small effects on the total phenotypic
variance in a population (Flint and Mackay, 2009). In addition,
pleiotropic genetic effects may be pervasive, and many important
genetic variants have been found to occur outside of genes, likely
in regulatory regions, where they may act by altering gene
expression.

A wide range of studies in both humans and rodents has
demonstrated some genetic basis for individual variation in both
exercise propensity and ability (see also Dishman, 2008). In
laboratory mice, strain differences in both voluntary wheel running
and treadmill endurance capacity have been documented, thus
demonstrating significant broad-sense heritability (Ebihara and
Tsuji, 1976; Lightfoot et al., 2001; Lightfoot et al., 2004). Breeding
designs have demonstrated narrow-sense heritability of maximal
oxygen consumption in laboratory strains of house mice (Dohm et
al., 2001; Wone et al., 2009). In quantitative genetics, a response
to selective breeding is generally considered to represent the gold
standard for demonstrating that a trait in a given population has
significant narrow-sense heritability. Studies of rodents have
demonstrated that selective breeding can alter various types of
voluntary physical activity, ranging from behaviour in a novel open-
field arena over 3min to wheel running over 2days, as well as
performance abilities in tests of forced exercise (for reviews, see
Rhodes and Kawecki, 2009; Swallow et al., 2009; Feder et al., 2010;
Zombeck et al., 2011). In addition, lines of mice bred for heat loss
per se also show differences in locomotor activity that contribute
to differences in food intake (Mousel et al., 2001).

The level of voluntary exercise is viewed as a function of both
ability and motivation, with their relative importance likely to vary
among species, individuals, and activities. Further studies of activity-
selected lines of mice (the HR lines) and of rats bred for treadmill
endurance have revealed alterations in brain function that seem to
indicate changes in motivation or propensity to exercise on wheels
(Rhodes et al., 2005; Foley et al., 2006; Morishima et al., 2006;
Belke and Garland, 2007; Keeney et al., 2008; Waters et al., 2008)
(R. P. Waters, R. B. Pringle, G. L. Forster, K. J. Renner, J. L.
Malisch, T.G. Jr and J. G. Swallow, unpublished results). Many
other studies of these same lines demonstrate alterations in exercise
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abilities (e.g. Howlett et al., 2009; Meek et al., 2009; Kolb et al.,
2010), including altered plasticity for some traits in the HR lines
of mice (Rhodes et al., 2003b; Swallow et al., 2005; Garland and
Kelly, 2006; Gomes et al., 2009). Therefore, genetic factors are
known to be involved in both motivation and ability to engage in
voluntary wheel running in rodents. Further, the increase in
endurance by lines of mice bred for high voluntary wheel running
(Meek et al., 2009) and the divergence in wheel running of two rat
lines bred for high or low endurance capacity indicate that exercise
propensity and ability are positively genetically correlated in these
rodents. [Based on mouse selection experiments, Nehrenberg et al.
have suggested that physical activity and body composition are
negatively genetically correlated (Nehrenberg et al., 2009a).] Finally,
these same lines show parallel differences in SPA, body size, percent
body fat and circulating leptin levels when housed without wheels
(Girard et al., 2007; Malisch et al., 2009; Meek et al., 2010; Novak
etal.,2009; Novak etal.,2010) (T.G., H.S., M.A.C., THM.,LE.C.,
W.A. and R.C.M., unpublished results), with the HR lines of mice
having very low body fat relative to other mouse strains (Nehrenberg
et al., 2009a) (see also Svenson et al., 2007).

Studies of human populations have demonstrated significant
broad-sense heritabilities for both exercise propensity and ability,
as well as trainability (Cai et al., 2006; Seabra et al., 2008; Teran-
Garcia et al., 2008; Stubbe and de Geus, 2009). The significant
heritability of exercise propensity is consistent with one of
Turkheimer’s laws of behavior genetics, which states “all human
behavioral traits are heritable” (Turkheimer, 2000). The estimated
heritability of physical activity varies considerably (range 18-69%)
because of differences in measurement and expression of physical
activity (e.g. retrospective questionnaire vs accelerometer, sports
participation vs MVPA) and composition of the study population
(e.g. family structure, race) (Stubbe and de Geus, 2009).

Recent genome wide-association studies (GWAS) are beginning
to identify individual genes, or at least chromosomal regions, that
contribute to variation in exercise propensity or ability (e.g. Ways
et al., 2007). Studies in rodents (see also Kumar et al., 2010) have
identified a number of quantitative trait loci (QTL) that account for
a statistically significant fraction of the variation in experimentally
created mapping populations (e.g. Lightfoot et al., 2008), including
populations that originated by crossing an HR line with an inbred
strain (Hartmann et al., 2008; Nehrenberg et al., 2009b; Kelly et
al., 2010). Good et al. have proposed that the helix-loop-helix
transcription factor Nhlh7 affects body weight through control of
physical activity levels via effects on either the motivation or the
ability to exercise (Good et al., 2008).

One interesting finding from Kelly et al. is that some QTL were
associated with the trajectory of running across 6days of wheel
access (Kelly et al., 2010). Moreover, the QTL observed for the
regression slope of the wheel-running traits across days often did
not coincide with locations of the QTL for individual days. This
result suggests that the trajectory of voluntary exercise over multiple
days is partly controlled by different genomic regions than those
controlling the behaviour on individual days, which could have
important implications regarding individual variation in human
adherence to exercise regimens or sports participation (see also
Lightfoot, 2008b). Since then, Leamy et al. analysed QTL for wheel
running over a 21-day period in an F, population created by crossing
two inbred strains (Leamy et al., 2010). They reported that some
QTL affected activity early in the period whereas others affected
activity later in the period, and concluded that: (1) the genetic
architecture of physical activity is more complicated than previously
appreciated and (2) it may change with age, as has been observed

THE JOURNAL OF EXPERIMENTAL BIOLOGY



222 T. Garland, Jr and others

for other complex traits, such as body weight (see also Morgan et
al.,, 2003). Also, sex-specific, wheel-running QTL have been
reported by both Nehrenberg et al. (Nehrenberg et al., 2009) and
Leamy et al. (Leamy et al., 2010), reinforcing the complexity of
the underlying genetic architecture. Mechanisms that may underlie
sex differences in the genetic basis of voluntary activity (see also
Garland et al., 2010) include the endocannabinoid system and the
sex hormones (Keeney et al., 2008; Lightfoot, 2008a).

Viggiano (Viggiano, 2008) provides a meta-analysis based on a
database of genetic modifications, brain lesions and pharmacological
interventions that increase locomotor activity in a novel environment
in rodents, i.e. not the same as habituated SPA or voluntary
exercise, which are the foci of the present paper. Nonetheless, the
results are of interest because they may prove to be instructive for
SPA or voluntary exercise. Viggiano estimated that 1.56% of the
genes in the genome are associated with hyperactivity whereas
0.75% result in hypoactivity when altered (Viggiano, 2008); thus,
hundreds of genes are involved. Emphasizing the neurobiological
complexity of hyperactivity, he found that alterations in most
neurotransmitter systems can give rise to a hyperactive phenotype
whereas, perhaps surprisingly, fewer changes are associated with
decreases in locomotor activity. More generally, Viggiano concluded
that there is a net imbalance in the number of altered genes, brain
lesions and/or toxins that can induce hyperactivity vs hypoactivity
(Viggiano, 2008). Importantly, he hypothesized the existence of a
control system that continuously inhibits a basally hyperactive
locomotor tone and that this control system is highly vulnerable to
genetic or environmental effects that occur during prepubertal stages.

Among adult humans, a genome-wide scan based on 432 markers
typed in 767 subjects from 207 Quebec families found ‘promising’
evidence of linkage (P<0.0023) for a measure of physical inactivity
on chromosome 2 (Simonen et al., 2003b). We find it noteworthy
that this measure of what may be termed sedentary behaviour (see
above) showed stronger linkage that any of the three measures of
physical activity (total physical activity, moderate to strenuous
physical activity and time spent in physical activity). There is also
evidence that polymorphisms in the dopamine D2 receptor gene
(Simonen et al., 2003a) and melanocortin-4 receptor gene (Loos et
al., 2005) are associated with physical activity in adults. A QTL on
chromosome 18q contributes to the variation in both physical activity
and dietary intake in children from Hispanic families at high risk
for obesity (Cai et al., 2006). De Moor et al. provide the first genome-
wide association study of physical activity levels, derived from
questionnaires and categorizing individuals simply as exercisers or
nonexercisers, with a prevalence of approximately 50% of exercisers
in both American and Dutch study populations (De Moor et al.,
2009). Although none of the 1.6 million single nucleotide
polymorphisms (SNPs) reached genome-wide significance, SNPs
in three genomic regions showed suggestive significance levels (see
Rankinen et al., 2010). Studies of genetic polymorphisms associated
with performance-related phenotypes (as opposed to measures of
how much they engage in physical activity) are more numerous and
reviewed elsewhere (Teran-Garcia et al., 2008; Rankinen et al.,
2010).

Conclusions and future directions
Both voluntary exercise and SPA can be measured in humans and
rodents (Table 1), but not all activity fits cleanly into these categories.
Moreover, the comparability of various measures across species is
unclear. Both types of physical activity can have important effects
on energy balance and, hence, on growth rates or body composition
(and reproduction). Over longer time scales, small alterations in

physical activity or energy intake (e.g. £100kcalday™") can “tip the
scales’, leading to human obesity. Physical activity can aid in
resistance against overweight and obesity (Bi et al., 2005; Bell et
al., 1995; Donahoo et al., 2004; Brock et al., 2005; Hayes et al.,
2008; Levin et al., 2004; Patterson and Levin, 2008), and obese
humans score lower for SPA compared with lean individuals
(Levine, 2007). Aside from this, physical activity has numerous
beneficial effects on various aspects of both mental and physical
health (Booth et al., 2002a,b; Dishman et al., 2006; Booth and Lees,
2007; Cotman et al., 2007; Hillman et al., 2008; Pietropaolo et al.,
2008; Blair and Morris, 2009; Fair and Montgomery, 2009; van
Praag, 2009), including cardiovascular (aerobic) fitness, which may
have independent beneficial effects on health (Hillman et al., 2008;
Church, 2009). Thus, from multiple clinical standpoints, physical
activity should be promoted, particularly for those who live sedentary
lives (Church and Blair, 2009).

Separate from effects of physical activity, a growing number of
human studies indicate that too much or prolonged sitting (sedentary
behaviours) can adversely affect body weight, biomarkers of
metabolic health and other chronic health problems (Owen et al.,
2009; Owen et al., 2010). Given that people in industrialized
societies typically spend the majority of their waking hours engaged
in sedentary behaviours, it has been argued that “reducing sitting
time may have at least as important a role as promoting physical
activity” [(Owen et al., 2009) p. 82]. We are not aware of rodent
studies that have directly investigated sedentary behaviours separate
from measures of voluntary exercise and SPA (Table1) in these
contexts, so this is an important area for future research.

The effects of voluntary exercise on SPA may depend on
duration and intensity, measurement technique, species, sex and age.
Clear evidence that complete compensation often does not occur is
apparent in numerous rodent studies that have shown exercise-
training effects when wheels are provided, e.g. studies on the HR
and control lines of mice (see Dumke et al., 2001; Swallow et al.,
2001; Bronikowski et al., 2002; Rhodes et al., 2003b; Swallow et
al., 2005; Garland and Kelly, 2006; Gomes et al., 2009).

Although wheel access generally increases food consumption in
laboratory rodents, a variety of studies in both rodents and humans
indicate that energy expenditure is not necessarily tightly coupled
to energy intake during relatively short-term exposure. This
mismatch occurs, in part, because eating entails hedonic responses
that can lead to non-homeostatic feeding (Davis et al., 2010). In
addition, certain diets or dietary components are obesogenic beyond
the effect that would be predicted from an elevated digestibility or
caloric content (e.g. Meek et al., 2010). Further, eating can be
affected by societal and cultural factors that often make it much
more than simply a matter of getting enough energy.

As complicated as the control of eating may be, the control of
physical activity is probably at least as complex — and is probably
intertwined mechanistically with the control of eating. In mice, it
has even been shown that certain diets can increase maximal sprint
speed (C. Turbill and T. Ruf, personal communication) or stimulate
voluntary exercise (Meek et al., 2010) and possibly SPA (Vaanholt
etal., 2008) in a genotype-dependent fashion (Simoncic et al., 2008).
Eating and physical activity are related not only through various
biochemical and physiological pathways, but also via brain reward
pathways and, it would seem, they may respond to environmental
stimuli or evolve in non-intuitive ways. For example, it is well
known that pharmaceuticals used to treat ADHD or eating disorders
have a variety of side effects involving, respectively, appetite or
activity. Therefore, it seems likely that effective countermeasures
to encompass the full range of variation in obesity and its causes
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will need to target feeding behaviour, SPA, voluntary exercise,
sedentary behaviours and perhaps other aspects of personality — or
some combination thereof — depending on the individual (e.g. King
et al., 2007a) and with due recognition of likely sex differences. If
one could predict the extent to which compensation occurs (e.g. the
extent to which prescribed exercise leads to reduced SPA or
increased sedentary and eating behaviour), then one could tailor
treatment of obesity and metabolic derangements more effectively.
Thus, a major challenge lies ahead of us to discover potentially
suitable prospective markers in personality, endocrinology or genetic
make-up.

List of abbreviations

ADHD attention deficit hyperactivity disorder

AEE activity energy expenditure

BMR basal metabolic rate

DEE daily energy expenditure

DLW doubly labeled water

ECS endocannabinoid system; a complex endogenous signaling
system made up of transmembrane cannabinoid receptors,
their ligands (endocannabinoids) and proteins involved in
synthesis and modification of endocannabinoids

FMR field metabolic rate

GWAS genome wide-association study

HR High Runner; four replicate lines of mice that have been bred
for high voluntary wheel running on days 5 and 6 of a 6-
day period of wheel access while they are young adults
(Swallow et al., 1998)

MVPA moderate-to-vigorous physical activity, as used in studies of
humans

NEAT non-exercise activity thermogenesis

QTL quantitative trait locus

SNP single nucleotide polymorphism

SPA spontaneous physical activity

TEF thermic effect of food
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