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Abstract

Spontaneous physical activity (SPA) is physical activity not motivated by a rewarding goal, such 

as that associated with food-seeking or wheel running behavior. SPA is often thought of as only 

“fidgeting”, but that is a mischaracterization, since fidgety behavior can be linked to stereotypies 

in neurodegenerative disease and other movement disorders. Instead, SPA should be thought of as 

all physical activity behavior that emanates from an unconscious drive for movement. An example 

of this may be restless behavior, which can include fidgeting and gesticulating, frequent sit-to-

stand movement, and more time spent standing and moving. All physical activity burns calories, 

and as such, SPA could be manipulated as a means to burn calories, defend against weight gain 

and reduce excess adiposity. In this review, we discuss human and animal literature on the use of 

SPA in reducing weight gain, the neuromodulators that could be targeted to this end, and future 

directions in this field.
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INTRODUCTION

Susceptibility to obesity in humans depends on biological mechanisms and environmental 

effects [1–3]. There is extensive inter-individual variability in diet-induced obesity (DIO) 

susceptibility [4, 5] and co-morbidity of obesity with other pathologies, such as metabolic 

disorder and cardiovascular disease [6]. Spontaneous physical activity (SPA) and its 

associated thermogenesis (NEAT, non-exercise induced thermogenesis) are major 

contributors to the variability between humans in diet-induced obesity [7, 8, 5]. In humans, 

SPA includes fidgeting, time spent standing and ambulating [9, 10], and thus it is thought to 

be a reflection of activity that is not goal oriented, but an expression of an inherent drive for 

activity [11, 12]. Spontaneous physical activity and NEAT can account for up to 30 percent 

of daily energy expenditure in humans [8, 13]. In response to overfeeding, some humans 

increase their SPA and resist obesity [5], whereas others do not. Individual variation in SPA 

and NEAT has important implications for energy balance. Mechanisms controlling SPA and 

NEAT are not well defined, but have been shown to involve several neuropeptide systems, 

including orexins [14, 10, 15]. We propose that the orexins and their receptors represent a 

neurobiological system that is central to the control of SPA and NEAT.

HUMAN SPA STUDIES

Recent cross-sectional and longitudinal studies show that individuals with higher SPA levels 

weigh less [16–18] and gain less weight over time [16, 19, 20]. It has also been shown that 

physical activity [21], including habitual or spontaneous levels of physical activity [22] can 

moderate or eliminate increased weight among those carrying a risk gene at the FTO genetic 

locus, the most common risk gene for obesity. Blood levels of the activity related 

neuropeptide orexin (discussed below) are higher among people with higher amounts of 

physical activity [23]. Few intervention studies have addressed the clinical significance of 

elevated SPA to human obesity or addressed whether an increase in SPA mitigates weight 

gain in the predicted manner by increasing total energy expenditure in adults [24, 25]. 

Despite the limitations that were acknowledged in those studies [24, 25], the difficulty of 

designing SPA interventions may be related to the inherent difficulty of intervening to 

increase SPA levels based on its operational definition as low intensity physical activity that 

distinguishes this “non-exercise physical activity” from formal exercise. Hence, aside from 

modifying the obesogenic environment to promote SPA (e.g. remove labor-saving devices 

such as escalators or elevators, move parking lots further from entrances, abolish the drive-

through window at fast-food restaurants, use monetary incentives for public transportation 

and biking to work, or stand up during meetings at work), is it feasible to intervene with the 

intention of increasing SPA levels without imposing a structured intervention to increase low 

intensity physical activity such as walking? If we adhere to the strict definition of SPA, then 
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we would theorize that those with higher SPA levels would weigh less and gain less weight 

over time similar to pre-clinical models with high and low SPA levels. Thus, SPA levels 

should distinguish individuals classified as being more prone or resistant to obesity. Based 

on this idea, Schmidt and colleagues determined SPA levels before and after 3-d of 

overfeeding among adults that were classified as being prone or resistant to obesity based on 

family weight history, BMI and self-identification [26]. Despite that SPA indicated by 

walking was similar between the obesity prone and resistant individuals before overfeeding, 

obesity prone adults responded to overfeeding with a reduction in walking while obesity 

resistant adults maintained their level of walking. It’s difficult to reconcile why SPA levels 

were similar between obesity prone and resistant adults before overfeeding based on their 

different BMI and the inverse relationship between SPA levels and bodyweight [16–18], but 

it is unknown whether weight gain trajectories would have tracked as predicted based on 

SPA levels prior to overfeeding.

Consistent with the strict definition of SPA, Villablanca and colleagues reviewed literature 

that targeted sedentary work environments and proposed interventions that modified 

occupational settings and leisure-time activities as feasible approaches to increasing NEAT 

(reviewed in [27]). Several approaches have targeted the traditional office environment by 

replacing chair-based desks with upright/standing desks, treadmill desks, “fidget” chairs or 

chairs designed to increase leg movement. Koepp and colleges reported that the addition of 

an apparatus under a desk designed to promote leg movement or increase fidgeting increased 

total EE by approximately 13–22kcal/h more than a traditional seated chair [28, 29]. Dutta 

and colleagues reported that installation of a sit-to-stand desk for 4-weeks reduced time 

spent seated by 20% with no change in activity during non-work hours and the authors 

projected a 3.2-h reduction in sedentary time during a 40-h week [30]. Likewise, Thompson 

and colleagues reported that a 24-week intervention among physicians that used a treadmill 

desk increased daily physical activity by 197 kcal per day, which was paralleled by 

significant reduction in bodyweight and percent body fat [31]. While results from physicians 

may not apply to the general population, Koepp and colleagues reported that the addition of 

a treadmill desk to employees for one year increased daily physical activity, reduced 

sedentary time defined as time spent with zero activity, and despite that the whole group lost 

an average of 1.4 ± 3.3 kg, those with obesity lost on average 2.3 ± 3.5 kg [32]. Finally, 

McCrady-Spitzer and colleagues have intervened within children’s work environments by 

increasing NEAT within classrooms. They reported that the addition of “Active Class 

Equipment” resulted in a sequential increase in activity units per minute (measured with 

Triaxial accelerometers) with each successive quarter during the 9-month school year among 

first grade students that used the equipment for 30-minutes per day [33]. Thus, re-designing 

office and classroom environments by removing or modifying chairs promotes SPA and 

would be expected to mitigate weight gain.

Another question that arises when considering challenges to designing SPA interventions is 

related to the principles of physical activity or exercise prescription (e.g. mode, duration and 

intensity of activity). Since SPA is often referred to as low intensity physical activity, should 

all interventions aimed at increasing walking be classified as SPA intervention studies? 

While this seems to be an oversimplification, free-living SPA is often indicated by walking 

and the intensity of walking or the imposition of a structured walking program is often used 
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to address whether structured exercise or the intensity of exercise leads to a compensatory 

reduction in SPA and its associated energy expenditure (non-exercise activity thermogenesis, 

NEAT). This literature has already been extensively reviewed [34–36]. Briefly, Washburn 

and colleagues performed a systematic review of the literature to access the influence of 

exercise on SPA and energy expenditure [35]. They reported that there was minimal 

evidence in support of the hypothesis that structured exercise decreases SPA and energy 

expenditure in healthy adults [35]. The authors’ highlighted that the heterogeneity across 

studies, which when combined with other factors that influence SPA (e.g. age, gender, body 

mass and training status) [34–36], underscores the unique opportunity to resolve whether 

imposed exercise causes a compensatory change in SPA or the associated NEAT.

Although it is unclear how much exercise modifies SPA, total energy expenditure, and its 

components, several models have been proposed to explain the relationship between SPA 

and energy expenditure as they relate to weight gain [37–39, 34] and recently reviewed by 

[34]. Based on the definition of energy balance, whereby weight maintenance persists when 

energy intake equals energy expenditure, one would expect that increasing SPA would in 

turn increase overall energy expenditure [38] and mitigate weight gain if daily calorie intake 

remained constant. Yet the paradox of lower than predicted energy expenditure has been 

linked to weight regain after weight loss or exercise, and the latter has been attributed in part 

to a compensatory reduction in resting energy expenditure, SPA or improved muscle 

efficiency during physical activity (e.g. reduced energetic cost of physical activity) [40]. The 

‘ActivityStat’ hypothesis [37, 41] and several models have been proposed (e.g. allocation, 

independent/additive, performance, constrained energy expenditure) [38, 39] including an 

alternative model which proposes that exercise modifies an additional and unidentified 

component of total EE alone or in parallel to the EE due to SPA, the thermic effect of food 

or resting metabolism [34]. The efficiency of performing SPA may not be constant and thus 

an increase in SPA may not translate into the expected increase in NEAT. In addition to the 

methodological considerations reviewed previously [34, 35] (e.g. more accurate and precise 

methods to quantify SPA, components of total energy expenditure and sedentary behavior), 

addressing the clinical significance of SPA and NEAT to energy balance will require 

additional studies in free-living environments versus whole-room calorimeters. The latter is 

highlighted by an early study reporting that despite that positive association between 

measured level of SPA in a whole-room calorimeter with free-living SPA [42], physical 

activity was lower in the room calorimeter compared to free-living conditions, which 

translated into a 47% reduction in activity-related energy expenditure in the calorimeter 

compared to that during free-living conditions. Thus, disentangling the relationship between 

SPA, NEAT and total energy expenditure to overall energy balance will require additional 

studies in free-living environments to avoid artificially reducing SPA when measured in 

whole room calorimeters.

ANIMAL MODELS OF SPA AND OBESITY

Most animal evidence supports the concept that SPA and its associated energy expenditure 

(NEAT) can protect against obesity. In animal models, SPA is usually understood to describe 

home-cage activity or overall activity and different from motivated behaviors, such as 

running wheel activity [10]. Yet, SPA is loosely applied to describe the outcome of different 

Kotz et al. Page 4

Curr Obes Rep. Author manuscript; available in PMC 2018 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



methods to quantify animal behavior, including telemetry, video analysis or IR sensors [43]. 

We propose that SPA should include all movement (locomotor, rearing and grooming) 

performed by the animal in the absence of an immediate goal and external influences that 

disrupt normal behavior (i.e. novelty) over an extended period of time (i.e. days) [43]. 

However, this is a difficult definition of SPA to fulfill, which is further complicated by the 

fact that most methods used to quantify SPA require isolation, known to alter animal 

behavior [44]. Whether the isolation has a significant effect on SPA requires the ability to 

accurately measure SPA in isolated and group-housed animals, which is currently an 

unsolved technical challenge. Furthermore, even in isolated animals, the different methods 

used to quantify SPA measure unique aspects of this behavior, which do not necessarily 

provide equivalent information [43]. Therefore, the analysis of SPA in rodents can be 

deceiving and studies should include detailed information regarding the method of SPA to 

determine exactly what is being measured under the specific experimental conditions.

When considering the influence of SPA on obesity, measuring NEAT and not SPA should be 

the ultimate goal, yet only recently technological advances have been able to provide 

accurate quantification of NEAT in rodents using specialized equipment [45, 46], which 

helps explain why SPA is more commonly measured as compared to NEAT. Currently, 

NEAT is determined by analyzing overall energy expenditure (i.e. by indirect calorimetry) 

together with some measurement of activity, which allows linking energy expenditure to 

specific behavioral states [43]. Yet this method of estimating NEAT is further complicated 

by the influence of isometric skeletal muscle contraction to energy expenditure [47] which 

cannot be estimated using the type of analysis outlined. Here, we discuss animal studies that 

support the concept that SPA and NEAT can protect against obesity, yet we make the 

distinction where SPA and NEAT have been measured and the components of SPA analyzed 

in the study.

The available evidence suggests that in rats bred selectively for high (obesity-prone, OP) or 

low (obesity resistant, OR) weight gain when fed a high-fat diet [48], OR rats show higher 

SPA (time spent in locomotor and rearing activity) compared to non-selectively bred and OP 

rats [49]. Moreover, the respective phenotypes were maintained across the lifespan [50]. In 

studies using a different approach, non-selectively bred rats were screened for their SPA 

(time spent in locomotor and rearing activity) and classified as high activity (HA) or low 

activity (LA) rats. This model showed that HA rats were more resistant to obesity induced 

by HF diet compared to LA rats [51], which is direct support for the hypothesis that 

individual variation in SPA has a noticeable effect on diet-induced obesity. The HA/LA rats 

illustrate the inter-individual variability in SPA within a particular rodent strain, which has 

been observed in other rodent strains and related to variability in response to metabolic 

challenges [52, 53]. For example, recently, work in Balb/c mice fed cafeteria diet showed 

that obesity-resistant mice increase their SPA (locomotor activity) in response to CAF diet, 

yet there were no differences in their SPA prior to CAF diet feeding [54]. In C57 mice, HFD 

feeding decreased SPA (locomotor activity) and NEAT [55], highlighting the bidirectional 

nature of the relationship between SPA and NEAT. Together, these data support the concept 

that SPA and NEAT contribute to obesity resistance, but there is extensive individual 

variation in the magnitude of effect, and the mechanisms by which SPA protects against 

obesity (e.g. increasing on a high-energy diet and/or maintaining high and low activity 
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regardless of diet). Recent evidence has explored whether other traits related to energy 

balance and physical activity are correlated with or influence SPA. For example, aerobic 

capacity does not correlate with SPA [56] while basal metabolic rate does [57], and the 

evidence is still mixed as to the effects of voluntary exercise on SPA [58–61]. Future 

challenges include the accurate measurement of SPA, its different components and NEAT, 

the possibility of measuring SPA and NEAT in group housed animals, and accurate 

comparison of the physiological effects and mechanisms of SPA between males and females.

Neural Regulators of SPA

There are several neuroregulators of SPA as has been previously reviewed by this group 

[14]. This section will not cover the data supporting all of those neuroregulators as having 

roles in the regulation of SPA, but these include dynorphin, neuromedin, oxyntmodulin, 

leptin, melanocortins and others. The best characterized in terms of its role in SPA and the 

defense against obesity, is orexin, also known as hypocretin. There are two orexin peptides 

(orexin A and orexin B) and two receptors (orexin receptor 1, OX1R and orexin receptor 2, 

OX2R) [62, 63]. The orexin neurons send efferent projections to multiple brain sites 

important for physical activity, including but not limited to the substantia nigra, dorsal raphe 

nucleus, and the locus coeruleus [64]. Expression of orexin receptors (OXR) is differential, 

varying widely among brain sites [65, 66]. The functional significance of the two orexin 

receptors (OXR1 and OXR2) is unclear.

In accordance with a role in daily energy balance regulation, orexin neurons display 

rhythmicity that is entrained to environmental cues and physiological signals. Orexin neuron 

activity increases during the waking phase, fasting or caloric restriction [67]. The activity of 

orexin neurons is modulated by multiple metabolic indicators (i.e. glucose, leptin and amino 

acids) [68–70] and intra- and extra-hypothalamic synaptic inputs [71–73]. Orexin peptides 

modulate energy metabolism and arousal [74–80]. Our lab and others have repeatedly 

demonstrated that orexins protect against obesity. An animal model with neurodegeneration 

of orexin neurons develops obesity despite reduced food intake [75]. Mice over-expressing 

orexin peptides show resistance to obesity [81]. Current data support that resistance to 

obesity correlates with greater behavioral effects of orexin A [49], higher expression of 

prepro-orexin in the LH, and higher sensitivity to orexin A in rostral LH on SPA [82]. 

Orexin neurons send collateral projections within the CNS [83, 84], but data describing the 

organization of the orexin field is lacking. It has been proposed that orexin neurons located 

in LH mediate reward behaviors and those located in the PFA/DMH area are involved in 

arousal and stress [85, 86]. The pattern of circadian Fos expression in orexin neurons 

supports this idea [76], but it is not clear to what extent there is overlapping versus 

specialized function of the orexin neurons, and which set of orexin neurons are important to 

SPA.

Orexin-dependent modulation of SPA and NEAT involves OXR subtypes in several brain 

areas [87–89], including the rostral LH [90, 88], dorsal raphe nucleus, substantia nigra, 

ventral lateral preoptic area and locus coeruleus [91]. Orexin A in rostral LH increases 

NEAT [90, 88, 92], and repeated injection reduces adiposity [93]. These data suggest the 

orexin receptors located in this area of the LH may be located on NEAT-inducing neurons 
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[94], though the phenotype of these neurons is yet unknown. A recent study however, 

indicates that orexin may be acting through glutamic acid decarboxylase 65 (GAD65) 

neurons. In this study, Kosse et al [95] demonstrated that a network of neurons expressing 

glutamic acid decarboxylase 65 are located within the LH, separate from MCH and orexin 

neurons, and may be responsible for facilitating changes in locomotor activity. Specifically, 

they showed that GAD65 neurons are necessary for carrying out orexin-mediated changes in 

locomotor activity [95]. Therefore, it is possible that the changes in SPA observed in our 

studies are facilitated by changes in GAD-65 produced by orexin neuron activation.

Recent studies from our group show that optogenetic stimulation of orexin neurons increases 

SPA, suggesting that orexin neurons regulate SPA and could be an important therapeutic 

target (Fig. 1). To test this idea, we then used another approach, the Designer Receptors 

Exclusively Activated by Designer Drugs (DREADD) technique, which exploits viral 

delivery of a G-protein coupled receptor that has been modified to respond only to an 

otherwise biologically inert drug. Expression of DREADDs can be genetically restricted to 

orexin neurons using a Cre-lox system, in which the DNA recombinase, Cre, is excised and 

re-orients the genetic material encoding DREADDs so that transcription can proceed. In a 

recent publication by our group [96] we used transgenic (Orexin-Cre) mice in which 

expression of Cre is under the control of the orexin promoter. We further restricted the area 

of stimulation by use of orexin-Cre mice in combination with a stereotaxically controlled 

viral DREADD delivery to express specific regulation only in orexin neurons within the 

lateral portion of the lateral hypothalamus. In this way, we are able to activate only these 

specific orexin neurons with the designer drug. Using this method, we showed increases in 

SPA and NEAT by once daily administration of CNO, and prevention of adiposity gain in 

mice given a high fat diet [96]. Importantly, these data demonstrate strong proof-of-concept 

that stimulation of SPA and NEAT through orexin neurons can be used therapeutically to 

prevent adiposity and obesity. It is very likely that other neuromodulators of SPA and NEAT 

could be exploited to this end.

Aging is associated with a decrease in SPA, but does not appear to have a uniform effect on 

orexin neuron survival. Rather, reductions in orexin neuron cell bodies are most prominent 

in medial portions of the hypothalamus, whereas orexin neurons in the LH are relatively 

spared. Beyond overt cell loss, there is also age-related reduction in prepro-orexin mRNA in 

the hypothalamus [97]. Importantly, it is still unknown if age-dependent changes in orexin 

neuron function contribute to decreased levels of physical activity and weight gain [97], but 

NEAT is an attractive target for reducing age-associated weight gain and comorbid health 

disorders.

Susceptibility to obesity development differs between sexes. When fed a high fat diet 

females gain a greater percentage body fat than males [98]. Moreover, in two types of mouse 

models with reduced orexin signaling, females consistently gain more weight [99]. Sexual 

dimorphism in the brain may be responsible for some of the phenotypic differences observed 

between genders, as is the case with leptin [99]. Although no gender- or sex hormone-

dependent differences are present in prepro-orexin mRNA, healthy female mice show higher 

OXR1 mRNA expression in the hypothalamus than males [100]. Human females also have 

higher circulating orexin levels in their cerebrospinal fluid [101]. Diet and energy state affect 
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orexin neurons in the LH differently in males and females. Orexin neurons in females appear 

to be more sensitive to environmental manipulations. Both fasting and exposure to a high fat 

diet increase markers of neuronal activation in orexin cells more in females than males [98, 

102]. Even on a standard diet, basal levels of orexin neuron activity differ between sexes, 

with females displaying relatively low numbers of orexin neurons expressing cFos compared 

to males [98].

Future Directions

The long-term goal of SPA studies is identification of obesity treatment strategies that 

exploit the knowledge mechanism and impact reviewed above. Greater definition of brain 

networks regulating SPA is needed, including the functional anatomy, identification of 

neuroregulators such as orexin, and how and when these networks are active. With this 

knowledge, pharmaceutical interventions aimed at defending against obesity by stimulating 

unconscious movement will be possible. It may also become possible to directly stimulate 

key brain sites and pathways to more precisely regulate spontaneous activity. The impact of 

such manipulations will require clinical trial experience.

Whether it is possible to use conscious or behavioral modification strategies to increase SPA 

is an equally important question. Such increases could defend against weight gain or 

contribute to treatment of existing obesity. The degree to which such strategies, aimed at 

teaching people to move more throughout the day, can overcome the biological 

predisposition defined by genes, development and brain pathways is yet to be determined. 

Again, better knowledge of the underlying mechanisms should shed light on this question. In 

the meantime, clinical studies aimed at teaching or modifying behaviors are a sensible 

approach.

Conclusions

In conclusion, both human and animal literature point to an important role of SPA in 

predicting obesity, and in the potential for therapeutic manipulation of SPA. Animal work 

shows that orexin neurons can be stimulated to increase SPA and NEAT, such that adiposity 

gains are mitigated in the face of an obesogenic diet. Future studies should focus on better 

quantification and standardization of SPA measurement in humans and on therapeutic 

neuromodulation of SPA as a defense against obesity.
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Figure 1. 
Optogenetic control of orexin neurons and SPA. Orexin-cre::ChR2 mice were stimulated for 

2 h (10 sec every 15 sec at 10 Hz) every 6 h across the circadian cycle. Black header bar, 

lights-off period. Optogenetic stimulation is indicated by the blue bars. * P≤0.05 for 

pairwise comparison between groups. Y-axis is SPA in minutes, mean ± s.e.m.
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