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Obesity in the context of decreasing physical activity

Obesity is an ever-increasing problem now that more than one

billion people worldwide are overweight or obese (1). More than

one-half of Americans are overweight, and the proportion of the

population that is overweight, obese, or extremely obese continues

to grow (2, 3). Developing nations are quickly catching up with more

developed countries with respect to rates of obesity and related

health problems (4). This trend cuts across ethnicity, age, gender,

and education level (5, 6). Childhood obesity, which portends adult

obesity and predicts health problems in adulthood (7), continues to

increase (8). Obesity is associated with a slew of deleterious health

effects and health-related risk factors, including diabetes, cardiovas-

cular disease, high cholesterol, asthma, arthritis, sleep apnoea, and

cancer (6, 9–13), and is also linked with decreased life span (14),

disability (15), and a lower in quality of life (16).

Weight gain results when energy expenditure is inappropriately

low for the caloric intake of an individual. The role of dietary intake

and its underlying mechanisms have been the principal focus when

examining the rise in obesity (17, 18). Obesity incidence has risen,

however, even as dietary quality has improved or energy intake has

been reduced (17, 18). This circumstance necessitates a critical

examination of the other side of the energy balance equation,

namely energy expenditure. As illustrated in Fig. 1, total daily

energy expenditure (TDEE) consists of basal metabolic rate (BMR),

the thermic effect of food, and the energy expenditure of activity.

Some studies find a decreased BMR in those predisposed to become

obese (19–21). Even in these obesity-prone individuals, however,

the decrease in BMR could not fully explain the positive energy bal-

ance incurred (19), and the energy expenditure of physical activity

was directly implicated in the development of obesity (20). Smaller,

tightly controlled studies lend little support to the belief that differ-

ences in resting energy expenditure contribute to the tendency of

an individual to gain weight (22, 23). Next, the thermic effect of

food contributes little to TDEE in terms of both absolute kcal ⁄ day

and variability. This suggests that the remaining component of TDEE

is likely to change with obesity and the propensity to gain weight,

specifically the energy expenditure of activity. At the population

level, sedentary behaviour has increased steadily as physical activity

has decreased, and this corresponds to increased obesity and

decreased health in both children and adults (22, 24–28). The cur-

rent trend in the general population is opposed to communities

with heavy physical activity demands, which show very low rates

of obesity (29). Indeed, increasing physical activity levels may be

the missing link needed to reverse the current obesity trends (18,

22, 24, 25, 27, 30).
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The rise in obesity is associated with a decline in the amount of physical activity in which peo-

ple engage. The energy expended through everyday non-exercise activity, called non-exercise

activity thermogenesis (NEAT), has a considerable potential impact on energy balance and

weight gain. Comparatively little attention has been paid to the central mechanisms of energy

expenditure and how decreases in NEAT might contribute to obesity. In this review, we first

examine the sensory and endocrine mechanisms through which energy availability and energy

balance are detected that may influence NEAT. Second, we describe the neural pathways that

integrate these signals. Lastly, we consider the effector mechanisms that modulate NEAT

through the alteration of activity levels as well as through changes in the energy efficiency

of movement. Systems that regulate NEAT according to energy balance may be linked to neural

circuits that modulate sleep, addiction and the stress response. The neural and endocrine

systems that control NEAT are potential targets for the treatment of obesity.
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The energy expended in activity can be separated into exercise

and non-exercise activity thermogenesis (EAT and NEAT; Fig. 1). This

final component, NEAT, is the most highly variable portion of TDEE

among individuals, accounting for between 100 and 800 kcal ⁄ day

(31, 32). The activities that comprise NEAT (i.e. everything from

shopping to yard work to fidgeting) have an important influence on

energy balance. Even small changes in the energy expenditure of

physical activity can, over time, have a substantial impact on body

weight (33, 34). Overfeeding results in compensatory increases in

energy expenditure (35, 36). Moreover, individuals who show high

NEAT in the face of increased caloric intake are more able to fend

off weight gain than those who do not increase their NEAT (37).

Lastly, there may be inherent, biologically based, familial traits that

shape NEAT, which are reflected in differences in energy expendi-

ture and body weight (38, 39). Both overall NEAT and the response

of NEAT to dietary manipulation are highly variable between indi-

viduals, and individuals’ physical activity levels have several biologi-

cal and nonbiological influences that are not directly affected by

energy balance (40). Social, cultural, environmental, and cognitive

inputs may override biological cues for physical activity levels,

allowing caloric intake to unduly influence energy balance. Evidence

points to a prominent role of decreased physical activity and NEAT

in the increasing rates of obesity in our increasingly deskbound

society, and enhancing the contribution of NEAT to energy expendi-

ture can help equalise the energy balance equation and prevent

weight gain. Because NEAT is both highly variable and highly labile,

it has a large potential to impact energy balance and body weight.

Dysregulation of NEAT may have a considerable influence on body

weight regulation and obesity. Here, we describe the potential phys-

iological mechanisms driving physical activity that may vary across

the population and interact with changes in caloric intake. As

human NEAT has been previously reviewed at length (41), we con-

centrate on animal studies that reveal promising potential biological

regulators of NEAT.

The definition of NEAT in humans is clear: all energy expended

due to activity excluding volitional exercise is considered NEAT. But

how do we define NEAT in animals? Because animal do not have

volitional exercise per se, we define animal NEAT as encompassing

the energy expenditure of all activity, including spontaneous, loco-

motor, and more stationary or repetitive activities such as groom-

ing. All animal physical activities expend energy and are subject to

biological regulation and thus are a part of NEAT and equivalent to

human NEAT. Confusion may also occur when examining activity in

a running wheel. Although stimuli that heighten NEAT in animals

may similarly increase wheel running, it is clear that wheel running

and spontaneous physical activity are not equivalent (42). Running

wheels often induce anomalous effects on the quantity and pat-

terns of activity as well as on food intake and other behaviours

(43–46), including rewarding properties of stimuli (47). Sometimes,

the running wheel is even used to model ‘exercise’ in rodents (48).

Therefore, a running wheel introduces confounding effects on the

amount of activity and energy expenditure that are independent of

energy balance regulation. Although studies employing the activity

wheel can give us additional insight into the activity-promoting

properties of hormones and neuropeptides, we chose to focus pref-

erentially on brain systems that regulate general activity and energy

expenditure.

Although NEAT is a critical variable when considering energy

balance, little is known about the neural, endocrine, and molecular

mechanisms affecting physical activity and NEAT. Changes in food

availability can change NEAT in humans (37). Conversely, food

restriction and starvation also predictably alter locomotor activity

and energy expenditure in several species, including humans

(49–54). The effects of caloric restriction depend on several vari-

ables (length and amount of restriction, ambient temperature, size

of animal) and should be considered in the context of the species,

environment, and energy balance: in general, food restriction

results in an acute increase in activity and foraging, whereas

long-term, severe restriction or starvation decrease physical activ-

ity, which then conserves energy. However, little is known about

the mechanisms of these effects (54). There is an abundance of

data describing mechanisms controlling the other side of the

energy balance equation, namely food intake, and the biological

mechanisms driving it. Physical activity has equal potential to

affect weight change, however, and relatively little attention is

being paid to the biological mechanisms regulating it. It is inter-

esting that many of the same molecular, neural, and endocrine

factors that affect feeding also modulate physical activity. Conse-

quently, this rich, abundant source of knowledge can be used to

gather information regarding how NEAT is regulated in animals

and how these changes in physical activity affect body weight. In

this review, we examine the endocrine and neural bases of physi-

cal activity and how they may potentially affect body weight

through NEAT.
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Fig. 1. Total daily energy expenditure (TDEE) in humans and rats. In all

mammals, TDEE is comprised of basal metabolic rate (BMR), the thermic

effect of food (TEF), and the energy expenditure of activity (EEA). In humans,

the energy expenditure of activity is further divided up into exercise

activity thermogenesis (EAT), which is the energy expended through

volitional exercise, and non-exercise activity thermogenesis (NEAT), which is

comprised of the energy expended through all other activity. In rodents,

which do not have volitional exercise per se, all of the EEA can be consid-

ered NEAT.
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Biological regulatory systems can be understood based on their

inputs and outputs: how stimuli are sensed, how the information

they convey is integrated, and how the effector systems then alter

physical activity and the associated energy expenditure through

central and peripheral mechanisms (Fig. 2, Table 1). Through a sys-

temic approach to investigating changes and individual differences

in NEAT, we may discover potential targets for the manipulation of

NEAT in the service of altering energy balance and treating obesity.

We hypothesise that NEAT functions to promote negative energy

balance in the face of increased caloric intake. To alter NEAT

according to energy balance, sensory mechanisms need to detect

changes in energy balance or energy availability. First, we need to

identify the sensor mechanisms that inform the brain of excess

caloric intake. Second, we need to determine how these signals are

integrated. Lastly, effector mechanisms that increase NEAT need to

be activated.

Sensors

To adjust energy expenditure according to positive or negative

energy balance, the current metabolic status must be sensed. These

sensor mechanisms might utilise visual, auditory, chemosensory,

somatosensory, proprioceptive, vestibular, or temperature cues. Sen-

sor mechanisms can detect external or environmental cues that

inform the animal of the ready availability of food as well as

pregastric sensory contact with food that mediates cephalic-phase

responses (55). Olfactory and gustatory (i.e. chemoreceptive) pro-

cessing of food also influences satiety (56). Chemosensory tissues

contain receptors for leptin (57, 58) and orexin (59, 60), which may

alter gustatory and olfactory perception. Indeed, fasting increases

olfactory acuity (61). Conversely, olfactory bulbectomy differentially

alters appetite in obesity-prone and obesity-resistant rats, and

increases novel open field locomotor activity in both types of rats

(62). The current obesity trends underscore the impact of environ-

mental factors in the tendency to gain weight. Obesity has risen

sharply in the past few decades, a time scale that does not allow

for change in the genetic or physiological systems underlying

energy balance. Thus far, we are failing to effectively deal with

emerging environmental and social factors that promote positive

energy balance and obesity. A poor diet is not the only factor con-

tributing to the current obesity trends, however, as demonstrated

by increasing obesity even in situations where dietary fat or calorie

consumption does not increase (17, 18). The modern environment

also permits sedentary behaviour, which contributes to positive

energy balance by decreasing energy expenditure (63), just as other

aspects of Western living also affect energy balance through

homeostatic and cognitive, nonhomeostatic cues (64, 65). Neither

of these sets of environmental cues (i.e. those of excess food avail-

ability or decreased need for movement) are sufficient in and of

themselves to prompt effective compensatory mechanisms that

either decrease energy intake or increase energy expenditure, at

least in some individuals. It is possible that sensory cues such as
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Fig. 2. The proposed model for the neuroendocrine regulation of non-exercise activity thermogenesis (NEAT) in the service of energy balance. To regulate NEAT

according to changes in energy balance, the brain interprets external sensory cues of energy availability as well as internal metabolic cues. These signals are

interpreted and integrated by several brain regions, including hypothalamic energy balance sites such as the arcuate nucleus, hindbrain regions including the

area postrema and nucleus of the solitary tract, and the mesolimbic dopamine pathway. Lastly, these brain systems have ascending and descending projections

that affect the amount of physical activity through arousal and limbic pathways, as well as descending neural projections and endocrine signals that alter the

energy efficiency of physical activity. In this way, the brain can use NEAT to adjust energy balance in cases of energy surplus or deficiency. Brain atlas figures

taken from Paxinos an Watson (263). ACh, acetylcholine; AgRP, agouti-related peptide; CART, cocaine- and amphetamine-regulated transcript; CCK, cholecysto-

kinin; LC, locus coeruleus; MCH, melanin-concentrating hormone; NPY, neuropeptide Y; POMC, pro-opiomelanocortin; PSNS, parasympathetic nervous system;

SNS, sympathetic nervous system; TMN, tuberomammilary nucleus; VP, ventral pallidum.
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olfactory and taste stimuli are able to trigger appetite but not able

to effectively activate compensatory mechanisms to adjust for

excess caloric intake.

Here, we consider internal metabolic sensory cues, signals that

convey long- or short-term energy stores or availability. Many of

these hormones and peptides alter different aspects of activity,

including locomotion and behaviours such as grooming or rearing.

First, we focus on general locomotion rather than running wheel

activity in order to try and capture non-exercise activity (42), and

attempt to describe activity in similar terms as the authors do (e.g.

all activity, locomotion, vertical movement, or specific behaviours

such as grooming). NEAT in animals encompasses the energy

expenditure of all of these activities (Fig. 1). Second, although all

animal movements contribute to NEAT by definition, we highlight

how metabolic cues alter movement specifically ‘in the service of

energy balance’, or to promote positive or negative energy balance.

These cues can be separated into hunger and satiety signals, and

can be separated further into indicators of energy intake, energy

stores, or circulating fuels. To begin with, many of the hormones

released from the gastrointestinal tract that increase appetite also

affect NEAT in animals (66). Ghrelin, which is synthesised in

stomach and other tissues (67), is a well-characterised and robust

hunger signal and appears to be important in long-term control of

appetite (68, 69). The ability of ghrelin to increase food intake is

well known (70). More recently, however, it has been demonstrated

that a single central intracerebroventricular (i.c.v.) microinjections of

ghrelin can decrease 24-h locomotor activity in rats (69, 71). It is

interesting that ghrelin appears to modulate long-term NEAT in

rats, whereas many of the other hormones and neuropeptides

investigated alter short-term NEAT (72–74). A peptide encoded on

the ghrelin gene, obestatin, has the opposite effects of ghrelin on

food intake (75, 76). Obestatin was not able to alter physical activ-

ity or energy expenditure, however, at least when administered

alone (77).

Cholecystokinin (CCK) is a peptide synthesised throughout the

gastrointestinal tract that also acts on the brain to decrease appe-

tite (78). CCK has also been found to decrease locomotion when

given both centrally and systemically (79–82). More specifically,

CCK induces a ‘satiety sequence’ that includes decreased locomotor

activity and rearing (81). Like many other hormones and neuropep-

tides reviewed here, CCK modulates anxiety-related behaviours and

differentially affects locomotor activity depending on the animal’s

Table 1. Central and Peripheral Signals of Energy Balance That Modulate Appetite and Have the Potential to Affect the Energy Expenditure of Activity.

Hormone ⁄ neuropeptide Appetite Site of synthesis Activity and ⁄ or NEAT Reference

Ghrelin › GI fl (69, 71)

Obestatin fl? GI No change (76, 77)

Cholecystokinin fl GI fl (79, 81, 83, 84)

Glucagon-like peptide-1 fl GI No change (85, 262)

Peptide YY fl GI No change (85)

Leptin fl Adipose, GI › (90–94)

Insulin fl Pancreas No change (99)

Amylin fl Pancreas fl (101, 103, 104)

Glucagon fl Pancreas No change (106)

Free fatty acids fl Diet (circulation), adipose fl (112)

Glucose fl Diet (circulation) No change (109)

Thyroid hormone › Thyroid › (113)

Glucocorticoids › Adrenal cortex – (116)

Testosterone › Testis › (118, 119)

Oestradiol fl Ovary › (118, 120, 124–128)

Progesterone › Ovary fl (122)

Neuropeptide Y › Brain (hypothalamus) ›fl (69, 147–151)

Agouti-related peptide › Brain (hypothalamus) fl (69, 145)

Cocaine- and amphetamine-regulated transcript fl Brain (hypothalamus) › (136)

Pro-opiomelanocortin fl Brain (hypothalamus) › (140–142)

Orexin › Brain (hypothalamus) › (72, 73)

Melanin-concentrating hormone › Brain (hypothalamus) fl (165–168)

Thyrotrophin-releasing hormone fl Brain (hypothalamus) › (169–171)

Urocortin fl Brain (hypothalamus) › (172)

Corticotrophin-releasing hormone fl Brain (hypothalamus) › (172)

Neuromedin U fl GI, Brain › (74)

Galanin-like peptide › Brain (hypothalamus) fl (174, 175)

Calcitonin gene-related peptide fl Brain (hypothalamus) fl (101, 103, 104, 176)

Brain-derived neurotrophic factor fl Brain (hypothalamus) fl (179)

NEAT, Non-exercise activity thermogenesis.

926 C. M. Novak and J. A. Levine

ª 2007 The Authors. Journal Compilation ª 2007 Blackwell Publishing Ltd, Journal of Neuroendocrinology, 19, 923–940



environment and previous stressful experience (83). On the other

hand, rats that are deficient in the CCK-A receptor gene show sig-

nificantly less spontaneous activity compared to control rats, spe-

cifically fewer large, exploratory movements during the dark phase

(84). Two other intestinal peptides secreted in response to ingestion

and decrease food intake, glucagon-like peptide-1 and peptide YY

(GLP-1 and PYY), also decrease appetite (85). However, no signifi-

cant changes in locomotion or NEAT have been found in associa-

tion with these peptides.

Other peripheral signals relay information to the brain regarding

long-term energy store surplus and originate from sources such as

adipose tissue. The adiposity signal leptin was first characterised in

1995 (86), when it was shown that it decreases food intake and

body weight in leptin-deficient ob ⁄ ob mice without changing lean

body mass. After 21 days of treatment with leptin, these mice also

showed increased oxygen consumption, implicating a change in

energy expenditure as well as energy intake. When examining

changes in physical activity and energy expenditure, comparing ani-

mals of differing body mass can prove difficult. Body size in itself

can affect physical activity (87) and influence oxygen consumption,

energy expenditure, and their calculations, which are often stated

in terms of body weight (88, 89). Earlier investigations of ob ⁄ ob

mice, however, described well-controlled studies demonstrating that

ob ⁄ ob and control mice have different levels of physical activity

(90). Dauncey and Brown (90) investigated ob ⁄ ob mice and their

lean littermates when they were at the same body weight. The

young leptin-deficient mice expended less energy and showed less

motor activity than their lean littermates. In adulthood, TDEE was

similar in lean and obese mice, so the energy expended relative to

metabolic size was greater in the lean mice, which were more

active than the ob ⁄ ob mice. Dauncey and Brown (90) calculated

that the energy expenditure of activity accounted for at least part

of the altered body weight between ob ⁄ ob and wild-type mice.

Clark and Gay (91) also found that the ob ⁄ ob mice showed half of

the locomotor ⁄ exploratory activity as their wild-type littermates

after their body weight was reduced to normal range by dietary

restriction. These studies suggest that leptin normally acts to

increase energy expenditure, at least partially through increasing

physical activity. More recently, Bagnaso et al. (92) microinjected

the leptin transgene into hypothalamic sites and found that the

rats showed weight loss and increased nonshivering thermogenesis;

physical activity was not examined. When leptin signalling is selec-

tively restored in the arcuate nucleus of rats, there is a decrease in

body weight and food intake and a marked increase in locomotor

activity (93). Lastly, in humans, fasting leptin levels were signifi-

cantly associated with the energy expenditure of physical activity

(i.e. NEAT) (94). These results suggest that leptin acts not only to

decrease feeding, but also to increase energy expenditure through

promoting NEAT. The potential role of leptin in human NEAT is

especially intriguing given the role of leptin insensitivity in obesity

(95, 96).

Insulin is also considered to be a signal of long-term stores as

its secretion is correlated with body fat stores. The pancreatic

hormone insulin acts as an adiposity signal in the brain to reduce

appetite and body weight in the regulation of energy balance,

separate from its peripheral effects on glucose uptake (97). Insulin

given i.c.v. decreases food intake and body weight (98). The devel-

opment of insulin and leptin resistance is one proposed mechanism

of obesity (95). Insulin has also been found to influence energy

expenditure (99). Specifically, insulin microinjected into the hypo-

thalamic paraventricular nucleus (PVN) increases energy expendi-

ture, but no differences in locomotor activity were detected (99).

The possibility remains, however, that central insulin increases NEAT

through altering the efficiency of physical activity. Amylin is a pep-

tide cosecreted with insulin that affects food intake (100). Amylin

induces satiety, reduces meal size, and decreases body weight and

adiposity, and amylin antagonists increase food intake when given

i.c.v (101, 102). Amylin appears to act in the brain to decrease loco-

motor activity: central administration of amylin decreases sponta-

neous locomotor activity after 1 h (101, 103), and open field

activity after 3 and 6 h (104). Reports differ on the ability of amy-

lin to affect stationary physical activity, with one report showing

increases in rearing and grooming (104) and another that utilised

lower doses of amylin showing no change in grooming (103).

Lastly, glucagon also decreases meal size, with hepatic vagal com-

munication to the brain important in this process (105). Intra-PVN

glucagon increases thermogenesis but does not affect the amount

of locomotor activity (106). In summary, the only pancreatic hor-

mone that reliably affects physical activity levels is amylin, which

acts in the hindbrain to decrease locomotion.

Metabolic fuels and macronutrients affect appetite and have the

potential to affect NEAT as well. Decreases in glucose utilisation

trigger increased appetite (107, 108). Although the idea that dietary

sucrose increases locomotor activity is an attractive hypothesis, the

preponderance of evidence from studies conducted mostly on chil-

dren does not support a role for dietary glucose in the modulation

of physical activity (109). Similar to glucose sensing, inhibition of

fatty acid oxidation also produces hunger so that fatty acids act as

signal of metabolic fuels (110). Specifically, within hypothalamic

cells, fatty acid metabolism or triglyceride utilisation indicates mac-

ronutrient availability and subsequently alters appetite (111). In this

way, long-chain fatty acids may act as a signal for signal energy

surplus (110). As for NEAT, it has also been hypothesised that lipids

decrease physical activity (112).

Other peripheral hormones have the capacity to affect both

energy intake and expenditure. It is known that thyroid hormone

increases energy expenditure, and rats rendered hyperthyroid

increase their physical activity and NEAT (113). Thyroid hormone

can also alter the energy efficiency of activity, as described below.

Corticosterone plays an important role in feeding and energy bal-

ance. Corticosterone increases food intake by acting on receptors in

the PVN (114). Adrenalectomy in mice or obese Zucker rats causes

them to reduce food intake and, in general, fat intake and body fat

is correlated with circulating glucocorticoids (115). Could a decrease

in NEAT account for the increased body weight due to corticoste-

rone? Very little information is available concerning glucocorticoids

and NEAT. One study found that spontaneous locomotion was

increased in the male offspring of corticosterone-treated pregnant

dams (116), and another found that lack of central nervous system

glucocorticoid receptors led to decreased food intake and energy
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efficiency (117). The ability to examine the role of glucocorticoids in

NEAT is hampered by the effects of stressors on both adrenal ste-

roid levels and locomotion, as well as the independent effects of

glucocorticoids on energy balance.

Lastly, gonadal hormones affect locomotor activity in male and

female rodents. In general, female rodents show higher levels of

activity than do males (87). Increases in activity are associated with

testosterone as well as oestradiol, which also has anorectic effects;

ovariectomy results in increased body weight, decreased activity,

and increased energy intake (118–121). The ability of oestradiol to

increase activity is counteracted by progesterone (122). Activity,

food intake, and body weight also vary with the oestrous cycle,

with activity peaking at times when circulating oestradiol levels are

highest and food intake and body weight are lowest (123, 124).

Interpretation is made more difficult because locomotion is most

often measured using running wheels, which have effects on activ-

ity and energy expenditure independent of energy balance. One

study examining nonwheel locomotor activity in female rats

showed decreases in ambulatory activity in ovariectomised rats

(125), and limited evidence supports the idea that cyclic changes in

spontaneous activity seen in female rats are associated with

increased energy expenditure (124). More recently, oestrogen has

been linked to general arousal in females, encompassing sexual

arousal, activity, and anxiety (126) through its actions on oestrogen

receptors (127). The type of activity (i.e. wheel running versus home

cage activity) may also be differentially mediated by oestrogen

receptors a and b (127). The brain sites and mechanisms through

which oestradiol affects different types of activity may not be the

same (127, 128) and alterations in anxiety affect movement in an

open field (129), further complicating investigations of this subject.

Unlike many of the endocrine factors described here, oestradiol is

not necessarily a signal of peripheral energy balance, but rather

adjusts energy balance according to the current needs of the

organism based on reproductive status (130), and thereby has a

potentially large impact on body weight and NEAT.

Integration of energy balance signals

Peripheral hormones that indicate energy balance status act on the

brain, which then integrates the information to affect energy intake

and expenditure. Both peripheral sensor mechanisms and central

neuropeptide systems that regulate feeding are notoriously redun-

dant. Again, many of the neuropeptides and brain regions impor-

tant in modulating appetite also affect energy balance through

their modulation of NEAT. Some brain regions and neuropeptides

associated with the control of food intake are more important than

others when considering the control of NEAT, and the brain circuits

controlling each function appear to diverge. The arcuate nucleus of

the hypothalamus is critical for the integration of central and

peripheral signals that modulate energy balance (93, 131, 132). The

mechanism through which the arcuate nucleus affects appetite

centres on the actions of two cell types. One cell type is orexigenic

and contains neuropeptide Y (NPY) and agouti-related peptide

(AgRP), whereas the other set of neurones is anorexigenic and con-

tains cocaine- and amphetamine-regulated transcript (CART) and

pro-opiomelanocortin (POMC) (93, 131, 133). Many peripheral sig-

nals that affect appetite are thought to do so through their actions

on these groups of arcuate neurones. For example, leptin stimulates

the CART ⁄ POMC neurones and inhibits the NPY ⁄ AGRP neurones to

decrease appetite (134). The arcuate nucleus also integrates infor-

mation conveyed by different peripheral signals of energy balance

(132). Central CART peptide reduces appetite as well as NPY-

induced feeding, indicating an interaction between the two classes

of arcuate neurones involved in feeding behaviour (135). Others

have found that CART is orexigenic, however (136). Might these

same cells have actions on locomotor activity and NEAT? Restoring

leptin signalling in the arcuate nucleus of leptin receptor-null mice

dramatically increases physical activity in these mice (93), implying

that the effects of leptin on locomotor activity are mediated

through the arcuate nucleus. The arcuate nucleus and the peptides

contained in its neurones appear to be central to the integration of

energy balance cues for the regulation of not only energy intake,

but also NEAT.

If the neuropeptides contained within the arcuate nucleus alter

NEAT to reach energy balance homeostasis, then one would expect

feeding signals (NPY and AgRP) to decrease NEAT and satiety sig-

nals (CART and POMC) to increase it. First, microinjections of

CART(55–102) into the arcuate induce increases in locomotion

(136), supporting the hypothesis outlined above. The regulation of

energy balance by POMC occurs primarily through the actions of

a-melanocyte-stimulating hormone (a-MSH) on brain melanocortin

receptors (MCR, specifically MC3R and MC4R), tonically inhibiting

food intake (137). Serotonin also appears to mediate its effects on

food intake through melanocortin signalling pathways (138, 139).

But what about energy expenditure and NEAT? Male mice deficient

in the MC4R show decreased locomotor activity, and mice deficient

in MC4R also showed decreased oxygen consumption compared to

wild-types (140). a-MSH given i.c.v., as well as both a-MSH and

MC1R agonist infused into the ventral tegmental area (VTA),

increased grooming and locomotor activity in rats, both NEAT-pro-

moting activities (141). Another study found no effect of a-MSH on

locomotion, however (142). Clues to the role of melanocortins in

NEAT can also be garnered from studies in AgRP, which acts pri-

marily as a melanocortin receptor inverse agonist but also has

other actions (143). AgRP when given i.c.v. increases appetite (144).

Similar to ghrelin, i.c.v. AgRP also induces significant long-term (up

to 72 h) decreases in locomotor activity (69). Mice deficient in

AgRP also show age-related decreases in body weight as well as

increased locomotor activity (145). In general, agents that block the

AgRP increase NEAT, suggesting that melanocortins may toncially

activate NEAT.

NPY is perhaps the most widely recognised hunger signal (146,

147). There is no consensus regarding the effect of NPY on NEAT,

however. Early studies reported that central application of NPY

induced sedation, decreased physical activity, and decreased body

temperature (148, 149). NPY has also been associated with

decreased thermogenesis, and the promotion of positive energy bal-

ance (147). Others have reported no change in physical activity

after NPY or even increases in activity or wakefulness with

decreased sleep (69, 150, 151). It has been suggested that NPY is
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related to the behaviours associated with dark onset in nocturnal

animals, such as increased feeding and activity (150). An early idea

suggested that NPY was associated with foraging as well as feeding

(i.e. both the appetitive and consummatory aspects of appetite)

because NPY increased activity in rats, but only when food was not

readily available (151). NPY and NPY receptor agonists increase

appetitive as well as consummatory aspects of feeding because

they increase foraging and food hoarding in Siberian hamsters

(152). Like orexin, the teleological role of NPY may not be assigned

strictly to either positive or negative energy balance regulation, and

this is reflected in its varied effects on physical activity in different

situations.

Further integration of NEAT signals

Other hypothalamic and forebrain nuclei also play an important role

in sensing hunger signals and integrating information regarding

energy balance, including the PVN, lateral hypothalamic area (LHA),

ventromedial nucleus (VMN), dorsomedial nucleus, periventricular

nucleus, septum, and preoptic nucleus (131, 153). For example, glu-

cose can be directly sensed by the hypothalamus, specifically by

neurones in the LHA, arcuate nucleus, and VMN, as well as by

brainstem neurones (107, 154). These cells act as sensor-integrator-

effector neurones that may be important in the development of

obesity (107, 155). Lastly, sensory innervation of adipose tissue also

helps to regulate adiposity (156), indicating that the brain also

senses energy balance through this route. The PVN is likely to be

especially important in the ability of neural signals to alter NEAT.

The PVN is known to mediate the locomotor-activating effect of

several neuropeptides (74, 157, 158), affect energy expenditure (99,

106) through sympathetic activation, and have indirect projections

to adipose tissue (159). Altogether, these features imply that the

PVN is integral to the neuropeptidergic control of physical activity

and energy expenditure. One example of the importance of the PVN

in the modulation of NEAT is the increase in physical activity

induced by neuromedin U (NMU) (74). NMU is a gastrointestinal

peptide synthesised in hypothalamic nuclei including the arcuate

and VMN (160). Central NMU decreases food intake and increases

NEAT in rats, partially through its actions on the PVN (74, 157,

161). This may be one pathway through which leptin acts to alter

physical activity and energy expenditure as leptin induces hypotha-

lamic release of NMU, and leptin-induced hypophagia is attenuated

after pretreatment with anti-NMU antisera (157, 161).

Neurones containing melanin-concentrating hormone (MCH)

reside in similar brain regions as those containing orexin, but the

two peptides are not colocalised (162). But, like orexin, MCH stimu-

lates appetite (163), and mice lacking MCH eat less and display a

lean phenotype (162, 164). MCH may also have a role in the regu-

lation of NEAT because MCH-deficient mice show an increased

metabolic rate (164). Mice deficient in the MCH 1 receptor (MCH1r)

have reduced body fat, are hyperactive, and have higher night time

energy expenditure than their wild-type counterparts (165, 166).

The decreased susceptibility to diet-induced obesity in these mice is

likely to be due to their increased NEAT (165, 166), and mice

deficient in MCH1r are more active than wild-type mice (167).

These studies suggest that MCH normally acts to decrease physical

activity and NEAT, and that MCH may be another route through

which leptin affects NEAT and obesity. Leptin-deficient mice that

are also lacking the gene encoding MCH are lean compared to

ob ⁄ ob mice, but are also hyperphagic. The lean phenotype is due in

part to their increased physical activity and therefore NEAT (168).

Several lines of evidence suggest that one role of MCH is to

increase NEAT in response to positive energy balance as signalled

by increased circulating leptin; this may be one route through

which MCH decreases obesity (165, 166, 168).

Several other brain neuropeptides that affect appetite also alter

NEAT. Thyrotrophin-releasing hormone (TRH) given centrally

decreases food intake, indicating that its effects on appetite are

separate from its role as a releasing hormone (169). TRH similarly

enhances physical activity levels (169–171). Urocortin is involved in

satiety and also increases grooming when microinjected centrally;

its effects on locomotor activity may be suppressive and are more

complicated, however, due to its interaction with corticotrophin-

releasing hormone (CRH) (172). Galanin-like peptide (GALP) also

alters energy intake (173), although its effects on NEAT and energy

expenditure are less certain. GALP has also been found to decrease

food intake, body weight, and locomotion, although these results

are difficult to interpret given that GALP also induced a conditioned

taste aversion (174, 175). Central administration of calcitonin gene-

related peptide (CGRP), also associated with parasympathetic sen-

sory fibres and found in the nucleus of the solitary tract (NTS),

decreases spontaneous locomotor activity and open field activity

(101, 103, 104, 176). This peptide also suppresses food intake (177).

Similar results were found with calcitonin receptor-stimulating pep-

tide (178). Alterations in brain-derived neurotrophic factor (BDNF)

did not follow the same pattern. Mice heterozygous for the gene

encoding a BDNF mutation also show differences in body weight

and locomotor activity (179). Of the heterozygous mice, half of the

mice develop obesity. Compared to wild-types, as well as the one-

half of heterozygotes that show increased body fat composition,

the nonfat heterozygotes display almost twice the amount of phys-

ical activity (179). This implies that the increased NEAT seen in this

portion of the heterozygotes contributed to their ability to fend off

weight gain.

The brain peptide orexin belongs in its own category due to its

ability to increase both appetite and NEAT. Orexin A and B (also

called hypocretin 1 and 2) act on orexin receptors in areas of the

brain important in the sleep–wake cycle as well as hypothalamic

nuclei central to metabolism and feeding. Unlike many hunger sig-

nals described above, orexin consistently and robustly increases

both locomotor activity and energy expenditure (180). This may

reflect the role of orexin in relaying circadian information related

to vigilance and metabolism (181). Accordingly, orexin is associated

with activities and states that normally occur during the active

phase such as physical activity, wakefulness, and increases in both

energy intake and expenditure. The importance of rhythmic orexin

is reflected in its ability to increase feeding during the light (inac-

tive) phase in nocturnal rodents, a time when orexin release is
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normally low (182). Whereas central orexins increase feeding at

only certain times of day, locomotion and energy expenditure are

increased regardless of the time of administration (183, 184), fur-

ther underlining the importance of orexin in the regulation of loco-

motion, energy expenditure, and NEAT. Moreover, the effects of

orexin on energy expenditure appear to outweigh (so to speak) its

effects on food intake because orexin knockout mice show

increases in body weight despite decreased food intake (185). Ironi-

cally, it is precisely because of its ability to induce coordinated

increases in appetite and energy expenditure that makes orexin an

attractive target for the increase in energy expenditure through

NEAT. Insensitivity to satiety or adiposity signals such as leptin may

result in heightened appetite along with decreased NEAT, a one-

way road toward obesity. Increased appetite due to orexin, on the

other hand, is likely to be associated with increased physical activity

and energy expenditure to offset the weight gain incurred.

Several of the hormones addressed in this review exert their

effects on appetite through their actions on hindbrain nuclei. The

area postrema (AP) is a circumventricular organ important in the

integration of several circulating signals (186). The adjacent NTS

receives input from the AP, further integrates the information with

other incoming neural signals, and sends projections to other brain

regions important in appetite (186). These caudal brainstem nuclei

are important in sensing and integrating information received from

signals indicating digestion and sensation of food, as well as circu-

lating and stored fuels as indicated by receptor content, direct

actions of hormones and peptides on these brain regions, and

lesion studies (56, 186). The gastrointestinal peptides that induce

satiety and decrease meal size include CCK, glucagon, glucagon-like

peptides, somatostatin, enterostatin, peptide YY, oxyntomodulin,

and peptides of the bombesin family; many of these peptides are

also synthesised in brain regions that regulate energy balance (187,

188). The NTS is responsive to satiety factors secreted from the gut

as well as to hypothalamic neuropeptides, leptin, and insulin, and

have reciprocal connections with hypothalamic nuclei important in

energy balance (186, 187). Importantly, the vagus nerve also relates

gastrointestinal information to the NTS (186).

How might the gastrointestinal satiety signals, hindbrain nuclei,

and vagal afferent nerves influence NEAT? First, CCK does not fit

the usual pattern of satiety signals of increasing NEAT. Through its

actions on the NTS, CCK initiates a behavioural satiety sequence

that includes decreased locomotor activity, probably through activa-

tion of CCK-A receptors that affect dopaminergic mechanisms (78,

79, 81, 84, 189). The vagus nerve is also important in mediating the

ability of CCK to induce satiety (190). For its inhibitory effects on

locomotion, the effects of peripheral but not central administration

of CCK were reliant on an intact vagal pathway (189). Amylin, a

pancreatic peptide, acts primarily in the AP to induce satiety and

specifically to control meal size, and also acts as an adiposity sig-

nal; similar effects are found with CGRP (100, 191, 192). Similar to

CCK, amylin does not increase NEAT; indeed, amylin inhibits open

field locomotion (101, 103, 104), possibly acting through dopami-

nergic mechanisms (193) or through orexin and MCH (100).

Another circulating signal sensed by the AP is glucose; decreased

glucose utilisation triggers hunger, but evidence does support the

idea that sugar intake alters NEAT, as described above. Lastly, hind-

brain areas are more sensitive to the appetite-suppressive actions

of bombesin, whereas bombesin is likely to act in forebrain areas to

increase locomotion (194, 195). Generally speaking, when compared

to satiety signals that act primarily in the hypothalamus, hindbrain

satiety mechanisms are associated with decreased locomotor activ-

ity rather than increasing NEAT to adjust energy balance. This could

be due to the triggering of a satiety sequence rather than a signal

of excess energy intake. The different effects of hindbrain vs hypo-

thalamic peptides in NEAT and energy balance may have phyloge-

netic implications.

The limbic system, including the amygdala and the mesolimbic

dopamine pathway, is also important for the integration of NEAT-

related neural and hormonal signals. This system includes the VTA

and nucleus accumbens (NAC) and is important in reward and

addiction (196). Along with its importance in addiction, the meso-

limbic pathway also mediates the rewarding value associated with

food (197). Several of the hormones and neuropeptides discussed

here act on these brain structures to alter physical activity (170,

189, 193, 194, 198–200). Orexin A acts in the shell region of the

NAC to induce both food intake and locomotor activity (198). Ghre-

lin also acts in the VTA to increase feeding, presumably through

increased dopaminergic neurotransmission (199). Although ghrelin

decreases long-term physical activity in rats (69, 71), the effects of

intra-VTA ghrelin on activity were not examined (199). In addition,

the locomotor-activating and -sensitizing effects of amphetamine

were decreased in leptin-deficient ob ⁄ ob mice compared to wild-

types, and this effect was reversed by infusing leptin peripherally

(201), suggesting that leptin interacts with the mesolimbic dopa-

mine system. Moreover, leptin decreases the firing rate of VTA neu-

rones, and intra-VTA leptin decreases food intake (202). Although

intra-VTA leptin did not affect locomotion, activity was decreased

when leptin receptor expression was suppressed in the VTA; this

was accompanied by increased food intake (202). Both CCK (189)

and amylin (193) act in the NAC to decrease locomotor activity. It

is interesting that CCK only decreased open field locomotion if the

environment was novel (203). It should also be noted that unilateral

(right) intra-NAC CCK infusions actually increased locomotion, as

did intra-amygdala infusions of low doses (but not higher doses,

which, again, decreased activity) (200). Lastly, intra-VTA administra-

tion of melanocortin agonists increase vertical activity (204). The

limbic system integrates information from several neuropeptides

that affect NEAT.

Divergence of mechanisms controlling appetite and NEAT

Many of the hypothalamic factors that increase appetite also

decrease NEAT, and other factors that decrease appetite increase

NEAT. Although the neural mechanisms mediating food intake have

been studied intensely, few efforts have been made to determine

how these hormones and peptides affect physical activity and NEAT

(71). The brain mechanisms mediating the ability of neuroendocrine

factors to alter energy intake and expenditure appear to diverge at

some point. For example, the CRH receptor 2 was found to be more
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critical for the effects of CRH on appetite (205), which suggests a

divergence in the central mechanisms of CRH on appetite versus

physical activity. Bombesin, which decreases food intake and

increases locomotor activity, acts on different brain sites to initiate

these effects (194, 195, 206). Similarly, the pathways mediating

thermogenic and feeding responses to NPY also diverge (207).

Results such as these also imply that changes in locomotor activity

are not dependent on changes in food intake and vice-versa.

Effector mechanisms

Once the peripheral and hormonal cues conveying information

regarding energy balance have been integrated by central networks,

effector systems can then alter NEAT appropriately. Within an indi-

vidual, NEAT can be amplified in two different ways, either through

increasing the amount of physical activity or through decreasing

the efficiency of movement so that the energy expenditure required

for the movement is increased. Because potential mechanisms that

modulate the amount of physical activity are more apparent, rela-

tively more information is known regarding the integration of these

systems compared to the mechanisms underlying changes in skele-

tal muscle work efficiency. How might signals increase the amount

of physical activity? Many of the brain systems controlling appetite

and metabolism interact with brain monoaminergic arousal systems

such as the noradrenergic neurones in the locus coeruleus (LC),

serotonergic neurones in the raphe nuclei, dopaminergic neurones

in several brain systems including the mesolimbic pathway, and the

histaminergic neurones in the tuberomammilary nucleus, as well as

cholinergic nuclei in the brainstem. All of these systems are impor-

tant in arousal, vigilance, and physical activity and interact with

striatal, thalamic, or cortical systems, as well as descending motor

and autonomic systems (208). For example, orexin modulates these

monoaminergic arousal systems and stimulates widespread cortical

activation (209). It is possible that these arousal systems are

utilised as an effector mechanism to alter NEAT and reach energy

balance homeostasis.

Many factors also act through the mesolimbic dopamine system

to alter activity levels. Although the NAC core region has indirect

projections to premotor cotex via the basal ganglia (210), the

NAC shell region has been the focus of studies examining neuro-

peptide-induced locomotion (198, 201). For the locomotion medi-

ated by the mesolimbic pathway, the NAC output pathway

involving the ventral pallidum (VP), mediodorsal thalamus, and

prefrontal cortex is a likely candidate for affecting the amount of

physical activity (210, 211). Although this pathway has been

investigated mostly with respect to the hedonic aspects of

rewarding stimuli, the VTA–NAC–VP circuit also mediates the

increased locomotion induced by a novel environment (211). It

could well be that some of the energy balance signals reviewed

here tap into this circuit to affect locomotor activity. This is

an especially enticing possibility given that, for many of the

hormones and neuropeptides discussed here, locomotor activity

is altered depending on the novelty of the environment, possibly

due to interactions between brain mechanisms underlying physical

activity and fear or anxiety (200, 212–214).

NEAT can also be altered through descending neural systems that

modulate autonomic systems or muscle tone. For example, ghrelin

alters thermogenesis, probably by affecting the sympathetic nervous

system (215). Also, orexin acting on the LC increases skeletal muscle

tone (216). Orexin has descending projections to spinal cord regions

that increase sympathetic preganglionic neurone excitation and

modulate autonomic tone, thereby affecting energy homeostasis

(217). There are also descending serotonergic systems that modu-

late autonomic tone. Importantly, one brain region that projects to

autonomic systems is the PVN, also shown to mediate increases in

NEAT from many neuropeptides (72, 74). The PVN increases sympa-

thetic drive (218) and controls sympathetic projections, including

those to both white and brown adipose tissue (219). Another hypo-

thalamic nucleus, the VMN, plays a role in increasing glucose

uptake in tissues that use energy but not tissues that store energy

(220). In this way, the brain can activate autonomic projections and

increase the energy utilisation associated with physical activity.

Lastly, the energy efficiency of activity can be modulated by

endocrine systems activated by the same ascending and descending

neural systems described above. The work efficiency of skeletal

muscle is decreased and the energy expenditure of physical activity

is increased during weight loss or caloric restriction, reflecting a

resistance to the maintenance of altered body weight that is sup-

ported by the autonomic nervous system (35, 36, 49, 221, 222),

especially sympathetic drive (223). Moreover, the energy expendi-

ture of activity appears to contribute the most to the changes in

energy expenditure after experimental weight change (35). In

humans, weight loss results in increased skeletal muscle work effi-

ciency, whereas weight gain has the opposite effect, both opposing

the change in body weight and adiposity by altering NEAT (221).

Low-dose leptin treatment reverses the effects of weight loss on

efficiency, sympathetic tone, and thyroid hormone levels, all of

which presumably contributed to the increased energy expenditure

shown by these subjects (221, 224, 225). It is especially intriguing

that changes in skeletal muscle work efficiency were only detect-

able at low levels of physical activity, hinting that the work effi-

ciency of NEAT, rather than exercise or resting thermogenesis, may

be the critical to weight loss in this scenario (225). Within skeletal

myocytes, the mechanism for this change may be the alteration of

uncoupling proteins, some of which show decreased expression

after weight loss (226); this might contribute to the increased effi-

ciency and decreased energy expenditure of movement. Adrenal

hormones associated with energy utilisation such as glucocorticoids

and epinephrine increase the fuels available to tissues that utilise

energy during increased activity, such as cardiac and skeletal mus-

cle. Thyroid hormone also affects metabolism (227), and possibly

skeletal muscle thermogenesis (228), but increases work efficiency

and decreases skeletal muscle glycogen utilisation (229). It is inter-

esting to note that the brain systems involved in the release of

these hormones, such as CRH and TRH, also increase NEAT, high-

lighting the redundant coordination of NEAT and energy balance.

Differences in NEAT are seen in association with obesity and

obesity propensity, as well as with alterations in diet and body

weight (37, 38). As an example, variations in NEAT could be due to

individual differences in brain orexin. Increased orexin release or
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sensitivity in lean individuals would lead to increased levels of

activity through the activation of brain arousal systems. Orexin is

also sensitive to changes in energy balance through, among other

mechanisms, circulating leptin and triglycerides (230, 231), implying

that these signals have the potential to alter NEAT through their

actions on orexin. Several of the sensor and integrator systems dis-

cussed here, including orexin, have direct or indirect access to

CRH-containing cells within the PVN and have the ability to induce

CRH release (232–234). In addition to decreasing food intake, CRH

(i.c.v.) dose-dependently increases motor activity in rats, promoting

negative energy balance through both its anorectic actions and

increasing physical activity and thermogenesis (158, 205, 235). CRH

neurones from the PVN contact both orexin-containing neurones

(236) and noradrenergic neurones in the LC (237), which then acti-

vate cortical arousal and motor systems. Lastly, CRH activates the

hypothalamic-pituitary-adrenal axis causing the release of coriticos-

teroids, which can affect the work efficiency of skeletal muscle.

CRH has been found to increase brown adipose tissue thermogene-

sis and heart rate through its actions on the DMH (238). This is

one possible route through which alterations in energy balance

might result in changes in NEAT.

Implications for energy balance and NEAT

Reward

As described above, the neural systems involved in addiction also

mediate the rewarding aspects of food and interact with cognitive

systems impacted by environmental influences (64, 65, 199, 201,

202, 239). Moreover, this same circuit mediates changes in locomo-

tor activity initiated by several metabolic hormones and neuropep-

tides. For example, CCK acts in the NAC to decrease locomotion

(240), and the suppressive actions of amylin on locomotion may be

through the NAC (193). Also, orexin A changes synaptic efficacy in

the VTA, suggesting a role for orexin in neural plasticity and addic-

tion (241). Activation of orexin neurones is associated with both

food and drug reward, as demonstrated using conditioned place

preferences, as well as the reinstatement of drug-seeking (242). This

mechanistic overlap implies that these peptides may also modulate

the rewarding or addictive properties of stimuli, and further sug-

gests the possibility that changes in NEAT may be linked to not

only the novelty or rewarding aspects of foods, but also to other

rewarding stimuli, both endogenous and exogenous. Drugs of abuse

that increase locomotion through this brain reward system may

override endogenous NEAT signals, thereby altering energy balance

homeostasis. Moreover, other alterations in brain hedonics associ-

ated with, for example, depression or eating disorders might also

be linked to changes in NEAT through this same pathway. Such

data raise the question of whether the actions of neuropeptides

such as orexin on NEAT might interact with the brain mechanisms

that mediate addiction. First, there are individual differences in

NEAT that relate to obesity as well as to changes in hypothalamic

orexin levels and central orexin sensitivity (72, 180). Is there a rela-

tionship between obesity or the propensity for obesity, decreased

NEAT, decreased orexin sensitivity, and the addictive or rewarding

properties of drugs or food? These two processes (reward and

NEAT) may or may not interact with respect to orexin signalling,

depending on whether the same subset of orexin neurones is

involved in NEAT and the modulation of reward (242). Conversely,

if environmental cues related to rewarding stimuli activate brain or-

exin neurones (242), how might this affect NEAT and the ability of

NEAT to combat obesity? Similar to orexin, leptin may also affect

the brain reward system: leptin-deficient ob ⁄ ob mice demonstrate

decreased dopamine synthesis, content, and release after NAC stim-

ulation compared to wild-type mice (201). Lastly, chronic amphet-

amine treatment affects the ability of intra-NAC CCK antagonists

to alter amphetamine-induced locomotion in rats (243). These data

suggest that endogenous and exogenous rewarding stimuli may not

only alter NEAT, also but might modify the way energy balance sig-

nals modulate NEAT.

Stress

Systems and peptides that are important for the modulation of

NEAT are also integral to the stress response (244). It has been sug-

gested that CRH and related peptides such as urocortin mimic the

stress response by increasing arousal and decreasing appetite (245).

On the other hand, Heinrichs and Joppa (246) argued that the loco-

motor-activating and anxiety-like effects of CRH are mechanistically

separable and, furthermore, that the arousal induced by CRH is the

more physiologically relevant action of the peptide (235, 246). The

PVN, a brain region important of the integration of NEAT-promot-

ing signals, is central to the stress response because of both the

action of CRH cells on peripheral hormone levels as well as the

central actions of CRH. Moreover, many of the NEAT signals

described here appear to interact with brain mechanisms controlling

stress- and anxiety-related behaviours. For example, even though

CCK is known to act in the NAC to decrease locomotion, the effect

is only seen in a novel environment and not in a familiar one

(240). The ability of CCK to modulate activity is also dependent on

the stress response of the animal because a CCK receptor antago-

nist given in the NAC only affected activity in a novel environment

if the rats were previously exposed to chronic restraint stress (243).

Rotziner and Vaccarino (83) suggested that CCK-B receptors in the

amygdala mediate the effects of CCK on anxiety-related behaviours,

whereas CCK-A receptors in the NAC are important for reward-

related behaviours. Other NEAT factors, including oestradiol (212)

and galanin (244), also influence fear- and anxiety-related behav-

iours. Moreover, these processes are also altered by diet. For exam-

ple, the ability of restraint stress to induce corticosterone secretion

in rats was augmented by a high-fat diet (247), and rats exposed

to a high-fat diet for only 4 days showed a similar enhancement of

corticosterone secretion (248). Findings such as these are interest-

ing in that they suggest that the mechanisms controlling NEAT are

intertwined with those controlling anxiety and the stress response.

This suggests the possibility that differences in anxiety or respon-

siveness to stress might be related to individual differences in obes-

ity propensity due to variability in NEAT. Diet-induced obese rats

have been shown to be hyporesponsive to chronic stress and show
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reduced amygdala CRH expression (249, 250), both of which may

contribute to their decreased NEAT compared to lean rats. It might

be assumed that brain mechanisms controlling the behavioural

response to stress have been co-opted to alter NEAT in the service

of energy balance. The use of running wheels or the a novel envi-

ronment can modulate how neuropeptides and hormones affect

NEAT (42, 83). Altogether, studies such as these underscore the

importance of closely examining the methods used to measure

locomotion.

Sleep

Most of the research on the interaction between obesity and

sleep has appropriately focused on the effects of weight gain on

sleep apnoea and the resulting increase in sleepiness, although

other interactions between sleep and energy balance systems are

beginning to be recognised (251, 252). Many of the systems that

potentially affect energy balance and NEAT are also involved in

the modulation of the sleep–wake cycle to different degrees. The

most salient example of this is the orexin system. The two

functions of orexin that were first recognised were to induce

feeding and modulate the onset of rapid eye movement sleep

(253, 254). Subsequently, the role of orexin in the modulation of

energy balance has risen to prominence, as has its role in the

induction of NEAT (255). More recently, other systems that

primarily modulate energy balance have also been shown to

affect sleep. Ghrelin promotes slow-wave sleep; obestatin, which

is derived from the same gene as ghrelin, has the opposite

effect (256, 257). Leptin increases sleep (258), and NPY decreases

it (150). Overall, the mechanisms of these actions are not as

well understood as are the mechanisms mediating the effects of

orexin on sleep (259, 260). In the case of orexin, although it is

likely that the neural substrates through which orexin modulates

sleep and NEAT overlap, it is unlikely that orexin increases NEAT

exclusively through decreasing sleep. Intra-PVN orexin increases

NEAT during both the active and inactive phases of the cycle in

rats (184), and orexin increases activity to levels far above those

predicted if it simply inhibited sleep (73, 184). Again, it might be

suggested that the orexin system and its downstream mecha-

nisms were co-opted to serve energy balance by modulating

NEAT.

Summary

A multitude of neural and endocrine factors that affect appetite

also have a demonstrable and predictable effect on NEAT. Com-

pared to the neural mechanisms of appetite, only a modest amount

of information is available describing the neural mechanisms that

give rise to changes in NEAT in the service of energy balance. This

is especially true regarding the effects of metabolic cues on human

energy balance with respect to NEAT or energy expenditure in gen-

eral (261). As the importance of NEAT in human energy balance is

increasingly being recognised, the influences of diet and genetic

background on physical activity and NEAT are being examined more

closely. Because of the importance of the modern sedentary envi-

ronment on obesity trends, and especially because of the failure of

current treatments to effectively combat obesity in the majority of

individuals, we should recognise that potential environmental,

behavioural, and pharmacological manipulations of NEAT open up

many avenues for the treatment of obesity.
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