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Neuromedin U in the Paraventricular and Arcuate Hypothalamic Nuclei
Increases Non-Exercise Activity Thermogenesis
C. M. Novak, M. Zhang and J. A. Levine

Endocrine Research Unit, Mayo Clinic and Mayo Foundation, Rochester, MN, USA.

The rise in obesity is paralleled by a decrease in the physical activity

levels in the population (1–3). A sedentary lifestyle can have a

significant contribution to weight gain and poor health (1, 4–7).

Energy expended through physical activity is the most variable

component of energy expenditure and, in the majority of individu-

als, is composed primarily of nonexercise activity thermogenesis

(NEAT) (8–10). Lean and obese individuals show differing amounts

of daily NEAT, and individuals with high NEAT also show a heigh-

tened ability to ward off weight gain in the face of increased calo-

ric intake (11, 12). Therefore, the energy expenditure associated

with nonexercise activity can have a substantial impact on energy

balance and weight gain.

Total daily energy expenditure is comprised of basal metabolic

rate, thermic effect of food, and the energy expenditure of activ-

ity (EEA). In humans, EEA is divided into the energy expenditure

of exercise and NEAT. In animals, NEAT is all of the energy

expenditure of activity. Growing evidence indicates that levels of

physical activity and NEAT are centrally regulated (13, 14). More-

over, many of the same neural and hormonal factors that regu-

late energy intake also modulate energy expenditure, often

though altering NEAT (14–17). One such peptide is neuromedin

U (NMU) (18). Neuromedin U not only decreases energy intake,

but also increases energy expenditure and grooming behaviour

(18–26). The present study aimed to address the hypothesis that

NMU increases physical activity and NEAT through its actions on

the paraventriular nucleus (PVN) and arcuate nucleus using site-

specific hypothalamic microinjections. The PVN contains NMU-2

receptors (NMU2R) (21, 27, 28), is an important region in NMU-

induced feeding (22), and responds to NMU stimulation (29, 30).

We microinjected progressive doses of NMU into the PVN and

measured changes in physical activity and energy expenditure.

The arcuate nucleus, in addition to containing NMU-positive cells,

is also a putative target of the effects of NMU on feeding (22,

28). We therefore examined how local application of NMU into

the arcuate nucleus alters NEAT in rats.

Materials and methods

Nineteen adult male Sprague-Dawley rats (Harlan; Indianapolis, IN, USA)

were used in these studies. Animals were singly housed on a 12 : 12 h

light ⁄ dark cycle (lights on 05.00 hours CST) and had access to water and

food ad lib (Laboratory Rodent Diet 5001, PMI Nutrition International;
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Brain neuromedin U (NMU) has been associated with the regulation of both energy intake and

expenditure. We hypothesized that NMU induces changes in spontaneous physical activity and

nonexercise activity thermogenesis (NEAT) through its actions on hypothalamic nuclei. We

applied increasing doses of NMU directly to the paraventricular (PVN) and arcuate hypothalamic

nuclei using chronic unilateral guide cannulae. In both nuclei, NMU significantly and dose-

dependently increased physical activity and NEAT. Moreover, NMU increased physical activity

and NEAT during the first hour of the dark phase, indicating that the reduction of sleep is unli-

kely to account for the increased physical activity seen with NMU treatment. As a positive con-

trol, we demonstrated that paraventricular NMU also significantly decreased food intake, as well

as body weight. These data demonstrate that NMU is positively associated with NEAT through

its actions in the PVN and arcuate nucleus. In co-ordination with its suppressive effects on

feeding, the NEAT-activating effects of NMU make it a potential candidate in the combat of

obesity.
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St Louis, MO, USA). The protocol was approved by the Mayo Foundation

Institutional Animal Care and Use Committee.

Stereotaxic surgery

Each rat was stereotaxically fitted with a chronic unilateral guide cannulae

aimed at the PVN, as described previously (13, 31). All cannulation supplies

(guide cannulae, dummy cannulae, and microinjection needles) came from

Plastics One (Roanoke, VA, USA). Each animal was anaesthetized with

sodium pentobarbitone (Nembutal; 50 mg ⁄ kg), shaved, cleaned, and implan-

ted with a guide cannulae using the following coordinates for the PVN: AP

)1.3 from bregma; ML 0.5 from bregma; DV )7.0 (for rats less than 290 g)

to )7.3 (for rats over 290 g) from skull. The following coordinates were

used for the arcuate nucleus: AP )2.4 from bregma; ML 2.0 from bregma;

DV )6.2 from dura mater at a 10� angle from vertical. The microinjection

needles were fit to extend 1 mm (PVN) or 3 mm (arcuate nucleus) beyond

the guide cannulae. After surgery, dummy cannulae were screwed into the

guide cannulae, and each animal received buprenex, as they did on subse-

quent postsurgical days as deemed necessary for pain relief (up to 3 days).

Microinjection of NMU

Each rat was removed from its acclimation cage and gently restrained. The

dummy cannulae was removed and the microinjection needle, attached to a

2-ll Hamilton syringe, was inserted into the guide cannulae. The rat was

microinjected with NMU or vehicle (artificial cerbrospinal fluid; aCSF) over

30 s; the microinjection needle was allowed to remain in place for an addi-

tional 30 s. After the needle was removed and the dummy cannulae

replaced, the measurement began. Unilateral microinjections were used in

the studies described here. Unilateral injections are reliably sufficient to

induce changes in behaviours (31, 32). It is possible that we underestimated

the potential effects of NMU on physical activity and energy expenditure by

using unilateral instead of bilateral microinjections.

Measurements of physical activity and energy expenditure

Each rat was acclimatized to the testing room and chamber for at least 24 h

prior to NEAT measurement and weighed just prior to measurement. We meas-

ured physical activity and energy expenditure using two Columbus Instru-

ments small animal, open-circuit, indirect calorimeters (Columbus, OH, USA),

which are able to measure minute-to-minute energy expenditure in two rats

concurrently. Physical activity was measured simultaneously using Opto-M

Varimex Minor activity monitors (Columbus Instruments). These devices con-

tain 45 collimated infrared activity sensors that detect horizontal and vertical

movement, as well as ambulatory movements (excluding repetitive signals

from a single infrared beam). Before measurements commenced, each calori-

meter was calibrated using a primary gas standard. Physical activity and

energy expenditure data were collected simultaneously once every minute,

excluding the first 4 min of the measurement as well as 4 min after every 30

1-min samples thereafter for the collection of reference data. Data from the

first 20 min after microinjection were not included in the analyses due to the

characteristic hyperactivity induced by the injection procedure. For each NEAT

measurement, each rat was videotaped using a time-lapse videorecorder and,

if necessary for night viewing, a light with an ultraviolet filter.

Determination of injection site

At the conclusion of each study, the microinjection site was determined.

Each rat was given a terminal injection of sodium pentobarbitone (Nem-

butal). India ink (500 nl) was microinjected through the guide cannulae.

Brains were removed and fixed in 10% buffered formalin (Fisher Scienti-

fic, Minneapolis, MN, USA) for 2 days, then allowed to sink in 30%

sucrose dissolved in buffered formalin for 2–3 days. Brains were then

sectioned at 50 lm using a Leica cryostat (Leica Microsystems, Wetzlar,

Germany) and mounted onto Fisher Superfrost Plus slides. The slides were

stained with cresyl violet and coverslipped using DPX. Each brain section

containing the area of interest (i.e. PVN or arcuate nucleus) was exam-

ined by two investigators using a microscope equipped with a calibrated

reticle. If the injection site was within 250 lm of the brain region tar-

geted, then the data from that animal were used in the final analysis.

The final animal numbers used in the analyses were seven (PVN NEAT),

seven (arcuate NEAT), six (dark phase PVN microinjections), and six (PVN

feeding). The microinjections into the PVN were not specific to either the

magnocellular or parvocellular region.

NMU in the PVN: effects on NEAT

In the first study, we hypothesized that NMU acts in the PVN to

increase NEAT in rats. To address this hypothesis, we injected rats with

progressive doses of NMU (Phoenix Pharmaceuticals; Belmont, CA, USA;

0, 0.125, 0.25, 0.5, and 1.0 nmol in 500 nl aCSF). Rats were measured in

pairs (one rat was randomly assigned to one of the two calorimeters),

and each pair of rats received a different dose of NMU on a given day,

resulting in a different order of doses on five contiguous days for each

pair of rats. Each measurement lasted 2 h, and all measurements were

made during the light phase of the cycle (excluding the first 15 min and

last 30 min of the light phase). A given rat was measured at the same

time each day. After the microinjection, the rat was gently placed in the

calorimetry chamber (without food or water), the chamber was sealed,

and the measurement was started. Room air was pumped through the

chamber at 3 l ⁄min, with the sample flow set at 0.7 l ⁄min. Energy

expenditure was calculated from the measurements of O2 consumption

and CO2 production. After the end of the test, the rat was returned to

its acclimation chamber and the calorimeter chamber was cleaned in pre-

paration for the next measurement. Data from the first hour (excluding

the first 20 min) of the measurement as well as the entire 2-h test were

averaged to yield mean oxygen consumption (VO2), respiratory quotient

(RQ, or the ratio of CO2 produced to O2 consumed), thermogenesis, phys-

ical activity (horizontal, vertical, ambulatory, total, as well as ‘stationary

activity’, or the horizontal counts minus the ambulatory counts, to cap-

ture repetitive, stereotypic movement), and the percent time ambulatory

(the percent of 1-min bins showing at least one ambulatory count).

NMU in the arcuate nucleus: effects on NEAT

We hypothesized that the arcuate nucleus may also be responsive to the

actions of NMU on physical activity and NEAT. To test this hypothesis, we

microinjected rats with progressive doses of NMU, as described above, and

measured changes in physical activity NEAT. Separate sets of animals were

used for arcuate and PVN injections.

NMU in the PVN: time course

We tested the hypothesis that NMU increases NEAT through the prevention

of sleep by microinjecting NMU during the active phase of the daily cycle.

Rats (n ¼ 6) were given 1.0 nmol NMU immediately before the start of the

dark phase (mean ¼ 10 min before lights-off at 18.00 h), and the first

20 min of data collection were discarded. Physical activity and NEAT were

measured as described above, and the measurement continued throughout

the dark phase (18.00 h to 06.00 h).
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NMU in the PVN: effects on feeding

As a positive control for NMU, we tested the hypothesis that NMU acts in

the PVN to decrease feeding after an 18-h fast in these rats. Rats were

acclimatized to the testing room for 24 h. Food was removed from the acc-

limation chambers 18 h before the start of the feeding measurement. At the

start of the light phase, each rat (n ¼ 6) was weighed and microinjected

with either NMU (1 nmol in 500 nl vehicle) or vehicle (500 nl aCSF). The rats

were then placed back into the clean acclimation chamber with premeasured

food. Food intake, including spillage, was measured 1, 2, 4, 8, and 24 h after

the start of the measurement; body weight was measured at 2, 4, 8, and

24 h. The second feeding test was started on the fifth day after the first

feeding measurement to allow the rats to fully recover from the initial food

deprivation. At this time, each rat was injected with either NMU or vehicle,

whichever it had not yet received. The cumulative food intake and body

weight changes were calculated after vehicle and NMU treatment.

Statistical analysis

For the NEAT response after increasing doses of NMU, the data were ana-

lysed using one-way repeated-measures ANOVAs, with the dose as the within-

subjects independent variable and the metabolic or physical activity data as

the dependent variables. Fisher’s post-hoc least significant difference was

used to analyse differences between NMU doses when the ANOVA showed a

significant main effect (P < 0.05). To analyse percent time active, the data

were transformed (arcsine square-root transformation) to normalize the dis-

tribution before ANOVA analysis. To determine the time course of NMU-

induced increases in physical activity and NEAT during the dark phase of

the cycle, hourly data were averaged and analysed using a two-way analysis

of variance, with hour and treatment (NMU or vehicle) as the independent

variables. For the feeding test, cumulative feeding data and body weight

data were analysed using a two-way repeated-measures ANOVA, with hour of

test and treatment (NMU or vehicle) as the independent variables and

cumulative food intake or body weight gain from baseline as the dependent

variables. Paired t-tests were used to probe differences between the cumula-

tive feeding and body weight responses to NMU compared to vehicle at

each time point after injection. Finally, for the group of rats receiving can-

nulae aimed at the arcuate nuclei, data from those with accurate cannulae

placements were compared with those with inaccurate placement using a

two-way mixed ANOVA, with cannulae placement (hit or miss) as the

between-subject independent variable and dose of NMU as the within-sub-

ject independent variable. One-way ANOVAs were used probe main effects and

determine if those with inaccurate cannulae placement showed a significant

effect of NMU dose on activity and metabolic variables.

Results

NMU in the PVN: effects on NEAT

We addressed the hypothesis that NMU acts on the PVN to

increase physical activity and NEAT by microinjecting NMU directly

into the PVN and measuring the resulting changes in physical

activity and NEAT. Local application of NMU to the PVN signifi-

cantly increased physical activity (horizontal, ambulatory, and total

beam break counts, as well as percent time active) and metabolic

variables (oxygen consumption and thermogenesis) in both the first

hour and the entire 2-h measurement, compared to vehicle treat-

ment (Fig. 1). Stationary activity was also significantly increased

after 0.25, 0.5, and 1.0 nmol NMU. The effect of NMU on physical

activity and thermogenesis was dose-dependent, peaking at

0.5 nmol. Respiratory quotient was not significantly altered by

intra-PVN treatment with NMU. The number of vertical beam breaks

was also not significantly increased after NMU.

MU in the arcuate nucleus: effects on NEAT

To address the hypothesis that NMU acts through the arcuate

nucleus to increase physical activity and NEAT, we microinjected

NMU directly into the arcuate nucleus and measured the resulting
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Fig. 1. Neuromedin U (NMU) applied locally to the paraventricular hypothalamic nucleus (PVN) dose-dependently increased physical activity and energy

expenditure in rats in both the first hour and first two hours after microinjection. VO2, Oxygen consumption; RQ, respiratory quotient. *Significantly different

from vehicle; **significantly different from vehicle and 0.125 nmol; P < 0.05 (n ¼ 7).
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changes in physical activity and NEAT. Intra-arcuate microinjection

of NMU significantly increased physical activity (horizontal, ambula-

tory, total beam break counts, and stationary activity, as well as

percent time active) and metabolic variables (oxygen consumption,

RQ, and thermogenesis) in both the first hour and the entire 2-h

measurement, compared to vehicle treatment (Fig. 2). As with PVN

treatment, there was no significant effect of NMU on vertical

(rearing) activity. The effect of NMU on physical activity and

thermogenesis was dose-dependent, increasing through each dose

of NMU, with a maximum effect at 1.0 nmol.

NMU in the PVN: time course

We determined the time course of NMU-induced increases in NEAT

and also determined if NMU increased NEAT through the prevention

of sleep by microinjecting NMU into the PVN and measuring phys-

ical activity and NEAT throughout the dark (active) phase of the

cycle. Oxygen consumption, thermogenesis, and physical activity

(horizontal, vertical, ambulatory, and total activity counts) showed

significant interactions. Neuromedin U significantly increased phys-

ical activity, oxygen consumption, and thermogenesis compared to

vehicle, but only during the first hour of the 12-h dark phase

(18.00–19.00 h), immediately after NMU treatment (Fig. 3). Oxygen

consumption and thermogenesis showed a reversal of this pattern

later in the dark phase: from 01.00–02.00 h, rats given NMU

showed a small but significant decrease in energy expenditure com-

pared to vehicle treatment (Fig. 3). Finally, microinjection of 1 nmol

NMU did not induce a greater magnitude of change in activity or

thermogenesis (compared to vehicle) when given during the day-

time compared to the early dark phase (change in oxygen con-

sumption: light phase ¼ 481 ml ⁄ kg ⁄ h, dark phase ¼ 531 ml ⁄ kg ⁄ h;

change in thermogenesis: light phase ¼ 0.85 kcal ⁄ h, dark phase ¼

1.17 kcal ⁄ h; change in horizontal activity: light phase ¼ 74 counts,

dark phase ¼ 83 counts; change in ambulatory activity: light

phase ¼ 43 counts, dark phase ¼ 50 counts; change in total activ-

ity, light phase ¼ 117 counts, dark phase ¼ 135 counts).

NMU in the PVN: effects on feeding

As a positive control, we determined whether NMU acts through

the PVN to decrease food intake. Microinjection of NMU into the

PVN after an 18-h fast significantly decreased food intake at 1, 2,

and 24 h after treatment (Fig. 4). Body weight was significantly

decreased by NMU, compared to vehicle treatment, at 2 h after

microinjection.

Accuracy of cannulae placement

The placements of the microinjection needles with respect to the

PVN and arcuate nuclei are shown in Fig. 5. For the PVN microin-

jections, only one animal had a misplaced cannula (i.e. greater than

250 lm from the PVN). For arcuate microinjections, on the other

hand, four animals had misplaced cannulae (‘misses’). In one of

these animals, the needle hit the third ventricle (3V). This animal

showed sharp increases in 1-h activity and metabolic variables

compared to those with accurate arcuate cannulae placements

(‘hits’): 3V ¼ 77% increase in VO2, 68% increase in thermogenesis,

551% increase in horizontal activity, 556% increase in ambulatory

activity; hits ¼ 48% increase in VO2, 53% increase in thermogene-

sis, 299% increase in horizontal activity, 387% increase in ambula-

tory activity). For the 1-h time point, the data from the three

remaining misses were analysed compared to the hits (VO2; therm-

ogenesis; RER; and horizontal, ambulatory, and total activity counts

were analysed). The two-way ANOVA showed significant main effects
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Fig. 2. Neuromedin U (NMU) applied locally to the arcuate nucleus dose-dependently increased physical activity and energy expenditure in rats in both the

first and first two hours after microinjection. VO2, Oxygen consumption; RQ, respiratory quotient. *Significantly different from vehicle; **significantly different

from vehicle and 0.125 nmol; ***significantly different from vehicle, 0.125 nmol, and 0.25 nmol; P < 0.05 (n ¼ 7).
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of group (accurate versus inaccurate cannulae placement). Further

analyses demonstrated that there were no significant effects of

NMU dose on any of these dependent variables in animals with

inaccurate cannulae placements. Furthermore, NMU-induced effects

on metabolic variables (VO2 and thermogenesis) were significantly

greater in the animals with hits compared to misses at 0.25, 0.5,

and 1.0 nmol NMU. A similar effect was seen on activity (horizon-

tal, ambulatory, and total activity) at 0.5 and 1.0 nmol NMU, where

animals with accurate cannulae placements showed significantly

more NMU-induced activity compared to those with inaccurate

placements.

Discussion

The present studies are the first to demonstrate that NMU acts in

the PVN and arcuate nucleus to increase NEAT in rats. This increase

in thermogenesis is correlated with a concurrent increase in spon-

taneous locomotor activity. Stationary as well as locomotor (ambu-

latory) indices of activity were increased in response to NMU. In

the PVN, NMU showed the maximum effect at 0.5 nmol whereas in

the arcuate nucleus, NMU showed maximal effectiveness at

increasing physical activity and energy expenditure at 1.0 nmol.

These findings are similar to those showing increases in behaviours
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such as grooming and locomotion after comparable doses of NMU in

the PVN (22, 33). Our data further demonstrate that the energy

expenditure of activity is significantly increased by site-specific appli-

cation of NMU in the PVN and arcuate nucleus. Although NMU

transgenic mice (34) show no alterations in oxygen consumption,

thermogenesis, or physical activity compared to controls, 24-h meas-

urements of these parameters were not carried out [group differ-

ences in physical activity seen over 24 h may not be detectable using

measurements of shorter durations (31)]. In addition to the effects of

NMU effects on physical activity and energy expenditure, the inhibi-

tory effect of NMU in the PVN on feeding shown here is similar to

that previously reported (22). Taken together with previous data (18,

22, 33), these findings imply that NMU acts in the PVN and arcuate

nucleus to promote negative energy balance (20): to decrease body

weight through decreasing food intake, as well as increasing energy

expenditure at least partially through increasing NEAT.

Although the PVN clearly contains NMU2R (21, 27, 28), the

mechanism of NMU action in the arcuate nucleus is less clear. In

mice, NMU2R are distributed sparsely, at most, in the arcuate and

adjacent areas (28). Despite this, it has been demonstrated that

NMU in the arcuate nucleus induces changes in physical activity

and food intake in rats (22). The arcuate nucleus is one of several

hypothalamic regions that show increased Fos expression after i.c.v.

injection of NMU (25). No changes in feeding are seen when NMU

is injected into regions adjacent to the arcuate nucleus such as the

ventromedial or posterior dorsomedial hypothalamus (22). It is also

possible that NMU acts via the dense distribution of NMU2R in the

ependymal lining of the third ventricle (21, 28) to alter food intake

and physical activity, though the possible mechanisms of this effect

are unknown.

Neuromedin U could be one mechanism through which leptin

acts to decrease body weight through decreasing feeding (22,

23). Neuromedin U release from hypothalamic explants increases

after leptin treatment (22), and blocking the central actions of

NMU attenuates the ability of leptin to decrease food intake

(23). Because both leptin (15) and NMU (present data) increase

physical activity and NEAT, it is possible that leptin acts through

NMU to increase NEAT as well. Neuromedin U may also act

through other separate pathways to influence energy intake and

metabolism (18). For example, CCK, another satiety signal impli-

cated in changes in locomotor activity (35), activates brain NMU

46

PVN

ARC47

48

49

52

53

54

59

3V

ARC

200 µm

Fig. 5. Placements of microinjections sites in rats with guide cannulae

aimed at the paraventricular (PVN) and arcuate (ARC) hypothalamic nuclei.

Black squares represent accurate cannulae placements (PVN, n ¼ 7; ARC,

n ¼ 7) and grey squares represent inaccurate placements (PVN, n ¼ 1; ARC,

n ¼ 4, one not shown). Injection sites are positioned according to coronal

drawings of the rat brain atlas, with the atlas figure numbers on the left

side of each section (41). One inaccurate injection site, aimed at the arcuate,

is not represented (located rostral to plate 46). (All microinjections were uni-

lateral on the left side of the brain; lateralizations were altered on the

drawings for clarity of presentation.) The photomicrograph illustrates a cor-

onal section containing the rostral pole of the arcuate nucleus and a micro-

injection site (see brain section 47) marked by ink. 3V, Third ventricle.
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cells (24). Similar to NMU, CCK is implicated in the response to

anxiety (36).

Our data imply that NMU affects feeding and NEAT at least par-

tially through its actions on the PVN and arcuate nucleus. Both of

these nuclei consist of several subregions with different characteris-

tic cell types and neuropeptides that may differentially affect phys-

ical activity. Within the PVN, NMU is likely to increase physical

activity through its actions on corticotrophin-releasing factor (CRF).

Similar to CRF, NMU may be involved in the stress response or,

alternatively, NEAT induction and the stress response may utilize

overlapping neural circuits. Central NMU increases the activation of

CRF-immunopositive (CRF+) cells in the PVN (29). Central treatment

with a CRF antagonist abolishes NMU-induced increases in locomo-

tor activity (37), and the ability of NMU to increase locomotor

activity, body temperature, and oxygen consumption, as well as

decrease food intake, is not seen in CFH-deficient mice (37, 38). It

has been suggested that NMU participates in the brain circuit regu-

lating the stress response: following NMU administration, the chan-

ges in physical activities seen are similar to those seen during a

stress response (i.e. grooming)(22, 26, 33, 37). In addition, central

NMU increases stress hormone levels and increases Fos expression

in brain areas associated with the stress response (22, 25, 29, 30,

33). A putative mechanism for the ability of CRF to increase NEAT

is the activation of PVN CRF+ neurones projecting to the locus

coeruleus (39), an area important in arousal and the sleep-wake

cycle. To test this hypothesis, microinjections of NMU restricted to

the parvocellular PVN, or microinjections of CRF antagonists in the

target regions (e.g. locus coeruleus) are needed.

Studies investigating the effects of NMU on feeding behaviour and

activity have noted that NMU prevents rats from sleeping (22, 33). It

is plausible that NMU treatment during the light (sleep) phase of the

cycle decreases sleep and therefore increases the amount of physical

activity by default. To test this hypothesis, we gave rats NMU or vehi-

cle injections at the start of the dark (active) phase of the cycle, when

rats are normally awake and active. Neuromedin U increased physical

activity and NEAT during the first hour after microinjection. This

implies that NMU in the PVN acts as a short-term signal to increase

NEAT. If the ability of NMU to increase physical activity was due to

the suppression of sleep, we would expect NMU to be more effective

at increasing NEAT during the daytime (sleep phase) than the night

(active phase). We found that the magnitude of the effect of 1 nmol

NMU on NEAT during the dark (active) phase was not decreased com-

pared to the light (inactive) phase. Therefore, the prevention of sleep

alone cannot account for the increased NEAT shown in animals

receiving central injections of NMU, and it is likely that NMU acts on

hypothalamic circuits to regulate levels of physical activity rather

than sleep alone.

We have demonstrated that NMU increases NEAT when applied

directly to the PVN or arcuate nucleus. Because of the sensitivity of

NMU neurones throughout the brain to leptin and CCK (22, 24), and

the ability of intra-PVN NMU to increase NEAT demonstrated in the

present study, one might speculate that one role of NMU is to

increase NEAT during conditions of caloric excess. Due in part to its

actions on NEAT, NMU is an attractive target for the treatment of

obesity (40).
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