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Abstract
Energy homeostasis of mammals is maintained by balancing energy expenditure within the body and energy intake through
feeding. Several lines of evidence indicate that brown adipose tissue (BAT), a sympathetically activated thermogenic organ, turns
excess energy into heat to maintain the energy balance in rodents and humans, in addition to its thermoregulatory role for the
defense of body core temperature in cold environments. Elucidating the central circuit mechanism controlling BAT thermogen-
esis dependent on nutritional conditions and food availability in relation to energy homeostasis is essential to understand the
etiology of symptoms caused by energy imbalance, such as obesity. The central thermogenic command outflow to BAT descends
through an excitatory neural pathway mediated by hypothalamic, medullary and spinal sites. This sympathoexcitatory thermo-
genic drive is controlled by tonic GABAergic inhibitory signaling from the thermoregulatory center in the preoptic area, whose
tone is altered by body core and cutaneous thermosensory inputs. This circuit controlling BAT thermogenesis for cold defense
also functions for the development of fever and psychological stress-induced hyperthermia, indicating its important role in the
defense from a variety of environmental stressors. When food is unavailable, hunger-driven neural signaling from the hypothal-
amus activates GABAergic neurons in the medullary reticular formation, which then block the sympathoexcitatory thermogenic
outflow to BAT to reduce energy expenditure and simultaneously command the masticatory motor system to promote food
intake—effectively commanding responses to survive starvation. This article reviews the central mechanism controlling BAT
thermogenesis in relation to the regulation of energy and thermal homeostasis dependent on food availability.
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Introduction

Mammals including humans maintain energy homeostasis by
balancing energy intake and expenditure. A major physiolog-
ical activity that expends energy within the body of these
homeothermic animals is adaptive heat production (thermo-
genesis), which is particularly essential to maintain body core
temperature under subthermoneutral environmental

temperature. Adaptive thermogenesis in brown adipose tissue
(BAT) is well known as a major sympathetic response for cold
defense in rodents [7]. BAT thermogenesis is also known to
occur for cold defense in adult humans, in which the thermo-
genic capacity in BAT has been shown to inversely correlate
with obesity indices and with fat mass of subjects [13, 78, 96].
Therefore, BAT seems to function to turn excess energy into
heat under well-fed conditions to maintain the homeostatic
energy balance, in addition to the defense of thermal homeo-
stasis in cold environments.

Under strong hunger, on the other hand, adaptive thermo-
genesis in BAT is suppressed to save energy even in cold
environments, often resulting in hypothermia [79, 103, 107].
The regulation of thermogenesis dependent on food availabil-
ity and nutritional conditions is essential for mammals to
maintain energy homeostasis and to survive starvation.
Mammals have acquired the mechanism to reduce thermogen-
esis during hunger through the long history of evolution, dur-
ing most of which they were faced with hunger. The
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mechanism that regulates thermogenesis in response to hunger
and satiety is located in the brain, and the neural circuit is
linked with the circuits controlling food intake so that the
brain can effectively control autonomic and behavioral effec-
tor organs to defend energy homeostasis under hunger and
satiated conditions.

Elucidating the central circuit mechanisms that control en-
ergy expenditure (thermogenesis) and food intake for energy
homeostasis is important in understanding the etiology of obe-
sity as well as the fundamental mechanism of survival re-
sponses to hunger and starvation. In this review article, we
describe the current understandings of the basic central circuit
mechanisms controlling BAT thermogenesis for cold defense,
fever and psychological stress-induced hyperthermia, and
then, of the central regulation of BAT thermogenesis and en-
ergy homeostasis dependent on food availability, with a spe-
cial focus on a recently identified circuit that commands re-
sponses to hunger and starvation.

Roles of BAT thermogenesis in energy
homeostasis and cold defense

Physiological responses for the autonomous regulation of
body core temperature in mammals include heat production
within the body and heat loss from the body surface, both of
which are controlled by central neural circuits [54]. One of the
effector organs controlling heat loss is skin blood vessels,
which primarily receive sympathetic innervation that alters
skin blood flow to control radiant heat loss. On the other hand,
BAT is a major thermogenic organ particularly in rodents.
BAT also receives abundant sympathetic innervation and
brown adipocytes are stimulated by catecholamines through
β3-adrenoceptors on their surface [7]. The activation of β3-
adrenoceptor-mediated intracellular signaling results in heat
production by uncoupling protein 1 (UCP1) in mitochondria
[7]. Indicating the importance of BAT thermogenesis in ener-
gy homeostasis and cold defense, genetic ablation of BAT in
mice results in obesity, increased total body lipid and intoler-
ance to cold [35]. Despite its small mass in total body weight,
BAT has also been shown as a major organ that clears and
combusts circulating triglycerides and takes up glucose par-
ticularly when animals are exposed to cold [4].

β3-Adrenoceptors are expressed primarily in BAT [53],
and chronic systemic infusion of a β3-adrenoceptor agonist
in rats of high-fat diet-induced obesity increases body core
temperature, energy expenditure and UCP1 content in BAT,
and reduces the weights of white adipose tissue depots with-
out altering food intake, ameliorating the obesity [20]. β3-
Adrenoceptor-deficient mice show a mild obesity phenotype
with modestly increased fat stores [89], and mice lacking the
three known β-adrenoceptor subtypes are more obese on a
standard chow diet and even more severe on a high-fat diet,

show lower basal metabolic rate, and lack cold-induced ther-
mogenesis andUCP1 increase in BAT, leading to hypothermia
[2]. These findings from rodent studies indicate the significant
contribution of β3-adrenoceptor-mediated thermogenesis in
BAT to prevent obesity and also suggest the involvement of
other adrenoceptor subtypes in BAT thermogenesis for energy
homeostasis.

Physiological significance of BAT thermogenesis in adult
humans has been demonstrated by studies using positron-
emission tomographic and computed tomographic (PET/CT)
scanning. This imaging technique can visualize body cooling-
induced accumulation of fluorodeoxyglucose (FDG), a glu-
cose analog, in supraclavicular and paraspinal regions, which
harbor fat depots rich in adipocytes expressing UCP1, a mark-
er of brown adipocytes [13, 78, 96, 97]. Therefore, the
cooling-induced FDG accumulation has been considered in-
dicative of BAT thermogenesis in human subjects. Of note,
cooling-induced FDG accumulation, if found, is generally
higher in winter than summer, and the interindividual varia-
tion in the FDG accumulation inversely correlates with body
mass index and with fat mass of the subjects [13, 78, 96].
These findings indicate important physiological roles of
BAT in prevention of obesity as well as cold defense in adult
humans.

Central circuit mechanism controlling BAT
thermogenesis

Figure 1 shows the current model of the basic central neural
circuit mechanism controlling BAT thermogenesis for thermo-
regulation and fever [54]. The sympathetic preganglionic neu-
rons that directly control the postganglionic neurons innervat-
ing BAT are localized in the intermediolateral cell nucleus
(IML) of the spinal cord. These preganglionic neurons are
innervated by sympathetic premotor neurons that are distrib-
uted in the rostral medullary raphe region (rMR) consisting of
the rostral raphe pallidus and raphe magnus nuclei [57, 59].
These BAT sympathetic premotor neurons express vesicular
glutamate transporter 3 (VGLUT3), a putative marker of glu-
tamatergic neurons [57] (Fig. 2). Predominant populations of
VGLUT3-expressing neurons in the rMR innervate BAT and
skin blood vessels through their projecting axons synapsing
on sympathetic preganglionic neurons in the spinal cord [57,
65, 88] (Fig. 2d), indicating that VGLUT3-expressing neurons
in the rMR are sympathetic premotor neurons controlling ther-
moregulatory effectors. Many of VGLUT3-expressing neu-
rons in the rMR are activated in response to physiological
and pathological thermogenic stimuli given to animals, such
as cold exposure, central injection of a pyrogenic mediator,
and psychological stress [34, 57] (Fig. 2a, b). Suppression of
activity of neuronal cell bodies in the rMR with local
nanoinjections of muscimol, a GABAA receptor agonist
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widely used as a neuronal inhibitor, completely blocks the
induction of BAT thermogenesis by cold exposure, central
injection of a pyrogenic mediator, and psychological stress
[26, 50, 58, 60, 64]. On the other hand, stimulation of neurons
in the rMR induces BAT thermogenesis [38, 49, 52, 73] and
this thermogenic response is blocked by injections of gluta-
mate receptor antagonists into the IML of the spinal cord [57]
(Fig. 2c). These findings support the view that activation of
the rMR-spinal glutamatergic sympathetic premotor transmis-
sion is an essential step in the central signaling outflow to
drive BAT thermogenesis.

In addition to the principal transmitter role of glutamate in
the rMR-spinal thermogenic drive, serotonin has been shown
to modulate the glutamatergic synaptic transmission in the
spinal cord. A small population (10–20%) of VGLUT3-
expressing neurons in the rMR contains serotonin and likely
co-releases glutamate and serotonin from their axon terminals
in the spinal IML [57, 65, 88]. Nanoinjection of glutamate or a
glutamate receptor agonist into the spinal IML elicits a rapid
thermogenic response in BAT [40, 57]. This thermogenic re-
sponse to glutamate receptor stimulation in the IML is poten-
tiated by a prior injection of serotonin into the same site,
although serotonin injection by itself does not elicit rapid
BAT thermogenesis [40]. These findings suggest that

serotonin boosts glutamate-evoked subthreshold depolariza-
tions in BAT sympathetic preganglionic neurons to increase
their firing probability.

BAT sympathetic premotor neurons in the rMR receive
glutamatergic (VGLUT2-positive) excitatory projections
from the dorsomedial hypothalamus (DMH) consisting of
the dorsomedial hypothalamic nucleus and dorsal hypotha-
lamic area [26]. DMH neurons projecting to the rMR cluster
near the boundary between the ventral edge of the dorsal hy-
pothalamic area and the dorsal edge of the dorsomedial hypo-
thalamic nucleus [21, 67, 80]. These rMR-projecting neurons
in the DMH are activated by cold exposure, infection, and
psychological stress [26, 81, 101]. Mimicking sympathetic
physiological responses to cold exposure, infection and psy-
chological stress, selective stimulation of the DMH-rMR
monosynaptic pathway with an in vivo optogenetic technique
in rats elicits BAT thermogenesis and tachycardic responses,
which are both blocked by antagonizing glutamate receptors
in the rMR [26]. Inactivation of neurons in the DMH with
muscimol nanoinjections completely blocks BAT thermogen-
esis evoked by cold exposure, central injection of a pyrogenic
mediator, and psychological stress [26, 39, 60, 64, 67, 105].
These findings are consistent with the notion that thermogenic
command signals activate glutamatergic DMH neurons
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Fig. 1 Model of neural circuit controlling BAT thermogenesis for body
temperature regulation and fever. In warm environments, an elevation of
body core temperature, which is sensed by warm-sensitive neurons in the
POA, or cutaneous warm-sensory inputs to the POA lead to activation of
GABAergic projection neurons through the local circuit mechanisms in
the POA (see the main text). The activated GABAergic neurons
projecting from the POA inhibit neurons in the DMH and rMR to
suppress BAT thermogenesis. In cold environments, a decrease in body

core temperature or cutaneous cool-sensory inputs to the POA lead to
inhibition of the GABAergic projection neurons. An action of PGE2 on
EP3 receptors likely expressed in the GABAergic projection neurons also
inhibits the activity of these neurons. The attenuation of the tonic
GABAergic inhibition from the POA leads to disinhibition of
sympathoexcitatory pathway to drive BAT thermogenesis. For detail,
see the main text

Pflugers Arch - Eur J Physiol (2018) 470:823–837 825



projecting to the rMR to stimulate the BAT sympathetic
premotor drive (Fig. 1).

The DMH-rMR thermogenic pathway is likely under a
tonic GABAergic control by the preoptic area (POA), in
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Fig. 2 Sympathetic premotor neurons in the rMR that drive BAT
thermogenesis in response to thermogenic stimuli. a Expression of Fos
(brown), a marker for neuronal activation, in VGLUT3-immunoreactive
(blue-black) neurons in the rat rMR in response to intracerebroventricular
injection of saline or PGE2 or exposure of the animals to 24 °C (room
temperature) or 4 °C (cold). Open and filled arrowheads indicate
VGLUT3-immunoreactive neuronal cell bodies that are negative and
positive for Fos immunoreactivity, respectively. Scale bar, 20 μm. b
Distribution of VGLUT3- and Fos-immunoreactive neurons in the rat
rostroventral medulla. PPy, parapyramidal region; py, pyramidal tract;
RMg, raphe magnus nucleus; rRPa, rostral raphe pallidus nucleus. Scale
bar, 500 μm. c Nanoinjections of glutamate receptor antagonists (AP-5/

CNQX) into the IML block BAT thermogenesis induced by stimulation
of sympathetic premotor neurons in the rMR with a nanoinjection of
bicuculline, a GABAA receptor antagonist. Temperature changes in the
rat interscapular BAT (TBAT) after a bicuculline injection into the rMR are
compared between the groups that had prior injections of AP-5/CNQX
(n = 4) or saline (n = 3) into the IML over the T2–T6 spinal segments. All
values are means ± SEM. *P < 0.05. d A confocal image in the IML
showing that rMR-derived axon fibers containing both enhanced green
fluorescent protein (EGFP) and VGLUT3 are closely associated with
dendritic fibers of sympathetic preganglionic neurons immunoreactive
for choline acetyltransferase (ChAT). Scale bar, 5 μm. Modified from
Nakamura et al. [57] with permission
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which the thermoregulatory center is located. Blockade of
GABAA receptors in the DMH or transection of descending
outputs from the POA elicits robust BAT thermogenesis [8,
10, 77, 106], indicating that the POA provides tonic
GABAergic inhibition to the DMH to control the activity level
of the excitatory DMH-rMR thermogenic drive to BAT. The
currently proposed model of the thermoregulatory central cir-
cuit [51, 54] (Fig. 1) explains that the descending inhibitory
transmission from the POA is augmented to inhibit BAT ther-
mogenesis under environmental conditions that do not de-
mand heat, such as in a hot environment. On the other hand,
sensory signals transmitting a demand for heat to the POA,
such as cold-sensory signals and pyrogenic signals (see be-
low), are thought to decrease the descending inhibition from
the POA, resulting in disinhibition of the DMH-rMR thermo-
genic excitatory drive to BAT [51, 54] (Fig. 1). This model has
been confirmed by a recent optogenetic experiment: BAT ther-
mogenesis was inhibited by selective stimulation of a predom-
inantly GABAergic transmission to the DMH from a group of
POA neurons, which express pituitary adenylate cyclase-
activating polypeptide (PACAP) and brain-derived neuro-
trophic factor (BDNF) and can be activated in response to
warm-sensory inputs from the skin [92].

The POA contains many warm-sensitive neurons, whose
firing activity is increased in response to an elevation of local
tissue temperature [70, 71], and local cooling in the POA
elicits BAT thermogenesis [23]. Because brain temperature
changes in parallel to temperature changes in other body core
structures including visceral organs, the activity of warm-
sensitive neurons in the POA likely reflects the level of body
core temperature, which is required information for the core
temperature-dependent feedback thermoregulatory mecha-
nism [25, 54]. In the feedback mechanism, a warming-
induced increase in firing activity of warm-sensitive neurons
leads to inhibition of BAT thermogenesis probably through
inhibition of DMH neurons (Fig. 1). Consistent with the idea
that warm-sensitive POA neurons provide the descending
GABAergic inhibition, warm-sensitive neurons identified in
primary cultured POA neurons are predominantly
GABAergic [91]. However, PACAP/BDNF-expressing neu-
rons in the POA are not warm-sensitive neurons, since they do
not show intrinsic thermosensitivity to local warming [92].
Because neither histological nor genetic marker to identify
warm-sensitive POA neurons has been available, the sites of
their projections and the molecular mechanism of their
thermosensitivity remain unknown.

In addition to monitoring brain temperature, the POA also
receives information on skin temperature from cutaneous ther-
moreceptors, which monitor changes in ambient temperature.
This feedforward thermosensory signaling from the skin is
required for the POA to immediately command “preventive”
thermoregulatory responses to changes in ambient tempera-
ture before they impact body core temperature [25, 54].

Cutaneous cool-sensory and warm-sensory signals are sepa-
rately transmitted to the POA through ascending pathways
composed of glutamatergic neurons in the spinal dorsal horn
and the lateral parabrachial nucleus (LPB) [61, 63] and are
likely integrated with the information on brain temperature
by impinging on warm-sensitive neurons in the POA [5].
Cutaneous cool-sensory glutamatergic inputs from the LPB
to the POA likely inhibit warm-sensitive neuron activity
through activation of GABAergic inhibitory interneurons to
stimulate BAT thermogenesis and other cold-defensive re-
sponses [62, 64], whereas cutaneous warm-sensory gluta-
matergic inputs to this site could increase warm-sensitive neu-
ron activity through activation of excitatory, potentially gluta-
matergic, interneurons to inhibit thermogenesis and to in-
crease heat loss [54] (Fig. 1). Consistent with the idea of
glutamatergic POA interneurons inhibiting thermogenesis,
optogenetic stimulation of glutamatergic neuronal cell bodies
in the POA inhibits BAT thermogenesis [84, 104].

The POA is also known as the febrile center, which com-
mands febrile responses including BAT thermogenesis and
cutaneous vasoconstriction to increase body temperature dur-
ing infection or systemic inflammation. Febrile command sig-
naling from the POA is triggered by an action of prostaglandin
E2 (PGE2) on neurons in the POA. PGE2, which is
biosynthesized in brain endothelial cells in response to im-
mune signaling stimulated by infection [45, 99, 100], acts on
prostaglandin EP3 receptors expressed in neurons in the POA
[55, 56] to trigger fever [31]. Because the EP3 receptor has
been shown in cultured cells as a metabotropic receptor
coupled to the inhibitory GTP-binding protein, Gi [72], the
action of PGE2 on POA neurons through EP3 receptors likely
inhibits their firing activity. EP3 receptor-expressing POA
neurons are predominantly GABAergic and project to the
DMH and rMR [58, 67], and furthermore, these POA neurons
innervate BAT through multisynaptic neural pathways [102].
These findings support the view (Fig. 1) that EP3 receptor-
expressing POA neurons usually control the activity of neu-
rons in the DMH and rMR through their tonic inhibitory trans-
mission for basal thermoregulation and, during infection, an
action of PGE2 on EP3 receptor-expressing POA neurons to
inhibit their tonic activity leads to disinhibition of the DMH
and rMR neurons, resulting in stimulated sympathetic out-
flows to thermoregulatory effectors including BAT to develop
fever [54, 58, 67]. However, whether EP3 receptor-expressing
POA neurons are warm-sensitive is unknown.

The subpopulations of EP3 receptor-expressing POA neu-
rons projecting to the DMH and to the rMR are distinct [68].
Cooling-induced and febrile BAT thermogenesis requires ac-
tivation of both DMH and rMR neurons [39, 50, 58, 60, 64,
67, 105], whereas the central efferent pathway for cutaneous
vasoconstrictor responses to the same stimuli involves rMR
neurons, but bypasses the DMH [77]. Therefore, the subpop-
ulations of EP3 receptor-expressing POA neurons projecting
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to the DMH and to the rMR might separately regulate BAT
thermogenesis and cutaneous vasoconstriction, respectively.

Neural control of BAT thermogenesis
and energy homeostasis during hunger

There are multiple mechanisms for the brain to sense hunger.
A well-known humoral mechanism to transmit the informa-
tion of hunger to the brain is the ghrelin-neuropeptide Y
(NPY) pathway. In fasted animals, the stomach releases ghrel-
in, which is delivered to the hypothalamic arcuate nucleus in
the brain through the circulation [28]. Ghrelin activates NPY/
agouti-related peptide (AgRP)-containing neurons in the arcu-
ate nucleus [27], which then release NPY from their axonal
nerve endings in the paraventricular hypothalamic nucleus
(PVH) [24]. The action of NPY on PVH neurons triggers
hunger signaling, which stimulates food intake as well as re-
duces energy expenditure [1, 86, 98]. The hypothalamic NPY-
induced reduction of energy expenditure involves inhibition
of adaptive BAT thermogenesis that occurs in sub-
thermoneutral environments but not reduction of basal meta-
bolic rate [16, 90]. Therefore, the hunger signaling triggered
by hypothalamic NPY likely inhibits the sympathetic outflow
to BAT by acting on somewhere in the neural pathway con-
trolling adaptive thermogenesis in BATwithout affecting bas-
al metabolic activities within the body.

A recent study demonstrated that the hypothalamic
NPY-triggered hunger signaling provides an inhibitory in-
put to BAT sympathetic premotor neurons in the rMR [69]
(Fig. 3). Consistent with the view that the BAT sympathetic
premotor activity is determined by the balance between

exci ta tory (glutamatergic) inputs and inhibi tory
(GABAergic) inputs to the premotor neurons [54] (Fig.
3a), a nanoinjection of either glutamate receptor agonist
or GABAA receptor antagonist into the rMR evokes BAT
thermogenesis [69] (Fig. 3c, d). Nanoinjection of NPY into
the rat PVH strongly inhibits BAT thermogenesis induced
by skin cooling or that by glutamatergic stimulation of
sympathetic premotor neurons in the rMR with a local
nanoinjection of NMDA [16, 69] (Fig. 3c). However, the
same NPY injection cannot inhibit BAT thermogenesis in-
duced by antagonizing GABAA receptors in the rMR [69]
(Fig. 3d). These experimental results indicate that the NPY-
triggered hunger signaling from the hypothalamus pro-
vides a GABAergic input to BAT sympathetic premotor
neurons to overcome excitatory inputs to them, leading to
an inhibition of BAT sympathetic premotor drive to the
IML. Consistently, VGLUT3-expressing sympathetic
premotor neurons in the rMR receive numerous
GABAergic synaptic inputs [59]. Although one of the
sources of the GABAergic inputs is likely to be EP3
receptor-expressing neurons in the POA [58], the effect
of hunger signals on the activity of EP3 receptor-
expressing POA neurons has yet to be examined.

The hypothalamic NPY-driven hunger signaling has re-
cently been shown to provide the inhibition to BAT sympa-
thetic premotor neurons by employing a GABAergic group of
neurons in the intermediate (IRt) and parvicellular (PCRt)
reticular nuclei of the medulla oblongata [69] (Fig. 4).
Neural tract tracing studies in rats and mice revealed that
GABAergic neurons in the IRt/PCRt innervate VGLUT3-
expressing sympathetic premotor neurons in the rMR [69]
(Fig. 4a–e). Stimulation of neurons in the IRt/PCRt inhibits
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BAT thermogenesis induced by either body cooling or PGE2

injection into the POA [69], indicating that IRt/PCRt neurons
exert an inhibitory effect on cooling-induced and febrile BAT
thermogenesis. However, stimulation of IRt/PCRt neurons,
similar to NPY injection into the PVH, cannot inhibit BAT
thermogenesis induced by antagonizing GABAA receptors in
the rMR [69], consistent with the view that the IRt/PCRt pro-
vides GABAergic inhibition to BAT sympathetic premotor
neurons in the rMR. Directly demonstrating that GABAergic

neurons are responsible for the IRt/PCRt-mediated inhibition
of adaptive BAT thermogenesis, selective stimulation of
GABAergic neurons in the mouse IRt/PCRt using an in vivo
chemogenetic technique suppresses BAT thermogenesis
evoked by body cooling [69] (Fig. 4f–h).

In vivo unit recordings from single IRt/PCRt neurons in
rats in combination with in situ hybridization of recorded neu-
rons revealed that hypothalamic NPY-triggered hunger signal-
ing activates GABAergic IRt/PCRt neurons projecting to the
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Virus-mediated transduction of GFP-expressing GABAergic neurons in
the IRt/PCRt with the Gq-coupled designer receptor (hM3Dq-mCherry)
exclusively activated by designer drug (arrows in (f)) in a Gad2-IRES-
Cre/Gad1-Gfp double knock-in mouse (distribution shown in (g)).
Cooling the skin (Tskin) (blue periods in (h)) of the mice induced BAT
thermogenesis and tachycardia (heart rate, HR) following bilateral
nanoinjections of vehicle into the IRt/PCRt, whereas the sympathetic
responses were eliminated after injections of clozapine-N-oxide (CNO),
a selective agonist for hM3Dq, into the IRt/PCRt. Scale bars, 30 μm (f)
and 0.5 mm (g). Modified from Nakamura et al. [69] with permission
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rMR [69] (Fig. 5). Furthermore, inactivation of IRt/PCRt neu-
rons eliminates the NPY-induced inhibition of BAT thermo-
genesis [69] (Fig. 6), indicating the essential role of the IRt/
PCRt in the hunger signaling to reduce energy expenditure.
These findings raise the model of the neural pathway for met-
abolic inhibition during hunger: hunger signaling triggered by
hypothalamic NPY is transmitted to the IRt/PCRt to activate
GABAergic neurons therein, which then inhibit sympathetic
premotor neurons in the rMR through their direct projections
to suppress BAT thermogenesis. It should be noted that the
IRt/PCRt-rMR pathway is unlikely to provide tonic inhibition
for the basal control of BAT thermogenesis, because inhibition
of IRt/PCRt neurons by itself does not elicit BAT thermogen-
esis in nonstarved rats under thermoneutral conditions [69].

Intriguingly, stimulation of IRt/PCRt neurons in rats,
which inhibits BAT thermogenesis, also elicits mastication
even under anesthesia and increases food intake in free-
moving animals, often accompanied by increased saliva
secretion [69] (Fig. 7). Furthermore, neural tracing studies
revealed that GABAergic IRt/PCRt neurons projecting to
the rMR also send their axon collaterals to the motor tri-
geminal nucleus (Mo5) [69], which harbors masticatory
motoneurons [47]. Inactivation of IRt/PCRt neurons re-
duces mastication and food intake induced by NPY injec-
tion into the third ventricle [93]. Therefore, GABAergic
neurons in the IRt/PCRt likely act on the two different
(sympathetic and somatic) motor systems to drive the
NPY-triggered responses to survive hunger and starvation
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(hunger responses): decreased energy expenditure
(thermogenesis) and increased food intake (Fig. 8).

The IRt/PCRt is considered one of the premotor regions
that contain the central pattern generator for the rhythmic
masticatory muscle movements [48]. Although the mecha-
nism of the pattern generation is unknown, the IRt/PCRt con-
tains both GABAergic and glutamatergic populations of neu-
rons innervating motoneurons in the Mo5 that control jaw

muscles [33, 85, 94], and these excitatory and inhibitory
premotor inputs from the IRt/PCRt to theMo5 could be driven
for the generation of masticatory motor rhythms [66].
Consistently, some GABAergic IRt/PCRt neurons projecting
to the rMR, which also potentially projected to the Mo5, were
found to exhibit phasic bursting patterns similar tomasticatory
rhythm following a central injection of NPY [69]. Therefore,
NPY-triggered hunger signaling from the hypothalamus may

BAT SNA

BAT SNA

(power / 4 s)

0.075

0

500

μV

0

EMG

(power / 4 s)

EMG

100 sec

37.5

TBAT (°C)

5.8

4.8

Exp. CO2

(%)

200

100

HR
(bpm)

38.0

36.0

AP
(mmHg)

35.0

Trec (°C)

500

400

100

μV

Bicuculline

IRt/PCRt

250
μV

1 sec

ba

7.5

Feeding

0

0.5

1.0

1.5

2.0 *

F
o
o
d
in
ta
k
e

(
g
/
2
8
0
g
b
o
d
y
w
e
ig
h
t)

Chewing

0

200

400

600

800 *

T
im

e
(
s
e
c
)

Saline

Bicuculline

c

Fig. 7 Stimulation of IRt/PCRt neurons promotes mastication and
feeding as well as inhibits BAT thermogenesis. a, b Stimulation of IRt/
PCRt neurons with a unilateral nanoinjection of bicuculline in an
anesthetized rat elicited mastication and inhibited cooling-evoked BAT
thermogenesis and tachycardia (a). The masseter electromyogram (EMG)

chart (a) is expanded in (b). c Bicuculline injection into the IRt/PCRt in
free-moving rats increased chewing time and food intake measured for
1 h after the injection (saline: n = 5, bicuculline, n = 7). All values are
means ± SEM. *P < 0.05. Modified from Nakamura et al. [69] with
permission

45.0

Tskin (°C)

30.0

BAT SNA

36.6

TBAT (°C)

4.5

3.8

Exp. CO2

(%)

190

90

HR
(bpm)

38.5

37.5

AP
(mmHg)

36.0

100 μV

BAT SNA

(power / 4 s)

1.5

0

Trec (°C)

550

450

Saline

IRt

200 sec

RL

NPY

PVH

45.0

Tskin (°C)

30.0

BAT SNA

36.4

TBAT (°C)

4.5

3.8

Exp. CO2

(%)

190

90

HR
(bpm)

38.5

37.5

AP
(mmHg)

35.8

200 μV

BAT SNA

(power / 4 s)

1.5

0

Trec (°C)

590

460

Muscimol

IRt

200 sec

LR

NPY

PVH

a b

Fig. 6 Activation of IRt/PCRt neurons are required for hypothalamic
NPY-induced inhibition of BAT thermogenesis, metabolism and
tachycardia. a, b Skin cooling-evoked increases in BAT thermogenesis,
whole bodymetabolism (expired CO2) andHRwere inhibited by anNPY

nanoinjection into the rat PVH following bilateral nanoinjections of saline
into the IRt/PCRt (a), whereas bilateral nanoinjections of muscimol to
inactivate IRt/PCRt neurons prevented the inhibitory effects of NPY (b).
AP, arterial pressure.Modified fromNakamura et al. [69] with permission

Pflugers Arch - Eur J Physiol (2018) 470:823–837 831



activate the central pattern generator mechanism in the IRt/
PCRt, which then sends rhythmic premotor signals to masti-
catory Mo5 motoneurons through the glutamatergic and
GABAergic projections and simultaneously provides only
GABAergic transmission to sympathetic premotor neurons
to the rMR to inhibit BAT thermogenesis (Fig. 8). Such mas-
ticatory rhythmic premotor signaling could prime the motor
system to be “ready to eat,” but the final masticatory motor
outflow may be gated by corticomedullary inputs [48, 66],
which could be lifted by visual and olfactory sensation of
food, to initiate mastication as soon as food is available.

Hypothalamo-medullary transmission
of hunger and satiety signals

The hypothalamic mechanisms by which the brain senses hun-
ger and satiety have been intensively studied. As mentioned
above, the ghrelin-NPY signaling pathway is known as one
of hunger signaling mechanisms. However, whether the action
of NPYon PVH neurons is stimulatory or inhibitory is contro-
versial [46]. Electrophysiological studies have shown that NPY
disinhibits PVH neurons by reducing GABA release from pre-
synaptic terminals on PVH neurons [11, 76]. Histochemical
analyses have also shown that central administration of NPY
induces expression of Fos, a marker for neuronal activation, in
the PVH [32]. Consistent with the idea that disinhibition of
PVH neurons generates hunger signaling to inhibit BAT ther-
mogenesis, blockade of GABAergic synapses in the PVH with
a nanoinjection of a GABAA receptor antagonist or excitation
of PVH neurons with a nanoinjection of NMDA inhibits BAT
thermogenesis [41]. Similar to the NPY action in the PVH,
disinhibition of PVH neurons cannot inhibit BAT thermogen-
esis induced by antagonizing GABAA receptors in the rMR,
indicating BAT sympathoinhibition through GABAergic inhi-
bition of premotor neurons in the rMR [41]. All these findings
support the view that disinhibition (or stimulation) of PVH
neurons by NPY triggers the hunger signaling that stimulates
the IRt/PCRt-rMR GABAergic transmission to inhibit BAT
thermogenesis (Fig. 8).

However, NPY can also exert an inhibitory effect on the
activity of PVH neurons expressing melanocortin-4 receptors
(MC4Rs) through its postsynaptic action [19]. Optogenetic
experiments have shown that selective stimulation of
AgRP/NPY/GABAergic transmission from the arcuate nucle-
us to the PVH evokes inhibitory postsynaptic currents in PVH
neurons [1]. This optogenetic stimulation increases food in-
take and this orexigenic effect is reduced by blocking either
NPY receptors or GABAA receptors in the PVH [1], suggest-
ing that both NPYand GABA released in the PVH contribute
to the trigger of hunger signaling for consummatory re-
sponses. It is possible that NPY exerts stimulatory and

inhibitory actions on distinct populations of PVH neurons that
have different roles in physiological responses to fasting.

The pathway through which the NPY-triggered hunger sig-
nals are transmitted from the PVH to the IRt/PCRt has yet to
be determined. The existence of few direct projections from
the PVH to the IRt/PCRt [82] suggests an indirect pathway(s)
mediating the hypothalamomedullary hunger signaling. The
nucleus tractus solitarius (NTS) of the medulla oblongata has
been proposed as a potential brain site mediating the hunger
signaling, as the PVH provides massive projections to this
medullary site [18]. The NTS contains neurons that project
to GABAergic IRt/PCRt neurons innervating the rMR [69].
Further supporting the idea that the NTS is involved in the
neural pathway for hunger responses, stimulation of neurons
in the rostral NTS inhibits BAT thermogenesis [69]. Because
the PVH contains very few GABAergic neurons [87], the
transmission from the PVH to the NTS is considered excitato-
ry, probably glutamatergic. If the PVH-NTS-IRt/PCRt path-
way transmits the hunger signals, therefore, the simplest mod-
el is that NPY activates excitatory PVH neurons, which then
stimulate an NTS-IRt/PCRt excitatory transmission to activate
GABAergic IRt/PCRt neurons for the drive of hunger re-
sponses (Fig. 8). However, another possibility that NPY-
induced inhibition of excitatory PVH neurons triggers the
hunger signaling could also stand if a disinhibitory mecha-
nism involving inhibitory neurons, perhaps in the NTS, is
postulated. The NPY-triggered PVH-NTS pathway that drives
consummatory responses and reduces BAT thermogenic ca-
pacity was shown to be inhibited by injections of opioid re-
ceptor antagonists into the NTS [29], suggesting an action of
endogenous opioids on NTS neurons to modulate the hunger
signaling pathway. In light of the large injections of the
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antagonists, however, these agents might have exerted the
effect by acting in other medullary regions around the NTS.

The NTS also receives information on nutritional condi-
tions from visceral organs through the vagus nerve.
Increased glucokinase expression in the mouse liver, which
is induced by high-fat feeding, leads to decreases in BAT
thermogenesis and energy expenditure through the liver–brain
vagal afferent [95], suggesting a vagal-mediated mechanism
of high-fat diet-induced obesity. The inhibition of BAT ther-
mogenesis by high-fat feeding seems to be mediated by in-
creased glutamatergic vagal inputs to the NTS [42]. Electrical
stimulation of the vagus nerve in rats inhibits BAT thermo-
genesis induced by glutamatergic stimulation of sympathetic
premotor neurons in the rMR but does not inhibit that induced
by antagonizing GABAergic synapses in the rMR [37], indi-
cating that the vagal-mediated signaling, similar to the hypo-
thalamic NPY-triggered signaling, inhibits BAT sympathetic
premotor outflow from the rMR through a GABAergic input
to the premotor neurons. This view is consistent with the idea
that nutritional vagal visceral signals are integrated with the
NPY-triggered hunger signals from the hypothalamus by im-
pinging on NTS neurons before transmitted to the IRt/PCRt
(Fig. 8). It should be noted that peripheral ghrelin can act on
the vagus nerve to inhibit BATsympathetic nerve activity [44]
in addition to its central action in the arcuate nucleus [27],
although ghrelin reduces vagus nerve activity [14].

Another pathway that can be hypothesized to transmit the
hypothalamomedullary signaling to the IRt/PCRt is an LPB-
mediated pathway. The LPB receives projections from the
PVH [18] and provides projections to GABAergic IRt/PCRt
neurons innervating the rMR [69]. Excitatory PVH neurons that
express MC4Rs have been shown to project to the LPB, but
rarely to the NTS, and optogenetic stimulation of their transmis-
sion to the LPB attenuates food intake even during hungry con-
ditions [17]. The MC4R is the melanocortin receptor subtype
responsible for satiety signalingmediated byα-melanocyte stim-
ulating hormone (α-MSH), which is released from
proopiomelanocortin (POMC)-containing neurons in the arcuate
nucleus, and deficiency in the MC4R results in hyperphasia and
blunted thermogenic responses to increased dietary fat, leading
to severe obesity [3, 6, 22]. Among the melanocortin-induced
satiety responses, MC4Rs on PVH neurons contribute to atten-
uation of food intake, but unlikely to increase in energy expen-
diture [3]. These findings indicate that the PVH-LPB pathway
originating from MC4R-expressing PVH neurons transmits sa-
tiety signals to stop food intake, likely mediating the satiety
responses elicited by leptin’s excitatory action on POMC neu-
rons in the arcuate nucleus [12]. Whether the melanocortin-
triggered signaling through the PVH-LPB pathway inhibits
GABAergic IRt/PCRt neurons to induce satiety responses has
yet to be determined. It should also be noted that melanocortin
signaling can increase energy expenditure, potentially BAT ther-
mogenesis, throughMC4R-expressing neurons in the DMH [9].

In addition to the postsynaptic inhibitory action of NPYon
MC4R-expressing PVH neurons [19], NPY-containing neu-
rons in the arcuate nucleus can inhibit melanocortin signaling
by antagonizing MC4Rs in the PVH with the endogenous
antagonist, AgRP co-released from their axons to decrease
energy expenditure and to increase food intake [11, 83]. In
contrast with the rapid stimulation of food intake elicited by
NPY and GABA, AgRP induces delayed, chronic feeding
[30], suggesting that distinct neural pathways mediate the
NPY/GABA-triggered rapid hunger response and the AgRP-
triggered slow response. NPY/AgRP/GABA-containing neu-
rons in the arcuate nucleus make synaptic inputs to both
MC4R-expressing neurons and non-MC4R neurons in the
PVH [17]. Also, NPY can act on diverse groups of PVH
neurons that express NPY receptors through its volume trans-
mission even if they do not receive synaptic inputs from NPY
neurons. Therefore, NPY may trigger hunger signaling by
acting (potentially activating) on a non-MC4R population of
PVH neurons to drive the hunger responses through the PVH-
NTS-IRt/PCRt pathway. In parallel, inhibitory synaptic ac-
tions of NPY and GABA on MC4R-expressing neurons in
the PVH with antagonization of MC4R-mediated
melanocortin signaling by co-released AgRP likely attenuate
satiety signaling from the PVH to the LPB, which might oth-
erwise inhibit IRt/PCRt neurons to reduce food intake. Further
studies are required to test this model of hypothalamo-medul-
lary neural pathways transmitting hunger and satiety signals
for energy homeostasis.

Summary and perspective

Studies over the past two decades have made remarkable
progress in understanding the central neural circuit mecha-
nisms for body temperature regulation, particularly the control
of adaptive thermogenesis in BAT. In the central circuit mech-
anism controlling BAT thermogenesis, the DMH-rMR-spinal
sympathoexcitatory pathway is controlled by tonic
GABAergic transmission from the POA, whose activity is
altered by body core and cutaneous thermosensory signals.
This neural circuit for cold defense also functions to drive
BAT thermogenic responses to infection and psychological
stress. Therefore, this central circuit mechanism is important
not only for thermal homeostasis, but also for the defense of
life from various environmental stressors.

Central regulation of BAT thermogenesis dependent on
nutritional conditions and food availability is critical for ener-
gy homeostasis. Recent studies have revealed that during hun-
ger, a GABAergic group of neurons in the IRt/PCRt of the
medulla oblongata takes the control of the two independent
(sympathetic and somatic) motor systems to simultaneously
command the inhibition of adaptive BAT thermogenesis (en-
ergy saving) and the promotion of food intake (energy intake)
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to survive starvation. The NPY-triggered hunger signaling
from the PVH to the IRt/PCRt may be mediated by the
NTS, whereas melanocortin-triggered satiety signaling from
MC4R-expressing PVH neurons activates LPB neurons,
which might inhibit IRt/PCRt neurons to reduce food intake.
More physiological investigations are required to determine
the mechanisms of the hypothalamomedullary hunger and sa-
tiety signal transmission. In addition to the aforementioned
humoral and neural (vagal) transmission of hunger and satiety
signals from the periphery to the brain, central sensing of fatty
acids and glucose levels [74, 75] also affects the central regu-
lation of BAT thermogenesis and energy homeostasis [15, 36,
43]. Further studies to elucidate the whole circuit mechanism
regulating energy and thermal homeostasis will pave the way
to novel therapeutic strategies for symptoms related to energy
imbalance, such as obesity and anorexia nervosa.
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