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SUMMARY

Thermogenesis, the production of heat energy, is the specific, neurally-regulated, metabolic
function of brown adipose tissue (BAT) and contributes to the maintenance of body temperature
during cold exposure and to the elevated core temperature during several behavioral states,
including wakefulness, the acute phase response (fever), and stress. BAT energy expenditure
requires metabolic fuel availability and contributes to energy balance. This review summarizes the
functional organization and neurochemical influences within the CNS networks governing the
level of BAT sympathetic nerve activity to produce the thermoregulatory and metabolically-driven
alterations in BAT thermogenesis and energy expenditure that contribute to overall energy
homeostasis.
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INTRODUCTION

Thermogenesis, the production of heat energy, occurs to a greater or lesser extent in all
tissues, since heat generation is an unavoidable consequence of the inefficiency of both
mitochondrial adenosine triphosphate (ATP) production and cellular ATP utilization.
However, thermogenesis is the specific metabolic function of beige and brown adipose
tissue (BAT) in many species from mouse to man and is accomplished by the heat
generating capacity of a “proton leak’ across the extensive mitochondrial membranes of the
beige and brown adipocytes, facilitated by the high expression of uncoupling protein-1
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(UCP1) in BAT mitochondria (Cannon and Nedergaard, 2004). BAT thermogenesis is an
essential component of the homeostatic repertoire to maintain body temperature during the
challenge of low environmental temperature. The heat generated during pyrogen (i.e., fever-
producing substances)-stimulated thermogenesis in BAT also contributes to fever, a
controlled elevation in body temperature that reduces pathogen viability and stimulates
immune cell responses. However, since energy consumption during BAT thermogenesis
involves oxidation of lipid and glucose fuel molecules, not only is BAT thermogenesis
potently influenced in a permissive manner by signals related to fuel substrate and oxygen
availability, but also, the level of BAT thermogenesis can contribute to energy balance,
regulation of body adipose stores and glucose utilization. Indeed, with the recent
confirmation of metabolically-active BAT in adult humans (Cypess et al., 2009; van Marken
Lichtenbelt et al., 2009), there is increasing interest in devising pharmacological approaches
to activate BAT as a metabolic furnace to burn the excess calories stored in the white
adipose tissue of the obese. This will require not only therapeutic strategies to augment BAT
depots, but also those to increase the CNS sympathetic drive to BAT, the latter requiring an
improved understanding of the CNS mechanisms integrating the wide array of signals that
influence BAT energy expenditure and overall energy homeostasis. This review will
summarize our understanding of the functional organization and neurochemical influences
specifically within the CNS networks that modulate BAT thermogenesis and BAT energy
expenditure by altering the level of BAT sympathetic nerve activity (SNA) and thus the
norepinephrine release onto p3-adrenergic receptors in brown adipocyte membranes.

The level of BAT sympathetic outflow is determined primarily by 3 factors. BAT is
principally a thermoeffector and the core thermoregulatory network in the CNS (Fig. 1 and
reviewed in (Morrison et al., 2012)) comprises the fundamental pathways through which
cutaneous and visceral cold and warm sensation and/or reductions or elevations in brain
temperature elicit changes in BAT thermogenesis to protect against or to counter changes in
the temperature of the brain and other critical tissues. This circuit, involving thermal afferent
pathways, hypothalamic sensorimotor integration and descending efferent pathways to the
spinal BAT sympathetic preganglionic neurons, provides an important framework for
understanding the overall regulation of BAT thermogenesis by the CNS. Secondly, a variety
of behavioral states, including wakefulness, immunologic responses, and stress, are
characterized by elevations in body temperature to which central command-driven BAT
activation makes a significant contribution. Although the neural circuitry and transmitters
underlying behavioral state modulations of BAT are poorly understood, it is likely that at
least some of the neurochemical influences (e.g., histamine and orexin) and modulatory
brain regions depicted in Figure 1 are related to such behavioral state controls on BAT
thermogenesis. Thirdly, since the high metabolic rate of BAT during thermogenesis cannot
be sustained without a dependable supply of metabolic fuels, particularly oxygen, lipolytic
by-products and glucose, the CNS network driving cold-defensive and behavioral BAT
activation is strongly influenced by signals reflecting the short- and long-term availability of
the fuel molecules essential for BAT metabolism. Synaptic and hormonal signals related to
metabolic substrates can influence the sympathetic outflow to BAT in several ways. Signals
that increase as the availability of a metabolic substrate falls can produce a potent inhibition
of BAT sympathoexcitatory neurons, as is the case with arterial chemoreceptor inputs during
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systemic hypoxia (Madden and Morrison, 2005). In contrast, a tonically-active signal such
as leptin, indicating the availability of a lipid fuel store in positive balance, may act within
the CNS network for BAT activation in a ‘permissive’ manner by reducing a tonic inhibition
of BAT activity (Kong et al., 2012) or by facilitating the discharge of BAT
sympathoexcitatory neurons (Zhang et al., 2011a). Although several of these modulatory
influences on the CNS network for BAT activation are recognized, in most cases, little is
known about the pathways and neurochemical mediators through which they influence BAT
activity. Thus, they are likely included in the modulatory (i.e., non-thermoregulatory)
influences on BAT activity summarized in Figure 1, which indicate not only the complexity
of the central control of this highly metabolic organ, but also the many central mechanisms
determining BAT sympathetic outflow that remain to be explored.

SENSORY PATHWAYS AFFECTING BAT THERMOGENESIS

The membranes of thermal afferent neurons contain transient receptor potential (TRP) cation
channels whose temperature-dependent conductances transduce skin temperature into
primary thermoreceptor afferent neuronal activity. The TRPM8 channel, activated by
menthol and cooling, is the primary candidate for the cutaneous cold receptor TRP channel.
Some non-thermal, unmyelinated afferents expressing TRP channels also have access to
central thermoregulatory circuits: endogenous ligand-stimulated TRPV1 channels inhibit
BAT thermogenesis (Steiner et al., 2007), although intragastric capsiate, a TRP agonist,
activates BAT (Ono et al., 2011). Treatment with capsaicin, a TRPV1 agonist that is the
active component in chili peppers responsible for their evoked sensation of heat or pain,
reduced systemic norepinephrine (NE)-stimulated BAT thermogenesis, as well as BAT
temperature (TBAT) and core temperature (TCORE) following cold exposure (Vaughan and
Bartness, 2012), consistent with a role for sensory inputs from BAT depots in modulating
BAT thermogenesis.

Primary thermoreceptor dorsal root ganglion neurons deliver thermal information to lamina |
neurons in the spinal (or trigeminal) dorsal horn (Craig, 2002), where the TRP channels in
their central endings may also provide a substrate for spinal cord or trigeminal nucleus
temperature to influence BAT thermogenesis. Spinal lamina | cold thermal responsive
neurons provide a glutamatergic excitation to neurons in the external lateral subdivision of
the lateral parabrachial nucleus (LPBel), which, in turn, project principally to the median
preoptic subnucleus (MnPO) of the preoptic area (POA) (Bratincsak and Palkovits, 2004;
Nakamura and Morrison, 2008). In parallel, glutamatergic excitation of POA-projecting
neurons in the dorsal subnucleus of the LPB (LPBd) (Bratincsak and Palkovits, 2004;
Nakamura and Morrison, 2010) is necessary for the skin warming-evoked inhibition of BAT
thermogenesis (Nakamura and Morrison, 2010). Thus, both cool and warm cutaneous
thermosensory signals, transmitted from the spinal dorsal horn or trigeminal neurons to the
POA by separate populations of LPB neurons (Fig. 1) are essential for eliciting the rapid
increases and decreases, respectively, in BAT SNA and BAT thermogenesis that contribute
to the defense of TCORE during environmental thermal challenges (Nakamura and
Morrison, 2008).
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Viscerosensory afferents, with axons in the vagus nerve and synapsing on second-order
neurons in the nucleus of the solitary tract (NTS), can influence BAT activity (Szekely,
2000) (Figs. 2D, 2E). For instance, the inhibition of BAT activity induced by upregulation
of hepatic glucokinase (Tsukita et al., 2012) and the BAT activation following either
intragastric delivery of the TRP agonist, capsiate (Ono et al., 2011) or the presence of lipids
in the duodenum (Blouet and Schwartz, 2012) are mediated by vagal afferents. Arterial
chemoreceptor afferents synapsing in the commissural NTS (commNTS) and signaling
systemic hypoxia, elicit a marked inhibition of BAT SNA and BAT thermogenesis (Madden
and Morrison, 2005) to restrict oxygen consumption in the face of reduced oxygen
availability. The NTS also receives inputs from brainstem and forebrain sites involved in
metabolic regulation and these provide the additional potential for NTS neurons to integrate
a variety of metabolic signals influencing BAT thermogenesis.

The NTS contains BAT sympathoinhibitory neurons. The bicuculline-evoked blockade of
GABAQ receptors in the intermediate NTS (iNTS) potently inhibits cooling-evoked and
febrile increases in BAT SNA (Cao et al., 2010) (Fig. 2A) and the inhibition of BAT SNA
following injection of an adenosine Al receptor agonist into iINTS is dependent on the
activity of iINTS neurons (Tupone et al., 2013) (Fig. 2B). As byproducts of ATP metabolism,
adenosine and adenosine 5’-monophosphate, whose central administration also produces
hypothermia (Muzzi et al., 2012), can diffuse from cells and may function to reduce energy
consumption in situations (e.g., hypoxia or caloric restriction) of reduced energy substrate
availability. A dramatic fall in overall metabolism, including an inhibition of BAT
thermogenesis (Cannon and Nedergaard, 2004), coupled with the resulting hypothermia, is a
hallmark of the torpid response to reduced fuel availability. Establishing such a
hypometabolic state in non-hibernators, either through an adenosine A1l receptor-mediated
activation of the BAT sympathoinhibitory pathway from the NTS (Tupone et al., 2013), or
via inhibition of thermogenic premotor neurons in the rostral raphe pallidus (rRPa) (Cerri et
al., 2013) could provide the benefits of therapeutic hypothermia for recovery from ischemic
stroke or cardiac arrest. NTS may also contain neurons that produce BAT activation (Fig.
2E). In this regard, leptin and thyrotropin—releasing hormone (TRH) (Rogers et al., 2009)
(Fig. 2C) and the melanocortin 3/4 receptor (MC3/4-R) agonist, melanotan Il (MTII),
(Williams et al., 2003) activate BAT when applied to the 41" ventricle, potentially via
stimulation of neurons in the NTS.

HYPOTHALAMIC INFLUENCES ON BAT THERMOGENESIS

As the central integrator of many dimensions of the homeostatic space, the hypothalamus
occupies a pivotal position between the sensation of skin and core temperatures and the
sympathetic premotor pathways controlling BAT thermogenesis. Additionally, the febrile
stimulation of BAT thermogenesis is mediated by the action of prostaglandin (PG) E; on its
EP3 receptors on hypothalamic neurons. Thermoregulatory control of BAT thermogenesis
and BAT energy expenditure is but one of the myriad of interrelated homeostatic functions
embedded in the hypothalamic matrix, thus, the latter provides a rich substrate for non-
thermal influences on BAT energy expenditure.
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The POA, including the MnPO and the medial preoptic area (MPA), contains GABAergic
(Lundius et al., 2010), intrinsically warm-sensitive neurons whose activity increases with
local hypothalamic temperature and is inhibited in response to skin cooling. Since
sympathetic BAT thermogenesis is augmented by skin cooling (Nakamura and Morrison,
2007) or direct cooling of the POA, by brain transections immediately caudal to the POA,
and by local inhibition of POA neuronal activity (Yoshida et al., 2009), warm-sensitive POA
neurons are postulated to integrate cutaneous and core thermal signals and to provide a
GABAergic inhibitory input to BAT sympathoexcitatory neurons in the dorsomedial
hypothalamus/dorsal hypothalamic area (DMH/DHA) and/or the rRPa (Dimitrov et al.,
2011; Nakamura et al., 2009; Yoshida et al., 2009). The MnPO also contains glutamatergic
neurons that project to the DMH/DHA, that are synaptically connected to BAT, and that
receive glutamatergic terminals containing tuberoinfundibular peptide of 39 residues
(TIP39), which produces an increase in core temperature when injected into the MnPO
(Dimitrov et al., 2011). MnPO neurons expressing the leptin receptor (LepRb) also project
to DMH/DA (Zhang et al., 2011a). Thus, glutamatergic inputs to DMH/DHA (Madden and
Morrison, 2004) could provide the excitation required to drive the BAT sympathoexcitatory
neurons in DMH/DHA when their POA inhibitory input is reduced during skin cooling or
fever. The strong activation of BAT thermogenesis by local nanoinjections of bicuculline
into MnPO could arise from a disinhibition of either (or both) the skin cooling-activated
inhibitory interneurons in MnPO or a MnPO glutamatergic input to DMH/DHA.

Although not yet directly confirmed in human, augmented BAT thermogenesis contributes
to the febrile elevation in rodent TCORE during the acute phase reaction to endogenous
pyrogens released during infection or inflammation (Nakamura et al., 2002) and inhibition
of BAT thermogenesis contributes to the hypothermic response to elevated bacterial LPS, as
in sepsis and endotoxic shock. Central delivery of the inflammatory cytokine, interleukin 1p,
or tumor necrosis factor alpha (Arruda et al., 2010) potently activated BAT thermogenesis,
which is also augmented in cachexia. PGEy, synthesized in the brain vasculature and in
peripheral tissues, is a powerful endogenous pyrogenic mediator that binds to EP3 receptors
in the POA (Lazarus et al., 2007; Nakamura et al., 2002) and produces an activation of BAT
thermogenesis (Madden and Morrison, 2003; Nakamura et al., 2002) by inhibiting the POA
warm-sensitive, GABAergic inhibition (Lundius et al., 2010; Nakamura et al., 2002;
Yoshida et al., 2003) of BAT sympathoexcitatory neurons in DMH/DHA (Nakamura et al.,
2002; Nakamura et al., 2005) and potentially in the rRPa (Nakamura et al., 2004; Nakamura
et al., 2009). Potential sources of the glutamatergic drive to DMH/DA neurons supporting
the febrile activation of BAT thermogenesis include glutamatergic neurons in the MnPO
(Dimitrov et al., 2011) and orexin/glutamatergic neurons in perifornical lateral
hypothalamus (PeF/LH) (Takahashi et al., 2013).

Central histamine administration activates BAT and increases TCORE, potentially acting in
the paraventricular hypothalamus (PVH) or the POA (Lundius et al., 2010; Yasuda et al.,
2004). Both a histaminel receptor (H1-R)-evoked depolarization of local non-GABAergic
(potentially glutamatergic, BAT sympathoexcitatory) neurons and a histamine3 receptor
(H3-R)-mediated inhibition of GABAergic (potentially warm-sensitive, BAT
sympathoinhibitory) neurons (Lundius et al., 2010; Tabarean, 2012) could contribute to the
POA histaminergic stimulation of BAT. The reduced POA H1-R-induced stimulation of
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BAT UCP1 in diet induced obese (DIO) mice and the reduced BAT energy expenditure
accompanying the antagonism of hypothalamic H1-R by antipsychatic drugs (He et al.,
2013) could contribute to weight gain in these models of obesity. Alphal adrenergic
receptor agonists inhibit BAT thermogenesis and decrease TCORE when injected into the
MnPO (Osaka, 2009). Stimulation of central D2 dopamine receptors inhibits BAT SNA and
BAT thermogenesis via an unknown mechanism.

The DMH/DHA contains BAT sympathoexcitatory neurons (Cao et al., 2004) that are
synaptically-connected to BAT (Bamshad et al., 1999; Cano et al., 2003; Oldfield et al.,
2002; Zhang et al., 2011a) via their projection to BAT sympathetic premotor neurons in the
rRPa (Nakamura et al., 2005; Yoshida et al., 2009; Zhang et al., 2011a). During cold-
defense and fever, when their tonic GABAergic inhibition (Cao et al., 2004) from the POA
(Nakamura et al., 2005) (Fig. 1) is reduced, glutamatergic inputs to BAT
sympathoexcitatory neurons in the DMH/DA, including many expressing LepRb, provide
the synaptic drive essential for stimulation of BAT SNA and BAT thermogenesis (Cano et
al., 2003; Madden and Morrison, 2004; Nakamura and Morrison, 2007; Nakamura et al.,
2005; Rathner and Morrison, 2006; Sarkar et al., 2007; Yoshida et al., 2009; Zhang et al.,
2011a). The excitatory inputs to DMH/DHA could include the MnPO (Dimitrov et al.,
2011); the PeF/LH (Takahashi et al., 2013) and the periaqueductal gray (PAG) (de Menezes
et al., 2009). A role for the melanocortin 4 receptor (MC4-R) in the DMH in the regulation
of BAT is supported by increased BAT UCP-1 mRNA after injection of the MC4-R agonist,
MTII, in DMH and attenuation of systemic MTII-evoked increases in TBAT by injection of
an MC4-R antagonist in DMH (Enriori et al., 2011).

A subpopulation of the orexinergic/glutamatergic neurons in the PeF/LH projects to BAT
sympathetic premotor neurons in the rRPa and parapyramidal (PaPy) regions of the rostral
ventromedial medulla (Berthoud et al., 2005; Oldfield et al., 2002; Tupone et al., 2011) (Fig.
3D). Central orexin induces c-fos in rRPa neurons (Berthoud et al., 2005) and activation of
PeF-LH neurons or nanoinjection of orexin specifically into the rRPa increases BAT activity
(Tupone et al., 2011) (Fig. 3C). Orexin potentiated an ongoing thermoregulatory activation
of BAT sympathetic premotor neurons in the rRPa (Fig. 3C), but had a minimal effect on the
low level of BAT SNA under thermoneutral conditions (Tupone et al., 2011), consistent
with an orexinergic amplification of excitatory inputs to BAT sympathetic premotor neurons
in the rRPa that regulate BAT thermogenesis. The finding that cold-defensive, febrile and
stress-induced thermogenesis are eliminated in orexin neuron-ablated, but not in orexin-KO
mice (Takahashi et al., 2013) (Fig. 3B), suggests that glutamate release from PeF-LH orexin
neurons may also have a potent excitatory influence on BAT activation, although the critical
site of such glutamate release from PeF/LH axons remains unknown. These data are
confounded by the failure of an LH injection of the GABA agonist, muscimol, to reduce
PGE,-evoked increases in BAT SNA (Nakamura et al., 2005), although disinhibition of
PeF-LH neurons elicits a potent activation of BAT SNA that is reversed by glutamate
receptor antagonists in DMH/DA (Cerri and Morrison, 2005) (Fig. 3A). Reduced
functionality of the orexin system, as in narcolepsy, is accompanied by disruptions in
thermoregulation and in metabolism, with a propensity for obesity and metabolic syndrome
(Plazzi et al., 2011), to which reduced BAT activity may contribute.
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Leptin acts through LepRb to enhance the excitability of neurons in the pathways controlling
BAT activity and this permissive effect, perhaps indicating the adequacy of stored and
incoming fuel supplies, is necessary for the activation of BAT thermogenesis.
Administration of leptin to leptin-deficient, ob/ob mice increases BAT UCP-1 mRNA and
protein. In fasted rats with low leptin levels, but not in fed rats, intracerebroventricular (icv)
leptin increased BAT activity. However, as might be expected if leptin is providing a
permissive signal, ad libitum fed animals, particularly in a thermoneutral environment, may
have little BAT response to exogenous leptin (Sivitz et al., 1999), although
supraphysiological levels of leptin have been effective in other studies on fed animals
(Haynes et al., 1997; Morrison, 2004). High fat fed mice had impaired BAT SNA responses
to systemic leptin, although diet induced obese mice retained the increase in TBAT evoked
by direct intraparenchymal injection of leptin (Enriori et al., 2011).

Of the several central sites containing LepRb-expressing neurons (Zhang et al., 2011a) and
implicated in the regulation of BAT, including the arcuate nucleus (ARC), DMH, MnPO,
and NTS, neurons in the ARC have been the focus for the leptin effect on BAT activation.
Leptin injection in ARC increases BAT SNA and deletion of ARC leptin receptors
prevented leptin-stimulated BAT SNA (Harlan et al., 2011). Leptin may activate
GABAergic, RIP-Cre neurons in the ARC that project to the PVH to inhibit a glutamatergic
drive to NTS GABAergic neurons that innervate the RPa (Kong et al., 2012), although a
projection from the NTS to the rRPa was not confirmed (Tupone et al., 2013). Leptin
injection into DMH also increases TBAT (Enriori et al., 2011), although the injection
volumes were large and anatomical control injections were not performed. Finally, leptin
when co-administered with TRH into the 4th ventricle increases TBAT (Rogers et al., 2009)
likely via effects within the NTS.

MTII activation of central MC3/4-R, the receptor for a-melanocyte-stimulating hormone
(a.-MSH) produced by proopiomelanocortin neurons in the ARC, increases BAT SNA
(Haynes et al., 1999) and chronic blockade of MC3/4-R with icv SHU9119 decreases TBAT
and BAT UCP-1 mRNA (Verty et al., 2010). In contrast, indirect calorimetry indicates an
increased energy expenditure in MC4-R KO mice when appropriately expressed on a ‘per
mouse’ basis or normalized to lean mass (Butler and Kozak, 2010) and obese MC4-R KO
mice have increased TBAT compared with their littermates (Enriori et al., 2011). These
conflicting observations remain unresolved. MC4-R are expressed in many neurons
synaptically connected to BAT including those in the PVH, where MTII activates BAT
(Song et al., 2008), the sub zona incerta (subZlI), the DMH, the ventrolateral medulla (VLM)
and the raphe (Song et al., 2008). MC4-R agonists in the subZlI increased, and MC4-R
antagonism decreased, TBAT, consistent with an endogenous activation of subZl MC4-R
contributing to BAT thermogenesis. In MC4-R transcription-blocked mice, re-expression of
MC4-R selectively in the PVH and amygdala Sim1-Cre neurons did not rescue the absence
of MTII-induced oxygen consumption, suggesting that the energy expenditure stimulating
effects of MC4-R activation are not mediated by PVH and/or amygdala MC4-R (Balthasar
et al., 2005). However, it is important to note that re-expression of MC4-R in Sim1-
expressing neurons would not rescue the expression of MC4-R on presynaptic terminals in
PVH and activation of presynaptic MC4-R could play a role in the regulation of BAT (Fig.
4E).
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Whether an a-MSH activation of MC4-R plays a role in the leptin-induced stimulation BAT
thermogenesis remains controversial. Leptin failed to increase UCP-1 mRNA in MC4-R KO
mice (Ste Marie et al., 2000) and blockade of MC4-R prevents leptin-evoked increases in
BAT UCP-1. However, leptin increases TBAT in MC4-R KO mice (Enriori et al., 2011) and
the leptin-evoked increase in BAT SNA is not blocked by the MC3/4-R antagonist,
SHU9119, even in doses that prevent the MC4-R agonist-induced activation of BAT SNA
(Haynes et al., 1999). In the case of pituitary adenylate cyclase-activating polypeptide
(PACAP), whose elimination produces cold-intolerance due to reduced sympathetically-
mediated BAT thermogenesis, the increased BAT SNA following central PACAP is
dependent on MC3/4-R activation.

Neurons in the PVH are pauci-synaptically connected to BAT (Bamshad et al., 1999; Cano
et al., 2003; Oldfield et al., 2002; Yoshida et al., 2003) (Fig. 4A). The PVH contains BAT
sympathoinhibitory neurons since activation of neurons in PVH completely reverses
cooling-evoked and febrile increases in BAT SNA (Fig. 4D) (Madden and Morrison, 2009).
Presynaptic regulation of transmitter release by peptidergic neuromodulators strongly
influences the level of BAT sympathoinhibition from PVH. PVH administration of
neuropeptide Y (NPY) increases the activity of PVH neurons by presynaptically inhibiting
local GABA release (Cowley et al., 1999) (Fig. 4E) and decreases BAT activity (Fig. 4C)
(Egawa et al., 1991). Tonic release of NPY also has a sympathoinhibitory effect on the
central regulation of BAT thermogenesis, since NPY KO mice have increased energy
expenditure (increased O2 consumption), increased BAT UCP-1 during fasting, and are less
susceptible to DIO (Patel et al., 2006). The NPY inputs to the PVH come from the ARC, the
DMH, and the VLM. Consistent with an NPY input from DMH augmenting the BAT
sympathoinhibitory effect of PVH neurons, NPY neurons in DMH project to PVH, but not
to rRPa or NTS (Lee et al., 2013) and knockdown of NPY in the compact DMH increased
BAT UCP-1 expression and cold-evoked thermogenesis and stimulated “browning” in
inguinal white adipose tissue (Chao et al., 2011). In contrast, activation of MC4-R, which
are located in the vicinity of PVH neurons synaptically-connected to BAT (Song et al.,
2008) (Fig. 4A) and which presynaptically potentiate GABA release onto PVH neurons
(Cowley et al., 1999) (Fig. 4E), increases TBAT (Skibicka and Grill, 2009; Song et al.,
2008). Although a selective rescue of MC4-R expression in the PVH neurons of MC4-R~/~
mice failed to elevate their oxygen consumption to wild-type levels (Balthasar et al., 2005),
this approach would only rescue postsynaptic MC4-R in PVH, but not those located
presynaptically and potentially responsible for the effects on BAT activity of melanocortin
receptor ligands in PVH. The physiological stimuli activating the BAT sympathoinhibitory
output from the PVVH are unknown, but may include hypoglycemia and chronic intermittent
hypoxia. If PVH neurons provide a tonic inhibition of BAT thermogenesis, release from this
inhibition under specific conditions, such as changes in dietary composition, could
chronically alter the level of BAT activation and BAT energy expenditure. For example, the
BAT stimulating effects of leptin in the ARC have been attributed to LepRb-mediated
activation of PVH-projecting, GABAergic RIP-Cre neurons that reduce the activity of
tonically-active, BAT sympathoinhibitory neurons in the PVH (Kong et al., 2012).
However, naltrexone into rostral NTS blocked the feeding response to NPY in the PVH, but
not the BAT inhibitory effect.
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A role for oxytocinergic PVH projection neurons in the regulation of BAT thermogenesis is
supported by the anatomical finding that oxytocin neurons in the caudal PVH are
transynaptically infected following pseudorabies virus (PRV) injection into BAT (Oldfield
etal., 2002) (Fig. 4B) and by indirect evidence that oxytocinergic neurotransmission
contributes an excitatory drive to BAT sympathetic outflow. Cold defensive
thermoregulation is impaired in oxytocin- and oxytocin receptor-deficient mice and cold
defense is recovered by restoring oxytocin receptors in the hypothalamus (Goke et al.,
1995). A reduction of PVH oxytocin by 50% through Sim1 neuron ablation reduced TBAT
and TCORE and resting energy expenditure (Xi et al., 2012). Ablation of oxytocin neurons
reduced high fat diet-induced energy expenditure (Wu et al., 2012), consistent with a role for
oxytocin neurons in diet-induced activation of BAT. Similarly, obese patients with Prader-
Willi syndrome have decreased numbers of oxytocin neurons, suggesting that a reduced
BAT energy expenditure could contribute to their weight gain. Central administration of
corticotropin releasing hormone (CRF) activates BAT (Cerri and Morrison, 2006; Correia et
al., 2001; Egawa et al., 1990), potentially through CRF receptors in the MPA or in the
DMH/DA, but not those in PVH (Cerri and Morrison, 2006; Egawa et al., 1990). CRF
receptor activation contributes to the BAT sympathetic response to systemic leptin and to
icv interleukin 1.

Other neurotransmitters influence BAT thermogenesis by altering the activity of neurons in
PVH. 5-hydroxytryptamine (5-HT) in the PVH increases BAT SNA. NE in the PVH causes
a biphasic response (inhibition followed by excitation) in BAT SNA and NPY released from
central catecholaminergic neurons may activate BAT, since overexpression of NPY in
dopamine-p-hydroxylase (DBH)-expressing neurons increased guanosine diphosphate
(GDP) binding in BAT mitochondria. Neurotrophins may influence energy homeostasis via
PVH, e.g., brain-derived neurotrophic factor (BDNF) into the PVH increased BAT UCP-1
and decreased body weight (Wang et al., 2007). Further, enriched environments lead to
increased ‘browning’ of retroperitoneal WAT via activation of its sympathetic input, an
effect mimicked by overexpression of BDNF in the hypothalamus and blocked by inhibition
of hypothalamic BDNF signaling (Cao et al., 2011).

Indirect evidence suggests that neurons in the ventromedial hypothalamus (VMH) could
contribute to activation of BAT, although the pathways through which they might exert an
influence on BAT sympathetic premotor neurons in rRPa remain unidentified. Electrical
stimulation of the VMH increased BAT thermogenesis (Perkins et al., 1981) and
microinjection of glutamate or thyroid hormone, triiodothyronine (T3), (Lopez et al., 2010)
into VMH increases BAT SNA. Conversely, electrolytic lesions of the VMH attenuated
BAT SNA (Niijima et al., 1984) and mice lacking phosphoinositide 3-kinase (P13K)
specifically in the steroidogenic factor-1 (SF-1)-containing neurons of the VMH had
impaired diet-induced thermogenesis and lower UCP-1 in BAT (Klockener et al., 2011).
However, the electrical stimulation and lesioning and the large injection volumes without
anatomical controls in these studies, and the absence transynaptic infection of VMH neurons
following PRV inoculations of BAT (Bamshad et al., 1999; Cano et al., 2003; Oldfield et al.,
2002) limit conclusions on the role of VMH neurons in the control of BAT thermogenesis.
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Icv delivery of T3, or localized injection into the VMH of either T3 or a dominant-negative
5' adenosine monophosphate-activated protein kinase (AMPK)a increased BAT SNA and
the expression of thermogenic markers in the BAT of euthyroid rats (Lopez et al., 2010).
This stimulation of BAT activity is postulated to arise from a thyroid hormone receptor
driven reduction in AMPK, allowing increased lipid synthesis in VMH neurons and an
elevation in their discharge rate (Lopez et al., 2010), although the mechanism through which
increased lipid synthesis increases neuronal discharge, as well as the pathway linking the
VMH to BAT sympathetic premotor neurons in the rRPa remain unknown. Inconsistent with
these results, icv injection of a fatty acid synthase inhibitor elicits a strong and rapid increase
in TBAT. Systemic or icv injection of TRH, as well as local injections into the DMH, POA,
and VMH increase BAT activation (Griffiths et al., 1988). Delivery of TRH into the 4t
ventricle, where it would potentially reach the NTS, increased TBAT, an effect that was
enhanced by prior application of leptin to the ventricle (Rogers et al., 2009) (Fig. 2C). TRH-
expressing neurons in the RPa are activated by cold-exposure (Cabral et al., 2012), but their
role in regulating BAT thermogenesis is unknown.

Bone morphogenic protein 7 (BMP7) promotes differentiation of brown pre-adipocytes,
increases BAT energy expenditure and thermogenesis and reduces weight gain (Tseng et al.,
2008), results suggesting that BMP7 supports BAT activation via both peripheral and central
mechanisms. Central BMP8B increases BAT SNA and BAT thermogenesis (Whittle et al.,
2012). The CNS pathways mediating the BMP stimulations of BAT activity are unknown.

Icv angiotensin Il (Angll) decreases body weight gain in part via activation of BAT.
Genetically-driven hyperactivity of the neuronal renin-angiotensin system increased BAT
SNA and TCORE, but not BAT UCP-1 mRNA (Grobe et al., 2010), consistent with
activation of the central renin-angiotensin system activating BAT and also providing another
example where the activity of BAT is dissociated from upregulation of BAT UCP-1
(Nedergaard and Cannon, 2013). Curiously, in mice with genetically-driven neuronal
hyperactivity of the renin-angiotensin system, the BAT SNA is not temperature responsive
(Grobe et al., 2010). Conversely, leptin-evoked increases in BAT SNA were prevented by
icv losartan, an angiotensinl (ATq) receptor antagonist, and impaired in AT receptor KO
mice (Hilzendeger et al., 2012). AT receptor deletion from PVVH neurons leads to
impaired energy expenditure on a high fat diet resulting in increased weight gain (de Kloet
et al., 2013), suggesting that the PVVH is a site at which angiotensin may increase BAT
metabolism.

Forebrain cannabinoid type 1 receptor (CB1-R) stimulation mediates a tonic inhibitory
effect on sympathetically-mediated BAT thermogenesis, although the relevant site of the
CB1-R and the source(s) of the endogenous CB1-R agonist are unknown. Deletion of CB1-
R in the hypothalamus (Cardinal et al., 2012), or forebrain overexpression of the
endocannabinoid-inactivating, monoacylglycerol lipase (Jung et al., 2012) or chronic CB1-R
antagonism (Bajzer et al., 2011) increase BAT activation and overall energy expenditure.
The elevated BAT thermogenesis following deletion of CB1-R in the forebrain, NTS and
some sympathetic ganglion cells contributes to a resistance to diet-induced obesity (Quarta
et al., 2010). CB1-R activation is necessary for the inhibition of BAT thermogenesis that
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contributes to the hypothermic response to bacterial lipopolysaccharide (LPS) (Steiner et al.,
2011).

Central insulin can exert a stimulatory or inhibitory influence on BAT thermogenesis,
depending on the dose and site of administration and the glucose status, but the experimental
insulin doses have not been compared to physiological extracellular levels of brain insulin.
Central administration of high doses of insulin increased BAT SNA (Rahmouni et al., 2004)
and BAT GDP binding in fed, but not in food-restricted rats. Local injections of insulin into
the POA (but not the DMH or rRPa) increased BAT activity, potentially by inhibiting POA
warm-sensitive neurons (Sanchez-Alavez et al., 2010). Central administration of low doses
of insulin, or direct injections into VMH or PVH, decreased BAT SNA, but co-
administration of insulin and glucose stimulated BAT SNA. Streptozotocin-induced diabetic
rats are cold intolerant due to a reduced capacity for central activation of BAT
thermogenesis (Rothwell and Stock, 1981). Further, the magnitude of the depression of BAT
activity evoked by insulin in the VMH had a diurnal sensitivity, while the reduction in BAT
activity following insulin into the suprachiasmatic nucleus observed in the light period was
reversed to an increase during the dark phase (Sakaguchi et al., 1988b).

Central delivery of the pancreatic hormone, amylin, elevated BAT SNA and increased
TCORE (Fernandes-Santos et al., 2013), although the site of amylin action remains
undetermined. Overexpression of receptor activity-modifying proteinl, involved in the G
protein-coupled receptor binding of amylin, also increased BAT SNA and TCORE (Zhang
et al., 2011b).

Administration of glucagon increases BAT thermogenesis, at least partly via a central
mechanism since icv injections of glucagon, glucagon-like peptide-1 (GLP-1), or
oxyntomodulin, a dual GLP-1 receptor and glucagon receptor agonist, increase BAT SNA
and TBAT (Lockie et al., 2012). Although the mRNA, peptide and binding site distributions
for pre-pro-glucagon and GLP-1 in the CNS are documented, the site(s) of action of central
glucagon or glucagon-like peptides to activate BAT are not known.

BRAINSTEM EFFERENT REGULATION OF BAT THERMOGENESIS

Within the hierarchical organization of the central network regulating BAT SNA and BAT
thermogenesis, neurons in the rostral ventromedial medulla, centered in the rRPa and
extending into the nearby raphe magnus nucleus and over the pyramids to the PaPy
(Bamshad et al., 1999; Cano et al., 2003; Oldfield et al., 2002; Yoshida et al., 2003), are the
principal BAT sympathetic premotor neurons — providing the essential excitatory drive to
BAT sympathetic preganglionic neurons (SPNs) in the intermediolateral nucleus (IML) of
the thoracolumbar spinal cord, which, in turn, excite sympathetic ganglion cells innervating
the BAT pads (Fig. 1). Inhibition of rRPa neuronal activity produces dramatic falls in
TCORE in conscious rats (Zaretsky et al., 2003) and reverses the increases in BAT SNA
elicited by a variety of thermogenic stimuli, including central and systemic PGE,
(Nakamura et al., 2002), skin cooling (Nakamura and Morrison, 2007), disinhibition of
DMH/DA (Cao et al., 2004) or lateral hypothalamic (Cerri and Morrison, 2005) neurons,
activations of central mu-opioid receptors, central melanocortin receptors, preoptic CRF
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receptors (Cerri and Morrison, 2006) and systemic administration of the adipose tissue
hormone, leptin.

Both glutamatergic (i.e., vesicular glutamate transporter 3 (VGLUT3)-expressing) and
serotonergic neurons in the rRPa region are anatomically and functionally related to the
activation of BAT thermogenesis (Cano et al., 2003; Martin-Cora et al., 2000; Nakamura et
al., 2004). Under thermoneutral or other conditions with low BAT SNA, the discharge of
BAT sympathetic premotor neurons in the rRPa is dominated by a GABAergic inhibition
(Morrison et al., 1999), which is overcome by a potent glutamatergic excitation, particularly
that from the DMH (Cao and Morrison, 2006), during the cold-evoked and febrile
activations of BAT (Madden and Morrison, 2003; Nakamura and Morrison, 2007). BAT
sympathetic premotor neurons in rRPa are excited by local application of agonists for
NMDA and non-NMDA subtypes of glutamate receptors. In contrast, systemic
administration of the 5-HTq 4 inhibitory receptor agonist, 8-Hydroxy-2-(di-n-
propylamino)tetralin (8-OH-DPAT), decreases TBAT, likely via activation of 5-HT1a
receptors in the rRPa, where direct injection of 8-OH-DPAT inhibits BAT SNA (Morrison,
2004; Nakamura and Morrison, 2007), likely through inhibition of serotonergic and non-
serotonergic BAT sympathetic premotor neurons. MTII in the medullary raphe increases
TBAT, although the phenotype of the relevant rRPa neurons is unknown.

Neurons in the VLM, including catecholaminergic neurons, are transynaptically infected
following PRV injections into BAT (Cano et al., 2003; Madden et al., 2013) (Fig. 5A).
Activation of NMDA receptors or blockade of GABA receptors or laser light activation of
ChR2-transfected neurons in the VLM region corresponding to the locations of the Al and
C1 catecholaminergic cell groups elicits a prompt and complete inhibition of the cooling-
evoked or febrile increases in BAT SNA and BAT thermogenesis (Cao et al., 2010; Madden
et al., 2013) (Fig. 5D). These observations likely reflect multiple BAT sympathoinhibitory
systems within the rostrocaudal extent of the VLM, since the intermediate and caudal VLM
contain neurons that project directly to rRPa (Figs. 5B, 5C), while the RVLM does not
(Madden et al., 2013). One component of the BAT sympathoinhibitory system in the
intermediate VLM is a direct projection of catecholaminergic neurons to the rRPa (Figs. 5B,
5C), where activation of a2 adrenergic receptors inhibits BAT sympathetic premotor
neurons and blocks cold-evoked and febrile stimulations of BAT thermogenesis (Madden et
al., 2013) (Fig. 5D), likely accounting for the hypothermic response to systemic
administration of a.2 adrenergic receptor agonists. Although the specific physiological
stimuli that drive the catecholaminergic inhibition of BAT activity remain undefined,
potential roles in hypoxia or glucoprivation-induced inhibition of BAT are suggested by the
observations that these stimuli activate catecholaminergic neurons of the VLM (Ritter et al.,
1998) (Fig. 5E) and inhibit BAT SNA and BAT thermogenesis (Madden, 2012; Madden and
Morrison, 2005) (Fig. 5F), consistent with VLM neurons contributing to a restricted BAT
energy consumption in the face of a reduction in metabolic fuel availability.

Although some locus coeruleus (LC) neurons are synaptically connected to BAT, LC
neurons are not activated by cold exposure (Cano et al., 2003), nor are they required for
cold-evoked BAT thermogenesis (Almeida et al., 2004). However, central PGE,-evoked
thermogenesis was markedly reduced in LC-lesioned rats (Almeida et al., 2004). Inhibition
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of the Kap channel-dependent activation of neurons in the LC reduced BAT UCP1 mRNA
expression and markedly attenuated the activation of BAT SNA following icv glucose
(Tovar et al., 2013). Reintroduction of NPY expression in the ARC neurons of NPY ™~ mice
reduced BAT UCP1 and TBAT, as well as tyrosine hydroxylase (TH) expression in PVH
and LC neurons, potentially due to NPY Y1 receptor activation in PVH (Shi et al., 2013).
Although a causal relationship between the ARC NPY-induced reduction in LC neuron
activity and the reduced BAT thermogenesis remains to be investigated, these results are,
overall, consistent with an excitatory influence of LC neuronal activity on non-cold-
defensive BAT energy expenditure.

The caudal PAG contains neurons that are multisynaptically-connected to BAT (Cano et al.,
2003), presumably including those that project directly to the raphe. Excitation of caudal
PAG neurons increases BAT temperature, although this excitation does not play a role in the
skin cooling-evoked stimulation of BAT thermogenesis (Nakamura and Morrison, 2007).
The rostral ventromedial PAG contains BAT sympathoinhibitory neurons, capable of
reversing the BAT thermogenesis evoked by PGE; into the POA or by disinhibition
DMH/DA neurons (Rathner and Morrison, 2006).

An uncharacterized population of neurons in the mid-pons is responsible for a tonically-
active (in anesthetized preparations) inhibition of BAT thermogenesis since transections of
the neuraxis near the pontomedullary junction, but not those between the pons and
DMH/DA, produce large increases in TBAT and TCORE (Amini-Sereshki and Zarrindast,
1984). Inactivation of neurons near the pontine retrorubral field produced a similar
stimulation of BAT thermogenesis. Although the effect of these manipulations on BAT
thermogenesis is considerable, neither the exact location of the neurons mediating this
inhibition nor the physiological basis for its control has been determined.

SPINAL SYMPATHETIC MECHANISMS INFLUENCING BAT
THERMOGENESIS

The discharge of BAT SPNs that determines the level of BAT SNA and BAT
thermogenesis, as well as the rhythmic bursting characteristic of BAT SNA, is governed by
their supraspinal and segmental inputs as well as those to the network of spinal interneurons
that influence BAT SPN excitability. Serotonin in the IML activates BAT SNA and BAT
thermogenesis and potentiates the BAT SNA response to NMDA injections into the IML
(Madden and Morrison, 2006), potentially via 5-HT1A receptors on GABAergic
interneurons in the IML and 5-HT> receptors on BAT SPNs (Madden and Morrison, 2006).
Thus, the BAT stimulating effect of 5-HT uptake inhibitors could arise from increased
serotonin at spinal synapses controlling BAT activity. Spinal glutamate and 5-HT receptors
play critical roles in mediating the descending excitation of BAT SPNs by their antecedent
premotor neurons in the rRPa (Madden and Morrison, 2006, 2010; Nakamura et al., 2004)
(Fig. 1) and mice lacking central serotonergic neurons show blunted BAT thermogenesis
during cold exposure (Hodges et al., 2008). The dense dopamine beta hydroxylase
innervation of BAT SPNs (Cano et al., 2003) suggests that spinal catecholamine release
could modulate the activity of BAT SPNs. Activation of MC-4R on BAT sympathetic
preganglionic neurons may contribute to increased BAT energy expenditure (Rossi et al.,
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2011). Intrathecal PACAP increases BAT SNA, presumably by increasing the activity of
BAT SPNs.

DIET AND FEEDING EFFECTS ON BAT THERMOGENESIS

Food consumption and dietary composition influence the level of BAT thermogenesis,
which, in addition to the heat released during digestive processes and nutrient transport,
contributes to the “acute thermic effect” of food or “postprandial thermogenesis”. BAT
norepinephrine turnover, an indirect index of BAT SNA, is increased following a meal. The
thermic effect of food (Schwartz et al., 1988) and the feeding-evoked increase in metabolic
rate are attenuated by sympatholytic drugs. The mechanisms underlying postprandial BAT
thermogenesis remain unknown. Glucose administration increased p-adrenergic receptor-
mediated thermogenesis (Acheson et al., 1983) and glucose and insulin administration
increased BAT SNA (Holt and York, 1989; Rahmouni et al., 2004) and streptozotocin-
induced diabetic rats with low insulin have impaired diet-induced BAT thermogenesis.
However, there is no correlation between the insulin response to a meal and the thermic
effect of feeding. Nutrient sensing in the gut, perhaps via cholecystokinin (CCK)a receptor
activation of vagal afferents, may contribute to postprandial thermogenesis in BAT: lipid
administration into the duodenum increases TBAT, an effect that is blocked by systemic
administration of a CCK receptor antagonist, by infusion of a local anesthetic into the
duodenum, or by blockade of NMDA receptors in the NTS (Blouet and Schwartz, 2012).
Interestingly, CCK can also act centrally to increase BAT SNA, although the physiological
relevance is unknown. Elevations in intestinal osmolality also elicit a sympathetically-
mediated BAT thermogenesis (Kobayashi et al., 2001).

In addition to the acute effects of a meal on BAT thermogenesis, the specific composition of
the diet, particularly the fat content, can have chronic effects on BAT thermogenesis, i.e.,
diet-induced thermogenesis (Stock, 1989). Diet-induced obesity increases indirect indices
(e.g., UCP-1 mRNA and UCP-1 protein expression) of BAT activation (Fromme and
Klingenspor, 2011) and TBAT was elevated in obese mice on a high fat diet for 20 weeks
(Enriori et al., 2011). Indeed, acute changes in diet increase NE turnover in BAT (Levin et
al., 1983; Young et al., 1982) and B-adrenergic receptor signaling is required for the
activation of BAT during maintenance on a high fat diet (Bachman et al., 2002). However,
the initially elevated BAT NE turnover rate in high fat fed rats begins fall by 5 weeks and by
3 months is equivalent to that in rats on a control diet (Levin et al., 1983). Furthermore, at
22 days on diet, BAT SNA was lower in rats consuming a high fat compared to a low fat
diet. Nonetheless, treatments that impair BAT thermogenesis, such as ablation of BAT or
deletion of UCP-1 or B-adrenergic receptors, render animals prone to excess weight gain
during maintenance on high fat diet (Feldmann et al., 2009; Hamann et al., 1996).

High fat or high energy diets that recruit BAT have a protein-diluting effect that may
contribute to their ability to activate BAT (Cannon and Nedergaard, 2004; Stock, 1999),
since low protein diets or those deficient in indispensable amino acids increase BAT activity
(increased BAT UCP-1 mRNA or GDP binding) (Rothwell et al., 1983; Zhu et al., 2012)
and lead to anorexia (Zhu et al., 2012), an effect that requires the anterior piriform cortex
(APC). Direct detection of the amino acid deficiency by APC neurons drives the anorexia,
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but the role of APC neurons in the BAT activation in response to protein-deficient diets is
unknown. Elevated levels of ketone bodies resulting from ketogenic diets with low
carbohydrate, high protein and high fat can increase BAT SNA and energy expenditure
(Srivastava et al., 2013) and decrease body weight. B-hydroxybutyrate also increases indices
of BAT activity and NE turnover in BAT (Kolanowski et al., 1994). Although little is
known about the underlying mechanisms, injection of p-hydroxybutyrate into the VMH or
the PVH increases BAT SNA (Sakaguchi et al., 1988a).

Fasting or food restriction inhibits thermogenesis, at least in part by reducing BAT activity
(Rothwell and Stock, 1982; Sivitz et al., 1999). The fasting-evoked decrease in BAT UCP-1
MRNA expression, but not the decrease in BAT UCP-1 protein level was reversed by leptin
administration (Sivitz et al., 1999). Although these results might suggest that low leptin
levels promote the inhibition of BAT during fasting, such data highlight the fact that isolated
measures of UCP-1 mRNA are inadequate for assessing the physiologically-relevant activity
state of BAT (Nedergaard and Cannon, 2013).

Both hypoglycemia and its cellular glucopenic simulation by administration of the glycolytic
inhibitor, 2-deoxy-D-glucose (2-DG), cause hypothermia, at least in part by inhibiting BAT
thermogenesis (Egawa et al., 1989; Madden, 2012), which occurs principally by a centrally-
mediated inhibition of BAT SNA (Madden, 2012). Glucoprivic sensitivity in the lateral
hypothalamus modestly reduces BAT SNA, while glucoprivation in the VLM completely
inhibits BAT SNA (Madden, 2012) (Fig. 5F). Whether other brain regions, such as the
VMH, implicated in glucose sensation, can contribute to the hypoglycemic inhibition of
BAT SNA and BAT thermogenesis remains unknown. Regarding the neural pathways
through which neurons in the VLM may mediate the glucoprivic inhibition of BAT SNA,
the NPY/catecholaminergic projection from the VLM to the PVH may play an important
role. Systemic glucoprivation did not attenuate BAT SNA following pontomedullary
transection (Madden, 2012), consistent with a requirement for a supramedullary structure in
the hypoglycemia-evoked inhibition of BAT SNA. Further, activation of PVH neurons
inhibits BAT SNA (Madden and Morrison, 2009) and the NPY/catecholaminergic input
from the VLM to the PVH is important for other counterregulatory responses to
hypoglycemia. Additionally, a GABA, receptor-mediated inhibition of BAT sympathetic
premator neurons in the rRPa may be involved (Madden, 2012).

CONCLUSION

BAT thermogenesis is regulated primarily by a core thermoregulatory neural network (Fig.
1) which responds to skin thermoreceptor afferent signaling and to falls in core temperature
to alter the sympathetic outflow to BAT. In addition to cold defense, BAT activation and
elevations in body temperature, accomplished by non-thermal activation of the
thermoregulatory network, occurs in a variety of behavioral states, including immunologic
responses, wakefulness and stress. The high metabolic rate required for BAT thermogenesis
demands a dependable supply of metabolic fuels, particularly oxygen, lipolytic by-products
and glucose, and thus the neural network controlling BAT activation can be strongly
influenced by permissive synaptic and hormonal signals reflecting the short- and long-term
availability of the essential fuels to sustain BAT metabolism. These modulatory influences
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(Fig. 1) on the BAT thermoregulatory network indicate not only the complexity of the
central control of this highly metabolic organ, but also the many central mechanisms
determining BAT sympathetic outflow that remain to be explored. Of particular interest is
the regulation of BAT activity involving the microcircuitry within the POA, the hormonal
signaling to ARC neurons, the activation of the orexin neurons in the PeF/LH, and the
modulation of BAT inhibitory influences mediated through the PVH and brainstem inputs to
BAT sympathetic premotor neurons in the rRPa. Additionally, vagal afferents provide a
spectrum of viscerosensory metabolic signals to integrative networks in the NTS that can
elicit a potent modulation of BAT thermogenesis. Although there is little evidence for a
central regulation of BAT thermogenesis and its attendant energy consumption that is
specifically directed toward body weight regulation, it is not surprising that a reduction in
BAT energy expenditure can be a predisposing factor in weight gain. Conversely, it is
logical that augmented BAT activity could contribute to a reduction in body adipose stores.
Further research into the functional organization of the central neural networks regulating
BAT thermogenesis will not only increase our understanding of the factors controlling this
metabolic furnace, but also reveal novel interventional approaches to modulating the level of
BAT energy expenditure.
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Figure 1. Model for the neuroanatomical and neurotransmitter/hormonal organization of the
core thermoregulatory network and other CNS sites controlling and modulating brown adipose

tissue (BAT) thermogenesis

Cool and warm cutaneous thermal sensory receptors transmit signals to respective primary
sensory neurons in the dorsal root ganglia which relay this thermal information to second-
order thermal sensory neurons in the dorsal horn (DH). Cool sensory DH neurons

glutamatergically activate third-order sensory neurons in the external lateral subnucleus of
the lateral parabrachial nucleus (LPBel), while warm sensory DH neurons project to third-
order sensory neurons in the dorsal subnucleus of the lateral parabrachial nucleus (LPBd).
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Thermosensory signals for thermoregulatory responses are transmitted from the LPB to the
preoptic area (POA) where GABAergic interneurons in the median preoptic (MnPOQ)
subnucleus are activated by glutamatergic inputs from cool-activated neurons in LPBel and
inhibit a BAT-regulating population of warm-sensitive (W-S) neurons in the medial preoptic
area (MPA). In contrast, glutamatergic interneurons in the MnPO, postulated to be excited
by glutamatergic inputs from warm-activated neurons in LPBd, excite W-S neurons in
MPA. Prostaglandin (PG) E, binds to EP3 receptors to inhibit the activity of W-S neurons in
the POA.. Preoptic W-S neurons providing thermoregulatory control of BAT thermogenesis
inhibit BAT sympathoexcitatory neurons in the dorsomedial hypothalamus and dorsal
hypothalamic area (DMH/DA) which, when disinhibited during skin cooling, excite BAT
sympathetic premotor neurons in the rostral ventromedial medulla, including the rostral
raphe pallidus (rRPa) and parapyramidal area (PaPy), that project to BAT sympathetic
preganglionic neurons (SPN) in the spinal intermediolateral nucleus (IML). Some BAT
premotor neurons can release glutamate (GLU) to excite BAT sympathetic preganglionic
neurons and increase BAT sympathetic nerve activity, while others can release serotonin (5-
HT) to interact with 5-HT 5 receptors, potentially on inhibitory interneurons in the IML, to
increase the BAT sympathetic outflow. Orexinergic neurons in the perifornical lateral
hypothalamus (PeF-LH) project to the rRPa to increase the excitability of BAT sympathetic
premotor neurons. Activation of neurons in the ventrolateral medulla (VLM) produces an
inhibition of BAT thermogenesis, at least in part by noradrenergic activation of a2 receptors
on rRPa neurons. Neurochemicals/hormones in yellow boxes activate and those in blue
boxes reduce BAT activity. 2-DG, 2-deoxyglucose; 5-HT, 5-hydroxytryptamine; 5-TG, 5-
thioglucose; aMSH, alpha melanocyte-stimulating hormone; Angll, angiotensin Il; BDNF,
brain-derived neurotrophic factor; CRF, corticotrophin releasing factor; CSN, carotid sinus
nerve; NE, norepinephrine; NPY, neuropeptide Y; PGE,, prostaglandin E2; T3,
triiodothyronine; TIP39, tuberoinfundibular peptide of 39 residues; TRH, thyrotropin-
releasing hormone; VGLUTS3, vesicular glutamate transporter 3. Copyright 2014 by Oregon
Health and Science University.
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Figure 2. NTS neurons mediate both inhibition and excitation of BAT thermogenesis
(A) Disinhibitory activation of neurons in intermediate NTS (iNTS) at the level of the area

postrema (insert) with injections of bicuculline (BIC) completely reversed the PGE, in
medial preoptic area (MPA)-mediated increases in BAT SNA and BAT temperature
(TBAT). Modified from (Cao et al., 2010).

(B) Activation of adenosine 1A receptors in iINTS with injections of the agonist, N6-
cyclohexyladenosine (CHA), reverses the cooling-evoked increases in BAT SNA and
TBAT. Inhibition of iINTS neurons with injections of muscimol (MUSC) reverses the CHA-
evoked inhibition of BAT SNA, consistent with adenosine producing an increase in the
activity of BAT sympathoinhibitory neurons in iNTS. Modified from (Tupone et al., 2013).
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(C) Changes in TBAT elicited by agents applied to the 4t ventricle. When preceded by
leptin, TRH markedly increases TBAT, indicating BAT thermogenesis. This effect is
prevented by prior blockade of signal transduction pathways via 4™ ventricle administration
of wortmannin to block leptin-evoked PIP3 generation or by the Src-SH2 antagonist, PP2.
Modified from (Rogers et al., 2009).

(D) Stimulation (400pA, 1 ms pulses, 2 Hz) of afferents in the cervical vagus elicits a potent
inhibition of cooling-evoked increases in BAT SNA, TBAT and expired CO,, an indicator
of metabolic oxygen consumption. These data reflect a vagal afferent drive to BAT
sympathoinhibitory NTS neurons. Author's unpublished observation.

(E) Paired shock stimulation (400uA, 1 ms pulses, 6 ms interpulse interval, 0.2 Hz) of
afferents in the cervical vagus nerve evokes an excitatory compound action potential in BAT
SNA, consistent with a population of vagal afferents activating BAT sympathoexcitatory
neurons in NTS. Author's unpublished observation.
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Figure 3. Orexinergic and other PeF/LH neurons influence BAT thermogenesis
(A) The activation of BAT SNA and BAT thermogenesis produced by disinhibitory

activation of LH neurons with bicuculline (BIC) nanoinjection is dependent on the
activation of glutamate receptors on DMH/DA neurons. Modified from (Cerri and Morrison,
2005).

(B) Icv PGE; (filled symbols), but not ACSF (open symbols), elicited a marked increase in
BAT temperature in orexin-KO mice (triangles) and in the wild-type littermates for orexin-
KO (circles) and for orexin neuron-ablated (squares), but had no effect on TBAT in orexin
neuron-ablated mice (diamonds). Modified from (Takahashi et al., 2013).

(C) Under cool conditions (TCORE < 37 °C) with a low level of basal BAT SNA,
nanoinjection of orexin-A (dashed line) in the rRPa elicited a prolonged increase in BAT
SNA and TBAT. Modified from (Tupone et al., 2011).

(D) Orexinergic fibers (red) surround putative BAT sympathetic premotor neurons in PaPy
(and in rRPa) transynaptically-infected following PRV inoculations of interscapular BAT.
Modified from (Tupone et al., 2011).
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Figure 4. Paraventricular hypothalamic nucleus (PVH) mechanisms influencing BAT
thermogenesis
(A) Histological section through the PVH illustrating the overlap of transynaptically

infected, PRV-labeled neurons (brown) following PRV injections into interscapular BAT
and in situ hybridization for melanocortin 4-receptor (MC4-R) mRNA expression (black
granules). Inset: High magnification of the outlined portion of the PVH. Note the presence
of PRV in neurons surrounded by MC4-R (curved black arrows) and PRV in neurons
without associated MC4-R (curved open arrows). Bar = 25mm. Modified from (Song et al.,
2008).

(B) Immunolabeling of PVH neurons for transynaptic infection with PRV (green) after PRV
injections into interscapular BAT and for oxytocin (OXY:; red). Arrows indicate neurons
containing both PRV and OXY (yellow). Modified from (Oldfield et al., 2002).

(C) Microinjection of neuropeptide Y (NPY), but not saline vehicle, into the PVH inhibited
BAT SNA. Modified from (Egawa et al., 1991).

(D) Nanoinjection of bicuculline (BIC) into the PVH completely reversed the cooling-
evoked increases in BAT SNA, BAT temperature (TBAT) and expired CO, (Exp CO»).
Modified from (Madden and Morrison, 2009).

(E) Schematic of the proposed neurocircuitry mediating influences on BAT thermogenesis
mediated by PVH neurons and their GABAergic regulation. Based in part on (Cowley et al.,
1999).
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Figure 5. Neurons in the ventrolateral medulla (VLM), including catecholaminergic neurons,
regulate BAT SNA and BAT thermogenesis
(A) The A1/C1 area of the VLM (bregma —13 mm) contains transynaptically-infected

neurons (green) following PRV injections into interscapular BAT, tyrosine hydroxylase
(TH)-immunoreactive neurons (red), and double-labeled (yellow, arrowhead) neurons.

(B) Following PRSx8-channel rhodopsin 2-mCherry (ChR2) lentivirus nanoinjections into
VLM, many dopamine beta hydroxylase (DpH)-expressing neurons (green) are double-
labeled (yellow, arrowheads) due to transfection with ChR2 (red).
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(C) Following PRSx8-channel rhodopsin 2-mCherry (ChR2) lentivirus nanoinjections into
VLM, the rRPa (white dotted outline) contains highly varicose fibers (red) expressing ChR2.
(D) Laser photostimulation of VLM neurons containing the ChR2 (largely
catecholaminergic neurons) inhibited BAT SNA and reduced TBAT, an effect that was
attenuated by blockade of a2-adrenergic receptors in the rRPa. Panels A — D, suggesting
that activation of catecholaminergic neurons in the VLM inhibits BAT SNA via direct
catecholaminergic inputs to the rostral raphe pallidus (rRPa), are modified from (Madden et
al., 2013).

(E) Glucoprivation (2-DG, iv) activates (increases c-fos (black nuclei)) many
catecholaminergic neurons (gray) in the A1/C1 area of the VLM. Modified from (Ritter et
al., 1998).

(F) Local glucoprivation in the VLM by nanoinjection of 5-thioglucose (5-TG, dashed line)
completely inhibits BAT SNA and reduces BAT thermogenesis (TBAT) and metabolic
oxygen consumption (EXP CO5). Modified from (Madden, 2012).
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