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Abstract

Central neural circuits orchestrate the homeostatic repertoire that maintains body temperature
during environmental temperature challenges and alters body temperature during the inflammatory
response. This review summarizes the experimental underpinnings of our current model of the
CNS pathways controlling the principal thermoeffectors for body temperature regulation:
cutaneous vasoconstriction controlling heat loss, and shivering and brown adipose tissue for
thermogenesis. The activation of these effectors is regulated by parallel but distinct, effector-
specific, core efferent pathways within the CNS that share a common peripheral thermal sensory
input. Via the lateral parabrachial nucleus, skin thermal afferent input reaches the hypothalamic
preoptic area to inhibit warm-sensitive, inhibitory output neurons which control heat production by
inhibiting thermogenesis-promoting neurons in the dorsomedial hypothalamus that project to
thermogenesis-controlling premotor neurons in the rostral ventromedial medulla, including the
raphe pallidus, that descend to provide the excitation of spinal circuits necessary to drive
thermogenic thermal effectors. A distinct population of warm-sensitive preoptic neurons controls
heat loss through an inhibitory input to raphe pallidus sympathetic premotor neurons controlling
cutaneous vasoconstriction. The model proposed for central thermoregulatory control provides a
useful platform for further understanding of the functional organization of central
thermoregulation and elucidating the hypothalamic circuitry and neurotransmitters involved in
body temperature regulation.
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Introduction

Central neural circuits orchestrate a homeostatic repertoire to maintain body temperature
during thermal challenges, both from the ambient and the internal (e.g., exercise)
environment, and to alter body temperature during specific behavioral states (e.g., sickness,
sleep, stress, etc.). Body temperature regulation is effected primarily through dedicated
pathways in the brain which function to produce an optimal thermal environment for
neurons and for the many tissues on which the brain depends for survival. The effector
mechanisms for cold defense, recruited in order of increasing energy costs, include
thermoregulatory behavior to reduce heat loss; cutaneous vasoconstriction (CVC) to
conserve heat in the body core and limit heat loss to the environment; piloerection to
supplement CVC in reducing heat loss; heat production (thermogenesis), a by-product of the
inefficiency of mitochondrial ATP production and of ATP utilization, in skeletal muscle
(shivering) and brown adipose tissue (BAT), the principal sources of metabolic heat
production beyond those contributing to basal metabolic rate. Effector mechanisms for heat
defense include thermoregulatory behavior to increase heat loss; cutaneous vasodilation,
including an active vasodilation that appears to be specific to humans(Smith et al., 2016),
that facilitates heat loss by conducting heat from the body core to the body surface; and
evaporative cooling through sweating. The activation of these effectors is regulated by
parallel but distinct, effector-specific, efferent pathways within the central nervous system
that share common peripheral thermal sensory inputs. A wide variety of non-thermal
physiological parameters, disease processes, neurochemicals and drugs can influence the
central regulation of body temperature and their effects are hypothesized to result from an
alteration of the activity within these core neural circuits for thermoregulation. For instance,
since the high metabolic rate of BAT and shivering skeletal muscles 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 or shivering is exquisitely sensitive to signals reflecting the short- and long-
term availability of the fuel molecules essential for BAT and skeletal muscle metabolism.

The core central thermoregulatory network (Fig. 1), involving thermal afferent pathways,
hypothalamic sensorimotor integration and descending efferent pathways to spinal motor
neurons, comprises the fundamental pathways through which cutaneous cold and warm
sensation and/or reductions or elevations in brain temperature elicit changes in
thermoregulatory effectors to counter or protect against deviations from a homeostatic
temperature of the brain and other critical organs. Although the experimental basis for this
model depends largely on studies in rodents (reviewed in (Morrison, 2011; Morrison et al.,
2011; Nakamura, 2011; Morrison et al., 2014a; Morrison et al., 2014b)) and often under
anesthetized conditions, the fundamental neural circuits elucidated through this work are
expected to be relevant to human thermoregulation since rodents have, with the exceptions
of sweating and thermoregulatory behaviors, a repertoire of thermal effectors and thermal
reflex responses that is similar to those in humans. This review will summarize the results of
the principal studies leading to our current model (Fig. 1) of the core thermoregulatory
neural circuits controlling CVC, and shivering and BAT thermogenesis.
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Afferents influencing thermoeffector activity

Cutaneous thermoreceptor afferent pathway

The central thermoregulatory system receives signals related to changes in the external
environmental temperature through cutaneous thermoreceptors (primary sensory nerve
endings distributed in the skin) and signals related to changes in the temperature of various
tissues in the body core through local thermoreceptors, including intrinsically thermally-
sensitive neurons in the brain (Boulant et al., 1986; Tabarean et al., 2004; Boulant, 2006;
Lundius et al., 2010). Relatively little is known about visceral thermoreceptors; but, species
and body location differences notwithstanding, many of the cutaneous thermoreceptors are
cool thermoreceptors (Darian-Smith et al., 1973) that drive cold-defensive CVC and
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 TRPMS8 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
(Andresen et al., 2012) also have access to central thermoregulatory circuits: endogenous
ligand-stimulated TRPV1 channels inhibit BAT thermogenesis (Steiner et al., 2007) and
TRPV1 agonist infusion reduces thermogenesis and lowers body temperature (Feketa et al.,
2013).

In addition to cutaneous thermoreception (reviewed in (Romanovsky, 2014)),
thermoreceptive mechanisms exist in body core structures including the brain, spinal cord
and abdomen. The afferent fibers from cold and warm receptors in the abdominal viscera are
included among the splanchnic and vagus nerve afferent fibers and their responses to
temperature changes are similar to those of cutaneous thermoreceptors (Riedel, 1976; Gupta
etal., 1979). Temperature changes in the spinal cord can affect the activity of
thermoregulatory neurons in more rostral areas of the brain (Guieu et al., 1970). TRP
channels that are located in the central endings of primary somatosensory fibers in the spinal
dorsal horn (Tominaga et al., 1998; Bautista et al., 2007) may sense spinal temperature and
could underlie an integration of spinal thermal signals with cutaneous thermal signals at the
spinal cord level. These could function to enhance thermoregulatory responses in extreme
thermal environments when the feedforward thermoregulatory responses driven by changes
in skin temperature prove inadequate to prevent changes in brain, spinal cord or body core
temperatures.

Primary thermoreceptor dorsal root ganglion neurons synapse on thermoreceptive-specific,
lamina | spinal (or trigeminal) dorsal horn cells that respond linearly to graded, innocuous
cooling or warming stimuli, but are not activated further in the noxious temperature range
(Craig, 2002). The TRP channels in the thermoreceptor central endings may also provide a
substrate for spinal cord or trigeminal nucleus temperature to influence the level of thermal
effector activity. In turn, spinal and trigeminal lamina I neurons collateralize and innervate
the thalamus, providing the neural substrate for cutaneous thermosensory perception and
localization (Craig et al., 1994; Craig, 2002), and the pontine lateral parabrachial nucleus

Auton Neurosci. Author manuscript; available in PMC 2017 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Morrison

Page 4

(LPB) (Hylden et al., 1989; Li et al., 2006) (Fig. 1), responsible for triggering involuntary
(e.g., autonomic, shivering and respiratory) thermoregulatory responses.

Spinal lamina I 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 (MnPQ) of the preoptic area
(POA) (Nakamura et al., 2008b). In parallel, glutamatergic excitation of POA-projecting
neurons in the dorsal subnucleus of the LPB (LPBd) (Nakamura et al., 2010) is necessary for
the skin warming-evoked inhibition of CVC and BAT thermogenesis (Nakamura et al.,
2010). The discharge rate of single, MnPO-projecting LPBel neurons recorded in vivo
increased markedly in response to skin cooling in a manner paralleling the skin cooling-
evoked increases in BAT sympathetic nerve activity (SNA) (Nakamura et al., 2008b). In
contrast, single, MnPO-projecting LPBd neurons were excited by skin warming in parallel
with the simultaneous inhibition of BAT SNA (Nakamura et al., 2010). Activation of LPBd
or LPBel neurons evokes decreases or increases, respectively, in CVC, and in BAT and
shivering thermogenesis that mimic respective skin warming-evoked or skin cooling-evoked
physiological responses. The critical role of LPB neurons in transmitting cutaneous, and
possibly visceral, thermal sensory information to the hypothalamus to drive
thermoregulatory responses is demonstrated by the elimination of BAT, shivering and CVC
responses to alterations in skin temperature following experimental inactivation of local
neurons or blockade of local glutamate receptors in the LPB (Kobayashi et al., 2003;
Nakamura et al., 2008a; Nakamura et al., 2010). Thus, activations of LPBd and LPBel
neurons by glutamatergic inputs from lamina I neurons, driven respectively by cutaneous
warming and cooling signals, transmit the respective warm and cold cutaneous thermal
afferent stimuli, via a spinoparabrachiopreoptic pathway, that initiate heat defense and cold
defense responses in CVVC SNA, cutaneous blood flow, BAT SNA, shivering EMGs, and
BAT and shivering thermogenesis to defend body temperature during thermal challenges
from the environment.

Non-thermal afferents influence thermal effectors

Viscerosensory afferents, with axons in the vagus nerve, synapsing on second-order neurons
in the nucleus of the solitary tract (NTS), and likely sensing metabolic rather than thermal
parameters, can also influence BAT activity (Szekely, 2000) and shivering responses. 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 et
al., 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 et al., 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 neurons whose activation reduces CVC and BAT SNAs and shivering
EMGs (Johnson et al., 1998; Cao et al., 2010; Tupone et al., 2013). The bicuculline-evoked

Auton Neurosci. Author manuscript; available in PMC 2017 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Morrison

Page 5

blockade of GABAA receptors in the intermediate NTS (iNTS) potently inhibits cooling-
evoked and febrile increases in BAT SNA (Cao et al., 2010) and the inhibition of BAT SNA
following injection of an adenosine Al receptor agonist into iINTS is dependent on the
activity of INTS neurons (Tupone et al., 2013). As byproducts of ATP metabolism,
adenosine and adenosine 5’-monophosphate, whose central administration also produces
hypothermia (Muzzi et al., 2013), can diffuse from cells and may function to reduce energy
consumption, such as BAT and shivering thermogenesis, in situations (e.g., hypoxia or
caloric restriction) of reduced energy substrate availability. CVC SNA has a modest degree
of baroreceptor sensitivity (Macefield et al., 1999; Owens et al., 2002), indicating that the
circuits controlling CVC SNA also receive an inhibitory outflow from the NTS.

Central neural pathways to thermoregulatory effectors

Thermoregulatory behavior

Thermoregulatory behaviors, the stereotypical somatic motor acts directed primarily toward
minimizing or optimizing heat transfer from the body to the environment or toward
generating heat in the cold are triggered primarily by cutaneous thermal receptors. However,
although skin thermal receptors can initiate human thermoregulatory behavior, adult humans
have established such a rich repertoire of experience, learned responses and options for
altering their environment that a variety of non-thermal cues (hearing a weather report) play
a significant role in initiating thermoregulatory behaviors. Thermoregulatory behaviors are
included in the category of “motivated” behaviors, which have important relationships to the
limbic and hypothalamic emotional and dopaminergic reward systems in the brain. The
emotional distress of being too hot or too cold is commonly a significant factor in motivating
human behavior to seek or produce an ambient temperature that is more “comfortable” and
thereby obtain the ‘reward’ of being in a pleasant thermal environment. Due to the
complexity of the neural circuitry required for initiating, organizing, performing and
controlling even simple thermoregulatory motor acts, we have only a minimal understanding
of the organization of the neural pathways underlying thermoregulatory behavior (Satinoff et
al., 1970; Nagashima et al., 2000; Almeida et al., 2006; Romanovsky, 2007). Lesion studies
suggest, for instance, that a wide range of thermoregulatory behaviors can occur in the
absence of the neurons in the classic thermoregulatory sensorimotor integration area of the
hypothalamic preoptic area (POA) (Satinoff et al., 1970; Almeida et al., 2006).

Cutaneous vasoconstriction regulates heat loss

In the cold, increasing the sympathetic nerve activity to cutaneous blood vessels reduces
skin blood flow and the loss of metabolic heat to the environment, thus helping to maintain a
normal core body temperature. Conversely, in a hot environment, inhibition of the
sympathetic nerve activity to cutaneous blood vessels (i.e., cutaneous vasodilation) increases
skin blood flow and brings metabolic heat to the body surface where it is available for
transfer to the environment. Simultaneously, visceral vaso- and venodilation in the cold and
constriction in the heat contribute to the respective increases and decreases in core blood
flow. In both humans and rodents, heating-evoked cutaneous vasodilation is accompanied by
a marked increase in visceral (i.e., splanchnic and renal) vasoconstriction (Escourrou et al.,
1982; Kregel et al., 1988; Minson et al., 1999). Sustained cutaneous vasoconstriction is an
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important factor in the defense of an elevated body temperature during fever. In humans,
increased cutaneous vasoconstrictor sympathetic outflow mediates the reduction in
cutaneous blood flow in a cold environment and during fever, while a sympathetic
vasodilator outflow is principally responsible for the increase in cutaneous blood flow in
hyperthermic environments (Wallin et al., 2007). Direct recordings of cutaneous
vasoconstrictor postganglionic sympathetic nerve activity in several species, including
humans, indicate a moderate level of cutaneous vasoconstrictor sympathetic activity at
normothermic body temperatures.

CVC sympathetic preganglionic neurons (Fig. 1) are located in the intermediolateral cell
column (IML) of the thoracolumbar spinal cord. These project primarily to paravertebral,
cutaneous vasoconstrictor sympathetic ganglion cells that innervate the cutaneous blood
vessels and anastomoses. Retrograde tracing studies indicate that premotor inputs to
cutaneous vasoconstrictor spinal sympathetic networks including the preganglionic neurons,
arise from neurons in the ventromedial medulla, including the rostral raphe pallidus (rRPa)
and the parapyramidal (PaPy) region, some of which contain serotonin (5-HT) and others
that express the vesicular glutamate transporter 3 (VGLUT3) (Smith et al., 1998; Nakamura
et al., 2004; Toth et al., 2006). Additionally, premotor contributions arise from the rostral
ventrolateral medulla (RVLM), some of which are C1 neurons, as well as from the A5
noradrenergic cell group, lateral hypothalamic area and paraventricular hypothalamic area
(Smith et al., 1998).

Functionally, activation of neurons in the rostral medullary raphe (or the RVLM) elicits CVC
(Blessing et al., 2001; Tanaka et al., 2002) and inhibition of neurons in either the rRPa or the
RVLM prevents the cooling-evoked increases cutaneous vasoconstriction (Ootsuka et al.,
2005b). An interaction of serotonin (via the 5-HT2A receptor) and glutamate
neurotransmission in the IML is significant in determining the cutaneous vasoconstrictor
outflow. Spinal application of a 5-HT,a receptor antagonist markedly reduces the CVC
sympathetic response to rRPa stimulation and subsequent blockade of spinal glutamate
receptors eliminates the residual cutaneous vasoconstrictor activation following rRPa
stimulation (Ootsuka et al., 2005a). In summary, thermoregulatory alterations in cutaneous
blood flow mediated by the CVVC sympathetic outflow are determined by the activity of
populations of CVC sympathetic premotor neurons located primarily in the rRPa (Fig. 1),
PaPy and RVLM and involve release of glutamate and 5-HT within the CVVC spinal
sympathetic network.

Shivering thermogenesis

During the rapid, repeated skeletal muscle contractions of shivering, thermogenesis arises
primarily from the inefficiency of energy utilization in cross-bridge cycling and calcium ion
sequestration, and, to a lesser degree from mitochondrial membrane proton leak in the
course of ATP production from fuel substrate oxidation. Heat generation through shivering
has long been recognized as an essential mechanism in cold defense and in the elevated body
temperature in fever in both experimental animals and in humans (Palmes et al., 1965; Saper
et al., 1994). The muscle contractions of shivering result from rhythmic bursts of activity in
the alpha-motoneurons innervating skeletal muscle fibers. The increased 1A-afferent input in
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response to the simultaneous activation of gamma-motoneurons could play a role in
determining alpha-motoneuron responsiveness and, in turn, in setting the shivering threshold
and intensity (Schafer et al., 1973b; Schafer et al., 1973a) and frequency. The central neural
network generating the cold-evoked bursts of alpha-motoneuron activity requires a
supraspinal pathway that includes transmission of cutaneous cold afferent signals through
the LPB (Nakamura et al., 2008a), hypothalamic integration and activation of descending
outputs (Nakamura et al., 2011) to control the activity of somatic premotor neurons in the
rostral ventromedial medulla (Tanaka et al., 2006; Brown et al., 2007; Nakamura et al.,
2011). Anatomical tracing has established synaptic connections between rostral
ventromedial medullary neurons, including those in rRPa, and skeletal muscle (Kerman et
al., 2003). Activation of rostral ventromedial medullary neurons increases muscle EMG
activity and elicits shivering (Nason et al., 2004; Nakamura et al., 2011).

BAT Thermogenesis

In contrast to the ancillary nature of thermogenic shivering in skeletal muscles that are
normally used to produce movement and posture, non-shivering or adaptive thermogenesis
in BAT is the specific metabolic function of this tissue and is accomplished by the heat
generating capacity of a significant proton leak across the extensive mitochondrial
membranes of the brown adipocytes facilitated by the high expression of uncoupling
protein-1 (UCP1) in BAT mitochondrial membranes (Cannon et al., 2004). The level of BAT
SNA and norepinephrine release and 3-adrenergic receptor binding to brown adipocytes
determine the level of thermogenesis in BAT by regulating both the activity of lipases
providing the immediate fuel molecules for BAT mitochondria and the level of expression of
BAT mitochondrial UCP1(Cannon et al., 2004). BAT is an important thermoregulatory
effector in rodents and other small mammals (Golozoubova et al., 2006), but also contributes
to cold defense in both infant and adult humans (Nedergaard et al., 2007; Cypess et al.,
2009; van Marken Lichtenbelt et al., 2009; Virtanen et al., 2009).

Similar to the medullospinal organization of the control of the CVC sympathetic outflow
described above, the sympathetic outflow to BAT, which determines BAT thermogenesis, is
driven by the activity of BAT sympathetic premotor neurons that provide an excitatory drive
to BAT sympathetic preganglionic neurons in the thoracolumbar spinal cord, which, in turn,
excite sympathetic ganglion cells innervating the BAT pads. A prominent location of BAT
sympathetic premotor neurons is the rostral ventromedial medulla, centered in the rRPa and
extending into nearby raphe magnus nucleus and over the pyramids to the PaPy area,
initially suggested by transsynaptic retrograde tracing (Bamshad et al., 1999; Oldfield et al.,
2002; Cano et al., 2003; Yoshida et al., 2003) and subsequently more directly demonstrated
(Nakamura et al., 2004; Stornetta et al., 2005).

Glutamate and 5-HT play critical roles in the descending excitation of BAT sympathetic
preganglionic neurons by their antecedent premotor neurons in the rRPa. Spinally-projecting
neurons in the rRPa region can contain phenotypic markers for (a) the vesicular glutamate
transporter 3 (VGLUT3), potentially indicative of glutamatergic neurons (Nakamura et al.,
2004; Stornetta et al., 2005); (b) serotonin (5-HT) or tryptophan hydroxylase, a synthetic
enzyme for 5-HT (Cano et al., 2003; Nakamura et al., 2004; Stornetta et al., 2005) and (c)
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glutamic acid decarboxylase-67 (GAD-67), a marker for GABAergic neurons (Stornetta et
al., 2005). The majority of VGLUT3-containing neurons in the rRPa express Fos in response
to cold exposure or to the febrile stimulus of prostaglandin (PG)E, (Nakamura et al., 2004)
or to psychological stress (Lkhagvasuren et al., 2011), nanoinjection of glutamate or NMDA
into the upper thoracic IML activates BAT SNA and BAT thermogenesis (Nakamura et al.,
2004; Madden et al., 2006), and blockade of glutamate receptors in the upper thoracic IML
suppresses the increase in BAT thermogenesis evoked by bicuculline injection into rRPa
(Nakamura et al., 2004). Putative serotonergic neurons in the rRPa increase their firing rate
in response to cold (Martin-Cora et al., 2000; Nason et al., 2006) or PGE, administration
(Nason et al., 2006), serotonin injected into the IML can activate BAT SNA and BAT
thermogenesis and potentiates the BAT SNA response to NMDA injections into the IML
(Madden et al., 2006), and blockade of spinal serotonin receptors reverses the cold-evoked
activation of BAT SNA (Madden et al., 2010).

BAT premotor neurons in the rRPa receive a potent glutamatergic excitation, as well as
GABAergic inhibitory inputs, with the latter predominating under warm conditions to
reduce BAT thermogenesis. Relief of this tonically-active, GABAergic inhibition as well as
an increase in glutamate-mediated excitation, including that from the dorsomedial
hypothalamus and dorsal hypothalamic area (DMH/DA) (Cao et al., 2006; Kataoka et al.,
2014), contributes to the cold-evoked and febrile increases in BAT premotor neuronal
discharge that drives BAT SNA and BAT heat production. Injections of glutamate agonists
into the rRPa or blockade of local GABA receptors in rRPa evoke intense activations of
BAT SNA (Morrison et al., 1999; Cao et al., 2003; Madden et al., 2003). Conversely,
inhibition of neuronal activity or blockade of glutamate receptors in the rRPa reverses the
increases in BAT SNA and BAT thermogenesis and heart rate elicited by a variety of
thermogenic stimuli, including skin cooling and fever (Nakamura et al., 2002; Madden et al.,
2003; Morrison, 2003; Nakamura et al., 2007; Ootsuka et al., 2008), and produces dramatic
falls in body temperature in awake rats (Zaretsky et al., 2003). Thus, the rRPa region of the
ventromedial medulla contains the principal population of BAT sympathetic premotor
neurons providing the final common medullospinal pathway for the sympathoexcitatory
drive to the spinal network controlling BAT SNA and BAT thermogenesis (Fig. 1).

cooling

Evaporative cooling, including sweating in humans, panting in dogs or thermoregulatory
salivation in rodents, increases heat loss from wet body surfaces, and is a critical
thermoregulatory strategy in humans, particularly when ambient temperature exceeds core
temperature. Little is known about the pathway mediating the increased sympathetic
cholinergic outflow to sweat glands in a warm environment, but it presumably includes the
cutaneous warm thermoreceptor afferent pathway involving the dorsal horn and the LPBd
warm-responsive neurons that project to the preoptic hypothalamus, as well as the warm-
sensitive preoptic neurons responsive to elevated core temperature. Hypothalamic circuitry
would then elicit an increase in the discharge of the supraspinal sympathetic premotor
neurons (Shafton et al., 2013) that control sweat gland-specific, spinal sympathetic
preganglionic neurons (Shafton et al., 1992). Cortical influences may also play a role
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(Farrell et al., 2015), although there is also a significant drive for thermally-motivated
behavior in heat defense.

Evaporation occurs both from hairless skin and from the upper respiratory tract. The
significant loss of body water during sweating, which usually occurs in parallel with a large
increase in cutaneous blood flow, has a significant effect on blood volume and plasma
osmolarity and emphasizes the strong interaction between thermoregulatory and
cardiovascular and osmotic control circuits during prolonged heat exposure, dehydration and
exercise (Whyte et al., 2005), much of which occurs through integration of these signals in
the hypothalamus (McKinley et al., 2015).

The hypothalamus in body temperature regulation

As the central integrator of many dimensions of the homeostatic space, the hypothalamus is
composed of several interconnected populations of neurons which receive a variety of
signals relating to behavioral and emotional state, as well as the condition of the body and
the interstitial fluid, and has outputs influencing emotional, behavioral, somatic and
autonomic responses. For body temperature regulation, the hypothalamus occupies a pivotal
integrative position between the sensation of skin and core temperatures and the sympathetic
and somatic premotor pathways controlling thermoeffector activation. Additionally, through
their responses to immune signaling molecules, hypothalamic neurons are also the primary
site for the organization and maintenance of the febrile response to inflammation and
infection, which includes the stimulation of CVC, and shivering (“chills”) and BAT
thermogenesis mediated by the action of PGE, on its EP3 receptors. Thermoregulatory
control is but one of the myriad of interrelated homeostatic functions embedded in the
hypothalamic matrix, thus, the latter also provides a rich substrate for non-thermal
influences, such as those related to osmolarity and body water status and to metabolic
energy stores, on thermoeffector activity. Hypothalamic neurons recognized to play
significant roles in thermoregulation are located in the POA, including the MnPO and the
medial (MPA) subnuclei, in the DMH/DA, in the paraventricular nucleus (PVN), and in the
perifornical area of the lateral hypothalamus (PeF/LH).

Temperature sensation within the POA

The conceptual foundation of our current understanding of the role of the hypothalamus in
normal body temperature regulation and in the elevated body temperature during fever is that
the POA, including the MnPO and the MPA, contains a population of GABAergic neurons
(Lundius et al., 2010) with intrinsic warm sensitivity (Boulant et al., 1974; Boulant et al.,
1986) whose discharge frequency increases with local hypothalamic temperature. The
altered discharge of such warm-sensitive neurons in response to their local environmental
(i.e., blood) temperature could provide the fundamental mechanism through which the
central thermoregulatory network is apprised of deep body temperature. Nakayama and
colleagues made the first single-cell recording from thermosensitive neurons in the POA /n
vivo and found neurons with spontaneous discharge at thermoneutral temperatures that
increased their discharge during local hypothalamic warming (Nakayama et al., 1961;
Nakayama et al., 1963). The POA contains warm-sensitive neurons whose tonic discharge is
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reduced by skin cooling and whose thermosensitivity to preoptic temperature is increased
when the skin is cooled (Boulant et al., 1974). Neurons sensitive to changes in bath
temperature were found in subsequent recordings in the POA in hypothalamic slices and the
majority of thermosensitive neurons were warm-sensitive neurons (Boulant et al., 1986).

Either skin cooling or direct cooling of the local environment of POA neurons evokes
sympathetic thermogenesis in BAT as well as shivering thermogenesis (Hammel et al., 1960;
Imai-Matsumura et al., 1984). Inhibition of neurons in the MPA, but not those in the MnPO,
increases body core temperature, EMG activity (shivering), metabolism and heart rate
(Osaka, 2004; Zaretsky et al., 2006; Yoshida et al., 2009). Transections immediately caudal
to the POA elicit large increases in BAT temperature (Chen et al., 1998). Lesions in the MPA
produce hyperthermia by increasing metabolism and by stimulating shivering thermogenesis
and heat conservation through increased CVC (Szymusiak et al., 1982). In combination with
the properties of warm-sensitive POA neurons, these findings support the hypothesis that
warm-sensitive POA neurons integrate cutaneous and core thermal sensation, and provide a
GABAergic inhibitory input that is tonically active at thermoneutral temperatures, to
suppress the activity of BAT sympathoexcitatory and of shivering-promoting neurons in the
DMH/DHA (Fig. 1), and/or that of CVC and BAT sympathetic premotor and of somatic
shivering premotor neurons in the rostral raphe pallidus (rRPa) (Nakamura et al., 2002;
Nakamura et al., 2009; Yoshida et al., 2009; Dimitrov et al., 2011). This mechanism would
be consistent with the hypothesis that the firing rates of warm-sensitive, GABAergic MPA
projection neurons are the principal neurophysiological substrate underlying the
thermoregulatory “balance point” (Romanovsky, 2004), determined both by cutaneous
thermosensory signals and the effect of local brain temperature, as well as a variety of non-
thermal inputs. The different body temperature thresholds for activation of CVC, shivering
and BAT are consistent with different populations of POA warm-sensitive neurons (Fig. 1)
providing an inhibitory regulation of the CVC premotor neurons in rRPa and the different
BAT- and shivering-promoting neurons in the DMH/DA (Fig. 1).

Thermoregulatory sensorimotor integration in the POA

As described above, the POA, predominantly the MnPO, contains neurons that receive skin
cooling-driven, glutamatergic inputs from cool-responsive neurons in LPBel. Glutamatergic
stimulation of the MnPO with NMDA evokes physiological responses mimicking cold-
defensive responses, and inhibition of MnPO neurons completely blocks the activation of
BAT and shivering thermogenesis evoked by skin cooling (Nakamura et al., 2008a;
Nakamura et al., 2011). BAT and shivering thermogenesis evoked by skin cooling or by
stimulation of MnPO neurons is blocked by antagonizing GABA, receptors in the MPA
(Osaka, 2004; Nakamura et al., 2007; Nakamura et al., 2008a; Nakamura et al., 2011). Thus,
skin cooling-evoked responses are postulated to require a local circuit in the POA in which
cutaneous cool signals are received by GABAergic interneurons in MnPO that mediate an
inhibition of the warm-sensitive, inhibitory projection neurons in the MPA, thereby reducing
their tonic inhibition of neurons in caudal brain regions (e.g., DMH/DA, rRPa) whose
increased activity leads to stimulation of the thermogenic effectors for cold defense (Fig. 1).
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However, 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 also project to DMH/DA (Zhang et al., 2011). Thus, glutamatergic inputs
to DMH/DHA (Madden et al., 2004) from the MnPO could provide the excitation (Fig. 1)
required to drive the BAT sympathoexcitatory neurons and the shivering-promoting neurons
in DMH/DHA when their POA inhibitory input is reduced during skin cooling or fever. The
strong activation of BAT and shivering thermogenesis following blockade of GABAA
receptors in the MnPO (Nakamura et al., 2008a; Nakamura et al., 2011) 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, both of which would increase the activity of
the thermogenesis-promoting neurons in the DMH/DA.

DMH/DA contains thermogenesis-promoting neurons

The observation that transection of the neuraxis immediately caudal to the POA increases
BAT SNA and BAT thermogenesis (Chen et al., 1998) suggests that the POA projection
neurons are inhibitory to BAT thermogenesis. In contrast, transections made in the midbrain,
just caudal to the hypothalamus, do not increase basal levels of BAT thermogenesis in
normothermic animals (Rothwell et al., 1983) and, in fact, reverse PGE,-evoked increases in
BAT SNA and thermogenesis (Morrison et al., 2004; Rathner et al., 2006). These findings
suggest that, although a long inhibitory pathway from the POA neurons to BAT sympathetic
premotor neurons in rRPa (Nakamura et al., 2002; Tanaka et al., 2011) may contribute to the
regulation of BAT thermogenesis and CVC, a source of excitatory drive to BAT
thermogenesis must exist between the POA and the rostral midbrain.

The DMH contains neurons whose activity is necessary for both the cold-evoked and febrile
activations of BAT SNA and BAT thermogenesis. Administration of endotoxin or cold
exposure increases Fos expression in neurons in the DMH (Elmquist et al., 1996; Yoshida et
al., 2002; Cano et al., 2003; Sarkar et al., 2007). Blockade of GABAA, receptors in the DMH
increases BAT SNA (Cao et al., 2004), suggesting a tonic GABAergic inhibitory input to
BAT thermogenic neurons in the DMH (Fig. 1). This tonic GABAergic input to neurons
within the DMH may originate in the POA since POA-derived GABAergic axon swellings
make close appositions with DMH neurons, including those that project to the rRPa
(Nakamura et al., 2005). In addition, inhibition of neurons in the DMH blocks febrile
(Zaretskaia et al., 2003; Madden et al., 2004; Morrison et al., 2004; Nakamura et al., 2005;
Nakamura et al., 2011) and cold-evoked (Nakamura et al., 2007; Nakamura et al., 2011)
shivering and BAT thermogenesis. Blockade of ionotropic glutamate receptors within the
DMH also blocks the increase in BAT SNA evoked by PGE; within the POA (Madden et al.,
2004), indicating that a glutamatergic input, potentially from the MnPO, to neurons in the
DMH is essential for these febrile responses.

Since neurons in the DMH do not project directly to the spinal cord, DMH neurons likely
contribute to BAT and shivering thermogenesis by directly influencing the activity of the
BAT sympathetic and shivering somatic premotor neurons in the rRPa (Kataoka et al., 2014).
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The DMH contains neurons that project directly to the rRPa (Hermann et al., 1997; Samuels
et al., 2002; Nakamura et al., 2005; Yoshida et al., 2009; Kataoka et al., 2014), some of
which express Fos in response to thermogenic stimuli such as cold(Yoshida et al., 2009),
endotoxin administration or stress (Sarkar et al., 2007; Kataoka et al., 2014) and some of
which receive GABAergic putative synapses from neurons in the MPA (Nakamura et al.,
2005). Indeed, glutamate receptor activation within the rRPa is necessary for the increase in
BAT SNA evoked by disinhibition of neurons within the DMH (Cao et al., 2006).

Hypothalamic regulation of shivering thermogenesis

Shivering thermogenesis is the last cold-defense mechanism to be activated as its thermal
threshold is at a lower core (i.e., POA) temperature than that for either CVC or BAT
thermogenesis. This likely reflects the existence of a distinct population of preoptic warm-
sensitive neurons that regulate shivering, but it is also in keeping with the high metabolic
energy cost of shivering and the relative vulnerability of an animal during shivering as
escape behavior would be more slowly mobilized. Although shivering is mediated by
activation of somatic motoneurons rather than by the sympathetic nervous system that
controls other thermoregulatory effectors, thermoregulatory and febrile shivering requires
parallel changes in the activity of neurons in the same localized regions as does BAT
thermogenesis (Nakamura et al., 2011). Briefly, cutaneous, and possibly visceral, cold
afferent signals excite second-order cold sensory neurons in the spinal and trigeminal dorsal
horns which project to thermally-responsive neurons in the LPBel (Nakamura et al., 2008b),
as with the activation of other cold-defense effectors. Putative GABAergic interneurons in
the MnPO are activated (Nakamura et al., 2008a; Nakamura et al., 2011) to reduce the
activity of warm-sensitive, shivering-inhibiting MPA neurons (Zhang et al., 1995; Nakamura
et al., 2011), thereby disinhibiting DMH neurons (Tanaka et al., 2001; Nakamura et al.,
2011) that project to shivering-promoting premotor neurons in the rRPa providing an
excitatory drive (Tanaka et al., 2006; Nakamura et al., 2011) to somatic alpha-motoneurons,
and possibly also gamma-motoneurons, in the spinal ventral horn.

Hypothalamic regulation of CVC

Neurons within several brain regions influence cutaneous heat loss through their effects on
the activity of CVC sympathetic premotor neurons in rRPa. The hypothalamic
thermoregulatory control of CVC, similar to that of other thermal effectors, is mediated
significantly by GABAergic, MPA projection neurons, perhaps with warm-sensitivity
(Tanaka et al., 2011, Tanaka, 2009 #307). Consistent with this model, L- glutamate
injections into the POA, electrical stimulation of the POA and preoptic warming each elicit
vasodilation in the rat paw and the rat tail (Zhang et al., 1995). Injection of PGE, or GABA
into the POA increases CVC SNA (Tanaka et al., 2005; Rathner et al., 2008; Tanaka et al.,
2009; Tanaka et al., 2013). Transection of the neuraxis immediately caudal to the POA
increases CVC outflow (Rathner et al., 2008). The MnPO contains cold-activated neurons
that project to the rRPa and inhibition of neuronal discharge in the MnPQ inhibits cold-and
PGEj-activated increases in CVC (Tanaka et al., 2011; Tanaka et al., 2013). Following the
increase in CVC SNA after transection of the neuraxis immediately caudal to the POA,
subsequent brain transections caudal to the DMH, but rostral to the rRPa, do not
significantly reduce CVC outflow and injection of muscimol into DMH does not affect
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either spontaneous, thermally-sensitive, CVC neuronal discharge, or that evoked by injection
of PGE; into the POA (Rathner et al., 2008).

The absence of an effect of inhibition of DMH neurons on thermoregulatory control of CVC
strongly supports the roles of direct pathways from the POA to the rRPa (Tanaka et al.,
2011) in mediating CVC thermoregulatory responses. Indeed, the data of Tanaka and
colleagues support a circuit for control of CVC with connections between both MnPO and
MPA, and rRPa that parallels that proposed above with potential connections between both
MnPO and MPA, and DMH/DA for the control of thermogenesis. PGE,-mediated inhibition
of CVC inhibitory POA projection neurons, potentially those in the MnPQ, contributes to
the activation of CVVC sympathetic premotor neurons during fever (Tanaka et al., 2013). The
demonstration that POA contains GABAergic neurons that express EP3 receptors for PGE;
and project to the rRPa (Nakamura et al., 2002), and that these are distinct from those EP3-
expressing POA neurons that project to the DMH (Nakamura et al., 2009) provides a
potential anatomical substrate for this marked difference between the hypothalamic
regulation of CVC and that of thermogenic effectors. The finding that inhibition of neurons
in MnPO reduces the PGE,-stimulated CVVC sympathetic discharge is consistent with a
contribution of an MnPO-rRPa CVC excitatory pathway in the febrile increase in heat
retention. Overall, these results support a model in which the discharge of CVC sympathetic
premotor neurons in rRPa is determined by a balance of the inhibitory influence of warm-
sensitive, inhibitory MPA-rRPa neurons and the excitatory input from cold-activated MnPO-
rRPa neurons (Fig. 1). Importantly, another significant source of the excitatory drive to CVC
sympathetic premotor neurons in the rRPa would appear to arise from neurons in the
brainstem (Rathner et al., 2008).

The data derived from transection experiments could also be consistent with a PGE;-evoked
and cooling-driven increase in CVC neuronal discharge arising from inhibition of POA
neurons that excite neurons, located between the POA and the rRPa, which are inhibitory to
CVC sympathetic premotor neurons in the rRPa. Several observations suggest that a
population of such neurons may exist in the rostral periaqueductal gray (PAG). Neurons in
the rostral PAG receive input from neurons in the POA that are activated (increased Fos
expression) by environmental warming, but not cooling (Yoshida et al., 2005),
environmental warming also increases Fos expression in the rostral PAG (Yoshida et al.,
2002), and chemical excitation of neurons within the rostral PAG increases both tail
temperature and blood flow (Zhang et al., 1997), presumably due to inhibition of CVC
sympathetic outflow. The roles of direct and/or indirect pathways between CVC-regulating
POA neurons and CVVC sympathetic premotor neurons in the ventromedial and ventrolateral
medulla remain to be elucidated.

Hypothalamic regulation of sweating

The thermal sensitivity of neurons in the POA provide the substrate for initiating and
maintaining the sympathetic outflow to sweat glands, although little is known of the
pathways connecting the POA neurons regulating sweating with the sympathetic
preganglionic neurons for sweat glands (Shibasaki et al., 2010). The increased osmolarity
during sustained sweating in a hot environment has central effects on thermoregulatory
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responses to heating, eliciting an increase the internal temperature threshold for cutaneous
vasodilation (Shibasaki et al., 2009; Shibasaki et al., 2010)and evaporative heat loss (Baker
et al., 1982) and a reduction in sweating (Takamata et al., 1995) and respiratory stimulation
(Turlejska et al., 1986).

Perifornical lateral hypothalamus (PeF/LH) influences thermoregulatory effector output

The recent demonstration that neurons in the LH region can modulate the activity of
thermogenic effectors, including BAT (Cerri et al., 2005; Zhang et al., 2010; Tupone et al.,
2011) has sparked an interest in the role of LH and, in particular perifornical (PeF) area
neurons in thermoregulation (Zhang et al., 2010; Takahashi et al., 2013). Orexinergic
(hypocretin) neurons may provide the neurochemical and anatomical substrate responsible
for the PeF/LH influence on BAT thermogenesis. Orexin-containing neurons within the LH
are retrogradely infected following inoculation of BAT with the transsynaptic, retrograde
tracer, pseudorabies virus (Tupone et al., 2011). Orexinergic neurons of the LH project
directly to the rRPa and activation of orexin receptors within the rRPA potentiates cold-
evoked BAT thermogenesis (Tupone et al., 2011). Interestingly, a co-transmitter in
orexinergic neurons may be more important than orexin, at least in mice, for mediating the
effects of orexin neurons on thermoregulatory responses (Zhang et al., 2010; Takahashi et
al., 2013). In addition, orexinergic inputs to other brain regions involved in
thermoregulation, including the median and medial preoptic areas and the DMH (Peyron et
al., 1998) or non-orexinergic neurons within this area could contribute to the thermogenic
tone elicited from this region. These pathways could play important roles in setting the tone
of BAT thermogenesis and energy expenditure, and thereby body temperature, across sleep-
wake cycles, during arousal or stress or in response to dietary influences.

The paraventricular hypothalamus (PVH) in thermoregulation

The PVH is a hypothalamic region that is not considered critical for thermoregulation since
destruction of neurons in the PVH does not affect basal body temperature, the circadian
rhythm of core body temperature (Lu et al., 2001), or cold-defense responses (Horn et al.,
1994). However, lesions of the PVH attenuate febrile responses evoked by bacterial
endotoxins such as lipopolysacharride (LPS) (Horn et al., 1994), which led to the
speculation that neurons in the PVH may contribute to the febrile response by stimulating
thermogenesis in BAT (Lu et al., 2001). Supporting this speculation were the findings that
neurons in the PVH are labeled following injection of a transynaptic retrograde tracer into
BAT (Bamshad et al., 1999; Oldfield et al., 2002; Cano et al., 2003); PVH neurons are
activated (express Fos) in response to bacterial endotoxins (EImquist et al., 1996); and
neurons in the dorsal PVH with direct projections to the sympathetic preganglionic cell
column are activated during fever (Zhang et al., 2000). However, a direct assessment of the
role of neurons in the PVH on sympathetically-mediated BAT thermogenesis demonstrated
that BAT SNA and the resulting thermogenesis are potently inhibited by activation of
neurons in the PVH (Madden et al., 2009). Thus, while some PVH neurons likely contribute
to fever responses, possibly by increasing CVC or by stimulating adrenal cortical or
medullary hormone secretion, other P\VH neurons exert a marked inhibitory influence on
thermogenic effectors, preventing their activation and thus their consumption of metabolic
energy. Whether this influence of PVH neurons plays a role in thermoregulation, perhaps by
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limiting thermogenesis during conditions of reduced energy availability, remains to be
determined.

An important, albeit indirect role of the PVH in heat defense responses is their contribution
to the visceral vasoconstriction (Leite et al., 2012), likely with an angiotensinergic
component (Kregel et al., 1994), that supports the marked increase in cutaneous blood flow
resulting from the warm-evoked inhibition of CVC. As mentioned above, a significant
osmotic challenge can arise from an uncompensated water loss during evaporative cooling in
heat defense. The PVH could play a role in the interaction of osmotic and temperature
regulation in which thermoregulatory responses are overridden (Kregel et al., 1988) to
maintain vascular volume and cardiac output.

Conclusion

The principal thermoregulatory effectors are the cutaneous blood vessels for control of heat
loss, the BAT and skeletal muscle for thermogenesis and sweating for evaporative heat loss.
The activation of these effectors is regulated by parallel but distinct, effector-specific, core
efferent pathways within the central nervous system (Fig. 1) that are strongly influenced by
shared cutaneous thermal afferent signals. Cutaneous (and likely visceral) thermal sensory
information is integrated, in an as yet unknown manner, at synapses in the spinal and
trigeminal dorsal horns and subsequently within the LPB, where cool and warm afferent
signals are processed within anatomically distinct regions with projections to the POA.
Within the POA, different, effector-specific populations of temperature-sensitive neurons,
principally warm-sensitive neurons, provide the substrate for thermal sensory inputs,
arriving via the LPB projection neurons, to be integrated with local (i.e., core) temperature
to influence the activation of thermoregulatory effectors. Neurons in the MnPO provide an
excitatory input to thermogenesis-promoting neurons in the DMH and to CVVC premotor
neurons in the rRPa. Different thermal sensitivities among populations of temperature-
sensitive POA neurons may allow differential responsiveness of different effectors to
changes in cutaneous vs. brain temperatures. It remains unknown whether and how these
differing thermal sensitivities may be maintained under a variety of perturbing alterations in
the external or internal thermal and neurochemical environments. The rostral ventromedial
medulla, including the rRPa, contains the premotor neurons, including those containing
serotonin, providing the essential excitation of thermoeffector spinal motor neurons.
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Highlights

e Central neural circuits maintain a homeostatic body temperature during
environmental temperature challenges and alter body temperature during the
inflammatory response.

«  Activation of thermoeffectors is regulated by parallel but distinct, effector-
specific, core efferent pathways within the CNS that share a common peripheral
thermal sensory input.
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Figure 1.
Functional neuroanatomical model for the fundamental pathways providing the

thermoregulatory control and pyrogenic activation of cutaneous vasoconstriction (CVC),
brown adipose tissue (BAT) and shivering thermogenesis. Cool and warm cutaneous
thermoreceptors transmit signals to respective primary sensory neurons in the dorsal root
ganglia (DRG) which relay this 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 (LPB), while
warm sensory DH neurons project to third-order sensory neurons in the dorsal subnucleus of
the LPB. Thermosensory signals driving thermoregulatory responses are transmitted from
the LPB to the preoptic area (POA) where GABAergic interneurons (red) in the median
preoptic (MnPO) subnucleus are activated by glutamatergic inputs from cool-activated
neurons in LPB and inhibit each of the distinct populations of warm-sensitive (W-S) neurons
in the medial preoptic area (MPA) that control CVC, BAT and shivering. In contrast,
glutamatergic interneurons (dark green) in the MnPO are postulated to be excited by
glutamatergic inputs from warm-activated neurons in LPB and, in turn, excite W-S neurons
in MPA. Prostaglandin (PG) E; binds to EP3 receptors on each of the classes of W-S
neurons in the POA to inhibit their activity. The MnPO also contains neurons (light green)
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that provide an excitatory input to CVC premotor neurons in the rostral raphe pallidus
(rRPa), and neurons (light green) that excite BAT- and shivering- promoting neurons in the
dorsomedial hypothalamus and dorsal hypothalamic area (DMH/DA). Preoptic W-S neurons
provide inhibitory control of CVC by inhibiting CVC sympathetic premotor neurons in the
rostral ventromedial medulla, including the rRPa, that project to CVC sympathetic
preganglionic neurons in the intermediolateral nucleus (IML). Preoptic W-S neurons
providing inhibitory thermoregulatory control of BAT and shivering thermogenesis inhibit
BAT sympathoexcitatory neurons and shivering promoting neurons, respectively, in the
DMH/DA, which, when disinhibited during skin and core cooling, provide respective
excitatory drives to BAT sympathetic premotor neurons and to skeletal muscle shivering
premotor neurons in the rRPa. These, in turn, project, respectively, to BAT sympathetic
preganglionic neurons in the IML, and to alpha (a) and gamma () motoneurons in the
ventral horn (VH) of the spinal cord.
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