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Abstract

1.

While thermosensation from external environment has been extensively studied, physiological
responses to temperature changes inside the body and the underlying regulatory mechanisms are
less understood. As a critical link between body and brain that relays visceral organ information
and regulates numerous physiological functions, the vagus nerve has been proposed to mediate
diverse visceral thermal reflexes and indirectly regulate body temperature. However, the precise
role of the vagus nerve in body thermal responses or visceral organ-related thermoregulation is
still under debate due to extensive contradictory results. This data discrepancy is likely due to the
high cell heterogeneity in the vagus nerve, as diverse vagal neuron types mediate numerous and
sometimes opposite physiological functions. Here, we will review evidences that support and
against the role of the vagus nerve in body thermosensation and thermoregulation and discuss
potential future approaches for better understanding of this critical issue.

Introduction

In mammals, core body temperature is precisely controlled within a narrow optimal range
primarily through the nervous system. Key neural circuits for body temperature control have
been extensively investigated and thoroughly reviewed [70]. Although it is well documented
that temperature changes within external environment are sensed through thermosensitive
sensory fibers within the spinal and trigeminal nerves, how thermal information from
visceral organs is conveyed to the brain is less clear. Most sensory afferents innervating
visceral organs travel through the vagus and spinal nerves, some of which may detect
temperature related cues. In this review, we will summarize the potential contributions of the
vagus nerve in thermoregulation.

The vagus nerve is the 101 cranial nerve, characterized by its wondering trajectory that
provides extensive innervation of tissues in the neck, chest, and abdomen (Figure 1). The
vagus nerve is a critical link between body and brain that relays diverse sensory information
from visceral tissues important for metabolism, respiration, inflammation, and
cardiovascular functions, including stomach, duodenum, ileum, heart, aorta, liver, lung,
trachea, and pancreas [6, 7, 20, 67, 116], and regulates numerous basic autonomic functions
of the respiratory, cardiovascular, digestive and immune systems. The vagus nerve is highly
heterogeneous, containing a diversity of sensory afferent fibers and motor efferent fibers that
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have distinct morphological, pharmacological, electrical, and genetic properties. Sensory
neurons in the vagus nerve are pseudo-unipolar, with long projections to visceral organs and
brainstem and cell bodies that reside in pairs of adjacent vagal ganglia at the base of the
skull, the larger nodose and the smaller jugular ganglia (nodose/jugular complex). Centrally,
vagal afferent axons target the nucleus of solitary tract (NTS) in the brainstem, which in turn
transmits sensory information to deeper brain structures and descending motor nuclei. Vagal
motor neurons originate from the dorsal motor nucleus of the vagus (DMV) and the nucleus
of ambiguous (NA) in the brainstem and provide parasympathetic regulation to body organs
mainly through acetylcholine release. Based on electrophysiological properties, fibers within
the vagus nerve are categorized to slow conducting C type and fast conducting A type [67].
Similar to spinal sensory nerves, vagal C fibers are largely nonmyelinated and capsaicin
responsive while vagal A fibers are mainly myelinated and capsaicin unresponsive. Like
spinal sensory neurons in the dorsal root ganglia (DRG neurons), vagal neurons express
diverse cell surface receptors, ion channels, neuropeptides, and neurotransmitters, and have
been traditionally divided into different groups based on such markers. In addition,
anatomical studies using retrograde neural tracers suggested that vagal neurons can be
classified based on their peripheral targets. Surgical, electrical, or pharmacological control
of vagus nerve activity impacts numerous diseases, including epilepsy, inflammation, and
cardiac disorders. Nevertheless, these classical procedures treat the vagus as a single entity,
and thus impact all co-fasciculating sensory and motor neuron subtypes.

The role of the vagus nerve in thermoregulation has been extensively investigated [95].
While vagal afferents might directly sense visceral tissue temperature changes and mediate
diverse visceral thermal reflexes, metabolic and immune signals carried by the vagus nerve
may also play a role in thermoregulation. In this review, we will first focus on
thermosensitive vagal afferents and visceral thermal reflexes. We will then discuss the
potential roles of the vagus nerve in inflammation and metabolism-related thermoregulation.
Finally, we will briefly comment on recent genetic approaches in the vagus nerve and their
potential applications in better understanding vagus nerve-mediated thermoregulation.

2. Vagal afferents and visceral thermal sensation

Cutaneous thermal sensation has been studied extensively while thermal sensation from
visceral organs is less understood. Physiological reflexes in response to temperature changes
from visceral organs have been clearly demonstrated in a variety of species including
human. In addition, visceral hyperalgesia and allodynia in response to temperature
challenges have been well documented. Although it is generally believed that temperature
induced visceral pain is predominantly mediated by spinal sensory nerves, the roles of the
vagus nerve in thermal reflexes are often implicated. Thermosensitive vagal afferents have
been identified to interact with multiple visceral organs, and a variety of thermosensory
transduction mechanisms involving thermosensitive TRP channels have been proposed. In
this section, we will review the role of vagal afferents in visceral thermal sensation.

Thermal reflexes from visceral organs along the respiratory and digestive tract help
coordinate interaction with external environments. For example, exercise in cold weather
would result in airway cooling, which will trigger defensive respiratory reflexes such as
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cough, bronchomotor response, changes in airway resistance, and mucosal secretion.
Respiratory thermal reflexes have been characterized in a variety of animal species including
cats, dogs, rabbits, and guinea pigs [49, 50, 79, 90], that cooling the inspired air would result
in an increase of airway resistance and bronchoconstriction. Such respiratory changes are
likely mediated through neural mechanisms [83, 90]. In particular, defensive respiratory
responses to menthol, a cold receptor specific agonist, were observed in guinea pigs,
suggesting that thermosensitive afferent fibers are involved [79]. Airway cooling is a well-
documented factor in triggering bronchoconstriction in human and may exaggerate asthma
[28, 35, 41, 94]. In other animal species, cold-induced bronchospasm has been characterized
as well, and such effect was enhanced after antigen challenges [50]. In digestive organs that
have direct contact with incoming external materials, hot or cold ingested food along the
gastrointestinal tract triggers thermal reflexes to regulate digestive processes. Consistent
with the observation that warm drinks are more filling, initial phase of gastric emptying is
significantly faster when cold drinks were given in human subjects [4, 85], suggesting that
gastric adaptive relaxation is regulated by meal temperature. Similar conclusions were drawn
when gastric volume was evaluated using pressure changes in human subjects, that warm
stimuli induced gastric relaxation while cold stimuli induced gastric contraction [106, 107].
Interestingly, thermal reflexes along the digestive tract seem to be site specific, as only warm
but not cold stimuli in the small intestine can induce gastric changes, although both warm
and cold stimuli within the small intestine can be perceived [107].

A large portion of vagal afferents that innervate visceral organs are thermosensitive [80].
Some vagal afferents are directly activated by temperature changes. For example,
hyperthermia in the trachea or thoracic chamber was able to activate pulmonary slow
conducting C afferents in the vagus nerve in dos and rats [23, 89]. In guinea pigs,
thermosensitive vagal afferents in the hepatic branch that innervate the liver were different
from the ones that are mechanosensitive and had different sensitivities to liver temperature
increase [1, 2], suggesting that thermosensitivity is neuron specific but not cell antonymous.
In cats, three types of thermosensitive nonmyelinated vagal afferents were revealed along the
gastrointestinal tract using electrophysiology [27]. They responded to warm, cold, or both
stimuli but were not mechanosensitive or chemosensitive. Interestingly, electrical stimulation
of such thermosensitive afferents changed gut motility, suggesting that they are involved in
the regulation of digestive functions. In a similar study using rats, thermosensitive vagal
afferents that innervate the oesophagus were investigated and a similar conclusion was
drawn that cold, hot, and mixed vagal afferents exist, although cold-sensitive fibers were all
mechanosensitive in this study, and some may belong to fast conducting AS fibers [57].
Unlike the nerves in the gastrointestinal tract, cold-activated vagal afferents were not
described in the respiratory system. In one study, pulmonary C fibers were shown to be
stimulated by small decrease in temperature by a few degrees but inhibited by further
temperature drop [23]. Whether cold-sensing fibers exist in the respiratory system is not
clear, but instead, a number of studies have described that cold air challenge could
effectively inhibit airway mechanosensory slowly adapting receptors (SARs) [12, 80, 90],
suggesting that neuronal inhibition may also contribute to visceral thermal reflexes.

Thermal responses have been observed in acutely isolated vagal sensory neurons using
Fura-2 based calcium imaging [118]. Subsets of vagal sensory neurons exhibited an
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increased intracellular calcium level in response to cooling, moderate heating, and noxious
heating, while most neurons responded to warming. Calcium responses were abolished when
calcium was removed from extracellular solutions, indicating that such thermal responses
are mediated by calcium influx. Numerous thermoreceptors have been discovered over the
past decade. In particular, thermosensitive Transient Receptor Potential (TRP) channels
which are six-transmembrane cation channels have different temperature sensitivities
ranging from noxious cold to noxious hot (Figure 2) [24, 96]. TRP channels are highly
expressed in the cutaneous sensory fibers with cell bodies located in the trigeminal ganglion
or dorsal root ganglia. Extensive studies have demonstrated their contributions to cutaneous
temperature sensation. A number of thermosensitive TRP channels were discovered in the
sensory vagus nerve, including TRPV1-4, TRPM8, and TRPA1 using a variety of
techniques. First, isolated vagal sensory neurons that responded to temperature stimuli as
revealed by calcium imaging also responded to TRP channel specific agonists [29, 101, 112,
118]. For example, in one study, most neurons (80%) that were activated by cooling also
responded to icilin, a TRPMB8 specific agonist while 90% neurons that responded to
moderate heating also responded to capsaicin, a TRPV1 specific agonist [118]. Similar
findings were reported in other studies, although percentages of neurons that responded to
temperature challenges were different [29, 112]. Second, expressions of thermosensitive
TRP channels in vagal sensory neurons were demonstrated using RT-PCR [118, 119]. Third,
distributions of TRP channels in vagal ganglia were determined using RNA /1 situ
hybridization, immunocytochemistry, and transgenic animal models. In particular, TRPV1 is
expressed in majority of vagal sensory neurons, and is a neuronal marker for slowly
conducting C-fibers [67], which is consistent with previous findings that (1) most vagal
Sensory neurons are sensitive to warm temperatures 7 vitro, and (2) warm-sensitive vagal
afferents are C-fibers. Furthermore, other thermosensitive ion channels such as two-pore
potassium channels were also identified from vagal sensory neurons [119], suggesting
additional signaling mechanisms for thermal responses in such neurons. There is no question
that similar to somatosensory DRG neurons, subsets of vagal sensory neurons are also
thermosensitive; however, whether the /n vivo and /n vitro thermal responses aforementioned
from vagal sensory neurons are physiologically relevant to visceral thermal reflexes is not
clear.

Some evidences suggest that vagal afferents may play a role in cold induced respiratory
reflexes. In anesthetized cat preparations, respiratory changes in response to cold air
breathing was abolished after sectioning the superior laryngeal nerves, branches of the vagus
nerve that supply the larynx and the trachea [49]. In addition, the cold-induced respiratory
thermal reflex in cat was sensitive to local application of procaine, which was commonly
used for selective blockade of non-myelinated C-type vagal fibers [51], suggesting that vagal
afferents might be involved in such reflex. The role of the vagus nerve in airway cooling-
induced bronchospasm was also confirmed using vagotomy, surgical transection of the vagus
nerve, in a similar study in rabbits [50], yet whether vagal afferents are necessary for this
thermal reflex is less clear. Although it is well established that vagal afferents are essential
for maintaining the normal respiratory tone, and stimulation of vagal afferents that innervate
the respiratory tract causes potent changes in respiratory physiology [67], evidences that
support the conclusion that respiratory thermal reflexes are mediated by thermosensitive
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vagal afferents are weak. Whether temperature changes within the airway can be
appropriately sensed by vagal afferents is still an open question. It’s been clearly
demonstrated that airway stretch receptors from the vagus nerve are inhibited by cold air
breathing [90, 91], but whether cold-activated respiratory vagal C-type afferents exist is
under debate [34, 52, 90]. A recent study described that acutely isolated vagal sensory
neurons that innervate the respiratory tract could respond to cold stimulus 7 vitro, and such
response is likely to be TRPM8 dependent [112]. Another study also demonstrated that a
subset of vagal sensory neurons was activated by cold /77 vitro, and in addition to TRPMS,
the role of TRPAL in cold-sensing was implicated [29]. However, whether these cold-
activated neurons identified /n vitro are able to respond to local airway cooling /in vivois not
clear, and the roles of TRPMS8, TRPAL, and other thermosensitive TRP channels in cold air-
induced respiratory thermal reflex still needs to be determined.

Both cold and warm-activated vagal afferents have been identified from the gastrointestinal
tract [27, 57]. While temperature changes along the digestive tract regulate gastrointestinal
motility, the precise role of vagal afferents in this regulation is not clear. Temperature could
modulate gut motility induced by electrical stimulation, and this modulation was vagus
nerve dependent [27]; however, as vagal efferent outputs are vital for gastrointestinal
movement, it is difficult to tease apart the precise contribution of thermosensitive vagal
afferents in this temperature-dependent modulation. The idea that visceral thermal
information can be sensed by vagal afferents is also supported by some indirect evidences.
For example, cold exposure induced acute and robust c-fos expression in many brain regions
including the NTS, a brainstem nucleus that receives sensory inputs from multiple sources
including vagal afferents [68]. In addition, via NTS neurons, sensory inputs from the vagus
nerve are further projected to the parabrachial nucleus, a region that also receives thermal
information from somatic sensory fibers and is involved in body thermoregulation [72]. On
the other hand, food temperature has been proposed to regulate feeding behavior, and this
regulation seems to be vagus nerve independent [1]. So far, convincing direct evidences for
the role of thermosensitive vagal afferents in visceral thermal reflexes are still missing.
Recent advances in mouse genetics have provided an effective way to precisely dissect the
physiological functions of vagal afferents, efferents, or the diverse genetically defined
neuron subtypes involved [3, 19, 74, 98, 111]. Novel cell-type specific modulatory
approaches such as optogentics, chemical genetics, and neuronal inactivation and ablation
may be applied in the future to better assess the roles of vagal afferents in visceral thermal
sensation and thermal reflexes.

In addition to the aforementioned visceral organs that have obvious contact with external
environment, thermosensitive vagal afferents have also been identified from other body
organs, such as the liver [1]. Whether they mediate real thermal reflexes, or they just happen
to be thermosensitive because they express thermosensitive ion channels but do not
contribute to temperature related functions, is not clear. A bigger question is, at least in
mammals, whether the temperature change under physiological conditions in most visceral
organs could be significant enough to activate described thermosensitive vagal afferents? In
fact, local tissue temperature could increase dramatically during exercise, acute heat shock,
hypermetabolism, or tissue inflammation [11, 13, 22, 37, 84]. For example, liver temperature
may raise to over 39°C after meal in rats, which may be important for food intake regulation
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[22, 42]. Such temperature increase may very well activate thermosensitive afferents in the
hepatic branch of the vagus nerve [2]. In the following sections, we will discuss the potential
thermoregulatory roles of the vagus nerve under inflammatory and metabolic challenges.

3. Thevagus nerve and inflammation

Thermoregulation is a common defense strategy in response to infectious and inflammatory
diseases. While immune responses to infection or injury help eradicate invaders, over
inflammation can be detrimental. Crosstalk between the immune system and the nervous
system is critical for the maintenance of physiological homeostasis and protection against
exogenous and endogenous threats. The vagus nerve is an essential component of the
immune-to-brain axis that connects visceral organs and the central nervous system in both
directions [20] (Figure 3). On one hand, vagal afferents monitor immune signals from the
periphery and transmit inflammatory information to the brain. For instance, lung-innervating
vagal sensory neurons can respond to Staphylococcus aureus induced pneumonia [3]. On the
other hand, vagal efferents provide important regulatory signals to the spleen via
postganglionic neurons to modulate immune functions. The role of the vagus nerve in
immune-related thermoregulation has been extensively investigated. In this section, we will
first summarize the mechanisms by which the vagus nerve controls inflammation, and
discuss the potential role of vagal sensory neurons in fever.

The pioneer study from Dr. Kevin Tracey’s group in 2000 described for the first time a
cholinergic anti-inflammatory pathway formed by vagal efferents that transmit neuronal
signals from the brain to the spleen to control systematic immune responses [10]. Electrical
stimulation of the efferent vagus nerve effectively attenuated lipopolysaccharide (LPS,
exdotoxin from Gram-negative microbes that induces strong inflammatory reactions in
normal animals) induced cytokine release, and this anti-inflammatory effect was
acetylcholine dependent. In contrast, cytokine response to LPS was exaggerated in
vagotomized animals, indicating that the tonic vagal tone is contributing to inflammatory
control. The full cholinergic anti-inflammatory pathway was subsequently revealed in a
series of studies. In short, vagal efferent neurons reside in the DMV and NA in the brainstem
use acetylcholine to communicate with parasympathetic postganglionic neurons, which
further release norepinephrine (NE) to the spleen via the splenic nerve [20, 46]. NE then
binds to B adrenergic receptors expressed on ChAT positive CD4 positive T cells and
triggers acetylcholine release to regulate the functions of macrophages, dendritic cells, and
other immune cells through a7 nicotinic acetylcholine receptor (a7nAChR). The
importance of the cholinergic anti-inflammatory pathway mediated by the efferent vagus
nerve has been demonstrated in a variety of visceral inflammatory conditions in addition to
LPS-induced endotoxemia [82, 97]. For example, vagus nerve stimulation or cholinergic
agonists attenuated ischemia-reperfusion induced renal injury [45, 46, 114]. Intriguingly,
stimulating the contralateral vagus nerve while blocking the ipsilateral vagus nerve also
effectively protected the kidney from acute kidney injury, suggesting that different protection
mechanisms may be used by vagal afferents and efferents [45]. Similarly, elevation of serum
inflammatory signals such as tumor necrosis factor (TNF) induced by myocardial ischemia-
reperfusion after transverse aortic constriction procedure was reduced by vagus nerve
stimulation in mice [5]. Transcutaneous vagus nerve stimulation also suppressed serum
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inflammatory signals and improved survival in sepsis mouse models [44]. Inflammatory
bowel diseases induced by chronic intestinal inflammation including colitis were
exacerbated in subdiaphragmatically vagotomized animal models [33]. Recently, the role of
the cholinergic anti-inflammatory pathway in cancer was described, that subdiaphragmatic
vagotomy in mouse pancreatic cancer models caused elevated tumor TNF levels and
subsequent increase in tumor growth and shorter lifespan [81].

Tissue infection or inflammation may eventually lead to fever. Exogeneous pyrogens such as
bacteria endotoxic LPS, or cytokines, endogenous pyrogens released by immune cells after
infection or tissue injury that mediate inflammation [117], are able to trigger strong febrile
responses via a neural mechanism involving the brain. Although it is clear that prostaglandin
E2 (PGEy) and one of its receptors Prostaglandin EP3 receptor (EP3R) are key mediators of
endotoxin or cytokine-induced fever, different routes by which endotoxins and cytokines act
on the nervous system have been proposed [86]. As cytokines are peripherally released
inflammatory signals, the role of vagal afferents in febrile responses has been extensively
studied, yet the data are contradictory. On one hand, vagal sensory neurons express sensory
machineries for peripheral immune signals that are key factors in inflammation induced
fever [20]. For example, a variety of cytokine receptors that may be involved in febrile
responses were identified in vagal sensory neurons, including CXCR2 (a receptor for
interleukin 8 (IL8) and chemokine (C-X-C motif) ligand 1 (CXCL1/MGSA)) [108], IL1R
(receptor for interleukin 1 (1L1)) [26, 93, 100], TLR4 (Toll-like receptor 4) [43], and TNFR
(receptor for TNFa) [93, 100, 108], as well as EP3R [71], which is the critical PGE,
receptor for febrile response [102]. Responses to cytokine challenges have also been
recorded in vagal afferents. Administration of IL-1p through intraperitoneal, intravenous or
portal vein injection induced dose-dependent increase in afferent activity in the vagus nerve
in anesthetized animals [26, 73, 93, 117]. IL-1p also activated isolated vagal sensory
neurons in culture, as revealed using Fluo-4 based /n vitro calcium imaging, and such
activation was abolished in IL1R knockout animals [93]. Activation of vagal afferents by
IL-1B might be PEG, dependent [26], although PEG, may impact vagal synaptic
transmission in the NTS [66]. Alternatively, IL-1f is able to depolarize and sensitize spinal
sensory DRG neurons through a sodium current dependent mechanism [8], and such
mechanism may also be used by vagal sensory neurons. Similar responses of vagal afferents
to TNFa were described /n vivoand in vitro [93, 117]. Although receptors for IL-1f and
TNFa may be expressed in the same subset of vagal sensory neurons, IL-1p and TNFa-
induced /n vivo responses are fundamentally different and their specific neurograms can be
separated using power spectrum density (PSD) analysis [93, 117], suggesting that cytokine
information may be specifically encoded by vagal afferents.

Early evidences suggested that the vagus nerve is required for fever induced by peripheral
administration of IL-1p or LPS [32, 36, 40, 78, 87, 92, 109, 110]. In rats, subdiaphragmatic
vagotomy attenuated or eliminated IL-1p or LPS-triggered hyperthermia [78, 109, 110].
Similar results were observed in guinea pigs [36, 92]. Later, numerous contradictory
evidences that support or against the role of the vagus nerve in pyrogen-induced fever were
reported. For example, in another study in rats, subdiaphragmatic vagotomy was shown to
have no effect on LPS-induced hyperthermia at all doses tested [39]. However, it was also
described, around the same time, that subdiaphragmatic vagotomy eliminated or attenuated
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IL-1B induced fever [32, 40, 109]. Likewise, although it was reported that subdiaphragmatic
vagotomy suppressed LPS-induced fever in a dose-dependent manner in guinea pigs [36],
IL-1 induced hyperthermia was not attenuated by vagotomy in rats at all doses examined
[60, 61]. This conclusion was supported by other studies [16]. Using similar approaches, it
was demonstrated that the vagus nerve is not required for PGE, induced fever as well [77].
As subdiaphragmatic vagotomy would cause dramatic malnutrition, which may change
febrile responses [47, 48, 55], data from aforementioned studies were challenged. In a
subsequent study that nutrition level and health status were carefully controlled, LPS
induced febrile response was abolished in vagotomized rats [87]. Contribution from the
vagus nerves seems to depend on multiple factors, for example, pyrogen administration route
[36], amount of pyrogen administered [40, 88], and circadian cycles [78]. As low dose of
IL-1B or LPS induces a monophasic fever while high dose would instead trigger a
polyphasic fever, the vagus nerve might be required only for the monophasic fever [88] but
not any phases of the polyphasic fever [77]. In sum, the role of the vagus nerve in mediating
pyrogen induced fever is highly controversial. It is possible that vagal afferents detect
peripheral infectious and inflammatory signals and contribute to hyperthermia, however,
because multiple parallel immune-to-brain pathways exist, it is difficult to assess the role of
the vagus nerve in this process using conventional nerve transection-based loss-of-function
approaches. Modern neuromodulatory methods such as cell-type specific stimulation may
provide valuable alternative approaches to help solve this critical issue.

4. The vagus nerve and energy expenditure

Energy homeostasis is critical for survival. Energy intake and energy expenditure are tightly
controlled to maintain energy balance, which is essential for normal physiological functions.
Numerous factors including food intake, resting metabolic rate, body weight, and
thermogenesis are involved in the process of energy homeostasis regulation. In particular, a
link between body temperature and feeding status exists: body temperature decreases during
food deprivation and can be restored after refeeding [95]. In this section, we will briefly
review the role of the vagus nerve in food intake and metabolism, and discuss the possible
reflex pathway between vagal afferents and brown adipose tissue (BAT) mediated
thermogenesis and energy expenditure.

The role of the vagus nerve in nutrient sensing, food intake, and metabolism is well
documented and extensively reviewed [18]. Vagal afferents are well poised to sense food
related information along the gastrointestinal tract: sensory fibers with specialized
intraganglionic laminar endings (IGLESs) or intramuscular arrays (IMAs) on the muscular
wall of the esophagus, stomach, and small intestine are dedicated mechanoreceptors for
monitoring food ingestion and processing while chemosensitive afferent fibers that encode
nutrient information respond to diverse gut-derived hormones and contribute at least in part
to feeding control [6]. A large number of gut hormone receptors are expressed in vagal
sensory neurons, including GLP1R (receptor for glucogang-like peptide 1), CCKAR (A type
receptor for cholecystokinin), NPY2R (receptor for neuropeptide Y and peptide YY), and
many others [18]. Vagal afferents also directly sense circulating nutrient levels, such as
blood glucose and amino acids, from the portal vein. In addition to satiety cues, vagal
afferents carry hunger signals as well, potentially through ghrelin mediated signaling
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pathways [21]. Stimulation or lesion of the vagus nerve influences short-term food intake
and may also regulate appetite and long-term body weight [95]. The role of vagal afferents
in feeding-related thermoregulation has been suggested.

Body metabolic status is closely related to energy expenditure [30]. One of the major
pathways that mediate energy expenditure is through BAT thermogenesis. BAT is a unique
organ in mammals that is able to generate heat through a proton channel named uncoupling
protein-1 (UCPL). In ordinary cells, a high proton gradient is maintained across the
mitochondrial membrane through the electron transport chain for ATP synthesis while in
BAT cells, this proton gradient will drive proton influx back into the mitochondrial matrix
through UCP1, and the energy is released as heat. BAT mediated thermogenesis is tightly
regulated by the nervous system via sympathetic innervation. NE released from sympathetic
terminals in the BAT triggers intracellular signaling cascades that eventually lead to the
generation of proton gradients across the mitochondrial membrane through binding to g3
adrenergic receptors. BAT activity is positively correlated to energy expenditure but
inversely correlated with body mass index (BMI) in human subjects [103, 105, 115]. In
mice, BAT activity and obesity seems to be positively correlated [38, 54, 59]. Meanwhile,
thermogenesis from BAT is also important for body temperature regulation in response to
cold environments[17, 75]. BAT sympathetic nerve activity is modulated by peripheral
thermosensory neurons that innervate the skin as well as visceral afferents that sense organ
metabolic status. As majority of visceral information is carried by vagal sensory neurons, the
relationship between vagal afferents and BAT sympathetic nerve activity and BAT
thermogenesis has been examined [69, 95]. Some studies suggested that vagal afferents
mediate inhibition of BAT activity in response to diverse visceral changes. For example,
ghrelin is a gut hormone that positively regulate energy balance by not only increasing food
intake but also suppressing BAT thermogenesis mediated energy expenditure [113]. Given
the fact that ghrelin receptor is expressed in vagal sensory neurons [15], and vagotomy
blocked the inhibitory effect of intravenously administered ghrelin on BAT activity [65], the
role of vagal afferents in regulating BAT thermogenesis has been suggested. An inhibitory
liver-to-BAT circuit involving activation of vagal afferents was described to mediate
overexpression of hepatic glucokinase induced BAT thermogenesis [99]. Activation of
carotid arterial chemoreceptors by hypoxia also potently inhibits BAT sympathetic nerve
activity, although this effect is likely mediated by the glossopharyngeal nerve [63]. Vagus
nerve stimulation was also reported to decrease brain and body temperature in rats [56],
although this effect was not observed in other VNS studies, and it is not clear whether a
change of BAT activity was involved. In contrast, other studies argued that vagal afferents
mediate BAT activation. BAT activity is potentiated by duodenal lipids or intragastric
administration of capsiate, a TRP channel agonist, in a vagus nerve dependent manner [9,
76]. Moreover, in one human study in patients with refractory epilepsy, electrical stimulation
of the vagus nerve significantly increased basal metabolic rate and distal skin temperature,
suggesting elevated energy expenditure during vagus nerve stimulation [104]. Although the
mean BAT activity revealed by 18F-fluorodeoxyglucose uptake was not significantly
changed during vagus nerve stimulation, a positive correlation between the change in BAT
activity and the change in energy expenditure during intervention of electrical stimulation
was reported, and a conclusion that vagus nerve stimulation increases energy expenditure in
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part via increasing BAT activity was drawn. Consistent with this conclusion, auricular vagus
nerve stimulation was shown to increase BAT weight as well as the expression level of
UCP1 and B3 adrenergic receptors in the BAT [58]. Another study in anesthetized rats
suggested that the effect of vagus nerve electrical stimulation on BAT activity may be
frequency dependent, in that cold-induced increase in BAT sympathetic nerve activity was
abolished by high frequency of vagus nerve stimulation but potentiated by low frequency
stimulation potentiates [64]. As a matter of fact, this observation may explain the
discrepancies among aforementioned studies. Different vagal afferent types likely detect
different visceral changes and mediate diverse thermoregulatory reflexes, some of which
may accelerate energy expenditure while others inhibit BAT activity. Depending on
stimulation parameters (amplitude, duration, frequency, pattern, and etc.) employed,
different vagal afferent and efferent types were recruited in different studies, and thus
controversial results were obtained. In the following section, we will discuss some of recent
advances in cell-type specific neuromodulatory approaches in the vagus nerve and their
potential applications in clarifying the role of the vagus nerve in thermoregulation.

5. Cell-type specific analysis of the vagus nerve

The vagus nerve contains numerous highly heterogeneous co-faciculating sensory and motor
fiber types. In fact, vagal neurons that innervate the same organ may have different
properties and control distinct, even opposite physiological functions. Conventional
neuromodulatory approaches, such as electrical stimulation, surgical transections, and
pharmacology, impact multiple vagal fiber types and thus are not ideal tools for dissecting
the diverse body-to-brain physiological circuits mediated by the vagus nerve, or deeper
understanding the underlying molecular mechanisms. Recent advances in genetics-based
neuromodulatory approaches provided a novel strategy for cell-type specific modulation in
the vagus nerve. For example, using optogenetics, genetically distinct vagal sensory neurons
that exert powerful and opposing effects on breathing have been identified, suggesting that
the vagus nerve contains intermingled sensory neurons constituting genetically definable
labeled lines with different anatomical connections and physiological roles [19]. On the
other hand, genetically defined vagal neuron types can be selectively eliminated using a
diphtheria toxin mediated cell-type specific ablation approach [14]. For instance, when
TRPV1-expressing vagal afferents were ablated via ganglia injection of diphtheria toxin in
TRPVI-DTR mice, both ovalbumin-sensitization triggered bronchoconstriction and
Staphylococcus aureus induced immunosuppression were abolished [3, 98]. Other genetics-
based neuromodulatory approaches such as chronic stimulation using chemogenetics and
acute inhibition of neurotransmission using tetanus toxin light chain (TeNT) were also
applicable in the vagus nerve [31, 98]. Such cell-type specific neuromodulatory approaches,
together with Cre/LoxP based genetics or Cre/LoxP-Flp/Frt based intersectional genetics
[25], will provide powerful tools for functional analysis of the vagus nerve at a molecular
and cellular level.

In addition to aforementioned cutting-edge neuromodulatory approaches, novel imaging
approaches for massively-parallel analysis of neuronal activities involving genetically
encoded calcium sensors GCaMPs have been developed in the vagus nerve [111]. Hundreds
of sensory neuron responses to visceral stimuli such as lung inflation, stomach stretch, and
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intestinal perfusion can be analyzed simultaneously at a single-cell level. Moreover, this
approach is compatible with genetics so that the molecular identity of responsive neurons
can be easily assessed. Applying such novel imaging technology in the vagus nerve will not
only help clarify discrepancies in previous studies but also provide valuable cell-type
specific information for neuronal responses. Thanks to the development of large-scale
single-cell sequencing technologies, neuron heterogeneity is becoming increasingly
appreciated [62]. Numerous novel neuron subpopulations within cell types previously
defined using conventional markers have been revealed in a variety of brain regions as well
as sensory DRG neurons, suggesting more complexity of neuronal compositions [53].
Applying microfluidics based massively-parallel single-cell RNA sequencing in the vagus
nerve will help reveal diverse vagal neuron populations with specific innervation patterns,
unique response properties, and distinct physiological functions at a finer resolution.

6. Conclusion

The vagus nerve is major bidirectional connection between visceral organs and the brain,
and is related to numerous autonomic physiology and diseases. The role of the vagus nerve
in thermoregulation has been extensively investigated, yet results are usually controversial or
questionable. Thermosensitive vagal afferents may sense temperature changes from the
airway and gastrointestinal tract, and mediate visceral thermal reflexes. Although the vagus
nerve is essential for regulating immune responses, its role in inflammation related fever is
unclear. Vagal afferents might also influence thermogenesis but data are contradictory. The
discrepancy among studies is likely to be a result of non-specific targeting of multiple fiber
types within the vagus nerve, as vagal neurons are extremely heterogeneous and are involved
in numerous, sometimes opposite physiological functions. In future, cell-type specific
analysis involving novel genetic approaches may provide a better solution for understanding
the role of the vagus nerve in thermoregulation.
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-~ Vagal Ganglia

Figure 1. Cartoon anatomy of the vagus nerve.
The ‘wondering’ nerve that projects to a variety of internal organs including lung, trachea,

heart, aorta, esophagus, stomach, intestine, liver, and kidney provides both sensory afferent
and motor efferent innervation. Cell bodies of sensory neurons reside in a pair of vagal
ganglia (red) while motor neurons are located in the dorsal motor nucleus of the vagus
(DMV) and nucleus ambiguus (NA) in the brainstem (blue). Figure is adapted from Chang
et al., 2015.
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Figure 2. Thermal sensitivity of TRP channels.
Thermosensitive TRP channels are gated by different temperatures ranging from noxious

cold to noxious hot. Different channels have different temperature sensitivities. Figure is
adapted from Dhaka et al., 2006.
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Figure 3. Thevagus nerve and the immune-to-brain axis.
A, Vagal afferents sense and transmit immune signals from visceral organs to the brain. B,

Vagal efferents originated from the brainstem control immune responses through the splenic
nerve. Figure is adapted from Chavan et al., 2017.
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