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SUMMARY

The vagus nerve is an indispensable body-brain connection that controls vital aspects of autonomic physi-
ology like breathing, heart rate, blood pressure, and gut motility, reflexes like coughing and swallowing, and
survival behaviors like feeding, drinking, and sickness responses. Classical physiological studies and recent
molecular/genetic approaches have revealed a tremendous diversity of vagal sensory neuron types that
innervate different internal organs, with many cell types remaining poorly understood. Here, we review the
state of knowledge related to vagal sensory neurons that innervate the respiratory, cardiovascular, and
digestive systems. We focus on cell types and their response properties, physiological/behavioral roles,
engaged neural circuits and, when possible, sensory receptors. We are only beginning to understand the
signal transduction mechanisms used by vagal sensory neurons and upstream sentinel cells, and future
studies are needed to advance the field of interoception to the level of mechanistic understanding previously
achieved for our external senses.
INTRODUCTION

Sensory systems provide the brain with information about both

the external world around us and the internal world within us.

Our senses of smell, taste, touch, vision, and hearing enable

us to perceive and react to our environment, and classical

studies have revealed how external senses operate—from re-

ceptors that detect light, sound, temperature, chemicals, and

force to neural circuits that process stimulus features and

evoke perceptions and motor responses. In parallel, the intero-

ceptive nervous system provides sensory information to the

brain from almost every organ system in the body and uses

that information to ensure that key physiological needs are

met, to preserve organ integrity, and to buffer against poten-

tially harmful deviations from homeostasis on a moment-by-

moment basis.

The vagus nerve provides one major sensory pathway from

the body to the brain that is both essential for life and relevant

for disease. Vagal neurons make up a tiny proportion of the

nervous system, yet they oversee a wide array of vital func-

tions. In the early 20th century, key concepts in neuroscience

and physiology were derived from studies of the vagus nerve

and its frequent partner-in-crime, the glossopharyngeal nerve,

including the identification of the first neurotransmitter (acetyl-

choline, then called ‘‘vagusstoff’’) (Loewi, 1921), Lord Adrian’s

all-or-none principle of nerve firing (Adrian, 1926), and major

autonomic reflexes, such as the baroreceptor reflex (Hering,

1923) and the hypoxic ventilatory response (Heymans et al.,

1930). After this early golden era, the vagus nerve remained

less well studied using modern approaches, at least compared

with external sensory systems, and molecular mechanisms of

interoception remained largely mysterious. Interest in the va-
gus nerve has recently resurged, and we attempt here a

comprehensive review of vagal sensory biology that synthe-

sizes insights derived from both classical and modern studies.
Anatomy of the vagus nerve
The vagus nerve is the 10th and longest cranial nerve, named

for its wandering trajectory throughout the abdomen and thorax

(Figure 1). The vagus nerve consists of co-fasciculating sensory

and motor neurons, with most neurons (�80%) being sensory

(Foley and DuBois, 1937). The cell bodies of vagal sensory neu-

rons are clustered bilaterally beneath each jugular foramen in

superior and inferior ganglia, termed jugular and nodose

ganglia, respectively. Vagal motor neurons, which are cholin-

ergic fibers that comprise the principal arm of the parasympa-

thetic nervous system, are instead housed directly in brainstem

regions termed the dorsal motor nucleus of the vagus nerve

(DMV) and nucleus ambiguus. The jugular and nodose ganglia

have different developmental origins and anatomical projec-

tions and are distinct anatomical structures in humans; howev-

er, in mice, they are typically fused together before birth along

with the petrosal ganglion of the glossopharyngeal nerve, and

additionally sometimes with the superior cervical ganglion,

forming a large superganglion (Altschuler et al., 1989; Berthoud

and Neuhuber, 2000; Bookout and Gautron, 2021; Figure 2).

The number of vagal sensory neurons roughly scales across

species with body size, as there are �2,300 vagal sensory neu-

rons on each side of the body in mice, �20–30,000 in larger an-

imals, such as cats, ferrets, and small primates, and as many

as 100,000 in humans (Asala and Bower, 1986; Fox et al.,

1995; Hoffman and Schnitzlein, 1961). Within vagal ganglia,

sensory neuron soma coexist with satellite glial cells, Schwann
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Figure 1. Anatomy of the sensory vagus nerve
The cell bodies of vagal sensory neurons reside in left and right ganglia at the
base of the neck, with each sensory neuron extruding a single long pseu-
dounipolar axon that targets both the periphery and brain. Collectively, vagal
sensory neurons target numerous organs within the body.

ll
Review

Please cite this article in press as: Prescott and Liberles, Internal senses of the vagus nerve, Neuron (2021), https://doi.org/10.1016/
j.neuron.2021.12.020
cells, endothelial cells, and resident immune cells (Waise

et al., 2018).

Each vagal sensory neuron extends a single pseudounipolar

axon that projects bidirectionally toward the body and brain.

Peripherally, the vagus nerve passes into the carotid sheath,

where it runs alongside the carotid artery, sending off major

branches to the neck, chest, and abdomen. Vagal neurons inner-

vate many major organs and tissues, including the heart, lung,

stomach, intestine, arteries, larynx, trachea, esophagus, liver,

pancreas, thyroid, and ear. Within each target organ, vagal sen-

sory neurons can display a diversity of terminals with different

morphologies, sizes, molecular features, interacting cell part-

ners, and anatomical distributions, with each terminal type pre-

sumably detecting particular sensory cues. Centrally, vagal

axons pass through the skull at the jugular foramina and target

the brainstem. Nodose neurons principally target caudal aspects

of the nucleus of the solitary tract (NTS), with some additionally

innervating the area postrema, whereas jugular neurons instead

target the paratrigeminal nucleus (Pa5), a subnucleus within the

spinal trigeminal tract (Berthoud andNeuhuber, 2000;McGovern

et al., 2015). Vagal axons release glutamate, which activates

NTS neurons, and genetic tools targeting the glutamate trans-

porter VGLUT2 (Slc17a6-ires-Cremice) label >99%of vagal sen-

sory neurons but not vagal motor neurons (Chang et al., 2015;

Raab andNeuhuber, 2007). Some topography of vagal axon pro-

jections to the NTS has been reported, based either on tissue of

origin and/or gene-expression-defined cell type (Altschuler et al.,

1989; Bai et al., 2019; Chang et al., 2015; Han et al., 2018b; Katz

and Karten, 1983; Williams et al., 2016), with the extent of viscer-

otopy in NTS neuron responses debated (Paton, 1999).
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Gene expression profiling revealed striking cell diversity in

vagal ganglia that includes dozens of intermingled sensory

neuron types (Bai et al., 2019; Chang et al., 2015; Kupari et al.,

2019; Mazzone et al., 2020; Prescott et al., 2020; Williams

et al., 2016). Vagal sensory neuron diversity is presumably

needed as the vagus nerve innervates vast terrain, projecting

to many internal organs within the body, and detects an assort-

ment of sensory cues. About 10–160 neurons per ganglion

comprise each transcriptome-defined cell type in mice (Prescott

et al., 2020), suggesting that a small number of vagal sensory

neurons may be sufficient to detect a particular sensory stim-

ulus. For comparison, somatosensory neurons of the dorsal

root ganglia (DRG) are far more numerous, and DRG neurons

provide high spatial acuity that may be lacking in at least some

vagal responses (Abraira andGinty, 2013). The number of sensa-

tions mediated by the vagus nerve has not been quantified but is

presumably large based on the underlying cellular diversity, with

some neurons likely mediating internal organ sensory functions

that have yet to be determined. We note that single-cell RNA

sequencing in the DMV also revealed several vagal motor neuron

types (Tao et al., 2021), suggesting that the parasympathetic

nervous system is not a singular all-or-nothing switch but instead

may enable more nuanced physiological control with each

neuron type perhaps orchestrating a discrete multi-organ motor

program or controlling a highly specific facet of autonomic phys-

iology. Cell atlases of the vagus nerve have provided a road map

for genetic approaches to chart and link the anatomical projec-

tions, response properties, and functions of transcriptome-

defined vagal neuron types across physiological systems.

Vagal sensory neurons in the respiratory system
Breathing is essential for life and under precise and dynamic

neuronal control to help ensure appropriate tissue oxygenation

and carbon dioxide removal. Inputs to breathing-control circuits

arise from a variety of central and peripheral pathways, with the

vagus nerve providing the principal relay for sensory information

from the lungs, trachea, and larynx (Coleridge and Coleridge,

2011; Mazzone and Undem, 2016). Vagal inputs regulate various

respiratory parameters, including breathing rate, tidal volume,

and airway tone. Furthermore, as one of the body’s largest bar-

rier tissues, the airway epithelial surface is under constant

neuronal surveillance for early signs of obstruction or damage

that might compromise gas exchange. Vagal sensory neurons

detect threats to airway integrity and engage neuronal circuits

that initiate a suite of protective reflexes, such as cough, swal-

low, vocal cord adduction, and laryngeal closure (Prescott

et al., 2020). Additionally, vagal sensory neurons may detect

pathogens to evoke immune responses, airway hyperreactivity,

sickness behaviors, and pain (sore throat), provide propriocep-

tive feedback from the vocal folds for speech control, and evoke

the sensation of air hunger (Baral et al., 2018; Mazzone and Un-

dem, 2016).

Vagal neurons reach the airways via several major axon

branches, including (from proximal to distal airways) the pharyn-

geal branch, superior laryngeal nerve (SLN), recurrent laryngeal

nerve (RLN), and pulmonary branches. The pharyngeal branch

carries mostly motor fibers to pharyngeal muscles, whereas

the internal branch of the SLN provides the major sensory
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Figure 2. Comparative anatomy of cranial
ganglia and branches in mice and human
Sensory ganglia and branches of cranial nerves IX
(glossopharyngeal) and X (vagus) are depicted in
relation to nearby anatomical structures. Adult
mice display a fused nodose-petrosal-jugular
superganglion ((right); in some animals, the su-
perior cervical ganglion (depicted here separately)
is additionally fused into the superganglion. In
humans (left), vagal and petrosal ganglia are
distinct anatomical structures. SLN, superior
laryngeal nerve; R, rostral; C, caudal; D, dorsal; V,
ventral.
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innervation of the caudal pharynx and larynx, efferent innervation

to the only tensormuscle aiding phonation, the cricothyroidmus-

cle, and some innervation of rostral trachea (DuBois and Foley,

1936). The RLN carries both afferent and efferent fibers to the

vocal cords and tracheal sites, whereas the lungs receive inner-

vation through pulmonary branches stemming off the vagal trunk

near the main bronchi (Mazzone and Undem, 2016; Weijs et al.,

2015). The SLN, RLN, and pulmonary branches contain amixture

of both jugular and nodose neurons in varying ratios, with most

SLN-derived terminals in trachea, larynx, and pharynx being ju-

gular derived (Mazzone and Undem, 2016). In addition, the air-

ways from larynx to lungs also receive afferent innervation by

DRG neurons (levels C1-T6) whose sensory functions remain

poorly understood (Springall et al., 1987).

Within each vagal nerve branch, sensory neurons display a

multitude of epithelial and subepithelial terminal types from

nasopharynx to distal lung areas, such as the alveoli and lung

pleura. Axon terminal structures have been variably described

as panicle-like endings (sometimes called ‘‘cough’’ or ‘‘irritant’’

receptors), candelabra terminals, ivy-like (or hederiform) end-

ings, corpuscular endings, free nerve endings, smooth mus-

cle-associated receptors, and other epithelial and subepithelial

terminals. Some vagal sensory neurons project near various

epithelial cell types, which might serve as first-order sensory

cells, including laryngeal taste cells, tuft cells (also called brush

cells or solitary chemosensory cells), and neuroendocrine cells,

including lung neuroepithelial bodies (NEBs), as well as immune

cells (Baral et al., 2018; Brouns et al., 2003; Chang et al., 2015;

Chu et al., 2020; Krasteva et al., 2011; Prescott et al., 2020; Tiz-

zano et al., 2010). The functions and response properties of

various airway terminals have been difficult to determine, as

overlapping terminal fields have prevented assignments based

on proximity to sensory hotspots. Furthermore, unified termi-

nology and consistency across studies have been lacking; it is

not clear whether various studies referred to the same terminal

types with different descriptors or grouped together terminals

with similar morphologies but different sensory functions. Add-

ing complexity, airway innervation patterns reportedly vary

across species, and given the issues mentioned earlier,

additional studies are needed to understand the extent of
divergence or conservation of airway

terminal types across evolution.

Classical electrophysiological studies

distinguished three major types of

airway-innervating neurons based on
the sensory stimuli they detect, aswell as their conduction veloc-

ities and adaptation rates: (1) slowly adapting stretch receptors

(SARs), (2) rapidly adapting stretch receptors (RARs), and (3)

chemoreceptors (Coleridge and Coleridge, 2011). RARs and

SARs are fast-conducting A fibers, whereas at least some che-

moreceptors are slow-conducting C fibers. C fibers represent

about 67% of vagal sensory neurons (Agostoni et al., 1957;

Chang et al., 2015), and most vagal C fibers express the capsa-

icin receptor TRPV1, enabling pharmacological and genetic ap-

proaches for targeted ablation (Baral et al., 2018; Tr€ankner et al.,

2014). RARs and SARs are mechanosensitive afferents that

reportedly differ in their anatomical projections, sensitivity to

inflation and deflation, and activity across the respiratory cycle

(Adrian, 1933; Kaufman et al., 1982; Knowlton and Larrabee,

1946; Schelegle and Green, 2001). However, RARs and SARs

are typically identified by punctate mechanical stimulation,

which can potentially activate other mechanosensory neurons

(such as ‘‘irritant’’ receptors or high-threshold C-fiber nocicep-

tors) and may or may not correspond well to inflation-sensitive

afferents in vivo. Furthermore, it has been debated whether

RARs and SARs are truly different classes of mechanoreceptors

(Yu, 2000), as distinct response dynamics could be due to differ-

ences in terminal location or orientation relative to distended tis-

sue rather than intrinsic neuronal properties.

Recent expression profiling strategies and genetic ap-

proaches revealed greater cellular diversity than was previously

recognized for airway sensory neurons (Chang et al., 2015; Maz-

zone et al., 2020; Prescott et al., 2020; Liu et al., 2021). Transcrip-

tome analysis has been performed selectively on vagal sensory

neurons labeled retrogradely by airway dye injection and/or

has been coupled with genetic tools to map airway terminals

of gene-expression-defined neurons. Vagal axons can be visual-

ized by injecting sensory ganglia of various Cre knockin mice

with adeno-associated viruses (AAVs) encoding Cre-dependent

fluorescent or enzymatic reporters (Chang et al., 2015). Efforts to

achieve a complete and unified taxonomy of airway-to-brain

pathways is very much a work in progress, with genetic ap-

proaches so far revealing at least ten terminal types that can

be distinguished by different Cre lines, including epithelial chan-

delier terminals in the larynx; epithelial free endings in alveola,
Neuron 110, February 16, 2022 3
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bronchioles, and upper airways; epithelial candalabra terminals

in lung apposing NEBs; epithelial corpuscles apposing laryngeal

taste cells; epithelial flower spray endings; and subepithelial ter-

minals around various airway muscles, vessels, and glands

(Chang et al., 2015; Prescott et al., 2020; Su et al., 2021). Each

of these neurons presumably detects particular sensory cues,

which inmost cases remain unknown (alongwith underlying sen-

sory transduction mechanisms), and furthermore, additional ter-

minal types are likely to be uncovered. Next, we discuss airway-

to-brain sensory pathways that are best understood.

Airway stretch sensation
In 1868, Ewald Hering and Josef Breuer observed that increases

in airway volume evoked a breathing pause or apnea character-

ized by inhibition of inspiration and prolongation of expiration;

this mechanosensory reflex is now termed the ‘‘Hering-Breuer

inspiratory reflex’’ (Hering and Breuer, 1868). An opposing defla-

tion reflex whereby lung deflation increases respiratory rates and

shortens expiration was also proposed. Sensation of airway vol-

ume contributes to normal breathing patterns, may protect the

airways from hyperinflation-induced injury, and regulates heart

rate and vascular tone, perhaps contributing to respiratory sinus

arrhythmia in which pulmonary circulation increases during high

airway volumes to optimize gas exchange (Coleridge and Coler-

idge, 2011; Schelegle and Green, 2001; Taha et al., 1995). Phys-

iological states such as intense exercise as well as hypercapnic

conditions can also dampen the sensitivity of the Hering-Breuer

inspiratory reflex (Bouverot et al., 1970; Bradley et al., 1976;

Phillipson et al., 1971).

Vagal afferents are essential for the Hering-Breuer inspiratory

reflex. Electrical or optogenetic stimulation of all vagal sensory

neurons, but not motor fibers, evokes a similar characteristic ap-

nea (Chang et al., 2015; Widdicombe, 2006). Moreover, surgical

transection of the vagus nerve bilaterally (vagotomy) eliminates

the Hering-Breuer inspiratory reflex (Coleridge and Coleridge,

2011). Complete vagotomy also causes severe respiratory

depression and eventual death (Widdicombe, 2006), highlighting

the importance of vagal information for breathing sustenance.

Centrally, airway stretch activates second-order neurons in

lateral NTS regions near the vagal nerve tract called ‘‘pump

cells’’ and ‘‘inspiratory-b cells,’’ which then communicate with

respiratory control centers in the brainstem (Kubin et al., 2006).

Brainstem outputs are relayed to phrenic motor neurons, which

control the contraction of the diaphragm, the primary muscle for

respiration.

Airway inflation stimulates vagal afferents, with similar re-

sponses observed to distension by oxygen or nitrogen, consis-

tent with a mechanosensory response (Adrian, 1933; Williams

et al., 2016). Single-unit recordings and in vivo calcium imaging

showed that airway stretch activates rare sensory neurons

(�90 neurons per mouse nodose ganglion), with most responses

adapting slowly (SARs) (Adrian, 1933; Williams et al., 2016).

Airway mechanoreceptors are activated by each inspiration dur-

ing tidal breathing, indicating that threshold responses occur at

physiological levels of airway distension (Adrian, 1933; Williams

et al., 2016). The location and architecture of force-sensing ter-

minals underlying the Hering-Breuer inspiratory reflex remain un-

clear. At least some airway SARs are so-called ‘‘smooth muscle-
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associated receptors,’’ with terminals that appear as knobby,

plate-like, and mitochondria-rich nerve terminals arranged in se-

ries with airway smooth muscle fibers (Larsell, 1921; von D€uring

et al., 1974). Other stretch-sensitive afferents with different

response thresholds and airway distributions in trachea, extrap-

ulmonary bronchi, and intrapulmonary airways have also been

reported (Schelegle and Green, 2001). It is unclear whether

force-sensing neurons in these locations display distinct terminal

morphologies, when mechanosensory neurons in different

airway regions are engaged across the respiratory cycle, and

which terminal morphology is required for mechanosensation

underlying the Hering-Breuer inspiratory reflex or potentially

other airway reflexes.

Recent studies revealed an essential role for themechanosen-

sitive ion channel PIEZO2 in airway stretch sensation and the

Hering-Breuer inspiratory reflex (Nonomura et al., 2017). PIEZOs

are ion channels intrinsically gated by force in the absence of

auxiliary factors (Syeda et al., 2016); PIEZO2 is required in so-

matosensory neurons for light touch sensation and propriocep-

tion (Ranade et al., 2014; Woo et al., 2015) and is additionally ex-

pressed in a subset of vagal sensory neurons (Chang et al.,

2015). Optogenetic activation of vagal PIEZO2 neurons caused

an acute apnea reminiscent of the Hering-Breuer inspiratory re-

flex (Nonomura et al., 2017), with optogenetics-assisted con-

duction velocity measurements revealing that PIEZO2 neurons

are mostly A fibers. In vivo calcium imaging in vagal ganglia

demonstrated that airway stretch responses occurred primarily

(>90%) in PIEZO2 neurons (Prescott et al., 2020). At birth, global

knockout of PIEZO2 is lethal due to neonatal respiratory distress,

butmice with cell-specific deletion of Piezo2 in Phox2b-express-

ing cells (which include nodose but not jugular sensory neurons)

survive to adulthood, permitting analysis of PIEZO2 function in at

least some vagal sensory neurons (Nonomura et al., 2017). Mice

with Phox2b-guided Piezo2 knockout have increased tidal vol-

umes during passive breathing, have deficient vagal responses

to airway stretch, and lack the Hering-Breuer inspiratory reflex.

Conditional deletion of Piezo2 in the adult also decreased airway

stretch responses, consistent with a direct role for PIEZO2 in

stretch sensation rather than only in neuronal development. Hu-

man patients that lack normal PIEZO2 function display severe

clinical problems that include breathing difficulties during infancy

(Szczot et al., 2021). PIEZO2 is expressed in several airway-

innervating sensory neurons (Prescott et al., 2020), as well as

in pulmonary NEBs (Nonomura et al., 2017), and additional

studies are needed to determine the structure of PIEZO2 termi-

nals relevant for airway stretch sensation and the site of PIEZO2

action in these terminals. Together, these findings indicate a key

role for PIEZO2 as an airway stretch sensor that is critical for

maintaining respiratory homeostasis.

Cough and other airway protective reflexes
One of the most important roles of the vagus nerve is to defend

the airways from injury. Humans inhale hundreds of thousands of

microbes each day, as well as pollen, dust, smoke, and pollution

from the ambient air (Barberán et al., 2015). Furthermore, in-

gested food and liquid must transit over the airways en route

to the gastrointestinal tract, whereas expelled stomach contents

can travel in reverse. The larynx, as the proximal entry point to
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the trachea and lungs, is densely innervated by vagal afferents

that are on alert to detect airway insults (Bradley, 2000). Laryn-

geal application of water, acid, high salt, or mechanical force,

as well as electrical stimulation of the SLN, elicits characteristic

reflexes that either guard or clear the airways (Bolser, 1991; Lu-

dlow, 2015; Prescott et al., 2020). Airway guarding reflexes

include apnea and physical occlusion reflexes, such as epiglottis

descent, glottic closure, and bronchoconstriction, whereas

expulsion reflexes include cough, gag, sneeze, expiratory

reflexes, mucus secretion, and protective swallowing, with mul-

tiple reflexes often engaged together or in close succession.

Challenges to airway integrity can also arise deeper in the air-

ways, and proinflammatory cytokines, irritants, and pathogen

derivatives (such as Sulfolipid-1 from Mycobacterium tubercu-

losis) also elicit cough frommore distal airway sites in awake an-

imals (Choudry et al., 1989; Karlsson and Fuller, 1999; Narula

et al., 2014; Ruhl et al., 2020). Defects in airway threat detection

are common in the elderly and cause severe clinical problems,

such as difficulty swallowing, choking, and aspiration with an

associated risk of lethal respiratory tract infection (Ludlow,

2015; Santoso et al., 2019). Early models hypothesized that a

single, broadly tuned sensory population may sense diverse

airway threats and engage different protective reflexes depend-

ing on discharge frequency (Storey, 1968). However, at least two

types of cough afferents with different airway distributions have

been proposed, including capsaicin- and anesthetic-sensitive C

fibers and anesthetic-insensitive A fibers (Canning, 2011), and

more recent studies have indicated an even more substantial di-

vision of labor among primary afferent neurons (Mazzone et al.,

2020; Prescott et al., 2020). We are only beginning to understand

the diversity of vagal sensory neurons that guard the upper air-

ways and how they detect threats, such as irritants, pathogens,

force, and aspirated food and water.

Several airway irritants directly engage cell surface receptors

located on vagal sensory neurons. TRPV1 and TRPA1 are ion

channels expressed on various vagal afferent types, and ago-

nists for these receptors stimulate subsets of vagal sensory neu-

rons (Bessac and Jordt, 2008). TRPV1 detects capsaicin found in

hot peppers (Caterina et al., 1997), whereas TRPA1 is activated

by various noxious electrophiles that covalently modify receptor

cysteine residues, such as allyl isothiocyanate found in mustard,

wasabi, and horseradish, acrolein in smoke and smog, gingerol

found in ginger, and cinnamaldehyde, as well as noncovalent ag-

onists, such as oxidants including hydrogen peroxide and hypo-

chlorite (Bandell et al., 2004; Bautista et al., 2006; Bessac et al.,

2008). TRPA1 and TRPV1 agonists cause cough, respiratory

depression, and airway inflammation, with some neuronal and

physiological responses lost following TRP knockout or

blockade (Andrè et al., 2008; Bessac and Jordt, 2008). Ablation

of TRPV1 vagal sensory neurons also impacts allergic airway hy-

perreactivity and immune responses to respiratory infections

(Baral et al., 2018; Tr€ankner et al., 2014), whereas ablation of

TRPV1- and neuromedin-B-expressing trigeminal neurons im-

pairs the sneezing reflex to airway threats in the nasal mucosa

(Li et al., 2021). TRPV1 is expressed in many vagal sensory neu-

rons (�60%) and TRPA1 in 25%, most of which co-express

TRPV1; at least two TRPA1 neuron types are distinguished by

expression of NPY1R and NPY2R and form free endings in
different airway regions (Chang et al., 2015; Prescott et al.,

2020). Optogenetic stimulation of NPY1R neurons evokes airway

defense responses, whereas optogenetic stimulation of NPY2R

neurons causes rapid and shallow breathing (Chang et al., 2015;

Prescott et al., 2020). Additional studies are needed to delineate

which TRPV1- and TRPA1-expressing cells are devoted to

airway defense and which might regulate other aspects of respi-

ratory physiology.

Vagal sensory neurons express other receptors for threat sur-

veillance in the airways, as an agonist for the itch receptor

MRGPRC11 stimulates vagal sensory neurons, and causes

bronchoconstriction and airway hyperresponsiveness (Han

et al., 2018a). Pathogen-derived chemicals can directly stimulate

dissociated DRG nociceptors (Chiu et al., 2013), and it seems

possible that they may similarly stimulate vagal sensory neurons

in the airways. Other airway threatsmay instead act on upstream

sentinel cells rather than directly on neurons. For example, vagal

sensory neurons express receptors for numerous immune cell-

derived molecules, including bradykinin, histamine, prostaglan-

dins, and interferon gamma (Wang et al., 2017). Epithelial tuft

cells in the airways, as well as the gut, are proposed to detect

pathogen-derived metabolites from bacteria and (in the gut)

parasitic helminth through bitter taste receptors (Luo et al.,

2019; Tizzano et al., 2010). Tuft cells, as well as NEBs, are re-

ported to release proinflammatory molecules, such as inter-

leukin-25 and eicosanoids, as well as neurotransmitters, which

may activate vagal afferents (Schneider et al., 2018). Neural cir-

cuits engaged by pathogen-detection pathways can evoke gen-

eral sickness behaviors, such as fever, lethargy, and decreased

appetite, as well as responses tailored to the infection site, such

as nausea, vomiting, diarrhea, cough, mucus secretion, and

bronchoconstriction. In addition to transmitting sensory informa-

tion to the brain, vagal sensory neurons also release peptides in

the periphery, such asCGRP and substance P, to engage the im-

mune system (Chu et al., 2020). Vagal motor neurons separately

control systemic inflammatory responses and disease outcome

through the ‘‘cholinergic anti-inflammatory pathway’’ in which

neurons signal to splenic T cells (indirectly through postgangli-

onic neurons) to suppress macrophage activation, providing a

natural brake on innate immunity that protects against sepsis

and lethal organ damage (Pavlov and Tracey, 2017). There ap-

pears to be a diversity of pathways for pathogen and irritant

detection in the airways, as well as motor programs to control

different physiological responses, and additional investigation

is required to understand when these various pathways are

engaged across airway challenges.

Cough can also be evoked by force, for example, by inhalation

of particulate matter or mechanical probing throughout the

tracheobronchial tree, especially in the larynx and carina (Widdi-

combe, 1954). Punctate mechanical stimulation of the upper air-

ways evokes exquisitely sensitive and rapidly adapting electro-

physiological responses in vagal afferents (Canning et al.,

2004). Neurons responsive to punctate stimulation (punctate

mechanoreceptors) are distinct from other airway mechanore-

ceptors as they do not respond to tissue stretch or changes in

luminal pressure and have a slower conduction velocity

(�5 m/s, Ad-range). Several chemical irritants also activate

punctate mechanoreceptors (Mazzone and Undem, 2016),
Neuron 110, February 16, 2022 5
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raising the possibility that these fibers are broadly tuned polymo-

dal ‘‘irritant receptors,’’ although it is possible that agents used in

these studies elicit responses with secondary mechanical ef-

fects on the airways, such as mucus secretion, edema, or bron-

chospasm. A particular tracheal terminal type has been postu-

lated to be a cough receptor (Canning et al., 2006), and it will

be interesting to determine the response properties of these neu-

rons andwhether they function as low-threshold punctatemech-

anoreceptors and/or polymodal irritant receptors. Coughs eli-

cited by punctate stimulation are not inhibited by epithelium

removal, the TRPV1 antagonist capsazepine, or the PIEZO

antagonist gadolinium (Mazzone and Undem, 2016). Additional

studies are needed to determine the identity of force-sensing

molecules in punctate mechanoreceptors of the airways.

Airway defense reflexes are also evoked during meal con-

sumption, for example, when food or water accidentally goes

down the wrong pipe. Laryngeal water is among the most potent

inducers of airway defense reflexes, provoking cough, swallow-

ing, and apnea (Canning et al., 2004; Shingai et al., 1989). Re-

sponses to laryngeal water vary with age, species, and depth

of anesthesia; in newborns, laryngeal water causes an unrelent-

ing apnea rather than a cough (Boggs and Bartlett, 1982), sug-

gesting developmental plasticity in responding neural circuits.

It has been debated whether water directly activates vagal affer-

ents or upstream sentinel cells, and adding complexity, multiple

vagal sensory pathways for water have been proposed, perhaps

with different receptor mechanisms and relevance for thirst, fluid

homeostasis, and airway defense. One water-sensing pathway

in the upper airways involves a small cluster of �100 vagal neu-

rons (NP19 neurons), which are marked in P2ry1-ires-Cre mice

(Prescott et al., 2020). Optogenetic stimulation of vagal P2RY1

neurons in the SLN evokes a coordinated motor program of

airway defense, including expiratory reflexes, vocal fold adduc-

tion, apnea, and fictive swallow, whereas ablation of vagal

P2RY1 neurons eliminates protective responses to laryngeal wa-

ter (Prescott et al., 2020). Vagal P2RY1 neurons are fast-con-

ducting A fibers (Chang et al., 2015) that form corpuscular termi-

nals in the larynx that directly appose laryngeal taste cells

(Prescott et al., 2020). Knockout of ionotropic ATP receptor

genes (P2x2/P2x3), which eliminates gustatory taste cell trans-

mission (Finger et al., 2005), likewise eliminates airway protective

responses to laryngeal water (Prescott et al., 2020). Responses

to laryngeal acid were partially reduced by vagal P2RY1 neuron

ablation or P2x2/P2x3 knockout, but responses to high salt or

mechanical force in the larynx persisted, demonstrating

P2RY1 neuron-independent sensory pathways for these cues.

Together, these findings indicate that laryngeal taste cells or

other epithelial cells sense water and release ATP to communi-

cate with a small cohort of vagal P2RY1 neurons. Vagal P2RY1

neurons then relay that information centrally, engaging neural

circuits that coordinate a multi-pronged motor program to pro-

tect and clear the airways. P2x2/P2x3 knockout eliminates laryn-

geal water-evoked swallow, but not water-evoked nerve re-

sponses (Ohkuri et al., 2012), consistent with a role for other

water-sensing pathways through the vagus nerve, and additional

studies are needed to uncover sensory transduction mecha-

nisms engaged by laryngeal water. Interestingly, P2X antago-

nists are clinically approved for chronic cough (Abdulqawi
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et al., 2015). Since knockout of ionotropic ATP receptors im-

pacts some laryngeal responses but not others, understanding

the diversity of airway protective pathways and how they operate

may be essential for designing antitussive therapies effective for

all patients.

Vagal sensory neurons in the cardiovascular system
All tissues must be supplied with a steady source of oxygenated

blood. Peripheral sensory neurons innervate the heart and

vasculature, providing moment-by-moment feedback to stabi-

lize cardiac and respiratory outputs. Classical studies have re-

vealed mechanosensory and chemosensory neurons in both

the heart and great arteries that monitor the flow and chemical

composition of blood, respectively, including (1) arterial mecha-

noreceptors underlying the baroreceptor reflex, (2) cardiac

mechanoreceptors underlying the Bainbridge reflex, (3) arterial

chemoreceptors underlying the hypoxic ventilatory response,

and (4) cardiac chemoreceptors underlying the Bezold-Jarisch

reflex. Each of these reflexes is discussed below, and adding

complexity, some cardiovascular afferents may have polymodal

responses, variable response thresholds or chemical sensitiv-

ities, or even functions that have not been identified. Studying in-

dividual reflex arcs in isolation has been tremendously chal-

lenging due to the closed-loop structure of the cardiovascular

system, with genetic approaches potentially providing a strategy

moving forward for selective neuron manipulation.

Sensory neurons are strategically placed throughout the circu-

latory system (Figure 3). The carotid artery and aortic arch are

two hotspots for neuronal innervation within the vasculature,

monitoring blood immediately after it exits the left ventricle en

route to the brain and body, respectively. Neurons at these loca-

tions are exposed to freshly oxygenated blood pumped away

from the heart and thus report on the starting points of both

blood pressure and oxygenation gradients in the circulatory sys-

tem. Vagal afferents provide the dominant sensory innervation of

the heart, aorta, and other vessels below the diaphragm, with (1)

cardiac branches stemming off themain vagal trunk reaching the

heart and pulmonary vessels, (2) a branch termed the aortic

depressor nerve accessing the aortic arch and the right subcla-

vian artery near its bifurcation with the common carotid artery,

and (3) the hepatic branch providing innervation of blood vessels

in the liver. In addition, glossopharyngeal afferents innervate the

carotid body and sinus, key sites of arterial chemosensation and

baroreception in the neck, via a branch called the carotid sinus

nerve. Here, we discuss both glossopharyngeal and vagal sen-

sory neurons because their cell bodies coalesce into the same

ganglia in several species (including mice), and they cooperate

to mediate several cardiovascular reflexes.

Arterial chemosensors for respiratory gases
The principal function of the cardiovascular system is to deliver

key substrates for aerobic cellular respiration, such as oxygen

and glucose, to peripheral tissues while removing byproducts,

such as carbon dioxide. Decreased oxygen (hypoxia) or

increased carbon dioxide (hypercapnia) in circulation are symp-

toms of inefficient gas exchange, and without appropriate

compensation by ventilatory reflexes, benign conditions such

as exercise, high altitude, or even mild pulmonary disease would
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lead to dangerous fluctuations in blood gas levels. Detection of

systemic hypoxia and hypercapnia evokes neuronal reflexes

that correct blood gas levels through increased respiration. Cor-

neille Heymans identified the critical site of acute hypoxia sensa-

tion as the carotid body (Heymans et al., 1930), a sensory struc-

ture located at the carotid artery bifurcation that is anatomically

privileged to monitor blood composition. Related structures

termed aortic bodies are present in the aortic arch but are

smaller and less well studied. Although the carotid body is the

primary mediator of systemic hypoxia responses, other central

and peripheral chemoreceptors play major roles in hypercapnic

responses (Guyenet and Bayliss, 2015).

The carotid body is a small organ composed of two principal,

intrinsic cell types: glomus cells, which are first-order chemosen-

sory cells, and glia-like sustentacular cells. Dense fenestrated

capillaries provide glomus cells with privileged access to sample

blood contents, efficiently perfusing them with circulating respi-

ratory gases. Glomus cells are polymodal sensors that directly

respond to low oxygen, high carbon dioxide, low pH, glucose,

lactate, and other stimuli in ex vivo preparations (Ortega-Sáenz

and López-Barneo, 2020). Chronic hypoxia, as from living at

high altitude, increases the number of glomus cells, with susten-

tacular cells capable of acting as stem cells that convert into

glomus cells (Pardal et al., 2007). The hypoxia-responsive tran-

scription factor HIF2a controls the gene expression program,

which enables glomus cells to respond to acute hypoxia, and
could serve as a master developmental regulator of glomus cells

and/or amediator of cellular adaptations to chronic hypoxia (Ma-

cias et al., 2018; Moreno-Domı́nguez et al., 2020).

Glomus cells are neural crest derived and display several char-

acteristics of neurons as they are electrically excitable, loaded

with dense core vesicles, and communicate with afferent nerves

through synapses. Similar to taste cells, glomus cells release

ATP extracellularly when activated (Buttigieg and Nurse, 2004),

and ATP stimulates ionotropic receptors expressed on afferent

nerves (Rong et al., 2003). Mice lacking ionotropic ATP receptors

lose carotid sinus nerve activity and ventilatory responses

following hypoxic challenge (Rong et al., 2003). Glomus cells

also release a suite of other hormones and neuromodulators

that act on afferent nerves, sustentacular cells, and other glomus

cells, including acetylcholine, dopamine, and gaseous transmit-

ters (Iturriaga et al., 2021), and additionally form electrical synap-

ses with neighboring glomus cells. Carotid body glomus cells

communicate with glossopharyngeal afferents, whereas aortic

bodies are instead innervated by vagal afferents, with individual

afferent neurons contacting�10–60 glomus cells (Torrealba and

Alcayaga, 1986). The central terminals of carotid body-inner-

vating afferents are located in the NTS, which, in turn, relays

chemoreceptor inputs to brainstem motor circuits that control

breathing (Finley and Katz, 1992).

Mechanisms underlying acute glomus cell responses to hyp-

oxia are incompletely understood. As in pancreatic beta cells,

a key step in glomus cell activation involves closure of potassium

channels, cell depolarization, and engagement of voltage-gated

calcium channels (Ortega-Sáenz and López-Barneo, 2020).

Interestingly though, glomus cells and pancreatic beta cells

display an opposite relationship between electron transport

chain activity and cell depolarization. In beta cells, glucose

drives insulin release through increased metabolic flux, ATP pro-

duction, and ATP-mediated closure of potassium channels. In

contrast, in glomus cells, inhibition of the electron transport

chain, for example, through cyanide, carbon monoxide, or rote-

none, promotes cell firing (Ortega-Sáenz et al., 2003), with a pre-

vailing model for hypoxia sensation involving a mitochondria-

derived signal that impacts potassium channel opening. Glomus

cells express specialized electron transport chain subunits, and

several molecular sensors for low oxygen have been proposed

(Iturriaga et al., 2021). For example, knockout of the Complex I

subunit NDUFS2 or the Complex IV subunit COX4I2 eliminates

acute glomus cell hypoxia responses (Fernández-Ag€uera et al.,

2015; Moreno-Domı́nguez et al., 2020). Complex IV (cytochrome

c oxidase) directly transfers electrons to oxygen, and it is

possible that carotid body Complex IV displays a decreased ox-

ygen binding capacity to match the physiologically relevant dy-

namic range of oxygen present in arteries. Hypoxia-induced

stalling of flux through the carotid body electron transport chain

could lead to shunting of electrons into reactive oxygen species

or NADPH, decreased ATP production, and/or increased/

decreased synthesis of other second messengers. It is possible

that any or several of these factors engage potassium channels.

Adding complexity and perhaps redundancy, roles for other ox-

ygen-dependent enzymes, signals (such as CO and H2S), and

channels have been proposed (Prabhakar et al., 2018). Addi-

tional studies are needed to pinpoint how hypoxia specifically
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impacts mitochondrial function in glomus cells, what hypoxia-

induced or hypoxia-inhibited signals are transmitted from mito-

chondria to the membrane and which potassium channel sub-

units are gated to cause cell depolarization.

Glomus cell responses to hypercapnia involve a mechanism

that is at least partially distinct. Disrupting the mitochondrial

electron transport chain through NDUFS2 knockout eliminates

glomus cell responses to hypoxia but not hypercapnia (Fernán-

dez-Ag€uera et al., 2015). A key role has instead been proposed

for carbonic anhydrase, which converts carbon dioxide into car-

bonic acid (Iturriaga et al., 1991), with intracellular acidification

potentially impacting the activity of various ion channels and

leading to cell depolarization. Interestingly, a subset of olfactory

sensory neurons senses carbon dioxide through a somewhat

related pathway involving carbonic anhydrase, guanylyl cyclase

D, and a cGMP-gated ion channel (Hu et al., 2007), whereas sour

taste cells sense carbonation through acidity changes catalyzed

by extracellular carbonic anhydrase (Chandrashekar et al.,

2009). Central chemoreceptors located in the retrotrapezoid nu-

cleus play a major role in systemic hypercapnic responses and

detect elevated carbon dioxide through dual pH-dependent

mechanisms involving the G-protein-coupled receptor GPR4

and the potassium channel TASK-2 (Kumar et al., 2015). Addi-

tional studies are needed into how glomus cells detect and inte-

grate changing levels of respiratory gases and other blood con-

stituents to initiate firing and neuronal reflexes resulting in

hyperventilation.

Neuronal sensation of blood pressure and the
baroreceptor reflex
Mean arterial blood pressure is typically maintained within a nar-

row physiological range to ensure adequate tissue perfusion. A

few key findings made over several decades led to the concept

of the baroreceptor reflex, a negative feedback loop in which

mechanosensitive afferents detect increases (or decreases) in

arterial blood pressure and, in response, engage neural circuits

to decrease (or increase) both heart rate and arterial pressure.

First, in the 1860s, the French physiologist Etienne-Jules Marey

observed an inverse relationship between blood pressure and

heart rate (now known as Marey’s Law) (Marey, 1863). In the

1920s, Heinrich Ewald Hering, the son of Ewald Hering who

helped discover the Hering-Breuer inspiratory reflex, observed

that electrical stimulation of afferents from the carotid sinus

evoked reflexive bradycardia and hypotension (Hering, 1923).

Subsequently, in 1933, Lord Adrian observed that a subpopula-

tion of vagal sensory neurons fired with each heartbeat and,

moreover, that firing magnitude correlated closely with blood

pressure (Adrian, 1933).

Neuronal baroreceptors aremechanosensory neurons that act

in real time, detecting momentary blood pressure fluctuations

that occur during movement or postural changes, and work

across a large dynamic range (Brown, 1980; Kirchheim, 1976;

Landgren, 1952). The baroreceptor reflex can be experimentally

observed through pharmacological agents such as phenyleph-

rine that induce vasoconstriction and elevate blood pressure,

through non-invasive pressure manipulations such as the Val-

salva maneuver, the neck chamber technique, or carotid sinus

massage, or through measurement of spontaneous blood pres-
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sure changes and correlated heart rate changes that occur natu-

rally over time (Wehrwein and Joyner, 2013). Baroreceptor infor-

mation is first transmitted centrally to the NTS, a key site for

state-dependent modulation, and then to autonomic motor

nuclei, decreasing sympathetic output and increasing parasym-

pathetic output to lower heart rate and blood pressure (Guyenet,

2006; Kumada et al., 1990).

The nervous system monitors blood pressure at two major

hotspots in the great arteries: the carotid sinuses and the aortic

arch. Carotid sinus and aortic baroreceptors are, respectively,

part of glossopharyngeal and vagus nerve branches termed

the carotid sinus nerve and aortic depressor nerve, and poten-

tially provide differential reporting of blood flow to the brain

and body. Arterial regions innervated by blood-pressure-sensing

neurons are highly elastic due to local smooth muscle thinning

and changes in elastin and collagen fiber abundance (Kirchheim,

1976; Rees, 1968). With each heartbeat, the pulse of blood flow

radially distends the elastic vessel wall. Baroreceptors are acti-

vated by blood vessel distension, fire in a pulsatile manner timed

to the cardiac cycle, and convey information about both pulse

magnitude and frequency (Brown, 1980; Kirchheim, 1976; Ku-

mada et al., 1990).

One feature of baroreceptors with particular clinical impor-

tance is their plasticity. The sensitivity and/or set point of the

baroreceptor reflex can change across physiological states (ex-

ercise, hypovolemia) (Dampney, 2017). Furthermore, raising or

lowering arterial pressure, even for a few minutes, can acutely

and reversibly reset baroreceptor thresholds (Kunze, 1985).

Angiotensin II dampens and/or shifts baroreceptor responses,

allowing the renin-angiotensin system to control blood pressure

over a longer term while minimizing compensatory heart rate

changes (Reid, 1992). Chronic and less plastic changes in baro-

receptor sensitivity can also arise during aging and disease due

to both adaptations in neuronal circuitry and structural changes

to the arterial wall, such as thickening during atherosclerosis,

and are predictive of serious coronary disease (La Rovere

et al., 2008).

Classical studies equated aortic depressor nerve stimulation

with baroreceptor activation, but recent anatomical and func-

tional studies revealed (at least) three major sensory neuron

types in both the aortic arch and carotid sinus: end-net endings

(baroreceptors), glomus cell contacts (chemoreceptors), and

flower spray terminals (unknown function) (Cheng et al., 1997a;

Min et al., 2019). As discussed earlier, chemoreceptors innervate

carotid and aortic bodies, detect changes in circulating levels of

respiratory gases, and induce hyperventilation to promote gas

exchange. Flower spray terminals, named for the characteristic

morphology of their complex punctate endings (Aumonier,

1972), are the most common vagal endings in the aortic arch

and are enriched in a saddle-like pattern in the rostral aorta.

Flower spray endings aremarked inMc4r-p2a-Cremice, and op-

togenetic activation of all vagal MC4R neurons, or those in the

aortic depressor nerve, caused a minor decrease in blood pres-

sure and, unlike the baroreceptors, did not impact heart rate (Min

et al., 2019). Moreover, genetic ablation of vagal MC4R neurons

effectively removed arterial flower spray endings, but the barore-

ceptor reflex remained intact (Min et al., 2019). Additional studies

are needed to understand the sensory properties and functions



ll
Review

Please cite this article in press as: Prescott and Liberles, Internal senses of the vagus nerve, Neuron (2021), https://doi.org/10.1016/
j.neuron.2021.12.020
of arterial flower spray endings, but they appear to be dispens-

able for the baroreceptor reflex.

Instead, the aortic and carotid sinus baroreceptors are both

marked in Piezo2-ires-Cre mice (Min et al., 2019). Optogenetic

activation of aortic PIEZO2 neurons causes reflexive decreases

in heart rate and blood pressure reminiscent of the baroreceptor

reflex (Min et al., 2019; Zeng et al., 2018). Moreover, genetic

ablation of vagal and glossopharyngeal PIEZO2 neurons elimi-

nated the baroreceptor reflex and the ability of the aortic

depressor nerve to alter heart rate (Min et al., 2019). Anatomical

tracing of PIEZO2 neurons in the great arteries revealed that they

form characteristic linear branches termed as end-net endings

(Min et al., 2019). PIEZO2 neurons arrive at the peak of the aortic

arch and bifurcate into dorsal and ventral branches, which

circumnavigate the aorta, extending beyond the saddle region

where flower spray terminals are concentrated. Dorsal and

ventral branches converge near the arterial ligament at the aortic

base in a claw-like structure, with end-net endings ramifying

outward.

Mechanosensory ion channels that sense blood pressure and

mediate the baroreceptor reflex have been a long-standing mys-

tery since the reflex was first described about a century ago.

Several candidate baroreceptors have been proposed, and

although some of these candidates may contribute to barore-

ceptor function in important ways, residual force-evoked cur-

rents and/or physiological responses in knockout mice suggest

a role for another primary sensory receptor (Drummond et al.,

1998; Lau et al., 2016; Lu et al., 2009; Sun et al., 2009). The baro-

receptor reflex was lost after ablation of vagal and glossophar-

yngeal PIEZO2 neurons (Min et al., 2019); yet, it surprisingly

remained intact after cell-specific knockout of Piezo2 in

Phox2b-expressing cells (Zeng et al., 2018), which includes the

relevant baroreceptor sensory neurons of both the nodose and

petrosal ganglia. Interestingly, a dual requirement for both

PIEZO1 and PIEZO2 in baroreception was observed, as targeted

knockout of both Piezo ion channel genes in Phox2b-expressing

cells, but not Piezo1 or Piezo2 individually, abolished phenyleph-

rine-induced baroreflex responses and aortic depressor nerve

activity (Zeng et al., 2018). Awake, behaving animals with cell-

specific Piezo knockout had labile hypertension and increased

blood pressure variability, as is similarly observed after barore-

ceptor denervation or failure (Zeng et al., 2018). Interestingly,

Piezo1 is also required for sensing fluid flow in endothelial cells

and other blood cells (Cahalan et al., 2015; Li et al., 2014), sug-

gesting that PIEZOsmediate multiple physiological responses to

forces within the cardiovascular system. In Phox2b-driven Piezo

knockout mice, electrical stimulation of the aortic depressor

nerve still evoked baroreceptor-associated heart rate and blood

pressure changes, and the anatomy of baroreceptor neurons, at

least at a gross morphological level, appeared similar (Min et al.,

2019); these observations suggest that phenotypes of Piezo

knockout mice are not due to changes in neural circuits down-

stream of baroreceptors or sensory neuron morphology but

instead are consistent with a direct role for PIEZOs in blood pres-

sure sensation. Additional studies are needed to determine

where PIEZO proteins are localized within end-net endings to

sense arterial wall distension. Moreover, the mechanisms by

which PIEZO1 and PIEZO2 cooperate to mediate the barore-
ceptor reflex are unclear. Both PIEZOs act in neurons marked

in Phox2b-Cre and Piezo2-ires-Cre mice, and a parsimonious

interpretation is that both PIEZO1 and PIEZO2 act in the same

sensory neurons where either is sufficient. An alternative model

involves baroreceptor heterogeneity with some cells expressing

PIEZO2 transiently or at low levels that are sufficient to drive re-

porter expression in Piezo2-ires-Cremice but instead relying pri-

marily on PIEZO1 for force sensation. Together, these findings

reveal that PIEZO1 and PIEZO2 are the long-sought mechano-

sensory channels critical for acute blood pressure control and

the baroreceptor reflex.

Cardiac sensory neurons: Buffering a change of heart
In 1915, Francis Bainbridge observed that increasing blood vol-

ume by injection of isotonic saline or blood into a jugular vein

caused reflexive tachycardia (Bainbridge, 1915). This reflex

(termed the Bainbridge reflex) is initiated bymechanosensory af-

ferents of the vagus nerve that fire in response to atrial filling and/

or cardiac muscle contraction, and report on the extent and rate

of venous return, aswell as heart rate. Increases in atrial pressure

raise heart rate, while decreases in atrial pressure are proposed

to instead slow heart rate (termed the ‘‘reverse Bainbridge re-

flex’’) (Crystal and Salem, 2012); changes in atrial pressure

also change renal blood flow to influence diuresis (Henry and

Pearce, 1956). These various effects ensure that circulating

blood volume and venous return are coupled with cardiac output

and stay within a tight physiological range.

The Bainbridge reflex has been notably difficult to study in

isolation because the cardiovascular system is a closed loop,

and manipulations that increase the activity of atrial mechanore-

ceptors could also impact baroreceptor afferents, ventricular af-

ferents, and circulating levels of hormones, such as angiotensin

II and atrial natriuretic peptide. It is debated when the Bainbridge

reflex is naturally engaged and the extent to which it contributes

to heart rate changes associated with hypovolemia, hypervole-

mia, hemorrhage, anesthesia/surgery, and application of lower

body negative pressure (Crystal and Salem, 2012). Adding

complexity, the Bainbridge reflex may vary in strength across

species and appears diminished in rodents and primates

compared with other species, hindering investigation (Boettcher

et al., 1982). The Bainbridge reflex and the baroreceptor reflex

have opposing effects on heart rate; neural circuits that measure

differential activity between baroreceptor afferents and atrial vol-

ume receptors could in principle accelerate or decelerate blood

transfer from veins to arteries by influencing heart rate, helping to

equilibrate pressure across the vasculature. By employing me-

chanosensory neurons at various strategic locations throughout

the cardiovascular system, the nervous system can potentially

interpret changing blood flow patterns for context-appropriate

physiological responses that maintain cardiac output and effec-

tive circulating blood volume.

Mechanoreceptors are present in both the right and left atria,

near the junctions with the vena cava and pulmonary veins,

respectively (Hainsworth, 1991). Many terminal structures have

been described in the heart, including ‘‘end-net’’ terminals be-

tween the endocardium and myocardium, ‘‘flower spray’’ termi-

nals (also called complex unencapsulated endings) in the endo-

cardium, Ruffini types, flat plates, intramuscular arrays in the
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myocardium, and contacts with intrinsic cardiac ganglia (Cheng

et al., 1997b; Hainsworth, 1991; Miller and Kasahara, 1964). The

sensory properties and physiological functions of neurons that

form various heart terminal types are not clear, with unencapsu-

lated endings speculated to be atrial mechanoreceptors based

on their general proximity to mechanosensitive sites. Further-

more, different types of atrial mechanoreceptors (Type A and

B) have been proposed based on their firing rate across the car-

diac cycle and their differential sensitivity to stretch and tension

(Paintal, 1953), although it has been debated whether these ac-

tivity differences are due to intrinsic neuronal properties or termi-

nal position within the heart (Arndt et al., 1974). Additional

studies are needed to reveal force sensors present in atrial vol-

ume receptors underlying the Bainbridge reflex.

The functions of other vagal afferents in the heart are even

more mysterious. In 1867, von Bezold and Hirt observed that

intravenous injection of veratrum alkaloids induced a triad of

bradycardia, hypotension, and vasodilation (von Bezold and

Hirt, 1867), as well as an apnea that was later ascribed to non-

cardiac sensory neurons. Jarisch and colleagues subsequently

showed that cardiovascular responses to veratrum alkaloids

required intact vagal cardiac branches (Jarisch and Richter,

1939); henceforth, the reflex became known as the ‘‘Bezold-Jar-

isch reflex.’’ Similar depressor responses can be evoked using

other chemicals that stimulate some C fibers, such as capsaicin,

nicotine, and phenyl diguanide; therefore, the reflex is attributed

to unmyelinated vagal afferents, which display the highest den-

sity in the left ventricle (Hainsworth, 1991). These chemicals do

not stimulate arterial baroreceptors or glomus-cell-associated

chemoreceptors at concentrations necessary to elicit depressor

responses; therefore, the Bezold-Jarisch reflex represents a

distinct sensory pathway (Coleridge and Coleridge, 1977; Kauf-

man et al., 1980). However, known stimuli that activate cardiac C

fibers are not normally abundant in the blood, and it is unclear

when or if these neurons are physiologically engaged or whether

they act as silent nociceptors. Adding complexity, at least some

cardiac C fibers are mechanosensory neurons activated by infla-

tion and/or deflation (Gupta and Thames, 1983), and it is debated

whether they are normally engaged by changing forces across

the cardiac cycle. As with atrial mechanoreceptors, roles for car-

diac C fibers in systemic responses to hypotension, hypovole-

mia, ischemia, and anesthesia have been postulated but

debated. It remains unknown which transcriptome-defined neu-

rons mediate the Bezold-Jarisch reflex, what their terminals look

like, what they respond to physiologically, and how they function.

Generally, additional studies are needed to examine the diversity

of cardiac neurons of the vagus nerve, including the physiolog-

ical response properties/sensory mechanisms of neurons medi-

ating the Bezold-Jarisch reflex.

Vagal sensory neurons and the gut-brain axis
Obesity and related metabolic disorders are associated with

increased morbidity and represent major healthcare challenges

of the 21st century. Feeding behavior in most animals occurs

in bursts or meals, which are followed by periods of feeding

quiescence. The gut-brain axis relays short-term information

about the quantity and quality of recently consumed food and

mediates the sensation of meal-induced fullness (Richards
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et al., 2021). Disrupting or artificially stimulating meal-derived

signals of the gut-brain axis changes meal patterns and can

durably alter energy homeostasis. As will be discussed below,

glucagon-like peptide 1 (GLP1) is a gut-derived incretin released

after nutrient ingestion that suppresses feeding behavior through

neuronal circuits. Agonists of the GLP1 receptor (GLP1R) are

clinically approved for obesity treatment, providing an illustrative

example of how artificially stimulating components of the gut-

brain axis may provide therapeutic benefit. Likewise, bariatric

surgery to re-structure the gastrointestinal tract alters appetite,

body weight, and metabolism (Arble et al., 2015), further high-

lighting the importance of gut-derived signals in long-term

feeding control.

The gut-brain axis not only controls appetite but also coordi-

nates physiological responses that promote digestion, absorp-

tion, and systemic changes in energy utilization. Neuronal path-

ways influence the release of metabolic hormones, blood

glucose levels, enzyme secretion, gallbladder contraction, gut

motility, gastric acidification, and gastric emptying (Brookes

et al., 2013; Gribble and Reimann, 2019; Travagli et al., 2006).

Gut-innervating sensory neurons have been proposed to guide

food preference and avoidance behavior, and to detect (directly

or indirectly) non-food cues, such as water or high salt for control

of thirst and fluid homeostasis, danger signals from pathogens,

toxins, or food allergens, and microbiome-derived metabolites

(Babic and Browning, 2014; Han et al., 2018b; Lai et al., 2020;

Muller et al., 2020; Tan et al., 2020; Zimmerman et al., 2019).

Gut-innervating sensory neurons may also mediate poorly un-

derstood sensations, such as ‘‘hunger pangs,’’ visceral pain,

and ‘‘butterflies in the stomach’’; the latter is evoked by nervous-

ness and anxiety, consistent with a role for the gut-brain axis in

mood control, and perhaps occurs through an inverted reflex

arc involving brain-to-gut-to-brain transmission. Gut-innervating

vagal neurons have additionally been proposed to mediate path-

ological a-synuclein transmission in Parkinson’s disease (Kim

et al., 2019).

The brain receives meal-related information from the gastroin-

testinal tract through several routes, including from neuronal af-

ferents, circulating gut-derived hormones, and nutrients them-

selves. The entire length of the alimentary canal is heavily

innervated by both intrinsic and extrinsic neurons. Ingested

food is first detected in the mouth by gustatory afferents report-

ing on taste quality (from the facial and glossopharyngeal

nerves), olfactory sensory neurons that detect food odors, and

trigeminal afferents thought to measure features such as food

texture and temperature. After food is swallowed, it is monitored

by different extrinsic nerves in the pharynx (glossopharyngeal,

vagal), esophagus (vagal), stomach (mostly vagal, some DRG),

intestine (vagal, DRG), and rectum (DRG) (Berthoud and Neu-

huber, 2000). Vagal sensory neurons densely innervate the prox-

imal small intestine, whereas DRG neurons dominate the inner-

vation of the distal intestine (Blackshaw et al., 2007). In

addition to extrinsic innervation, the esophagus, stomach, intes-

tine, and other organs contain an extensive network of intrinsic

(enteric) neurons. Enteric neurons are closely associated with

extrinsic motor neurons and at least some extrinsic sensory neu-

rons and play vital functions in local gut physiology, as well as

possibly interorgan cross talk and behavior.
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The vagus nerve is a key component of the gut-brain axis and

transecting the vagus nerve below the diaphragm (subdiaphrag-

matic vagotomy) decreases body weight, perhaps due to the

loss of motor-fiber-mediated effects on absorption, digestion,

and metabolism and/or disruption of sensory afferents that influ-

ence feeding (Aklan et al., 2020; Berthoud et al., 2021; Chen

et al., 2020). Perhaps paradoxically, vagal nerve stimulation

through electrical or optogenetic approaches also reportedly in-

hibits feeding behavior (Bai et al., 2019; Borgmann et al., 2021;

Burneo et al., 2002), and it is important to consider that other

sensations, such as air hunger, laryngeal aspiration, or esopha-

geal distension may suppress feeding through mechanisms un-

related to satiety. Classic studies of the vagus nerve revealed a

few different sensory neuron types in the gut: (1) mucosal end-

ings, including chemoreceptors in intestinal villi and crypt end-

ings, (2) mechanoreceptors that form intraganglionic laminar

endings (IGLEs), and (3) intramuscular arrays (IMAs), which

may also be mechanoreceptors (Brookes et al., 2013). Recent

expression profiling approaches revealed a greater diversity of

transcriptome-defined vagal and spinal sensory neurons in the

digestive system (Bai et al., 2019; Hockley et al., 2019; Kupari

et al., 2019; Prescott et al., 2020; Williams et al., 2016), and we

are only beginning to understand the sensory properties, func-

tions, and receptor mechanisms of different gut-brain communi-

cation pathways.

Nutrient responses along the gut-brain axis
Ingestion of energy-rich nutrients is powerfully rewarding.

Although the gustatory system first detects nutrients in food,

taste-blind mice still develop a preference for sugar-rich foods.

Subdiaphragmatic vagotomy abolishes post-ingestive sugar

preference (de Araujo et al., 2008; Fernandes et al., 2020; Han

et al., 2018b; Tan et al., 2020), and mice can develop a prefer-

ence for sugar over artificial sweeteners, consistent with a taste

receptor-independent sugar reinforcement pathway (Sclafani

et al., 2015; Tan et al., 2020). Teaching signals from ingested nu-

trients are powerfully rewarding, as Pavlov observed, and enable

particular sights, sounds, and smells to be associated with food

and subsequently trigger brain-to-gut signaling that helps pre-

pare the digestive system for an upcoming meal.

Upon ingestion, food is broken down by the digestive system

into building blocks of simple sugars, amino acids, and free fatty

acids. In the intestine, simple nutrients are detected by special-

ized epithelial sensory cells termed enteroendocrine cells, which

rapidly trigger a variety of physiological and neuronal responses

before nutrients are absorbed into the bloodstream (Baggio and

Drucker, 2007; Gribble and Reimann, 2019). After absorption,

nutrients themselves exert effects on virtually every tissue, pro-

mote the release of metabolic hormones such as insulin, and

can even directly engage neurons in the brain. The relative

importance of different direct and indirect nutrient detection

pathways in guiding satiety and reinforcement behavior remains

an active area of investigation, with enteroendocrine cells poised

to play an important role in rapid, systemic nutrient responses.

Vagal and DRG afferents do not directly access the intestinal

lumen; therefore, extrinsic chemosensory neurons in the gut

function as second-order neurons that receive sensory inputs

from enteroendocrine cells and perhaps other cell types, such
as tuft cells, immune cells, and enteric neurons. Although it re-

mains unclear which enteroendocrine cell types communicate

with vagal afferents, we focus our attention here generally on en-

teroendocrine cell biology, as they are the first-order nutrient-

sensing cells in the intestine that provide at least some inputs

to vagal afferents.

Enteroendocrine cells are sparse sentinel cells dispersed

along the gastrointestinal tract and represent �1% of all

intestinal epithelial cells. Given the length of the intestine,

enteroendocrine cells collectively represent the most abundant

hormone-producing cell type in the body. Similar to taste cells,

enteroendocrine cells are specialized epithelial cells rather

than neurons but share many features with neurons as they

are electrically excitable, display calcium-dependent vesicle

release, and communicate with downstream vagal, spinal, and/

or enteric neurons at synaptic terminals (Gribble and Reimann,

2019), sometimes called neuropods (Kaelberer et al., 2018).

Many enteroendocrine cells directly access the gastrointestinal

lumen at their apical end (but not all, such as ghrelin-producing

cells of the stomach) and, at their basolateral end, release hor-

mones that can both engage nearby neurons and enter the

bloodstream. Enteroendocrine cells, similar to all cells in the in-

testinal epithelium, are short-lived and undergo constant turn-

over and renewal throughout life. The intestinal epithelium turns

over every 3–5 days, with new cells born in intestinal crypts and

migrating in a conveyor belt-like manner toward intestinal villi

where they are ultimately shed (Barker et al., 2007). Enteroendo-

crine cells undergo a similar but slower life cycle as other epithe-

lial cells, with some lingering in crypts for longer periods of time

(Gehart et al., 2019). It is unclear whether synaptic contacts with

neurons persist or change during enteroendocrine cell move-

ment and maturation.

Enteroendocrine cells have historically been classified, and

their functions inferred, by the various hormones they produce,

which include cholecystokinin (CCK), glucagon-like peptide 1

(GLP1), peptide YY, ghrelin, gastric inhibitory polypeptide

(GIP), serotonin, secretin, neurotensin, and somatostatin

(Gribble and Reimann, 2019). These gut hormones exert various

physiological effects that are sometimes opposing and other

times redundant. CCK, GLP1, and PYY are released following

nutrient injection and suppress feeding, whereas ghrelin is

released by fasting, is downregulated by nutrient ingestion,

and stimulates feeding. GLP1 and GIP are both incretins that

rapidly stimulate insulin release and alter metabolism before in-

gested glucose is even absorbed into circulation (Baggio and

Drucker, 2007). As such, small molecules that activate the

GLP1 receptor (GLP1R) or that enhance GLP1 durability in circu-

lation by inhibiting its proteolysis are clinical mainstays for treat-

ing diabetes (Richards et al., 2021), although, at higher concen-

trations, GLP1R agonists cause nausea (Drucker and Nauck,

2006). CCK, serotonin, and other gut hormones additionally

regulate a variety of digestive functions, including gut motility,

gastric emptying, absorption, gallbladder contraction, and

exocrine pancreatic secretion.

Time-resolved transcriptional analysis identified five principal

enteroendocrine cell lineages leading to cells that produce

GIP, ghrelin, serotonin (called enterochromaffin cells), somato-

statin, or a combination of GLP1, CCK, and/or neurotensin
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(Gehart et al., 2019). Use of an elegant genetically encoded fluo-

rescent clock to superimpose cell birthdate on the enteroendo-

crine cell atlas revealed that cell identity can be dynamic, with

individual cells capable of switching hormone synthesis as

they mature (Gehart et al., 2019). Since Cre-based genetic tools

provide a stable readout for transient developmental states, dy-

namic changes in hormone expression should be considered

when using genetic approaches to access enteroendocrine cells

for functional analysis.

Enteroendocrine cell-derived hormones can enter the circula-

tion to exert pleiotropic effects and can also be detected locally

by neurons. Some vagal sensory neurons express multiple re-

ceptors for gut hormones, including CCK, GLP1, and PYY (Wil-

liams et al., 2016), and CCK directly evokes calcium transients

and action potentials in a subset of vagal sensory neurons

(Blackshaw and Grundy, 1990; Schwartz et al., 1993; Williams

et al., 2016). Gut hormone receptors are additionally expressed

in various brain regions, spinal neurons, and enteric neurons,

and the relative contributions of different hormone detection

pathways in exerting control of physiology and behavior remain

actively investigated. Cell-specific knockout and rescue experi-

ments revealed that GLP1 induces satiety through a distributed

network of GLP1R neurons in the hypothalamus and caudal

brainstem, whereas GLP1 induces nausea-related behaviors

through a more focal brainstem response (McLean et al., 2021;

Zhang et al., 2021). Fiber photometry experiments revealed

that gastric nutrient infusion decreased the activity of hunger-

associated neurons in the hypothalamus that express Agouti-

related peptide (AGRP) (Beutler et al., 2017). Nerve transection

experiments indicated that fat decreases AGRP neuron activity

through the vagus nerve but sugar does so through spinal affer-

ents (Goldstein et al., 2021). Intersectional genetic approaches

for chemogenetic inhibition of most DRG sensory neurons

(involving Wnt1-Cre and Nav1.8-p2a-Dre) increased food intake

(Borgmann et al., 2021), a finding consistent with a role for DRG

afferents in acute feeding regulation. In separate studies, stimu-

lating gut-innervating vagal afferents activated dopaminergic

reward circuits, whereas branch-selective vagotomy inhibited

sugar-evoked dopaminergic neuron activity and post-ingestive

sugar preference (Fernandes et al., 2020; Han et al., 2018b;

Tan et al., 2020). Together, these findings raise the possibility

that there are multiple nutrient-response pathways relevant for

different behaviors.

Genetic approaches to eliminate enteroendocrine cells have

not been selective but have hinted that they play a vital role in

gastrointestinal physiology. Knockout of key developmental fac-

tors, such as Neurogenin3 or Math1, eliminates intestinal enter-

oendocrine cells and causes lethality, but Neurogenin3 knockout

also eliminates pancreatic endocrine cells, whereas Math1

knockout also eliminates other intestinal secretory cells, such

as Paneth and goblet cells (Li et al., 2011). Human patients

with more subtle Neurogenin3 point mutations retained pancre-

atic islet function but lost enteroendocrine cells and displayed

severe malabsorptive diarrhea (Wang et al., 2006). Chemoge-

netic activation of cells producing insulin-like peptide 5, which

is expressed in enteroendocrine cells of the distal colon, simulta-

neously blocked feeding behavior through a PYY receptor

(NPY2R), improved glucose tolerance through GLP1, and
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increased defecation through a serotonin receptor (HTR3A)

(Lewis et al., 2020), suggesting that individual enteroendocrine

cell types can exert a multi-pronged physiological program via

different hormones. Additional genetic tools that enable selec-

tive elimination and activation of all enteroendocrine cells, or

particular subtypes, would provide valuable insights into their

physiological functions.

Glucose directly triggers calcium influx and electrical re-

sponses in enteroendocrine cells that lead to hormone release

(Reimann et al., 2008). Enteroendocrine cells are one of several

sites of nutrient detection in the body, and they utilize a different

sugar-sensing mechanism from both taste cells and pancreatic

beta cells. Taste cells use a heterodimer of G-protein-coupled

receptors (T1R2/T1R3) to detect extracellular sugars, whereas

pancreatic beta cells instead release insulin after glucose meta-

bolism-induced ATP production, leading to closure of ATP-

gated potassium channels, cell depolarization, calcium influx

through voltage-gated calcium channels, and calcium-mediated

release of insulin vesicles. Although taste receptors are report-

edly expressed in enteroendocrine cells (Jang et al., 2007),

GLP1 release persists in taste receptor knockout mice and is

not evoked by artificial sweeteners (Fujita et al., 2009; Reimann

et al., 2008). Instead, knockout mice lacking the glucose-sodium

symporter SGLT1 lack sugar-induced release of both GIP and

GLP1, as well as the incretin effect (Gorboulev et al., 2012; Röder

et al., 2014). SGLT1 is expressed in several intestinal cell types,

including both enterocytes and some enteroendocrine cells, and

in enterocytes is thought to use sodium co-transport to drive

glucose absorption up a steep concentration gradient. In addi-

tion to deficits in GLP1 release, SGLT1 knockout mice display

a lethal sucrose malabsorption syndrome on normal chow but

can survive on a diet lacking monosaccharides and disaccha-

rides (Gorboulev et al., 2012). Glucose analogs that act as

SGLT1 transport substrates but cannot be metabolized to form

ATP still stimulate GLP1 release (Moriya et al., 2009), suggesting

that SGLT1-mediated sodium transport is the key signal in enter-

oendocrine cells that leads to depolarization. Interestingly,

SGLT1 knockout also eliminated sugar preference behavior

(Sclafani et al., 2016), and SGLT1 inhibition blocked sugar-

induced AGRP neuron activity decreases (Goldstein et al.,

2021). Likewise, non-metabolizable SGLT1 transport substrates

also mimicked the ability of sucrose to condition preference

behavior and inhibit AGRP neurons (Goldstein et al., 2021; Tan

et al., 2020). These findings suggest a common role for

SGLT1-mediated sodium transport/depolarization in various

sugar-evoked physiological responses, and additional studies

are needed to determine whether enteroendocrine cells or other

cell types support each SGLT1-mediated response.

In addition to detecting sugars, enteroendocrine cells also

detect other nutrients, such as fats and amino acids. Different

classes of nutrients not only trigger common responses, such

as satiety, but can also evoke nutrient-specific digestive and

metabolic programs. Each nutrient class triggers release of a

complex and at least partially overlapping mixture of gut hor-

mones, as expected since gut hormones, such as CCK, PYY,

and GLP1, are frequently co-expressed in the same enteroendo-

crine cells (Gribble and Reimann, 2019). Although sugars stimu-

late incretin release through a GPCR-independent pathway
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involving SGLT1, a role for GPCRs in hormone release by enter-

oendocrine cells is also suggested by pharmacological experi-

ments targeting GPCR-gated second messengers (Reimann

et al., 2008). Enteroendocrine cells express many GPCRs and

other cell surface receptors that potentially detect fatty acids

and amino acids; for example, the free fatty acid receptors

GPR40 and GPR120 are abundantly expressed by enteroendo-

crine cells on their basolateral surfaces, and receptor agonists

promote gut hormone release (Edfalk et al., 2008; Hirasawa

et al., 2005). Knockout mice lacking these receptors have pro-

duced mixed findings, perhaps due to the existence of redun-

dant fat-sensing pathways, and additional studies are needed

to understand both the relative roles of particular receptors in

nutrient sensation and how nutrient-specific responses emerge.

Chemosensory cells of the gut-brain axis also detect stimuli

other than nutrients. Enterochromaffin cells are a specialized en-

teroendocrine cell class that releases serotonin and responds to

various non-nutritive signals, including TRPA1-activating irri-

tants, catecholamines, such as epinephrine, norepinephrine,

and dopamine, and small-chain fatty acids that activate olfactory

receptor 558 (OLFR558) (Bellono et al., 2017), as well as force

through PIEZO2 (Alcaino et al., 2018). In addition to promoting

serotonin release through OLFR558, microbiome-derived

small-chain fatty acids, as well as bile acids, stimulate GLP1

release through other GPCRs, such as GPR41, GPR43, and

TGR5 (Thomas et al., 2009; Tolhurst et al., 2012).

In opposition to sugar-responsive reward pathways, the gut-

brain axis also contains aversion-promoting nociceptor path-

ways associated with nausea, gut malaise, and pain. Nerve

transections and genetic ablations have implicated the vagus

nerve in nausea-associated responses in some studies but

not others (Babic and Browning, 2014; Gupta et al., 2017).

Some gut-derived vagal sensory neurons project to the area

postrema, a brainstem nucleus that in various species mediates

nausea, vomiting, and/or behavioral aversion to visceral poi-

sons (Borison, 1989). The area postrema is a sensory circum-

ventricular organ that receives inputs from both hormones

and vagal afferents, and one area postrema neuron subtype

co-expresses receptors for several nausea-inducing chemi-

cals, including GLP1R, GFRAL (the GDF15 receptor), and the

calcium-sensing receptor, and also projects to CGRP-express-

ing alarm neurons in the parabrachial nucleus (Sabatini et al.,

2021; Zhang et al., 2021). Chemogenetic stimulation of these

area postrema neurons induced flavor avoidance in mice,

whereas ablation eliminated behavioral responses to several

nausea-inducing toxins (Sabatini et al., 2021; Zhang et al.,

2021). Moreover, area postrema-targeted deletion and rescue

ofGlp1r revealed a key role for area postrema neurons in behav-

ioral aversion imposed by GLP1R agonists (Zhang et al., 2021).

It remains unclear whether area postrema GFRAL neurons

receive inputs from particular vagal afferents, and how a dual

requirement for vagal and area postrema pathways may

emerge in gut nociception. The serotonin receptor HTR3A is

highly expressed in vagal afferents (Williams et al., 2016), and

HTR3A antagonists, such as ondansetron are widely used in

the clinic as anti-nausea prophylactics (Smith et al., 2012), high-

lighting the potential therapeutic importance of understanding

signaling pathways that lead to gut malaise.
Gut mechanosensation and the control of feeding
behavior
Food and drink consumed during a meal physically distend the

stomach and intestine, activating mechanosensory neurons of

the gut-brain axis and evoking the sensation of fullness. Both

vagal and DRG sensory neurons innervate the gastrointestinal

tract and respond to tissue distension (Paintal, 1954; Qin et al.,

2007), with experiments involving subdiaphragmatic vagotomy

revealing a crucial role for vagal sensory neurons in gut

stretch-induced satiety (Gonzalez and Deutsch, 1981). Bariatric

surgery to re-shape the gastrointestinal tract decreases its stor-

age capacity, resulting in tissue distension and presumably gut

mechanoreceptor activation at lower food volumes. Perhaps

shifting the sensory thresholds of gut mechanosensory neurons

contributes to the clinically beneficial effects of bariatric surgery.

Understanding neural pathways responsive to gut distension

and how they can be modulated or artificially stimulated may

provide new therapeutic targets to limit appetite.

Vagal sensory neurons are activated by increases in gut vol-

ume that occur naturally during a meal (Umans and Liberles,

2018). Separate and large cohorts of vagal sensory neurons

detect acute distension of the stomach and intestine (Bai et al.,

2019; Williams et al., 2016), with responses graded to the magni-

tude of distension (Iggo, 1955; Paintal, 1954). Increases in stom-

ach volume both enhance the responses of individual neurons

and recruit additional responding neurons (Williams et al.,

2016). It is possible that neurons display different activation

thresholds or that enhancing tissue distension recruits additional

neurons with more remote receptive fields but otherwise iden-

tical intrinsic properties. Vagal sensory neurons generally fire

for the duration of distension with little or no adaptation and

stop firing upon withdrawal of the distension stimulus and defla-

tion to resting volume (Iggo, 1955; Paintal, 1954; Williams et al.,

2016). Cellular imaging and optogenetics-assisted conduction

velocity measurements revealed that vagal mechanosensory

neurons are predominantly capsaicin-sensitive, slow-con-

ducting C fibers (Williams et al., 2016).

Vagal sensory neurons form a few distinct terminal types in the

stomach and intestine. Some chemosensory neurons form

mucosal endings (see earlier), whereas other vagal sensory neu-

rons form subepithelial endings that include IGLEs and IMAs

(Brookes et al., 2013). IGLEs are endings that appose ganglia

of enteric neurons in the myenteric plexus located between

layers of longitudinal and circular muscle (Rodrigo et al., 1975).

Both vagal and DRG sensory neurons can form IGLEs, and

IGLEs occur across the gastrointestinal tract, including in the

esophagus, stomach, small intestine, and large intestine (Ber-

thoud et al., 1997). IGLEs were initially proposed to bemechano-

sensory terminals since stomach regions that evoked vagal

nerve responses upon punctate von Frey hair stimulation were

closer to IGLEs (142 mm) than randomly selected stomach re-

gions (1,500 mm) (Zagorodnyuk et al., 2001). Genetic tools

involving Cre-based anatomical mapping and in vivo calcium im-

aging provided a direct link between neuron anatomy and

response property. Vagal sensory neurons that express GLP1R

are marked in Glp1r-ires-Cre mice, form IGLEs in stomach and

intestine, and account for most neurons (�81% in stomach)

acutely activated by balloon- or gas-induced distension
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(Williams et al., 2016). In addition, neurons marked in Oxtr-Cre

mice, which are mostly distinct from GLP1R neurons based on

single-cell transcriptional profiling, also form IGLEs enriched in

the intestine compared with the stomach (Bai et al., 2019), as

well as IGLEs in the esophagus (unpublished data, Rachel

Greenberg, S.L.P., S.D.L.). IMAs are instead long and parallel

muscular fibers that resemble muscle spindle afferents involved

in proprioception and have thus been proposed to be mechano-

sensory terminals (Powley and Phillips, 2011). Cre lines that

enable selective targeting of IMAs would be valuable to deter-

mine their sensory properties and physiological roles.

Gut mechanoreceptors frequently co-express receptors for

several gut satiety hormones, including GLP1, CCK, and

PYY (Williams et al., 2016). Vagal sensory neurons that detect

gut distension are generally distinct from mucosal chemosen-

sory neurons and do not typically fire in response to ingested

nutrients that promote CCK, GLP1, and PYY release (Williams

et al., 2016). It is possible that these and other appetite-con-

trol hormones such as leptin or ghrelin modulate the sensi-

tivity, activity rate, and/or presynaptic release properties of

gut mechanoreceptors. Adding complexity, these hormones

activate different intracellular signaling pathways, with leptin

receptors engaging JAK/STAT pathways, GLP1R stimulating

Gas and cAMP levels, and CCK evoking calcium transients

and action potentials in vagal sensory neurons by coupling

to Gaq. Additional studies are needed to understand when

and how gut hormones act physiologically on vagal mechano-

sensory neurons and whether they enhance distension-

induced satiety when physiologically appropriate, such as

after a meal.

It also remains mysterious why mechanosensory vagal affer-

ents form such close contacts with enteric neurons. Perhaps in-

formation is transferred between neurons at IGLEs, or perhaps

enteric neurons simply serve as developmental guideposts for

extrinsic neurons. Vagal motor neurons also access enteric neu-

rons through a similar honeycomb pattern and critically rely on

synaptic transmission to enteric neurons to exert parasympa-

thetic control. It has been proposed that vagal mechanosensory

neurons directly detect force, as responses are rapid (within

6 ms) and persist in the absence of extracellular calcium (Zagor-

odnyuk et al., 2003), although it should be noted that transmis-

sion at some synapses can be faster than 6 ms. Supporting

the notion that enteric neuron input is dispensable for mechano-

sensory responses, colonic DRG neurons in a mouse model of

Hirschsprung’s disease lacking colonic enteric neurons fail to

form their characteristic IGLE terminal morphology yet retain at

least some responsiveness to tissue distension (Spencer et al.,

2008). Electron microscopy of vagal sensory neurons in the

esophagus suggested that some vagal afferents are presynaptic

to intrinsic myenteric neurons (Neuhuber, 1987). One model is

that IGLE-forming extrinsic afferents are the primary mechano-

sensors, which simultaneously relay inputs to the brain to control

behavior and to enteric neurons at IGLEs for control of local gut

function. Other possible models are that extrinsic neurons

instead receive neuromodulatory or mechanosensory informa-

tion from enteric neurons at IGLEs, or that both extrinsic and

enteric neurons are inherently mechanosensitive. Additional ev-

idence is needed to support the existence, directionality, and
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physiological role of information transfer between neurons

at IGLEs.

Gut mechanosensation is a classical stimulus that evokes

satiety and aborts ingestion of food and drink. Optogenetic

and chemogenetic stimulation of vagal GLP1R neurons partially

reduced feeding and decreased blood glucose levels, whereas

activating vagal OXTR neurons more dramatically reduced

feeding without evoking or conditioning place preference or

avoidance (Bai et al., 2019; Borgmann et al., 2021). Chemoge-

netic, but not optogenetic, activation of OXTR neurons also

decreased water intake (Bai et al., 2019). It should be considered

that some existing genetic tools are selective among classes of

gut-innervating afferents but may additionally label sensory neu-

rons in other physiological systems that could secondarily

impact food consumption.

Genetically guided anatomical mapping revealed that vagal

GLP1R and OXTR neurons project to NTS subregions and the

adjacent area postrema (Bai et al., 2019; Williams et al., 2016),

with GLP1R neurons targeting an NTS region that displays Fos

induction after gastric distension (Williams et al., 2016; Willing

and Berthoud, 1997). Furthermore, chemogenetic activation of

vagal GLP1R and OXTR neurons induced Fos expression in

the NTS and different regions of the parabrachial nucleus, with

GLP1R neurons engaging neurons marked by CGRP expression

(Borgmann et al., 2021). Parabrachial CGRP neurons function as

alarm neurons engaged by multiple threats and also contribute

to meal-induced satiety, as silencing them increases meal size

(Campos et al., 2016). Other prodynorphin-expressing neurons

in the parabrachial nucleus respond to mechanosensory signals

across the digestive tract related to water and food ingestion,

including vagally mediated gastric distension, and evoke an

aversive appetite-suppressing signal at least in part through pro-

jections to the paraventricular hypothalamus (Kim et al., 2020).

Hypothalamic neurons expressing AGRP promote food intake

during hunger, and fiber photometry experiments revealed that

chemogenetic activation of both vagal GLP1R and OXTR neu-

rons rapidly decreased AGRP neuron activity, with GLP1R

neuron effects being transient and OXTR neuron effects more

sustained (Bai et al., 2019).

Receptors that mediate vagal responses to gut mechanosen-

sation remain elusive. Vagal sensory neurons express ASIC

channels, and a pharmacological antagonist of ENaC/ASIC

channels at high concentrations (benzamil, 100 mM) blocks me-

chanosensory responses in an IGLE-rich esophagus preparation

(Zagorodnyuk et al., 2003). However, gut mechanosensory re-

sponses persist in ASIC knockout mice (Page et al., 2005), sug-

gesting a role for another mechanosensor and/or redundant

roles for multiple mechanosensors. PIEZOs are also candidates

to consider given their established mechanosensory roles in

other internal organs and that a key role for Drosophila Piezo in

gut mechanosensation and feeding behavior was revealed (Min

et al., 2021; Wang et al., 2020). Additional studies are needed

to clarify how IGLEs respond to force.

CONCLUSIONS

The vagus nerve is a crucial body-brain connection that plays a

major role in interoception. Classical schemes to categorize
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vagal sensory neurons were based on cellular features, such as

conduction velocity, morphology, developmental origin, and/or

electrophysiological response characteristics, but did not cap-

ture the full extent of sensory neuron diversity. Single-cell RNA

sequencing and genetic approaches revealed a staggering di-

versity of vagal sensory neuron types, with more neuron classes

observed than known vagal reflexes. The functions and sensory

properties of many neuron types with particular transcriptional

signatures or terminal morphologies remain mysterious (we

affectionately call them the ‘‘dark matter’’ of the vagus nerve).

Furthermore, vagal afferents project to many organs other than

those discussed in this review, whose sensory properties and

functions are not well understood. It is worth noting that cell clus-

tering in single-cell transcriptomic approaches may or may not

be based on genes that guide neuronal response properties,

innervation patterns, or other defining cell characteristics; com-

plementary genetic approaches are essential to understand

whether transcriptome-defined cell clusters are in fact function-

ally uniform and distinct. It is exciting to consider that additional

body-brain communication pathways and autonomic reflexes of

the vagus nerve may remain undiscovered.

Genetic approaches that allow for selective marking of

different vagal afferents within a target organ enable linkages be-

tween neuronal morphology, responses, transcriptomes, and

physiological functions. Cre lines have been identified that

mark neurons underlying classical reflexes from the respiratory,

cardiovascular, and digestive systems. For example, PIEZO2

neurons mediate the baroreceptor reflex and the Hering-Breuer

inspiratory reflex (Min et al., 2019; Nonomura et al., 2017), P2RY1

and TRPA1/TRPV1 neurons mediate different airway protective

responses (Bessac and Jordt, 2008; Chang et al., 2015; Prescott

et al., 2020), andGLP1R andOXTR neurons sense gut distension

(Bai et al., 2019; Williams et al., 2016). It is important to consider

that Cre lines frequently mark multiple types of vagal sensory
neurons; therefore, pinpointing which transcriptionally defined

cell type mediates a particular reflex is still very much a work in

progress. Advancesmay require application of intersectional ge-

netics (Borgmann et al., 2021) and/or interpreting results from

large numbers of Cre lines, as was done to define a role for

NP19 neurons in airway defense (Prescott et al., 2020). More-

over, Cre linesmay selectivelymark a sensory neuron typewithin

an organ but also afferent fibers in other organs. It seems

possible that a single cell type defined by transcriptome and/or

genetic analysis may be constituted by neurons that innervate

different organs but display similar sensory properties, such as

detection of tissue stretch or pathogens.

As in the somatosensory system, the physiological attributes

of vagal neurons are dictated not only by their molecular proper-

ties but also by their terminal structures and strategic positioning

within the body. For example, various chemosensory neurons

respond to the same neurotransmitter but are positioned near

different upstream sensory cells and thus convey different types

of sensory inputs to the brain. Furthermore, vagal mechanosen-

sory neurons display diverse terminal structures across or-

gans—including IGLEs in the gastrointestinal tract, end-net end-

ings in the aorta, smooth-muscle-associated receptors in the

airways, and perhaps intramuscular arrays in the stomach. Addi-

tional studies are needed to determine whether these distinct

terminal morphologies convey unique sensory attributes to

each neuron type.

Understanding what each vagal afferent type detects will

enable mechanistic studies to identify sensory receptors and

associated signaling pathways. Many vagal afferents are sec-

ond-order neurons that receive inputs from upstream sentinel

cells, including glomus cells, taste cells, enteroendocrine cells,

tuft cells, NEBs, and immune cells (Figure 4). These upstream

sentinel cells express primary sensory receptors and signaling

molecules, which are reported in a few cases, including
Neuron 110, February 16, 2022 15
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SGLT-1 in sugar-sensing enteroendocrine cells (Reimann et al.,

2008), non-classical mitochondrial subunits involved in glomus

cell hypoxia sensing (Moreno-Domı́nguez et al., 2020), and bitter

receptors in tuft cells (Krasteva et al., 2011). Sentinel cells then

release neurotransmitters, such as ATP from taste cells and

glomus cells, serotonin and CCK from enteroendocrine cells,

and cytokines from immune cells that can activate vagal affer-

ents. Other vagal sensory neurons are first-order sensory neu-

rons that directly sense internal organ cues. In the airways,

some vagal sensory neurons directly detect agonists of TRP

channels and MRGPRC11 (Bessac and Jordt, 2008; Han et al.,

2018a). Other airway sensory neurons use PIEZO2 to detect

airway stretch underlying the Hering-Breuer inspiratory reflex

(Nonomura et al., 2017), whereas mechanosensory neurons in

the arteries use both PIEZO1 and PIEZO2 to sense force under-

lying the baroreceptor reflex (Zeng et al., 2018). Sensory recep-

tors and mechanisms remain undefined for most vagal afferents

and upstream sentinel cells.

Unraveling mechanisms of vagus nerve biology—from chart-

ing newly identified sensory neurons to discovering additional in-

ternal organ sensory receptors and signal transduction path-

ways—will build the groundwork for the emerging field of

interoception. Exciting questions will then lie on the horizon,

and there will be new opportunities to investigate neural circuitry,

development, evolution, and therapeutic impact of vagal sensory

biology. For example, ascending neural circuits encode a diver-

sity of vagal sensory inputs that control autonomic physiology in

different ways that are sometimes convergent (such as mecha-

nosensory and chemosensory neurons that induce satiety or

cough), sometimes opposing (such as the Bainbridge and baro-

receptor reflexes), sometimes orthogonal (such as neurons that

only influence gut or respiratory physiology), and sometimes

partially overlapping (such as certain cardiovascular and respira-

tory reflexes). The brainstem presumably acts as an autonomic

switchboard that routes particular sensory inputs into appro-

priate physiological outputs, behaviors, and perceptions and

may also generate and/or be dynamically modulated by brain

states. The vagus nerve is also a fascinating playground for un-

derstanding principles of developmental biology. How do indi-

vidual neurons find the correct target organs, contact the appro-

priate cell partners in the periphery and brain, and form the

proper terminal morphologies? How may vagal sensory neurons

be dynamically regulated following injury or experience? Over a

longer timescale, the sensory pathways of the vagus nerve vary

dramatically across evolution—from gill innervation in fish and

stomach innervation in ruminants, to respiratory gas sensation

in species that live at high altitudes or dive to ocean depths. Little

is also understood about genetic variation in vagal sensory pro-

cessing across human individuals that may impact susceptibility

to autonomic dysfunction. The vagus nerve impacts such vital

physiology, and approaches to toggle vagus nerve activity may

provide an immense untapped opportunity for therapeutic inter-

vention. Vagotomy (subdiaphragmatic) and vagus nerve electri-

cal stimulation are potentially useful to treat a variety of clinical

conditions but lack specificity and conflate contributions from

various sensory and motor neurons. Understanding vagal sen-

sory mechanisms may provide new and more selective strate-

gies to stimulate or inhibit particular afferent types, thus
16 Neuron 110, February 16, 2022
providing new ways to manipulate the autonomic nervous sys-

tem in health and disease.
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