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Vagal afferent pathways of laryngeal and gastric sensation

Abstract

The vagus nerve is a key route by which autonomic sensory information is relayed to the brain-

stem to elicit appropriate physiological and behavioral reflexes. Diverse roles of vagal afferents across

physiological systems have been investigated for over a century, but we have only recently begun to

understand the cellular variety underlying the transduction and encoding of peripheral cues. A sys-

tematic characterization of vagal sensory neurons would enable rational design of genetic tools for

dissection of sensory circuits and yield molecular targets for selective manipulation of sensory path-

ways. We generated a detailed single-cell transcriptional atlas of the vagal sensory ganglion, allowing

us to survey both the wide range and regular patterns of gene expression in vagal sensory neurons

and to undertake guided investigations linking neurons and the genes they express to physiology. In

this dissertation I describe three studies based on this cellular atlas.

Sensory innervation of the upper airway is exclusively vagal, and a complete vagal atlas allowed us

to systematically characterize the contributions of specific afferent types to airway protection. We

linked six neuron types to distinct patterns of laryngeal innervation and identified a single popula-

tion, a subset of neurons that express P2ry1, as sufficient and necessary for chemically evoked airway

protection. P2RY1 neurons innervate specialized laryngeal taste buds, and classical taste signaling via

P2x2/3 is required for reflex protection from laryngeal water. These studies clarify the roles of dis-
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tinct afferent pathways for airway protection and may aid future efforts to therapeutically augment

laryngeal protection in vulnerable populations.

A cell type-specific approach provided the basis for investigating two genes, Piezo2 and Tmc3, in

stomach stretch sensation, which is critical for regulating feeding. We found that Piezo2 expression

defines a lineage of neurons that sense gastric distension, but Piezo2 is not required for transduction

of stomach stretch. Tmc3 is also not required for stomach stretch sensation or normal feeding behav-

ior. These experiments outline an approach for evaluating candidate mechanosensors and provide

important information about these candidates. Taken together, these studies provide a framework

for using cell-level expression data to advance our understanding of autonomic physiology.
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Part I

Diversity of Laryngeal Afferent Neurons
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Chapter 1
Introduction

The upper respiratory tract sits at the nexus of essential physiological processes. The upper

airways warm and humidify air, coordinate breathing with eating, fine-tune vocalization, and pro-

viding a first line of defense against airway invasion by foreign substances and microorganisms. Con-

sequently, the upper airways are monitored by a rich diversity of neurons which monitor the chem-

ical environment of respiratory mucosae and the patency of the airways on a moment-by-moment

basis. Upon exposure to environmental irritants or gastric reflux, laryngeal afferents immediately

and robustly activate a suite of protective reflexes like cough, swallowing, glottic closure, gagging,

sneezing, and respiratory changes that cooperate to halt and then clear offensive substances from the

trachea.

Failure to properly sense and act on upper airway stimuli can be fatal, and either depression or

exaggeration of airway protective reflexes is associated with significant risks of morbidity and mor-

tality216. Suppression of upper airway reflexes is particularly common in aged or neurodegenerative

disease populations, and is associated with elevated risk of choking, dysphagia, malnutrition, and

aspiration pneumonia210. Conversely, hyperactivity of airway reflexes can cause laryngospasm or
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chronic cough, and is thought to be a major contributor to sudden infant death syndrome236. The

public health burden of these pathologies and their sequelae is enormous: in the United States alone,

300,000-600,000 individuals are thought to be affected by dysphagia, and nearly 60,000 are es-

timated to die from from complications associated with swallowing dysfunction each year, most

commonly from aspiration pneumonia59,82. Despite the magnitude of this disease burden, our un-

derstanding of the neural mechanisms underlying airway protection is still lacking, with a particular

paucity of information about the sensory component of these processes.

1.1 Afferent innervation of the upper airway

The upper airways consist of the nasal passageways, pharynx, larynx, and extrathoracic portion of

the trachea. Each region is associated with distinct patterns of innervation, spectra of sensitivity,

and reflex consequences upon stimulation. The larynx in particular—which houses the epiglottis

and vocal cords—sits at the crux of the respiratory and gastrointestinal tracts, and is tasked with

the dual roles of maintaining airway patency and protecting the lower respiratory tract, as well as,

in some species, effecting vocal communication267. Consequently, laryngeal afferents are attuned

to diverse stimuli, and the laryngeal mucosa is exceptionally sensitive to chemical stimuli200,286.

Previous studies have shown that deviations from normal saliva including water, acid, and salt are

highly effective at evoking protective reflexes like apnea, cough, glottic closure, and swallow from

this region200,217,276,286,296, while temperature and other gustatory cues like sweet or bitter stimuli

are not200,286.

Anatomical studies have described a huge diversity of sensory receptor morphologies in the la-

ryngeal mucosa, ranging from fine epithelial terminals to large, flat, nonencapsulated receptors and

more complex structures, possibly contacting resident chemosensory cells in the airway123,187,263.

The laryngeal epithelium contains a diversity of candidate chemosensory cell types including soli-
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tary chemosensory, or tuft, cells, isolated pulmonary neuroendocrine cells (PNECs), and laryngeal

taste buds that are closely contacted by sensory fibers209,312,348. Arguments have been made for

both direct and indirect signaling, with particular interest in understanding the mechanism of water

sensation in the larynx34,115,284,293,297, as water robustly evokes airway protective reflexes, and water

responses are much stronger in the superior laryngeal nerve compared to other gustatory nerves285.

However, at present the mechanism of laryngeal water detection and the contribution of these sen-

sory receptor organs to acute airway protection is still poorly understood.

The sensory neurons that detect laryngeal stimuli reside almost exclusively within the vagus nerve,

cranial nerve X, and the glossopharyngeal nerve, cranial nerve IX. Within the larynx and upper tra-

chea, retrograde tracing studies have shown that the predominant sources of afferent innervation

comes from the vagus nerve191, which reaches the airways via two major branches: the superior la-

ryngeal nerve (SLN) and recurrent laryngeal nerve (RLN). Electrical stimulation of the SLN can

elicit reflexive swallowing in mice, cats, guinea pigs, dogs, and primates75,199,264,320; human studies

have found SLN stimulation to be highly uncomfortable, resulting in mucus secretion, swallow-

ing, and, at high intensity, vocal cord adduction and apnea221. Single fiber recordings within the

SLN have identified units with exquisite sensitivity to water, acid, and high salt284,290,293,295, in line

with the notion that the majority of laryngeal afferents that evoke protective swallows are contained

within this vagal branch.

The cell bodies for these vagal afferents reside in a set of bilaterally paired sensory ganglia, termed

the nodose and jugular ganglia. Jugular, or superior, ganglion neurons derive from the neural crest,

while nodose, or inferior, ganglion neurons have a placodal origin323. While physically separate in

many species, these ganglia fuse with the petrosal ganglion of the glossopharyngeal nerve in mice

to form a single larger nodose/jugular/petrosal (NJP) superganglion. Thus, the upper airway repre-

sents one of the few anatomical sites where a study of NJP neurons constitutes a complete analysis

of sensory connections to the central nervous system. This superganglion rests at the base of the
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skull and extends axons bilaterally to both the periphery and the brainstem, where it connects with

central circuits. In mice, each NJP superganglion contains ~2-3,000 sensory neurons, and previ-

ous studies have suggested extensive molecular diversity of these cells51,83,340. Despite efforts to link

molecular markers with different aspects of chemo- or mechanosensation in the airways113,163,188,

there are still large gaps in our knowledge about the coding principles or mechanisms of sensory

transduction in vagal afferents.

1.2 Sensory coding of upper airway sensations

In all sensory systems, there is thought to be a close correspondence between the peripheral struc-

ture of sensory afferent terminals and the mechanism of transduction that leads to neuron activa-

tion. This specialization immediately implies a segregation of sensory modalities between anatomi-

cally varied cells, and a resulting coding scheme by which salient features of a multifactorial physical

world are captured by so many distinct neural sensors. The range of features detected by primary

afferents, and the degree of granularity with which different information is distributed among dif-

ferent neurons, has important implications for the central circuits that rely on sensory inputs. As a

result, a great deal of effort has been dedicated to defining the sensitivities of primary afferents and

classifying the stimuli that activate them into coherent sets that give some sense of what sorts of

peripheral goings-on the brain is “interested” in monitoring.

In the upper airway, a wide range of conceivable inputs and classification philosophies have be-

gotten a veritable alphabet soup of afferent types. One approach has relied on the apparent organiz-

ing features of input stimuli and have consequently defined neurons in functional terms, relative to

their preferred modes of excitation. Such a scheme starts by dividing the sensory world into chem-

ical and mechanical stimuli, and then further subdividing each of these categories. For example,

some mechanosensitive afferents adapt slowly to increases in tracheal pressure (slowly adapting re-
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ceptors, SARs), while others adapt rapidly (RARs), and still others respond most readily to focal

mechanical probing in the upper and lower airways188. Other researchers have postulated that there

is value in separately monitoring transmural pressure and shear air flow, and through experiments to

selectively occlude or shunt airflow during breathing have found evidence that vagal SLN afferents

discriminated between these two related mechanical cues185,265. In addition, laryngeal afferents fire

in phase with respiratory glottic movements, even when air flow is diverted via tracheostomy, im-

plying the existence of so-called “drive” receptors, which themselves may correspond to presumed

proprioceptors in intrinsic laryngeal muscles185,265,344. Howmany truly different categories of up-

per airway mechanosensors exist remains unclear.

Chemosensory airway afferents are generally thought of as nociceptive, and sensitivity to cap-

saicin is a regular hallmark of at least some of these neurons. In addition, responses to a range of

purely chemical stimuli have been recorded in SLN fibers of several species. Strong afferent activ-

ity has been reported in SLN fibers upon laryngeal presentation of hypertonic solutions, ammonia,

acids and, notably, water285,293,295,297. Whether chemical responses from the larynx are in any way

analogous to oral taste has been a subject of debate, with some researchers reporting SLN activity in

response to sugars, monosodium glutamate, urea, and quinine, albeit at very high concentrations,

and others arguing that the osmolarity of test solutions provides a sufficient explanation for these

observations285,223. The fact that humans are unable to perceive taste from the larynx, and that sub-

stances which activate SLN chemosensors induce airway protective reflexes like cough, has led some

to postulate that the organizing aim of laryngeal chemoreceptors is the sensitive detection of devia-

tions from normal mucosal fluid composition, which might signify infiltration by gastric reflux or

ingested substances. Whether this chemical detection task is assigned to a few broadly tuned sensory

neuron types or distributed among many dedicated sensors is not a settled question.

A number of difficulties arise from these functional classifications. First, measurements are gen-

erally sparse, and conclusions are often drawn on the basis of handfuls of neurons and a few selected
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stimuli. As a result, it is often unclear whether the properties of different neuron types can be recon-

ciled or additional categories are warranted. Second, many neurons frustrate the categorical distinc-

tions that earlier results imposed. Many SLN afferents are polymodal, responding to both mechani-

cal and chemical stimuli295. As a result, some have proposed that diverse forms of airway protection

are mediated by a common set of afferents or even a single sensory population316. Nonetheless, this

hypothesis has not been rigorously tested and such a ‘hotspot’ population for airway protective re-

flexes has not yet been clearly identified, in part because no fully satisfying definition of a neuronal

population exists. Additional cellular descriptors—such as conduction velocity, neuropeptide con-

tent, or developmental origin—provide much useful information, but the combination of so many

forms of data results in a scheme that might be described as one half cellular, one half functional,

and one half anatomical, and doesn’t quite sum to a clear answer.

Despite these sources of confusion, efforts to incorporate response properties and anatomical fea-

tures of upper airway neurons, mostly in guinea pigs, into a more systematic account have resulted

in a few clear landmarks against which other schemes can be compared. First, laryngeal afferents

arising from the nodose ganglion are uniformly fast-conducting Aδ-fibers, with no sensitivity to

capsaicin249. In contrast, only about half of jugular laryngeal afferents are Aδ-fibers, and the rest

are C-fibers; about three-fourths of jugular laryngeal neurons respond to capsaicin. Jugular fibers

communicate with the larynx almost exclusively via the SLN, while nodose fibers are found in the

SLN and, more extensively, the RLN42. Interestingly, a subset of nodose neurons has been linked

to cough in guinea pigs, but the key distinguishing features of these neurons, and how they relate to

other upper airway sensory subtypes, is not fully clear43. A more natural approach to understand-

ing primary afferent coding of upper airway sensation might instead start from the sensory neurons

themselves, asking howmany independent cellular pathways exist and what receptors are expressed

in each. This is the approach taken in the succeeding chapter of this dissertation.
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1.3 Central representation of laryngeal afferent information

Vagal sensory axons enter the skull through the jugular foramen and synapse in the brainstem over

the length of the nucleus tractus solitarius (NTS), area postrema (AP), and paratrigeminal nucleus

(Pa5). Each of these sites, in turn, connects to higher brain centers and other medullary targets in-

cluding vagal motor neurons in the nucleus ambiguus (NA) and the dorsal motor nucleus of the

vagus (DMV). Some vagal sensory neurons also appear to connect directly to the DMV, perhaps

to elicit fast vago-vagal reflexes255. The flow of information through NTS interneuron circuitry is

poorly understood, but several lines of evidence have demonstrated a measure of regionalization

within the NTS7,39,144,145,150. The experiments used to map the central targets of laryngeal sensory

inputs can loosely grouped into three approaches.

The first, and perhaps most crude, of these methods is to examine the effects of targeted brain

lesions on upper airway function. Studies of natural and experimental brain lesions have a long his-

tory in human and animal nervous system research. Dozens of studies have been published linking

human brain lesions, primarily from stroke but also as a result of infection, rare neoplasms, vascular

crises, and neurodegenerative conditions, to deficits in upper airway reflexes and function. Unfortu-

nately, almost all of these studies report cortical lesions, giving very little insight into the brainstem

sites responsible for early processing of upper airway sensory information or the execution of laryn-

geal motor functions. Thus, most insight into brainstem regions that are functionally involved in

upper airway physiology come frommodel organisms.

Experimental lesion of vagal sensory nuclei impacts vocalization, respiratory reflexes, and swallow-

ing. Destruction of the NTS in squirrel monkeys transforms their normally high-pitched, harmonic

utterances and cackling calls into hoarse croaks and noises, without frequency modulation or over-

tones143,309. A similar, though less severe, effect is achieved by disrupting sensory input through

transection of the SLN. Cough or expiratory reflex induced by mechanical stimulation of the tra-
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cheobronchial or laryngopharyngeal mucosa is abolished by injection of the neurotoxin kainic acid

at the medullary midline, lateral tegmental field, or into the pontine respiratory group, a perhaps

unsurprising result after such a destructive intervention239,240. Efforts to isolate a central pattern

generator for swallowing by successive brainstem lesions have shown that execution of the swallow-

ing motor program requires a region of the medullary reticular formation, just rostral to the inferior

olive77. Fictive swallowing, induced by electrical stimulation of either the fronto-orbital cortex or

the SLN, is blocked by NTS lesion, but cortically-evoked swallowing is unaffected by SLN block-

ade137,319,222. These latter findings argue that among all central targets of vagal afferents, the NTS

in particular plays a critical role in deglutition, and fibers involved in airway protection might be

expected to target this brainstem region. However, this conclusion is not universally accepted, and

neuronanatomical and pharmacological experiments in guinea pigs have suggested that paratrigem-

inal neurons may be the key brainstemmediators initiating laryngeal protection78. More generally,

these findings confirm that brainstem regions that receive input from vagal afferents are required for

normal upper airway reflexes.

A few methodological caveats limit the ability of lesion studies to shed light on sensory aspects

of airway protection. First, the brainstem is a dense place, and it is difficult to be confident that

lesions are really as focal as intended. Indeed, in the mouse brain, the NTS spans only about two

millimeters, making it extremely difficult to disrupt vagal afferent targets with much specificity. Ex-

periments that have sought to link NTS lesions to vocal alterations in squirrel monkeys, for instance,

also ended up affecting the neighboring reticular formation and spinal trigeminal nuclei 143,309. Sec-

ond, even in a chosen brain region, it is impossible to selectively destroy only a defined subset of

neurons, such as first order targets of afferents, and nearby fibers are often collateral damage. Con-

sequently, such studies do not so much perturb a network as remove whole swaths of it. As a result,

lesion studies lack the resolution to offer much new information about sensory targets of laryngeal

afferents, instead confirming that known vagal targets are indeed required for normal upper airway

9



functions.

A second approach complements some of these deficiencies by recording the activity of brain-

stem neurons in response to upper airway sensory inputs. Instead of wholesale destruction of brain-

stem regions, these experiments achieve detailed, low-throughput sampling of neural activity during

artificial or natural stimulation. Using this approach, a menagerie of NTS neurons have been de-

scribed. Many NTS neurons fire cyclically during breathing, and upper airway stimuli that tend to

promote apnea, such as laryngeal application of water or direct SLN stimulation, interrupt their

activity181,275. These findings have been interpreted to mean that SLN activity inhibits some NTS

neurons, although the apparent inhibition may simply be a consequence of decreased breathing.

Other NTS neurons show patterned activity during swallowing, some firing early and others later

after swallow initiation137. Interestingly, only the early neurons can be activated by stimulation of

the cortical swallowing center in the fronto-orbital cortex, whereas NTS neurons firing at each stage

of swallowing are activated by SLN fibers. A subset of NTS swallowing neurons are also active dur-

ing expiration; many of the NTS neurons active during swallowing are thought to be interneurons,

and only a minority receive direct inputs from the SLN118. The idea that NTS neurons integrate

multiple sensory modalities finds support in experiments in which chemical and mechanical stimuli

were applied to the epiglottis. NTS neurons responded only to ipsilateral epiglottic stimulation, but

88% of them responded to both chemical and mechanical stimulation301.

These studies provide a fascinating glimpse into how the brain perceives the upper airway, but

that glimpse is far from a complete picture. In any single-neuron recording studies, cells are ascer-

tained on the basis of an apparent correlation between their activity and an applied stimulus, but the

position of any one cell along the ascending axis of sensory processing is unknown. Thus, while it is

clear that some NTS neurons fire during swallowing, it is not at all clear which neurons are directly

excited or inhibited by laryngeal afferent fibers, or which others serve as nodes for what forms of

convergent information flow. With a lack of consensus about howmany discrete types of primary

10



afferents exist, it is perhaps unsurprising that a systematic description of downstreamNTS targets

remains even more elusive.

A third approach has made use of neuronal dyes to map the brainstem targets of primary affer-

ents, and the origins of motor neurons, targeting a chosen anatomical site. In these experiments,

dye is injected into a peripheral tissue, taken up by local nerve fibers, and transported back to the

brainstem to reveal the specific targets of these afferents. More sophisticated elaborations on this ap-

proach sometimes incorporate branch-specific nerve transection to narrow the focus of anatomical

sites under consideration or reveal information about the route afferents take on their way from the

periphery to the brainstem. The central targets of SLN fibers have been traced by direct application

of tracers to the cut end of the nerve in guinea pigs, rabbits, lambs, squirrel monkeys, cats and rats,

and good concordance is seen across species39,112,116,117,145,300,309,222. Most SLN fibers terminate in

the ipsilateral NTS, consistent with findings from single-neuron recordings, while a small number

of fibers cross the midline in the commissural region of the NTS and terminate in the contralateral

dorsal NTS, or join the ipsilateral spinal trigeminal tract. The termination zone of SLN fibers spans

roughly three-fourths of the length of the rat NTS, with the densest innervation in the intermedi-

ate and caudal divisions, just caudal to the anterior margin of the hypoglossal nucleus. Here, fibers

target regions lateral and ventral to the solitary tract. In the rostral portion of the NTS, SLN fibers

terminate in the medial region and the interstitial NTS. The intermediate and interstitial subnuclei

of the NTS have been found to be especially activated during pharyngeal swallowing174. Addition-

ally, in the caudal medulla, the SLN termination zone partially overlaps with that of the lingual and

tonsillar branch of the glossopharyngeal nerve, consistent with their adjacency in the periphery.

Retrograde labeling approaches all suffer from several important drawbacks. Most importantly,

there is little assurance that dyes label only the neurons an investigator wishes to identify. During

the span of time between peripheral injection and brainstem histological assessment—generally

weeks—small molecule dyes can travel quite far from their initial site of application. Second, many
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dyes are more or less indiscriminate in their affinity for dendritic terminals and passing fibers, and

thus labeling may report the eponymous wanderings of the vagus nerve more than its final destina-

tion. Third, anatomical tracing methods provide no specific information about the organization

of different sensory qualities arising from a single organ. Despite the extensive efforts undertaken

to distinguish classes of upper airway primary sensory neurons, these distinctions are largely lost in

anatomical descriptions of laryngeal brainstem targets.

More recently, labeling strategies that rely on viral genetic tools have begun separating different

upper respiratory fibers in the brainstem. Using a two-virus approach, for example, McGovern and

colleagues differentially labeled neurons projecting to the NTS and Pa5 in rats, and found that these

sites receive innervation exclusively from the nodose and jugular ganglia, respectively193. By using a

trans-synaptic virus, they were able to map the downstream targets of nodose and jugular tracheal

afferents separately. In the brainstem, Pa5 targets of tracheal afferents send dense projections to

the spinal trigeminal nucleus and also make connections in the lateral parabrachial nucleus as well

as the locus ceruleus. Conversely, DMV neurons receiving input from the trachea barely connect

to the spinal trigeminal nucleus at all, instead projecting more densely to the lateral parabrachial

nucleus, intermediate and lateral reticular formation, and locus ceruleus. Supratentorially, the

jugular-Pa5 pathway differs from the nodose-NTS pathway in its relatively stronger connection

to submedius thalamic nucleus and ventral posterolateral thalamus, and much weaker engagement

of the lateral and paraventricular hypothalamus and central amygdala. In large part, these findings

recapitulate the bulk connectivity patterns of the NTS and Pa5. This may result from overly broad

labeling of primary afferents owing to poor specificity of the peripherally injected virus, although

the researchers attempted to quantify the extent of that risk191,192. Still, this approach highlights a

promising strategy that would be greatly enhanced by finer control of circuit labeling. Beyond sim-

ply distinguishing nodose and jugular afferents, a more informative characterization might track the

brain targets of each class of laryngeal afferents, revealing how stimuli sensed at different peripheral
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sites by different receptor mechanisms are processed centrally.

1.4 A gene expression-based approach to analyzing laryngeal afferents

With the advent of modern genetic and molecular approaches, there is renewed interest in address-

ing fundamental questions about visceral sensory coding. First, howmany vagal sensory popula-

tions exist? As described above, most extant approaches for classifying vagal sensory neurons are

purely descriptive, lack resolution, and are often intrinsically biased based on pre-existing classifi-

cation schemes or knownmarkers, making it difficult to reconcile or test the models put forward

by each methodology. Recently, many fields have turned to more unbiased approaches like single-

cell transcriptome profiling for estimation of cellular diversity. In combination with mouse genetic

tools for targeted ablation or activation of specified cell types, it is newly feasible to build more uni-

fied models to link gene expression with the anatomy and function of different vagal subtypes, and

transcend the technical limitations that pharmacological and surgical approaches have imposed on

earlier studies of upper airway sensation.

In our early experiments, described in Appendices A and B, we attempted to parse the diversity

of the vagal ganglia on the basis of G protein-coupled receptor (GPCR) expression. We, and subse-

quently others, found extensive expression of GPCRs in vagal ganglia, and we used receptor expres-

sion to choose cellular markers for subsets of neurons. We generated Receptor-ires-Cre knock-in mice

to bring genetic tools to bear on these populations of sensory neurons, and found that they have

important and discrete sensory and physiological functions. However, we suspected that an account

of vagal cell types based solely on GPCR expression might underestimate the true diversity of the

these neurons. In Chapter 2, I outline a single-cell transcriptional profiling approach which serves

as a platform for addressing many of the outstanding questions raised here. Importantly, a gene-

expression account of sensory neuron diversity does not just yield information about population
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structure, it also allows for identification of candidate genes that may be important for sensory func-

tion. At the end of Chapter 2 and in Part II, I illustrate several examples of how in vivo experiments

might make use of this gene expression information.
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Chapter 2
Mechanisms of laryngeal chemoreception in

airway protection

In this chapter, we attempt to address the outstanding questions identified in Chapter 1. First,

we performed single-neuron RNA sequencing on NJP superganglia to characterize the diversity of

vagal and glossopharyngeal afferents, identifying over 30 molecularly-distinct subtypes. We applied

anterograde viral tracing tools to a panel of ires-Cre driver knock-in mice to characterize the anatomy

of laryngeal afferents. We identified unique patterns of innervation within the brainstem and in

the periphery for five larynx-projecting populations, marked by Trpa, Piezo2, Calb1, Gabra1 and

P2ry1. Using optogenetics, we pinpointed a single vagal population, marked by P2ry1 expression,

that acutely and uniquely evokes multiple features of airway protection including apnea, swallow,

and laryngeal adduction. Ablation of P2ry1 neurons causes complete loss of swallowing responses

to laryngeal acid, water, and high salt, but not mechanical probing in the pharynx. Interestingly, our

tracing results from P2ry1 neurons showed that this population gives rise to both a superficial plexus

of free beaded terminals in the laryngeal epithelium and also directly innervates laryngeal taste buds
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along the dorsal lip of the vocal cords and aryepiglottal folds. To disentangle the contribution of

these distinct terminal types to P2ry1-dependent laryngeal chemosensation, we employed “taste-

blind” P2x2/x3 double-knockout (dKO) mice that abolish purinergic signaling from taste buds.

Surprisingly, P2x2/x3 dKOmice showed normal swallowing responses to laryngeal acid and high

salt, but completely lost responses to water, indicating that the laryngeal taste bud-P2ry1 neurite

complex is essential for laryngeal water chemosensation. Our results suggest a model in which a sin-

gle, polymodal population of sensory neurons marked by P2ry1 is critical for acute airway protective

reflexes and can function both as the primary and secondary sensory site depending on the nature of

the stimulus.

2.1 Single-cell sequencing reveals extensive diversity of vagal sensory neu-

rons

To characterize vagal afferent diversity, our lab has previously employed a RT-qPCR and in situ

hybridization-based strategy to identify differentially-expressed GPCRs that mark functionally-

distinct sensory subtypes51,340. While providing important proof-of-principle, we speculated that

this earlier work may have underestimated the molecular diversity of NJP neurons, and so we turned

to recent methods in single neuron transcriptome profiling. First, we bilaterally resected NJP super-

ganglia from 10 individual 8-week old C57BL/6J male mice, enzymatically dissociated them into

a single cell suspension, removed debris and enriched for sensory neurons using a Percoll gradient

cleanup, and encapsulated and barcoded cells using the 10X Genomics platform and 3’ RNAseq

kit in two separate biological replicates (Figure 2.1). After sequencing, alignment, data filtering and

post-processing, we recovered a total of 26,789 single cells.

All vagal and glossopharyngeal sensory neurons are thought to release glutamate, and expression

of Vglut2 (Slc17a6 ) uniformly labels sensory neurons while distinguishing them frommotor neu-
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rons, glia, mesenchymal cells, and resident immune cells (Figure 2.1). Expression analysis showed

that 25% of recovered cells (6,683) were Vglut2+ sensory neurons, with the rest representing glial,

lymphoid, and myeloid cells that persisted after Percoll enrichment. Among Vglut2+ neurons, we

detected a median of 2444 genes per cell. Vglut2+ neurons also expressed other canonical markers

of sensory neurons, includingAvil, Snap25, Prph, and Ret (Figure 2.1). Previous work has demon-

strated that airway-innervating neurons reside in both the jugular and nodose ganglia, which are

derived from the neural crest and epibranchial placodes, respectively. To confirm that both lineages

were represented in our dataset, we looked for differential expression of the placode lineage marker

Phox2b and neural crest-derived neuronal lineage marker Prdm12. We found that ~83.5% of Vglut2+

cells were Phox2b+, while ~16.5% of Vglut2+ cells expressed Prdm12, consistent with previous reports

and our own estimates of endogenous nodose versus jugular neuron abundances. Furthermore, pet-

rosal and nodose sensory neurons arise from different branchial arches, and thus express different

patterns of Hox genes; interestingly, while most placodal clusters were Phox2b+/Hox3b+/Hoxb4-,

we observed a single cluster that was Phox2b+/Hox3b-/Hoxb4+ suggesting that this subtype was

uniquely present in the glossopharyngeal subset of the superganglion. We also observed robust

expression of many knownmarkers of broad sensory neurons subtypes, including Trpv1, Trpa1,

Ntrk1/2/3, Pvalb, and our previously-reported subtype G-protein coupled receptors P2ry1, Npy2r,

andGpr65 that serve as useful landmarks in the atlas of vagal sensory cell types. Taken together, our

genomic data confirmed high enrichment and sequencing quality of NJP sensory neurons.

To estimate the diversity of sensory subtypes present, we first removed non-neuronal cells from

our dataset and normalized for total gene expression levels, then performed high-variance gene dis-

covery, graph-based clustering, and visualization using uniformmanifold approximation and pro-

jection (UMAP). After clustering, we identified approximately 35 distinct clusters of vagal subtypes

with unique expression programs (Figure 2.1). Prdm12+ jugular neurons partitioned into seven

distinct subtypes of neurons, while Phox2b+ nodose/petrosal neurons encompassed 28 different sub-
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types. To identify unique gene expression programs and markers for each subtype, we performed

differential gene analysis across all identified subtypes. Gene ontology enrichment analysis of the

most enriched transcripts in each cluster identified terms related to ion channel activity (p-value =

5.5715× 10-5), consistent with our observation that sensory subtypes were largely differentiated by

expression of cell surface receptors rather than regulatory, metabolic, structural, or other housekeep-

ing genes52,168. To validate our marker predictions, we selected a panel of unique markers for each

cluster and confirmed the subtype-restricted expression in NJP superganglia sections using in situ

hybridization; these markers were used when selecting mouse genetic tools to allow for characteriza-

tion of each subtype. Together these findings support our hypothesis that there is a high degree of

molecular diversity within vagal sensory neurons, and identify a wealth of novel subtypes for further

characterization.

2.2 Retrogradely-deliveredGfp barcodes identify anatomically specific va-

gal subtypes

The vagus nerve innervates many organs in the thoracic and abdominal viscera, including key sites

within the respiratory, cardiovascular and gastrointestinal systems. To overlay anatomical infor-

mation onto our single cell gene expression landscape, we delivered a poly-adenylated transgenic

reporter to different vagal afferent target sites using a retrogradely transported adeno-associated

virus (AAVretro-Gfp). Retrograde AAVs are generally well-tolerated, efficient, and enable robust ex-

pression of transgenes for anatomically-guided labeling308. After injection ofAAVretro-Gfp into pe-

ripheral sites of interest, we allowed two weeks for recovery and transgene expression, then collected

NJP superganglia and processed the retrograde-labeled neurons on the 10X Genomics platform as

described above. We then used the expressed reporter as a molecular barcode in our sequencing data

to identify cells with specific projection targets (Figure 2.2).
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Figure 2.1: (a) Overview of data generation workflow for single‐cell dissociation, encapsulation, and gene expression
analysis. (b) Left: UMAP display of all NJP cells recovered, showing clear segregation of sensory neurons. Right: expres‐
sion of common neuronal markers as well as markers indicating placodal and neural crest lineages. All axes represent
scaled UMAP measures.

As an initial proof of principle, we injectedAAVretro-Gfp into stomach muscle (n=10). After

sequencing and analysis, we recovered 6,992 Vglut2+ sensory neurons, with 3,090 median unique

genes per cell. We were able to projectGfp+ cells onto our existing UMAP landscapes, indicating

that these subtypes contain gastric afferents (Figure 2.2). While precise estimates of cell projection

counts are limited by the inefficiency of retrograde labeling, potential biases in cell survival or cap-

ture rates, and gene drop-out, these data indicate that the identified clusters contain neurons pro-

jecting to the stomach and that AAVretro infection did not alter native gene expression to a degree

that might prevent accurate assignment of cluster assignment. Importantly, only a subset of cells

was labeled, and many of these cells also expressed previously identified—albeit broad—markers of
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stomach stretch-sensitive vagal afferents, includingNpy2r, Trpv1, and Cckar. These findings sug-

gested thatAAVretro-Gfp barcoding might be a useful strategy for labeling cells in an anatomically

specific manner, in addition to providing a useful accounting of cell types and gene expression in

stomach-targeting vagal neurons.

In order to identify sensory neurons contributing to upper airway protection, we injectedAAVretro-

Gfp directly into the laryngeal mucosa and muscle (n=10). We recovered 6,749 Vglut2+ sensory neu-

rons, yielding an aggregated dataset of 20,424 cells. However, we observed much less abundant la-

beling of NJP neurons after laryngeal injection, making assignment of larynx-projecting cell clusters

much less reliable. This result likely reflects technical aspects of the original AAV delivery, as pilot

experiments using higher doses of virus showed more robust labeling in the ganglion and fibers in

the NTS (Figure 2.2). Importantly, we saw no labeling in dorsal root ganglia of larynx-injected mice,

and no labeling in the NJP superganglia of larynx- or stomach-injected mice following vagotomy,

indicating that AAVretro labeling is highly specific and not an artifact of systemic spillover. In addi-

tion, control animals that received AAVretro injections ofGfp and tdTomato alleles into the stomach

and larynx, respectively, showed no evidence of dually-labeled NJP neurons (n=3 mice).

Future experiments will seek to apply this GFP barcoding strategy using a delivery method that

labels laryngeal afferents more thoroughly in order to ensure complete coverage of laryngeal afferent

subtypes in the dissociated neuron samples. We proceeded to screen a wide assortment of targeted

Cre knock-in mice to obtain genetic access to candidate populations of upper airway sensory neu-

rons.
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Figure 2.2: (a) Schematic showing the general strategy for surgical delivery of retrogradely transported AAV barcode for
anatomical mapping. (b) Stomach injection of AAVretro‐Gfp identifies a subset of nodose neurons. (c) Laryngeal injection
of AAVretro‐Gfp labels a small number of NJP neurons, suggesting that this strategy can be successfully applied in this
and other organ targets in future experiments. Scale bar represents 100 µm.

2.3 Genetically-guided tracing validates laryngeal targeting of five neu-

ronal subtypes

To characterize innervation densities and terminal morphologies within the larynx, we performed

subtype-specific anterograde tracing from the NJP ganglion. We previously developed a genetic

approach based on Cre/loxP technology to map the peripheral and central projections of specified

vagal sensory neurons340,51. Briefly, AAVs encoding Cre-dependent reporters were injected directly

into NJP superganglia of Cre knock-in mice, enabling visualization of sensory terminals across

many internal organs. First, we embarked to derive or obtain knock-in Cremice that could access

all larynx-innervating subtypes. We identified strong and distinct patterns of laryngeal innervation

for each of the following lines: Piezo2-GFP-ires-Cre, Trpa1-DTR-2A-Cre, and P2ry1-ires-Cre. Each

of these lines marks more than one subtype of neurons, and in order to disentangle their effects we

also employedNpy1r-Cre andNpy2r-ires-Cremice, which mark jugular and nodose Trpa1 neurons,

respectively, andGabra1-ires-Cre and Calb1-ires-Cremice, which mark small subsets of P2ry1 neu-
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Figure 2.3: Expression of markers used in the succeeding experiments. Top: marker genes that span multiple cell clus‐
ters. Middle: subsets of Trpa1 and P2ry1 clusters used to subdivide these populations. Bottom: reporter expression
driven by ires‐Cre lines showing subtype‐restricted expression. Scale bars represent 50 µm. Fluorescent images for
Npy2r and Gpr65 lines are reproduced from Figure A.1.

rons. Together, these tools gave us both broad and specific access to upper airway sensory neurons

(Figure 2.3).

First, to characterize laryngeal innervation macroscopically, we injected AAVs encoding Cre-

dependent alkaline phosphatase (AP) bilaterally into the NJP complex. This approach identifies

neurons that actively express Cre recombinase, and avoids the risk of conflating marker lineages

with marker expression. Four weeks after injection, larynges were harvested, stained, and cleared for

whole-mount visualization by transmitted light microscopy (Figure 2.4). We observed that all pre-

dicted populations provided innervation to the larynx, each with different distributions within the

airway and terminal morphologies.
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In order to observe terminal morphologies in greater detail, we expressed a Cre-dependent td-

Tomato allele (AAV-flex-tdTomato) in NJP neurons and imaged laryngeal tissue using confocal mi-

croscopy. Trpa1 neurons formed a loosely-packed grid-like pattern of superficial mucosal terminals,

with the highest density of innervation in the regions underneath the thyroid cartilage (n=4). Piezo2

neurons extended fine branching fibers that laced throughout the intrinsic laryngeal muscles, and

also wrapped around glandular-looking structures in the laryngeal and tracheal submucosal glands

(n=6). Calb1 neurons extended axons to the dorsal larynx below the vocal cords and the epiglot-

tis, which elaborated complex, clustered dendritic arbors (n=4). Gabra1 neurons gave rise to larger,

more elaborate terminal structures spanning several hundred micrometers exclusively within the

trachealis muscle (n=3), a proposed site for airway stretch sensation349,22. Lastly, P2ry1 neurons

give rise to both a remarkably fine, dense meshwork of superficial fibers below the thyroid cartilage

and large blackberry-like endings located on the anterior lip of the vocal cords and aryepiglottic folds

(n=6).

In the brainstem, axons of vagal sensory neurons densely innervate the nucleus tractus solitarius

(NTS), area postrema (AP), and paratrigeminal nucleus (Pa5)26,144,78. Interestingly, despite their

shared peripheral targeting to the larynx, we observed distinct central innervation patterns of each

line. We found that Calb1, Gabra1, and P2ry1 neurons predominantly innervated the lateral NTS,

while Piezo2 neurons innervated the ventromedial NTS and Pa5. We previously found that Npy2r

neurons, which comprise the nodose component of Trpa1 neurons, innervate a large region of the

medial NTS (Figures A.13 and A.14). Together, the distinguished morphologies of these sensory

populations in the periphery and regionalization of central innervation patterns suggested that these

subsets may serve distinct sensory functions in the larynx.
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Figure 2.4: Top: whole‐mount AP staining of laryngeal afferent subtypes shows broad differences in anatomical distri‐
bution and terminal structures. Middle: flat‐mount imaging of the laryngeal mucosa shows characteristic differences in
terminal morphology and innervation density. Scale bars represent 100 µm. Bottom: cross sections of afferent termi‐
nals show differential segregation of fibers into tissue layers. Scale bars represent 50 µm.

2.4 An optogenetic screen identifies laryngeal sensory neurons that evoke

airway protection

We next asked which of these larynx-innervating sensory neuron populations contribute to airway

protection. Among the most readily-elicited reflexes induced by laryngeal chemical stimulation are

changes in breathing, which can manifest as transient apnea, forceful expiration, or tachypnea218.

To screen for ventilatory changes, we expressed Channelrhodopsin-2 in each population, denoted

for brevity here asMarker-ChR2, allowing us to exogenously activate these neurons by illumination
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with blue light. We monitored respiration in freely-breathing, anesthetized mice while stimulating

the NJP ganglion to identify populations with roles in airway protection. As previously reported51,

we observed strong respiratory suppression when activating all sensory neurons using Vglut2-ChR2,

observable as a reduction in respiratory rate, tidal volume, and minute volume (Figures 2.5a and

A.8). Importantly, reflexive breathing rate changes can arise frommany peripheral targets includ-

ing laryngeal chemoreceptors, mechanoreceptors in the lower airways220, or cardiovascular targets,

among others. We were able to elicit a transient apnea in Vglut2-ChR2 mice upon branch-selective

illumination of the SLN alone, indicating that laryngeal afferents controlling respiration can be

accessed optogenetically.

To determine which laryngeal subsets elicit respiratory changes, we screened across our larynx-

innervating mouse lines and measured changes in respiratory rate and tidal volume. We found that

that illuminating Piezo2 and P2ry1 neurons suppressed breathing51,220, Calb1 neurons promoted

breathing, and both Trpa1 and Gabra1 neurons exerted no effects (Figure 2.5). Importantly, motor

control of breathing is achieved via the phrenic nerve, and optogenetic activation of vagal motor

neurons using Chat-ChR2 mice caused no detectable changes in breathing, as previously reported,

indicating that all observed respiratory effects were due to sensory neuron activation51.

Because apnea can be evoked frommany sites in the periphery, we sought to disentangle the con-

tribution of different vagal targets by branch-selective illumination. We found that SLN-specific

illumination caused no respiratory changes in Piezo2-ChR2 or Calb1-ChR2 mice, but caused a repro-

ducible apnea in P2ry1-ChR2 mice. Conversely, branch-specific illumination of the carotid sinus

nerve in Calb1-ChR2 mice was sufficient to elicit the ventilatory drive observed when illuminating

the ganglion, and illumination of the vagal trunk below the SLN elicited apnea in Piezo2-ChR2

mice, indicating that the respiratory effects in these lines are driven by non-laryngeal targets. Con-

sistent with this finding, we have previously demonstrated that vagal PIEZO2 is necessary for the

Hering-Breuer inspiratory reflex, in which lung inflation suppresses inspiratory drive, suggesting
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Figure 2.5: (a) The left vagal ganglion was stimulated while tracheal pressure was measured in mice expressing
Channelrhodopsin‐2 in each of the specified neuronal subsets. Representative traces are shown in the center for 10
second stimulation (yellow), with quantification at right. (b) Hallmarks of pharyngeal swallowing include contraction of
suprahyoid muscles, rise in pharyngeal pressure, and a brief pause in breathing; representative traces are taken from
Vglut2‐ires‐Cre; lsl‐Chr2 mice. (c) Quantification of swallowing across different lines; each point represents the maxi‐
mum response observed in a single animal across 3‐4 trials. (d) Still frames from endoscopic video showing laryngeal
movement before and during optogenetic stimulation of the vagal ganglion. Vglut2‐ires‐Cre; lsl‐Chr2 mice demonstrate
laryngeal adduction throughout the stimulation period, punctuated by swallowing events, in contrast to P2ry1‐ires‐Cre;
lsl‐Chr2 mice.
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that the source of the Piezo2 neuron-evoked apnea is from lower airway mechanoreceptors220.

To demonstrate this, and exclude a contribution of P2ry1 neurons in lower airway mechanosen-

sation, we used an in vivo calcium imaging approach to monitor single-neuron responses to lung

inflation (described in detail in Appendix B340). We generated triple transgenic Piezo2-ires-Cre;

Rosa26-lsl-tdtomato/Gcamp3 and P2ry1-ires-Cre; Rosa26-lsl-tdtomato/Gcamp3 mice, in which the cal-

cium indicator GCAMP3 was expressed constitutively and P2ry1 or Piezo2 neurons were identified

by red fluorescence. Overall, lung inflation activated 7-11% of imageable neurons. Piezo2 neurons

accounted for 94% of inflation-activated neurons (16/17 neurons, three mice), whereas only 8.6%

of inflation-activated neurons (2/23, three mice) fell within the P2ry1 lineage (Figure 2.6). These

results, alongside the findings from branch-selective illumination, demonstrate that the respiratory

suppression evoked by P2ry1 and Piezo2 neurons reflect different anatomical sites and modes of

sensation, and that P2ry1 laryngeal afferents alone can elicit respiratory effects consistent with their

role in upper airway protection. Interestingly, subsets of P2ry1 neurons also express Piezo2, Calb1,

orGabra1, suggesting that only a discrete fraction of the neurons accessible by the P2ry1-ires-Cre

mouse tool are involved in promoting airway protection.

2.5 P2ry1 neuron activation evokes reflexive swallowing and glottic clo-

sure

In the face of upper airway insults, changes in the breathing cycle are coupled to complex laryngeal,

pharyngeal, and orofacial motor patterns to achieve airway protection. Pharyngeal swallowing is a

key means by which the glottis is protected and cleared of infiltrates, both during feeding and airway

defensive action, and is frequently accompanied by cough and glottic closure320,276. Importantly,

pharyngeal swallows differ from the primary, voluntary swallows used during feeding in that they

do not involve elevation of the tongue280,278,276,140. First, because of previous reports that airway
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Figure 2.6: Top: effect of different anesthetic doses on optogenetically‐evoked swallowing. Each point represents the
maximum response across all trials for a single mouse. Bottom: In vivo calcium imaging demonstrates that Piezo2 neu‐
rons, but not P2ry1 neurons, are activated by lower airway inflation, indicated by green bars.

protective reflexes are sensitive to anesthetic conditions132,219,217,303 we optimized stimulation and

anesthesia conditions to observe swallowing reliably197,75,317 (Figure 2.6). Activation of all sensory

neurons using Vglut2-ChR2, either on the NJP ganglion or SLN branch, resulted in repeated pha-

ryngeal swallowing throughout the stimulation period (Figure 2.5b). Under stronger anesthetic

conditions, swallowing was rarer and stimulation tended to produce stronger apnea. This finding

is consistent with experiments that have found that blocking or stimulating central, but not periph-

eral, GABAA receptors can bidirectionally modulate swallowing336,318. Anesthetic depth similarly

determined the response to laryngeal citric acid.

We performed several control experiments to confirm that our measurements reflected true pha-
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ryngeal swallowing. Simultaneous measurement of tracheal (lower airway) and pharyngeal pres-

sure during optogenetic stimulation confirmed that swallowing was coupled to a rise in pharyngeal

pressure and a momentary pause in respiration, and not increased respiratory effort (Figure 2.5)317.

Application of a dye solution to the larynx prior to stimulation showed bolus movement from the

larynx to the upper esophagus during evoked swallowing without retropulsion into the oral cavity.

Finally, electromyography from the diaphragm, stylohyoid, mylohyoid, omohyoid, sternohyoid, and

median digastric muscles all produced results consistent with bona fide swallowing198,197,76.

We then screened upper airway-innervating neuron drivers for their propensity to evoke swal-

lowing. P2ry1-ChR2 evoked swallowing, and did so with equivalent efficacy to Vglut-ChR2 (Figure

2.5c). Swallowing was not observed in Piezo2-ChR2, Trpa1-ChR, Calb1-ChR2, orGabra1-ChR2. Un-

der very light anesthesia, stimulation of Trpv1 neurons evoked swallowing via SLN fibers. This was

surprising, as Trpv1 and Trpa1 expression are highly correlated, and this discrepancy may indicate de-

ficiencies in one or the other mouse genetic tool used to access these populations. In order to probe

this further, we attempted to specifically activate Npy2r and Npy1r neurons, which constitute the

nodose and jugular portions of the Trpa1 population respectively, analogous to the nodose and jugu-

lar C-fibers that have been studied in the context of cough43,58. Npy2r neuron activation did not

evoke protective swallowing while optogenetic activation of Npy1r neurons did elicit swallowing,

consistent with previous characterizations of jugular C-fibers.

Illumination of vagal fibers in Chat-ChR2 mice also did not elicit swallowing, as efferent control

of pharyngeal swallowing is thought to be governed largely by the hypoglossal nerve39. Interestingly,

branch-selective illumination of the SLN alone was sufficient to evoke swallowing in P2ry1-ChR2

andNpy1r-ChR2 mice, indicating that the primary site of evoked swallowing was from the larynx.

A weaker effect was observed in these lines when optogenetic stimulation was restricted to the vagal

trunk below the SLN branchpoint. Both SLN, non-SLN vagal, and glossopharyngeal fibers evoked

swallowing in Vglut2-ChR2 mice, suggesting the potential for additional airway defensive pathways,
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potentially including including mechanosensory afferents and fibers innervating more anterior sites.

Furthermore, glottic closure is observable in mice and is often associated with swallowing277. Using

endoscopy, we observed sustained and tight adduction of the vocal cords throughout the duration

of Vglut2-ChR2 stimulation. In P2ry1-ChR2 animals, we observed similar vocal cord adduction only

during optogenetically evoked swallowing (Figure 2.5d), indicating that the same population of neu-

rons could simultaneously elicit both protective reflexes but that other neurons may contribute to

glottic closure outside of swallowing. Sustained glottic closure can be induced by lower airway infla-

tion and has been reported in cats after pharyngeal water challenge via a mechanism that is distinct

and separate from laryngeal water-induced swallowing279.

2.6 P2ry1 neurons are required for swallowing in response to laryngeal wa-

ter and acid

Having found that P2ry1 fibers were sufficient to stimulate swallowing, we asked whether they were

also necessary to initiate swallowing in response to chemical stimuli. To elicit protective swallows,

we challenged mouse upper airways using a variety of chemical stimuli delivered to the pharynx and

larynx by a continuous perfusion system. We found that water, hypertonic saline, citric acid, and

bile salts were all able to elicit robust swallowing, but we were unable to elicit responses with iso-

tonic saline or gustatory stimuli such as saccharin, denatonium, quinine, urea, or MSG*. We could

also elicit swallowing by mechanical probing of the larynx and pharynx, and so controlled for me-

chanical responses by maintaining constant flow rates during stimulus delivery. To confirm that

observed swallows were elicited from the airway and not from the oral cavity, we performed targeted

*As shown in Figure 2.6, swallowing responses are highly sensitive to anesthetic conditions and it is chal-
lenging to reliably pinpoint the minimum response threshold across animals. However, stepwise comparisons
across pH and salinity ranges in multiple animals make it clear that swallowing is reliably induced by acidic
solutions between pH 4 and 6, and not by alkaline solutions. Sodium chloride solutions as dilute as 75 mM
do not evoke swallowing, and the threshold for responses to hypertonic sodium chloride lies between 500 and
750 mM.
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vagotomies of the SLN and RLN, vagal branches that innervate the larynx and trachea but do not

project more anteriorly to the oral cavity. The necessity of SLN and RLN afferents for acute air-

way protection has been compared in coughing species42, but the number of distinct pathways and

their relative contribution to swallowing in mice remains unclear. We found that SLN transection

completely abolished the swallowing response to water, high salt, and citric acid, but only mod-

estly reduced responses to bile, while RLN resection did not substantially affect responses to any

stimulus (Figure 2.7). Swallowing responses to mechanical probing of the larynx and pharynx were

markedly impaired after SLN vagotomy, and those responses that persisted clearly reflected resid-

ual pharyngeal, rather than laryngeal, sensitivity. Importantly, the SLN is thought to be primarily

a sensory branch of the vagus, and we were previously unable to elicit swallowing after stimulating

Chat-ChR2 mice, indicating that these swallowing defects are secondary to deafferentation and not

motor deficits.

We sought to test whether P2ry1 neurons are required for chemically induced swallowing. We ex-

pressed the simian Diphtheria toxin (DT) receptor in P2ry1 neurons (P2ry1-Dtr mice) and injected

DT into adult vagal ganglia19,314. We previously used this approach to eliminate vagal Trpv1 neu-

rons, and demonstrated that cell type-specific ablation is thorough, but not broadly toxic (Figures

C.7 and C.2)19. Importantly, this approach avoids the potentially confounding effects of cell abla-

tion early in development†. After ablation of P2ry1 neurons, mice failed to swallow in response to

water or citric acid, phenocopying many of the effects of SLN transection (Figure 2.7). Importantly,

these mice were still capable of responding to mechanical probing, indicating a restricted deficit.
†One important consequence of obtaining selective genetic control of vagal sensory neurons is the ability

to separate sensory frommotor effects in loss of function experiments. A simple question that can be an-
swered with this technology is whether the sensory portion of the vagus is required. Vagotomy experiments
have demonstrated that bilateral cervical vagotomy is lethal, with survival times ranging from hours to days
in different species, but it has been impossible to separate the sensory and motor deficits in this admittedly
extreme phenotype. We found first that bilateral DT injection in Vglut2-ires-Cre; lsl-Dtr animals is lethal
within about a week and, furthermore, that ablation of nodose neurons, using Vglut2-ires-Cre; Phox2b-Flpo;
Tau-lsl-fsf-Dtr mice, also results in death. The Diphtheria toxin receptor is confined to vagal cell bodies and
cannot be detected on nerve fibers by immunostaining.
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Taken together, these results indicate that P2ry1 SLN fibers are necessary and sufficient for airway

protection from water and acid.
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Figure 2.7: Mouse larynges were presented with test solutions by continuous perfusion, as diagrammed. (a) SLN vago‐
tomy, but not RLN vagotomy, prevents swallowing in response to chemical challenges and reduces mechanical sen‐
sitivity, measured as swallows in response to 10 probing challenges. (b) Ablation of P2ry1 neurons results in loss of
response to water and acid. Each point represents the maximum across trials for a single mouse and bars depict means.

2.7 Laryngeal water responses, but not acid responses, are mediated by la-

ryngeal epithelium

It is still unclear whether vagal sensory neurons are the direct sensors of laryngeal stimuli or if they

communicate with other chemosensory cell types in the airway. Previous studies have argued both

for a role for free nerve endings223 and for indirect mechanisms, but earlier efforts have struggled

to find coherent methods to correlate peripheral anatomy with reflex function. Our observation

that a single genetically-defined population in the SLN is both sufficient and necessary for laryn-
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geal chemosensory reflexes provided unique genetic access for pinpointing the relevant terminal

types that must underlie this chemoreception. Pilot in vitro calcium imaging experiments failed

to find a cell-autonomous response to hypotonic or acidic stimulation, and so we asked whether

P2ry1 neurons might couple to specific upstream sensory cells in the laryngeal mucosa. Previous

studies have identified markers that can distinguish between chemosensory cell types in the uppers

airways, including solitary chemosensory cells marked by DCLK1 or CHAT209, pulmonary neu-

roendocrine cells marked by CGRP, and laryngeal taste buds, which we found to be marked by

TROMA1 (KRT8). We observed that P2ry1 neurons gave rise to a very dense superficial plexus of

beaded free terminals in the epithelium, and also abundantly innervated TROMA1+ laryngeal taste

buds that line the anterior lip of the vocal cords and aryepiglottic folds (Figure 2.8). P2ry1 innerva-

tion was observed in approximately half of laryngeal taste buds following bilateral viral injections

(n=6 animals); previous experiments found that ~45% of NJP neurons were labeled by AAV infec-

tion, suggesting our count of innervated taste buds may be an underestimate51. We also observed

some contacts between laryngeal taste buds and Npy1r neuron fibers. In contrast, we found no

evidence for P2ry1 innervation of CGRP+ neuroendocrine cells. While the density of epithelial end-

ings meant that P2ry1 fibers were often proximate to abundant DCLK1+ solitary chemosensory

cells, we saw no evidence of preferential contacts with these cells and, importantly, did not observe

swallowing when we applied classic agonists of solitary chemosensory cells, denatonium or quinine,

to the larynx, suggesting that these cells do not play an active role during acute airway protection.

Laryngeal taste bud contacts were remarkably specific to the P2ry1 neurons, as contacts were not

observed after tracing from our other larynx-projecting populations, though interestingly, we did

observe that Calb1 neurons had a small but significant enrichment for neuroendocrine cell contacts.

Taste bud-like structures have been found in the laryngeal mucusae of many species, including

cats, dogs, mice and humans141,173,272,348. While similar to lingual taste buds in morphology and

marker expression, laryngeal taste buds are thought to lack responses to gustatory cues and instead
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be more finely tuned to detect foreign infiltrates34. Nonetheless, their role in airway protection has

not been clearly established. To explore the importance of epithelial signaling for airway protective

reflexes, we made use of “taste-blind” P2x2/x3 double knockout (dKO) mice, which lack purinergic

signaling in response to taste bud-mediated chemical stimuli93. Our single-cell transcriptome atlas

revealed strong expression of P2x2 and P2x3 in the P2ry1 subset, as well as in many other Phox2b+

populations. Surprisingly, P2x2/3 KOmice exhibited normal swallowing responses to bile, citric

acid, and hypertonic saline, but completely lacked responses to laryngeal water stimulation (Figure

2.8, n=3 mice). This indicates that purinergic neurotransmission is required for laryngeal water de-

tection, but dispensable for laryngeal responses to acid or high salt. Like lingual taste buds, laryngeal

taste buds have structural characteristics typical of type I, type II and type III taste receptor cells302;

using CHAT as a marker for type II cells, we found that only a subset of cells in any taste bud could

be identified as sweet/umami/bitter-type cells67. We observed no defects in swallowing in Plcβ2

KOmice, which lack signaling via GPCR-dependent taste pathways (Figure 2.8), consistent with

a privileged role for sour-like taste receptor cells in water detection366. However, it is important to

note that the persistence of swallowing reflexes to acid and salt suggests that a distinct coding logic

is employed in the larynx compared to that in the oral cavity, where acid and salt nerve responses are

absent in P2x2/x3 dKOmice, although behavioral responses to acid persist perhaps acting via a C-

fiber pathway93,223. It is tempting to speculate that these residual responses are directly detected by

the P2ry1 free nerve endings in the laryngeal epithelium, as the density of fibers above the basement

membrane creates a high surface area of exposed endings for sampling luminal contents. Indeed,

while P2ry1 neurons do not express the acid-sensitive channel TRPV1, and do not respond to cap-

saicin, they do autonomously express other acid-sensitive channels including ASIC1. These results

indicate that purinergic signaling is critical for detection of laryngeal water, and suggest that P2ry1

neurons partially rely on upstream sensory cell partners for defensive airway surveillance.

In order to further test this hypothesis, we asked whether excitation of the upstream epithelial
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Figure 2.8: (a) P2ry1 neurons innervate laryngeal taste buds. Laryngeal taste buds, marked by TROMA1 immunostaining,
contain both type II cells, marked by Chat‐Gfp fluorescence, and non‐GPCR‐dependent taste cells. (b) Genetic deletion
of P2x2 and P2x3 prevents swallowing in response to laryngeal water, but not acid. Plcβ2 knockout, which affects
GPCR‐mediated taste, preserves responses. Each point represents the maximum of trials for a single mouse and bars
represent group means. (c) Following Tamoxifen induction, Troma1‐CreERT2; lsl‐Chr2 mice show specific immunostaining
in taste buds using an anti‐GFP antibody. Focal illumination of the larynx in these mice causes swallowing. Scale bars
represent 50 µm

cell partner is sufficient to induce swallowing behavior. We bred Troma1-CreERT2; lsl-Chr2 mice

and administered Tamoxifen to induce channelrhodopsin-2 expression in taste cells. Importantly,

Troma1 is not expressed in NJP neurons. On the vocal folds, we observed specific opsin expression

in taste cells (Figure 2.8) and diffuse labeling in the columnar epithelium above and below the glot-

tis, consistent with TROMA1 immunostaining. Direct illumination of the vocal folds with blue

laser light (10 Hz) induced repeated swallowing in Cre-expressing animals (n=5 mice) but not con-

trols. Although Troma1 is expressed in oral taste buds and columnar epithelium of the trachea, no

swallowing response was observed when the optic fiber was directed to the back of the oral cavity or
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the dorsal trachea below the larynx, indicating that the activating upstream epithelial cell is located

at or very near the vocal folds.

2.8 Pharmacological inhibition of ASIC channels impacts swallowing be-

havior

Several mechanisms have been postulated to explain the sensitivity of laryngeal vagal afferents to

acid. At low pH, TRPV1 may be contribute to the activation of C-fibers, although bronchopul-

monary C-fibers have been found to respond to acid in the absence of TRPV1162. In contrast,

a role for ASICs has been suspected in sensing modest acid challenges, particularly in airway A-

fibers, which display similar conduction velocities to P2ry1 neurons51,161,160,163. Efforts to phar-

macologically antagonize ASICs have provided suggestive results, but their significance is limited by

amiloride derivatives’ lack of specificity for ASICs alone. The fact that both amiloride, which blocks

ASICs as well as ENaC, and furosemide attenuate superior laryngeal nerve responses to water and

raise the threshold to cough in response to laryngeal acid challenge has supported the conclusion

that epithelial ion transport is important for tuning the sensitivity of the laryngeal mucosal environ-

ment, while leaving the question of ASICs’ involvement unanswered102,103,206,115.

Because P2ry1 neurons uniquely evoke swallow, and do not express Trpv1, we asked whether any

ASIC family members are enriched in this neuronal population. P2ry1 neurons partially overlap

with other tested populations that do not evoke swallowing, so we looked for enrichment in neu-

rons private to the P2ry1 lineage. We found thatAsic1 is enriched in these neurons (Figure 2.9). In

contrast,Asic2 is expressed widely in the NJP ganglia, andAsic3 is expressed in two small jugular

populations, marked byNpy1r and Piezo2. We assayed swallowing responses to water, citric acid,

and bile in the presence of amiloride to confirm an effect of broad ASIC/ENaCmanipulation

(Figure 2.9). Indeed, amiloride reduced the swallowing response to both acid and water stimuli,

36



although the strength of the effect varied. We next employed a peptide toxin, psalmotoxin-1 (PcTx1),

that is both highly potent and selective for ASIC1a189,85,86,262. Swallowing responses to water and

citric acid were suppressed by PcTx1, while the response to bile was unaltered (Figure 2.9). Taken

together, these results suggest that ASIC1 plays a role in sensation of both laryngeal water and acid.
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Figure 2.9: (a) A subset of P2ry1 neurons not targeted by other mouse genetic tools expresses Asic1. Other ASIC chan‐
nels are expressed widely or specifically in other populations that do not evoke swallowing upon activation. (b) Pharma‐
cological inhibition of ASICs, and ASIC1 in particular, suppresses swallowing responses to acid and water. Each point
represents the mean of trials for a single mouse.

2.9 Piezo2 neurons do not sense laryngeal airflow or impact ultrasonic vo-

calization

Having observed ongoing expression of Piezo2 in sensory neurons that innervate intrinsic muscula-

ture of the larynx, we asked whether these neurons might play a role in vocalization, either serving
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a proprioceptive function or detecting subglottic pressure. Both of these functions are thought to

be important in human speech production, and studies in cats and squirrel monkeys have found

that SLN branch vagotomy changes the quality of vocalization, resulting in lowered fundamental

frequency and loss of overtones143,309,282.

As an initial approach to answering this question, we sought to measure deficits after ablation

of Piezo2 neurons. Adult male Piezo2-ires-Cre; lsl-Dtr and littermate control mice were allowed to

interact with an anesthetized estrus female, during which time rich and extensive ultrasonic vocaliza-

tions were recorded. Piezo2 neurons were then ablated by vagal injection of diphtheria toxin. Ten

days later, after mice had fully recovered from surgery, vocalizations were recorded again. Individ-

ual vocalization events were segmented and classified using the MUPET software package, which

was also used to estimate spectrograms for individual mice and groups326. We observed a wide

range of ultrasonic vocal elements across mice, including simple and complex tones as previously

described127,326. Some mice were particularly prolific in their production of long song syllables with

loud overtones while others exhibited a simpler vocal repertoire. Despite its explicit aim of separat-

ing and classifying the diversity of ultrasonic vocalizations, MUPET performed quite poorly with

the most elaborate syllables encountered in our recordings, in large part because their occurrence

appears to have been idiosyncratic to a few mice. Instead, we looked at aggregate measures of vo-

calization, including rate, duration, and frequency spectrum. Vocalizations were not meaningfully

altered after ablation of Piezo2 neurons. Harmonic overtones were still observed, and there was little

evidence of a pitch shift (Figure 2.10). In aggregate, DT injection did not reduce the total vocal pro-

duction of the mice, or alter the duration of individual vocal elements. Our results do not support

a role for Piezo2 neurons in modulating either vocal quality or the propensity to produce ultrasonic

vocalizations.

While the sensation of airflow and subglottic pressure is thought to be important for the onset

of vocalization139, we hypothesized that a sensory deficit might not manifest in measures of mouse
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ultrasonic vocalizations due to compensatory adaptations or the intrinsic differences between the

production of mouse ultrasonic vocalizations and tones in other studied animals. Previous studies

of rat ultrasonic vocalizations have found that subglottic pressure correlates poorly with the funda-

mental frequency of calls and that airflow remains relatively constant during sound production252.

However, findings in cats have suggested that the sensation of airflow is important for extending

expiratory time, allowing for fluent, uninterrupted utterances282. Therefore, we asked whether abla-

tion of Piezo2 neurons abolished sensitivity to upper airway airflow. Whole-nerve recording reliably

measured vagal sensory signals resulting from airflow forced from below the larynx (Figure 2.10),
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and response magnitudes scaled with the applied flow rate. Measured responses depended entirely

on the integrity of the superior laryngeal nerve. Airflow responses were preserved after ablation of

Piezo2 neurons, in line with the results of our vocalization measurements. Taken together, these

experiments do not support a role for Piezo2 neurons, nor therefore for PIEZO2, in vocalization or

flow and pressure sensing in the larynx.

2.10 Methods

2.10.1 Animals

All animal procedures complied with institutional animal care and use committee guidelines. Gabra1-

ires-Cremice were prepared using CRISPR guide RNAs to target the 3’ UTR of theGabra1 lo-

cus. A double-stranded repair template including a standard ires-Cre cassette and ~4 kb homolo-

gous arms was supplied. Injections were performed at the Boston Children’s Hospital GeneMa-

nipulation Core facility. Correct targeting of Gabra1 cells was confirmed by two-color in situ hy-

bridization (Figure 2.11). The following mouse lines were obtained from the Jackson Laboratory:

C57BL/6J (000664), lox-ChR2 (012569), lox-Dtr (007900), Calb1-ires-Cre (028532), Piezo2-Gfp-

ires-Cre (027719), Trpv1-ires-Cre (017769), Chat-ires-Cre (006410), Chat-GFP (007902), Troma1-

CreERT2 (017947), andNpy1r-Cre (030544). Gpr65-ires-Cre (029282),Npy2r-ires-Cre (029285),

and P2ry1-ires-Cre (029284) mice were described previously51. Trpa1-Dtr-2A-Cremice were a gift

from Charles Zuker351. Lox-L10-Gfpmice were a gift from Bradford Lowell 165. All Cre driver lines

used are viable and fertile, and abnormal phenotypes were not detected.

2.10.2 Single-cell transcriptional profiling

For vagal single cell profiling, ganglia were collected in four separate replicates of 10 animals each.

Male adult mice were euthanized by carbon dioxide inhalation, and NJP superganglia were resected
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Gabra1 ISH Gabra1-L10GFP Merge

Figure 2.11: Expression of a Cre‐dependent GFP reporter shows overlap with Gabra1 RNA in situ hybridization. This
reporter, which is far less sensitive to Cre expression than Ai14 fluorescence, labels a strict subset of cells that show ISH
signal.

and transferred to cold DPBS (with calcium and magnesium, VWR 02-0117-0500). Ganglia were

dissociated by incubating for 75 minutes at 37°C with nutation in DMEMwith liberase (Roche

05401135001, 55 mg/mL) and 0.004% DNAse (Worthington LS002007). Digestion was quenched

with low-ovo solution (0.2% ovomucoid in PBS with 0.004% DNAse). Ganglia were triturated by

pipetting with a P200 pipette, large debris were removed straining through a 100 µmmesh, and

cells were washed once with DPBS. Cells were resuspended in 1 mLDPBS and were loaded onto a

Percoll gradient (Sigma-Aldrich P1644), layered from top to bottom in a 14 mL round-bottom tube

as follows: 1 mL dissociated cells; 2 mL 25% Percoll; 2 mL 55% Percoll. Cells were centrifuged for

20 minutes at 800g at 4°C. The middle 1 mL of the gradient, at the 25-55% interface and above,

was collected, transferred to a fresh 15 mL Falcon tube, resuspended with an additional 4 mLDPBS,

and centrifuged for eight minutes at 300g at 4°C. Supernatant was removed, leaving around 20 µL,

and pelleted cells were resuspended by gentle pipetting. A small volume (2 µL) was used for cell

counting and viability staining.

For single cell encapsulation, 10,000 cells per sample were subjected to 10x Genomics single-cell

isolation (v3 chemistry) and RNA sequencing following the manufacturer?s recommendations.

Processed libraries were multiplexed and sequenced on two runs of the Illumina NextSeq High Out-

put platform. For analysis, fastq data from each sample were aligned separately using Cell Ranger
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to a mm10 reference transcriptome that was modified to extend the Glp1r 3’ UTR and to include a

GFP transcript. The feature-barcode matrices were loaded into Seurat (v3.1.0) for quality control,

preprocessing, normalization and clustering using the standard pipeline. Cells with more than 10%

mitochondrial read content or fewer than 200 unique features were excluded. For reclustering on

sensory neurons, non-neuronal clusters were excluded based on lack of expression of known sen-

sory neuron marker genes such as Vglut2, Phox2b, Prdm12 and Prph. For the aggregated analysis,

sensory neurons from the four replicate samples were integrated using Seurat’s IntegrateData func-

tion. Clustering was performed on the integrated set using standard parameters (resolution=1.5,

PCAs=1:25).

2.10.3 Retrograde labeling

Stomach- and larynx-targeting vagal neurons were labeled by infection withAAV-CAG-Gfp, a gift

from Edward Boyden (Addgene viral prep #37825-AAVrg; http://n2t.net/addgene:37825;

RRID: Addgene_37825). C57BL/6J male mice were infected at 6-7 weeks of age. For laryngeal in-

fection, the larynx was surgically exposed and a total of ~500 nL of viral solution with 0.05% Fast

Green FCF (Sigma-Aldrich) was injected behind the thyroid cartilage, in the dorsal wall of the

trachea, and in the mucosa of the glottis using a Nanoject III injector (Drummond). For stom-

ach infection, virus was diluted tenfold in sterile saline with 0.1% Pluronic F68 and 0.05% Fast

Green FCF, and 10 µL of solution was injected into the dorsal and ventral muscle of the surgi-

cally exposed stomach over 10-12 sites using a Hamilton syringe. For dual labeling control exper-

iments, the larynx was infected withAAV-CAG-tdTomato (Addgene viral prep #59462-AAVrg;

http://n2t.net/addgene:59462; RRID: Addgene_59462). After all injections, any leaked

injectate was removed before the conclusion of surgery to prevent unintended spread. Animals re-

covered from surgery and ganglia were collected for dissociation and single-cell profiling two weeks

later.
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2.10.4 In situ hybridization

Single- and two-color RNA in situ hybridization were performed according to previously pub-

lished methods92,179. Digoxigenin- or fluorescein-labeled riboprobes for Calb1 were prepared using

primers TTGGTGACCACAACCACTTG and GCAGATACCCTTGGTGGAAA; probes forGabra1 were prepared

using primers AACCCTTTCTACCCTTCCCTTCC and GGTTGTTTAGCCGGAGCACTG.

2.10.5 Optogenetics and physiological measurement

Animals were anesthetized with urethane (2 mg/g) and the left NJP superganglion was surgically

exposed. An optic fiber (200 µm core, Thorlabs) coupled to a DPSS laser light source (473 nm, 150

mW, Ultralaser) positioned for focal illumination of the ganglion or, for branch-specific illumina-

tion experiments, on the superior laryngeal branch, the vagal trunk below the SLN branch point,

or the glossopharyngeal nerve. Stimulation proceeded for ten seconds (20 Hz, 5 ms pulses, 120-130

mW/mm2) and was controlled by a shutter system (Uniblitz). Tracheal pressure was measured by

a pressure transducer (Harvard Apparatus) coupled to an amplifier and data acquisition system

(Biopac MP150). Relative tidal volume was derived by integrating airflow per breath, and respira-

tory rate was calculated following automated peak detection using customizedMatlab scripts. A

breath was scored if lung volume increased to at least 20% of mean tidal volume. Pharyngeal pres-

sure was monitored by transoral insertion of a pressure transducer (Biopac) connected to a size 3

balloon (Harvard Apparatus). Swallowing was initially characterized by electromyographic record-

ing (Biopac) of relevant muscles (stylohyoid, omohyoid, mylohyoid, sternohyoid, digastric) with

simultaneous video recording. Swallowing was easily recognized visually and was counted manu-

ally for subsequent experiments. To assess the sensitivity of swallowing to anesthetic conditions,

experiments were repeated as described under varying depths of isoflurane (Abbott Laboratory)

anesthesia.
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For experiments to directly stimulate the laryngeal mucosa in Troma1-CreERT2; lsl-Chr2 mice,

animals were given two prior doses of Tamoxifen (Sigma T5648; 10 µg/g bodyweight by oral gav-

age), separated by one day, ten days before testing. Animals were anesthetized with urethane (2

mg/g) and the trachea was surgically exposed. A transverse incision was made just below the thyroid

cartilage to expose the inferior aspect of the vocal folds. The optic fiber was positioned to illuminate

the vocal folds, exposed dorsal tracheal surface, or posterior oral cavity and tongue. Stimulation pro-

ceeded for ten seconds (10 and 20 Hz, 5 ms pulses, 120-130 mW/mm2) using the same equipment as

described above. Swallowing was readily recognized and counted manually.

2.10.6 Measurement of swallowing responses

Animals were anesthetized with urethane (2 mg/g) and the trachea was surgically exposed. The tra-

chea was opened with a transverse incision 4-5 cartilaginous rings below the thyroid cartilage, and

the distal trachea was cannulated with PE-50 tubing to ensure patency. The proximal trachea was

cannulated with PE-50 tubing for collection of test solutions, and a PE-50 delivery tube was in-

serted in the back of the mouth and sealed in place with Kwik-Sil (World Precision Instruments).

Delivery and collection tubes were connected to a peristaltic pump (less than 0.1 mL/min). Chem-

ical stimuli were presented for approximately 15 seconds and were followed by approximately 45

seconds of washout with phosphate-buffered saline (VWR). All perfused stimuli were insulated by

air to prevent mixing in the perfusion tubing; no swallowing response to PBS or air bubbles was

ever observed. For mechanical stimulation, the PE-50 collection tube was advanced orally from be-

low the vocal folds up into the pharynx ten times, and the number of stimuli eliciting a swallow was

noted.
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2.10.7 Diphtheria toxin-mediated ablation of P2ry1 neurons

P2RY1 neurons were ablated in adult animals by focal injection of Diptheria toxin (DT) into the

NJP ganglia. At 6-8 weeks of age, the vagal ganglia of P2ry1-ires-Cre; lsl-Dtr and control mice were

surgically exposed and injected with 0.08 ng of DT (Sigma, D0564, lot SLBW3037) in a volume of

120 nL, with 0.05% Fast Green FCF (Sigma-Aldrich), using a Nanoject III injector (Drummond).

As lots of DT can differ in potency, this dose was selected through pilot experiments to determine

the minimum toxin needed to produce efficient ablation, as determined by antibody staining for

DTR (R&D Systems, AF-259-NA). Animals recovered from surgery and were used for swallowing

tests three weeks later. At the conclusion of the experiment, ganglia were resected and frozen for sub-

sequent validation of P2RY1 neuron ablation by in situ hybridization and DTR immunofluorescent

labeling.

2.10.8 Ultrasonic vocalization recording

Male mating calls were recorded in a paradigm based on several previously published studies of

mouse ultrasonic vocalizations48,49,127. Male Piezo2-ires-Cre; lsl-Dtr and Cre- littermate control

males were housed in a reverse light-dark cycle room prior to testing. At eight weeks of age, mice

were individually housed and allowed to interact with a female overnight, then socially isolated for

five days. On test days, two anesthetized, unfamiliar, estrus female mice were introduced into the

males’ home cages for four minutes, during which time vocalizations were recorded using an ultra-

sonic microphone (Dodotronic Ultramic 384K) in a custom-built sound isolation chamber. Male

mice were tested on three consecutive days. After testing, mice received DT injections as described

above. After two weeks for recovery and DT-mediated cell ablation, vocalizations were tested again

using the same methods.

Whole-nerve recording Animals were anesthetized with urethane and hair was removed from the
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ventral neck. Tissue glue was used to seal the esophagus, to prevent accidental stomach inflation,

and the nares. A midline incision was made to expose the trachea, which was partially transected.

A cannula was introduced through the incision directed orally, which was connected to a small

animal ventilator (CWE Inc., SAR-1000) with an in-line nebulizer to humidify air and a pressure

transducer. An exit tube with an attached stopcock was sealed in the animal’s mouth with Kwik-

Sil (World Precision Instruments) to allow for separate delivery of pressure and pressure-and-flow

stimuli. A custom script was written to instruct the ventilator to deliver ten second airflow stimuli

ranging from 50 to 600 mL/minute, separated by baseline intervals with no delivered airflow.

The nerve was cut below the ganglion and desheathed using fine forceps, taking care to preserve

the SLN branch, before being placed on a pair of platinum-iridium electrodes connected to an am-

plifier and data acquisition system (Biopac MP150). The nerve was submerged in halocarbon oil

and a reference electrode was placed in the sternomastoid muscle. At the completion of the exper-

iment, approximately 2 mg of serotonin was administered intraperitoneally to assess the quality of

the recording preparation, and ganglia were collected for subsequent immunostaining or in situ

hybridization to verify cell ablation.
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Chapter 3
Summary and Future Directions

The sensory vagus nerve is an essential pathway for surveillance of multiple physiological systems

and regulation of autonomic function. Understanding how diverse forms of sensory information

are transduced and routed to appropriate brain circuits is a major goal of research in all sensory sys-

tems, and careful work across many modalities has begun to unravel the close relationships between

sensory inputs, receptors, cell types, and circuit organization. However, the wide range of internal

sensory roles of the vagus nerve has made it particularly challenging to approach this task systemati-

cally, leaving basic questions about the architecture of internal sensation unanswered.

Here, we leveraged single-cell transcriptome profiling technology to characterize the diversity and

expression of vagal sensory neurons at large scale. Previous efforts to describe the molecular diversity

of vagal neurons have relied on sets of rationally selected marker genes or have lacked cellular resolu-

tion, instead concluding that vagal afferents express a wide range of receptors in aggregate51,83,334,340.

In contrast, a high-throughput single-cell RNA sequencing approach allows an unbiased portrait

of gene expression across many cells, revealing much greater diversity of cell types than previously

appreciated. We conservatively estimate that the NJP ganglion is comprised of 35 distinct cell types,

over three times the number proposed in the lumbar dorsal root ganglia324. In addition to provid-

47



ing a resource for developing specific genetic tools to probe autonomic physiology, these data allow

us to begin to understand the coding of internal sensory information. We further demonstrated

the feasibility of an anatomical barcoding strategy to add a basic anatomical “map” to the transcrip-

tional “landscape” of the NJP ganglion. This strategy simultaneously yields marker and functional

gene candidates specific to a chosen physiological context amid the constellation of vagal sensory cell

types. Future efforts to place additional vagal target organs on this cellular map will inform our un-

derstanding of sensory coding at the level of the primary ganglion and will be crucial to understand

how the internal sensory map is preserved and processed in the brainstem4.

Previous studies of upper airway protection have grappled with the question of howmany dis-

tinct neuronal pathways connect the laryngeal mucosa to the brain, and have relied on pharmacolog-

ical, surgical, and single-unit recording approaches to produce descriptive accounts of at least half

a dozen sensory types188. In guinea pigs, at least two separate neural pathways are thought to con-

tribute to cough: a TRPV1+ C-fiber population and a separate mechanosensitive nodose Aδ fiber

population. Here, we describe upper airway neuron types grounded in a thorough characterization

of their gene expression programs. Surprisingly, a single subset of laryngeal afferents, accessible us-

ing the P2ry1-ires-Cremouse line, acts as a sentinel for airway protective reflexes, evoking variously

apnea, glottic closure, and pharyngeal swallowing. These neurons are capsaicin-insensitive, nodose

(placode-derived) fast-conducting A fibers51 and may correspond to the nodose cough-promoting

neurons postulated in guinea pigs. In contrast to studies in coughing species, however, our results

suggest that vagal C-fibers play little direct role in murine acute airway protection, as activation of

Trpa1 NJP neurons failed to evoke laryngeal reflexes. While C-fiber reflexes are thought to be highly

sensitive to anesthetic conditions, they may also play an indirect role by promoting the conscious

perception of an urge to cough, rather than directly triggering reflex action, and debate persists as to

whether anesthetic effects are sufficient to explain conflicting findings about C-fiber involvement in

acute airway protection43. We were unable to elicit reflex airway protection by activation of Trpa1
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neurons or Npy2r neurons, but did find that Trpv1 neurons evoked swallowing under light anesthe-

sia, implying that the remaining (jugular) portion of the Trpv1 population is capable of inducing

airway protection under anesthesia. Indeed,Npy1r-ChR2 mice do swallow upon optical stimula-

tion, in line with previous work in other model species implicating jugular C-fibers in cough. Future

experiments to explore the deficits of Npy1r neuron-ablated animals may help to address the sen-

sory roles for these neurons and clarify whether they are required for responses that lie outside the

domain of P2ry1 neurons. Alternatively, upper airway C-fibers may play roles in neuroimmune sig-

naling and inflammation, as in vivo loss of function studies have suggested for lower airway disease

processes19,305,314.

Importantly, selective ablation of P2ry1 neurons prevents initiation of defensive swallowing

when the larynx is challenged with classical chemical stimuli such as water or citric acid, but not

mechanical stimulation of the pharynx. Human experiments have found that SLN anesthesia pro-

foundly compromises airway protective systems, resulting in incomplete glottic closure and dif-

ficulty initiating swallowing—actions that are coordinated and both promoted by P2ry1 neuron

activation134,277. However, the failure of iSLN-anesthetized humans to fully adduct their vocal

folds while nonetheless executing a swallow, resulting in aspiration, suggests that different aspects of

P2ry1 neuron response may indeed be separable134.

The central role of P2ry1 neurons in airway protection raises the question what roles other la-

ryngeal afferent populations play. Some clues may come from their particular peripheral anatomy:

Gabra1 neurons, which elaborate intramuscular endings along the dorsal aspect of the trachea, may

sense bronchoconstriction or tracheal pressure, and Calb1 neurons, which contact pulmonary neu-

roendocrine cells, may serve other chemosensory functions. Future studies to measure additional

aspects of upper airway physiology are needed to address these questions systematically. In addition,

the close proximity of different afferent terminal types in the larynx suggests that natural stimuli

may engage a range of different fibers in concert. Future efforts to address the representation of
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closely apposed laryngeal afferents in the brainstemmay help to explain how coherent reflex effects

are produced frommixed sensory inputs.

Regrettably, our experiments shed little light on upper airway mechanosensation. We noted two

distinct mechanically evoked responses: swallowing evoked from the pharynx, and SLN-dependent

vagal nerve responses to laryngeal airflow. Neither of these is impacted by P2ry1 neuron ablation.

We initially hypothesized that Peizo2 neurons were good candidates for detection of subglottic pres-

sure and laryngeal airflow on the basis of their innervation of intrinsic laryngeal muscles and vocal

folds and their expression of Piezo2. We were also intrigued by unpublished reports that human

Piezo2 mutants speak with “low, husky” voices, though little systematic testing has been done to

probe for deficits in vocal control. Specific access to laryngeal pressure- or flow-sensitive afferents

would powerfully advance our understanding of the sensory aspects of speech. In the absence of

such tools, theories have proliferated regarding the importance of subglottic pressure sensation for

voice initiation, the role of flow sensing in extending expiratory time, and a host of other tempting

hypotheses that have been difficult to test through loss-of-function experiments106,143,282,306,309.

However, Piezo2 neurons do not appear necessary for upper airway flow or pressure sensation, nor

does their absence dramatically impact mouse ultrasonic vocalizations.

One possibility is that mouse ultrasonic vocalizations may simply be poor models for studying

the mechanics of human speech control. Unlike audible vocalizations, which are produced through

vocal fold vibration in a manner similar to humans, ultrasonic vocalizations are more analogous to

a whistle, resulting from the rapid movement of air through a modulated aperture253,257. Sonic vo-

calizations are mostly evoked in mice by stress or pain, which complicates sensitive and reproducible

recording in the laboratory. However, a role for Piezo2 neurons in sonic vocalizations cannot, at this

point, be ruled out.

Despite the different sound production mechanism used during ultrasonic vocalization, accurate

control of vocal fold position and tension is still critical, and phasic activity in the thyroarytenoid
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and cricothyroid muscles has been recorded during call modulation in rats253. It remains possible

that Piezo2 neurons play a proprioceptive role during these events, analogous to the classical laryn-

geal “drive” receptors265, but this was not rigorously tested in our anesthetized nerve recording

experiments. Such a deficit would still be expected to produce a pitch change during vocalization,

but no such result was observed. In our experiments, no attempt was made to mask auditory feed-

back and, as a result, animals were not strictly reliant on laryngeal sensation to hit the “right” note.

The highly prescribed vocal tasks required to isolate a laryngeal proprioceptive effect may simply be

poorly suited to mouse studies.

Whether Piezo2 neurons play a role in pharyngeal mechanosensation is a question for further

investigation. The NJP superganglion houses glossopharyngeal cell bodies, and optogenetic stimu-

lation of glossopharyngeal sensory fibers evokes swallowing. Whether this bears any relation to the

observation that swallowing can be easily triggered by light touch on the posterior pharyngeal wall

and faucial pillars would be simple to test using methods analogous to what we have employed in

studying chemically-triggered swallowing200,241. The precise anatomy of glossopharyngeal Piezo2

neurons has not yet been described.

Consistent with their role as polymodal sensors, we found that P2ry1 neurons densely innervate

the upper airway mucosa. Particularly dense innervation was found at sites that have been linked

to chemical sensitivity and that readily promote robust laryngeal protection in humans, includ-

ing the epiglottis, ventricular folds, and dorsal superior aspect of the vocal folds, where fibers con-

tacted taste buds287. Interestingly, P2ry1 neurons also contact neuroepithelial bodies (NEBs) in the

lower airway, suggesting that these neurons may organize chemosensory information across respi-

ratory sites51. However, only SLN P2ry1 fibers evoked protective reflexes, and SLN integrity was

required for responses to laryngeal chemical stimuli. This finding partially contrasts with observa-

tions in guinea pigs that ascribe an essential role to RLN fibers in cough and highlights the value of

a molecular genetic description of afferent subtypes42,320. Indeed, both RLN and SLN fibers target
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a shared region of the upper airway, and the route taken by a given neuron type may differ between

mice and larger animals, in which the nodose, jugular, and petrosal ganglia remain anatomically seg-

regated. Consequently, the thorough transcriptional characterization of airway protective neurons

our data provide should be a useful tool for translating our findings in mice to coughing species,

where P2ry1-equivalent neurons may play a role in a wider range of protective reflex behaviors.

Previous histological descriptions of laryngeal innervation have speculated that free nerve end-

ings, laminar endings, and taste bud innervation may play roles in reflex initiation, but have lacked

the tools to stimulate different neuron types individually. We found that one neuron type gives rise

to both taste bud fibers and a dense matted network of epithelial fibers below the vocal folds, per-

haps accounting for its polymodal sensory role. Nonetheless, P2ry1 free nerve endings and taste

bud afferents may play distinct roles. Silencing purinergic neurotransmission by genetic deletion

of P2X2 and P2X3 receptors abolishes responses to laryngeal water, but not acid, suggesting that

P2ry1 neurons act both as primary sensors and second-order neurons for different stimuli. Con-

versely, activating TROMA1+ cells in the larynx induces swallowing, presumably by causing epithe-

lial ATP release. How P2ry1 neurons might detect other stimuli remains an interesting question for

further studies. The extensive exposed area of P2ry1 free nerve endings makes them good candidates

for direct chemical sensing, whether through receptors specific to P2ry1 neurons alone or through

more general mechanisms that derive enhanced sensitivity by virtue of the relatively greater contact

area presented by P2ry1 terminals. We found that specific pharmacological inhibition of ASIC1

moderately suppresses responses to laryngeal acid, consistent with previously published experiments

that used other less specific inhibitors. Residual responses to acid may indicate the involvement of

other acid sensitive receptors, as ASIC1 has a very narrow range of pH sensitivity8,14. While ASIC1

was chosen for investigation based on its selective expression in swallowing-promoting neurons, its

function within P2ry1 neurons remains to be proven. ASICs, including ASIC1, are expressed in

lingual taste cells251 and may be expressed in laryngeal taste buds as well, meaning that independent
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genetic manipulation of P2ry1 neurons and laryngal taste buds would be required to disentangle

their contribution to ASIC1-dependent sensation. However, silencing taste signaling did not abol-

ish acid responses, suggesting that at least some laryngeal acid sensing is accomplished directly by

vagal neurons.

Laryngeal taste buds have been observed histologically in many mammals for over a century, and

their numbers are estimated to be significant34,272. However, direct recordings from laryngeal taste

cells have not been reported, and the contribution of taste buds to chemical responses recorded in

the SLN has been controversial. Unlike their morphologically similar lingual counterparts, laryngeal

taste buds are presumed to have no gustatory function, as humans cannot perceive taste from the

larynx221. This has led to the hypothesis that laryngeal taste buds play an aversive role. Particular

attention has been focused on water detection, which elicits notably stronger responses in SLN

fibers than the glossopharyngeal or chorda tympani neurons innervating the tongue285, leading

to discomfort and reflexive swallowing. Some investigators have noted a correspondence between

regions of high water sensitivity and taste bud density293, as well as commonalities between firing

patterns of lingual and laryngeal taste units297, while others have argued that water stimulation

elicits reflex responses at sites that supposedly lack taste buds297.

Our finding that laryngeal water stimulation does not result in reflexive swallowing in P2x2/x3

KOmice is the first evidence linking the molecular machinery of taste cell signaling to laryngeal wa-

ter responses. Taken together with our finding that activation of TROMA1+ cells in the larynx can

induce swallowing, it appears that an important pathway for acute airway protection relies on ep-

ithelial detection and neurotransmission. Whether laryngeal taste buds employ a similar molecular

mechanism for water sensing as has been proposed for lingual taste cells remains a subject for further

investigation, but the persistence of water-evoked activity in the absence of bicarbonate anions sug-

gests the involvement of a different mechanism366. Previous work has suggested that the presence

of a permeant anion may be a key determinant of SLN activation by water and ionic solutions284,
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and future experiments will seek to address whether P2ry1 neuron activation is influenced by the

presence of particular anions. Importantly, difficulty swallowing water is often a sentinel symptom

for progressive dysphagia, a finding thought to arise in part from water’s low viscosity. Our results

provide a novel potential link between chemosensory dysfunction and water dysphagia, and support

future studies to measure disinnervation and taste bud loss in the elderly.

More generally, our approach illustrates the value of a cell type-specific deconstruction of sensory

pathways based on a thorough characterization of gene expression. This strategy naturally raises

important methodological and near-philosophical questions: what is a category of neurons? Are

categories stable and deterministic, or are they purely Aristotelian constructs? These latter ques-

tions can be addressed experimentally, and the degree to which our sensory experience comes from

a facultative architecture is an interesting question across sensory systems. However, far from sim-

ply providing a list of names for neurons, a thorough cellular inventory constitutes the topography

necessary for making a map of sensory perception. Moreover, a complete and well-annotated map

of peripheral sensory neurons sets the stage for meaningful studies of connectivity and information

flow in the brainstem.
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Part II

Sensation of Gastrointestinal Distension
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Chapter 4
Introduction

This introduction, originally published as a review article in Trends in Neurosciences, consid-

ers the topic of visceral mechanosensation through the comparison of three distinct physiological

contexts in which this sensory modality is important: the lung, gastrointestinal tract, and urinary

bladder321. This review provides context and motivation for the efforts outlined in the succeeding

chapters. The primary goal of these experiments was to test two specific hypotheses about the molec-

ular identity of the vagal stomach stretch sensor based on new observations arising from tools and

datasets within our laboratory. In both cases, this narrow question was answered in the negative,

and the critical mechanoreceptor remains unknown. Nonetheless, the approaches taken in these

chapters yielded useful information for evaluating the contributions of Piezo2 and Tmc3 vagal sen-

sation and together illustrate a set of criteria by which one might evaluate future candidates for this

sensory function. The experiments outlined in the succeeding chapters take their inspiration from

work done in related systems, some of which are discussed in detail here.
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4.1 Internal OrganMechanosensation

Mechanosensory neurons detect a variety of forces. External sensory neurons detect forces in the en-

vironment, including those that elicit the sensations of touch, hearing, and mechanical pain. Recent

advances have revealed key features of external mechanosensory neurons3, including the identities

of some mechanically gated ion channels that function as sensory receptors248. Other internal sen-

sory neurons detect a diversity of forces from within the body that can inform, for instance, about

blood pressure changes in the vasculature, urine passing through the urethra, or esophageal expan-

sion during swallowing. Other internal mechanosensory neurons function as proprioceptors or

sense mechanical irritants that evoke cough, sneeze, gagging, or pain. This review article highlights a

particular class of internal mechanosensory neurons specialized to inform on visceral organ volume

changes.

Many organs, including the stomach, heart, lung, bladder, and intestine, periodically fill and

empty while carrying out their normal physiological functions. Dedicated sensory neurons report

on changes in organ volume to help orchestrate appropriate physiological and behavioral responses.

While organ distension might seem like a common physical stimulus, there are unique features of

volume sensing in different organs related to anatomy, filling rate, force vectors, and organ accom-

modation and mobility. For example, the bladder fills slowly with urine (liquid) over hours, the

stomach fills during a meal (solid and/or liquid) in minutes, and the lungs fill with air (gas) in sec-

onds. To accommodate differing physical parameters, sensory neurons in various organs can display

highly specialized terminal morphologies and utilize distinct sensory receptors, although data re-

main limited in some systems. Perhaps the most progress towards understanding force sensation in

internal organs has been made in the airways, with recent studies revealing an essential role for the

mechanically gated ion channel PIEZO2220. Furthermore, stretch of different organs can evoke dif-

ferent physiological responses, and to achieve this, sensory neurons must engage appropriate neural
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circuits and be sensitive to distinct neuromodulators. The goal of this review article is to highlight

common and unique features of stretch sensation in three different organs: bladder, stomach, and

airways. We note that sensory pathways can vary across species; we try to generalize when possible,

but primarily discuss work in the mouse, where genetic approaches have enabled perturbation stud-

ies to elucidate the roles of particular genes and neurons.

4.2 Airway Stretch

During passive breathing, sensory neurons detect airway expansion that occurs with every breath.

In 1868, Ewald Hering and Josef Breuer revealed a key physiological role for airway mechanosensa-

tion when they reported the now-classical respiratory reflex named after them, the Hering-Breuer

inspiratory reflex (HB reflex)124,36. The HB reflex is evoked by increasing gas pressure in the lungs

and airways and is characterized by a reflexive inhibition of inspiration and prolongation of expi-

ration. The HB reflex contributes to normal respiratory rhythms and may also protect the airways

from damage associated with overinflation. In addition, airway stretch regulates smooth muscle

tone, vascular tone, and heart rate11,18,68. Furthermore, the HB reflex may be modulated during par-

ticular physiological states, such as heavy exercise63, or impacted during pathologies such as asthma,

pulmonary fibrosis, airway obstruction, and lung damage; for excellent reviews on airway sensory

neurons, see45,62,61,188,271,337,338,355.

Airway stretch sensation is mediated by the vagus nerve, which provides the major innervation of

the pulmonary system (Figure 4.1)61. Surgical transection of the vagus nerve (vagotomy) eliminates

the HB reflex124,36, and electrical or optogenetic stimulation of vagal afferents causes a reflexive ap-

nea similar to the HB reflex338,51. Different vagal afferents derive from the neural crest (jugular gan-

glion) and epibranchial placodes (nodose ganglion), with sensory neurons of the nodose ganglion

mediating respiratory responses to airway distension220. Vagal afferents in the nodose ganglion re-
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lay respiratory inputs to a brainstem region termed the nucleus of the solitary tract (NTS), while

jugular ganglion inputs are instead mostly relayed to the paratrigeminal nucleus79,193. Second-order

NTS neurons that respond to airway stretch include so-called ‘pump cells’ and ‘inspiratory-β cells’

and are localized to a discrete anterior and ventrolateral region of the visceral NTS (the visceral NTS

refers to the NTS division that receives sensory input from internal organs and is caudal to the gus-

tatory NTS involved in taste processing)166. Pump cells, in turn, send various projections, including

to brainstem respiratory nuclei where they interrupt intrinsic oscillations that promote rhythmic

inspiration166.

vagal
PIEZO2
neurons

Piezo2epKO

WT

Serotonin
Airway pressure

Vagal afferents in lung

lateral
NTS

(A) (B)

(C)

Figure 4.1: Sensory Innervation of the Lungs. (A) Vagal sensory neurons send afferent fibers to the lungs (red) as well
as central projections to the anterolateral portion of the visceral nucleus of the solitary tract (NTS) (dark blue), caudal to
the gustatory NTS (light blue). Nodose ganglion‐derived Piezo2 neurons sense airway stretch, although sensory terminal
morphology awaits additional characterization. (B) Whole vagus nerve electrophysiological responses to airway stretch
are lost in Piezo2epKO mice. WT, wild type. Adapted from220. (C) Genetically guided anatomical mapping of vagal sensory
afferents in a lobe of the mouse lung (scale bar, 1 mm). Adapted from51.

Electrical recordings of the vagus nerve revealed at least three major classes of sensory neurons

that innervate the lungs and upper airways: slowly adapting stretch receptors (SARs), rapidly adapt-
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ing stretch receptors (RARs), and chemoreceptors61. SARs are myelinated fast-conducting A fibers

that display low-threshold and graded responses to airway stretch159. In vivo calcium imaging

within the mouse nodose ganglion revealed that SAR responses occur in only 4% of nodose sen-

sory neurons, or about 90 neurons per ganglion340. Airway stretch responses are similarly evoked

by infusion with ambient air, oxygen, or the inert gas nitrogen, consistent with a mechanical re-

sponse340,5. SARs are activated by increases in lung volume that occur with each inhalation during

relaxed (eupneic) breathing340,5.

Similar to SARs, RARs are also stretch-sensitive myelinated A fibers159, but their frequency can

vary across species147. RARs display high threshold responses, are not richly active during eupneic

breathing, and are also activated by lung deflation61. In addition, RARs may contribute to irritant

responses, such as cigarette smoke-induced cough274,171. Chemoreceptors are slow-conducting

C fibers that function in airway defense, with potential roles in cough322, airway hypersensitiv-

ity113,314,305, and modulation of immune function19. Chemical or optogenetic activation of airway

C fibers causes rapid and shallow breathing51,64, perhaps to limit toxin absorption61. Sensory neu-

rons from dorsal root ganglia (DRG) also innervate the airways, although more sparsely than vagal

afferents, and their function remains largely uncharacterized.

The morphology of force-sensing neurons in the airways that mediate the HB reflex is unclear.

Attempts to quantify SARs in different regions of the airways by focal pressure application have sug-

gested a distributed anatomy with variable results about their location in trachea, extrapulmonary

bronchi, and intrapulmonary airways271. Adding complexity, while some electrophysiological

approaches suggested that SARs are abundant in large extrapulmonary airways, other studies sug-

gested that the HB reflex is more powerfully evoked by mechanical input in smaller airways61,271.

Some variation may be due to species of study, but it is also possible that neurons with mechanore-

ceptive fields in different airway regions display different activities during respiration, with intra-

pulmonary receptors blocking inspiration and upper airway receptors promoting expiration61.
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Higher-resolution anatomical studies of afferent nerve terminals suggested that SARs reside near

airway smooth muscle22, although alternative sites of airway mechanosensation have also been pro-

posed61,271. Additional studies are needed to clarify the location and architecture of force-sensing

structures in the airways.

Recent progress revealed that the mechanically gated ion channel PIEZO2 is essential for air-

way mechanosensation and the HB reflex220. PIEZO2 is an enormous protein, with more than

2000 amino acids and at least 26 transmembrane α-helices, that forms an ion channel intrinsically

gated by mechanical force213. High-resolution cryoelectron microscopy revealed that the related

channel Piezo1 forms a trimeric propeller blade structure with a central pore embedded in curved

membrane; one model posits that membrane tension flattens the central membrane, allowing for

allosteric gating of the channel pore109,266. Piezo2 is expressed in some DRG sensory neurons65,

where it mediates gentle touch and limb proprioception213, as well as in a subset of vagal sensory

neurons51. Piezo2 -expressing vagal afferents in the airways are SARs, and optogenetically activat-

ing them acutely inhibits breathing, trapping animals in a state of exhalation220. Global knockout

of Piezo2 is lethal due to respiratory distress, but mice with selective elimination of Piezo2 from

epibranchial placode-derived cells (Phox2b-Cre; Piezo2fl/fl mice, herein named Piezo2epKO mice) sur-

vive220, allowing for interrogation of PIEZO2 function in nodose ganglion neurons. Piezo2epKO

mice fail to display both vagal afferent responses to airway stretch across a range of stimulus intensi-

ties (Figure 4.1B), as well as the HB reflex. Furthermore, conditional ablation of Piezo2 in adult an-

imals using a tamoxifen-inducible Cre driver line diminishes airway stretch-evoked nerve responses

and respiratory reflexes, suggesting that Piezo2 functions directly in stretch sensation rather than in

afferent neuron development220. Intriguingly, human patients with loss of Piezo2 function can sur-

vive but display a spectrum of dramatic physiological impairments that includes respiratory compli-

cations during infancy54. Taken together, these findings indicate a key role for PIEZO2 in neurons

that sense airway stretch. Piezo2epKO mice should allow for a better understanding of the role of lung
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volume sensing in health and disease.

4.3 Stomach Stretch

During a meal, the stomach expands to accommodate ingested food and drink. Neurons sense in-

creases in stomach volume and trigger neural circuits that inhibit feeding behavior and promote

digestion244. Small increases in stomach volume evoke the sensation of satiety or fullness, while

larger increases in stomach volume evoke distinct sensations of nausea and pain88. The stomach

consists of discrete anatomical regions, with stretch-induced meal accommodation occurring pri-

marily in the forestomach or fundus (Figure 4.2). It is conceivable that pharmacological strategies

to stimulate or enhance stomach stretch responses will become available once the underlying sen-

sory transduction mechanism is understood at a molecular level, possibly providing much-needed

therapeutic approaches to curb appetite242.

The stomach receives dense innervation from vagal, DRG, and enteric neurons37. The vagus

nerve is thought to mediate responses to stomach stretch associated with fullness, as surgical vago-

tomy below the diaphragm blocks fullness from gastric distension105,234; DRG neurons also de-

tect stomach stretch246,315, but their role in perception and behavior is less clear. Vagal afferents

respond to stomach stretch and tension in a graded manner with thresholds that correspond to

volume changes that occur during a meal, and with little or no adaptation130,226. Vagal afferents

display at least three types of terminal morphologies within the stomach: intraganglionic laminar

endings (IGLEs), intramuscular arrays (IMAs), and mucosal endings (Figure 4.2)37. IGLEs are lo-

cated near mechanosensory hot spots in the stomach359, where they appose enteric ganglia between

layers of stomach muscle258. Genetic approaches revealed that vagal afferent subtypes containing

GLP1R (inGlp1r-ires-Cremice) both respond to stomach stretch and form IGLE terminals (Figure

4.2), directly linking neuron response properties and anatomy340. IGLE terminals are observed not
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only in the stomach but also in the esophagus (vagal), proximal small intestine (vagal), and colon

(DRG)37,27. IMAs appear as long, parallel fibers within a muscle layer, resembling muscle spindle

afferents, and are closely associated with interstitial cells of Cajal245; however, methods for selective

interrogation of IMAs are lacking, and a mechanosensory role for IMAs has not been experimen-

tally demonstrated235.

IGLEs are proposed to be intrinsically mechanosensitive based on response kinetics, as stretch

evokes fast responses that occur within 6 ms and persist in calcium-free media360. However, this

short latency does not strictly preclude synaptic transmission, which can occur on faster time scales

at some synapses. It also remains unclear why IGLEs form such intimate contacts with enteric neu-

rons. IGLE architecture in colon (fromDRG neurons) can be disrupted in mutant mice that lack

enteric ganglia, yet these extrinsic neurons still retain some stretch sensitivity292, suggesting that

mechanosensation does not require a stereotyped structure within an IGLE. Instead, electron mi-

croscopy of IGLE terminals within esophagus suggested that extrinsic sensory afferents are presy-

naptic to enteric neurons214, although functional evidence for sensory neuron-to-enteric neuron

communication within IGLEs has not been demonstrated. Together, these findings raise the pos-

sibility of a model where IGLE-forming extrinsic afferents are intrinsically mechanosensitive; relay

inputs to the brain to control behavior; and communicate within IGLEs to enteric neurons, perhaps

for local control of gut motility and/or digestion. Other possible models are that IGLE-forming

extrinsic neurons are second-order to other primary mechanosensory cells or that both extrinsic

neurons and enteric neurons are intrinsically mechanosensitive.

The molecular mechanism by which IGLEs sense stomach stretch is unknown. Pharmacolog-

ical studies indicated that high concentrations of benzamil (100 mM), an inhibitor of epithelial

sodium channels (ENaCs)/acid-sensing ion channels (ASICs) (but also other ion channels at this

concentration), blocked mechanical responses in an ex vivo esophagus preparation rich in IGLE

terminals360. ASICs are expressed by vagal sensory neurons, although IGLEmechanical responses
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persist in individual ASIC knockout mice224. Stomach stretch responses were reduced but not

eliminated in ASIC2 and ASIC3 knockout mice but increased in ASIC1 knockout mice224. The

residual mechanosensory responses in ASIC knockout mice suggest that either ASICs are redun-

dant or that there is another principal mechanosensor. In addition, PIEZO2 has been proposed to

function as a mechanoreceptor in tissue culture cells derived from enterochromaffin cells332, but an

in vivo role for PIEZO2 in gastrointestinal stretch sensation has not been shown.

Glp1r-ires-Cremice enable genetic tagging of stomach-stretch responsive neurons for direct anal-

ysis of peripheral and central neuron anatomy, physiological function (e.g., by optogenetics), con-

duction velocity, neuromodulation, gene expression, and other properties340. Glucagon-like pep-

tide 1 receptor (GLP1R) neurons additionally account for intestine stretch-responsive IGLEs, as

well as some other neuron types. Cellular imaging and optogenetics-assisted conduction velocity

measurements revealed that vagal GLP1R neurons are predominantly capsaicin-sensitive, slow-

conducting C fibers340. In vivo calcium imaging within vagal ganglia indicated that 17% of vagal

sensory neurons respond to stomach stretch and that 81% of stomach stretch-responsive neurons

contain GLP1R340.

In vagal afferents, GLP1R is frequently coexpressed with several other receptors for gut hor-

mones including cholecystokinin (CCK) and peptide YY (PYY)340. GLP1, CCK, and PYY are

all satiety hormones, and GLP1 is a powerful incretin used in the clinic to promote insulin release

in diabetic patients50. These and other feeding-control hormones such as ghrelin and leptin have

been proposed to modulate stomach stretch responses177,225, perhaps providing integration of me-

chanical and chemical signals. CCK, GLP1, and other gut hormones activate distinct intracellular

signaling pathways, and additional studies are needed to understand the consequences of activating

these various pathways in stomach stretch sensors. Of gut hormones analyzed, CCK is sufficient

to stimulate stomach stretch-responsive afferents in vitro32,273,340. Yet, intestinal nutrients, which

promote CCK release, do not activate gastric mechanoreceptors in vivo, as calcium imaging of va-
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Figure 4.2: Sensory Innervation of the Stomach. (A) Patterns of vagal sensory neuron innervation in mouse stomach are
drawn (magenta) based on observations from anatomical tracing experiments340. Vagal fibers enter along the esopha‐
gus and radiate over the stomach surface. A cross section (parallelogram) of stomach tissue is depicted (bottom right),
showing mucosal layers and two orthogonal layers of stomach muscle. Enteric neurons of the myenteric plexus reside
between muscle layers and are innervated by intraganglionic laminar endings (IGLEs). Intramuscular arrays (IMAs) are
found in each muscular layer in parallel with muscle and near interstitial cells of Cajal. The stomach also receives input
from dorsal root ganglia sensory neurons and from additional vagal sensory neurons that access stomach mucosa (not
shown). GLP1R, glucagon‐like peptide 1 receptor. (B) A single vagal GLP1R neuron responds to stomach stretch, as
measured by in vivo calcium imaging in vagal ganglia. Adapted from Williams et al. 340 (C) Vagal GLP1R neurons form
IGLE terminals, as visualized by genetically guided anatomical mapping (scale bar, 100 µm)340. Note the proximity of
IGLE terminals (magenta) to enteric ganglia (gray).

gal ganglia revealed that gastric mechanoreceptors and intestinal chemoreceptors are distinct cell

populations340. Perhaps in vivo, CCK provides subthreshold sensitization of mechanoreceptors to

promote satiety signaling when physiologically appropriate, such as during a meal.

Stomach stretch sensors activate neural circuits that reduce appetite and control digestive physiol-

ogy. Genetically guided anatomical mapping approaches revealed that vagal GLP1R neurons project

to a discrete brainstem region in the medial NTS and adjacent area postrema340. Furthermore, neu-

rons intrinsic to this region express the immediate early gene Fos after gastric distension341 The pro-
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jection domain of stomach stretch-responsive neurons is distinct fromNTS regions that receive air-

way input, consistent with a topographic map in the brainstem for visceral input166,340,51,7. Fos in-

duction in the NTS increases with the extent of gastric distension341, and similarly located neurons

also express Fos following exposure to nutrients, leptin, or nausea-inducing chemicals208,347. Addi-

tional studies are needed to understand whether the NTS differentially represents satiety and nausea

through discrete neural pathways or through changing activity patterns in a ‘labeled line’ consti-

tuted by the same neurons. Future studies are needed to understand how information about gastric

distension is routed to control behavior, presumably by altering activity in appetite-control neurons

of the hypothalamic arcuate nucleus294 and/or aversion-promoting neurons in the parabrachial

nucleus46.

4.4 Bladder Stretch

Neurons that sense bladder volume are essential for proper control of micturition (urination)196,357,136,30,9.

The bladder is a hollow organ that fills slowly and progressively with urine, and increasing bladder

volume (and thereby stretch) promotes the drive to urinate. In humans, bladder pressures of 5-15

mmHg elicit the sensation of bladder fullness, 20-25 mmHg induce urgency, and 30 mmHg evoke

pain196. Inappropriate bladder control can be common in the young and old, and dysfunction of

neural circuits that control the bladder can cause medical problems such as uncontrollable urination

(incontinence).

Bladder sensory neurons detect bladder stretch and relay this information to brainstem regions

that drive micturition69. Bladder sensory neuron soma reside in lumbar and sacral DRG, rather

than vagal ganglia, and access the bladder through the hypogastric, pelvic, and pudendal nerves69,151.

Sensory input from the bladder is transmitted through the spinal cord, triggering both local spinal

reflexes and ascending input to the brainstem69. Low levels of bladder stretch trigger spinal cord cir-
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cuits that activate a sympathetic response resulting in bladder accommodation69. Increasing bladder

stretch blocks sympathetic responses and promotes micturition drive primarily through ascending

input to two key brainstem regions: the periaqueductal gray (PAG) and the pontine micturition

center (PMC)69,33,73. Together, the PAG and PMC form a bistable system that switches between

‘guarding’ when the bladder fills with continence and ‘voiding’69. Many brain regions provide input

to the PAG and PMC, allowing for integration of bladder volume information with forebrain cir-

cuits relevant for voluntary induction or restraint of micturition325. For example, when the bladder

is in a low-volume state, forebrain circuits can suppress micturition until a socially appropriate op-

portunity arises69 or promote micturition in animals that use urinary scent marks for pheromone-

based social communication91. High bladder volumes can override forebrain circuits, leading to

uncontrollable and reflexive micturition.

The PMC is a command center that communicates with motor efferent pathways to the urinary

tract, and bilateral PMC lesions impair micturition21. Single-unit recordings revealed that activity

in most PMC neurons (70-80%) is tightly linked to motor function, including ‘direct neurons’ that

fire before and during reflexive bladder contractions and ‘inverse neurons’ that fire between bladder

contractions35,268. PMC direct neurons express CRH and glutamate, and optogenetic activation

of direct neurons promotes micturition, while genetically silencing them suppresses micturition129.

CRH neurons initiate voiding through descending motor programs that contract bladder smooth

muscle, and adjacent PMC neurons containing estrogen receptor 1 also promote micturition by

relaxing the urethral sphincter152.

Volume sensing in the bladder is essential for the voiding reflex, but underlying mechanisms are

incompletely understood196,357,136,30,9. Anatomically, the interior bladder surface consists of an ep-

ithelial layer termed the urothelium (Figure 4.3). The urothelium forms a tightly sealed barrier to

confine bladder contents, but it also functions as a sensory structure154. Specialized ‘umbrella cells’

constitute the urothelium surface; as bladder volume increases, umbrella cells change shape dramat-
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ically, like an opening umbrella, to accommodate volume increases by expanding epithelial surface

area. Basally, the basement membrane of the urothelium is penetrated by sensory afferents, with

particularly dense innervation in bladder regions near the urethral opening. Sensory neurons that

terminate near the basal urothelium include those that sense bladder stretch; other bladder sensory

neurons are urethral mechanoreceptors, innervate the vasculature, form antenna-like endings in

muscle, and function as nociceptors99,136.

Bladder distension activates urothelium-innervating Aδ fibers in a graded manner, with response

thresholds of 5-15 mmHg, similar to sensation thresholds111. Neurons with low and high response

thresholds are reported346, suggesting that increases in bladder volume evoke variable perceptions

(from filling to discomfort to pain) by activating additional classes of sensory neurons. Neurons

with low-threshold and high-threshold responses would presumably evoke distinct sensations by

coupling to different higher-order neural circuits. An alternative model is that stretch-responsive

neurons collectively function as a rheostat, with increasing signal intensity across the sensory neu-

ron repertoire differentially read by central neural circuits to increase micturition drive and change

evoked perception. Separate from A fibers, slow-conducting C-fibers display high-threshold re-

sponses or are silent during bladder stretch, but they can be sensitized by chemical modulators that

may enhance mechanical responses during injury or inflammation69.

Sensory neurons that respond to bladder stretch may be first-order neurons intrinsically sensi-

tive to force and/or second-order neurons that receive input from urothelial stretch sensors. Stretch

responses persist in some, but not all, bladder sensory neurons after surgical removal of the urothe-

lium, or (in some studies), in low-calcium conditions where synaptic release is reduced358. These

findings suggest that at least some neurons do not require urothelial input to fire but may instead be

intrinsically mechanosensitive. Pharmacological studies revealed that these neurons, like esophageal

IGLEs, are sensitive to high concentrations of benzamil, but not to blockers of other candidate

mechanoreceptors358. However, the identity of mechanoreceptors utilized by afferent nerves re-
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Figure 4.3: Sensory Innervation of the Bladder. The bladder is innervated by three spinal nerves, with sensory neu‐
ron soma located in dorsal root ganglia from the sacral and lumbar spinal cord. The outer layers of the bladder include
serosa and adventitial connective tissue surrounding three layers of smooth muscle, collectively named the detrusor
muscle, arrayed in alternating orientations. The lamina propria contains vasculature and interstitial cells of Cajal, similar
to the gastrointestinal tract. The mucosa consists of a transitional epithelium overlying a basement membrane, with
umbrella cells facing the lumen to form an expandable membrane surface. Nerve terminals are particularly concentrated
in the lamina propria and the basal layer of the urothelium. Afferent sensory neurons communicate locally within the
spinal cord (red) and provide ascending input to the brainstem (blue). PAG, periaqueductal gray; PMC, pontine micturi‐
tion center.

mains unclear.

Bladder stretch also triggers mechanical responses in the urothelium, leading to release of chem-

ical transmitters that can activate afferent nerves. For example, stretch promotes a 10- to 50-fold

increase in ATP release from the urothelium89,158, with a response threshold of ~4 mmHg and a

response magnitude that correlates with the extent of stretch328. ATP applied in vitro activates blad-

der afferents through the ionotropic ATP receptors P2X2 and P2X360. It is difficult to quantify

ATP levels in vivo near afferent terminals, and pharmacological studies have produced conflicting

results about the role of purinergic receptors in physiological stretch sensation357,259. Knockout of

P2X2 and P2X3 in mice alters bladder function, increasing bladder capacity and decreasing voiding

frequency60 ATP-mediated control of bladder accommodation may involve purinergic receptor-
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dependent mobilization of vesicular trafficking in umbrella cells to change bladder surface area331.

Afferent nerve responses to bladder stretch persist in P2X2/P2X3 double knockouts60, suggesting

another redundant or dominant mechanosensory pathway; the administered volume that triggers

a threshold nerve response is increased60, but this effect may be explained by altered bladder ac-

commodation. Notably, ATP release is further enhanced following injury and inflammation, and

perhaps purinergic signaling sensitizes stretch responses during these conditions to decrease accom-

modation and promote early voiding299,304. Adding complexity, ATP is just one of many factors

that influences bladder afferent activity, with roles for nitric oxide, acetylcholine, prostaglandins,

and peptide hormones also reported31,133,136.

Mechanoreceptors that sense force in the urothelium, like those in bladder sensory afferents, are

unknown. Several candidates have been proposed, including channels of the ENaC, transient recep-

tor potential (TRP), and Piezo families100,204,358. The TRPV4 ion channel is a candidate to con-

tribute to stretch-evoked responses in the urothelium, where it is abundantly expressed100. TRPV4

agonism promotes calcium increases in bladder urothelium and ATP release, and TRPV4 knockout

mice display incontinence-like behavior with reduced (but not eliminated) calciummobilization

and ATP release in bladder urothelium after stretch100,87,207. TRPV4 can be gated by osmolar-

ity changes, heat, chemical agonists, and other stimuli215, but its precise biochemical function in

urothelial cells requires elucidation. More generally, additional studies are essential to understand

the primary force-sensing apparatus in the bladder that ultimately results in afferent nerve activity.

Understanding mechanisms of bladder stretch sensation may offer new ways to treat bladder dys-

function.
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4.5 Concluding Remarks

Many internal organs change volume dynamically while they temporarily fill with food (stomach),

urine (bladder), blood (heart), and air (lungs). Dedicated sensory neurons monitor the volumetric

state of internal organs, as reflected by tissue stretch or pressure, to help control basic physiological

functions such as breathing, heart rate regulation, digestion, micturition, and feeding behavior.

Much remains to be discovered about how different mechanosensory neurons sense forces as-

sociated with internal organ stretch (see Outstanding Questions). Extrinsic afferents in stomach

and bladder display intimate but poorly understood contacts with local cells: enteric neurons and

urothelial cells, respectively. It remains unclear also which cell types first sense force in the bladder

and stomach to initiate afferent signals to the brain, and what sensory receptors they utilize. Airway

sensory neurons that mediate the HB reflex are first-order mechanoreceptors and utilize PIEZO2,

but additional studies are needed to understand the architecture of force-sensing terminals in the

airways. Extrinsic sensory neurons are also sensitive to various hormones, including CCK (stom-

ach), GLP1 (stomach), and ATP (bladder, stomach, airways) and hormones may sensitize sensory

responses, modulate presynaptic neurotransmitter release, or evoke other cellular responses. Addi-

tional work is required to understand hormone-activated signaling pathways in sensory neurons and

the consequences on physiology and behavior. Furthermore, while this review article focused on

some of the best-studied systems and pathways, less is known about other mechanosensors, such as

DRG neurons in the stomach and RARs in the airways, as well as stretch-sensing mechanisms in

other organs such as the heart and intestine.

Evidence appears to indicate a high degree of sensory neuron specialization across organ systems,

with sensory neurons in each organ displaying many unique features (Table 4.1). Low-threshold

gastric and airway distension activates vagal afferents, while bladder stretch activates DRG afferents.

Airway stretch sensors, and likely gastric stretch sensors, are intrinsic first-order mechanosensors,
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while it is not clear whether bladder afferents function as primary or secondary neurons during

normal bladder filling. IGLE terminals near enteric neurons sense forces throughout the alimentary

canal, including in the esophagus, stomach, duodenum, and colon. Force in the bladder is sensed

in the urothelium by epithelial cells and/or by free sensory endings, while force in the airways may

involve endings in smooth muscle22. Together, these findings indicate that bladder, stomach, and

airway stretch sensors can display at least some variations related to neuron morphology, response

properties, receptor utilization, and neuromodulation.

Some common features of sensory perception across different organs are also apparent. For ex-

ample, changing stimulus intensity can alter perception, with high-magnitude distension of both

stomach and bladder evoking discomfort and pain. It is unclear how such volume increases are

functionally coded by afferent network activity. Perhaps high organ volumes shift perceptions by

recruiting high-threshold mechanoreceptors with different central connectivity. Alternatively, ac-

tivity across the sensory neuron repertoire may be integrated to measure the extent of volume filling.

Different strategies for intensity coding are used by other sensory systems. In the olfactory system,

increasing odor concentration can recruit separate low-affinity olfactory receptors that may change

odor perception184. In the gustatory system, however, sensors for bitter and sweet (but not salt) are

more homogenous, with variable signal intensity likely encoded within a single labeled line rather

than by discrete low- and high-threshold sensing pathways352.

Why have unique sensory mechanisms evolved in each organ for stretch sensation? A compara-

tive analysis of primary force-sensing receptors may provide insights into how evolution indepen-

dently solved related problems in mechanosensation. PIEZO2 is a mechanically gated ion channel

essential for airway stretch sensation220, and we await a similar characterization of stretch-sensing

receptors and pathways in the bladder, stomach, and other internal organs such as the esophagus, in-

testine, heart, and vasculature. The availability of powerful genetic approaches for cell type-selective

gene manipulation should enable definitive loss-of-function studies for receptor identification. Un-
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derstanding basic principles of stretch sensation across organs should enable new ways to treat dys-

functions of the autonomic nervous system.

4.6 Outstanding Questions

• What receptors and pathways underlie sensation of stretch in the bladder, stomach, and
other organs?

• What is the location and architecture of primary force-sensing terminals in the airways and
bladder?

• What is the importance of interactions between afferent neurons and resident enteric neu-
rons (stomach) and urothelial cells (bladder)?

• How are mechanosensory neurons modulated by hormones and other extracellular signals
(such as GLP1, CCK, and ATP)?

• How do DRG and enteric neurons contribute to internal organ sensation?

• How do ascending sensory networks distinguish low-intensity and high- intensity stretches,
known to evoke different perceptions?

• How do neural circuits route stomach stretch inputs to higher-order brain centers that con-
trol feeding and/or nausea?

• What features of stretch sensation are common across sensory organs, and what features are
specialized?

• Are sensory mechanisms conserved across evolution in species with different internal organ
anatomy and function?
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Table 4.1

Airways Stomach Bladder

Physiological responses
to stretch

Apnea (HB reflex),
cardiovascular tone

Satiety (medium), diges-
tion, pain (high)

Accommodation (low),
micturition (medium),
pain (high)

Afferent nerve type Vagal (HB reflex) Vagal (satiety), spinal
(unknown function),
enteric (digestion)

Spinal

Primary sensory cell Extrinsic neuron Proposed: extrinsic
neuron; role of enteric
neurons unknown

Proposed: urothelial cells
and/or extrinsic neuron

Anatomy of sensory
terminal

Proposed: terminals
near smooth muscle

IGLE Terminals in urothelium

Sensory neuron
modulators

Proposed: respiratory
gases

Gut hormones (e.g.,
CCK)

Inflammatory cues (e.g.,
ATP)

Central targets NTS NTS Dorsal spinal cord, PAG,
PMC

Primary stretch-
activated sensory
receptor for afferent
nerve signaling

PIEZO2 ? ?

74



Chapter 5
Roles for Piezo2 and Piezo2 neurons in stom-

ach stretch sensation

The molecular identity of the vagal stomach-stretch sensor has been a subject of investigation

over many years. To date, however, loss of function experiments, both genetic and pharmacological,

have failed to link specific candidate mechanosensors to sensory deficits. We sought to test the role

of the mechanosensory ion channel Piezo2 in stomach stretch sensation.

Preliminary data suggested that Piezo2-expressing neurons are sensors of stomach stretch. In vivo

calcium imaging experiments, performed by Dr. Erika Williams, using Piezo2-ires-Cre; Rosa26-lsl-

tdTomato/Rosa26-Gcamp3 mice, demonstrated that nodose neurons which respond to stomach or

lung inflation fall within the Piezo2 lineage339. Furthermore, genetic deletion of Piezo2 in the no-

dose ganglia abolished vagal lung stretch sensation, resulting in altered respiration and loss of the

Hering-Breuer inspiratory reflex220. We hypothesized that stomach stretch-sensing neurons, like

lung stretch-sensing neurons, rely on PIEZO2 for their sensory function. We therefore sought to

characterize the anatomy of Piezo2-marked neurons and the requirement of PIEZO2 for transduc-
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tion of stomach distension.

5.1 Populations of vagal and enteric neurons express Piezo2 during devel-

opment but not in the adult state

As a preliminary step to evaluate the necessity of vagal PIEZO2 for stomach stretch sensation, we

first checked the expression of Piezo2 in the stomach and vagal ganglia. A published survey of Piezo2

expression in multiple murine tissues found high levels of Piezo2 mRNA in bladder, lung, and dor-

sal root ganglia, but much lower expression in stomach and intestinal tissue65. A similarly low level

of Piezo2 transcript was found in skin samples, where it nonetheless plays an important role in cu-

taneous sensation343. In the gut, several recent reports have described a role for Piezo2 expression

in specialized epithelial cells6,332. However, gastric volume sensation is known to arise from the

muscular, rather than mucosal, layers of the stomach, effectively excluding these cells from a direct

contribution to stomach stretch sensation.

Piezo2-ires-Cremice were crossed with a Cre-dependant reporter line, Rosa26-lsl-L10-Gfp, which

brightly labels neuronal cell bodies but not fibers. In the offspring, we observed GFP labeling in

enteric neurons distributed across the surface of the stomach (Figure 5.1). The labeled cells were

notably sparser and more evenly distributed than enteric neurons overall (Figure B.6 in Appendix

B), suggesting that Piezo2 expression is restricted to a dedicated subset of enteric neurons.

Because Piezo2-ires-Cremice displayed recombination in a large number of stomach cells, seem-

ingly in contrast to our expectations, we considered the possibility that the Piezo2 lineage mark

encompassed a much broader set of cells than those actively expressing Piezo2. To test this, we used

RNA in situ hybridization to probe for Piezo2 mRNA in Piezo2-ires-Cre; Rosa26-lsl-L10-Gfp vagal

ganglia. To our surprise, we found a significant discordance between expression of Piezo2 and the

Cre-dependent reporter (Figure 5.1). Almost three times as many cells were labeled by ISH, but not
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Figure 5.1: Piezo2‐ires‐Cre lineage in the stomach and nodose. (a) Stomach tissue from a Piezo2‐ires‐Cre; lsl‐L10‐GFP
mouse showing cell bodies of enteric neurons labeled. Both native (red) and immunofluorescent (cyan) GFP signal
highlight cell bodies. (b) Comparison of L10‐GFP fluorescence and Piezo2 transcription by in situ hybridization (data
courtesy of Dr. Rachael Brust). All scale bars represent 100 µm.

the reporter, as were labeled by both. Though much smaller, the proportion of GFP+ cells in which

Piezo2 RNA could not be detected ranged from about 8 to 18%. Our previous experiments esti-

mated that the Cre-dependent tdTomato reporter (Ai14) shows expression in roughly three times as

many cells as the L10-GFP reporter340, implying that a substantial number of the tdTomato+ cells

observed in previous in vivo ganglion imaging experiments may not have actively expressed Piezo2.

Indeed, those experiments found that roughly one-third of all imaged neurons expressed tdTomato,

a far greater proportion of the ganglion than ISHmeasurement of Piezo2 corroborates.

To further probe this, we injected a retrogradely transported dye into the gastric muscle and then

used in situ hybridization to probe for Piezo2 in stomach-innervating vagal neurons. Almost no

labeled neurons showed evidence of active Piezo2 transcription (Figure 5.2). Interestingly, our

single-cell transcriptional profiling data showed that Piezo2 expression was detectable in stomach-

innervating neurons, but at a lower level than in other vagal populations (Figure 6.1). As an addi-

tional test, an adeno-associated virus encoding a Cre-dependent fluorescent reporter (AAV-flex-

tdTomato) was introduced into the vagal ganglia of Piezo2-ires-Cremice. Expression of the reporter

is dependent on adult expression of Cre recombinase from the Piezo2 locus, allowing us to separate

active expression from lineage effects. Using this approach, we previously showed thatGlp1r expres-

sion marks a population of vagal neurons that formmechanosensory IGLE terminals and IMAs,
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Figure 5.2: Gastric innervation by neurons actively expressing Piezo2. (a) Conjugated CTB was injected into the stomach
muscle before Piezo2 in situ hybridization in the vagal ganglia, showing minimal overlap of the two labels. (b) Antero‐
grade tracing using AAV‐delivered fluorescent reporters. Above, IGLE labeling by a Cre‐dependent reporter (magenta),
with a Cre‐independent reporter (green) to confirm efficient labeling; quantification at right. Below, a distinct ending
marked by the Cre‐dependent reporter. All scale bars represent 100 µm.

and respond to stomach stretch in vivo340. In contrast, only occasional labeling of IGLEs was ob-

served in Piezo2-ires-Cremice afterAAV infection (compare to Figure B.9). Only a single animal

showed extensive labeling of IGLE endings, though this mouse was not discernibly different from

other tested animals in age, sex, genetic background, or experimental conditions. In addition, some

endings were observed that appear morphologically different from IGLEs (Figure 5.2). These end-

ings tended to elaborate short, gnarled, branching fibers, and appeared more akin to the “antenna-

like” endings described in the bladder357.

These data suggest that Piezo2 is not constitutively expressed in stomach-innervating neurons, de-

spite marking them from some point in development. This observation made it necessary to knock

out Piezo2 from an early stage in order to evaluate its role in vagal sensory neuron function.
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5.2 Piezo2 is not required for stomach stretch sensation

In order to test whether vagal Piezo2 is necessary for stomach stretch sensation, we used a genetic

strategy to abolish its function from an early stage. We bred Piezo2fl/fl; Phox2b-Cremice, in which

Piezo2 is knocked out in the Phox2b-expressing cellular lineage (referred to here as Piezo2cKO mice).

Phox2b expression is detectable by E9.524,231 and persists through adulthood, and Piezo2cKO ani-

mals lose expression of Piezo2 in nodose, but not jugular, neurons220.

Vagal nerve activity was measured in Piezo2cKO and Cre-negative littermate control mice upon

challenge with increasing stomach distensions, ranging frommeal-sized to supraphysiological in-

flation. Whole-nerve traces from Piezo2cKO animals failed to show normal cyclical activity during

breathing, as reported previously220, but demonstrated intact responses to stomach stretch (Fig-

ure 5.3). Similarly, Piezo2cKO animals showed no apparent deficit in vagal sensory responses to

esophageal or duodenal stretch.

5.3 Neither Piezo2 nor Piezo2 neurons are required for normal feeding be-

havior

Despite the fact that Piezo2 is not absolutely required for acute stretch sensation in the stomach,

esophagus, or small intestine, we reasoned that Piezo2cKO mice may have subtle deficits that mani-

fest in macro-scale measures of ingestive behavior. The magnitude of sensory deficits in these mice

might be too small to resolve by whole-nerve recording while still being very meaningful for behav-

ior, for instance, or the applied stimuli might be so unphysiological that they mask differences that

are meaningful during normal food consumption. In order to evaluate these possibilities, we mea-

sured voluntary feeding and total intestinal transit time in Piezo2cKO and control mice.

We hypothesized that Piezo2cKO mice would fail to receive a short-term satiety signal and, conse-

quently, overeat. For this reason, we tested mice after a period of fasting and sham re-feeding: mice
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Figure 5.3: Vagal whole‐nerve responses to stomach stretch. Example traces (left) show similar responses to equivalent
stimuli. Quantification (right) from two Piezo2cKO and three littermate control animals (each stimulus delivered twice).
Points are jittered slightly along the abscissa to enhance visibility.

were fasted for 24 hours, then allowed to feed ad libitum or given a meal-sized oral gavage of gum

arabic solution to induce stomach stretch without imparting nutrition. The mice were housed in

cages with free access to liquid diet, and the time spent drinking liquid diet over the subsequent

30 minutes was recorded. Each Piezo2cKO was compared to its own littermate control. All mice

demonstrated a satiety response to the gum arabic gavage, spending roughly an order of magni-

tude less time drinking liquid diet after gavage than in control experiments when no gavage was

pre-administered (Figure 5.4). The remaining appetite for liquid diet was not clearly associated with

genotype: the difference in liquid diet consumption between Piezo2cKO and their littermate control

animals was not significantly different from zero (p < 0.151, one-sided Student’s t-test), with some

controls eating more, others less, and still others the same as their counterparts. We concluded that

vagal PIEZO2 does not play a major role in short-term suppression of feeding after stomach stretch.

Many factors influence food intake and satiety, and we sought a less stringent, complementary
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Figure 5.4: (a) The difference in feeding time between Piezo2cKO and littermate control animals shows no pattern, either
when fasted or after neutral gavage. (b) Piezo2‐ires‐Cre; lsl‐Dtr (n=5) and control (n=3) mice consume similar amounts
of solid food after vagal DT injection, here shown as cumulative intake. (c) Piezo2cKO animals show faster total intestinal
transit.

test of food intake after the loss of Piezo2 neuron activity. To do this, we ablated vagal Piezo2 neu-

rons by expressing the Diphtheria toxin receptor conditionally (Piezo2-ires-Cre; lsl-Dtr) and inject-

ing Diphtheria toxin directly into the vagal ganglia of adult mice. After recovery, we monitored solid

food consumption by ablated and control mice over 4.5 hours (Figure 5.4). Mice lacking Piezo2

neurons ate barely more food than their littermate controls, suggesting that those neurons which

express DTR play little role in short-term feeding behavior. This might indicate that satiety per se

is not the right metric for assessing Piezo2 loss of function, and so we sought other measures of gas-

trointestinal activity.

We next asked whether Piezo2 plays a role in the the rate of intestinal transit. We administered a

non-nutritive bolus into the stomach and timed its progress through the intestine until defecation.

Among both male and female mice, Piezo2cKO animals displayed notably faster transit times (Figure

5.4). Given the lack of evidence to suggest a role for Piezo2 in vagal sensory function, we wondered

whether enteric neurons could be affected in Piezo2cKO animals. Although Phox2b is expressed in

enteric neurons, the Phox2b-Cremouse line has been reported to induce recombination only in
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vagal ganglion stomach

Figure 5.5: Phox2b‐Cre is expressed in a subset of stomach cells. Phox2b‐Cre; Phox2b‐Flpo; Rosa26‐FrePe vagal gan‐
glia show overlapping recombinase expression (GFP, green) in the nodose ganglion. In the stomach, Flp expression is
widespread in enteric neurons (red) but a small number of cells also express Cre. All scale bars represent 100 µm.

the the hindbrain and nodose ganglion, and not enteric neurons or peripheral ganglia. To test this

sensitively, Phox2b-Cre; Phox2b-Flpo; Rosa26-FrePe triple-transgenic mice were generated. In these

animals, cells that express Flpo are labeled bymCherry expression and cells that express both recom-

binases are labeled by eGFP. To our surprise, we found that a small number of enteric neurons do,

in fact, express Phox2b-Cre (Figure 5.5). It remains unknown whether these cells co-express Piezo2,

but these results may undermine our ability to ascribe functional alterations in Piezo2cKO animals to

vagal Piezo2 alone.

5.4 Summary

Multiple lines of evidence disfavor a sensory role for PIEZO2 in the extrinsic innervation of the gas-

trointestinal tract. First, we have shown that genetic deletion of Piezo2 from nodose neurons does

not abolish vagal nerve activity in response to stretch in the stomach, esophagus, or proximal small

intestine. In the absence of PIEZO2, stomach-innervating vagal neurons retain similar sensitivities

to modest, meal-sized distension and increasing responses across a wide range of input intensities.

This result provides important corroboration of an earlier observation in our laboratory, namely,

that virally-mediated deletion of Piezo2 in adult animals had no effect on stomach stretch sensation
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in these cells. While suggestive, that experiment was unable to exclude the possibility that residual

PIEZO2 remained functional in the weeks after disruption of the Piezo2 locus, masking any loss of

function. Here, we have abolished Piezo2 transcription from early in development and observed no

deficit.

Second, we have failed to find a strong alteration in feeding behavior in Piezo2cKO animals. The

sensation of stomach stretch is known to be important for the acute termination of a meal, and we

found that modest stomach stretch was sufficient to largely terminate feeding in Piezo2cKO and con-

trol animals alike. Moreover, in the absence of any exogenous stimulation, the amount of liquid diet

ingested by these animals showed no correlation with genotype. It is possible that a more subtle al-

teration of feeding dynamics on a very short timescale, such as fragmentation of meals into multiple

short bouts, is masked by homeostatic mechanisms that tend to equalize total consumption across

animals over time. Such an analysis is possible with our approach, owing to the high sampling rate

of our lickometer system, but was not performed for these experiments.

Third, stomach-innervating neurons do not actively express detectable levels Piezo2. In situ hy-

bridization in vagal ganglia instead revealed strong ongoing expression in jugular neurons, a finding

that largely agrees with our observations using single-cell RNAseq. This agrees with our general

failure to label stomach afferents when delivering a Cre-dependent viral reporter to Piezo2-ires-Cre

vagal ganglia, although the extensive labeling seen in one mouse suggests that transcriptional reg-

ulation at the Piezo2 locus may be dynamic and complicated, which might explain the modest ex-

pression of Piezo2 seen in a subset of gastric afferents identified byAAVretro-Gfp labeling (Figure

6.1). The simplest explanation is that Piezo2 is expressed widely in the vagal ganglia during develop-

ment, but persists in only a restricted subset of neurons. This is consistent with our previous finding

thatGlp1r expression defines a vagal neuron subset responsive to gastrointestinal stretch340, despite

the fact that no co-expression ofGlp1r and Piezo2 was observed. It remains unknown what role

PIEZO2might play in developing vagal neurons.
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Despite these negative findings, the loss of PIEZO2 does impact gastrointestinal motility, at least

at a gross level. It remains tempting to speculate that Piezo2 plays some role in enteric neurons. A

subset of enteric neurons express both Phox2b and Piezo2, and Phox2b-Cre-driven knock-out of

Piezo2 does result in altered intestinal transit time. Moreover, ongoing AAV-mediated tracing exper-

iments in our laboratory using Piezo2-ires-Cremice suggest that many enteric neurons continue to

express Piezo2 throughout life. This finding is not incompatible with published qRT-PCR results

that found low, but non-zero, expression of both Piezo1 and Piezo2 in the stomach, small intestine,

and colon65. More recently, immunohistochemical labeling of PIEZO1 and PIEZO2 has been re-

ported in the myenteric plexi of multiple gastrointestinal sites and in cultured enteric neurons190,

but no functional data have been reported.

In light of these findings, a rigorous understanding of the nature of IGLE connections is essen-

tial. If enteric neurons transduce stomach stretch via PIEZO2 and signal to vagal Piezo2 neurons,

genetic deletion of Piezo2 in the nodose would not abolish sensation. One natural question is

whether vagal Piezo2 neurons form specific connections with enteric Piezo2 neurons. This ques-

tion could be answered through anatomical data using existing viral and genetic tools, or function-

ally by recording recording nodose ganglion activity while exogenously stimulating enteric Piezo2

neurons. Whether any such connection is important for stomach stretch sensation, however, is a

different question. Previous work has demonstrated that vagal neurons transduce mechanical forces

on fast timescales, and in the absence of extracellular calcium, results that have been interpreted

to mean that the critical mechanosensor resides on vagal afferents. According to our results, that

mechanosensor is not PIEZO2.
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5.5 Methods

5.5.1 Animals

All mouse lines were commercially available from The Jackson Laboratory. Piezo2cKO mice were

generated by first crossing Piezo2fl/fl mice (Jackson Laboratory 027720) with Phox2b-Cre trans-

genic mice (Jackson Laboratory 016223), and then back-crossing the F1 generation with Piezo2fl/fl

animals. Phox2b-Cre; Phox2b-Flpo; Rosa26-FrePe intersectional reporter animals were generated

from Phox2b-Cre, Phox2b-Flpo (Jackson Laboratory 022407), and Rosa26-FrePemice (Jackson

Laboratory 029486). Piezo2-ires-Cre; Rosa26-lsl-L10-EGFP mice were generated by crossing Piezo2-

GFP-ires-Cremice (Jackson Laboratory 027719) with Rosa26-lsl-L10-GFP reporter mice (Jackson

Laboratory 024750).

5.5.2 Whole-nerve recording

Nerve recording experiments were performed according to standard procedures in our labora-

tory220. Animals were anesthetized with isoflurane and hair was removed from the stomach area

and the ventral neck. A lateral incision was made above the stomach and stimulus delivery apparatus

was put in place. For stomach stretch experiments, a rat cardiac balloon (size 3, Harvard Apparatus

product 73-3478) was placed over the tip of a feeding needle, filled with water, and secured with

thread and glue. The balloon was inserted into the stomach through an incision in the antrum and

connected to a 1 mL syringe by water-filled tubing for manual inflation. For intestine stretch exper-

iments, tubing was inserted into the proximal duodenum for delivery of saline, and a distal loop

of intestine was ligated with silk thread. For esophageal stimulation, an incision was made in the

stomach and a segment of PE50 tubing was threaded into the esophagus from below for delivery

of saline. A liquid-based pressure transducer was introduced into the upper esophagus and secured

with a silk thread ligature. After preparation, the abdominal skin was secured over the incision site
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using tissue adhesive in order to prevent desiccation.

A ventral midline incision was made in the neck and the left vagus nerve was exposed. The nerve

was cut below the ganglion and desheathed using fine forceps before being placed on a pair of

platinum-iridium electrodes connected to an amplifier and data acquisition system (Biopac MP150).

The nerve was submerged in halocarbon oil and a reference electrode was placed in the sternomas-

toid muscle. Animals were maintained under 1% isoflurane anesthesia during recording. At the

completion of the experiment, approximately 2 mg of serotonin was administered intraperitoneally

to assess the quality of the recording preparation.

5.5.3 Gastrointestinal transit time

Transit time was measured by gavage of dye solution. Mice were housed individually in dispos-

able plastic cages and in a quiet area in the lab with access to standard chow. Carmine red (6%

weight/volume) was dissolved in a 0.5% methylcellulose solution and administered to mice as a 200

µL bolus gavage. The time until the appearance of red fecal pellets was recorded.

5.5.4 Feeding measurements

For Piezo2cKO experiments, feeding was tested using lickometer cages, which were built according

to a design inspired by a published circuit289. Mice were single-housed on a reverse light-dark cycle

prior to three days of training. On training days, mice were introduced to lickometer cages with

liquid diet (TestDiet LD101) at the start of the active period. The mice were then fasted for 24 hours

and their feeding was measured as total time spend licking. The mice were allowed to recover for

four days, and then fasted for 24 hours again. Before the start of the second recording period, mice

were given a 200 µL gavage of 10% gum arabic solution. Feeding was recorded for 30 minutes. Each

knock-out mouse was compared to its corresponding littermate control.
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For Piezo2 neuron ablation experiments, animals were individually housed in a reverse light-dark

cycle room for one week prior to testing. During this period, mice were exposed to a food bowl with

solid chow (LabDiet 5058) in preparation for testing. Mice were then fasted for 24 hours prior to

the start of measurement. On the test day, mice were given access to water and solid chow in food

bowls at the start of the dark period. The food bowls were weighed every 30 minutes, and mice were

monitored by video from above; all animals ate shorty after the start of the trial.

5.5.5 ISH and immunofluorescence.

In situ hybridization experiments were performed using published probes and procedures220. For

experiments using retrogradely-labeled tissue, a total of 10 µL of Alexa Fluor 647-conjugated Cholera

Toxin B subunit (Thermo Fisher Scientific, C34778) was injected into the muscular layer of the ven-

tral surface of the stomach, spread across 8-10 sites. The left vagal ganglion was collected one week

later for in situ hybridization analysis.

Immunofluorescence was performed as described in our published survey of stomach-innervating

nodose neurons340 (see Appendix B).

87



Chapter 6
Investigation of TMC3 as a candidate gastroin-

testinal mechanosensor

Our observation that vagal sensory neurons do not rely on Piezo2 for detec-

tion of stomach stretchmotivated a consideration of other candidate molecular transducers

of gastrointestinal distension. Several “unbiased” approaches have been employed successfully in

recent years to identify the critical receptors underlying sensory processes, including in vitro loss-of-

function screening and expression profiling of cells that respond to stimuli of interest. Such large-

scale approaches have many virtues, but encounter obstacles for the present task. First, the suitabil-

ity of an in vitro attempt to recapitulate stomach stretch sensation remains unproven. Indeed, while

many nodose neurons demonstrate mechanosensitivity in acute cultures281, including presumed

baroreceptor neurons that innervate the aortic arch66, it is unclear whether the underlying mecha-

nism bears any resemblance to the state of affairs in vivo,where sensory detection occurs in partic-

ular cytological structures embedded in particular matrix and tissue contexts. Such concerns moti-

vated previous work in our laboratory to develop an optical in vivo single-cell recording approach,
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which provides powerful descriptive evidence but is ill suited to large-scale loss-of-function screen-

ing. Second, tagging neurons based on their responses to chosen stimuli has, thus far, remained an

elusive goal in our efforts. Moreover, the tremendous diversity of sensory functions in which vagal

sensory neurons engage means that only a minority of cells respond to a given stimulus; using a flu-

orescent calcium indicator, we estimate that just under 17% of imaging-accessible nodose neurons

respond to the gastric distension of a normal meal340.

We sought to leverage the information provided by previous in vivo imaging experiments to in-

form our search for candidate genes. These prior data could be used to describe, to some extent,

signature features of the stomach stretch-responsive neuron population, and to help identify this

population in our single-cell gene expression dataset. We could then compare the transcriptome of

this population to other vagal neurons to generate a list of candidates.

In pilot experiments, an initial single-cell transcriptome dataset was generated from dissociated

ganglia of 10 male mice, and after stringent filtering we obtained data from 1,700 cells. With a me-

dian of 4,387 genes detected per cell, the information about any single cell was relatively “shallow,”

but pooling information from cell clusters offered a powerful tool. We were able to identify over 20

distinct neuronal cell clusters and searched for marker genes for each cluster. Subsequent single-cell

sequencing data, presented in Chapter 2, offered an order of magnitude increase in cell numbers

and, additionally, offered anatomical information identifying stomach muscle-targeting neurons.

These data were obtained after the completion of the experiments in this chapter, but support the

general premise of this investigation.

Several caveats limited our ability to directly compare the results of this transcriptional survey

to previous data obtained using mouse reporter lines and RNA in situ hybridization. First, the low

read density of single-cell sequencing technology means that expressed genes may not be faithfully

detected. Second, this problem is compounded by the presence of transcripts that do not conform

to the mouse reference transcriptome. Because our cDNA libraries were all generated using polyA
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tail-dependent chemistries, alternative polyadenylation or 3’ UTR composition can prevent reads

from being mapped accurately and result in their exclusion from final datasets. This problemmay

be quite pervasive203, but is difficult to check systematically; colleagues in other laboratories have de-

scribed a number of manual solutions to get around this problem. Of particular relevance to our ef-

forts, the 3’ UTR ofGlp1r, a key marker of stomach stretch-sensitive neurons, was found to be mis-

annotated in the mouse reference transcriptome and was excluded from our dataset340. As a result,

we used expression of cholecystokinin receptors as a proxy, based on our previous in situ hybridiza-

tion data. Third, the comparative sensitivity of in situ hybridization, Cre/loxP-based reporters, and

RNA sequencing are unclear and inconsistent across genes. As a result, markers detected broadly

by one methodology may appear in a more restricted subset of cells by a different assay. The conse-

quences of this discrepancy will differ depending on the ultimate aim of downstream experiments.

We identified Tmc3 as an appealing candidate gene based on several criteria. First, it is expressed

exclusively in nodose, and not jugular, neurons, which is consistent with the lineage of stomach-

innervating sensory neurons. Second, cells that express Tmc3 also express Cckbr, Npy2r, and modest

levels of Cckar. Labeling stomach vagal afferents usingAAVretro-GFP showed appreciable over-

lap between populations that express Tmc3 and target gastric muscle (Figure 6.1) A distinct subset

of neurons co-expresses both Tmc3 and Piezo2. Third, a recent publication at the time identified

Drosophila tmc as a mechanosensor in the gastrointestinal tract with an essential role in food texture

discrimination362. Sequence comparison using PSI-BLAST indicates that Tmc3 is the most simi-

lar orthologue ofDrosophila tmc, and phylogenetic estimation of the TMC family tree also found

thatDrosophila tmc is more closely related to mammalian Tmc3 than to any other mammalian fam-

ily member153. Detailed and careful work has described roles for TMC1 and TMC2 in auditory

mechanotransduction, but no functional role for TMC3 has been identified29,228,229. Finally, ex-

pression of Tmc3 appears highly specific to nodose ganglion neurons when compared to trigeminal

or thoracic dorsal root ganglia56. This final feature suggested that a mouse line expressing Cre re-
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Stomach Gfp Tmc3 Piezo2

Figure 6.1: AAVretro‐GFP injected into stomach muscle identifies vagal cell populations with gastric terminals. A fraction
of these neurons express Tmc3 and Piezo2. Note that these neurons fall at the low end of the range of Piezo2 expres‐
sion.

combinase from the Tmc3 locus would be a specific tool for in vivo studies.

Experimental efforts pursued three parallel tracks. Using a knock-out mouse line, we assayed

vagal nerve responses to stretch throughout the gastrointestinal tract. This mouse line was also used

to investigate physiological and behavioral alterations related to gastrointestinal function. Separately,

I attempted to generate a Tmc3-ires-Cre knock-in mouse line and to test the hypothesis that Tmc3

marks a distinct population of stomach-innervating neurons.

6.1 A truncated isoform of Tmc3 is expressed in vagal ganglia of wild-type,

but not Tmc3 KO, mice

After identifying Tmc3 mRNA in our transcriptional survey of vagal sensory neurons, we first

sought to confirm its expression using RNA in situ hybridization. Transcriptome data from the EN-

CODE project shows weak expression of Tmc3 in all assayed tissues, with a maximum of 1.4 RPKM

observed in the mouse bladder. No digestive organ yielded RPKM values greater than 0.2. Using a

probe directed against the 5’ end of the gene, we observed strong labeling of neuronal cell bodies in

a significant subset of the ganglion (Figure 6.2). In addition, RNA in situ hybridization performed

in E14.5 mouse embryos as part of the Eurexpress transcriptome atlas project indicates that Tmc3 is

expressed in the vagal ganglia, but not elsewhere in the body, at this prenatal stage of development72.

91



These data suggested that sensory deficits in the gastrointestinal tract might be attributable to loss of

Tmc3 in vagal sensory neurons.

Several isoforms of Tmc3 have been reported or predicted. The consensus full-length mRNA

sequence consists of 23 exons, spread over a locus spanning roughly 40 kilobases on chromosome

7. The full transcript encodes a 1130 amino acid protein, while other reference isoforms consist of 3,

19, or 22 exons only. These forms differ in their inclusion of distal segments: exon 21 can be skipped,

or the final four exons can be omitted entirely. The final exon encodes a long cytoplasmic tail that

particularly distinguishes Tmc3 from Tmc1 and Tmc2 and strongly resemblesDrosophila tmc.

Despite this known diversity, tissue-specific expression of the various Tmc3 isoforms is incom-

pletely characterized, and additional isoforms may exist. For example, poly(A)-sequencing per-

formed at Merck Research Laboratories identified a brain-specific polyadenylation site at the ter-

minus of exon 16, though no such truncated mRNA is accessioned in GenBank71. Unsurprisingly,

however, no public repositories provide detailed information about Tmc3 expression in the nodose

ganglion. A clear understanding of the Tmc3 transcript present in nodose neurons is essential to

generate and evaluate mouse genetic tools. Therefore, we sought to characterize the Tmc3 isoform

expressed in vagal sensory neurons.

We were unable to amplify the full-length Tmc3 sequence from vagal ganglion cDNA. Because

the full-length transcript is predicted to be 4.3 kilobases long, detection of the full transcript might

be difficult for technical reasons, such as inefficient reverse transcription in the preparation of

cDNA. Instead, we designed pairs of primers to check for the inclusion of each distal exon on the

same mRNAmolecule as exon 12, which was chosen as an anchoring point based on published

primer sets beginning in this portion of the gene72,153, or the junction of exons 18 and 19. These

experiments revealed that exons 12-23, but not exon 21, are present in nodose ganglion cDNA.

While exons 12-23 of Tmc3 are present, and collinear, in nodose neurons, the mRNA transcript

from this distal half of the Tmc3 gene may not be particularly prevalent. Indeed, our initial single-
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Figure 6.2: Top: Reads from the vagal single‐cell RNAseq atlas align mostly to early exons of Tmc3. Middle: RT‐PCR
using vagal cDNA shows the specific absence of exon 21; approximate primer locations are shown on the map below.
In situ hybridization, using probes indicated in purple, attests to robust transcription of early, but not distal, segments of
Tmc3.

cell RNAseq experiment showed few reads aligned to the end of Tmc3 compared to exons 7-9, and

a region between the second and third exons that is annotated as an intron. This is particularly puz-

zling in light of the strong 3’ bias of the 10X Genomics sequencing protocol, which relies on the

mRNA poly(A) tail for initial capture of transcripts. Thus, while we can be confident that a long

form of Tmc3 is expressed in the nodose, a distinct shorter transcript may be expressed from the

same locus. In support of this idea, we detected strong RNA in situ hybridization signal when using

a probe spanning exons 1-8, but little or no signal when using probes against exons 18-22, 18-23, or

19-23 (Figure 6.2).

The ambiguous architecture of the Tmc3 locus suggested that generation of an ires-Cre knock-in
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mouse line might carry grave caveats. Efforts to introduce an ires-Cre cassette downstream of the

Tmc3 terminus in exon 23 were unsuccessful. Instead, we sought to evaluate mouse genetic tools

for loss of function studies. No live repository of Tmc3 KOmice could be found. We turned to

the Knockout Mouse Project (KOMP), which had generated a “knock-out first” allele, in which

a genomic region including the first transmembrane domain of the protein was flanked with loxP

sites (Figure 6.3). This allele also includes an FRT-flanked lacZ cassette with a strong splice-acceptor

upstream of the targeted region, which allows for conditional labeling of Tmc3 -expressing cells in

addition to helping ensure disruption of normal Tmc3 transcription.

Sperm aliquots were obtained from the KOMP repository at the University of California, Davis,

and used for in vitro fertilization at Boston Children’s Hospital. A founder animal was chosen and

crossed with a line that expresses Cre recombinase ubiquitously to delete the targeted region in the

germline. The recombinase was crossed out of the line, which was then bred to homozygosity for

testing. Homozygous knockout animals were healthy and fertile, and showed no bodyweight differ-

ence at adulthood. Separately, descendants of the founder were kept in order to evaluate expression

from the Tmc3 locus using the lacZ reporter.

X-gal staining of transgenic and control animals revealed strong and specific labeling of cells in

the nodose ganglion, consistent with our previous expression data (Figure 6.3). Note that because

the lacZ reporter is inserted very early in the Tmc3 locus, this approach sheds no light on our ear-

lier questions regarding isoform preferences in nodose neurons. Because β-galactosidase does not

diffuse along the axons of nodose neurons, we were unable to obtain information about the anatom-

ical targeting of these sensory fibers. We next stained whole visceral organs, including heart and

aortic arch, lungs, trachea, esophagus, stomach, and proximal small intestine to look for evidence of

Tmc3 expression. No tissues from transgenic mice were stained any more than the background level

observed in control tissues. These results are consistent with the low level of Tmc3 mRNA reported

in these tissues.
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We next sought to confirm the validity of the Tmc3 KOmouse line as a loss-of-function tool. We

performed RNA in situ hybridization on paired samples of control and knockout nodose ganglia.

The riboprobe, which strongly labels wild-type tissue (Figure 6.3), spans a region that includes the

knockout targeted exon and extends further in both directions. While neurons in control tissue

were robustly labeled using this probe, Tmc3 KO ganglia on the same slides showed no labeling.

In addition, a commercial antibody for TMC3 (Invitrogen OSR00226W) was used for Western

blotting lysates of ganglia from wild-type and Tmc3 KO animals, as well as control liver tissue. All

samples were lysed in RIPA buffer and frozen in reducing Laemmli buffer. The Tmc3 KO sample

showed specific loss of two bands approximately 30 kD (dominant) and 23 kD in size; this size is

significantly smaller than the predicted weight of full-length TMC3. These two pieces of evidence

gave us confidence that any phenotype observed in the Tmc3 KO line could be ascribed to loss of

TMC3.

95



6.2 Tmc3 is not required for vagal detection of gastrointestinal stretch

The necessity of Tmc3 for vagal sensation of gastrointestinal stretch was evaluated by whole-nerve

recording. Nerve responses to inflation of the stomach, esophagus, and proximal small intestine

were compared between Tmc3 KO animals and heterozygous littermate controls, as well as wild-type

animals.

Clear nerve responses were detected in Tmc3 KO animals in response to stimulation at each site.

In the stomach, responses were detected to stimuli as small as 200 µL (the smallest volume tested),

with increasing activity in proportion to the magnitude of the delivered stimulus (Figure 6.4). In a

subset of animals, intraperitoneal serotonin was delivered at the end of the experiment as a reference

standard to make quantitative comparisons between animals. Because this comparison factor was

not available for all animals, responses were also scaled to the amplitude of the breathing signal. In

both cases, Tmc3 KO animals showed somewhat weaker responses to stomach stretch. However,

responses were still robust, reproducible, and increased in proportion to the applied stimulus; given

the variability that is typical of these experiments, these results were interpreted as evidence that

stomach stretch responses remained largely intact.

Nerve responses to distension of the small intestine were also clear and increased in proportion

to the applied stimulus (Figure 6.4). Stretching the esophagus elicited robust nerve activity in Tmc3

KO animals. The lack of a gross mechanosensory deficit at any gastrointestinal site led us to con-

clude that Tmc3 is not required for signaling of gastrointestinal stretch in vagal sensory neurons.

6.3 Tmc3 is not required for normal feeding behavior

Although vagal nerve responses to acute gastrointestinal stretch remained largely intact in Tmc3 KO

mice, we reasoned that TMC3 loss might result in a more subtle deficit. In order to test this, we em-

ployed a variety of physiological and behavioral tests designed to assay animals over longer periods of
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Figure 6.4: Left: Whole‐nerve recording responses to increasing stomach stretch, normalized relative to responses to
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Right: example traces in response to esophageal and intestinal distension in Tmc3 KO mice.

time. The motivating assumption of these tests was that sensory and physiological alterations, even

subtle ones, would alter behavior, and that these alterations would be discernible over time.

We first asked whether the total gastrointestinal transit time of a bolus is altered in Tmc3 KO

mice. Total transit time, from stomach to rectum, can be affected at many stages, and we sought

evidence that the aggregate of these stages differed in the absence of TMC3. Instead, we found no

evidence to suggest that TMC3 is an important determinant of total gastrointestinal transit time

(Figure 6.5).

We next turned to a battery of tests under the broad title of Comprehensive Laboratory Animal

Monitoring System (CLAMS). A balanced cohort of 24 mice, consisting of both male and female,

Tmc3 KO and littermate heterozygous control animals, was monitored for 3.5 days. During this

time, food intake and energy expenditure were monitored along with measures of locomotion, oxy-

gen consumption, and carbon dioxide production. The starting bodyweight of each animal was

recorded, and body composition was measured at the end of the monitoring period. There was no

difference in baseline characteristics between genotypes.

Food intake did not differ between genotypes, either on an hourly basis or when measured cumu-

latively over the whole experiment (Figure 6.5). Measures of activity and energy expenditure showed
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Figure 6.5: (a) Total intestinal transit time did not differ between wild type and Tmc3 KO mice. Gray point indicates one
mouse whose transit time exceeded the duration of the experiment. (b) Cumulative food intake did not differ systemati‐
cally between Tmc3 KO and control mice.

extremely subtle differences between Tmc3 KO and littermate control animals which were not con-

sistent across sexes. In male mice, energy expenditure was very slightly greater (difference less than

0.05 kcal/hour) in Tmc3 KO animals, with an accompanying increase in carbon dioxide production

and oxygen consumption; the respiratory exchange ratio was unchanged. In contrast, female Tmc3

KOmice expended slightly less energy (difference less than 0.05 kcal/hour) during the trial period

and, perhaps consequently, consumed slightly less oxygen. We concluded that no meaningful dis-

tinction could be drawn between Tmc3 KO and control animals.

6.4 Summary and Conclusions

TMC3 is not the long-sought molecular sensor of stomach stretch. Loss of Tmc3 in vivo does not

appreciably diminish sensitivity to stretch in the gastrointestinal tract, nor does it alter feeding-

related behaviors. Mechanosensory ion channels need not be highly expressed to be functionally

important13, but expression of Tmc3 is not low. Rather, it is clear that TMC3 does not play a criti-
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cal, dedicated role in this sensory process.

Despite this, Tmc3 remains an interesting gene for further investigation. The ongoing high level

of expression, which persists in adult animals, suggests a functional, rather than purely develop-

mental, role. Moreover, the gene’s strong resemblance to other functional ion channels involved

in mechanosensory processes is hard to ignore. It is possible that Tmc3 plays a redundant role,

which masks its contribution when knocked out alone, but it is equally possible that the right test

of its function has simply not been undertaken. The anatomical targets of TMC3 neurons are not

known, making any test of function a justifiable guess at best. Nevertheless, the fact that Tmc3 ex-

pression is so specifically restricted to nodose ganglion neurons might imply some importance in

uniquely vagal sensory roles. At the same time, the widespread expression of Tmc3 within the no-

dose, coupled with minimal expression in other tissues, make it an attractive tool for achieving spe-

cific genetic control of nodose neurons. Fully realizing this potential will require a more complete

understanding of transcription at the Tmc3 locus to resolve remaining questions; the experiments

discussed in this chapter demonstrated that a nearly-full-length isoform of Tmc3 is expressed in the

nodose ganglia, but this transcript may be a minor product when compared to a shorter, as yet un-

characterized, variant. More targeted techniques, such as 3’ RACE, are needed to clearly resolve this

question.

Ultimately, identification of the transducer, or transducers, of stomach stretch sensation may re-

quire a different strategy to select candidate genes for analysis. One approach has proceeded from

the assumption that mechanosensitive ion channels are probably few in number, and Nature’s

parsimony would tend to endow those few with many roles. Following this logic, we and others

have searched for deficits in animals deficient in ASICs, TRPV1, PIEZO2, TMC3, and other candi-

dates with a demonstrated history of mechanosensory potential. This approach fails to take account

of potentially valuable information: only a subset of vagal sensory neurons detect stretch in the

gastrointestinal tract, and these neurons are transcriptionally and anatomically distinct from their
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neighbors. Whether the molecular apparatus used for stretch detection is also particular to this sub-

set of neurons remains an open question, but any viable candidate must in fact be expressed in these

cells. The anatomical labeling strategy presented in Chapter 2 offers one approach by which further

such candidates might be obtained. In the experiments reported here, the potential of this dataset

has not been fully realized: Tmc3 and Piezo2 were ascertained on the basis of diverse evidence, and

approximate correlation with stomach-targeting vagal neurons supported their continued inves-

tigation. However, a rigorous search for transcripts highly correlated withGfp expression in our

retrograde-labeled dataset might be a fruitful first step.

Several pieces of evidence have been used to argue that stomach stretch sensation occurs au-

tonomously within vagal sensory neurons. Short response latency, persistence of responses in the ab-

sence of extracellular calcium and in the presence of extracellular cadmium ions, and measurable—

though somewhat reduced—stretch responses in aganglionic tissue have all led to the conclusion

that the molecular mechanosensor must be located in vagal sensory neurons360,292. However, none

of the data definitively exclude the possibility that stretch sensation arises from a collaboration be-

tween vagal and enteric neurons, perhaps in a manner loosely analogous to the interaction between

dorsal root ganglion neurons andMerkel cells 182. Indeed, responses to von Frey filament probing

are lost in the absence of enteric neurons, though attenuated stretch responses persist292; whether

these are both meaningful approximations of natural physiology is unclear. Further efforts to disen-

tangle the role of the vagal sensory neuron from its context may license the use of high-throughput

in vitro screening approaches to identify new candidate genes and shed new light on this vexing ques-

tion.
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6.5 Methods

6.5.1 Animals

Sperm was obtained from KOMP (stock number EPD0573_1_E03) for the Tmc3tm2a(KOMP)Wtsi

allele. This allele uses KOMP’s knock-out first design to target the third exon of Tmc3. A splice ac-

ceptor and lacZ, followed by a SV40 polyadenylation site, sit upstream of the targeted exon, along

with a promoter-driven neomycin resistance cassette that carries its own SV40 polyadenylation se-

quence. These two upstream sequences are flanked by FRT sites, and the targeted exon is flanked by

two loxP sites.

In vitro fertilization was performed at the Boston Children’s Hospital Mouse GeneManipula-

tion Core by Dr. Mantu Bhaumik. Two founder mice were imported into our facility. One was

crossed with a Cre-deleter mouse (E2a-Cre, Jackson Laboratory stock 003724) to knock out Tmc3

ubiquitously, and the second was crossed with wild-type animals to generate mice for X-gal staining.

Mice were also crossed with a Flp-deleter line (ACTB:FLPe, Jackson Laboratory stock 005703) to

generate a conditional Tmc3 line, but these animals were not used. After breeding to remove the

E2a-Cre allele, mice were maintained through homozygote-by-heterozygote crosses.

6.5.2 RT-PCR for mapping of Tmc3 isoforms

The inclusion of distal exons in nodose Tmc3 transcripts was checked by RT-PCR. RNAwas ex-

tracted from whole nodose ganglia, and first-strand cDNA synthesis was performed using a commer-

cial kit (SuperScript III, Thermo Fisher Scientific) using an oligo(dT) primer. This cDNAwas used

as template for the PCR reactions using the following primers:
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Forward Reverse
12F (Published153) TCTGGACAAAGTGAACAGCATG 16R GTGGGGTACATTGCAGGTCA

17R CCACAGTTCAGAGACGGCTT
19R TCTGCATCCTGAGTTGCTGG
21R TTCACTCGACTCTGCTTCAGT
22R GGACCTTGTGATTGCCTCCA
23R AGGGAGCTAGCAGGGATTGA

18/19F TGTGCTGCTTCTGTTCATGCT 23R AGGGAGCTAGCAGGGATTGA
22R GGACCTTGTGATTGCCTCCA

21F AGCCAAAGACTCTCCAAGCTC 23R AGGGAGCTAGCAGGGATTGA

Table 6.1

6.5.3 In situ hybridization

In situ hybridization was performed according to previously published procedures on sections of

fresh-frozen vagal ganglia51. Riboprobes were synthesized using the following primer pairs:

Forward Reverse
1F GTTTCTGAAGGAGGAGAGCAGG 9R TCTTGCTCTTCCAGTATGGCCTC

18/19F TGTGCTGCTTCTGTTCATGCT 23R AGGGAGCTAGCAGGGATTGA
17F CCGTCTCTGAACTGTGGTCC 23R AGGGAGCTAGCAGGGATTGA

Table 6.2

6.5.4 Whole-nerve recording

Nerve recording experiments were performed according to standard procedures in our labora-

tory220. Briefly, animals were anesthetized with isoflurane and hair was removed from the stom-

ach area and the ventral neck. A lateral incision was made above the stomach and stimulus delivery

apparatus was put in place. For stomach stretch experiments, a rat cardiac balloon (size 3, Harvard

Apparatus product 73-3478) was placed over the tip of a feeding needle, filled with water, and se-
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cured with thread and glue. The balloon was inserted into the stomach through an incision in the

antrum and connected to a 1 mL syringe by water-filled tubing for manual inflation. For intestine

stretch experiments, tubing was inserted into the proximal duodenum for delivery of saline, and

a distal loop of intestine was ligated with silk thread. For esophageal stimulation, an incision was

made in the stomach and a segment of PE50 tubing was threaded into the esophagus from below

for delivery of saline. In other experiments, a piece of PE50 tubing was slowly retracted through the

esophagus to mimic the sequential distension of swallowing. After preparation, the abdominal skin

was secured over the incision site using tissue adhesive in order to prevent desiccation.

A ventral midline incision was made in the neck and the left vagus nerve was exposed. The nerve

was cut below the ganglion and desheathed using fine forceps before being placed on a pair of

platinum-iridium electrodes connected to an amplifier and data acquisition system (Biopac MP150).

The nerve was submerged in halocarbon oil and a reference electrode was placed in the sternomas-

toid muscle. Animals were maintained under 1% isoflurane anesthesia during recording. At the

completion of the experiment, approximately 2 mg of serotonin was administered intraperitoneally

to assess the quality of the recording preparation.

6.5.5 CLAMS analysis

A cohort of 24 mice was bred for CLAMS analysis, balanced between male and female. Half of the

male mice were Tmc3 KO animals and half were heterozygous littermate controls; the female co-

hort included seven Tmc3 KO animals and five controls. Animals were transferred to Brigham and

Women’s Hospital Metabolic Core for CLAMS phenotyping, including acclimation and a record-

ing period of approximately 3.5 days (four dark periods and three light periods). Mice were 100-122

days old at the beginning of data collection. Due to equipment malfunctioning, several animals

were excluded from food intake measurements: two male and two female Tmc3 KO animals were

censored, along with one female control animal; five additional animals yielded incomplete data due
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to food measurement malfunction at the end of the experiment, which affected only cumulative

measures of food consumption. Data were analyzed at the BWHMetabolic Core.
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Appendix A
Vagal sensory neuron subtypes that differen-

tially control breathing

Rui B. Chang#, David E. Strochlic#, Erika K. Williams, Benjamin D. Umans, and Stephen D.

Liberles*

#Co-first author *Corresponding Author: e-mail: Stephen_Liberles@hms.harvard.edu,

A.1 Abstract

Breathing is essential for survival, and under precise neural control. The vagus nerve is a major con-

duit between lung and brain required for normal respiration. Here, we identify two populations of

mouse vagus nerve afferents (P2ry1, Npy2r), each a few hundred neurons, that exert powerful and

opposing effects on breathing. Genetically guided anatomical mapping revealed that these neurons

densely innervate the lung and send long-range projections to different brainstem targets. Npy2r

neurons are largely slow-conducting C fibers, while P2ry1 neurons are largely fast-conducting A

fibers that contact pulmonary endocrine cells (neuroepithelial bodies). Optogenetic stimulation of

P2ry1 neurons acutely silences respiration, trapping animals in exhalation, while stimulating Npy2r
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neurons causes rapid, shallow breathing. Activating P2ry1 neurons did not impact heart rate or

gastric pressure, other autonomic functions under vagal control. Thus, the vagus nerve contains in-

termingled sensory neurons constituting genetically definable labeled lines with different anatomical

connections and physiological roles.

A.2 Introduction

Breathing is tightly regulated by the nervous system to ensure appropriate tissue oxygenation. Sev-

eral classes of central and peripheral sensory neurons acutely regulate the respiratory cycle in re-

sponse to changes in blood pH and gas composition as well as external environment45,110,104. Among

these, sensory neurons of the vagus nerve are the major source of nerve fibers that innervate the lung

and airways, and are important for normal breathing. The vagus nerve contains sensory neurons

that provide critical information needed to control respiration rate, regulate airway tone and defense,

and in some species, evoke cough43,45,61,314,337. However, the diversity of lung-innervating sensory

neurons remains poorly characterized at a molecular level, with specific neuron types that promote

or restrict respiration genetically undefined.

The vagus nerve is the 10th cranial nerve, characterized by a wandering trajectory that provides

extensive innervation of the neck, chest, and abdomen26. The vagus nerve controls not only respi-

ration, but also basic physiological functions of the cardiovascular, immune, and digestive systems.

Most vagal neurons (~80%) provide ascending sensory information94, receiving input from thoracic

tissues like heart and lung, and abdominal tissues like stomach and intestine. Electrophysiological

studies revealed both chemosensory and mechanosensory neurons of the vagus nerve26,227, and

within the airways, vagal sensory neurons detect irritants, cues associated with inflammation and

illness, and mechanical stretch of the lung during cycles of inhalation and exhalation45,227,337(. The

cell bodies of sensory fibers reside in pairs of ganglia at the base of the skull, including the adjacent

106



nodose and jugular ganglia (the nodose/jugular complex). Afferent vagal axons enter the brain bi-

laterally through the jugular foramina and primarily target the nucleus of the solitary tract (NTS),

a brainstem nucleus that transmits sensory information to deeper brain structures and descending

motor nuclei26,166.

We reasoned that the vagus nerve likely contains a diversity of molecularly distinct neuron types

with different anatomical projections and functions. Previous descriptive classifications of vagal

sensory neurons were based on neuron response properties like conduction velocity and adaptation

rate45, and did not enable genetic control for specific analysis. Furthermore, classical procedures

to manipulate vagus nerve function- surgical vagotomy and implantation of electrical stimulators-

impact many neuron types in both the motor and sensory arms107,270. These procedures implicate

the vagus nerve in many physiological systems and offer therapeutic options for several otherwise

intractable diseases107,270. However, because they lack cell specificity, they are blunt tools for ana-

lytical studies and cause unwanted side effects in the clinic. Gaining genetic access to the diversity

of vagal sensory neurons might help disentangle the neural control of autonomic physiology. Here,

we used a molecular and genetic approach to reveal the identity of two populations of breathing-

control neurons in the vagus nerve.

A.3 Results

A.3.1 Identifying cell surface receptors of the sensory vagus nerve

Molecularly distinct neuron subtypes have been classified within several sensory systems3,23,74,211,352.

To identify markers for subtypes of vagal afferents, we used a genome-based strategy that previ-

ously enabled identification of families of olfactory receptors (Liberles and Buck, 2006; Liberles

et al., 2009). Expression levels of ~400 GPCRs were quantified in nodose/jugular complex cDNA

by qPCR. Candidate genes were cloned for cRNA riboprobe synthesis, and examined for expres-
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sion in neuronal subsets by in situ hybridization. These experiments revealed three GPCRs- P2ry1,

Npy2r, and Gpr65- to be expressed in subsets of vagus nerve afferents (Figure A.1A). Each no-

dose/jugular complex contains ~2,300 neurons95; Gpr65 is expressed in 10.2% of vagal sensory

neurons (126/1237, ~230 neurons per ganglia complex), P2ry1 is expressed in 11.6% of vagal sensory

neurons (190/1631, ~280 neurons per ganglia complex), and Npy2r is expressed in 29.2% of vagal

sensory neurons (445/1524, ~670 neurons per ganglia complex). Vagal Npy2r was proposed, and

debated, to function in nutrient-evoked satiety148, while roles for vagal P2ry1 and Gpr65 were not

previously reported.

Two color in situ hybridization analysis in the nodose/jugular complex revealed that Npy2r,

P2ry1, and Gpr65 were predominantly expressed in different vagal sensory neurons (Figure A.1B).

Most Npy2r neurons did not express P2ry1 (99%, 433/438) or Gpr65 (100%, 419/419); most P2ry1

neurons did not express Gpr65 (94%, 267/285) or Npy2r (99%, 398/403); and most Gpr65 neu-

rons did not express P2ry1 (90%, 154/172) or Npy2r (100%, 186/186). Thus, three major classes

of vagal afferents are distinguishable by genetic markers, and together account for ~50-60% of no-

dose/jugular sensory neurons.

A.3.2 Genetic control of vagus nerve sensory neurons

Cre/LoxP technology enables powerful, genetically guided approaches for connectivity mapping

and remote control of neural activity (Rogan and Roth, 2011). We generated P2ry1-ires-Cre,Gpr65-

ires-Cre, andNpy2r-ires-Cre knock-in mice (Figure A.2), in which Cre recombinase is co-transcribed

with the receptor gene and independently translated from an internal ribosome entry site (IRES)

sequence (Kim et al., 1992). Each Cre knock-in line was crossed with reporter mice harboring a

Cre-dependent L10-GFP allele (lox-L10-GFP; similar reporter alleles are herein referred to as lox-

reporter) 165, and in offspring, subsets of vagal sensory neurons displayed bright, native GFP fluores-

cence (Figure A.1C). Cre recombinase drives reporter expression to appropriate neurons of the no-
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Figure A.1: (A) RNA in situ hybridization experiments in the nodose/jugular complex revealed that P2ry1, Npy2r, and
Gpr65 are expressed in subsets of vagal sensory neurons. (B) Two color in situ hybridization experiments for indicated
genes revealed largely non‐overlapping neuron populations. The numbers of cells expressing one receptor (red or green)
or both receptors (yellow) were counted. (C) Cre lines indicated were crossed with lox‐L10‐GFP mice, and in offspring,
fixed cryosections of the nodose/jugular complex were imaged by fluorescence microscopy. Native GFP fluorescence
(green) and a fluorescent Nissl stain (grey) were visualized. scale bars: 100 µm. See also Figures A.2 and A.3.

dose/jugular complex, as determined by two color in situ hybridization analysis (Figure A.2). 94% of

P2ry1 neurons express reporter in P2ry1-ires-Cre; lox-Channelrhodopsin2-eYFP mice, 94% of Npy2r

neurons express reporter inNpy2r-ires-Cre; lox-Channelrhodopsin2-eYFP mice, and 88% of Gpr65

neurons express reporter inGpr65-ires-Cre; lox-tdTomatomice. In contrast, 3.0% of Npy2r neurons

and 2.4% of Gpr65 neurons express reporter in P2ry1-ires-Cre; lox-Channelrhodopsin2-eYFP mice.

As is commonly observed using Cre/LoxP techniques, we detected some reporter positive, receptor

negative neurons (19-27%), which could be due to imperfect detection of receptor expression by
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in situ hybridization techniques or transient expression of Cre recombinase during development

(Schmidt-Supprian and Rajewsky, 2007).

In addition, we obtained Vglut2-ires-Cre and Chat-ires-Cremice (Rossi et al., 2011; Vong et al.,

2011), which provided important tools for global control of sensory neurons and motor neurons

respectively. Calcium imaging experiments in acute neuron cultures from the nodose/jugular com-

plex of Vglut2-ires-Cre; lox-tdTomatomice revealed that 100% (168/168) of KCl-responsive sensory

neurons expressed tdTomato. Furthermore, in Vglut2-ires-Cre; lox-L10-GFP mice, GFP was ex-

pressed in 99.4% (632/636) of sensory neurons but only rare motor neurons (6/845 dorsal motor

nucleus of the vagus or DMV neurons and 28/320 nucleus ambiguus neurons) (Figure A.3). We

also obtained Chat-ires-Cremice that drive reporter expression in most motor neurons (376/442

DMV neurons, 84/123 nucleus ambiguus neurons), but not in sensory neurons (0/599). In triple

transgenic Vglut2-ires-Cre; lox-tdTomato; Chat-GFP mice, motor and sensory fibers are differentially

visualized, and partially segregated within the vagus nerve trunk (Figure A.3). Together, this toolbox

of Cre lines enables differential genetic access to the vagus nerve motor and sensory arms, as well as

three molecularly distinct sensory neuron subpopulations.

A.3.3 Visualizing lung-to-brain sensory neurons of the vagus nerve

We asked whether any of these genetically defined vagal afferents innervated the lung and thus might

control breathing. The peripheral projections of Cre-expressing sensory neurons were traced using

fluorescent reporters introduced by adeno-associated virus (AAV) infection of the nodose/jugular

complex (Figure A.4A). Since each ires-Cre line drives reporter expression in locations other than

the nodose/jugular complex, AAV infections ensured that fluorescent afferents were specifically de-

rived from the sensory vagus nerve. Infection efficiency was assessed by injection of Vglut2-ires-Cre;

lox-L10-GFP mice with an AAV containing a Cre-dependent tdTomato allele (AAV-flex-tdTomato).

Four ~45% of GFP-containing neuronal cell bodies (Figure A.5), and was sufficiently bright to de-
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Figure A.2: (A) Design strategy for ires‐Cre knockin alleles. ires‐Cre alleles were inserted after the endogenous stop
codon, along with a polyA (pA) tail, and a gene encoding neomycin (neo) resistance. The neo cassette was flanked by
flippase recognition target (FRT) sites which enabled excision by crossing to mice that express germline Flp recombinase.
Primers, probes, and restriction (R) sites indicated were used for subsequent genotype determination. (B) Southern
blot analysis of genomic DNA from wild‐type (WT) or knockin ES cells (TG). (C) PCR analysis of genomic DNA from
mice indicated using primers that recognize the wild‐type (WT) or knockin (TG) alleles. (D and E) Two color RNA in situ
hybridization experiments in the nodose/jugular complex with animal genotypes and RNA riboprobes indicated. The
numbers of cells expressing each gene alone (green, red) or together (yellow) were counted. Scale bars, 100 µm.

tect by whole mount analysis of the nodose/jugular complex and nerve trunk. Cre-expressing cells

were similarly infected in P2ry1-ires-Cre,Npy2r-ires-Cre, andGpr65-ires-Cremice (Figure A.5). Red

fluorescence was not observed in uninfected Cre mice or in wild type mice infected withAAV-flex-

tdTomato (Figure A.5).
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Figure A.3: (A) Native fluorescence in whole mount analysis of nodose/jugular complex (top) or in brainstem cryosec‐
tions containing the DMV and nucleus ambiguus (NA) of mice indicated. Motor cell bodies were labeled by intraperi‐
toneal injection of Fluoro‐Gold (red). Scale bars, 100 µm. (B) Numbers of sensory and motor cell bodies labeled by
Vglut2‐ires‐Cre; lox‐L10‐GFP and Chat‐ires‐Cre; lox‐L10‐GFP drivers. Neuron counts are expressed as a percentage of
Nissl stained sensory neurons or Fluoro‐Gold labeled motor neurons. (C) Fluorescence microscopy images of the no‐
dose/jugular complex (top left), a transverse section of the cervical vagus nerve trunk (top right), and a region of the
brainstem from Vglut2‐ires‐Cre; lox‐tdTomato; Chat‐eGFP mice. Scale bars, 100 µm.

Infection of Vglut2-ires-Cremice withAAV-flex-tdTomato yielded bright red fibers through-

out the lungs and airways that could be readily visualized by whole mount analysis of a flattened

lung lobe (Figure A.4B). A dual infection strategy was used to quantify airway innervation by va-

gal afferent populations labeled in different Cre lines (Figures A.4C and D). The nodose/jugular

complex was simultaneously infected withAAV-flex-tdTomato and a second AAV encoding a Cre-

independent GFP allele for normalization (AAV-eGFP). Dual immunohistochemistry for GFP

and tdTomato was performed on lung cryosections obtained four weeks after infection. The areas

of tdTomato- and GFP-derived fluorescence were measured in a 17.5 mm2 lung region containing

several principal airways, and the ratio of tdTomato/GFP (T/G) labeling calculated. Dual virus in-
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Figure A.4: (A) Cartoon depiction of the neural tracing strategy, which involved infection of a Cre‐dependent AAV (AAV‐
flex‐tdTomato) and/or a Cre‐independent AAV (AAV‐eGFP) in the nodose/jugular complex of ires‐Cre knock‐in mice. (B)
Whole‐mount analysis of native tdTomato fluorescence in a flattened lung lobe from a Vglut2‐ires‐Cre mouse infected
with AAV‐flex‐tdTomato. scale bar: 1 mm. (C) Whole‐mount analysis (maximum projection of stacked confocal images)
of native tdTomato (tdT) and GFP fluorescence in the nodose/jugular complex of a Vglut2‐ires‐Cre mouse infected with
AAV‐flex‐tdTomato and AAV‐eGFP. scale bar: 100 µm. (D) Different ires‐Cre lines were infected with AAV‐flex‐tdTomato
and AAV‐eGFP and fibers were visualized in fixed lung cryosections by immunohistochemistry for tdTomato (red) and
GFP (green). scale bars: 1 mm. (E) Quantitative analysis of lung innervation area in 17.5 mm2 lung regions expressed as
an area ratio of tomato/GFP (T/G)‐derived immunofluorescence (see text for additional detail on T/G calculation). (F)
High resolution image of a representative vagal afferent beneath the epithelial layer, E, of a major airway (L: airway lu‐
men). scale bar: 20 µm. (G) Representative P2ry1 candelabra terminal (native tdTomato fluorescence) at a neuroepithe‐
lial body (CGRP immunostaining, green). scale bar: 20 µm. (H) The number of NEBs innervated by each neuron type
after visualization with AAV‐flex‐tdTomato and normalization with AAV‐eGFP (n = 3‐5, mean± sem, **p<.01, ***p<.001).
See also Figure A.5.

fection experiments in Vglut2-ires-Cremice yielded GFP- and tdTomato- containing fibers that were

highly co-localized throughout the lung, and a benchmark T/G fluorescence ratio of 0.79. Related

experiments using other Cre lines (Figure A.4E) revealed that Npy2r and P2ry1 neurons provided
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dense innervation of the lung (0.42 T/G and 0.18 T/G respectively, or 54% and 23% of T/G ob-

served in Vglut2-ires-Cremice), while Gpr65 neurons did not (0.02 T/G, 3%). Npy2r and P2ry1

neurons account for the majority of lung-innervating vagal fibers, but not all. Furthermore, Npy2r

and P2ry1 neurons do not exclusively innervate the airways, as labeled fibers were also detected in

the heart and stomach. It is possible that each neuron type performs a similar sensory function in

multiple tissues (such as detecting organ stretch or inflammation), and/or that additional markers

are needed to subdivide these neuron classes further.
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Figure A.5: (A) Infection efficiency was determined by infecting AAV‐flex‐tdTomato (tdT) in the nodose/jugular complex
of Vglut2‐ires‐Cre; lox‐L10‐GFP. (Cryosection, native fluorescence; scale bars, 100 µm). (B) Cre‐dependent AAVs similarly
infect vagal sensory neurons in P2ry1‐ires‐Cre, Npy2r‐ires‐Cre, and Gpr65‐ires‐Cre mice, but not wild‐type mice. (Whole
mount, native fluorescence; scale bars, 100 µm). (C) A representative Npy2r fiber near lung alveoli (left); counts of
alveolar P2ry1 and Npy2r fibers (right), normalized to fibers visualized with AAV‐eGFP. Scale bar, 20 µm, (n = 5, mean±
sem).
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Within the lung, sensory fibers visualized in P2ry1-ires-Cre andNpy2r-ires-Cremice displayed

different arborization patterns and terminal morphologies. In both lines, the majority of fibers

coursed along the major airways beneath and parallel to the smooth muscle layer (Figure A.4F).

P2ry1 neurons but not Npy2r neurons formed stereotyped candelabra endings at neuroepithelial

bodies, clusters of pulmonary secretory cells embedded within the epithelium and revealed by calci-

tonin gene-related peptide (CGRP) immunoreactivity (Figure A.4G) (Brouns et al., 2009). P2ry1

neurons account for most or all vagal innervation of neuroepithelial bodies, based on the frequency

of tdTomato-positive fibers in Vglut2-ires-Cre and P2ry1-ires-Cremice (Figure A.4H). Vagal affer-

ents visualized inNpy2r-ires-Cremice did not innervate neuroepithelial bodies, but were instead

enriched near alveoli in the lung respiratory zone (Figure A.5).

A.3.4 Physiological and molecular characterization of vagal P2ry1 andNpy2r

neurons

Vagal afferents in the lung are a heterogeneous group of fast-conducting myelinated A fibers and

slow-conducting unmyelinated C fibers (Carr and Undem, 2003). We used a channelrhodopsin-

assisted approach to measure the specific conduction velocities of vagal P2ry1 and Npy2r neurons.

We independently crossed wild type, Vglut2-ires-Cre, P2ry1-ires-Cre, andNpy2r-ires-Cremice with re-

porter mice containing a Cre-dependent channelrhodopsin-2 (ChR2) allele (lox-Channelrhodopsin2-

eYFP, offspring of each cross are subsequently referred to as driver-ChR2 or, in controls, lox-ChR2

mice). Optogenetic activation of vagal fibers was achieved in anesthetized animals by focal illumina-

tion of the vagus nerve trunk (Figure A.6A). Whole nerve recordings revealed robust light-induced

action potentials that were not similarly observed in control animals lacking Cre recombinase (Fig-

ure A.6B).

Brief optogenetic stimulation (0.8 milliseconds) of all sensory neurons in Vglut2-ChR2 mice

generated a compound action potential resulting from summation of slow-conducting and fast-
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Figure A.6: (A) Cartoon depiction of optogenetic strategy. The vagus nerve is surgically exposed in anesthetized mice
and illuminated to activate ChR2‐expressing sensory neurons. (B) Whole nerve electrophysiological recordings in Vglut2‐
ChR2 mice revealed light‐induced action potentials. (C) Compound action potentials following brief optogenetic stimu‐
lation (arrow) in Vglut2‐ChR2, P2ry1‐ChR2, and Npy2r‐ChR2 mice. A and C fibers were classified based on conduction
velocity (Figure A.7) x = 5 milliseconds, y = 110 µV (Vglut2), 62 µV (P2ry1), 160 µV (Npy2r), dashed inset: x = 1.45 mil‐
liseconds (D) The ratio of A to C fibers was calculated by integrating corresponding peak area in the compound action
potential; dashed line: A/C ration of 1 (n = 5‐8, mean± sem, *p<.05). (E) Calcium imaging of single neuron responses
to capsaicin (2 µM) and KCl (50 mM) in acute ganglia cultures from P2ry1‐ires‐Cre; lox‐L10‐GFP and Npy2r‐ires‐Cre; lox‐
L10‐GFP mice. (Left panels: color scale = 340/380 nm Fura‐2 excitation ratio; right panels: neurons expressing GFP
(green, native fluorescence) and responding to capsaicin (red) are superimposed and counted. scale bar: 100 µm. (F)
Representative traces for single neurons imaged in (E). See also Figure A.7.

conducting neurons (Figure A.6C). Propagation speed was calculated by varying the distance be-

tween the optic fiber and recording electrodes (Figure A.7), and two major peaks were resolved with

conduction velocities characteristic of A fibers (10.2± 4.0 m/s) and C fibers (0.71± 0.04 m/s). Sim-

ilar experiments in P2ry1-ChR2 andNpy2r-ChR2 mice revealed that most P2ry1 neurons were A
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revealing peak velocities characteristic of A and C fibers. (C and D) Two color RNA in situ hybridization experiments in
the nodose/jugular complex with knockin mice (C) or wild‐type mice (D) and RNA riboprobes depicted. The numbers of
cells expressing each gene alone (green, red) or together (yellow) were counted. Scale bars, (C) 20 µm; (D) 100 µm.

fibers and most Npy2r neurons were C fibers (Figure A.6D).

Sensory afferents in the lung are also heterogeneous with respect to capsaicin sensitivity, with

most C fibers being capsaicin-responsive. Acute cultures of nodose/jugular ganglia were prepared

from P2ry1-ires-Cre; lox-L10-GFP andNpy2r-ires-Cre; lox-L10-GFP mice, and responses of single,
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genetically defined neurons were measured by calcium imaging with Fura-2. Capsaicin activated

60.7% (1087/1791) of all vagal sensory neurons, 0% (0/35) of P2ry1 neurons, and 81.3% (447/550)

of Npy2r neurons (Figures A.6E and F). Furthermore, two color in situ hybridization analysis re-

vealed that most Npy2r (62%, 193/310) neurons expressed the capsaicin receptor Trpv1, while most

P2ry1 neurons (95%, 213/224) did not (Figure A.7). For comparison, the mechanoreceptor Piezo2

(Coste et al., 2010) was instead co-expressed in many P2ry1 neurons (44%, 170/388), rare Npy2r

neurons (4.7%, 14/297) and not in Gpr65 neurons (0%, 0/94) (Figure A.7). Taken together, P2ry1

neurons are mostly fast-conducting, capsaicin-insensitive A fibers, while Npy2r neurons are mostly

slow-conducting, capsaicin-responsive C fibers.

A.3.5 Optogenetic control of the respiratory cycle

We reasoned that lung-innervating sensory neurons labeled in P2ry1-ires-Cre andNpy2r-ires-Cre

mice might control breathing. Classical techniques to study vagus nerve functions- surgical vago-

tomy and bulk electrical stimulation- are unable to distinguish the specific contributions of different

co-fasciculating fibers. Here, we used optogenetic approaches in freely breathing, anesthetized lox-

ChR2, Vglut2-ChR2, Chat-ChR2, P2ry1-ChR2,Gpr65-ChR2, andNpy2r-ChR2 mice to query the

roles of particular vagal neuron populations in respiratory physiology.

Optogenetic activation of all vagal sensory neurons in Vglut2-ChR2 mice revealed powerful light-

induced changes in respiration (Figure A.8). In each animal tested, illumination caused an abrupt

pause in breathing that persisted for an average of 6.2 seconds, followed by a secondary phase char-

acterized by shallow breathing until the light was turned off. Over the entire trial, light-induced

activation of vagal sensory neurons caused a 54% decrease in respiration rate, a 52% decrease in tidal

volume, and a 79% decrease in minute volume. In contrast, similar changes in respiration were not

observed in Chat-ChR2 or lox-ChR2 mice (Figures A.8 and A.10). These findings are consistent

with a pronounced role for vagal sensory neurons in breathing regulation via reflex circuitry involv-
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ing descending spinal motor neurons.
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Figure A.8: (A) Respiratory effects following focal vagus nerve illumination (yellow shading) in lox‐ChR2, Vglut2‐ChR2,
P2ry1‐ChR2, Npy2r‐ChR2, and Gpr65‐ChR2 mice. Respiratory rhythms (representative traces) were measured using a
pressure transducer via trachea cannula. Changes in respiration rate and minute volume were calculated over time, with
each data point reflecting a 5 second bin. (B) Light‐induced changes in respiration rate, tidal volume, and minute volume
were calculated over the 10 second trial (n = 4‐8 as indicated, mean± sem, ***p<.001). See also Figure A.10 and A.9.

Next, we asked if vagal subpopulations labeled in P2ry1-ires-Cre,Gpr65-ires-Cre, andNpy2r-ires-

Cremice elicited similar effects (Figure A.8). Activation of P2ry1 neurons, which represent 11.6%

of the vagal sensory neuron repertoire, caused an immediate and striking inhibition of respiration

that was of statistically similar acute duration (7.9 seconds) to that observed in Vglut2-ChR2 mice.

However, the secondary phase involved full breaths that were rarer than those observed during acti-
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vation of all vagal afferents in Vglut2-ChR2 mice (Figure A.9). Over the ten second trial, activating

P2ry1 neurons caused a 72% decrease in respiration rate, no significant effect on tidal volume (5.5%

increase), and a 67% decrease in minute volume. The different respiratory effects observed following

light stimulation in P2ry1-ChR2 and Vglut2-ChR2 mice suggested contributions from other vagal

sensory neurons in breathing control.
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Figure A.9: Light‐induced changes in respiration rate were measured in Vglut2‐ChR2, P2ry1‐ChR2, Npy2r‐ChR2, Gpr65‐
ChR2, and control (lox‐ChR2) mice. Effects across the first five seconds (left, First Phase) and the second five seconds
(right, Second Phase) were compared in each line. (mean± sem, ***p < 0.001).

Activating Npy2r neurons evoked a different respiratory response characterized by rapid and

shallow breathing. InNpy2r-ChR2 mice, we observed a light-induced 68% increase in respiration

rate, a 44% decrease in tidal volume, and a 3% decrease in minute volume. Light-induced respira-

tory effects in P2ry1-ires-Cre andNpy2r-ires-Cremice are seemingly due to stimulation of different

sensory neuron populations; contributions frommotor fibers are unlikely since bulk activation of

motor neurons in Chat-ires-Cremice had no effect on respiration rate, tidal volume, or minute vol-

ume (Figure A.10). Likewise, activating Gpr65 neurons had no significant effect on these breathing

parameters, and together with their sparse lung innervation, Gpr65 neurons likely mediate other
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vagus nerve functions. The different respiratory effects of Npy2r, P2ry1, and Gpr65 neurons, or

lack thereof, suggest that the vagus nerve contains functionally segregated labeled lines within the

context of the respiratory system.
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Figure A.10: (A) Illumination (yellow shading) of the vagus nerve in Chat‐ChR2 mice (motor fibers) or lox‐ChR2 (control)
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top right) or across the illumination period (middle). Illumination (yellow shading) of the vagus nerve in Chat‐ChR2 mice
but not control (lox‐ChR2) mice causes a powerful decrease in heart rate (bottom). (B) Illumination of the vagus nerve in
Npy2r‐ChR2 mice lowers heart rate and gastric pressure (mean± sem, ***p < 0.001).

P2ry1 neurons caused an acute pause in respiration that could be due to sustained inhalation

(breath holding) or exhalation. These potential mechanisms could be distinguished by measuring

121



light-induced changes in lung volume (Figure A.11); animals trapped in inhalation would have in-

creased lung volume while animals trapped in exhalation would have decreased lung volume. We

observed that light-induced activation of P2ry1 neurons decreased lung volume (68% decrease in

integrated lung volume over the 10 second trial), consistent with exhalation trapping, and decreased

time spent with lungs in a high volume state (77% decrease, with high volume state defined as lung

volume greater than mean lung volume during tidal breathing). Similar experiments in control ani-

mals lacking a Cre driver (lox-ChR2) failed to show a significant decrease in lung volume (0.6%) or

time in a high volume state (0.4%).
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Figure A.11: (A) Theoretical models of lung volume changes during light‐induced inhalation and exhalation trapping. (B)
Representative data showing changes in lung volume following optogenetic activation of vagal afferents in P2ry1‐ChR2
mice. (C) Percentage change in total lung volume evoked by light in P2ry1‐ChR2 mice (n = 5) and control mice (lox‐ChR2)
(n = 8). Total lung volume was calculated by integrating lung volume across ten second periods before and during light
stimulation. (D) The percentage of time P2ry1‐ChR2 mice and control mice were in a high volume state before, during,
and after light stimulation. High volume state was defined as greater than mean volume during tidal breathing. (mean±
sem, *p<.05, ***p<.001).

Next, we asked whether P2ry1 and Npy2r neurons control other autonomic functions of the

vagus nerve. We used optogenetic approaches to activate vagal sensory neurons in lox-ChR2, Vglut2-

ChR2, P2ry1-ChR2 andNpy2r-ChR2 mice, and measured heart rate by electrocardiogram (ECG)

recordings, and gastric pressure by a cannulated pressure sensor. Activating all sensory neurons in

Vglut2-ChR2 mice caused a profound drop in heart rate (-85%), and a decrease in gastric pressure (-
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11.3%) with both tonic and phasic components affected. Specifically activating P2ry1 neurons, how-

ever, had no significant effect on heart rate (-3.8%) or gastric pressure (-2.2%) (Figure A.12), while

activating vagal Npy2r neurons decreased both heart rate (-41.2%) and gastric pressure (-12.8%) (Fig-

ure A.10). It is possible that theNpy2r-ires-Cre allele drives reporter expression in multiple neuron

subtypes with specific functions, or in a single neuron type that impacts multiple organ systems. Re-

sults with P2ry1 neurons indicate that vagal control of breathing can be dissociated from effects on

heart rate and gastric pressure by acute and selective stimulation of particular sensory neurons.
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Figure A.12: (A) Measurements (representative traces) of respiratory rhythm, heart rhythm, and gastric pressure fol‐
lowing focal illumination (yellow shading) of the vagus nerve in anesthetized P2ry1‐ChR2, Vglut2‐ChR2, and control
(lox‐ChR2) mice. Heart rate was measured by electrocardiogram, with boxed insets showing rhythms before (1, left), dur‐
ing (2, middle), and after (3, right) light exposure. Intraluminal gastric pressure was measured using a pressure transducer
inserted through the pyloric sphincter. (B) Changes in heart rate (normalized from a 30 second pre‐stimulus period)
were calculated over time, with each data point reflecting a 5 second bin. (C) Changes in heart rate and gastric pressure
were calculated over the first 10 seconds or 3 minutes of light stimulation respectively (mean± sem, ***p<.001). See
also Figure A.10.
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A.3.6 Regionalization of sensory neuron inputs in the brainstem

The different respiratory effects evoked by P2ry1 and Npy2r sensory neurons suggest engagement of

distinct higher-order neural circuits. The axons of vagal sensory neurons densely innervate the NTS,

area postrema, and spinal trigeminal nucleus26,146, and topographic organization of vagal inputs in

the NTS based on either physiological function or organ innervation has been proposed7,166,150,17

but debated10. Here, we used genetically encoded neural tracers to ask how inputs from P2ry1 and

Npy2r neurons are organized centrally.

We used AAV-directed neural tracing technology to visualize axons of Cre-expressing vagal sen-

sory neurons in the brainstem (Figure A.13 and A.14). We infected the nodose/jugular complex

with bothAAV-flex-tdTomato andAAV-eGFP for visualizing Cre-expressing neurons (red) in the

context of all types of vagal sensory fibers (green). Dual infection of Vglut2-ires-Cremice yielded red

and green fibers penetrating the brain ipsilateral to the injection site, and dense arborizations in both

the NTS and area postrema. Arborizations occurred bilaterally in the NTS, with enrichment ipsilat-

eral to the infected ganglia. Next, we performed similar experiments in P2ry1-ires-Cremice, and ob-

served that the projection field of P2ry1 neurons was spatially confined and did not extend over the

entire vagal NTS. Vagal P2ry1 neurons arborized immediately proximal to the ascending fiber tract

in the lateral region of the NTS, and these lateral branches were observed throughout the anterior-

posterior axis. Intriguingly, the dorsal respiratory group, which contains second order neurons that

control respiration, is located in the lateral NTS261,291. Similar experiments inNpy2r-ires-Cremice

revealed that Npy2r neurons instead innervated a different NTS region, with fibers predominantly

emerging in the medial posterior aspects of the vagal NTS and area postrema, regions known to re-

ceive pulmonary C fiber input166,167. We quantified innervation density along the medial-lateral axis

of the NTS and in the area postrema by calculating the area of red fibers and normalizing to the area

of green fibers. We observed 21-fold higher levels of P2ry1 neuron-derived fluorescence compared
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Figure A.13: (A) The nodose/jugular complex of P2ry1‐ires‐Cre and Npy2r‐ires‐Cre mice was infected with AAV‐flex‐
tdTomato (AAV‐flex‐tdT) and AAV‐eGFP. Four weeks after infection, fixed brainstem cryosections were analyzed by two
color immunohistochemistry for tdTomato (red) and eGFP (green). Representative images of anterior and posterior brain‐
stem containing the vagal projection field are shown (full rostral‐caudal series: Figure S7). sol: solitary tract, 4V: fourth
ventricle, CC: central canal, AP: area postrema, L‐NTS includes ventral, lateral, ventrolateral, interstitial and intermediate
NTS subnuclei, M‐NTS includes dorsolateral, dorsomedial, medial, and commisural NTS subnuclei, scale bar: 100 µm.
(B) Quantitative analysis of innervation by P2ry1 and Npy2r fibers in L‐NTS, M‐NTS, and AP, expressed as an area ratio
of tomato/GFP (T/G) fluorescence. Fluorescence was summed in every 8th section (25 µm) from Bregma ‐6.4 mm to
‐7.8 mm. (n = 4, mean± sem, *p<.05, **p<.01, ***p<.001). See also Figure A.14.

with Npy2r neuron-derived fluorescence in laterally arborizing NTS fibers. In contrast, we observed

6-fold and 43-fold higher levels of Npy2r neuron-derived fluorescence compared with P2ry1 neuron-

derived fluorescence in medially arborizing NTS fibers and the area postrema respectively. Thus,

we observed non-overlapping and highly regionalized central projections of P2ry1 and Npy2r neu-

rons that involved innervation of different NTS subnuclei. Together, these findings suggest that

P2ry1 and Npy2r neurons engage different higher order neural circuits, and are consistent with a

brainstemmap of vagal inputs that is at least partially linked to physiological function.
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Figure A.14: The nodose/jugular ganglia of P2ry1‐ires‐Cre and Npy2r‐ires‐Cre mice were infected with both AAV‐flex‐tdT
and AAV‐eGFP. Fixed brainstem cryosections were analyzed by two color immunohistochemistry for tdTomato (red) and
eGFP (green) Scale bars, 100 µm.

A.4 Discussion

The vagus nerve provides the major sensory innervation of the lung and mediates basic physiolog-

ical functions in breathing control and respiratory defense. Understanding the diversity of lung-

innervating sensory neurons is an essential step towards disentangling the neural control of respira-

tion.

Lung-innervating sensory neurons have been distinguished by their response kinetics and adap-

tation rates45. Three types of sensory neurons were described based on these parameters: C-fibers,
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rapidly adapting stretch receptors (RARs) and slowly adapting stretch receptors (SARs). RARs

and SARs both respond to lung inflation, with different adaptation rates, while only RARs respond

to lung deflation. RARs have also been proposed, along with C fibers, to detect some irritants and

cytokines and perhaps mediate cough responses61. It is possible that there are multiple subclasses of

RARs, SARs, and C fibers, and a limitation of this classification scheme is that it does not enable

genetic analysis for specific functional manipulation. Here, we initiated an alternative approach to

sensory neuron classification in the vagus nerve based on receptor expression.

We identified one vagal sensory neuron type that expresses the purinergic receptor P2ry1, and

generated P2ry1-ires-Cremice to enable genetic access for anatomical mapping, physiological char-

acterization, and remote control of neural activity. P2ry1 neurons innervate the lung, with charac-

teristic candelabra terminals that account for most or all vagal innervation of neuroepithelial bod-

ies, poorly understood clusters of pulmonary endocrine cells. Ascending axons of P2ry1 neurons

cross the jugular foramina and display highly regionalized and stereotyped inputs to the lateral NTS

which contains the dorsal respiratory group, a brainstem nucleus that regulates breathing261,291.

Channelrhodopsin-assisted conduction velocity measurements showed that P2ry1 neurons are

mostly fast-conducting A fibers, consistent with the observation that vagal sensory neurons innervat-

ing neuroepithelial bodies are myelinated38. Furthermore, P2ry1 neurons are capsaicin-insensitive

and do not express Trpv1, but instead many express the mechanoreceptor Piezo2. Optogenetic ac-

tivation of P2ry1 neurons caused an acute and dramatic pause in breathing, trapping animals in

a state of exhalation. The Hering-Breuer inflation reflex, first reported in 1868, is a vagally medi-

ated respiratory reflex evoked by pulmonary stretch-detecting SARs that innervate the lateral NTS

and cause an inhibition of inspiration271. However, the Hering-Breuer inflation reflex also evokes

a mild tachycardia that we did not observe following activation of P2ry1 neurons. Furthermore,

pulmonary stretch receptors are thought to reside in the smooth muscle, whereas P2ry1 neurons in-

nervate neuroepithelial bodies. An alternative possibility is that P2ry1 neurons represent a different

127



type of A fiber distinct from RARs and SARs; the recent proposal of an A fiber nociceptor termed

HTARs356 supports the possibility of additional A fiber types and highlights the need for better cell

classification schemes.

A second class of vagal sensory neuron is defined by expression of Npy2r, andNpy2r-ires-Cre

mice were likewise generated. Npy2r neurons display enriched innervation of the alveoli-containing

respiratory zone of the lung, and do not contact neuroepithelial bodies. Npy2r neurons are largely

slow-conducting C fibers, express the capsaicin receptor Trpv1, and respond to capsaicin in single

neuron imaging experiments involving acute cultures of nodose/jugular ganglia. Centrally, Npy2r

neurons target a medial posterior region of the NTS that receives pulmonary C fiber input167, and

this region is distinct from the innervation zone of P2ry1 neurons. Optogenetic activation of Npy2r

neurons caused rapid and shallow breathing, a respiratory effect reminiscent of certain pulmonary

defense responses61. Rapid and shallow breathing is a classical response evoked by several C fiber-

activating stimuli, including bradykinin, histamine, capsaicin, irritants, and pulmonary conges-

tion61,64. Based on these findings, lung-innervating Npy2r neurons are likely pulmonary nocicep-

tors.

Powerful and opposing effects on respiratory physiology were evoked by activating only a few

hundred P2ry1 or Npy2r neurons in the sensory vagus nerve. Based on evidence presented here,

these genetic markers label fundamentally different neuron types within the context of the respi-

ratory system. It is possible that these neuron classes can be further subdivided into even smaller

neuron groups with more specific organ targets and functions. Additional studies involving other

Cre driver lines and perhaps more complex approaches such as intersectional genetics may help fur-

ther delineate functionally relevant neuron types81. The brainstem projections of P2ry1 and Npy2r

neurons described include sensory neurons from the lung as well as other tissues, but are neverthe-

less strikingly distinct. It is possible that Cre-expressing afferents from other physiological systems

influence respiratory responses. In this scenario, a prime candidate would be fibers from the cardio-
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vascular system. However, in P2ry1 mice, a role for cardiovascular fibers seems unlikely, as activating

P2ry1 neurons did not impact heart rate, as would be expected for known cardiac, aortic body, and

carotid body reflexes. Furthermore, carotid body chemoreceptors promote rather than inhibit inspi-

ration and gut fibers seem unlikely to impact respiration. Instead, a parsimonious interpretation is

that observed effects on breathing are mediated by lung-derived afferents.

Neuron-selective optogenetic experiments revealed that vagal control of breathing can be dis-

sociated from vagal control of heart rate or gastric pressure. These findings indicate that the vagus

nerve contains co-fasciculating labeled lines that control specific aspects of autonomic physiology.

The existence of dedicated channels in the vagus nerve for particular autonomic functions provides

a streamlined flow of information that is similar to coding strategies used in other sensory systems.

For example, in the gustatory system, different sensory neurons are devoted to detecting chemicals

that evoke sweet, salty, sour, savory, and bitter sensations20,121. Likewise the somatosensory system

contains a diversity of sensory neuron types, including those that detect gentle touch or pain3,23.

Here, the selective effects of P2ry1 neuron activation and the differential effects of Npy2r neuron

activation indicate that functional segregation of vagal inputs can likewise begin in the periphery

and persist in the brainstem, ultimately resulting in specific physiological responses.

Obtaining genetic access to sensory neurons has provided a framework for studying a myriad of

perceptions- from our external senses of smell, touch, taste, vision, and hearing to internal senses

associated with hunger and satiety. For example, two intermingled classes of hypothalamic neurons

exert opposing effects on hunger, and identifying neuropeptide markers for these neurons provided

a critical basis for studying the neural control of feeding84. Here, we gain genetic access to two popu-

lations of breathing control-neurons, providing a molecular and cellular framework for understand-

ing respiration control by the autonomic nervous system.
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A.5 Experimental Procedures

A.5.1 Animals

All animal procedures complied with institutional animal care and use committee guidelines. P2ry1-

ires-Cre,Npy2r-ires-Cre, andGpr65-ires-Cre were prepared using standard BAC recombineering

approaches (Figure A.2), as previously described164. (See Extended Experimental Procedures). Chat-

ires-Cre (006410), Chat-GFP (007902), lox-ChR2 (012569), and lox-tdTomato (007914) were pur-

chased (Jackson). Vglut2-ires-Cre and lox-L10-GFP mice164,329 were generous gifts from Bradford

Lowell (Beth Israel Deaconess Medical Center). All Cre driver lines used are viable and fertile and

abnormal phenotypes were not detected.

A.5.2 Receptor expression studies

GPCRs were identified in the nodose/jugular complex using techniques established for identify-

ing olfactory receptors178,179. cDNAwas prepared from acutely isolated and DNAse-treated no-

dose/jugular RNA, and used as a template in qPCR reactions involving primers that recognize

~400 endo-GPCRs (Table S1). In situ hybridization studies were performed on 10 µm cryosections

of nodose/jugular ganglia as previously described92,179, except data in Figures A.2 and A.7C in-

volved digoxigenin probes alternatively visualized with peroxidase conjugated anti-digoxigenin

antibody and TSA-Plus-Cy5 (Perkin Elmer). Probes are described in Extended Experimental Pro-

cedures.

A.5.3 AAV infections of the nodose/jugular complex

The left nodose/jugular complex of adult mice was surgically exposed under anesthesia by making

an incision along the ventral surface of the neck and blunt dissection. A micropipette containing

a 1:1 mixture of AAV-flex-tdTomato (Penn Vector Core, AV-9-ALL864, titer: 1.3 x 1013 genome
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copies/ml) and AAV-eGFP (Penn Vector Core, AV-9-PV1963, titer: 3.6 x 1013 genome copies/ml) as

well as .05% Fast Green FCF (Sigma-Aldrich) was inserted into the nodose/jugular complex. Virus

solution was injected (140 nl) using a Nanoject II injector (Drummond), and success determined by

Fast Green Dye filling of the ganglia. Animals recovered from surgery, and were sacrificed four weeks

later for tissue harvest.

A.5.4 Optogenetic stimulation of the vagus nerve and physiological mea-

surements

Animals were deeply anesthetized (isoflurane, 1.5-2%, Abbott Lab), freely breathing, and main-

tained at normal body temperature. The left nodose/jugular complex was surgically exposed, and

an optic fiber (200µm core, Thorlabs) coupled to a DPSS laser light source (473 nm, 150 mW,

Ultralaser) positioned for focal illumination beneath the ganglion and above the pharyngeal and

superior laryngeal branches. Light stimulation (5 millisecond pulses, 75-125 mW/mm2 intensity,

for respiratory and cardiovascular effects: 50 Hz, 10 seconds; for gastric pressure measurements: 5

Hz, 3-6 minutes) was controlled by a shutter system (Uniblitz). Respiration rate was measured us-

ing an amplifier-coupled pressure transducer (Biopac) cannulated into the trachea. A breath was

scored if lung volume increased to at least 10% of mean tidal volume. Tidal volume was calculated

by integrating airflow per breath, and minute volume was calculated by multiplying tidal volume

by respirations per minute. Lung volume to determine state of inhalation or exhalation was deter-

mined by integrating airflow across time. Heart rhythm was measured by electrocardiogram, which

was recorded with two needle electrodes placed subcutaneously on the right forepaw and the left

hindpaw and amplified with a differential amplifier (A-M systems). To measure intraluminal gas-

tric pressure, stomach contents were emptied by introducing saline through an esophageal cannula

and draining through a pyloric cannula. An amplifier-coupled pressure tranducer (Biopac) was con-

nected to a fluid-filled catheter and placed into the stomach through the pyloric sphincter. 400 µL
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of saline was introduced through the esophageal cannula, and pressure measurements were acquired

(1 kHz sampling, MP150 data acquisition system, Biopac). Data analyzed in five second bins (Fig-

ures A.8C, A.12B, A.10A, and A.10C) were normalized by comparison to values obtained during a

30-second baseline period.

A.5.5 Electrophysiology

For whole nerve electrophysiology, the vagus nerve was cervically transected, and the peripheral

transected end was desheathed and placed onto a pair of platinum-iridium electrodes (A-M sys-

tems). Optical fibers were positioned distally to illuminate the peripheral trunk, a ground electrode

was placed on nearby muscle, and the neck cavity was filled with halocarbon oil. Nerve activities

were detected with an audio monitor (Grass), recorded with an AC preamplifier (Grass, at 1 kHz

sampling rate unless specifically mentioned), and acquired on aMP150 data acquisition system

(Biopac). Compound action potentials in response to a 0.8 millisecond light stimulus were recorded

(50 kHz sampling). Fiber conduction velocity was determined by varying the distance between the

optic fiber and recording electrode (travel distance); resulting time lags in peak maxima (∆t) were

graphed as a function of travel distance, revealing characteristic A and C fiber types. The ratio of A

to C fibers was calculated by integrating corresponding peak area in the compound action potential.

Since the A and C peaks were not completely separated in most recordings, the A/C ratio reported is

an underrepresentation of fold-enrichment.

A.5.6 Data analysis

Sample sizes are indicated in bar graphs (numbers in parenthesis), and significance was determined

by comparisons to the indicated control group using a two-tailed Student’s t test.
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A.5.7 Generation of Gene TargetedMice

A vector was designed to contain the ires-Cre cassette, an excisable neomycin resistance gene, and ho-

mology arms for cassette insertion 3 base pairs downstream of the receptor stop codon. Vectors were

electroporated intoW4/129S6 ES cells and selected for neomycin resistance. Appropriately targeted

cells were identified by Southern Blot and PCR analysis, and injected into C57/BL6 blastocysts to

generate chimeric animals. The neomycin resistance gene was subsequently removed by crossing

withAct-Flpe (Jackson, 003800).

A.5.8 PCR Primers forMouse Genotyping

Animals were genotyped with primers that target the ‘ires-cre’ insertion (primers used: P2ry1WT

allele: TCCTGACGGTGTTTGCTGTG and AGGTTCAAGTTCCAGGTGGC; P2ry1 TG

allele: TCCTGACGGTGTTTGCTGTG and GACATTCAACAGACCTTGCATTCC;Npy2r

WT allele: CAAGCATCGGTAATCAGAACG and ACTCATCTTCACCGTGTTCCAC;

Npy2r TG allele: GCCCTGGAAGGGATTTTTGAAGCA and ATGGCTAATCGCCATCTTCCAGCAA;

Gpr65 WT allele: GGAGAGCTGATATGTGGAAC and CCAGTACATGGAGTGGCTTC;

Gpr65 TG allele: CCTGTTTCGGACGTGCATGG and GGAGGGAGAGGGGCGGAATT).

A.5.9 Southern Blot Analysis

Southern blot analysis involved standard protocols. 5’ and 3’ probes (500 bp, amplified by PCR

frommouse genomic DNA using primers described below, Figure A.5) were radioactively labeled

with dCTP [α−33P] (PerkinElmer) using a DNA labeling system (GEHealthcare) and purified

with NickTM columns (GEHealthcare). Primers to make probes: P2ry1 5’ probe: TTAGCAAA-

GACAAAGCAGGC and AAACCAGCTCTGACAAAGTGAC; P2ry1 3’ probe: AAAC-

CTCAGTTCTGAACACAAGGCTGC and AGGCCAGTAGGCACTTCCTATGAATATGC;
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Npy2r 5’ probe: TTCCAGTGATTTCAGCATGTAGTTAAAGCAGGAG and ACATTTTCTTC-

CCTCTGAAATCCTTTCGCTG;Npy2r 3’ probe: TGCTTTCATCTAAAATGATTGATAAGT-

GATCTTTCC and AAATCCTCAAGTTGAGCCTTAGCCCAATTTC. 10 mg ES cell ge-

nomic DNAwas digested (overnight, 37°C) with restriction enzymes (HpaI forNpy2r-ires-cre, ex-

pected sizes: WT 15.5 kb, 5’ TG 10.8 kb, 3’ TG 8.8 kb; BamHI for P2ry1-ires-cre, expected sizes: WT

17.0 kb, 5’ TG 9.5 kb, 3’ TG 8.5 kb).

A.5.10 Probes for RNA In SituHybridization

Digoxigenin or Fluorescein-labeled cRNA riboprobes were used for P2ry1 (full coding sequence,

1122 bp),Npy2r (full coding sequence, 1146 bp),Gpr65 (full coding sequence, 1014 bp), Piezo2

(1112 bp amplified by primers ACATGGGTTCTGTTCCTG and ATCATCCAGAAGCGTCGG),

Trpv1 (500 bp amplified by primers ATGGAGAAATGGGCTAGCTTAGACT and TGCA-

GATTGAGCATGGCTTTGAGCA), eGFP/eYFP (545 bp amplified by primers AGCTGACC-

CTGAAGTTCATCTG and CTCCAGCAGGACCATGTGAT) and tdTomato (615 bp amplified

by primers ATCAAAGAGTTCATGCGCTTC and GTTCCACGATGGTGTAGTCCTC).

A.5.11 Visualization of Sensory Neuron Fibers and Cell Bodies

Tissues (lung, brain, nodose/jugular ganglia) were collected for fluorescence imaging (unfixed) and

immunohistochemistry (fixed). Whole mount analysis of native (reporter-derived) tissue fluores-

cence in immobilized nodose/jugular ganglia was imaged by confocal microscopy (Leica SP5 II,

maximum projections of confocal stacks), and in a flattened lung lobe was imaged using an Olym-

pus VS120 whole slide scanner. For immunohistochemistry, fixation involved standard proto-

cols for transcardial perfusion with paraformaldehyde, post-dissection fixation and sucrose cryop-

reservation92. Immunohistochemistry was performed on tissue cryosections (lung: 50µm, brain:

25µm, nodose ganglion: 10µm) using standard techniques involving Chicken-anti-GFP (Abcam,
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AB_300798, 1:1000), Rabbit-anti-DsRed (Clontech, AB_10013483, 1:1000), Rabbit-anti-CGRP

(Sigma, AB_259091, 1:10,000), Donkey-anti-Chicken-647 (Jackson ImmunoResearch, AB_2340379,

1:300), Donkey-anti-Chicken-488 (Jackson ImmunoResearch, AB_2340375, 1:300), Donkey-anti-

Rabbit-Cy3 (Jackson ImmunoResearch, AB_2307443, 1:300) and Donkey-anti-Rabbit-647 (Jack-

son ImmunoResearch, AB_2340624, 1:300) antibodies. Widefield and confocal fluorescent images

of brain and lung sections were captured on Leica SP5 II and Nikon Ti Inverted Fluorescence micro-

scopes. In Figure A.1C, native L10-GFP fluorescence was imaged in fixed tissue and counterstained

with a red fluorescent Nissl stain (NeuroTrace 530/615, Invitrogen, 1:300).

For quantitative analysis of lung and brainstem innervation, we counted the number of fluores-

cent pixels, which we defined as pixels with a fluorescence intensity greater than maximum off-tissue

background fluorescence. Counts were obtained for both tdTomato (T) and GFP (G) to generate

the T/G ratio described in Figures A.4 and A.13. In each lung section, a 17.5-mm2 region was se-

lected from similar locations that contained large airways and dense GFP-immunolabeling. Three

lung sections were measured per animal (n = 2). In brainstem sections, similar numbers of GFP flu-

orescent pixels were revealed following infection of P2ry1-ires-Cre (L-NTS: 82169, M-NTS: 251864,

AP: 36652) andNpy2r-ires-Cremice (L-NTS: 74035, M-NTS: 253239, AP: 22121). To quantify

innervation of neuroepithelial bodies and alveoli, we examined fluorescence from tdTomato (native),

GFP (immunofluorescence), and CGRP (immunofluorescence). Neuroepithelial bodies innervated

by tdTomato and/or GFP fibers were counted, and data are expressed as the number of tdTomato-

innervating neuroepithelial bodies per 100 GFP-innervating neuroepithelial bodies per mouse (n

= 3-5). In Vglut2-ires-Cre animals, more neuroepithelial bodies were innervated by fibers visualized

with GFP than tdTomato, due to the enhanced sensitivity of immunofluorescence. Alveolar fibers

were defined as an arborizing fiber located at least 50 mm from a large airway, and counts were simi-

larly normalized to 100 GFP terminals (n = 5).
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A.5.12 In Vitro Calcium Imaging of Acutely Dissociated Vagal Sensory Neu-

rons

Left and right nodose/jugular ganglia were harvested from Vglut2-ires-cre; lox-tdTomato, P2ry1-ires-

cre; lox-L10-GFP, andNpy2r- ires-cre; lox-L10-GFP animals. Ganglia were digested with enzyme mix

(collagenase I (1 mg/ml, Roche), Dispase II (3 mg/ml, Roche)) at 37˚C for 40-45 min, washed with

L-15 medium (Invitrogen), and gently triturated with three glass aspiration pipettes of decreasing

diameters. Isolated single cells were filtered with a 40 mm cell strainer (BD Falcon), resuspended in

culture medium (10% FBS in L-15 medium), placed onto laminin-coated cover glass and incubated

~2 hr at 37˚C until most cells were attached to the glass surface. Cells were loaded with Fura-2 AM

(Invitrogen) for 30 min and imaged with excitation wavelength at 340 and 380 nm for responses to

capsaicin (2 mM) and KCl (150 mM, except for Figure A.6, 50 mM).

A.5.13 Fluoro-Gold Labeling ofMotorNeurons

Parasympathetic preganglionic neurons of the DMV and nucleus ambiguus were labeled in Vglut2-

ires-Cre; lox-L10-GFP and Chat-ires-Cre; lox-L10-GFP mice via intraperitoneal injection of Fluoro-

Gold (Fluorchrome, 30 mg/kg). Brains were harvested 5 days post-injection, sectioned, and imaged

for native GFP and Fluoro-Gold fluorescence.
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B.1 Summary

Neural inputs from internal organs are essential for normal autonomic function. The vagus nerve

is a key body-brain connection that monitors the digestive, cardiovascular, and respiratory systems.

Within the gastrointestinal tract, vagal sensory neurons detect gut hormones and organ distension.

Here, we investigate the molecular diversity of vagal sensory neurons and their roles in sensing gas-
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trointestinal inputs. Genetic approaches allowed targeted investigation of gut-to-brain afferents in-

volved in homeostatic responses to ingested nutrients (GPR65 neurons) and mechanical distension

of the stomach and intestine (GLP1R neurons). Optogenetics, in vivo ganglion imaging, and geneti-

cally guided anatomical mapping provide direct links between neuron identity, peripheral anatomy,

central anatomy, conduction velocity, response properties in vitro and in vivo, and physiological

function. These studies clarify the roles of vagal afferents in mediating particular gut hormone re-

sponses. Moreover, genetic control over gut-to-brain neurons provides a molecular framework for

understanding neural control of gastrointestinal physiology.

B.2 Introduction

In addition to our external senses of sight, smell, sound, touch, and taste, internal sensory systems

within our body relay vital information to the brain about physiological state. The vagus nerve is a

major information highway from the periphery that innervates, surveys, and controls several princi-

pal physiological systems. Within the gastrointestinal tract, vagal sensory neurons monitor stomach

volume and intestinal contents, and responsive neural circuits regulate digestive physiology37. How-

ever, a molecular and genetic classification of gastrointestinal fibers within the vagus nerve is not

available, and would facilitate mechanistic studies of gut-to-brain signaling in health and disease.

The mouse vagus nerve contains ~2,300 sensory neurons with cell bodies in ganglia at the base

of the skull, as well as a smaller group of motor neurons with soma in the brainstem. Each sensory

neuron has both a peripheral terminal that interfaces with an internal organ and a central brainstem

terminal. Classical anatomical tracing studies revealed a variety of terminal types within the gas-

trointestinal tract25. Stomach terminals include mucosal endings, intraganglionic laminar endings

(IGLEs), and intramuscular arrays. Gastric IGLEs contact enteric ganglia between layers of stomach

muscle96, and are proposed to sense stomach stretch, as they are near sites of mechanosensation359.

139



In the intestine, vagal afferents form IGLEs, endings near intestinal crypts, and free terminals em-

bedded within the lamina propria of intestinal villi25.

Vagal afferents have been proposed to detect nutrients at several locations, including in proximal

and distal intestine, and the hepatic portal system183,260. Because vagal afferents do not directly con-

tact the intestinal lumen, vagal nutrient detectors are likely to be second-order chemosensory neu-

rons. Terminals in intestinal villi are excellent candidates to contribute to nutrient detection; how-

ever, specific characterization of sensory neurons with villous terminals has been technically chal-

lenging. Lumen-proximal endings were defined in some studies by sensitivity to mucosal stroking

or luminal anesthetics32,250; however, these manipulations may not selectively impact all villous

terminals. Additional insights could be provided by genetically defining nutrient-responsive vagal

afferents, and subsequently examining their terminal fields in the periphery.

Different models have been raised for how the vagus nerve receives and encodes information

about ingested nutrients. Some studies reported polymodal responses of single vagal afferents to in-

testinal nutrients, as well as to changes in osmolarity and pH195,194. Other studies concluded that va-

gal afferents are highly tuned for specific nutrients, with different fibers dedicated for sugars, amino

acids, and fats138,172,194. Ingested nutrients activate enteroendocrine cells, sparsely distributed sen-

tinel cells in the intestinal epithelium. Enteroendocrine cells respond to nutrients by releasing a myr-

iad of gut hormones, including serotonin, glucagon-like peptide 1 (GLP1), cholecystokinin, peptide

YY, and others50. Detection of different nutrients, perhaps through taste receptors135, may evoke

differential hormone secretion. Release of serotonin by enterochromaffin cells has also been linked

to nausea-inducing toxins, inflammatory cues, mechanical forces, and commensal microflora28,350.

Once released, gut hormones orchestrate powerful systemic responses to nutrient intake, and can

act locally as paracrine signals and distally after entering circulation. Vagus nerve terminals in intesti-

nal villi occupy a privileged anatomical location to detect gut hormones.

Basic questions remain about the extent of functional overlap between different gut hormones,
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and whether they encode specific or redundant messages about intestinal stimuli to the vagus nerve.

Perhaps best studied are serotonin and cholecystokinin, which activate different vagal afferents125.

In some electrophysiological studies, each of these gut hormones reportedly activates lumen-proximal

or nutrient-responsive vagal afferents32,365, and in other studies, the same gut hormones reportedly

activate mechanoreceptors186,273. Different studies also claimed important roles for each hormone

in various nutrient-evoked physiological responses50. A limitation of in vivo pharmacology is that

injection of CCK and serotonin causes indirect responses, such as changes in gastrointestinal motil-

ity and tone. Genetic tools that enable selective labeling of villous-projecting neurons would enable

precise characterization of gut hormone responsiveness in vitro.

GLP1 is another gut hormone proposed to mediate aspects of nutrient detection by the vagus

nerve126. Incretin therapies that involve mimicry or stabilization of GLP1 provide an important

strategy for treatment of metabolic disease. GLP1 is detected by a dedicated G protein-coupled re-

ceptor (GLP1R) expressed in many cell types310. Studies involving localized injection of GLP1R

agonists have concluded important roles for GLP1 reception in various locations, including the

brain and periphery120. Some vagal afferents express GLP1R and some vagal afferents are positioned

within intestinal villi near enteroendocrine cells. It has been presumed that these are the same sen-

sory neurons, and as such, proposed that GLP1R contributes to vagal detection of intestinal nutri-

ents. Surgical vagotomy reportedly impairs GLP1-evoked physiological responses in some studies

but not others1,361, and effects could be due to loss of sensory or motor neurons. However, genetic

deletion of GLP1R from PHOX2B-expressing vagal afferents does not impact GLP1R agonist-

induced changes in body weight and glucose homeostasis288. Taken together, basic questions persist

about the anatomy, responses, and functions of vagal GLP1R neurons.

Here, we used genetic approaches to study processing of gastrointestinal inputs by the vagus

nerve. For selective targeting of vagal sensory neurons with terminals in intestinal villi, we sought to

exploit the presumed role for vagal GLP1R in nutrient detection. We generatedGlp1r-ires-Cremice,
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and adapted genetic approaches to map, image, and control vagal GLP1R neurons. Surprisingly,

vagal GLP1R neurons do not densely target intestinal villi but instead display characteristic IGLE

terminals and function as gastrointestinal mechanoreceptors. Most sensory neurons that innervate

intestinal villi instead contain another receptor, GPR65. Vagal GPR65 neurons are insensitive to

GLP1 or cholecystokinin, but instead detect serotonin, and in vivo imaging reveals broad responses

to meal-associated stimuli in the intestinal lumen. The central projections of GPR65 neurons are

remarkably specific, and optogenetic activation of GPR65 neurons causes a powerful blockade of

gastric contractions without impacting breathing or heart rate, which are also under vagal control.

Genetic access to different neural populations that monitor and control gastrointestinal physiology

has provided direct links between neuronal identities, peripheral terminal morphologies, central

projection fields, response properties, hormone sensitivities, and physiological functions.

B.3 Results

B.3.1 Imaging single neuron responses in vagal ganglia in vivo

We developed an in vivo calcium imaging approach in vagal ganglia to study the peripheral repre-

sentation of autonomic inputs. Genetically encoded calcium indicators, such as GCaMP3, have

provided an optical proxy for activity-dependent calcium transients in many neuron types, includ-

ing peripheral sensory neurons20,155. In vivo calcium imaging enables a massively parallel analysis of

single neuron responses, and is compatible with genetic marking techniques for neuron identifica-

tion.

In initial experiments, GCaMP3 expression was driven using a Cre driver line (Vglut2-ires-Cre)

that targets all vagal sensory neurons51 and a Cre-dependent reporter allele (lox-GCaMP3); in some

experiments, an alternate Cre driver line (E2a-Cre) was used that resulted in a constitutiveGCamp3

allele (Rosa26-GCaMP3). Vagal ganglia were surgically exposed for in vivo imaging through a ventral
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incision in the neck withconnections to peripheral organs intact (Figures B.1A, B.1B). About 150

neurons were analyzed in parallel per imaging field by confocal microscopy, with neurons remaining

viable and stably imaged for over six hours. Neuron viability was determined after each session by

electrical stimulation of the nerve trunk, applied as a series of increasing voltage steps (Movie S1).

Ganglion imaging was performed during various end-organ stimulations, including 1) gastric dis-

tension, 2) duodenal nutrient application, 3) intestinal distension, and 4) lung inflation (Figures

B.1C-E).

First, gastric mechanoreceptors were activated by stretching the stomach with a surgically im-

planted balloon or by infusion of nitrogen gas. Single neurons responded rapidly and reproducibly,

and response magnitude correlated with the extent of gastric distension (Figure B.2). Volume ex-

pansion by 300µLmimicked meal-induced distension and activated 16.8% (198/1181, 10 mice)

of imaging-accessible vagal sensory neurons. Gastric mechanoreceptors accounted for nearly all

neurons (92%, 56/62) responsive to liquid diet infusion into the stomach after sealing the pyloric

sphincter (Figures B.1E, B.2), consistent with prior evidence that the stomach lacks chemoreceptors

for nutrients244.

Second, intestinal chemoreceptors were activated by either perfusing or injecting liquid diet into

the proximal small intestine near the gastro-duodenal junction. Perfused stimuli were administered

through a surgically implanted cannula in the duodenal bulb with a stimulus exit port located ~11

centimeters distally. Injection of liquid diet (200µL) activated 11.1% of imaging-accessible sensory

neurons (87/780 neurons, 6 mice). Isotonic saline (200µL) did not evoke calcium transients, sug-

gesting that these responses were not due to mechanosensation (Figure B.2). Most individual neu-

rons displayed broad responses to many stimuli, including intestinal glucose, glutamate, fatty acids,

salt, and low pH, consistent with polymodal signal integration (Figures B.1F, B.2). Responses were

not observed to the artificial sweetener saccharin at concentrations that activate the sweet taste recep-

tor complex (Figure B.2).
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Figure B.1: (A) Cartoon and photograph of imaging preparation. (B) Wholemount image of GCaMP3 fluorescence
(green) and blood vessels (magenta, intravenous Evans Blue) in vagal ganglia. (C) GCaMP3 fluorescence signal in va‐
gal ganglia during stomach stretch (red), intestinal perfusion (blue), and lung stretch (green). (D) Time‐resolved responses
(∆ F/F, color scale) of 617 neurons (1 neuron per row) to stimuli indicated. GCaMP3 fluorescence signal in vagal gan‐
glia during (E) organ stretch (nitrogen, saline), food injection (liquid diet), or (F) intestinal perfusion of glucose (1 M,
saline), sodium chloride (500 mM, saline), sodium glutamate (500 mM, saline) and dodecanoic acid (25 mM, saline and
conjugated mouse bile). Scale bars: 50 µm. See also Figures B.2, B.3, and Movie S1.

Third, mechanical stretch of the intestine was evoked by injecting a larger bolus of isotonic

saline into the proximal intestine after clamping the exit port to prevent fluid release. This prepa-

ration resulted in a controlled distension of the intestine that was visually observed and alleviated

by unclamping the exit port. Intestinal distension activated a subset of vagal sensory neurons (26%;

131/503), and in control experiments, the bolus of isotonic saline did not activate vagal afferents in

the absence of an exit port clamp. Intestinal stretch and intestinal nutrients predominantly activated

discrete sensory neuron cohorts (Figures B.1E, B.2).

Fourth, airway mechanoreceptors were activated by introducing nitrogen or ambient air through

a tracheal cannula to inflate the lung. Lung inflation evoked rapid, robust, and reproducible calcium

transients in 3.6% (28/762, 6 mice) of imaging-accessible sensory neurons. Lung inflation by am-
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Figure B.2: (A) Time‐resolved responses (∆F/F, color scale) of 128 neurons (from 735 imaged) responsive to 300 µL
(yellow bar, 30 seconds), 600µL (orange), or 900µL (red) volume gastric distention. (B) Vagal ganglion imaging of sen‐
sory neuron responses to stimuli indicated. Each row indicates time‐resolved GCaMP3 fluorescence intensity changes
(∆F/F, color coded) of a single neuron. (C) Time‐resolved responses following alternating perfusions of glucose (1 M
in saline, green, 240 seconds) and sodium chloride (500 mM in saline, pink, 240 seconds). Top: ∆F/F of two represen‐
tative neurons, bottom: ∆F/F color scale of 142 responsive neurons (out of 524 viable imaged neurons). Graph (right)
indicates the number of neurons responsive to both glucose and sodium chloride (yellow), or either stimulus alone.
Correlation coefficients of response patterns across the neuron repertoire were calculated for each stimulus pair (G1‐
glucose 1; N1‐ sodium chloride 1; G2‐ glucose 2; N2‐ sodium chloride 2). (D) Time‐resolved responses (top: ∆F/F of
two representative neurons, bottom: ∆F/F color scale of 107 responsive neurons, from 499 imaged) following perfu‐
sion of stimuli indicated. Graph (right) indicates numbers of neurons responsive to multiple luminal cues (yellow), or to
single cues. Correlation coefficients of response patterns across the neuron repertoire were calculated for each stimu‐
lus pair (N‐ sodium chloride 1; Gu‐ glucose; E‐ glutamate; D‐ dodecanoic acid). (E) Percentage of neurons responsive
to intestinal stimuli at different concentrations. (n = 3 mice per stimulus,± sem). (F) Time‐resolved responses (∆F/F)
of two representative neurons to intestinal perfusion (240 seconds) of the artificial sweetener saccharin (20 mM) and
glucose (1 M). (G) GCaMP3 fluorescence changes in vagal ganglia following introduction of salt (red), low pH (magenta),
and liquid diet (yellow) into the duodenal bulb, scale bar: 50 µm.
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bient air, oxygen, and nitrogen activated the same neurons, suggesting a mechanosensory response

indifferent to airway oxygen levels (Figure B.3). Responses were typically sustained for the entire

stimulus duration, and terminated abruptly when airway pressure was reduced. Consistent with

prior studies, lung stretch-responsive neurons were cyclically active during tidal breathing, detecting

lung expansion with each breath (Figure B.3). These findings indicate that in vivo calcium imaging

in vagal ganglia can reliably report on physiological stimuli over a time scale as rapid as tidal breath-

ing.

Different vagal sensory neurons responded to stomach stretch, intestinal nutrients, and lung in-

flation, indicating that individual vagal sensory neurons have specific response properties. In vivo

imaging also provides positional information about responsive neurons. Sensory neurons were in-

termingled without any apparent spatial clustering based on response properties (Figure B.3), consis-

tent with a salt-and-pepper organization of vagal inputs.

B.3.2 Vagal GLP1R neurons are gastrointestinal mechanoreceptors

Vagal GLP1R neurons co-express multiple gut hormone receptors (Figure B.4) based on two-color

fluorescence in situ hybridization (FISH), raising the possibility that these neurons provide an inte-

grated nutrient response. To examine whether these neurons sense gastrointestinal inputs, we tagged

them genetically during in vivo imaging experiments. We generatedGlp1r-ires-Cre knock-in mice in

which Cre recombinase is expressed from the endogenousGlp1r locus using an internal ribosome

entry site (IRES) sequence (Figures B.5A, B.4). Expression of Cre-dependent reporters inGlp1r-ires-

Cremice was observed in many cell types that contain GLP1R15, and two-color analysis validated

that appropriate cells were targeted (Figure B.4). We noted an increase in fluorescent cells visualized

in vagal ganglia ofGlp1r-ires-Cre; lox-tdTomatomice, likely due to inefficient detection of low-level

or transientGlp1r transcript by FISH.

To measure the response properties of vagal GLP1R neurons, we generated a triple knock-in
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Figure B.3: (A) Single neuron responses before (no stimulus) and during lung inflation with ambient air (green), oxy‐
gen (blue), and nitrogen (red) visualized by confocal microscopy of vagal ganglia. (B) Time‐resolved responses (∆F/F,
color scale) of all 38 responsive neurons (3 mice) to lung inflation (30 seconds, colored bars) by stimuli indicated. (C)
Representative responses during tidal breathing of single neurons that detect (responsive neuron) or do not detect
(non‐responsive neuron) lung stretch (grey bars). Neuron viability was verified by electrical stimulation (right). Breaths
observed by electrocardiogram recordings (blue bars) are aligned with activity traces (black, red) in figure inset. Bottom:
Fast‐fourier transformation (FFT) analysis was used to derive oscillation frequencies. (D) Position in the imaging field
of neurons responsive to stomach stretch (red), intestinal glucose (blue) and lung inflation (green). Average distance
between two neurons responsive to stimuli indicated (S‐ stomach stretch; G‐ intestinal glucose; L‐ lung inflation). Calcu‐
lations were repeated with the same data set in which neuron response properties were randomly assigned (‘shuffled’)
and no differences were observed. (n = 245 neurons from 4 mice,± sd).

mouse line: Glp1r-ires-Cre; lox-tdTomato; Rosa26-GCaMP3 (Glp1r-GCaMP3*) in which all sen-

sory neurons expressed GCaMP3 from a constitutive allele, and GLP1R neurons were visualized

by tdTomato expression. Responses of vagal GLP1R neurons to gastric distension, intestinal nu-

trients, intestinal distension, and lung inflation were queried by in vivo ganglion imaging inGlp1r-

GCaMP3* mice (Figures B.5B-C, B.6). We observed only rare vagal GLP1R neurons that responded
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in tissue cryosections), scale bar: 100 µm. (D) Top, middle; FISH for Glp1r (red/magenta) superimposed on native GFP
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to lung inflation (1%, 2/204, 4 mice), and some that detected liquid diet (200µL) injected in the

duodenal bulb (9.2%, 18/195, 3 mice). Instead, unexpectedly, GLP1R neurons accounted for most

neurons responsive to gastric distension (81%, 46/57, 3 mice). Furthermore, a separate cohort of

GLP1R neurons accounted for most neurons responsive to saline-induced intestinal distension

(67.7%, 88/130, 2 mice). Stomach and intestinal stretch activated discrete subsets of vagal GLP1R
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neurons, with other vagal GLP1R neurons likely detecting different physiological stimuli. GLP1R

neurons thus account for most vagal mechanoreceptors in stomach and intestine, while nutrient

responses occur predominantly in GLP1R-negative neurons.
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Figure B.5: (A) Whole mount tdTomato fluorescence in vagal ganglia from knock‐in mice, scale bar: 100µm. (B) Tomato
fluorescence indicating GLP1R neurons (magenta) and GCaMP3 fluorescence responses to stimuli indicated (green) in
vagal ganglia of Glp1r‐GCaMP3* mice. (C) Time‐resolved responses (∆F/F, color scale) of 178 GLP1R neurons, and 258
other neurons (12 depicted which responded) to gastric distension induced by nitrogen perfusion. (D) AAV mapping of
GLP1R neuron projections in intestine and stomach. scale bars: 500 µm (left), 1 mm (right). See also Figures B.4, B.6.

B.3.3 GLP1R neurons form IGLEs in stomach muscle

Next, we asked where vagal GLP1R neurons project in the gastrointestinal tract. We previously de-

veloped a genetic approach involving adeno-associated viruses (AAVs) to map vagal sensory neuron

anatomy51. Cre-dependent AAVs encoding a fluorescent reporter (AAV-flex-tdTomato) were in-

jected into vagal ganglia of knock-in mice, and labeled fibers were visualized in peripheral tissues
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Figure B.6: (A) Time‐resolved GCaMP3 fluorescence intensity changes (∆F/F, color coded) of single vagal neurons
in ganglion of Glp1r‐GCaMP3* mice to stimuli indicated (intestine stretch: 30 seconds; lung stretch: 15 seconds).
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neurons. (C) GLP1R neurons, visualized by AAV mapping in Glp1r‐ires‐Cre mice, form IGLE terminals in stomach and
intestine. Enteric neurons were counterstained with Fluorogold (grey). Scale bar: 100 µm.

by whole mount fluorescence and/or immunohistochemistry. AAV infections occurred in ~50%

of vagal sensory neurons, without apparent preference for particular neuron classes or targeting of

passing motor fibers51.

We infected vagal ganglia ofGlp1r-ires-Cremice withAAV-flex-tdTomato, and visualized tdTomato-

containing fibers in the periphery (Figures B.5D, B.6). In the intestine, vagal GLP1R neurons were

largely confined to intestinal muscle (Figure B.6) and surprisingly did not densely innervate villi in

the proximal duodenum. Quantitative analysis involving normalization with a Cre-independent
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GFP reporter virus (AAV-GFP) revealed that the vast majority of vagal afferents innervating in-

testinal villi (94.2± 2.2%, n = 6) did not contain GLP1R. Vagal GLP1R neurons instead densely

innervated stomach muscle. The extent of innervation was quantified by counting the number of

enteric ganglia contacted by labeled IGLEs in Vglut2-ires-Cre andGlp1r-ires-Cremice. AAV infec-

tions occurred unilaterally in the left ganglion, which innervates the ventral half of the stomach. We

counted 101 ± 17 enteric ganglia innervated by labeled IGLEs per ventral stomach in Vglut2-ires-Cre

mice, and 131 ± 38 inGlp1r-ires-Cremice, suggesting that vagal GLP1R neurons account for most

vagal IGLEs in stomach muscle.

B.3.4 Optogenetic control of gut motility

Vagal GLP1R neurons do not densely innervate intestinal villi, so we sought to identify other neu-

ron types that do and might be relevant for gastrointestinal function. We previously used a genome-

based strategy to identify G Protein-Coupled Receptors (GPCRs) expressed in vagal sensory neu-

rons51, and found two other GPCRs that mark small neuronal subsets: the purinergic receptor

P2RY1 and the orphan receptor GPR65. P2RY1 neurons target the lung, forming stereotyped can-

delabra terminals at neuroepithelial bodies, and optogenetic activation of vagal P2RY1 neurons

acutely silences breathing51. In contrast, vagal neurons containing GPR65 do not densely innervate

the lung51, and their physiological function remained unknown.

We used optogenetics to ask whether any of these neurons might control gastrointestinal physiol-

ogy (Figure B.8). We crossedGlp1r-ires-Cre,Gpr65-ires-Cre, P2ry1-ires-Cre, and Vglut2-ires-Cremice

with a Cre-dependent channelrhodopsin allele (lox-ChR2; offspring ofMarker-Cremice are called

Marker-ChR2). Neuron activity was evoked in anesthetized mice by focal illumination of the vagus

nerve trunk, and robust light-induced action potentials were observed in Vglut2-ChR2, P2ry1-ChR2,

Glp1r-ChR2 andGpr65-ChR2 mice. Most vagal GLP1R and GPR65 neurons (>95%, >97%) are

slow-conducting C fibers, as revealed by measuring neuron conduction velocities at fixed intervals

151



from the illumination site (Figure B.7).
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Figure B.7: (A) GLP1R and GPR65 neurons do not contain P2RY1. Two‐color FISH in vagal ganglia using cRNA ribo‐
probes for Glp1r (green, top), Gpr65 (green, bottom), and P2ry1 (magenta) reveals predominant expression in different
sensory neurons, scale bar: 100 µm. (B) Compound action potentials after brief optogenetic stimulation (arrow) in
Vglut2‐ChR2, Glp1r‐ChR2, and Gpr65‐ChR2 mice show A and C fibers (mean± sem, n = 4‐5, **p <.01).

Activating all vagal sensory neurons in Vglut2-ChR2 mice caused profound and immediate drops

in breathing rate, heart rate, and gastric pressure51. In contrast, activating vagal GPR65 neurons

caused a striking light-induced blockade of gastric contractions, without impacting breathing or

heart rate. Gastric contractions occurred at a frequency of 3.4 ± 0.3 per minute in control lox-

ChR2 mice, and this frequency was not altered by vagus nerve illumination (3.4 ± 0.6 per minute,

6 mice). InGpr65-ChR2 mice, gastric contractions occurred at a similar frequency at rest (3.1 ± 0.3

per minute, 5 mice), but optogenetic activation stopped or reduced gastric contractions during a 1

minute (0± 0.0 per minute, 5 mice) and 3 minute (0.6± 0.3 per minute, 3 mice) photostimulation

period. Activating GPR65 neurons decreased both tonic and phasic measurements of gastric pres-

sure. GPR65 is not expressed in vagal motor neurons, indicating that these effects are due to sensory
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neuron stimulation. Activating vagal GLP1R neurons instead caused a different response character-

ized by increased gastric pressure, and also produced a small but significant change in breathing and

heart rate, suggesting that some vagal GLP1R neurons communicate with organ systems other than

the gut. The strikingly selective response to GPR65 sensory neuron activation strengthens the con-

clusion that the vagus nerve consists of several co-fasciculating classes of sensory neurons (so-called

‘labeled lines’), each of which conveys a highly specific signal relevant for autonomic physiology.

0 

2 

4 

6 

-80 

-40 

0 

40 

CONTROL VGLUT2 GLP1RGPR65P2RY1

R
E
S
P
IR
AT
O
R
Y

R
H
Y
TH
M

800

400

0

H
E
A
R
T

R
H
Y
TH
M

G
A
S
TR
IC

P
R
E
S
S
U
R
E

be
at
s 
/ m
in

1c
m
 H

2O
1c
m
 H

2O

C
on
tra
ct
io
ns
 / 
m
in GPR65

***

**

RESPIRATION RATE

A

B

***
**

CONTROL

-15

0

15

%
 C
ha
ng
e

***
**

**

C
O
N
TR
O
L

VG
LU
T2

G
LP
1R

G
PR
65

GASTRIC PRESSURE

%
 C
ha
ng
e

C
O
N
TR
O
L

VG
LU
T2

G
LP
1R

G
PR
65

HEART RATE

-100 

-50 

0 

50 

%
 C
ha
ng
e

***

*
C
O
N
TR
O
L

VG
LU
T2

G
LP
1R

G
PR
65

GASTRIC CONTRACTIONS

P
re
-li
gh
t

1 
m
in
 li
gh
t

3 
m
in
 li
gh
t

3 min

10 s

2 s

(6) (6) (6)
(5)

(5)
(3)

(6)

(4)

(8)

(5)

(8)

(8)

(4) (4)(6)

(6) (6)

(6)

Vglut2-ires-Cre;
lox-ChR2

P2ry1-ires-Cre;
lox-ChR2

Gpr65-ires-Cre;
lox-ChR2

Glp1r-ires-Cre;
lox-ChR2

-
lox-ChR2

light

light

light

Figure B.8: (A) Physiological responses to optogenetic activation (yellow bar) of vagal sensory neuron subtypes. (B)
Quantifying physiological changes to neuron subtype stimulation (mean± sem, n = 3‐8, *p<.05, **p<.01, ***p<.001).
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B.3.5 GPR65 neurons target intestinal villi

Optogenetic studies suggested that GPR65 neurons receive inputs from the gastrointestinal tract.

GPR65, P2RY1, and GLP1R each mark subsets of neurons, with FISH revealing expression in

10.2%, 11.6%, and 11.5% of sensory neurons51; theGlp1r probe provided lower signal-to-noise and

may not reveal all neurons containingGlp1r mRNA. Two-color FISH indicated that GPR65 neu-

rons are distinct from GLP1R and P2RY1 neurons (Figure B.9A). Nearly all GPR65 neurons lacked

GLP1R (99.5%, 220/221) and nearly all GLP1R neurons lacked GPR65 (99.5%, 198/199); similarly

orthogonal results were obtained in pairwise analyses involving P2RY1 (Figure B.7).

The peripheral projections of vagal GPR65 neurons were mapped by infecting vagal ganglia of

Gpr65-ires-Cremice withAAV-flex-tdTomato. GPR65 neurons display extensive innervation of

intestinal villi in the duodenal bulb immediately adjacent to the pyloric sphincter (Figure B.9B). In-

nervation density of GPR65 neurons decreases dramatically beyond the duodenal bulb, with only

sparse innervation of the rest of the duodenum and small intestine. Consistent with these findings,

bulk labeling of vagal sensory neurons reveals maximal innervation of villi within the first 1-3 cen-

timeters of duodenum (Figure B.9C). Quantitative analysis (Figure B.9E) revealed that GPR65

neurons accounted for most vagal innervation of duodenal villi (57.4± 11.9%, n = 6) while as de-

scribed before, GLP1R neurons did not. Orthogonal results were obtained in stomach muscle,

where GPR65 neurons only accounted for 6 ± 4 enteric ganglia innervated by labeled IGLEs per

ventral stomach. Thus, GLP1R and GPR65 neurons display strikingly distinct anatomical projec-

tions within the gastrointestinal tract, with GPR65 terminals enriched in villi of intestinal mucosa

and GLP1R neurons largely confined to stomach and intestinal muscle.
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Figure B.9: (A) Two‐color FISH in vagal ganglia reveals expression of Gpr65 and Glp1r in different sensory neurons,
scale bar: 100 µm. (B) Vagal sensory neuron projections were mapped by infecting vagal ganglia of Gpr65‐ires‐Cre mice
with AAV‐flex‐tdTomato. Terminals were visualized by immunofluorescence of duodenum (cryosections) and intestinal
architecture visualized with DAPI (grey), scale bar: 500 µm. (C) Wholemount fluorescence of nerve terminals in an
en face preparation of proximal (< 1 cm from pylorus) and distal (4 cm from pylorus) intestinal villi after injecting vagal
ganglia of Vglut2‐ires‐Cre mice with AAV‐flex‐tdTomato. (D) High magnification image of villi innervation, scale bar: 100
µm. (E) Numbers of intestinal villi and gastric enteric ganglia innervated by vagal sensory neuron types were counted,
and for villi, normalized using a Cre‐independent reporter (mean± sem, n = 6, **p<.01). See also Figure B.7.

B.3.6 GPR65 neurons detect serotonin in vitro and intestinal nutrients in

vivo

Genetically defining vagal sensory neurons in intestinal villi allows for a controlled analysis of neu-

ron response properties. We next asked whether GPR65 neurons detect various gut hormones (Fig-

ure B.10). Responses were imaged using the calcium indicator Fura-2 in acute vagal ganglia cultures

from heterozygous knock-in/knock-out mice containing aGFP allele at the endogenousGpr65

locus (Gpr65GFP/+)247. For comparison, GLP1R neurons were analyzed usingGlp1r-ires-Cre; lox-

L10-GFP mice (Figure B.11). Serotonin (or a specific agonist for the serotonin receptor HTR3A)
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activated most GPR65 neurons (58%, 15/26), while cholecystokinin did not (2%, 1/41). Two-color

FISH revealed that GPR65 neurons predominantly represent a subset of HTR3A-containing

neurons, and that most do not express the cholecystokinin receptor CCKAR (Figure B.10D). In

contrast, cholecystokinin activated many vagal GLP1R neurons (62%, 53/85), consistent with

co-expression of these gut hormone receptors (Figure B.4), while serotonin activated some (19%,

16/85). Likewise, the TRPV1 agonist capsaicin activated most GLP1R neurons (68%, 58/85) but

only rare GPR65 neurons (9%, 3/34). We did not observe acute responses to GLP1R agonists in

any vagal sensory neurons by in vitro calcium imaging, or by in vivo ganglion imaging following in-

traperitoneal injection (Figure B.11), suggesting a modulatory or developmental role for GLP1R in

vagal afferents. Prior studies reporting vagal responses to GLP1R agonists required intravenous ag-

onist administration, and responses were delayed for minutes, consistent with indirect rather than

direct activation of afferents or efferents40. Taken together, these findings indicate a prominent

role for serotonin sensation but not CCK or GLP1 sensation by GPR65-expressing vagal afferents,

which represent the major species in intestinal villi. GPR65 afferents likely communicate with ente-

rochromaffin cells, the major source of serotonin in the body.

Responses of GPR65 neurons to physiological stimuli were measured by in vivo calcium imaging

in vagal ganglia ofGpr65-GCaMP3* mice (Figure B.12). GPR65 neurons did not account for most

neurons detecting lung inflation (0/48, 3 mice), saline-induced intestinal distension (6.3%, 3/47,

3 mice), or balloon-induced stomach stretch (5.6%, 4/72, 3 mice). Instead, GPR65 neurons ac-

counted for most neurons responsive to liquid diet (200 µL) injected into the duodenal bulb (66%,

27/41, 4 mice). Only rare responses were observed to nutrients perfused through distal regions of

the duodenum that did not include the duodenal bulb (Figure B.11). Taken together with anatomi-

cal data, GPR65 neurons with terminals embedded in villi adjacent to the pyloric sphincter account

for most vagal chemoreceptors responsive to intestinal nutrients.
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B.3.7 Central representations of vagal inputs from the gastrointestinal

tract

Next we used AAVmapping to ask whether GPR65 and GLP1R inputs are segregated centrally

(Figure B.13). We simultaneously infected vagal ganglia ofGpr65-ires-Cre andGlp1r-ires-Cremice

withAAV-flex-tdTomato andAAV-GFP. GFP signal revealed axons of all vagal sensory neuron
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Figure B.11: (A) Calcium responses by Fura‐2 imaging of dissociated vagal sensory neurons from Glp1r‐ires‐Cre; lox‐
L10‐GFP mice to the CCKAR agonist A71623 (100 nM), serotonin (10 µM), and capsaicin (2 µM), scale bar: 40 µm.
Left: Fura‐2 excitation; middle: GFP fluorescence (green) and calcium responses (magenta), right: pie chart indicating
percentage of GLP1R neurons activated (red) by each ligand. (B) Representative responses of a GLP1R neuron. (C) Two
color FISH in vagal ganglia using riboprobes for Htr3a (green) and Glp1r (magenta), scale bar: 100 µm. (D) The GLP1R
agonist exendin‐4 does not acutely activate vagal sensory neurons in vitro. Calcium responses to agonists for GLP1R
(exendin‐4, 100 nM) and CCKAR (A71623, 100 nM) were imaged using GCaMP3 in dissociated vagal sensory neurons
from Vglut2‐ires‐Cre; lox‐GCaMP3 mice. Top: GCaMP3 fluorescence (color scale) visualized by microscopy, scale bar:
100 µm; bottom: responses of a single neuron. (E) In vivo ganglion imaging reveals that the GLP1R agonist exendin‐4
does not acutely activate vagal sensory neurons in vivo. Responses in 123 electrical stimulation‐activated neurons (E‐
stim) were measured in response to intraperitoneal (IP) injection of exendin‐4 (10 µM) and CCK8 (100 µM). (F) In vivo
ganglion imaging during food perfusion through the proximal (0‐7 cm) and distal (8‐15 cm) intestine.

types in the nucleus of the solitary tract (NTS) and area postrema, while tdTomato signal specifi-

cally labeled GPR65 and GLP1R axons. GLP1R and GPR65 axons segregate to topographically

distinct regions of the posterior NTS (Figure B.13; Figure B.14 for entire rostral-caudal series). Va-

gal GLP1R neurons predominantly target the medial NTS subnucleus, a region that receives input

from gastric mechanoreceptors341. In contrast, GPR65 neurons projected more medially to the
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Figure B.12: (A) In vivo imaging of vagal ganglia in Gpr65‐GCaMP3* mice showing GCaMP3 responses (green) of GPR65
neurons (magenta) to stimuli indicated. (B) Rows indicate time‐resolved responses (∆ �F/F, color coded) of single
neurons in Gpr65‐GCaMP3* mice to stimuli (green bars: 15 seconds). Magenta and black bars represent tdTomato‐
positive and negative neurons. Only some unresponsive tdTomato‐negative neurons are depicted; numbers at Y‐axis
base indicate total number of viable imaged neurons. See also Figure B.11.

NTS commissural zone, just beneath the area postrema. For a direct comparison of GLP1R neuron

(tdTomato) and GPR65 neuron (GFP) projection patterns (Figure B.13C), vagal ganglia ofGlp1r-

ires-Cre;Gpr65GFP/+mice were infected withAAV-flex-tdTomato. This strategy revealed that vagal

GLP1R and GPR65 neurons target adjacent but distinct NTS subregions, suggesting engagement

of different neural circuits.
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Figure B.13: (A) Vagal sensory neuron axons were analyzed in a brainstem region (red box) containing the NTS and area
postrema. (B) Vagal ganglia of Glp1r‐ires‐Cre and Gpr65‐ires‐Cre mice were infected with AAV‐flex‐tdTomato and AAV‐GFP
for immunofluorescence‐based detection of Cre‐containing (magenta) and all (green) vagal sensory neuron axon types.
(C) Vagal ganglia of Glp1r‐ires‐Cre; Gpr65GFP/+ mice were infected with AAV‐flex‐tdTomato for simultaneous visualization
of GLP1R (magenta) and GPR65 (green) axons, scale bar: 100 µm. See also Figure B.14.

B.4 Discussion

Internal sensory neurons of the vagus nerve survey the state of several major physiological systems.

Within the gastrointestinal tract, sensation of gastric distension and intestinal nutrients are long-

appreciated signals that activate vagal afferents and impact physiology and behavior. Here, we genet-

ically define sensory neurons that detect these cues, and use Cre-based anatomical mapping, in vivo

imaging, and optogenetics to decipher aspects of gut-to-brain signaling.

One small group of vagal afferents marked by expression of the receptor GPR65 (~230 neurons

per ganglion) innervates villi in the proximal small intestine close to the gastro-duodenal junction.

GPR65 neurons respond to serotonin, but not other gut hormones such as GLP1 and cholecys-

tokinin. In vivo calcium imaging revealed acute responses of GPR65 neurons to food introduced

into the intestinal lumen, providing a direct functional link between sensory neurons with terminal
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Figure B.14: Vagal ganglia of Gpr65‐ires‐Cre and Glp1‐ires‐Cre mice were infected with AAV‐flex‐tdTomato and AAV‐GFP,
and axons visualized in the brainstem by two‐color immunofluorescence. A dorsomedial region of each coronal section
is depicted, similar to Figure B.13A, scale bar: 500 µm.

fields in intestinal villi and nutrient detection. Responses of vagal GPR65 neurons to nutrients were

rapid and transient, presumably turning off as peristaltic movements removed stimuli from the duo-

denal bulb. Artificial sweeteners perfused through the duodenum did not evoke a response in vagal

sensory neurons, suggesting that any metabolic responses mediated by intestinal sweet receptors

involve alternative pathways135. Vagal GPR65 neurons accounted for most but not all nutrient-

responsive neurons, indicating at least one other class of nutrient-responsive vagal afferent.

The ability of vagal GPR65 neurons to slow gastric motility suggests a two-pronged response to

nutrient-evoked serotonin release in the duodenal bulb. During a meal, food is released through the

pyloric sphincter into the duodenal bulb. When a critical level is reached in the duodenal bulb, as

detected by a deflection in osmolarity, pH, and/or mechanical brushing, a burst of serotonin is re-
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leased. Serotonin is a classic signal that promotes gut motility through the enteric nervous system,

propelling resident contents distally to sites of enzyme secretion and absorption28. Simultaneously,

serotonin-responsive GPR65 neurons of the vagus nerve initiate an intestine-brain-stomach circuit

that causes a striking feedback blockade of gastric motility, decreasing entry of new content into the

duodenal bulb. This dual activity of serotonin should purge the proximal intestine of contents. Af-

ter the first bolus has migrated, the system presumably re-sets and re-fills to prepare the next bolus.

Based on these findings, we propose an important role for vagal GPR65 neurons in controlling the

pulsatile rhythm of food entry into the intestine. Optogenetics enables a specific analysis of vagal

chemosensors in the intestine that was not possible with sham feeding, which triggers a complex re-

sponse involving multiple vagal afferent types but also enteric neurons, spinal neurons, circulating

hormones, and direct nutrient effects. Whole nerve stimulations also do not distinguish contribu-

tions from villous neurons, gastrointestinal mechanoreceptors, motor neurons, or other fiber types.

Future studies are needed to determine the role of GPR65 itself in intestinal homeostasis, as these

studies reveal it to be a prime candidate for regulating gastrointestinal physiology. Specific targeting

of GPR65 neurons may impact disorders of nutrient absorption and gut motility, such as dyspepsia

and ileus.

Genetically guided anatomical tracing showed the central representation of nutrient-responsive

vagal afferents containing GPR65. Anterograde tracing studies from the intestine using bulk tracing

techniques are technically challenging and have not enabled differential analysis of fiber type-specific

projection fields, such as those from chemoreceptors and mechanoreceptors. Immediate early gene

(IEG) analysis in the NTS suggested a relatively broad topographical domain responsive to intestinal

nutrients233. However, nutrient-evoked IEG induction potentially includes direct or indirect con-

tributions frommultiple vagal afferent types, as well as enteric neurons, spinal neurons, hormones,

and circulating nutrients themselves. Experiments here instead reveal strikingly restricted central

projections of vagal GPR65 neurons that are confined to the commissural NTS. This projection
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field is distinct from that of gastrointestinal mechanoreceptors (Figure B.13) and apnea-promoting

pulmonary afferents51, consistent with a topographical NTS map linked to physiological input. Re-

vealing the spatially confined projections of vagal GPR65 neurons highlights the power of using

genetic tools for selective visualization of afferent subtype-specific terminal fields in the brainstem.

Four findings suggest that villous nutrient detection by the vagus nerve occurs primarily through

GLP1R-independent mechanisms. Vagal GLP1R sensory neurons 1) do not account for most

nutrient-responsive neurons, 2) do not densely innervate intestinal villi, 3) do not respond to GLP1R

agonists in vitro, and 4) do not respond to GLP1R agonists administered intraperitioneally by in

vivo ganglion imaging. Instead a cohort of vagal GLP1R neurons forms IGLE terminals in stom-

ach, and accounts for most gastric stretch receptors by in vivo imaging. Furthermore, vagal GLP1R

neurons project centrally to medial NTS regions that show IEG induction following gastric disten-

sion341. The same genetically defined neuron type forms IGLEs and senses stomach stretch, sup-

porting the model that IGLEs are mechanosensitive terminals359. A second cohort of vagal GLP1R

neurons responds to intestinal distention, indicating that vagal GLP1R neurons generally account

for several classes of gastrointestinal mechanoreceptors.

Intriguingly, these studies add to the list of gut hormone receptors expressed by gastric mechanore-

ceptors. In some studies, but not all, cholecystokinin was reported to activate the same sensory neu-

rons that detect gastric distension32,273. One caveat is that cholecystokinin exerts profound effects

on gastric motility and tone, effects which might secondarily impact stretch sensitivity. Here, ana-

lyzing responses of genetically defined gastrointestinal mechanoreceptors in cell culture reveals acute

and direct cholecystokinin-evoked calcium transients that are independent of secondary physiologi-

cal effects. Prior studies also reported that leptin activates gastric mechanoreceptors177 while ghrelin

inhibits them225. One model is that gut hormones relay convergent state-dependent information

about ingested and stored nutrients to modulate the sensitivity of gastric stretch sensors. When

nutrients are abundant, subthreshold sensitization of gastric mechanoreceptors would promote
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satiety at lower distension levels; in contrast, when nutrients are scarce, a larger sized meal would

be required for the same sensory neuron response. Here, we reveal that GLP1R is also expressed

by mechanoreceptors in stomach, as well as intestine. Unlike CCKAR agonists, GLP1R agonists

do not acutely activate vagal afferents, suggesting a modulatory role. Intriguingly, introduction of

GLP1R agonists directly into the brainstem can gate NTS responses to stomach distension, and a

model was proposed involving GLP1R expression in intrinsic NTS neurons119. Our studies raise

the possibility that GLP1R agonists instead, or in addition, directly modulate vagal sensory neuron

axons in the brainstem to control presynaptic neurotransmitter release. Together, these findings

suggest that gut hormones exert multi-tiered control over gastric stretch sensitivity at different pro-

cessing levels in the same neuron.

Sensory systems use different strategies to encode peripheral information. For example, the olfac-

tory system can generate a myriad of odor perceptions. To achieve this, odors are encoded by com-

binations of receptors and sensory neuron types in the periphery. Olfactory sensory neuron inputs

are subsequently mixed without apparent topography in olfactory cortex342. This organization al-

lows individual cortical neurons to integrate responses frommultiple receptors, which is relevant for

generating diverse perceptions. In contrast, the gustatory system is more streamlined, with different

sensory cells and peripheral neural circuits devoted to perception of sweet, salty, sour, umami, and

bitter taste modalities20. These separate and parallel processing streams for taste inputs in ascend-

ing gustatory circuits are termed ‘labeled lines’. Our data indicate that the vagus nerve uses a coding

logic that shares many similarities with gustatory nerves. Individual vagal sensory neurons transmit

highly specific information from peripheral organs—such as stomach stretch during feeding and

lung inflation during breathing. Furthermore, optogenetic stimulation of vagal GPR65 neurons

inhibits gastric contractions without impacting breathing or heart rate, suggesting that individual

sensory neurons not only monitor but also control particular organ systems. The sensory arm of

the vagus nerve thus consists of several co-fasciculating labeled lines dedicated for particular sensory
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modalities. Moreover, the cell bodies of neurons responsive to different pulmonary and gastroin-

testinal inputs are intermingled within vagal ganglia in a salt-and-pepper manner, suggesting that

spatial information from the periphery is largely not apparent at the level of the ganglion.

Genetically identifying neuron subtypes relevant for physiology and behavior is a major goal of

the neuroscience field. Recent advances revealed neuron types involved in numerous perceptions

and behaviors, such as touch, itch, hunger, and aggression12,16,114,175. Genetic approaches help paint

a comprehensive picture of neuron function that includes gene expression, peripheral anatomy, cen-

tral anatomy, in vivo and in vitro responsiveness, and physiological function. Here, we genetically

define two discrete classes of gut-to-brain afferents that differentially monitor and control the diges-

tive system, providing a pivotal molecular foundation for exploring the sensory biology and neural

circuitry associated with gut-to-brain signaling.

B.5 Experimental Procedures

Glp1r-ires-Cremice were prepared by BAC recombineering. Rosa26-GCaMP3 mice were generated

by breeding lox-GCaMP3 with E2a-Cremice (Jackson, 003314) to achieve germline excision, and

then breeding out the E2a-Cre allele. Genotyping, FISH, in vitro calcium imaging, electrophysiol-

ogy, optogenetics, and physiological measurements were as described previously51, with reagents,

minor modifications, and other mouse lines in Extended Experimental Procedures.

For anatomical mapping,AAV-flex-tdTomato andAAV-GFP were injected into vagal ganglia of

Gpr65-ires-Cre andGlp1r-ires-Cremice51. IGLE density was determined in stomach muscle whole-

mounts with enteric ganglia labeled by Fluorogold (30 mg/kg IP). Normalized villus innervation is

the ratio of tdTomato fibers to GFP fibers in duodenal cryosections (12µm, sampled every mm over

the first cm).

For in vivo imaging, vagal ganglia were surgically exposed and immobilized on a stable platform.
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GCaMP3 fluorescence was measured by confocal microscopy (Leica TCS SP5 II) in single ganglion

neurons. Electrical stimulation involved steps (10 sec, 2 ms pulses at 5 Hz) of increasing voltage (1

to 70 V). Airway gases were introduced (1 L/min) by a tracheal cannula. Gastric distension was by

nitrogen gas (3-6 mL/min, 15 sec) or a volume-controlled and surgically implanted balloon. Liquid

diet (200µL, TestDiet LD101) was injected (Figures B.1E, B.5, B.12, B.2B, B.6, B.11) after pyloric

sphincter sealing. Other stimuli (Figures B.1C, B.1D, B.1F, B.2C-F) were introduced (4-5 min) dur-

ing continuous perfusion (saline or stimulus, 125µL/min) of the intestine (first ~11 cm). Cells were

coded as responsive based on stimulus-evoked changes in GCaMP3 fluorescence. See Extended

Experimental Procedures for more information about surgery, microscopy, introduction of test

stimuli, and data analysis related to in vivo imaging.

For data analysis, sample sizes are indicated in main text, figure legends, or bar graphs (numbers

in parentheses). Significance was determined by comparisons to the indicated control group using a

two-tailed Student’s t test (Fig. 2, 3) or between indicated groups using a two-tailed Mann-Whitney

test (Fig. 4).

B.5.1 Animals

All animal procedures complied with institutional animal care and use committee guidelines. Glp1r-

ires-Cremice were prepared using standard BAC recombineering approaches51. Glp1r andGpr65

Southern blots involved genomic DNA cut with SphI and BamHI respectively and probes gener-

ated by PCR using specific primers (Glp1r: GGGTGTGGAGAGGACCTGGTCACTGTG and

AATACATGGCCACTCACAGAGCCACCC;Gpr65 : CAGTTTGCATGTGAACCTGC and

CTCACTTTCTGCTTTATCCC). PCR primers used for genotypingGlp1r-ires-Cremice were

GTTTCTTCCTCTCTTCCTGCC and either TCATCAAGCCCATCTCTCTCC (wild type)

or ACCGCTTCCTCGTGCTTTAC (knock-in). Gpr65-ires-Cre, P2ry1-ires-Cre, Vglut2-ires-Cre,

and lox-L10-GFP mice were described previously51,329,165,364. lox-GCaMP3 (014538), lox-tdTomato
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(007908), lox-ChR2 (012569) andGpr65GFP/+ (008577) lines were purchased (Jackson). The con-

stitutiveGCaMP3 allele (Rosa26-GCaMP3) was generated by breeding lox-GCaMP3 with E2a-Cre

mice (Jackson, 003314), and then crossing out the E2a-Cre allele. Experimental groups were as-

signed based on genotypes, and were randomized with respect to animal gender and age (> 5 weeks

old).

B.5.2 RNA in situ hybridization

In situ hybridization studies were performed on 10-20 µm cryosections of vagal ganglia as described51.

cRNA riboprobes were prepared forGlp1r (1392 bp amplified with primers ATGGCCAGCACC-

CCAAGC and TCAGCTGTAGGAACTCTGG),Htr3a (845 bp amplified by primers CAACG-

GCCATCGGTACCCCC and ATGAGCAGTTCCAGGGGCCG), and Cckar (994 bp ampli-

fied with primers AGGAGGAAGATGGAAGGACC and GCTACTTATTAAGTGAGTCCC).

Other riboprobes were described previously51.

B.5.3 In vitro calcium imaging

Fura-2 based calcium imaging in acutely dissociated vagal sensory neurons was performed as de-

scribed51 usingGlp1r-ires-Cre; lox-L10-GFP andGpr65GFP/+ mice. Test chemicals were dissolved in

Hank’s balanced salt solution and included CCKAR agonist A71623 (100 nM, Tocris), CCK-8

(10 nM, Sigma), Exendin-4 (100 nM, Tocris), serotonin (10 µM, Sigma),m-chlorophenylbiguanide

(100 µM, Sigma), and capsaicin (1-2 µM, Sigma). Only cells that responded to KCl (50 mM) were

counted. GCaMP3 imaging involved Vglut2-ires-Cre; lox-GCamp3 mice, and were imaged with

excitation-emission filters for GFP.
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B.5.4 AAV-guided anatomical mapping

AAVs were introduced into vagal ganglia of adult (2-4 months old)Gpr65-ires-Cre andGlp1r-ires-

Cre mice as described51. Enteric neurons were labeled by intraperitoneal injection of Fluorogold

(30 mg/kg)243. Innervation of duodenum was quantified in cryosections (12 µm) sampled every

millimeter from the pyloric sphincter over a distance of 1 centimeter. For whole mount analysis of

IGLE innervation, the ventral stomach corpus was dissected and the muscular layer gently isolated.

Immunohistochemistry for tdTomato and GFP was performed using techniques and antibodies

described51, and intestinal cryosections were counterstained with 4’,6-diamidino-2-phenylindole

(DAPI). Normalized villus innervation was quantified by dividing the number of villi innervated

with tdTomato-containing fibers by the number of villi innervated with GFP-containing fibers.

Stomach IGLEs were identified using standard criteria333, and the numbers of enteric ganglia inner-

vated were counted. Some animals with low AAV infection rates (< 10% of neurons) were excluded

based on analysis of GFP fluorescence in vagal ganglia; exclusions were determined blind to animal

genotype and prior to analysis of peripheral and central innervation. In Figures B.5 and B.9, DAPI

and Fluorogold fluorescence images were gamma-corrected to enhance visualization of tissue archi-

tecture and Sobel edge detection was used to enhance display of tdTomato fibers in low magnifica-

tion images. Non-linear enhancements were not used prior to quantification. Experimenters were

blinded to animal genotype for quantification.

B.5.5 Optogenetics and physiology

Studies involving optogenetics, whole nerve electrophysiology to quantify neuron conduction ve-

locity, and physiological measurements of heart rate, gastric pressure, and respiratory rate were as

described51. Gastric contractions were not measured in two animals (both lox-ChR2) prior to opto-

genetic stimulation and were excluded from analysis.
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B.5.6 In vivo imaging

Mice (24 hour fasted) were placed under continuous anesthesia (isofluorane/oxygen), and kept at

normal body temperature. The ventral neck surface was shaved and cleaned, and a one-inch midline

incision was made above the sternum and below the jaw. The trachea was exposed by separating the

submandibular and sublingual glands, and the left glands were excised with residual tissue cauter-

ized to prevent bleeding. The sternocleidomastoid muscle and associated soft tissue was moved later-

ally using a magnetic retractor, exposing the common carotid artery, internal jugular vein, and vagus

nerve trunk. The vagus nerve trunk, inclusive of the superior laryngeal branch, was gently separated

from the carotid artery and surrounding soft tissue, and a second magnetic retractor was used to

pull the carotid artery and trachea medially. The hypoglossal nerve was transected, and a third mag-

netic retractor was used to displace small carotid artery branches close to the jugular foramen. Vagus

nerve transections were made superior to the jugular ganglion and at the auricular and meningeal

branches to free the ganglion so it could be placed on a stable imaging platform: a 5 mm diame-

ter glass coverslip (NeuVitro GG-5-0) glued to a custommetal arm affixed to a micromanipulator

(WPI, M3301L) for high precision control of the imaging field. Magnetic retractors were removed.

The ganglion was embedded in KwikSil adhesive (WPI), and a second coverslip placed on top and

allowed to set (15 minutes). A water-tight wall was constructed around the entire surgical site us-

ing silicone, and the neck cavity containing the immobilized ganglion was immersed in Lactated

Ringer’s solution into which the microscope objective was lowered. Imaging was performed with

an upright confocal microscope (Leica TCS SP5 II) using a 20x, NA1.00 water-immersion objective

(5 µm optical thickness, <90 µW laser power to prevent tissue damage, 2 Hz frame rate). Stimuli

were introduced (see below), and heart rate and respiration were measured by EKG. GCaMP3 fluo-

rescence changes were obtained (Fiji with Time Series Analyzer V 2.0 plug-in) in regions of interest

(ROIs), with each ROI confined to a single cell throughout the entire imaging session. ROI in-
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tensities (average across pixels) were calculated in each frame and exported toMatLab for analysis.

Responses were also manually analyzed, and rarely, responses were excluded if baseline fluorescence

shifted during the experiment, for example from a movement artifact.

Electrical stimulation of the cervical vagus nerve occurred in steps (10 seconds of 2 millisecond

pulses at 5 Hz, Grass S5 Stimulator) of increasing voltage (stepwise from 1 to 70 V). Gases were

introduced into the airways via a tracheal cannula (flow rate: 1 liter/minute). Tubing (PE-10, Brain-

tree Scientific) was passed through a needle-sized hole (18 gauge) in the trachea wall between the

first and second cartilaginous segments, and advanced to the carina. Gastric distension was achieved

by inflation of a surgically implanted latex balloon (Braintree Scientific, 73-3478) affixed to a small

rodent feeding needle (FST, 18061-20) and syringe, which allowed for precise volume control by

manual infusion of liquid. After removal of stomach contents through an incision in the greater

curvature of the stomach, the balloon was surgically implanted near the gastroduodenal sphincter,

and the incision site sealed with Vetbond tissue glue. Gastric distension was also achieved by inflat-

ing the stomach with nitrogen gas (3-6 mL/min, 15 seconds) after surgical closure of the pyloric

sphincter. For single-bolus nutrient introductions (Figures B.1E, B.5, B.12, B.2B, B.6, B.11), the

gastro-duodenal sphincter was first sealed by tightening a surgical thread circumferentially. Liquid

diet (200 µL, TestDiet 0054451, 37°C) was then introduced into the stomach and small intestine

with a small (26 gauge) needle. For intestinal perfusions (Figures B.1C, B.1D, B.1F, B.2C-F), a small

rodent feeding needle was inserted through an incision in the stomach, pushed past the gastroduode-

nal sphincter, and placed in the proximal duodenum within 0.5 centimeters of the sphincter, which

was sealed with tissue adhesive. The intestine was transected ~11 centimeters distally to create an

exit port, and saline (HBSS, Gibco 14025-126) was continuously perfused (125 µL/minute) using

a peristaltic pump, with stimuli periodically introduced (240 seconds). Prior to intestinal stretch,

intestinal contents were flushed with saline, and stretch was introduced by introducing fixed liquid

volumes in the presence of an exit port clamp. Experiments were excluded if surgical complications
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prevented stimulus delivery or imaging.

Baseline signal was defined as the average GCaMP3 fluorescence over a 3 minute period prior to

stimulus introduction. Neurons were only included in analysis if they responded to electrical stimu-

lation at the end of an experimental session (with maximal GCaMP3 fluorescence > seven standard

deviations above baseline mean), and did not drift out of the imaging field. Cells were coded as re-

sponsive to liquid diet if both of two criteria were met: 1) peak GCaMP3 fluorescence was two stan-

dard deviations above the baseline mean within 250 seconds of stimulus introduction and 2) the

mean GCaMP3 fluorescence over a 20 second window around the peak response was >50% above

baseline. Cells were coded as responsive to mechanical stimuli (lung, stomach, intestine) if either

of two criteria were met: 1) maximal GCaMP3 fluorescence was >seven standard deviations above

the baseline mean during the stimulus (for rapidly adapting responses) or 2) if mean GCaMP3 fluo-

rescence was >three standard deviations above baseline mean during the entire stimulus (for slowly

adapting responses). Neurons displaying oscillatory behavior were identified by fast-fourier transfor-

mation of baseline activity, with peaks defined between 0.1 and 0.75 Hz and >5 standard deviations

above mean baseline fluctuations (Figure B.3). Correlation coefficients (Figure B.2) were derived

from stimulus pairs across the neuron repertoire by comparing response amplitudes for each neu-

ron (mean∆F/F in a 2 minute window around signal peak). During imaging inGlp1r-GCaMP3*

andGpr65-GCaMP3* mice, GCaMP3 fluorescence data was collected using a narrow bandwidth

of 500-540 nm, which resulted in similar baseline GCAMP3 fluorescence measurements between

tdTomato-positive and tdTomato-negative neurons (Figure B.6). Neuron positions were defined us-

ing Cartesian coordinates, with position standardization to allow for comparisons between ganglia.

Experimenters were blinded to neuron identity (defined by tdTomato expression) or prior neuron

responsiveness during imaging analysis.
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B.5.7 Code Availability

Imaging data was analyzed using the publicly available software package, Fiji (http://fiji.sc/

Fiji), using the Time Series Analyzer plugin (http://rsb.info.nih.gov/ij/plugins/time-series.

html). Matlab scripts to convert imaging signals to∆F/F, categorize responsive vs non-responsive

neurons, and generate raster plots were written in the laboratory, and are available upon request.

B.5.8 Data analysis

Sample sizes are indicated in main text, figure legends, or bar graphs (numbers in parentheses). Sig-

nificance was determined by comparisons to the indicated control group using a two-tailed Stu-

dent’s t test (Fig. B.5, B.8) or between indicated groups using a two-tailed Mann-Whitney test

(Fig. 4). For optogenetics and physiological studies, data were normally distributed, and compared

groups had similar variance. All experiments involved biological rather than technical replicates.
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C.1 Abstract

Lung-innervating nociceptor sensory neurons detect noxious/harmful stimuli, protecting organ-

isms by mediating cough, pain, and bronchoconstriction. However, the role of sensory neurons

in pulmonary host defense is unclear. Here, we find that TRPV1+ nociceptors suppressed protec-

tive immunity against lethal Staphylococcus aureus pneumonia. Targeted TRPV1+ neuron ablation

increased survival, cytokine induction, and lung bacterial clearance. Nociceptors suppressed the

recruitment and surveillance of neutrophils, and altered lung γδ T cells necessary for immunity. Va-

gal ganglia TRPV1+ afferents mediated immunosuppression through release of the neuropeptide

calcitonin gene-related peptide (CGRP). Targeting neuro-immune signaling could be an effective

approach to treat lung infections and bacterial pneumonia.

The lung is a major barrier surface that interfaces with the environment and is often prone to

infection. A highly coordinated immune response protects the respiratory tract from pathogens

and other external insults. The role of the nervous system in regulating pulmonary host defense is

not well defined. Pulmonary infections and lethal pneumonia are major public-health problems

frequently causing death in children and immunocompromised and elderly people230. S. aureus is

a Gram-positive human bacterial pathogen that is the leading cause of hospital-acquired infections,

particularly respiratory-tract infections and ventilator-associated pneumonia230,313,205,131. The in-

creased prevalence of multi-drug resistant bacteria including methicillin-resistant S. aureus (MRSA)

strains necessitates non-antibiotic approaches to treatment. Targeting neuroimmunological signal-

ing may be a novel approach to boost host immunity against lung pathogens.

The trachea, bronchi and airways are innervated by peripheral sensory afferents originating from

vagal and spinal sensory neurons, whose cell bodies reside within the vagal ganglia (VG) and dor-

sal root ganglia (DRG), respectively314,51,188. Nociceptor neurons are the subset of these neurons

that respond to noxious stimuli including heat, protons, ATP, mechanical injury, inflammation,
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and chemical irritants23. Upon activation, nociceptors induce pain, coughing, and bronchocon-

striction314,23,43,80. Recent work has shown that nociceptors cross-talk with immune cells in the

respiratory tract, thereby driving allergic responses and bronchoconstriction in mouse models

of asthma314,41,305. Here, we investigate a previously unexplored role for sensory neurons in pul-

monary host defenses against bacterial invasion and lethal pneumonia.

C.2 Results

C.2.1 TRPV1+ neurons mediate survival and bacterial clearance in pneumo-

nia

We hypothesized that lung-innervating nociceptors are poised to detect bacterial invasion and to

coordinate pulmonary immunity. The Transient receptor potential vanilloid 1 (TRPV1) ion chan-

nel responds to capsaicin, protons, and heat stimuli23,142. TRPV1 is expressed by many C-fibers,

including nociceptors that mediate thermal nociception and inflammatory hyperalgesia47,201,238.

TRPV1+ neurons have been found to drive allergic airway hypersensitivity314.

We first used a genetic approach to determine the role of TRPV1+ neurons in host defense314,238.

Trpv1-Dtr mice express the human diphtheria toxin receptor (DTR) under control of mouse TRPV1

regulatory sequences238. Mouse cells are normally resistant to diphtheria toxin (DT)-induced apop-

tosis, but are rendered susceptible by expression of DTR.We performed daily injections of DT into

5- to 7-week old Trpv1-Dtr mice to selectively ablate TRPV1+ neurons314,238. DT treatment, com-

pared with PBS treatment, significantly ablated TRPV1+ neurons in both DRG and VG (Supple-

mentary Figure 119). CGRP is expressed by many peptidergic C-fiber nociceptors238,202. There

were significantly fewer CGRP+ neurons in DT- treated Trpv1-Dtr mice than in PBS-treated con-

trols (Supplementary Figure 119). In contrast, the proportion of NF-200+ neurons, which include

A fibers, was higher in the DT-treated Trpv1-Dtr mice. In DT-treated compared with PBS-treated
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Trpv1-Dtr mice, we also observed loss of CGRP+ nerves around the airways (Supplementary Figure

219) and decreased noxious heat responses in hot plate and tail-flick assays (Supplementary Figure

319).

Next, we asked whether TRPV1+ neurons might affect pulmonary host defenses. Trpv1-Dtr mice

recovered 7 d after DT or PBS treatment and were subsequently intratracheally inoculated with

a lethal dose of the MRSA strain USA300 (1.3 − 1.4 × 108 colony forming units, CFU); Figure

C.1a). Trpv1-Dtr mice treated with DT, compared with those treated with PBS, showed significantly

longer survival and better maintenance of core body temperature after MRSA pneumonia (Figure

C.1b). DT-treated Trpv1-Dtr mice, compared with PBS-treated controls, also exhibited tenfold-

lower bacterial burdens recovered from lungs at 12 h postinfection (Figure C.1c).

We used Resiniferatoxin (RTX) as a second strategy to target TRPV1+ neurons. RTX is a high-

affinity TRPV1 ligand that can be used to chemically denervate and ablate nociceptors201,156. Mice

were subcutaneously treated with RTX at 4 weeks of age for consecutive days with escalating doses

(30, 70, 100 µg/kg) according to established protocols149,256. RTX-treated mice, compared with

vehicle-treated mice, showed increased latency to noxious heat in hot-plate and tail-flick assays, and

loss of TRPV1+ and CGRP+ neurons in the DRG and VG (Supplementary Figures 3 and 419). At

4 weeks after RTX injection, mice were intratracheally inoculated withMRSA (0.8 − 1 × 108

CFU; Figure C.1d). Whereas most vehicle-treated mice succumbed to pneumonia (80% mortality),

most RTX-treated mice survived (Figure C.1e). RTX-treated mice, compared with vehicle-treated

mice, showed improved maintenance of core body temperature (Figure C.1e) and less lung bacterial

burden (Figure C.1f). Trpv1-Dtr-mediated ablation and RTX treatment enhanced protection in

mice infected with a sublethal dose of S. aureus (2 − 4 × 107 CFU), as measured by bacterial-load

recovery (Supplementary Figure 519). Because nociceptors may regulate the peripheral resistance

of the cardiovascular and pulmonary systems to infection, we measured vital signs. However, the

oxygen saturation, heart rate, perfusion, and respiratory rates did not differ between RTX- treated
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Figure C.1: (a) For genetic ablation of TRPV1+ neurons, Trpv1‐Dtr mice 5 to 7 weeks of age were treated with DT (200
ng/mouse intrapieroneally (i.p.)) daily for 21 d. Mice were rested 7 d prior to intratracheal inoculation with S. aureus
USA300 (1.3‐1.4× 108 CFU/mouse). (b) Left, survival curves of PBS‐treated Trpv1‐Dtr mice (n = 11) and DT‐treated
Trpv1‐Dtr mice (n = 13). Log‐rank (Mantel‐Cox) test (P=0.01). Right, measurements of core body temperature (temp.)
over time in PBS‐treated (n = 7) and DT‐treated Trpv1‐Dtr mice (n = 8). Two‐way repeated (RM) analysis of variance
(ANOVA) with Bonferroni post tests (***P = 0.001; P = 0.014). (c) Lung bacterial burdens 12 h after infection in PBS‐
treated (n = 13) and DT‐treated Trpv1‐Dtr mice (n = 12); Two‐tailed unpaired t‐test (P = 0.0042). (d) Resiniferatoxin
(RTX)‐mediated chemical ablation of TRPV1+ neurons. WT mice 4 weeks of age were injected subcutaneously daily
with three escalating doses of RTX or vehicle. Mice were rested for 4 weeks prior to intra‐tracheal inoculation with S.
aureus USA300 (0.8‐1× 108 CFU/mouse). (e) Left, survival curves of vehicle‐treated (n = 20) and RTX‐treated mice (n
= 18); Log‐rank test (P<0.0001). Right, core body temperature measurements in vehicle‐treated (n = 5) and RTX‐treated
mice (n = 5). Two‐way RM ANOVA with Bonferroni post‐tests (****P<0.001). (f) Lung bacterial load recovery 12 h after
S. aureus infection in vehicle‐treated (n = 13) and RTX‐treated mice (n = 13). Two‐tailed unpaired t tests (P=0.0035).
Data were pooled from two (b) or three (c, e, f) independent experiments. Data shown as mean± s.e.m. (b, e, core body
temperature) and mean (c, f).

and vehicle-treated mice at steady state; the respiratory rates also did not differ postinfection (Figure

C.2).

Next, we asked whether nociceptors might modulate host defense against bacterial pathogens

other than S. aureus. RTX-treated and vehicle-treated mice were infected with lethal doses of Strepto-

coccus pneumoniae,Klebsiella pneumoniae, or Pseudomonas aeruginosa. The RTX-treated mice and

vehicle-treated mice showed similar decreases in core body temperature after infection with the three

pathogens (Supplementary Figure 719). Nociceptor deficiency showed a modest but nonsignificant
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Figure C.2: (a) Vagal DT‐injected or PBS‐injected Trpv1‐Dtr mice were analyzed for oxygen saturation, heart rate, and
perfusion at steady state by pulse oximetry. Respiratory rate measured at steady state by manual counting. Data repre‐
sent the average of three independent measurements. Statistical comparisons were performed by two‐tailed unpaired
t‐test.

protective effect (P = 0.13) in survival during S. pneumoniae infection (Supplementary Figure 719).

Nociceptor deficiency did not affect death caused byK. pneumoniae or P. aeruginosa pneumonia

(Supplementary Figure 719).

Nav1.8 is a voltage-gated sodium channel expressed by a large subset of nociceptors that overlap

with but are distinct from TRPV1+ neurons2,238. Nav1.8-Cre+/- mice were bred with diphtheria

toxin A (DTA) reporter mice to generate animals deficient in Nav1.8-lineage neurons (Nav1.8-Cre+/-;

Dta)2. After MRSA infection, we observed a trend toward higher survival (P = 0.09) and lower

bacterial burden (P = 0.07) inNav1.8-Cre+/-; Dtamice than in control littermates (Supplementary

Figure 819). However, the beneficial effects of Nav1.8-lineage neuron ablation (Supplementary Fig-

ure 819) were considerably smaller than those observed for TRPV1 neuron ablation (Figure C.1).
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C.2.2 TRPV1 ion channel does not mediate pulmonary host defense

We next determined whether the TRPV1 ion channel itself was involved in host defense. Trpv1-/-

mice have previously been found to have exaggerated physiologic responses in a model of polymi-

crobial sepsis90. After S. aureus lung infection, we did not observe significant differences in sur-

vival, core-body-temperature measurements, or lung bacterial burdens in Trpv1-/- mice compared to

Trpv1+/- or Trpv1+/+ control littermates (Supplementary Figure 919). The postinfection induction of

cytokines (IL-17A, IL-6, and IL-23) in lung lysates of Trpv1-/- mice was similar to that in control lit-

termates (Supplementary Figure 1019). We also examined the role of TRPA1, which mediates airway

inflammation in a mouse model of asthma41. Trpa1-/- mice, compared with Trpa1+/+ littermates, did

not show differences in bacterial burdens after lethal or sublethal S. aureus infection (Supplemen-

tary Figure 1119).

C.2.3 TRPV1 andNav1.8 neurons regulate bacterial dissemination

We next determined whether nociceptors mediated the spread of bacterial pathogens from the lung

to extrapulmonary sites. DT-treated Trpv1-Dtr mice showed higher numbers of bacteria in the

blood (P = 0.01) after lethal MRSA infection than did controls (Supplementary Figure 1219). RTX-

treated mice also showed greater blood dissemination than did vehicle-treated controls (Supplemen-

tary Figure 1219). At a sublethal dose of infection, both Trpv1-Dtr ablation and RTX treatment

increasedMRSA dissemination to the blood and spleen (Supplementary Figure 1319). InNav1.8-

Cre+/-; Dtamice, compared with control littermates, we also observed significantly greater bacterial

dissemination to the blood, which was accompanied by greater spleen size (Supplementary Figure

1319). We investigated whether nociceptor ablation affected lung-barrier permeability. RTX-treated

mice, com- pared with vehicle-treated mice, showed greater leakage of fluorescein isothiocyanate

(FITC)-dextran to the blood after intratracheal inoculation, thus suggesting a role of nociceptors in
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maintaining barrier integrity (Supplementary Figure 1419).

C.2.4 TRPV1 neurons regulate lung inflammation and cytokine induction

We performed histological analysis of lungs at different time points to analyze pulmonary inflam-

mation after S. aureus infection. RTX- treated mice, compared with vehicle-treated mice, showed

greater immune-cell influx in the lungs at 12 h and 24 h postinfection, as determined by H&E stain-

ing (Figure C.3a). We hypothesized that early increases in immune cells might correlate with im-

proved bacterial clearance in RTX-treated mice. Brown and Brenn staining showed many Gram-

positive bacterial colonies in vehicle-treated lungs at 12 h and 24 h postinfection (Figure C.3b).

In contrast, RTX-treated mice showed few bacterial colonies (Figure C.3b). We next determined

whether nociceptors regulated proinflammatory-cytokine production. At an early time point of in-

fection (6 h), RTX-treated mice showed higher induction of total inflammatory-protein levels in the

bronchoalveolar lavage fluid (BALF) (Figure C.3c), as well as levels of the cytokine TNF-α and the

chemokine CXCL-1 (Figure C.3d). By 12 h postinfection, TNF-α, IL-6, and CXCL-1 levels were

lower in RTX-treated mice (Figure C.3d), as were levels of the cytokines IL-1β andMCP-1 (Supple-

mentary Figure 1519). These data indicated that TRPV1+ neuron ablation leads to faster induction

and resolution of cytokine levels during infection.

C.2.5 TRPV1 neurons suppress recruitment of neutrophils

We next used FACS analysis to analyze the kinetics of immune-cell influx into inflamed lungs dur-

ing S. aureus infection. RTX- treated mice, compared with vehicle-treated mice, displayed greater

CD11b+Ly6G+ lung neutrophil recruitment at 6 h and 12 h postinfection (Figure C.4a,b). Trpv1-

Dtr-neuron-ablated mice showed greater neutrophil recruitment than did PBS-treated controls at

12 h postinfection (Figure C.4c). Because neutrophils are critical for bacterial clearance254, we hy-

pothesized that neuronal modulation of neutrophil recruitment might play a major role in MRSA
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Figure C.3: (a) H&E‐stained lung sections from vehicle‐treated and RTX‐treated mice at 12 h or 24 h after S. aureus
infection. Representative images were chosen from 15 lung lobes imaged from 3 mice in each group (vehicle (veh)
and RTX). Scale bars: black, 500 µm; red, 100 µm. (b) Brown and Brenn Gram‐stained images of bacterial colonies in
lung sections from vehicle‐treated and RTX‐treated mice, 12 h and 24 h after infection. Representative images were
chosen from 15 lung lobes imaged from 3 mice in each group (vehicle and RTX). Inset, purple bacterial cocci are S. au‐
reus colonies. Red scale bars, 50 µm. (c) Quantification of total protein levels in BALF at different time points after S.
aureus infection (1× 108 CFU/mouse). Vehicle‐treated group, 0 h (n = 6), 2 h (n = 8), 6 h (n = 8), 12 h (n = 9); RTX‐
treated group, 0 h (n = 6), 2 h (n = 7), 6 h (n = 6), 12 h (n = 10). Two‐way RM ANOVA with Bonferroni post tests (****P
< 0.001). (d) Levels of IL‐6, TNF‐α, and CXCL‐1 in BALF from mice at different time points after S. aureus infection (1×
108 CFU/mouse). TNF‐α: vehicle‐treated group, 0 h (n = 6), 2 h (n = 10), 6 h (n = 10), 12 h (n = 10); RTX‐treated group,
0 h (n = 6), 2 h (n = 7), 6 h (n = 6), 12 h (n = 10). IL‐6: vehicle‐treated group, 0 h (n = 6), 2 h (n = 10), 6 h (n = 10), 12 h
(n = 10); RTX‐treated group, 0 h (n = 6), 2 h (n = 7), 6 h (n = 6), 12 h (n = 10). CXCL‐1: vehicle‐treated group, 0 h (n =
6), 2 h (n = 8), 6 h (n = 8), 12 h (n = 10); RTX‐treated group, 0 h (n = 6), 2 h (n = 7), 6 h (n = 6), 12 h (n = 10). Statistical
analysis for all cytokines by two‐way RM ANOVA with Bonferroni post tests (**P = 0.0013; ****P < 0.0001). Data from
one experiment with multiple biological replicates are shown in a and b; data pooled from two independent experiments
are shown in c and d. Data are shown as mean± s.e.m. in c and d.

pneumonia. We depleted neutrophils in RTX-treated mice by using low-dose anti-GR1 antibody

treatment, which, compared with control IgG treatment, eliminated CD11b+Ly6G+ neutrophils in

infected lungs (Figure C.4d). Anti-GR1 also decreased CD11b+Ly6Chi monocytes but did not af-

fect CD11b+Ly6Clo monocytes (Supplementary Figure 1619). Neutrophil depletion in RTX-treated

mice significantly increased their susceptibility to MRSA pneumonia: whereas 100% of anti-GR1-

treated RTXmice succumbed to infection, 0% of the control IgG-treated RTXmice died from

infection (Figure C.4e). These experimental results were confirmed in an independent cohort of
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mice (Supplementary Figure 1719). Neutrophils were also required for baseline protection against

MRSA pneumonia (Figure C.4e). These data suggested that RTX-mediated enhancement of lung

immunity requires neutrophils.
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Figure C.4: (a) Representative FACS plots of neutrophils (CD11b+Ly6G+, out of CD45+ cells) in vehicle‐treated and RTX‐
treated mice in BALF collected at 6 h postinfection with S. aureus (0.8× 108 CFU/mouse). Representative FACS plots
were chosen from 4 mice in each group (vehicle and RTX). (b) Time course of CD11b+Ly6G+ neutrophil recruitment in
the BALF of RTX‐treated mice compared with vehicle‐treated mice after lethal S. aureus infection. n = 4 mice in each
group (vehicle and RTX) for 2 h, 6 h, and 12 h data sets. Two‐way ANOVA with Bonferroni post tests (***P = 0.001).
(c) Representative FACS plots (left) and quantification data (right), showing neutrophils (Gr1hiCD11b+ cells) in the lung
homogenates of DT‐treated (n = 4) and PBS‐treated Trpv1‐Dtr mice (n = 4) 12 h after S. aureus infection (1.3× 108

CFU/mouse). Statistical analysis by two‐tailed t test. (d) FACS plots showing anti‐GR1 antibody‐mediated ablation of
lung neutrophils in vehicle (n = 3) and RTX‐treated (n = 3) mice 12 h after S. aureus infection (0.8× 108 CFU/mouse).
(e) Left, survival curves after S. aureus lung infection (1.2× 108 to 1.35× 108 CFU/mouse) of vehicle + rat IgG mice
(n = 10), vehicle + anti‐GR1 mice (n = 10), RTX + rat IgG mice (n = 9), and RTX + anti‐GR1 mice (n = 10). Statistical
analysis by log‐rank test, P < 0.0001 (RTX + rat IgG versus RTX + anti‐GR1), P < 0.0001 (vehicle + rat IgG versus vehicle
+ anti‐GR1), and P = 0.002 (vehicle + rat IgG versus RTX + rat IgG). Right, core body temperature, measured after S.
aureus infection with or without neutrophil depletion. Vehicle + rat IgG (n = 5); vehicle + anti‐GR1 (n = 5); RTX + rat
IgG (n = 4); RTX + anti‐GR1 (n = 5). Statistical analysis by two‐way RM ANOVA with Bonferroni post tests (P = 0.008,
RTX + rat IgG versus RTX + anti‐GR1). Data from two independent experiments (b,e) or one experiment with multiple
biological replicates (c) are shown. Data are shown as mean± s.e.m. in b, c (neutrophil proportions), and e (core body
temperature).
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C.2.6 TRPV1 neurons regulate pulmonary neutrophil surveillance

Within lungs, neutrophils perform endothelial and parenchymal surveillance for pathogens354,353.

Using intravital microscopy, we analyzed the subpleural vascular bed to assess whether neutrophil

kinetics and patrolling of tissues were regulated by nociceptors. Compared with control mice, RTX-

treated mice recruited significantly more neutrophils to pulmonary capillaries during early S. aureus

pneumonia (Figure C.5a,b and Supplementary Video 119). We observed less GFP-S. aureus in the

lungs of nociceptor-depleted animals, in agreement with previous CFU data. Dynamic neutrophil

behavioral phenotypes were analyzed for tethering, crawling, and firm adhesion within the vascula-

ture. Tethering is a rapid, transient neutrophil interaction with the vessel wall, which requires lim-

ited cellular activation. Adhesion indicates a more advanced state of activation mediated by integrins

before tissue emigration. Crawling is a complex intravascular behavior that requires upregulation

of β2−integrin, which occurs rapidly during lung host defense354,353. Neutrophils behaved differ-

ently during host defense in control versus RTX-treated mice. In RTX-treated mice, a significant

proportion of neutrophils demonstrated vascular crawling (Figure C.5c), and tracking individual

pulmonary vascular neutrophils revealed significantly greater crawling distances (Figure C.5d,e), a

phenotype consistent with cellular activation and host defense against bacterial pathogens. There-

fore, live imaging supports the contention that enhanced neutrophil function in the absence of

nociceptors aids in the eradication of bacterial pneumonia.

C.2.7 Nociceptor neurons regulate lung-resident γδ T cells

We next asked whether TRPV1+ neurons might alter the lung-resident immune-cell populations

in naive mice, thus setting the stage for subsequent inflammatory responses. We first examined

immunological-transcriptome data sets at the Immunological Genome Project (http://www.

immgen.org/) and found that Trpv1 expression was absent across immune-cell types (Supplemen-
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Figure C.5: (a) In vivo imaging of neutrophils in the lungs after lethal GFP‐S. aureus USA300 lung infection in live vehicle‐
treated and RTX‐treated mice at 4 h postinfection. (b) Total neutrophils, determined per field of view. (c) Neutrophil
behavior, phenotyped and quantified as tethering, adhesion, or crawling. NS, nonsignificant. (d) Crawling tracks, dis‐
played for individual neutrophils. (e) Distances for individual neutrophils. n = 3 individual experiments performed for
vehicle‐treated mice and 4 individual experiments for RTX‐treated mice. For statistical analyses, values for each param‐
eter (b,c,e) were averaged for each animal, and two‐tailed unpaired t tests were performed, comparing vehicle‐treated
and RTX‐treated mouse groups. Data are shown as mean± s.e.m. in b, c, and e.

tary Figure 1819). Analysis of a second transcriptional data set298 showed that Trpv1 was absent

in immune cells but was highly expressed in DRG (Supplementary Figure 1819). We next purified

CD4+ T cells, B cells, neutrophils, and γδ T cells frommouse lungs, and performed quantitative

PCR analysis for Trpv1 compared with that in sensory ganglia. Whereas Trpv1 was highly expressed

in the VG and DRG, it was undetectable in all lung immune cells analyzed (Supplementary Figures

19 and 2019). These data indicated that Trpv1-Dtr or RTX-mediated ablation should specifically

target nociceptors but should not have direct effects on immune cells. We examined spleens of RTX-

treated and vehicle-treated mice and did not observe differences in the populations of B220+ B cells,

NK1.1+ cells, CD4+ T cells, CD8+ T cells, or γδ T cells; moreover, Trpv1-Dtr-neuron-ablated mice

showed similar results (Supplementary Figure 2119).

We next examined whether lung-resident immune-cell types differed in nociceptor-ablated

mice at steady state. CD11b+ dendritic cells (CD11b+SiglecF-CD24+CD103-F4/80-MHCII+),
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CD103+dendritic cells (CD11b-SiglecF-CD103+MHCII+), alveolar macrophages (SiglecF+CD11c+CD64+F4/80+),

and interstitial macrophages (CD11b+CD24-CD64+F4/80+) did not differ between RTX-treated

and vehicle-treated mice (Supplementary Figure 2219 and Figure C.6a ). B cells, natural killer cells,

and CD8+ T cells also did not differ; how- ever, CD4+ T cells were slightly higher in RTX-treated

mice than in controls (Supplementary Figure 2319 and Figure C.6b).

We observed higher absolute numbers of lung-resident γδ T cells, in contrast to most other

immune-cell types, in RTX-treated mice compared with vehicle-treated mice (Figure C.6c). Fur-

ther subset analysis revealed that this increase was specific to Vγ1+ cells and Vγ1−Vγ2− cells, but

not Vγ2+ cells cells (Figure C.6 and Supplementary Figures 24 and 2519). We found a similar in-

crease in γδ T cells inNav1.8-Cre+/-; Dtamice compared with control littermates (Supplementary

Figure 2419). γδ T cells reside within epithelial layers of the lungs, skin, and gut, where they act as

first responders to infection363. We next used γδ T cell-deficient Tcrd-/- mice to investigate the role

of these cells in neuroimmunological suppression. Wild-type (WT) or Tcrd-/- mice were treated with

RTX to ablate TRPV1+ neurons, and then S. aureus pneumonia was induced (Figure C.6d,e). The

absence of γδ T cells was confirmed in Tcrd-/- mice through flow cytometry (Figure C.6d). Tcrd

deficiency led to a loss of protection against MRSA infection and abrogated the survival enhance-

ment due to RTX treatment (Figure C.6e). This reversal of protective immunity correlated with an

imbalance in core body temperature (Figure C.6e) and greater bacterial burdens in BALF isolated

from RTX-treated Tcrd-/- mice compared with RTX-treatedWTmice (Supplementary Figure 2619).

Tcrd-/- also showed defective base- line immunity against MRSA pneumonia (Figure C.6e). Whereas

IL-6 levels were unaffected by Tcrd deficiency, levels of IL17A, a cytokine mediating protection

against MRSA28, were significantly lower in Tcrd-/- mice (Supplementary Figure 2619). Neutrophil

recruitment did not differ in the lungs of RTX-treated Tcrd-/- mice and RTX-treatedWTmice (Sup-

plementary Figure 2619), thus suggesting that γδ T cells and neutrophils are separately regulated.

We next determined whether alveolar macrophages mediated neuronal regulation of the host
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Figure C.6: TRPV1 neurons regulate lung γδ T cells, which mediate host protection against S. aureus pneumonia. (a‐
c) To detect differences at steady state, lung tissues from nociceptor‐depleted (RTX treated, n = 8) and nondepleted
mice (vehicle treated, n = 8) were analyzed by flow cytometry for myeloid immune cells (a), lymphoid immune cells (b),
and γδ T cell populations (c). Statistical analysis in a‐c by two‐tailed unpaired t tests. Alv. mac, alveolar macrophages;
int. mac, interstitial macrophages; NK, natural killer. (d) Representative FACS plots showing γδ T cells in WT or Tcrd‐/‐

mice (RTX or vehicle treated) either uninfected (uninf.) or 12 h postinfection (inf.) with S. aureus (1 × 108 CFU/mouse).
Vehicle‐treated groups: WT uninfected (n = 8), WT infected (n = 4), Tcrd‐/‐ infected (n = 3); RTX‐treated groups: WT
uninfected (n = 8), WT infected (n = 4), Tcrd‐/‐ infected (n = 3). (e) Left, survival curves for vehicle‐treated WT mice (n
= 7), vehicle‐treated Tcrd‐/‐ mice (n = 6), RTX‐treated WT mice (n = 5), and RTX‐treated Tcrd‐/‐ mice (n = 6) after lethal
S. aureus infection (1× 108 CFU/mouse). Statistical analysis by log‐rank test (P = 0.01, RTX‐treated WT versus RTX‐
treated Tcrd‐/‐; P = 0.08, vehicle‐treated WT versus vehicle‐treated Tcrd‐/‐). Right, core‐body‐temperature measurements
in vehicle‐treated WT mice (n = 5), vehicle‐treated Tcrd‐/‐ mice (n = 5), RTX‐treated WT mice (n = 5), and RTX‐treated
Tcrd‐/‐ mice (n = 4). Two‐way RM ANOVA with Bonferroni post tests (P < 0.0001, RTX‐treated WT versus RTX‐treated
Tcrd‐/‐). (f) Representative FACS plots of CD11b‐SiglecF+ alveolar macrophages after intratracheal administration of CLL
or PBS‐L in vehicle‐treated and RTX‐treated mice 12 h postinfection. Vehicle‐treated groups: uninfected (n = 8), PBS‐L
infected (n = 3), CLL infected (n = 3); RTX‐treated groups: uninfected (n = 8), PBS‐L infected (n = 4), CLL infected (n =
3). (g) Left, survival curves after S. aureus lung infection (1× 108 CFU/mouse) with or without alveolar macrophage
depletion. Vehicle + PBS‐L (n = 10), vehicle + CLL (n = 10), RTX + CLL (n = 10), RTX + PBS‐L (n = 8). Log‐rank test (P
= 0.37, RTX + PBS‐L versus RTX + CLL; P = 0.22, vehicle + PBS‐L versus vehicle + CLL). Right, core‐body‐temperature
measurements. Vehicle + PBS‐L (n = 4), vehicle + CLL, (n = 4), RTX + CLL (n = 4), and RTX + PBS‐L (n = 4). Two‐way RM
ANOVA with Bonferroni post tests. One experiment with multiple biological replicates was performed for e, and two
independent experiments were performed for a‐d and f‐g. Data shown in a‐c, e (core body temperature), and g (core
body temperature) are mean± s.e.m.
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defense (Figure C.6g). Mice were intratracheally instilled with clodronate-laden liposomes (CLL)

to kill alveolar macrophages through phagocytosis-dependent apoptosis. PBS-encapsulated lipo-

somes (PBS-L) were used as a control treatment. CLL treatment specifically eliminated alveolar

macrophages (SiglecF+CD11c+CD64+F4/80+) but not interstitial macrophages or dendritic cells

(Figure C.6f and Supplementary Figure 2719). Alveolar-macrophage depletion did not alter the

greater survival or core-body-temperature maintenance of RTX-treated compared with vehicle-

treated mice (Figure C.6g). Together, our results suggested that the RTX-treatment- mediated en-

hancement of MRSA immunity requires both γδ T cells and neutrophils but not alveolar macrophages.

C.2.8 Ablation of vagal TRPV1 neurons improves host defense

The vagus nerve provides the major source of sensory innervation of the lung. The cell bodies of

vagal afferents reside in fused ganglia at the base of the skull, controlling coughing, breathing, and

bronchoconstriction314,51. Our previous experimental approaches targeted all TRPV1+ cells, includ-

ing both DRG and VG neurons. We hypothesized that vagal TRPV1+ neurons might include the

subset regulating neuroimmunological suppression. To specifically target these neurons, we per-

formed bilateral intraganglionic DT injections into the VG in 5- to 9-week-old Trpv1-Dtr mice. Im-

munostaining showed that vagal but not DRGTRPV1+ neurons were specifically ablated (Figure

C.8a and C.7). Vagal TRPV1+ neuron ablation did not alter the heart rate, oxygen saturation, perfu-

sion, or respiratory rate (Supplementary Figure C.8). Mice were rested 2 weeks after intraganglionic

injections, then infected with a lethal dose of MRSA.We observed a striking survival benefit in vagal

DT-injected Trpv1-Dtr mice compared with vagal PBS-injected mice, and better maintenance of core

body temperature (Figure C.8b). All mice from the PBS-injected group died within 72 h after infec-

tion, whereas a 90% survival rate was observed among mice lacking vagal TRPV1 neurons (Figure

C.8b). The greater survival in vagal DT-treated mice correlated with higher neutrophil recruitment

and lower lung bacterial burdens (Supplementary Figure 2919).
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Figure C.7: Immunofluorescent images of vagal ganglia (VG) sections (a) and thoracic DRG (T1‐T9) sections (b) for
TRPV1 and CGRP neurons in DRG and VG sections. Bottom panels, Each dot represents (%) NF‐200+ neurons out
of total β‐III tubulin+ neurons per field in VG and DRG of vagal DT‐injected and PBS‐injected mice. Data are from DRG
or VG tissues collected from vagal PBS‐injected Trpv1‐Dtr mice (n=3) or vagal DT‐injected Trpv1‐Dtr mice (n=3) from
one experiment. Statistical analysis by two‐tailed unpaired t‐tests.

C.2.9 Nociceptive neuropeptide CGRP modulates lung antimicrobial defenses

Nociceptor neurons actively communicate with the immune system through their release of neu-

ropeptides stored within peripheral nerve terminals237. The nociceptive neuropeptide CGRP in-

hibits TNF-α production in macrophages and suppresses lymph node hypertrophy in skin bacterial

infection237,56. We hypothesized that CGRPmight mediate neuroimmunological signaling during

lethal bacterial pneumonia. We found that CGRP levels significantly increased in the BALF after S.

aureus infection (Figure C.8c). Infection with an S. aureus strain mutant for agr, a key bicomponent

quorum-sensing regulator of virulence-factor expression55, did not induce CGRP release into the

BALF (Figure C.8c). S. aureus also directly induced cultured neuronal release of CGRP in vitro, in
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a manner dependent on agr (Supplementary Figure 3019). TRPV1+ cells mediated CGRP release in

the lungs, because CGRP levels were significantly lower in the BALF in RTX-treated and vagal DT-

treated Trpv1-Dtr mice than in control-infected mice at 12 h postinfection (Figure C.8d). CGRP

levels were also significantly lower in the BALF at steady state in nociceptor-depleted mice than in

control nondepleted mice (Supplementary Figure 3119).

We next asked whether CGRPmight play a role in MRSA pneumonia. Quantitative PCR anal-

ysis showed that lung γδ T cells and neutrophils expressed Ramp1 and Calcrl, which encode the

cognate CGRP receptor (Supplementary Figure 3219). We found that CGRP treatment inhibited

lung-cell production of TNF-α and CXCL1, but not IL-6, in response to MRSA infection (Fig-

ure C.8e). Increasing concentrations of CGRP also inhibited intracellular killing of S. aureus by

mouse neutrophils (Supplementary Figure 3319). To explore the involvement of CGRP in host de-

fense, we treated mice with the competitive CGRP peptide antagonist CGRP8−37 at time points

before and after S. aureus lung infection (Figure C.8f). This treatment, compared with vehicle treat-

ment, improved survival and core-body-temperature maintenance (Figure C.8f). We next found

that CGRP8−37 administered at time points after S. aureus infection also significantly improved sur-

vival and core-body-temperature maintenance (Figure C.8g). These data showed that nociceptors

mediate CGRP release during lung infections and that postinfection blockade of CGRP signaling

may aid in treatment of bacterial pneumonia.

C.3 Discussion

Nociceptor neurons and immune cells play key roles in protecting organisms from environmental

dangers. It is potentially advantageous that interactions between these cell types coordinate host

responses to pathogen invasion. We found that TRPV1+ afferents in the VG played a critical role

in modulating innate immune responses against MRSA lethal pneumonia. Targeting these neu-
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rons through Trpv1-Dtr-mediated ablation (or RTX treatment) improved survival, neutrophil and

γδ T cell responses, and bacterial clearance. Nav1.8-cre; Dtamice, in which an overlapping though

distinct nociceptor subset is targeted, showed a milder protective phenotype. Both strategies para-

doxically resulted in increased bacterial dissemination. These data suggested that differences in phe-

notypes (lung clearance versus barrier function) are mediated by distinct neuronal subsets. A recent

study has shown that Trpv1 expression in the adult DRG is mainly restricted to CGRP+ and sub-

stance P (SP)+ C fibers47. In contrast, Nav1.8 has been found to be expressed in myelinated A fibers

as well as C fibers283. Another study has shown thatNav1.8-cre; Dtamice still possess CGRP+ neu-

rons expressing TRPV12. Therefore, future experiments using more refined genetic tools should

help to distinguish the functional contributions of individual TRPV1+ and/or Nav1.8+ neuronal

subsets in pulmonary immunity and barrier function.

Our work adds to recent studies showing major physiological roles for neuroimmunological in-

teractions at peripheral barrier tissues327. In the respiratory tract, nociceptors actively cross-talk

with immune cells, thereby mediating allergic airway inflammation314,41,305. Skin-innervating no-

ciceptors drive inflammation and immunological activation in mouse models of psoriasis256 and

contact dermatitis 180. In the gut, sympathetic neurons regulate macrophage tissue programming at

homeostasis and during Salmonella infection98.

We found that nociceptors suppressed pulmonary γδ T cell- and neutrophil-mediated host de-

fense during MRSA lung infections. A recent study has found that nociceptors drive dendritic-cell

IL-23 production and γδ T cell activation during skin invasion by the fungal pathogen C. albi-

cans 149. The observed phenotypic difference in that study compared with our study is interesting,

because differential interactions of vagal versus somatosensory sensory neurons may occur with

immune-cell types at different barrier sites. Diverse γδ T cell populations seed mucosal and epithe-

lial sites363. In the skin, epidermal γδ T cells are mostly Vγ5+ cells that mediate barrier integrity,

whereas dermal γδ T cells do not express Vγ5, but ~40% of them are Vγ4+ and are involved primar-
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ily in IL-17A production307. IL-17 production by γδ T cells has also been found to mediate host

defense against S. aureus skin infections212,57. Heterogeneous subsets of γδ T cells are found in the

respiratory tract, including Vγ1+ , Vγ2+ , and Vγ6+ populations53.

It is striking that vagal sensory afferents, which comprise fewer than 5,000 neurons, are able to

potently regulate antimicrobial immunity. Distinct vagal afferents control physiological functions

including breathing and nutrient sensation51,340. It would be interesting to ascertain how neuronal

subsets differentially cross-talk with immune cells. Immune cells may utilize nerves as tracts for mi-

gration, as has been observed for dendritic-cell interactions with Nav1.8+ nociceptors in the skin256.

Lung-resident immune cells may be proximal to vagal nerve afferents and may consequently able

to set up local neuroimmunological responses. Recently, the neuropeptide NMU has been found

to drive ILC2-mediated inflammation in the gut and lungs44,157,330. We found that nociceptors

released the neuropeptide CGRP into the airways during infection and downregulated immunity.

CGRP has previously been linked to vasodilation and vascular permeability97. CGRP suppresses

CXCL1, an important chemokine for lung-neutrophil chemoattraction269. Furthermore, CGRP

antagonism improves survival outcomes in MRSA-infected mice and is therefore a potential target

for clinical application in pneumonia.

Notably, other mechanisms beside CGRP signaling could mediate nociceptor immunological

signaling. Nociceptors release glutamate, ATP, and other neuropeptides including SP, neurokinin

A, and VIP. They also upregulate cytokines including CCL2169 and CSF-1 after nerve injury108.

Vagal afferents may also induce sensoriautonomic neuroimmunological reflexes including a ‘cholin-

ergic antiinflammatory reflex’, which acts through vagal autonomic efferents and down-regulates

peripheral macrophage TNF-α production232.

The role of nociceptors in host defense may vary depending on the type of pathogenic invasion.

Whereas increased neutrophil influx confers host protection against MRSA pneumonia, the same

responses could lead to immunopathology in other infections. For example, influenza virus and
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severe acute respiratory syndrome coronavirus cause pathology through overactivation of lung in-

flammation70,311. In pneumonia caused byK. pneumoniae, E. coli, and S. pneumoniae, bacterial

dissemination is a primary cause of sepsis and mortality128,345. For MRSA-induced pneumonia,

lethality is mainly mediated by damage to the lungs by secreted exotoxins (Hla and PVL) rather than

bacterial dissemination131,170. These differences in bacterial pathogenesis may explain our observed

differences in responses to distinct pathogens in nociceptor-ablated mice.

Our study demonstrates that nociceptors play a critical role in regulating pulmonary immunity

and the outcomes of bacterial lung infections. Targeting neuroimmunological communication

through CGRP or other molecular mechanisms may be an effective approach to enhance host pro-

tection against pneumonia.
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C.5 Methods

C.5.1 Mice

All animal experiments were approved by the HarvardMedical School Institutional Animal Care

and Use Committee (IACUC) or by the University of Calgary Animal Care Committee. Mice were

housed in a specific pathogen free animal facility at HarvardMedical School or University of Cal-

gary. C57BL/6J, B6.Trpv1-/-, B6.Tcrd-/-, B6.Dta+/+, and B6129.Trpa1-/- mice were purchased from

Jackson Laboratories. Trpv1-Dtr mice238 was provided byMark Hoon (NIH).Nav1.8-cre+/- mice2

were originally from JohnWood (University College London). Nav1.8-cre+/- mice were bred with

B6.Dta+/+ mice to generateNav1.8-cre+/-; Dtamice and control littermates (Nav1.8-cre-/-; Dta). For

Trpv1 and Trpa1 experiments, heterozygous mice were bred to produceWT, heterozygous, and

knockout littermates. Age-matched 8-14 week old male and female mice were used for experiments.

C.5.2 Bacterial strains and cultures

TheMRSA strain USA300/LAC335was provided by Dr. Michael Otto (NIH). For infection,

USA300/LACwas grown overnight (O/N) at 37°C in Tryptic Soy Broth (TSB, Sigma) at 250

RPM, and sub-cultured at a 1:100 dilution for 3.5 h in TSB to mid-log phase. Klebsiella pneu-

moniae strain 43816 serotype 2 was purchased from American Type Culture Collection and was

grown O/N at 37°C in TSB at 250 RPM for infection. Streptococcus pneumoniaeWU-2 strain from

RichardMalley (Boston Children’s Hospital) was grown at 37°C with 5% CO2 without shaking for

18h in Todd’s Hewitt broth (THB, Sigma) with 0.5% yeast extract, and sub-cultured at 1:10 dilution

for 8h in fresh THB/0.5% yeast extract to reach mid-log phase for infection. Pseudomonas aerug-

inosa strain PA01V fromGerald Pier (Brigham andWomen’s Hospital) was grown O/N at 37°C

in TSB at 250 RPM, and sub-cultured at 1:100 dilution for 4h in TSB for infection. For all strains,

cultures were centrifuged at 5000 rpm for 5 minutes, bacterial pellets washed and resuspended in
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phosphate-buffered saline (PBS). OD600 was measured to estimate bacterial density, followed by se-

rial plating on Tryptic Soy Agar (TSA) plates to quantify colony forming units (CFU). For intravital

imaging, a GFP-MRSA S. aureus transgenic bacteria was utilized and its construction previously

reported354.

C.5.3 Bacterial lung infections

For all bacterial infections, age-matched 8- to-14-week old male and female mice, weighing between

19-30 grams, were studied. For lethal infections, 50 µL containing 0.8-1.6×108 CFU S. aureus in

PBS was intra-tracheally inoculated per mouse. Control animals were intra-tracheally infused with

50µL PBS only. For sub-lethal infections, 2-4×107 CFU of S. aureuswas used per mouse. For S.

pneumoniae infections, 106 CFU in 50µL PBS was intra-tracheally inoculated. ForK. pneumoniae

infections, 104 CFU in 50µL PBS was intra-tracheally inoculated. For P. aeruginosa infections,

7 × 106 CFU in 50 µL PBS was intra-tracheally inoculated. Mice were monitored twice daily for

morbidity and mortality. In some experiments, CGRP8-37 (Genscript) was administered intraperi-

toneally (i.p.) at 800 ng (256 pmoles) or 7.5 µg (2.4 nmoles) per dose in 200 µL PBS, at different

time points relative to infection (0 h). Control mice received 200 µL PBS only.

C.5.4 Vital sign measurements

Heart rate, oxygen saturation and perfusion were measured under isoflurane anesthesia by Pulse

Oximetry using the Kent Scientific PhysioSuite (Kent Scientific Corporation). For accuracy, mea-

surements were performed three independent times on different days for the same mice, and values

represent the average of three measurements. Pulse oximetry could not be used onMRSA infected

mice because they could not survive isoflurane anesthesia, and thus the measurements were only per-

formed at steady state. Respiratory rates were determined by manually recording number of breaths

per minute and averaged over three measurements. Core body temperature was measured using a
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rectal thermal probe (Bioseb).

C.5.5 Genetic and chemical ablation of TRPV1+ nociceptors

Trpv1-Dtr mice were treated with diphtheria toxin (DT) as previously described314. Mice were in-

jected i.p. with 200 ng of DT (Sigma Aldrich) dissolved in 100 µL PBS or with 100 µL PBS (vehi-

cle) daily for a 21 day period. 5-7 week old male and female mice were used for these experiments.

For chemical ablation of TRPV1+ neurons, C57BL/6 mice 4 weeks of age were treated with RTX

(Sigma) as described149,256. Mice were injected subcutaneously in the flank on consecutive days with

three increasing doses of RTX (30, 70, 100 µg/kg) dissolved in 2% DMSO/0.15% Tween 80 in PBS.

Control mice were treated with vehicle alone. For intravital imaging experiments, the same dosage

for RTX treatment was used in 4-week old mice, except the vehicle for dissolution was DMSO

(without Tween 80). RTXwas diluted into DMSO (1 µg/µL), and subsequently into saline prior

to injections.

For vagal ganglia-targeted ablation, we performed bilateral intraganglionic injections of DT or

PBS into Trpv1-Dtr mice as described 5. 20 ng DT in 120 nL PBS containing 1X Fast Green was

injected into nodose/jugular/petrosal vagal ganglia using a nano-injector (Drummond Scientific

Company). Mice were anesthetized using 1-3% isofluorane with oxygen. The vagal ganglion was

exposed after a midline incision in the neck (~1.5 cm in length). DT was gently injected; this process

was repeated for the vagal ganglion on the other side of the body.

C.5.6 Broncho-alveolar lavage fluid (BALF) analysis

Mice were euthanized by CO2 inhalation, the trachea exposed and cannulated with a 20-gauge

catheter (BD Insyte Autoguard). BALF was collected two times by instilling 0.8 mL of cold PBS

containing heparin and dextrose, then centrifuged at 4,000 r.p.m. for 7 min at 4°C, and the cell

pellet was separated from the supernatant. Total BALF leukocytes were counted after red blood cell
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lysis (RBC lysis buffer, eBioscience) and subjected to flow cytometry. Cell-free BALF supernatant

was filtered through a 0.22 µm filter and mixed with protease/phosphatase inhibitor cocktail, then

kept at -80°C for protein and cytokine analysis.

C.5.7 Bacterial load and cytokine measurements

Lungs and spleen tissues were homogenized in 1 mL sterile water using BB beads (Daisy Outdoor

Products) in a Tissue Lyzer II (Qiagen). Lung, spleen homogenates, blood, or BALF was serially

diluted in PBS and plated on TSA plates. Bacterial CFU were enumerated after overnight incuba-

tion of TSA plates at 37°C. Cytokine levels in lung homogenates and BALF were measured using

enzyme-linked immunosorbent assay (ELISA) kits according to manufacturer’s instructions (Biole-

gend).

C.5.8 Behavior tests

For behavioral assays, observers were blinded to treatment group and genotype. To measure heat

sensitivity, mice were placed on a hot plate set at 52°C (IITC Life Science). Latency to hindpaw lift-

ing, licking, or flinching was recorded, and stopped at a maximum of 60 seconds. For tail-flick assays,

mice were kept vertically in a relaxed fashion with their tails immersed in a temperature-controlled

water bath maintained at 52°C. The latency to a tail flick was recorded, with maximum of 60 sec-

onds.

C.5.9 Immune cell depletion

For neutrophil depletion, we followed an established protocol101. Mice were injected i.p. with 125

µg of GR1 (clone RB6-8C5, BioXCell, NH) (in 200 µL) per mouse 24 h before lung infection.

Control mice received 125 µg of rat IgG (Jackson Immunoresearch). For depletion of alveolar

macrophages, 100 µL Clodronate-laden liposomes (purchased from http://clodronateliposomes.
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org) were delivered intra-tracheally into mice two days before infection. Control mice received an

equal volume of PBS-laden liposomes.

C.5.10 Lung barrier permeability assay

FITC-dextran (Mol Wt 4,000, Sigma) was intra-tracheally inoculated in 50 µL/mouse at 20 mg/kg

of body weight. Control mice were inoculated with PBS. Four hours later, mice were euthanized,

and blood was collected by cardiac puncture. Blood was allowed to coagulate for 30 min at room

temperature in the dark and centrifuged at 2,500g for 15 min. Fluorescence in serum was recorded

using a plate reader (BioTek Synergy), and normalized to FITC-dextran standards (1.56-100 µg/ml).

C.5.11 Flow cytometry

Lung tissues were mechanically separated and minced, then digested in DMEM (Life Technologies)

containing 2% FBS and 1.5 mg/mL collagenase D (Roche) at 37°C for 1 h at 250 r.p.m. The cell

mixture was passed through a 18 gauge needle three times and filtered through a 70 µm cell strainer

(BD). Red blood cells were lysed with RBC lysis buffer (eBioscience), treated with Fc Block (Biole-

gend), and resuspended in FACS buffer (PBS, 2% FBS, and 1mM EDTA). For splenocytes, spleens

were mashed, filtered through a 70 µm strainer (BD). Red blood cells were lysed with RBC lysis

buffer (eBioscience), treated with Fc Block, and resuspended in FACS buffer. Incubations with

antibody cocktails were conducted on ice for 30 minutes, followed by two washes and resuspen-

sion in PBS with 2% PFA and 1mM EDTA prior to flow cytometry. Antibodies used for staining

include: anti-CD11b-Brilliant Violet 605 (clone: M1/17, BioLegend), anti-CD45-APC/Cy7 (30-

F11, BioLegend), anti-Ly-6G-Alexa Fluor 488 (1A8, BioLegend), anti-Ly-6C-PerCP/Cy5.5 (HK1.4,

BioLegend), anti-Gr1-FITC (RB6-8C5, BioLegend), anti-CD4 Pac Blue (GK1.5, BioLegend), anti-

CD8α-PE/Cy7 (53-6.7, BioLegend), anti-CD11c-APC (N418, BioLegend), anti-CD64-Brilliant

Violet 421 (X54-5/7.1, BioLegend), anti-SiglecF-Alexa Fluor 488 (E50-2440, BD Bioscience), anti-
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CD103 PE (2E7, BioLegend), anti-TCR γδ-PE (GL3, BioLegend), anti-F4/80-FITC (BM8, BioLe-

gend), anti-NK1.1-PerCP/Cy5.5 (NK-1.1, BioLegend), anti-B220-APC (RA3-6B2, BioLegend),

anti-CD3α-PE/Cy7 (17A2, BioLegend), anti-CD24 Brilliant Violet 510 (M1/69, BioLegend), anti-

TCR-β Brilliant Violet 421 (H57-597, BioLegend), anti-TCR Vγ1.1-APC (2.11, BioLegend) and

anti-TCRVγ2-PE-Cy7 (UC3-10A6, eBioscience). Flow cytometry was conducted on an LSRII

flow cytometer (BD). Data were collected with BDDIVA software, and files analyzed using FlowJo

(Treestar, version 10.0.8r1). A live-cell stain (eFluor 450, ebioscience) used to exclude dead cells. Pos-

itive staining and gates for each fluorescent marker was defined by comparing full stain sets with

fluorescence minus one (FMO) control stain sets.

C.5.12 Fluorescence-activated cell sorting of lung immune cells

For FACS purification of lung-resident populations, antibodies against CD3ϵ (clone: 145-2C11),

CD4 (clone: RM4-5), CD11b (clone: M1/70), Ly6G (clone: 1A8), CD19 (clone: 6D5), CD45

(clone: 30-F11), TCRβ (clone: H57-597) and TCRγδ (clone: GL3) from BioLegend. 7AAD

from BD Pharmingen. Single cell suspensions were generated from lungs of 2-3 C57Bl/6J mice

using lung dissociation kit (Miltenyi Biotec). Single-cell suspensions were incubated with CD90.2

MicroBeads (Miltenyi Biotec) and separated into CD90.2 positive and negative fractions. Both

fractions were stained on ice with surface antibodies, live/dead marker 7AAD and sorted on a BD

FACSAria (BD Biosciences). Different cell types were identified by the following gating strategies:

B cells (7AAD-CD45+CD19+) and neutrophils (7AAD-CD45+CD11b+Ly6G+) were sorted from

the pre-enriched CD90.2-cell fraction, whereas CD4+ T cells (7AAD-CD45+CD3+TCRβ+CD4+)

and TCRγδ T cells (7AAD-CD45+CD3+TCRβ−TCRγδ+) were sorted from the pre-enriched

CD90.2+ cell fraction.
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C.5.13 Quantitative real-time PCR

The RNeasy Plus Mini Kit (Qiagen) was used to isolate RNA, which was reverse transcribed to

cDNA using iScript cDNA Synthesis Kit (Bio-Rad). Relative gene expression was determined

by quantitative real-time PCR on a ViiA7 System (Thermo Fisher Scientific) using TaqMan Fast

AdvancedMaster Mix (Thermo Fisher Scientific) with the following primer/probe sets: Trpv1

(Mm01246300_m1), Ramp1 (Mm00489796_m1), Calcrl (Mm00516986_m1), andActb (Applied

Biosystems). Expression values relative toActb (detected in the same sample by duplex qPCR) were

calculated.

C.5.14 Neuronal cultures and CGRP analysis

DRG neuron cultures were grown as described56. In brief, total DRGs were dissected from 8-12

week old mice, and digested in HEPES buffered saline (Sigma) containing 1 mg/mL Collagenase A

and 3 mg/ml dispase II (Roche Applied Sciences) for 60 minutes at 37°C. The cell suspension was

triturated with fire-polished Pasteur pipettes, followed by centrifugation over a 12% BSA (Sigma)

gradient. The top layer of debris was discarded, and cell pellet resuspended in neurobasal (NB) me-

dia containing B27 (Life technologies). Neurons were plated on laminin-coated 96-well culture

dishes in NBmedia containing B27, 50 ng/mLNerve Growth Factor (Life Technologies) and peni-

cillin/streptomycin (Life Technologies). Media was changed every other day. At day 7, DRG neu-

rons were stimulated with S. aureus or 500 nM capsaicin (Sigma) for 30 min, and supernatant col-

lected. CGRP levels in culture supernatant, BALF, or lung homogenates was determined using a

CGRP EIA kit according to manufacturer’s instructions (Cayman Chemical).
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C.5.15 Gene Expression Analysis

We analyzed transcript levels in mouse transcriptome datasets deposited at the Immunological

Genome Project122 (GEOAccession GSE15907). Datasets for CD4+, CD8+ T cells, B cells, γδ T

cells, NK cells, macrophages, dendritic cells, neutrophils were analyzed. Trpv1 expression was also an-

alyzed in the Mouse Gene Atlas MOE430 transcriptome dataset298 (GEOAccession GSE1133). Mi-

croarray data was background corrected and normalized using Robust Multi-array Average (RMA)

algorithm in GenePattern (Broad Institute). A heatmap for average transcript values was plotted

using Morpheus (Broad Institute), Trpv1 levels were also plotted using Prism (Graphpad).

C.5.16 Lung histology

Whole lungs were dissected frommice after euthanasia, fixed and stored in 10% formalin (Sigma

Aldrich). Samples were embedded, sectioned, and stained with H&E or with a Brown and Brenn

stain for Gram-positive bacteria by the Harvard Rodent Histopathology Core. Light microscopy of

histological sections was conducted on a Nikon Ti-E microscope.

C.5.17 Immunofluorescence and microscopy

For immunostaining, mice were perfused with PBS followed by 4% paraformaldehyde (PFA) in PBS.

Vagal ganglia and thoracic DRG (T1-T13) were dissected and post-fixed for 2 h in 4% PFA/PBS

at 4°C, incubated O/N at 4°C with 30% sucrose/PBS, embedded in optimal cutting temperature

(OCT, Tissue-tek, PA) and stored at -80°C. 12 µm cryo-sections were cut and immunostained with

the following antibodies: Guinea pig anti-TRPV1 (Millipore, AB5566, dilution 1:1000), rabbit

anti-CGRP (Sigma, C8198, dilution 1:5000), mouse anti-NF-200 (Millipore, MAB5266, dilu-

tion 1:1000), rabbit anti-βIII-tubulin (Tuj1) (Abcam, ab18207, dilution 1:1000), mouse anti-βIII-

tubulin (Abcam, ab7751, dilution 1:500). Secondary antibodies include DyLight-488 Donkey anti-
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rabbit IgG (Abcam, 1:500), CF-488A Goat anti-guinea pig IgG (Sigma, 1:500), Alexa 488 Donkey

anti-mouse IgG (Abcam, 1:500), Alexa 594 Donkey anti-mouse IgG (Abcam, 1:500) and Alexa 594

Donkey anti-rabbit IgG (Abcam, 1:500). Sections were mounted in Vectashield, and imaged using

a Nikon Ti-EMicroscope with 10×magnification using NIS Elements software (Nikon, version

AR3.22.08). For quantification of VG and DRG neuronal populations, images were analyzed by

observers blinded to genotypes and treatment groups. β-tubulin-III was used as a general neuronal

marker. Multiple fields were captured from 3 mice per group.

For immunostaining of lung sections, lungs were perfused with cold PBS and gravity inflated

with 4% PFA/PBS. Following overnight fixation at 4°C, lungs were incubated 2 days in 30% su-

crose/PBS, cryo-embedded in OCT, and stored at -80°C until sectioned. 40 µm cryosections were

blocked for 4 hours in PBS/10% donkey serum/2% bovine serum albumin (BSA)/0.8% Triton-X-

100. Sections were incubated with rabbit anti-CGRP (C8198, Sigma) in a 1:5,000 dilution in block-

ing solution (PBS/2% donkey serum/2% BSA/0.3% Triton-X-100) for 16-18h at 4°C, followed by

secondary antibody (Alexa 594 donkey anti-rabbit IgGH&L, Abcam, ab150076) in a 1:500 di-

lution in blocking solution at 4°C. Stained specimens were imaged on an inverted laser scanning

confocal microscope (Olympus Fluoview FV1000).

Adobe Photoshop (Adobe) was used to quantify CGRP+ airway innervation in lung sections.

The “Lasso Tool” was used to trace the circumference of each inner lung airway based on DAPI

staining; Area enclosed (in pixels) was derived from the “Histogram Tool”. The traced circumfer-

ence was expanded by 162 pixels (100 µm) for each airway. The “Magic Wand Tool” was used to

select the CGRP+ pixels within the circumscribed area and quantified out of the entire airway bor-

der, which is the percent area covered by CGRP+ nerve fibers.
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C.5.18 Neutrophil isolation and bacterial killing

Mouse bone-marrow neutrophils were isolated using the EasySepMouse Neutrophil Enrichment

Kit according to the manufacturer’s instructions (StemCell Technologies). Diff-Quick Stain kit

(Thermo Scientific) was used to confirm purity, with >95% found to be neutrophils. To perform

bacterial killing assays, 2.5× 105 neutrophils were co-cultured with 5× 105 CFU of S. aureus (2 mul-

tiplicity of infection (MOI)) in DMEM (Gibco) containing 5% fetal bovine serum. CGRP (Gene-

script) was added at different concentrations, and cells incubated at 37°C for indicated time points.

Neutrophils were then centrifuged at 600 r.p.m. for 2 min, the pellet washed twice with PBS, and

incubated for 30 min with 200 µg/ml gentamicin. Neutrophils were lysed with 0.1% Triton X-100,

and dilutions plated onto TSA plates to measure intracellular, viable bacteria. Lung cells were also

isolated from C57BL/6J mice as described above in flow cytometry section and co-cultured with S.

aureus (MOI 2) with or without CGRP (100 nM) at the indicated time points for measurement of

IL-6, TNF-α and CXCL-1 levels in culture supernatant by specific ELISA kits (BioLegend).

C.5.19 Pulmonary intravital microscopy

After mice were anesthetized (100 mg/kg ketamine/10 mg/kg xylazine), they received a jugular vein

catheter for administration of fluorescent antibodies or additional anesthetics. To visualize neu-

trophils and endothelium, 3.5 µg Alexa Fluor 594 conjugated anti-Ly6G antibody (clone 1A8, Bi-

oLegend) and 5 µg Alexa Fluor 647 conjugated anti-CD31 antibody (clone MEC13.3, BioLegend)

were injected intravenously. Mice were placed on a heating pad maintained at 37°C and connected

to mechanical ventilation (Harvard Apparatus) after a tracheostomy is performed. Mice were kept

in a right lateral decubitus position and their left lung was exposed after a thoracotomy and rib re-

section. A portion of the lung was immobilized via a gentle vacuum chamber with a glass slide

fitted on top. A resonant-scanner confocal microscope (Leica SP8) equipped with a white light
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laser and three HyD spectral detectors and a 25 × /0.9 water objective lens were used for intravital

microscopy. Images were acquired every 10 s for a total of 10 min, three to five fields of view were

observed. All videos and images were processed and analyzed using Leica software and Volocity

software. For neutrophil behavior analysis, tethering was defined as rapid movement with blood

flow and stop for less than 30s. Adhesion was defined as neutrophils that remained stationary for

30 s or longer. Crawling was defined as polarized cells that maintained continuous contact with the

endothelium while changing physical location for at least 30 s. Random neutrophils were tracked

manually in 10-min videos by using Volocity software.

C.5.20 Sample Size and Statistical analysis

For survival studies, we used animal numbers between 5-20 mice per experimental group/genotype.

For core body temperature measurements, we used animal numbers between 3-5 mice per group/genotype.

For survival studies and core body temperature measurements, experiments were performed at least

twice, and data from individual mice pooled from all experiments. For bacterial load recovery and

FACS analyses, 4-18 mice per group/genotype were used. For measurement of cytokine and CGRP

levels, 3-12 mice per group/genotype were used. Survival data were analyzed using the log-rank test;

Bacterial load recovery, behavioral data, core body temperature, FACS and cytokine compared using

Two-way ANOVAwith Bonferroni post-tests, One-way ANOVAwith Bonferroni post-tests, two-

tailed unpaired t-tests for parametric analyses or Mann-Whitney test for non-parametric analyses.

Data was plotted using Prism (Graphpad).
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Figure C.8: (a) DT or PBS alone was injected bilaterally into VG in Trpv1‐Dtr mice. Quantification of proportions of
TRPV1+ and CGRP+ neurons in VG and DRG (T1‐T9) of vagal DT‐injected mice (n = 3) and PBS‐injected littermate‐
control (n = 3) mice. Statistical analysis by two‐tailed unpaired t tests. (b) Left, survival curves of PBS VG‐injected Trpv1‐
Dtr mice (n = 9) compared with DT vagal‐injected Trpv1‐Dtr mice (n = 8) after lethal S. aureus lung infection (1.3× 108

to 1.4× 108 CFU/mouse). Log‐rank test, P = 0.0003. Right, core body temperature in PBS vagal‐injected Trpv1‐Dtr
mice (n = 4) compared with DT vagal‐injected Trpv1‐Dtr mice (n = 4) after infection. Two‐way RM ANOVA with Bonfer‐
roni post tests (****P < 0.0001). (c) CGRP levels in the BALF in uninfected mice or mice 12 h after infection with WT
USA300 S. aureus (0.8× 108 CFU/mouse) or∆agr USA300 S. aureus (0.8× 108 CFU/mouse); uninfected (n = 5), WT
infected (n = 5), and∆agr infected (n = 5). Statistical analysis by one‐way ANOVA with Bonferroni post tests. (d) CGRP
levels in the BALF in RTX‐treated mice (n = 5) and vehicle‐treated mice (n = 5); or CGRP levels in vagal DT‐treated (n =
5) or PBS‐treated Trpv1‐Dtr mice (n = 4) 12 h after WT S. aureus infection (1.1× 108 to 1.4× 108 CFU/mouse). Statis‐
tical analysis by two‐tailed unpaired t test. (e) Production levels of TNF‐α, IL‐6, and CXCL‐1 by whole lung cell cultures
after infection with S. aureus at a multiplicity of infection (MOI) of 2 at 2 h, 6 h, 12 h, and 20 h postinfection with or
without CGRPα (100 nM). Statistical analysis by two‐way ANOVA with Bonferroni post tests. (**P < 0.01; ***P < 0.001;
****P < 0.0001). (f) The CGRP‐ receptor antagonist CGRP8−37 was administered systemically (i.p.) at 800 ng (256
pmol) per dose dissolved in PBS, at ‐24 h, ‐2 h, 12 h, 24 h, 36 h and 48 h relative to intratracheal S. aureus infection (0
h). Control mice received i.p. PBS injections at the same time points. Left, survival curves for mice (PBS treated, n = 8;
CGRP8−37 treated, n = 8) after S. aureus lung infection. Log‐rank test, P = 0.04. Right, core‐body‐temperature measure‐
ments (PBS treated, n = 3; CGRP8−37 treated, n = 5) after S. aureus infection. Two‐way RM ANOVA with Bonferroni
post tests (**P = 0.004; ***P = 0.0002). (g) CGRP8−37 was administered i.p. at 7.5 µg (2.4 nmol) per dose in PBS at 4‐h,
16‐h and 24‐h time points relative to intratracheal S. aureus infection (0 h). Control mice received i.p. PBS injections at
the same time points. Left, survival curves for PBS‐treated (n = 20) and CGRP8−37‐treated (n = 19) mice. Log‐rank test,
P = 0.03. Right, core body temperature of PBS‐treated (n = 12) and CGRP8−37‐treated (n = 11) mice. Two‐way RM
ANOVA with Bonferroni post tests (**P = 0.002 (16 h); **P = 0.004 (24 h)). One experiment was performed with multi‐
ple biological replicates for a, d, and f; two independent experiments were performed for b, c, and e; three independent
experiments were performed for g.
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