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SUMMARY

Sensory neurons initiate defensive reflexes that ensure airway integrity. Dysfunction of laryngeal
neurons is life-threatening, causing pulmonary aspiration, dysphagia, and choking, yet relevant
sensory pathways remain poorly understood. Here, we discover rare throat-innervating neurons
(~100 neurons/mouse) that guard the airways against assault. We used genetic tools that broadly
cover a vagal/glossopharyngeal sensory neuron atlas to map, ablate, and control specific afferent
populations. Optogenetic activation of vagal P2RY 1 neurons evokes a coordinated airway defense
program- apnea, vocal fold adduction, swallowing, and expiratory reflexes. Ablation of vagal
P2RY1 neurons eliminates protective responses to laryngeal water and acid challenge. Anatomical
mapping revealed numerous laryngeal terminal types, with P2RY1 neurons forming corpuscular
endings that appose laryngeal taste buds. Epithelial cells are primary airway sentinels that
communicate with second-order P2RY 1 neurons through ATP. These findings provide mechanistic
insights into airway defense, and a general molecular/genetic roadmap for internal organ sensation
by the vagus nerve.
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Airway defense physiology
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Prescott, Umans et al. profile throat-innervating neurons and discover 37 subtypes of vagal sensory
cells, including rare P2RY 1-expressing neurons that associate with taste bud structures in the
upper airway to detect water and acid threats and initiate important defensive reflexes.

INTRODUCTION

The vagus nerve and other cranial nerves ensure the integrity of several major physiological
systems. Peripheral sensory neurons monitor numerous vital parameters like blood pressure,
airway volume, stomach distension, and circulating oxygen levels, and if potentially harmful
deviations from equilibrium are detected, neural circuits are engaged to initiate corrective
physiological and behavioral responses. Neuronal surveillance of internal organs is extensive
but not comprehensively charted, with many neuronal safeguards likely remaining so far
hidden. Moreover, dysfunction of organ-to-brain communication can be lethal. One of the
most fundamental functions of the vagus nerve is to provide the first line of defense that
protects the airways from injury. Defects in vagally mediated reflexes in the upper airways
cause some of the most pervasive and severe clinical problems associated with aging
including dysphagia (difficulty swallowing), weight loss, choking, speech impairment, and
respiratory tract infections such as aspiration pneumonia (Jadcherla et al., 2010; Ludlow,
2015; Santoso et al., 2019). Furthermore, hyperactivity or sensitization of upper airway
neurons may contribute to asthma, chronic cough, and Sudden Infant Death Syndrome
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(SIDS). Here, we used information and genetic tools resulting from a comprehensive survey
of vagal sensory neuron diversity to gain insights into physiological mechanisms underlying
airway defense.

The larynx, as gateway to the respiratory system, is a hotspot for neuronal innervation
(Ludlow, 2015; Steele and Miller, 2010). The larynx adjoins the digestive tract, and ingested
food and water, as well as expelled stomach contents, must transit over the larynx without
penetrating the airways. A complex network of laryngeal neurons guards the airways against
infiltration by evoking characteristic occlusion and expulsion reflexes (Coleridge et al.,
1989; Ludlow, 2015; Mazzone and Undem, 2016; Steele and Miller, 2010). For example,
each swallow evokes reflexive responses that include (1) stopping inspiration to prevent
pulmonary aspiration, (2) vocal fold adduction, and (3) laryngeal vestibule closure through
hyoid bone elevation and epiglottis descent. If foreign material does enter the airways,
secondary clearance reflexes are evoked, including cough (in some species), gag, expiratory
reflexes, and pharyngeal swallow.

The upper airways are densely innervated by the vagus nerve through the superior laryngeal
(SLN) and recurrent laryngeal (RLN) nerve branches (Figure 1A) (Coleridge et al., 1989;
Ludlow, 2015; Mazzone and Undem, 2016; Steele and Miller, 2010). The internal branch of
the SLN provides the major sensory innervation of the larynx, from the vocal folds to the
epiglottis, as well as the caudal pharynx. RLN afferents instead predominate below the vocal
folds, with dense innervation of the trachea and lung. Loss of SLN function by nerve injury
or transient application of local anesthetic causes dysphagia, incomplete laryngeal closure,
and risk of airway aspiration (Jadcherla et al., 2010; Jafari et al., 2003; Santoso et al., 2019).
Electrically stimulating the SLN evokes hallmarks of airway protection including cough,
apnea (breathing pause), vocal fold adduction, and fictive swallowing (Bolser, 1991; Doty,
1951). These studies highlighted the general importance of neuronal feedback for airway
protection, but did not distinguish the contributions of various vagal neuron subtypes, or the
molecular mechanisms they employ.

Airway threats are detected throughout the larynx, with complex neuronal arbors found on
the epiglottis and vocal folds, and in the postcricoid and arytenoid regions (Feindel, 1956;
Mu and Sanders, 2000; Travers and Nicklas, 1990; Yamamoto et al., 1997). A multitude of
laryngeal sensory terminals have been described, including submucosal and epithelial free
endings, ivy-like laminar (hederiform) endings, corpuscular endings, cough receptors, and
endings near taste buds. The functions of particular terminal morphologies have been
debated, with models based largely on the proximity of terminals to mechanosensory or
chemosensory hotspots. However, different terminal types typically display overlapping
regions of innervation in the larynx, and consistent anatomical nomenclature is lacking. As a
result, previous descriptors may redundantly refer to the same terminal type, or incorrectly
group together sensory neurons with different response profiles. We reasoned that genetic
tools might provide more consistency across studies, and also allow for specific functional
manipulation to resolve the sensory roles of different laryngeal terminals.

Nerve recordings revealed that laryngeal sensory neurons detect various mechanical and
chemical stimuli (Harding et al., 1978; Sampson and Eyzaguirre, 1964; Sant’ Ambrogio et
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al., 1991; Smith and Hanamori, 1991; Storey, 1968), including (1) water, salt, and
pharyngeal/laryngeal force from ingested food and drink, (2) acid, bile, and esophageal force
from regurgitated stomach contents, and (3) invasive threats, such as pathogens and irritants
like smoke, oxidants and dust particles. Various mechanisms have been proposed for irritant
and pathogen detection (Baral et al., 2018; Bessac and Jordt, 2008; Canning et al., 2004;
Han et al., 2018; Krasteva et al., 2011; Tizzano et al., 2010), but less is understood about the
diversity and organization of sensory pathways that protect the airways from penetration by
food, drink, and gastric reflux. Water, salt, acid, and force stimulate the SLN (Smith and
Hanamori, 1991), and also evoke defensive reflexes including apnea, vocal fold adduction,
pharyngeal swallow, and cough (Canning et al., 2004; Kovar et al., 1979; Shingai et al.,
1989). Water responses are particularly robust in the larynx, yet primary sensory cells are
unknown. It is unclear whether water-sensing and acid-sensing laryngeal afferents are first-
order or second-order neurons, and furthermore, whether various other cell types, such as
laryngeal taste cells, solitary chemosensory cells, neuroendocrine cells, or other epithelial or
immune cell types may play an upstream role.

Here, we used molecular and genetic approaches to provide insights into sensory pathways
that protect the upper airways. Single-cell RNA sequencing revealed a remarkable diversity
of vagal afferents, and Cre mice were obtained for genetic control over most neuron
subtypes individually or in small clusters, enabling links between cell identity, terminal
morphology, sensory response, and physiological function. Cell type-specific optogenetics
revealed that rare vagal P2RY1 neurons (~100 per mouse) elicit a suite of airway protective
responses including expiratory reflexes, vocal fold adduction, apnea, and fictive swallow.
Moreover, ablation of vagal P2RY1 neurons impairs defensive responses to laryngeal
challenges from acid and water, but not salt or force. Genetically guided anatomical tracing
revealed that vagal P2RY1 neurons densely innervate laryngeal epithelium, closely apposing
laryngeal taste buds. Laryngeal chemosensory reflexes are mimicked by optogenetic
activation of epithelial cells, and are lost in knockout mice lacking ionotropic purinergic
receptors. Thus, Cre-guided mapping, optogenetics, and cell ablation provide evidence that
one of ~37 identified vagal cell subtypes functions as a second-order sensor for specific
chemical threats in the larynx.

Reflexes evoked by laryngeal stimulation

Swallowing is a complex motor action with distinct oral, pharyngeal, and esophageal phases
(Steele and Miller, 2010). The pharyngeal phase of swallowing plays an active role in airway
defense by clearing infiltrate away from the airways while propelling food, water, and other
ingested contents safely past the larynx into the esophagus. (Pharyngeal swallow is also
termed ‘secondary swallow’ when initiated in the absence of an oral phase). Chemical and
mechanical stimulation of the larynx evokes guarding reflexes like apnea, vocal fold
adduction, and laryngeal vestibule closure, and also clearance reflexes like pharyngeal
swallow and cough. The same sensory stimulus can variably evoke a pharyngeal swallow,
persistent apnea, and cough, with responses differing across species, age, depth of
anesthesia, and stimulus magnitude (Nishino et al., 1990; Troche et al., 2014). The
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contributions of different laryngeal chemoreceptors and mechanoreceptors in these complex
sensorimotor transitions are not well understood.

To monitor airway defense reflexes, we developed an /n vivo preparation in anesthetized
mice to record swallowing responses to laryngeal stimuli (Figure 1B). Solutions were
introduced at a very slow rate (100 pl/min) through a cannula inserted past the tongue and
directly over the larynx, with an exit port placed in the trachea below the vocal folds. A
tracheal pressure transducer was inserted below the exit port to monitor breathing rhythms.
Evoked swallows were quantified by visually observing hyoid elevation, and were not
observed under baseline conditions involving continuous slow perfusion of saline (PBS).
Furthermore, based on control trials with PBS, swallowing was not evoked by flow
alterations that may be associated with switching perfusion solutions. We found that robust
and repetitive swallowing was evoked by transient perfusion of several test stimuli through
the larynx, including water, acid, and high salt (Figure 1C, 1D). Swallowing was also evoked
by mechanical stimulation of the larynx by direct physical probing. In contrast, laryngeal
perfusion of TRPAL or TRPV1 agonists, as well as bitter, sweet, or umami tastants
(dissolved in PBS) did not evoke pharyngeal swallows.

Water, high salt, and acid also evoked transient apneas with each swallow, as well as
occasional expiratory reflexes (Figure 1C). An airway expiratory reflex is a sudden forced
airway evacuation reminiscent of a cough, but unlike a cough is not associated with a prior
deep inspiration (Ludlow, 2015). Transection of the SLN eliminated swallowing to laryngeal
water, acid, and high salt, and decreased the frequency of force-evoked swallow, consistent
with a key role for larynx-innervating neurons (Figure 1E). Together, these findings reveal at
least four modalities of upper airway stimuli that evoke reflexive secondary swallow: water,
acid, high salt, and force. Thus, chemosensory responses in the larynx can be robustly
elicited in mice, and are at least partially distinct from classical taste responses of gustatory
nerves.

Evoking fictive swallows by sensory neuron optogenetics

We used optogenetics to identify sensory neurons involved in airway defense. The throat is
densely innervated by the vagus and glossopharyngeal nerves, and in mice afferent soma
from these nerves form a pair of fused nodose/jugular/petrosal (NJP) superganglia, each
containing ~2,300 sensory neurons clustered near the jugular foramen at the base of the skull
(Fox et al., 2001). We crossed mice harboring a Cre-dependent Channelrhodopsin allele
(loxP-ChR2) to Viglut2-ires-Cre and Chat-ires-Cre mice, which respectively label the vast
majority of sensory and motor fibers in vagal and glossopharyngeal nerves. Optogenetic
stimulation was achieved in offspring by focal illumination of the vagus nerve trunk or
particular nerve branches (Figure 1F).

Activating all vagal sensory neurons in Vglut2-ires-Cre, loxP-ChR2 mice evoked repetitive
swallowing (Figure 1G, Movie S1), with an average of 4.3 swallows per 10 second
photostimulation trial. Pharyngeal swallows were observed and distinguished from primary
swallows based on a lack of tongue movement and from esophageal swallows based on a
lack of esophageal peristalsis. These findings indicate that pharyngeal swallow can be
separately initiated and controlled, even under anesthesia. Pharyngeal swallows were further

Cell. Author manuscript; available in PMC 2021 April 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Prescott et al.

Page 6

distinguished from other potential throat movements (such as cough or gaping), as they were
associated with transient increases in pharyngeal pressure, contraction of the digastric
muscle (which elevates the hyoid bone) as recorded by electromyography (EMG), and
laryngeal elevation (Figure 1F). Analysis of tracheal pressure also revealed a transient apnea
that occurred with each optogenetically evoked swallow (Figure 1F, 1G).

Bulk optogenetic stimulation of NJP sensory neurons, in addition to evoking swallow, also
evoked occasional airway expiratory reflexes (1.5 events per 10 second trial, Figure 1F, 1G).
Expiratory reflexes sometimes occurred immediately after a swallow, and other times were
observed as isolated events. Light-evoked swallows and expiratory reflexes were not
observed in control /oxP-ChR2 mice or during vagal motor neuron stimulation in Chat-ires-
Cre; loxP-ChR2, as motor control of these reflexes is conveyed by other efferent nerves.

Sweeping genetic control over vagal sensory neuron subtypes

We next defined NJP sensory neurons involved in airway protection. We used single-cell
RNA sequencing for unbiased investigation of sensory neuron diversity in the vagus and
glossopharyngeal nerves (Figure 2A). Sensory neurons were acutely harvested from NJP
ganglia of wild type (8-week old, male, C57BL6/J) mice, enriched by centrifugation in a
Percoll gradient, and encapsulated in nanoliter droplets containing primer-decorated beads
for barcoded cDNA synthesis. Single-cell cDNA was then amplified and sequenced to
generate single cell transcriptomes.

Transcriptome data (average: 6,937 unique reads spanning 2,293 genes) were obtained on
46,712 cells, including 25,117 sensory neurons as well as macrophages, stromal cells and
various types of glial cells (Figure SLA-S1C). Sensory neurons were defined based on
expression of several neuronal markers, including Vglut2 (Slc17a6), a glutamate transporter
expressed in >99% of vagal and glossopharyngeal sensory neurons but not in other non-
neuronal cell types of sensory ganglia (Chang et al., 2015). Unsupervised clustering analysis
revealed ~37 classes of sensory neurons (Figure 2B), each ranging in size from 12 to 151
neurons per NJP ganglion (Figure S1C). Additional rare vagal sensory neuron subtypes were
uncovered here, compared with other recent single-cell sequencing studies (Bai et al., 2019;
Kupari et al., 2019; Mazzone et al., 2019), likely because of the larger number of cells we
analyzed. 27 cell clusters, representing 79% of NJP sensory neurons (19,756/25,117), were
derived from nodose and inferior petrosal ganglia based on expression of Phox2b, a marker
for epibranchial placode-derived sensory neurons (Figure S1D). The remaining 10 clusters,
representing 21% of neurons, did not express PhoxZb but instead expressed Pram12, a
neural crest transcription factor and marker for sensory neurons of the jugular and superior
glossopharyngeal ganglia. Markers that broadly distinguish petrosal neurons from nodose/
jugular neurons are not available, although at least one large placode-derived neuron cluster
(NP9) lacks expression of Hoxb4 (Figure S1D), and is likely part of the glossopharyngeal
nerve.

We defined cell clusters by singular or combinatorial expression of signature genes (Figure
2C); see Table S1 for signature genes used to define each cell cluster. /n situhybridization
verified expression of selected markers in dispersed subsets of sensory neurons (Figure 2D).
GO term analysis on differentially expressed genes revealed that sensory neuron subtypes
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differed primarily by expression of various cell surface receptors such as G Protein-Coupled
Receptors (GPCRs), ion channels such as TRPs and PIEZOs, and neuropeptides (Figure
S1D, S1E). Single-cell transcriptome data of vagal/glossopharyngeal sensory neurons are
publicly available (GEO accession humber GSE145216).

The 37 classes of vagal sensory neurons may differ with regards to organ-targeting pattern,
response property, and/or physiological function. We previously characterized various
classes of sensory neurons that innervate the lungs, stomach, intestine, and aorta, and
differentially control breathing, heart rate, blood pressure, and gut motility (Chang et al.,
2015; Min et al., 2019; Williams et al., 2016). For example, in the digestive system, stomach
and intestine mechanoreceptors express several gut hormone receptors, and are marked in
Glp1r-ires-Cre mice (Williams et al., 2016); cell clusters that express G/pZrinclude NP4,
NP8, NP26, and NP27. Other sensory neurons marked in Gpr65-ires-Cre mice function as
chemosensory neurons that innervate intestinal villi and stomach mucosa (Williams et al.,
2016), with Gpr65 highly expressed in cluster NP5. Some vagal afferents in the lung and
lower airways contain PIEZO2, sense airway stretch and evoke a classic apnea reflex termed
the Hering-Breuer inspiratory reflex (Nonomura et al., 2017). There are multiple classes of
PIEZO2 neurons (Figure 3A), and it is unclear which transcriptome-defined cluster detects
airway stretch, and which others may mediate different internal senses such as arterial
baroreception (Min et al., 2019; Zeng et al., 2018). Some vagal P2RY1 neurons also
innervate the lung, with arbors that appose clusters of lung secretory cells termed
neuroepithelial bodies (Chang et al., 2015).

Single-cell sequencing revealed that visceral sensations of the vagus and glossopharyngeal
nerves depend on a striking diversity of cell types. This estimate of cell diversity is
conservative, and some co-clustered cells may perform similar sensory functions such as
mechanosensation or cytokine detection in different organs. Thus, recognized cell type
diversity may be even greater once physiological roles are understood for each neuron
group. Moreover, most vagal and glossopharyngeal neuron subtypes have not been accessed
previously through selective genetic approaches.

To obtain genetic control over newly identified NJP sensory neuron subtypes, we
constructed Gabral-ires-Creand Crhr2-ires-Cre mice; two-color analysis validated that Cre
recombinase drove reporter expression to the correct neurons in these mice (Figure S2). We
also obtained other published mouse lines, CalbI-ires-Cre and Npylr-Cre mice, and
observed that they target subsets of NJP sensory neurons. Together with knock-in lines we
previously reported to target NJP ganglia (P2ry1-ires-Cre, Gpré5-ires-Cre, Glp1r-ires-Cre,
Piezo2-ires-Cre, and Npy2r-ires-Cre mice), this genetic toolkit provides access to 33 out of
the 37 NJP neuronal populations, with each Cre line marking different small groups of
neurons (Figure 3). Moreover, cell types colabeled by one Cre line are often differentially
labeled by a second Cre line; for example, NP17 is labeled by Piezo2-ires-Creand P2ry1-
ires-Cre, NP18 is labeled by Piezo2-ires-Cre but not P2ry1-ires-Cre, and NP19 is labeled by
PZry1-ires-Crebut not Piezo2-ires-Cre. By using this large panel of Cre lines, and treating
each Cre line as an independent linear variable, we reasoned that it could be possible to
deduce the functions of particular transcriptome-defined sensory neurons.
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Vagal P2RY1 neurons evoke a coordinated airway defense program

We used optogenetics to identify NJP sensory neuron subtypes that evoke swallowing. We
crossed /oxP-ChR2 mice to Calbl-ires-Cre, Piezo2-ires-Cre, Gabral-ires-Cre, Gpré5-ires-
Cre, Npy1r-Cre, NpyZ2r-ires-Cre, Crhr2-ires-Cre, Glp1r-ires-Cre, and P2ry1-ires-Crethat
label different groups of sensory neurons, and wild type mice for control experiments.
Optogenetic stimulation was achieved in offspring by focal illumination of the nerve trunk
or particular nerve branches.

Light-induced stimulation of vagal P2RY1 neurons evoked frequent pharyngeal swallowing
and expiratory reflexes (5.7 and 3.0 per 10 second stimulation, Figure 4A, 4B). Swallows
occurred (maximal likelihood) with a latency of 0.67 seconds after optogenetic stimulation
and an interswallow interval of 1.65 seconds. Both reflexes were evoked by branch-selective
optogenetics involving focal SLN illumination in P2ry1-ires-Cre; loxP-ChR2 mice, but not
pharyngeal or glossopharyngeal nerve illumination, indicating involvement of laryngeal
neurons (Figure S3A). Furthermore, optogenetic stimulation of vagal P2RY 1 neurons in a
vagus nerve stump above a trunk transection, but not below, induced swallowing,
demonstrating a role for sensory neurons; furthermore, responses persisted after bilateral
transection of SLN motor neurons (trunk transection below the illumination point with
contralateral SLN transection), consistent with a role for non-vagal motor neurons (Figure
S3B). Swallows and expiratory reflexes were more rarely observed following optogenetic
activation of vagal NPY 1R neurons, and never observed following stimulation of vagal
PIEZO2, CALB1, GABRAL, CRHR2, GPR65, NPY2R, or GLP1R neurons (Figure 4A,
4B).

Based on prior RNA /n situ hybridization analysis, P2ry1 is expressed in 11.6% of NJP
sensory neurons, or ~250 neurons per ganglion (Chang et al., 2015). Single-cell RNA
sequencing data indicated abundant levels of P2ry1 transcript in five neuron subtypes (J3,
NP16, NP17, NP19, and NP26) and lower levels in four other neuron subtypes (NP5, NP9,
NP13, and NP23). Four of these nine P2RY1 neuron subtypes also express Piezo2 (J3,
NP16, NP17, and NP26), and all of them except for NP19 express Piezo2, Crhr2, Gpré65
and/or Gabral. Eight of nine P2RY1 neuron populations are targeted by Cre lines that do not
evoke swallowing, pinpointing a particular P2RY 1-expressing cell subtype, NP19 neurons
(~50 neurons per NJP ganglion), as a candidate mediator of laryngeal reflexes (Figure 4C).
Single-cell sequencing of NP19 neurons revealed expression of Phox2b, indicating placodal
origin, signature genes that include P2ry1, Slc18a3, Gm2990, Runx3, and PappaZ (Figure
S3C), but not 7rpal or Trpvi, which are implicated in irritant responses.

Airway challenges evoke coordinated motor responses that also include vocal fold adduction
and breathing inhibition, so we asked whether activating vagal P2RY1 neurons evoked these
additional hallmarks of airway defense. Vocal fold adduction provides a physical barrier to
prevent passage of threatening substances from the larynx to the trachea (Jadcherla et al.,
2010). The vocal folds were visualized with a miniaturized fiber endoscope (Movie S2) or
by light microscopy (Figure 4D), and normal glottic movements were observed across the
respiratory cycle, including full abduction during inspiration and partial adduction during
expiration. Optogenetic activation of all vagal sensory neurons in Vglut2-ires-Cre, loxP-
ChRZ2 mice induced sustained and complete glottic closure, while activating P2RY1 or
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PIEZO2 neurons differentially controlled vocal fold dynamics (Figure 4E). Light-induced
stimulation of vagal P2RY 1 neurons caused brief, sporadic episodes of complete glottic
closure that were synchronized with each swallow. For comparison, optogenetic activation of
PIEZO2 neurons decreased the extent of glottic abduction during inspiratory events, without
changing the extent of glottic adduction during expiratory events. These findings indicate
that vagal P2RY1 neurons evoke episodes of complete vocal fold adduction, a stereotyped
signature of airway protection.

Laryngeal challenges also suppress respiration to prevent unintended aspiration of foreign
materials into the lungs and upper airways. We noted above that optogenetic activation of
P2RY1 neurons caused a transient apnea that occurred with each swallow. Under deeper
anesthesia, stimulating P2RY1 or VGLUT2 neurons no longer evoked frequent swallowing,
but instead caused a prolonged apnea and reduction in minute volume (Figure S4), as
reported previously (Chang et al., 2015). The observation that physiological responses
(swallow, cough, or apnea) vary with depth of anesthesia is consistent with previously
reported anesthesia-dependent responses mediated by the SLN (Nishino et al., 1990). We
note that multiple classes of apnea-promoting neurons were identified by optogenetics under
deep anesthesia (Chang et al., 2015; Nonomura et al., 2017), including neurons that express
PIEZO2 and function as airway stretch sensors. ~50% of vagal P2RY 1 neurons co-express
PIEZO2, and optogenetic activation of vagal P2RY1 neurons also inhibits respiration (Chang
etal., 2015). It is possible that airway stretch sensors are encompassed by both Piezo2-ires-
Cremice and PZryI-ires-Cre mice; however, activating PIEZO2 neurons did not evoke
swallowing and associated transient apnea under lighter anesthesia, nor expiratory reflexes,
suggesting that vagal P2RY 1 and PIEZO2 neurons mediate distinct apnea-related reflexes.

To exclude the possibility that P2RY 1-evoked apnea is related to airway stretch reception,
we imaged calcium transients in individual genetically defined neurons of vagal ganglia
(Figure 4F). We generated P2ry1-ires-Cre; loxP-tdTomato; ROSA26-GCaMP3 (P2ry1-
GCaMP*mice) and Piezo2-ires-Cre; loxP-tdTomato, ROSA26-GCaMP3 (Piezo2-GCaMP*
mice), in which all vagal sensory neurons express GCaMP3 from a constitutive promoter
and Cre-expressing cells also express tdTomato. We then imaged single-cell calcium
transients in NJP ganglia during trials of airway stretch stimulation, as described previously
(Williams et al., 2016). Sensory neurons responsive to airway stretch were rare, dispersed,
and marked by tdTomato expression in Piezo2-GCaMP*mice (17/19 neurons), but not in
P2ry1-GCaMP*mice (2/23 neurons), Thus, airway stretch sensation is mediated by
PIEZO2-positive, P2RY 1-negative sensory neurons. Together, these findings reveal separate
subtypes of apnea-promoting vagal afferents that can be distinguished using genetic tools.
Vagal PIEZO2 neurons mediate airway stretch-induced apnea, while vagal P2RY 1 neurons
instead evoke a coordinated motor program with multiple signatures of airway defense,
including not only apnea, but also vocal fold adduction, pharyngeal swallowing, and
expiratory reflexes.

Ablation of vagal P2RY1 neurons eliminates laryngeal responses to airway challenge

Optogenetic activation of P2RY 1 neurons evokes a suite of protective reflexes similar to
those elicited by various airway threats. We next used targeted neuron ablation to ask
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whether P2RY 1 neurons are required for physiological responses to any particular laryngeal
challenge. Targeted ablation of NJP sensory neurons was achieved using Cre-based
expression of diphtheria toxin receptor (DTR), as reported previously (Min et al., 2019;
Trankner et al., 2014). Mouse cells are normally resistant to diphtheria toxin (DT), but can
be rendered sensitive by expression of DTR (Saito et al., 2001). We generated P2ryI-ires-
Cre; loxP-DTR mice and injected DT bilaterally into NJP ganglia (P2ry1-ABLATE mice),
resulting in efficient ablation of vagal P2RY1 neurons, while sparing other intermingled NJP
sensory neurons (Figure 5A, S5). To control for non-specific ablation, we also injected DT
into NJP ganglia of /oxP-DTR mice lacking a Cre driver (DT-injected control mice), as well
as Npylr-Cre; loxP-DTR (Npy1r-ABLATE) and Gabral-ires-Cre; loxP-DTR (Gabral-
ABLATE) mice.

Next, we asked whether swallowing responses to various airway assaults were intact in
P2ry1-ABLATE mice using our /n vivo preparation for laryngeal perfusion where we
observed responses to water, acid, high salt, and force. We found that P2ryZ-ABLATE mice,
but not other mice analyzed, had impaired swallowing responses to both laryngeal acid and
water (Figure 5B). However, swallowing to laryngeal force and high salt was normal in
P2ry1-ABLATE mice, with levels similar to control mice, NMpy1r-ABLATE mice, and
Gabral-ABLATE mice. These findings indicate that laryngeal P2RY1 neurons are required
for sensing specific chemosensory challenges to upper airway integrity.

Vagal P2RY1 neurons densely innervate laryngeal taste buds

Many types of laryngeal terminals have been described, but those that mediate specific
aspects of airway defense are unknown due to a lack of genetic tools. Next, we asked
whether vagal P2RY1 neurons might innervate the larynx, and if so, whether they form
particular terminal structures.

We previously developed a genetic approach to trace the anatomical projections of Cre-
expressing vagal sensory neurons (Chang et al., 2015; Min et al., 2019; Williams et al.,
2016). Cre-dependent Adeno-associated viruses (AAVs) encoding fluorescent (AAV-flex-
tdTomato) or alkaline phosphatase (AAV-flex-AP) reporters were directly injected into NJP
ganglia of Cre knock-in mice, and labeled fibers subsequently visualized in peripheral
tissues (Figure 6A). Bulk labeling of NJP sensory neurons using Cre-independent AAVS or
Cre-dependent AAVs in Vglut2-ires-Cre mice revealed a complex network of neuronal
terminals throughout the larynx, with particularly dense innervation of the epithelium of the
epiglottis, arytenoids, vocal folds, and subglottis underneath the thyroid cartilage. Diverse
terminal morphologies were congested and intermingled across the laryngeal surface,
explaining the prior challenges of linking terminal morphology to physiological function.

We next surveyed the types of upper airway terminals that could be selectively marked using
specific Cre lines. We injected NJP ganglia of Apy1r-Cre, NpyZ2r-ires-Cre, Calb1-ires-Cre,
Plezo2-ires-Cre, Gabral-ires-Creand P2ryl-ires-Cre mice bilaterally with reporter AAVS,
and visualized neuronal endings in the larynx. In each of these six mouse lines, labeled
neurites densely innervated the larynx (Figure 6C, S6A), while neurites labeled by similar
approaches in Gpré5-ires-Cre mice did not. Moreover, CALB1, P2RY1, NPY 1R and

NPY 2R neurons formed different terminal types in laryngeal epithelium (Figure 6D).
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CALBL1 neurons displayed striking chandelier-shaped terminals concentrated on the ciliated
epithelium of the epiglottis and subglottis below the thyroid cartilage. NPY1R and NPY2R
neurons, which are transcriptionally distinct subsets of TRPV1 neurons predominantly
derived from jugular and nodose ganglia respectively, formed free endings in different
airway regions: NPY 1R terminals were observed in epiglottis, arytenoids, and trachea, while
NPY2R terminals were only found in the trachea up to the cricoid cartilage and not in the
vocal folds or above. PIEZO2 and GABRAL neurons did not access the epithelium, but
instead formed distinct subepithelial endings. PIEZO2 fibers encircled laryngeal mucosal
glands, and also ramified within intrinsic laryngeal muscles, while GABRAL neurons
displayed large, isolated and branched terminals in the trachealis muscle.

Next, we focused on anatomical characterization of vagal P2RY 1 neurons, given their role as
laryngeal chemoreceptors. Vagal P2RY 1 neurons deposited dense and complex neuronal
arbors in ciliated epithelium, including the laryngeal surface of the epiglottis and subglottis,
and more dispersed and distinctive endings in squamous epithelium near the vocal folds,
arytenoid cartilages and aryepiglottal folds (Figure 6B, S6B). The terminals of P2RY1
neurons in squamous epithelium formed rare, characteristic corpuscles of ~40 pm diameter
(Figure 6E). Interestingly, P2RY1 neuron corpuscles directly apposed laryngeal taste buds,
as visualized by immunohistochemistry for the taste cell marker KRT8 (Figure 6F, 6G).
Every P2RY1 corpuscle in the larynx appeared to innervate a taste bud, and quantitative
analysis revealed that the majority of taste buds (33/46, 6 mice) were innervated by a P2RY1
corpuscle; this is likely an underestimation of taste bud innervation based on the partial
efficiency of AAV infection (~60%) in NJP ganglion neurons. We also note that some
P2RY1 terminals, presumably from the pharyngeal branch of the glossopharyngeal nerve,
contacted taste buds in the oropharynx, as well as lingual taste buds in foliate and
circumvallate papillae (Figure S6C). Together, these observations suggest that vagal P2RY 1
neurons function as second-order chemosensory neurons in the larynx and in other locations.

Epithelial cells as primary sentinels for airway defense

Lingual afferents that mediate bitter, sweet, sour, umami, and salt taste are second-order
neurons that receive input from dedicated taste cells on the tongue (Yarmolinsky et al.,
2009). In the larynx, it has been debated whether water and acid sensation occurs in
upstream sentinel cells or directly by neurons, and adding complexity, multiple laryngeal
sensory pathways have been proposed for both stimuli (Harding et al., 1978; Kollarik and
Undem, 2002; Sant’Ambrogio et al., 1991). We observed that vagal P2RY1 neurons
innervate laryngeal epithelium including taste buds, and are also required for physiological
responses to laryngeal acid and water challenge. These findings raise the possibility that
upstream sentinel cells first detect water and/or acid in the larynx, and relay information to
P2RY1 neurons through specific neurotransmitters. We next sought to test this model by
both stimulating and blocking epithelial cell-to-neuron communication.

First, we asked whether optogenetic stimulation of epithelial cells in the larynx triggered
airway defense responses. We generated Kr18-CrefR; loxP-ChR2 mice, which drives
Channelrhodopsin expression in epithelial cells, and within squamous epithelium, selectively
to laryngeal taste cells (Figure 7A); reporter expression was not observed in vagal sensory
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neurons (Figure S7A, S7B). Optogenetic stimulation of epithelial cells in different throat
regions was achieved by selective optic fiber positioning (Figure 7B). Light-evoked
swallowing was observed by illumination of the larynx (light directed towards the inferior
edge of the arytenoids and vocal folds), but not the upper trachea (between thyroid and
cricoid cartilages) or posterior oral cavity (Figure 7C). Swallowing was also not evoked by
illuminating NJP ganglia in Krt8-CrefR; loxP-ChR2 mice. Together, these findings suggest
that stimulation of upstream epithelial cells in the larynx is sufficient to activate the neural
arc resulting in secondary swallow.

Next, we asked whether eliminating epithelial cell-neuron communication blocks
physiological responses to particular laryngeal stimuli. Lingual taste cells communicate with
second-order gustatory fibers using ATP as a neurotransmitter, and responses to sweet, salty,
sour, bitter, and umami tastants are disrupted in knockout mice lacking the ionotropic ATP
receptors P2x2and P2x3 (Finger et al., 2005). P2x3-immunoreactive nerve terminals are
abundant in laryngeal epithelium (Takahashi et al., 2016); moreover, P2x2and P2x3are
highly expressed in NP19 neurons, the P2RY 1 neuron subset implicated by optogenetics
experiments to be involved in laryngeal defense (Figure S7C), raising the possibility that
certain laryngeal sensations require ATP signaling as well. We measured swallowing to
laryngeal challenge in P2x2/P2x3knockout mice, and observed that although responses to
laryngeal force and high salt were normal, responses to acid were diminished, and responses
to laryngeal water were lost (Figure 7D, 7E). Thus, activation of laryngeal epithelial cells is
sufficient to evoke swallowing, while knockout of ionotropic ATP receptors impairs
swallowing responses to particular laryngeal stimuli. We also noted that water responses
were intact in mice lacking phospholipase C p2 (PLCB2, Figure S7D); PLCPB2 is utilized by
solitary chemosensory cells as well as taste cells that detect sweet, bitter, and umami
chemicals, but not salty or sour chemicals (Krasteva et al., 2011; Zhang et al., 2003).
Together, these findings indicate that certain chemical challenges in the larynx are first
detected by epithelial sentinel cells and then communicated to P2RY1 neurons (NP19
neurons) through ATP, ultimately evoking a suite of defensive responses including apnea,
vocal fold adduction, and pharyngeal swallow.

DISCUSSION

Ingested food and drink pass directly over the airways en route to the esophagus. The larynx
is a critical sensory hotspot for neuronal detection of airway threats and coordination of
defensive reflexes to secure airway integrity. Vagal sensory neurons display a multitude of
sensory terminals in the larynx, but their functions have been difficult to disentangle without
specific genetic reagents. Here, we used single-cell RNA sequencing and a large genetic
toolkit to interrogate the cellular diversity of vagal and glossopharyngeal nerves. Cre-guided
sensory neuron mapping, ablation, and optogenetics revealed that a small cluster of P2RY1
neurons mediates a suite of stereotyped airway protection responses that include pharyngeal
swallow, apnea, expiratory reflexes, and vocal fold adduction. Moreover, P2RY1 neurons
form corpuscular terminals that appose laryngeal taste buds, and physiological responses to
laryngeal water challenge involve epithelial sentinel cells and ATP signaling.
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Each mouse NJP ganglion is small, with ~2,300 neurons, yet rich in diversity, with ~37
molecularly distinct sensory neuron subtypes. This cellular diversity is presumably needed
as the vagus nerve innervates vast terrain, projecting to many internal organs within the
body, and detects an assortment of sensory cues. Our findings also suggest that a small
number of vagal sensory neurons may be sufficient to mediate a particular physiological
function; for example, there are only ~50 NP19 neurons in each ganglion devoted to an
aspect of airway defense. For comparison, the somatosensory system is much larger in mice,
involving hundreds of thousands of sensory neurons located across numerous dorsal root
ganglia (DRG) (Gjerstad et al., 2002). Single-cell sequencing of DRG neurons revealed
various neuron subtypes involved in touch, pain, proprioception, temperature sensation and
itch (Li et al., 2016; Usoskin et al., 2015). The dramatic increase in the total number of DRG
neurons presumably enables highly specific spatial discrimination of sensory stimuli, which
may not be needed for at least some vagally mediated internal organ sensations. Other
sensory systems rely on a smaller number of input channels; in the visual system, there are a
few principal sensory cells: rods, cones, and melanopsin-utilizing retinal ganglion cells,
while the gustatory system involves five classical taste modalities- sweet, salty, sour, bitter
and umami (Yarmolinsky et al., 2009). At the other extreme, the olfactory system contains
>1,000 sensory receptors in mice and has the power to detect and discriminate a tremendous
diversity of odors (Buck and Axel, 1991). The number of sensations mediated by the vagus
nerve has not previously been quantified, but is presumably large based on the underlying
cellular diversity. Furthermore, it seems likely that some sensory neurons characterized here
mediate internal organ sensory functions that have yet to be determined. Approaches used
here provide a technical blueprint for studying the roles of sensory neurons in other aspects
of interoception.

Among the many unresolved questions in interoception, laryngeal cell types and terminal
morphologies that sense water have remained elusive. We observed numerous terminal
structures in the larynx that can be distinguished using various Cre lines, including epithelial
chandelier terminals, corpuscular terminals, and free endings, as well as terminals in muscle
and around submucosal glands. The sensory functions of most laryngeal terminal types
remain unclear. Several prior studies proposed that water was directly sensed in the larynx
by first-order free nerve endings rather than specialized terminal structures, although direct
functional perturbations were lacking (Anderson et al., 1990; Storey and Johnson, 1975).
Here, we present several pieces of evidence demonstrating that a physiological response to
laryngeal water instead involves second-order neurons that communicate with upstream
epithelial sentinel cells. Genetically guided anatomical mapping revealed that vagal P2RY1
neurons form large corpuscular terminals that appose laryngeal taste buds, which are marked
in Krt8-CrefR; JoxP-ChR2 mice. Ablation of vagal P2RY1 neurons, or knockout of
ionotropic ATP receptors, eliminates defensive responses to laryngeal water challenge.
Furthermore, optogenetic stimulation of vagal P2RY1 neurons, or laryngeal epithelial cells,
evokes hallmarks of airway defense. Based on these findings, we posit that airway epithelial
cells first detect water, and then communicate with second-order P2RY 1 afferents through
ATP action to relay the signal centrally. We do note that SLN nerve responses to water and
acid reportedly persist in P2x2/P2x3knockout mice (Ohkuri et al., 2012), raising the
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possibility that additional detection pathways exist for these cues, perhaps with relevance for
distinct physiological effects.

ATP is utilized as a neurotransmitter by lingual taste buds for communication with afferent
nerves (Finger et al., 2005), and may serve a similar epithelial cell-neuron communication
role in other organs, such as the skin, bladder and carotid body (Cockayne et al., 2000;
Dussor et al., 2009; Piskuric and Nurse, 2013). Here, we show that in the larynx, a water-
evoked reflex also requires ionotropic ATP signaling. The functions of laryngeal taste buds
have been mysterious, and findings here raise them to be prime candidates involved in
airway protection. A recent study proposed that water sensation can occur through sour taste
cells in the oral cavity, as marked by Pkd2/1 expression (Zocchi et al., 2017); however, we
note that laryngeal water responses did not require bicarbonate washout, that secondary
swallowing was not evoked by optogenetic stimulation of glossopharyngeal neurons that
innervate lingual taste buds, and that Pka2/1 could potentially mark discrete taste cells in the
larynx. Other classes of epithelial sentinel cells could additionally (1) be innervated by
P2RY1 neurons, (2) be targeted in Krt8-CrefR: loxP-ChR2 mice, and (3) utilize ATP as a
neurotransmitter. Other rare airway epithelial cells include solitary chemosensory cells and
neuroendocrine cells. Solitary chemosensory cells express bitter taste receptors that detect
irritants, including bacterial molecules involved in quorum sensing, and in response, mediate
respiratory depression (Finger et al., 2005; Krasteva et al., 2011). However, bitter receptor
agonists administered in the larynx do not evoke swallow, water-evoked swallow persists in
PlcpBZ knockout mice, and solitary chemosensory cells reportedly utilize acetylcholine rather
than ATP to communicate with afferent nerves.

Multiple chemosensory pathways emanate from the larynx and are relevant for airway
defense. Pathogen sensation is proposed to involve not only upstream epithelial cells, but
also direct engagement of sensory neurons, for example through formyl peptide receptors or
Mas-related G Protein-Coupled Receptors (MRGs) (Chiu et al., 2013; Han et al., 2018).
Airway irritants include cigarette smoke, inhaled dust, TRPA1-activating oxidants such
hypochlorite and hydrogen peroxide, and the TRPV1 agonist capsaicin (Bessac and Jordt,
2008; Bessac et al., 2008; Canning et al., 2004). Single-cell RNA sequencing indicated that
vagal NP19 neurons are nodose-derived, and distinct from sensory neurons that express
TRPA1L, TRPV1, or MRGs; channelrhodopsin-assisted conduction velocity measurements
also indicated that most P2RY1 neurons are A fibers (Chang et al., 2015), and distinct from
classical nociceptive C fibers. We note that rarer swallowing was observed following
activation of NPY1R neurons, a jugular population that does express both TRPA1 and
TRPV1. Furthermore, a population of P2RY 1-negative neurons is sufficient to mediate salt
sensation; laryngeal salt responses occur at a much higher stimulus threshold (750 mM,
Figure 7E) than appetitive salt taste responses (3—30 mM) (Ishiwatari and Bachmanov,
2012), and also do not require P2x2/P2x3, suggesting distinct sensory pathways for oral and
laryngeal salt sensation. Together, there appear to be various chemosensory neurons in the
upper airways responsible for detecting pathogens, respiratory irritants, and airway
challenges from ingested or refluxed food and drink.

Sensorimotor transformations underlying airway protection have been poorly defined, as
linking specific reflexes to particular laryngeal neurons is technically challenging in the
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absence of genetic tools. One model is that various sensory stimuli engage separate
information processing streams to mediate different motor responses. Alternatively, various
airway challenges might engage common brain command centers that provide a general
alarm signal and orchestrate multiple components of a stereotyped motor program (Jean,
2001). The observation that distinct laryngeal challenges (water, acid, high salt, and force)
evoke similar physiological reactions (cough, apnea, pharyngeal swallow, and vocal fold
adduction) suggests that at least some sensory inputs might converge in responding neural
circuits. Here, optogenetic stimulation of a small cluster of transcriptionally defined vagal
sensory neurons (NP19 neurons) is sufficient to evoke multiple aspects of airway defense.
We observe that motor control centers apparently evoke the command to swallow in a
probabilistic manner, with a refractory period between swallows. AAV-based mapping of
vagal P2RY1 axons previously revealed preferential innervation of lateral subdivisions
within the nucleus of the solitary tract (NTS) in the brainstem (Chang et al., 2015), and NTS
neurons display polymodal responses to certain mechanical and chemical stimuli in the
larynx (Takagi et al., 1995). However, it is debated whether different sensory neuron
subtypes converge in the NTS, or whether polymodality arises earlier in the periphery.
Single unit studies in laryngeal afferent nerves reported a continuous response spectrum
including both multimodal and unimodal responses, with the frequency of polymodal
responses varying across studies (Smith and Hanamori, 1991; Storey, 1968; Takagi et al.,
1995). Here, we observed that ablation of P2RY1 neurons impairs responses to challenge
from laryngeal water and acid, but not to challenges from high salt or force, indicating that a
functional division of labor does exist between at least some sensory neurons in the
periphery.

Optogenetic studies revealed distinct classes of apnea-promoting vagal afferents. Vagal
PIEZO2 neurons mediate lower airway stretch-induced apnea (Nonomura et al., 2017), a
classical reflex termed the Hering Breuer inspiratory reflex, while vagal P2RY1 neurons
instead induce apnea as part of an upper airway protective motor program. Other NJP
afferents also likely cause apnea, including esophageal distension receptors that protect the
airways during acid reflux and vomiting, as well as pharyngeal mechanoreceptors (Lang et
al., 2001; Shaker and Hogan, 2000). Yet other NJP sensory neurons instead enhance
respiration, such as carotid body-innervating chemoreceptors (Chang, 2017). Thus,
respiratory control centers can be differentially toggled by various afferent pathways from
vagal and glossopharyngeal nerves.

Stimulating vagal P2RY 1 neurons also evokes expiratory reflexes, forced airway evacuations
that help expel infiltrate and are nicknamed ‘laryngeal coughs’ (Ludlow, 2015). While mice
do not display audible coughing behavior, laryngeal water and acid sensation potently
produce cough in other species, including humans (Canning et al., 2004). Since mouse
sensory neurons can detect laryngeal stimuli that evoke cough in other species, one model is
that sensory pathways for airway threats such as those described here are evolutionarily
conserved between mouse and human, even if evoked motor programs have diverged.
Consistent with this model, human and mouse contain a similar diversity of laryngeal taste
cells (Jette et al., 2020). It is thus intriguing to note that we observed a loss of physiological
responses to laryngeal water perfusion in P2x2/P2x3 knockout mice. The P2x3 antagonist
AF-219 is an effective suppressant of chronic cough in human patients, although
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mechanisms have been elusive (Abdulgawi et al., 2015). One prior explanation for AF-219
antitussive action involved blockade of ATP-mediated inflammatory signals that may
chronically sensitize cough receptors (Abdulgawi et al., 2015). Data here suggest an
alternative model that P2X antagonism directly disrupts laryngeal sensation by some vagal
afferents through inhibition of epithelial cell-neuron communication. Multiple types of
cough neurons have been proposed, including both A and C fibers with varying sensitivity to
capsaicin and anesthetics (Canning et al., 2004; Mazzone and Undem, 2016). Consistent
with the notion of multiple afferent pathways for cough, proposed cough receptor terminals
in the trachea are distinct from the corpuscular terminals of P2RY 1 neurons described here.
We note that laryngeal responses to water were lost following P2RY1 neuron ablation and
P2x2/P2x3 knockout, but responses to force and high salt were not, further indicating
multiple types of airway protection neurons. Since knockout of ionotropic ATP receptors
does not block activity of all laryngeal defense pathways, AF-219 may very well have more
efficacy as a cough suppressant in some patients than others, depending on which sensory
pathways are sensitized or chronically engaged. Understanding the diversity of airway
sensory neurons, and which pathways go awry across patient populations, should help
optimize clinical treatments.

In addition to chronic cough, persistent or impaired activity in laryngeal sensory neurons can
cause other severe clinical problems. Persistent engagement of laryngeal water receptors
causes reflexive cough and/or swallowing in adults (Canning et al., 2004; Shingai et al.,
1989), but in newborn animals (puppies, kittens and lambs) causes an unadapting apnea
which can be fatal if the offending stimulus is not removed (Boggs and Bartlett, 1982; Kovar
etal., 1979). In human babies, physical obstruction or fluid accumulation in the larynx may
similarly cause unrelenting engagement of airway defense pathways, and seemingly has the
potential to cause a sustained apnea that results in Sudden Infant Death Syndrome (SIDS).
At the other extreme, breakdown of airway protection leads to respiratory infections such as
aspiration pneumonia, which is among the leading causes of death in the elderly. Loss of
laryngeal sensory neuron function also causes dysphagia and associated weight loss, speech
impairments, and risk of choking, and severely impacts quality of life. Understanding the
diversity of airway sensory neurons, and mechanisms by which they function, may provide
new insights into human physiology in health and disease.

STAR METHODS
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed and will be
fulfilled by the Lead Contact, Stephen Liberles (Stephen_Liberles@hms.harvard.edu).
Mouse lines generated in this study will be deposited at Jackson Laboratory.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All animal husbandry and procedures were performed in compliance with institutional
animal care and use committee guidelines. Crhr2-ires-Cre and Gabral-ires-Cre mice were
constructed as described below; Gpr65-ires-Cre, Glp1r-ires-Cre, Npy2r-ires-Cre, P2ry1-ires-
Creand P2x2/P2x37~ mice were described before (Chang et al., 2015; Finger et al., 2005;
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Williams et al., 2016); Vglut2-ires-Creand JoxP-L10-GFP mice were gifts from Bradford
Lowell (Beth Israel Deaconess Medical Center); and wild type C57BL/6J (000664), Calb1-
ires-Cre (028532), Chat-ires-Cre (006410), Chat-GFP (007902), Krt8-CreFR (017947),
Npy1r-Cre (030544), Piezo2-EGfo-ires-Cre (027719), PlcB2~ (018064), loxP-td Tomato
(007908), loxP-ChR2(012569), and /oxP-DTR (007900) mice were purchased (Jackson
Laboratory). The constitutive GCaMP3 allele (Rosa26-GCaMP3) was generated by breeding
loxP-GCaMP3(014538) with E2a-Cre mice (Jackson, 003314), and then crossing out the
EZa-Creallele. Single-cell sequencing was performed on male C57BL/6J mice; both male
and female mice between 8-24 weeks old were used for all other studies, and no differences
based on sex were observed.

METHOD DETAILS

Single-cell RNA sequencing—NJP ganglia were acutely harvested from 40 adult male
C57BL/6J mice (across 4 technical replicates), and dissociated (75 min, 37°C, nutation, 1 ml
dissociation solution per 10 mice). Dissociation solution is Dulbecco’s Modified Eagle’s
Medium containing liberase (55 mg/ml, Roche 05401135001) and DNAse (0.004%,
Worthington, LS002007). Cells were pelleted (3 min, 300g, 4°C), suspended (0.2%
ovomucoid, 0.004% DNAse, PBS, 200 ul), triturated with a P200 pipette tip, filtered through
a 100 pm mesh cell strainer, diluted (300 pl PBS passed also through the strainer), and
pelleted again (3 min, 300g, 4°C). Cells were re-suspended (1 ml, PBS-Ca2*/Mg?2*, which is
PBS supplemented with calcium and magnesium) and loaded onto a Percoll gradient
(Sigma-Aldrich, P1644) in a 14 ml round-bottom tube with three layers: 2 ml 55% Percoll in
PBS-CaZ*/Mg?* (bottom), 2 ml 25% Percoll in PBS-Ca2*/Mg2* (middle) and 1 ml
dissociated cells (top). After centrifugation (20 min, 800g, 4°C), the cell-enriched fraction
(~1 ml) was collected at the 25%-55% Percoll interface, diluted (4 ml PBS) and centrifuged
(8 min, 800g, 4°C). The cell pellet was re-suspended (20 pl PBS-Ca2*/Mg2*), and aliquots
removed for cell counting and viability analysis.

Cells (10,000 per sample) were individually encapsulated in small droplets using a 10X
Genomics platform (v3 chemistry). Single-cell cDNA was prepared using manufacturer’s
protocols, and sequenced on an Illumina NextSeq High Output platform. For analysis, fastgs
from each replicate were aligned separately using Cell Ranger to a mm10 reference
transcriptome that was custom modified to extend the Gjp1r3” UTR. The feature-barcode
matrices were loaded into Seurat (v3.1.0) for quality control, preprocessing, normalization
and clustering (resolution=1.5, PCAs=1:25) using a standard workflow that excluded cells
with >25% mitochondrial reads or <200 unique features. Cells from the four replicates were
integrated using Seurat’s IntegrateData function. Sensory neurons were identified for
subsequent subcluster analysis based on expression of multiple neuronal markers including
Viglut2, Prph, Tubb3, Nefl, Uchl1, Phox2b, and Prdm12. Gene ontology enrichments were
calculated using Enrichr (https://amp.pharm.mssm.edu/Enrichr/) on the ten most enriched
genes in each cluster, ranked by significance (-p value) with exclusion of broadly expressed
genes (pct.2 <0.25).

Generating Cre knock-in mice—Crhr2-ires-Cre mice were generated by electroporating
a vector containing an Jres-Cre cassette and a neomycin selection cassette into 129S4/SvJae-
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derived J1 ES cells and selected for neomycin resistance. Appropriately targeted cells were
identified by Southern blot and PCR analysis, and injected into C57BL/6 blastocysts to
generate chimeric animals. The neomycin resistance gene was subsequently removed by
crossing with Act-Flpe (Jackson, 003800). Gabral-ires-Cre mice were generated by
pronuclear injection of Cas9 protein, CRISPR sgRNAs targeting the Gabral locus 3’ UTR,
and a dsDNA vector containing an /res-Cre cassette with long (~4 kb) arms of homology
into C57BL/6 embryos. Transgenic pups were screened by PCR analysis, and correct
expression of the transgene was verified by two-color RNA /n situ hybridization. All Cre
driver lines used are viable and fertile, and abnormal phenotypes were not detected.
Genotyping primers for Crhir2-ires-Cre mice were TTCCACAGCATCAAGCAGAC
(common 5" primer), ATGGAAAGCAAGGAGCAGAG (wt allele 3" primer), and
AGGAACTGCTTCCTTCACGA (ires-Creallele 3" primer), with differentially sized PCR
products for the wild type allele (464 bp) and knock-in allele (263 bp). Genotyping primers
for Gabral-ires-Cre mice were: TAACAGCGTCAGCAAAATCG (common 5" primer),
ATTCTCGGTGCAGAGGACTG (wt allele 3" primer), and
GAGGAACTGCTTCCTTCACG (Gabral-ires-Creallele 3" primer), with differentially
sized PCR products for the wild type allele (178 bp) and knock-in allele (375 bp).

Optogenetics—For vagus nerve optogenetics, animals were anesthetized with urethane (2
mg/g) unless otherwise specified and the left NJP superganglion was surgically exposed. An
optic fiber (200 pm core, Thorlabs) coupled to a DPSS laser light source (473 nm, 150 mW,
Ultralaser) was positioned for focal illumination of the vagal trunk (over the ganglion),
superior laryngeal branch, petrosal branch, or the glossopharyngeal nerve respectively.
Stimulation (10 sec, 10-50 Hz, 5 msec pulses, 120-130 mW/mm?) was controlled by a
shutter system (Uniblitz). For epithelial cell optogenetics, Krt8-CrefR; loxP-ChR2 mice
were treated twice over three days with tamoxifen (100 ug/g in corn oil, Sigma T5648, oral
gavage) ten days before testing. Animals were then anesthetized with urethane (2 mg/g), the
trachea was surgically exposed, and a transverse incision was made below the ventral
thyroid cartilage to expose the inferior aspect of the vocal folds. The optic fiber was
positioned over the vocal folds and arytenoids, dorsal tracheal surface, or posterior oral
cavity for illumination (10 sec, 10 Hz, 5 msec pulses, 120-130 mW/mm?) as described
above.

Physiological measurements—Digastric muscle contraction was characterized by
electromyographic recording (Biopac, EMG100C); tracheal pressure was measured by a
differential pressure transducer (Harvard Apparatus, Part.No 73-0064), and was used for
display of respiratory rhythms; and pharyngeal pressure was monitored by transoral
insertion of a pressure transducer (Biopac TSD104A) connected to a size 3 balloon (Harvard
Apparatus) coupled to an amplifier and data acquisition system (Biopac MP150). Swallows
were identified by digastric muscle contraction, increases in pharyngeal pressure, transient
apnea, and hyoid elevation. Subsequent quantification was performed by observing hyoid
bone elevation, which was visually observable and occurred concordantly with swallows
measured through physiological measurements (Movie S1). Expiratory reflexes were
identified and quantified based on elevations of tracheal pressure without concurrent
changes in digastric muscle EMG and pharyngeal pressure. Tongue movement and
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esophageal peristalsis were assessed by visual observation. Vocal fold dynamics were
visualized from the inferior aspect through an incision below the cricoid cartilage using a
fiber endoscope (Milliscope 11, AIT) or stereomicroscope camera (Amscope).

Larynx perfusions—In animals anesthetized with urethane (2 mg/g), the trachea was
surgically exposed and opened with a transverse incision 4-5 cartilaginous rings below the
thyroid cartilage. A stimulus delivery port was inserted in the back of the mouth over the
larynx, the distal trachea was cannulated to provide a breathing tube, and proximal trachea
was cannulated to provide a stimulus exit port. Delivery and exit ports were connected to a
peristaltic pump to deliver constant perfusion (0.1 ml/min) of saline or various stimuli. This
slow flow rate avoids mechanical responses in nerve recordings, and the inserted oral
cannula was secured with Kwik-Sil silicone adhesive to prevent leakage or cannula
movement-induced responses. The upper airways were washed for 10 minutes, and stimuli
were introduced (20 seconds, RT) with PBS washes between stimuli. Stimuli included water,
saline (PBS: 137 mM NaCl, 2.7 mM KCI, 8 MM NayHPQOy4, and 2 mM KHyPOy, pH 7.4,
~320 mOsmolar), high salt (5% PBS: 685 mM NaCl, 13.5 mM KCI, 40 mM NayHPQy,, and
10 mM KHoPOy, pH 7.4, ~1500 mOsmolar; or, for some experiments, 750 mM NacCl in
water, ~1500 mOsmolar), citric acid (25 mM citric acid, pH 2.6, PBS), saccharin (30 mM,
PBS), sucrose (100 mM in 2/3X PBS, ~320 mOsmolar), monosodium glutamate (100 mM
in 1/3X PBS, ~320 mOsmolar), alanine (100 mM in 2/3X PBS, ~320 mOsmolar),
denatonium (1 mM, PBS), quinine (1 mM, PBS), allyl isothiocyanate (3 mM, PBS) or
capsaicin (16.4 uM, PBS). All perfused solutions contained Fast Green FCF (0.0025%) to
track stimulus delivery. Each perfused stimulus was insulated by air to prevent mixing in the
perfusion tubing; swallowing to PBS or air bubbles was never observed. Each mouse was
given three stimulus trials, and the largest trial response was recorded. Trials were excluded
from analysis if continuous perfusion was disrupted, for example due to mucus-induced
clogging, and mice were rarely excluded if depth of urethane-induced anesthesia caused low
breathing rate. For mechanical stimulation, PE-50 tubing (exit port) was advanced anteriorly
toward the pharynx ten times, and the stimulation trials that evoked swallowing counted.

In situ hybridization—Single-color RNA /n situ hybridization (ISH) was performed on
cryosections (10 um) of freshly frozen NJP ganglia as described previously (Chang et al.,
2015; Montmayeur et al., 2001), and involved digoxigenin-conjugated cRNA riboprobes,
alkaline phosphatase-conjugated anti-digoxigenin antibody (Roche AB_514497) and
staining with NBT/BCIP (Thermo Scientific 34042). Two color ISH was performed as
described previously with minor modifications. Digoxigenin-conjugated cRNA riboprobes
were visualized with alkaline phosphatase-conjugated anti-digoxigenin antibody (Roche
AB_514497) and Fast Red (Sigma-Aldrich F4648-50SET), while fluorescein-conjugated
cRNA riboprobes were visualized with peroxidase-conjugated anti-fluorescein antibodies
and TSA-Cy5.5 (Perkin-Elmer NEL766001KT). High-stringency washes used 0.2X SSC
(2x20 minutes, 70°C, VWR 45001-046) and subsequent washes and antibody incubations
used maleic acid buffer with 0.05% Tween-20. Phosphatase and peroxidase reporter
reactions were performed according to manufacturer’s protocols. Fluorescent images were
analyzed with a Leica SP5 11 confocal microscope, and colorimetric images were analyzed
with a Nikon Ti2 Inverted microscope. cCRNA probes were synthesized with fluorescein-
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(Roche 11685619910) or digoxigenin-conjugated (Roche 11277073910) dNTPs and
transcribed /n vitro following manufacturer’s protocols (MegaScript T7 or SP6 Kits,
Invitrogen AM1334 or AM1330). Probes (listed 5" to 3") were amplified using the following
primer pairs: Cckar (994 bp) AGGAGGAAGATGGAAGGACC and
GCTACTTATTAAGTGAGTCCC, Gabral (1128 bp) TGGACAGCCCTCCCAAGATG and
TCAGGCTTGACTTCTTTCGGTTC, Crhr2 (835 bp) AAGGACCAGGGCCCAGTGCA
and GGGTGGTGCAGATGCCACCC, Mrgprd (966 bp) AGAAGGGAGAGGCTACCAGG
and GTTGGGATGCCAGAATTGGACG, Rarres1 (772 bp)
GCTGCGCTGCACTTCTTCAAC and CAGGGAGCCCAATCAGGAAAG, Gfra3 (824 bp)
ACCTCCACTGCTGATGATCCTG and ACTGCTCAGTTGCACAAGTCC, Cpneé6 (822
bp) TGGAGCAGCGAGGAAGTCAG and TTCCTGGAATGTGCTGGTGAAC, Lamp5
(682 bp) GGACCGTTCCCAGTACAAGC and CCCTCACTTGGAACCGACAC, Cysltr2
(930 bp) ATGGAAGTAACTGGGACCC and CTATAGATGAACTTTGCTGAAT, Slc17a7
(906 bp) TCCCTCGTCGCTACATCATCG and TCTGGCCTCCAATGGGTACG, Uts2b
(553 bp) AACCTCTCTCTGGTGTGGACTC and CATTCCAGAGTGCAGCCAGTG, and
P2ry1 (1122 bp) ATGACCGAGGTGCCTTGG and TCACAAACTCGTGTCTCC.

Histology and immunochemistry—Native GFP fluorescence was analyzed in
cryosections of NJP ganglia (Figure 3B, S2A, S2B), except images in Figure 3 from Vglut2-
fres-Creand Calbl-ires-Cre mice, which involved native tdTomato fluorescence. For Figures
5A, 6D (cross-section, bottom), 6E (cross-section, bottom) 6F, 6G, 7A, S6B (cross-section),
S6C, and S7A, immunohistochemistry was performed on fixed cryosections of NJP ganglia
or larynx. Larynxes were obtained from mice after intracardial perfusion with cold fixative
(4% paraformaldehyde, PBS) and cryopreservation (30% sucrose, PBS, 4°C, overnight)
while NJP ganglia were harvested fresh and fixed ex vivo (4% paraformaldehyde, PBS, RT,
20 min). Tissue was sectioned (larynx: 35 um, NJP ganglia: 12 um), fixed (4%
paraformaldehyde, PBS, RT, 10 min), washed (3xPBS), blocked (PBS, 5% donkey serum,
0.1% Triton X-100), and incubated with primary antibody diluted in blocking buffer.
Antibody solutions were Chicken-anti-GFP (Abcam, AB_300798, 1:1000), Rabbit-anti-RFP
(for tdTomato, Rockland, AB_2209751, 1:500), Goat-anti-HB-EGF (for DTR, R&D
Systems, AF-259-NA, 1:250-1:500) or Rat-anti-KRT8/TROMA-I (The Developmental
Studies Hybridoma Bank, AB_531826, 1:500). Specimens were washed (blocking buffer)
and then incubated with fluorophore-conjugated secondary antibodies (PBS, 5% donkey
serum). For open-book wholemount images (Figure 6D top, 6E top, S6B top) larynxes were
collected fresh without fixation, cut along the ventral axis for open-book visualization,
pinned flat and fixed (4% paraformaldehyde/PBS either 1 hr, RT or overnight, 4°C). Tissue
was then stained for tdTomato as above, except antibody incubations (36 hours, 4°C), and
subsequent washes (3x12 hours, 4°C) were longer. For visualizing alkaline phosphatase
(Figures 6B, S6A), animals were perfused with PBS, and larynxes were collected, fixed (4%
paraformaldehyde, 1 hr, RT), and washed in cold PBS. Tissues were then incubated (70°C, 2
hours) in alkaline phosphatase (AP) buffer (0.1 M Tris HCI pH 9.5, 0.1 M NaCl, 50 mM
MgCly 0.1% Tween20, 5 mM levamisole) and washed twice in AP buffer. AP activity was
visualized with NCT/BCIP solution (ThermoFisher Scientific 34042) according to
manufacturer’s protocols. Stained samples were post-fixed (4% paraformaldehyde,
overnight, 4°C), dehydrated through a series of ethanol washes, and cleared using a 1:2
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mixture of benzyl alcohol (Sigma-Aldrich 402834-500ML): benzyl benzoate (Sigma-
Aldrich B6630-1L). The tissue was then cut along the ventral axis for open-book
visualization. Fluorescence was captured on Leica SP5 11 and Nikon Ti2 Inverted
Fluorescence microscopes; whole-mount colorimetric stainings were analyzed by light
microscopy (Zeiss AxioZoom).

Calcium imaging in vagal ganglia—/n vivo NJP ganglion imaging was performed as
described previously (Williams et al., 2016). Briefly, Piezo2-GCaMP* and P2ry1-GCaMP*
mice were anesthetized by isoflurane inhalation and the left ganglion was surgically exposed
after severing central connections and immobilized on a stable platform for confocal
imaging (Leica SP5 I1) of calcium transients. Stretch of the lower airways was achieved by
gas infusion of (1 liter/min, 15 sec) through a tracheal cannula (PE10 tubing, Braintree
Scientific) inserted below the thyroid cartilage and advanced to the level of the carina. The
baseline activity for each neuron was defined as the average GCaMP3 fluorescence intensity
over a three-minute period preceding stimulus delivery, and cells were excluded if they
failed to display maximal responses to electrical stimulation greater than seven standard
deviations above their baseline means at the conclusion of the experiment. Cells were
identified as responsive if (1) maximum GCaMP3 fluorescence exceeded seven standard
deviations above the baseline mean, or (2) mean GCaMP3 fluorescence during the
stimulation period exceeded three standard deviations above the baseline mean. Response
analysis was performed blind to neuron identity.

Cell ablations and nerve transections—Targeted cell ablations were achieved by
direct DT injection into NJP ganglia, as reported previously (Min et al., 2019) with minor
modifications. Surgically exposed NJP superganglia were serially injected (10 x 10 nl) with
DT injection solution (DT Sigma D0564, 0.05% Fast Green FCF Dye, PBS) using a
Nanoject Il Injector (Drummond). Different lots of DT had different minimal effective
doses (0.08 to 2.0 ng), as determined in control titration experiments involving DTR
immunostaining as a readout for efficiency. Animals recovered from surgery for 3—4 weeks
prior to use in physiological assays. After physiological measurements, NJP ganglia were
collected and the extent of ablation quantified by /n situhybridization and/or DTR
immunofluorescent labeling. For Figure 1E, the SLN was transected bilaterally below the
carotid artery before the branchpoint of the internal and external SLN branches; for Figure
S3B, nerve transections were performed unilaterally or bilaterally as indicated. SLN-
transected mice displayed normal vocal dynamics across the respiratory cycle, consistent
with preservation of the RLN.

AAV-guided anatomical mapping—AAV injections into NJP ganglia were done as
reported previously (Chang et al., 2015), with minor modifications. Surgically exposed NJP
superganglia were serially injected (10 x 10 nl) with AAV solutions containing 0.05% Fast
Green FCF Dye (Sigma) using a Nanoject 111 Injector (Drummond). AAV-flex-tdTomato
was AAV9.CAG.Flex.tdTomato. WPRE.BGH (Addgene viral prep #51503-AAV9, ~1013
genome copies/ml). AAV-flex-APwas AAV9.CAG.flex.PLAP.WPRE.BGh (custom virus,
Boston Children’s Hospital Viral Core, ~1012 genome copies/ml). AAV-flex-td Tomato virus
solution was diluted 1:1 with a Cre-independent AAV-GFP virus solution
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(PENN.AAV.CB7.Cl.eGFP.WPRE.rBG, Addgene viral prep #105542-AAV9, ~1013 genome
copies/ml) prior to injection. Animals recovered from surgery and were sacrificed 4 weeks
later for histology.

QUANTIFICATION AND STATISTICAL ANALYSIS

Swallows were identified by digastric muscle contraction, increases in pharyngeal pressure,
transient apnea, and hyoid elevation. Subsequent quantification was performed by observing
hyoid bone elevation. Expiratory reflexes were identified and quantified based on elevations
of tracheal pressure without concurrent changes in digastric muscle EMG and pharyngeal
pressure. During quantification of swallowing and expiratory reflexes, multiple trials (2-3)
were performed per animal and since transient mucus secretion sometimes caused false
negatives in individual trials, the trial with the highest number of events was used for each
mouse. Respiratory minute volume was quantified by summing tidal volumes for each
breath over the measurement period; custom Matlab scripts were used to identify individual
breaths by automated peak detection (at least 20% resting tidal volume) and to calculate tidal
volume by integrating the area under the curve from the tracheal pressure trace. Minute
volume was measured during light stimulation (ten seconds), and compared to the ten-
second period preceding stimulation. Glottic area was defined based on pixel intensity, and
measured in each video frame using customized Matlab scripts. For /n vivo ganglion
imaging experiments, quantification was performed as described (Williams et al., 2016)
using customized Matlab scripts.

Data in graphs are represented as means + sem. All tests of statistical significance were
performed using a one-sided Student’s t-test with R software, with the exception of analysis
of Figure S4D which used a two-sided Student’s t-test. Data points in Figures 1, 4, 5, 7C,
7D, S3A, S4B and S4D are each derived from a different mouse; data points in Figure S5A
are each derived from a different ganglion; data points in Figure S5B are each derived from
different sections, with each bar representing a different mouse. Sample sizes from left to
right: Figure 1D (6, 6, 6, 13, 6, 6, 6, 6, 6, 6, 6, 6, 6), Figure 1E (8, 2, 31, 7, 13, 5, 20, 6, 17,
6), Figure 4A (2, 10, 4,3,8,2, 2,3, 2,2, 14,5), Figure 4B (4, 4,4,3,3,2,2,3,2,2,8,5),
Figure 5B (9, 8,4,9,9,8,4,9,9,8,4,9,9, 8, 4,9), Figure 7C (5, 9, 5, 3), Figure 7D (17, 3,
13, 6, 20, 6, 31, 6), Figure 7E (Control: 31, 8, 7, 8, 8, 13, 8; P2x2/x3 KO: 6, 3, 3, 3, 3, 6, 3),
Figure S3A (4, 3, 3,5-6, 2, 1, 3, 2, 2, 4-5, 4-5), Figure S3B (14, 5, 5, 4), Figure S4B (4, 3,
4, 10), Figure S4D (6, 4, 6, 5, 6), Figure S5A (6, 12), Figure S5B (9,9, 9, 7, 6, 9, 6, 11, 10,
6, 4) and Figure S7D (31, 6, 6). Calculations for latency to first swallow and interswallow
interval were based on 248 swallows from 40 optogenetic stimulation trials in 4 P2ry1-ires-
Cre; loxP-ChR2 mice.

DATA AND CODE AVAILABILITY

Single-cell transcriptome data from vagal and glossopharyngeal sensory neurons are
publicly available through GEO (GSE145216); other primary images and data are available
at Mendeley (https://dx.doi.org/10.17632/4gfm8jp6dr.1).
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

Broad genetic access enables functional dissection of a vagal sensory neuron
atlas

Rare P2RY 1 sensory neurons guard the airways by engaging an airway
defense program

P2RY1 neurons innervate the laryngeal epithelium and appose laryngeal taste
buds

Epithelial cells detect laryngeal water/acid and communicate to P2RY1
neurons via ATP
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Figure 1. Evoking swallows and expiratory reflexes with laryngeal stimulation and light
(A) Cartoon of upper airway innervation. (B) Schematic for perfusion of laryngeal stimuli.

(C) Representative respiratory rhythms during (blue shading) delivery of isotonic saline
(control), water, high salt (1500 mOsm) and citric acid (25 mM), with swallows (red
triangles) and expiratory reflexes (blue triangles) noted. (D) Swallows (n=6-13, mean *
sem) were counted during laryngeal application of stimuli (see methods). (E) Swallows were
counted before (control, gray) or after (SLN-cut, red) acute bilateral SLN transection (h=2—
31, mean £ sem). (F) Cartoon (left) depicting optogenetics paradigm under urethane, and
(right) changes in tracheal pressure (i: inspiration; e: expiration), digastric muscle
electromyography (EMG), and pharyngeal pressure during a representative swallow and
expiratory reflex. (G) Optogenetic stimulation (vagal trunk) in Vglut2-ires-Cre; loxP-Chr2
mice resulted in swallows (red triangles) and expiratory reflexes (blue triangles).
Representative traces of tracheal pressure, digastric muscle EMG, and pharyngeal pressure
over time are shown, yellow shading: light stimulation (20 Hz).
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Figure 2. An atlas of sensory neuron subtypes from vagal and glossopharyngeal nerves
(A) Experimental pipeline for single-cell transcriptome analysis. (B) Uniform Manifold

Approximation and Projection (UMAP) plots indicating cell subtype diversity across 25,117
NJP sensory neurons. Neuron clusters from jugular (J1-J10) and nodose/petrosal (NP1-
NP27) ganglia are color coded. (C) Normalized expression levels (blue-gray scale) of
cluster-defining signature genes (see Table S1 for genes 1-185) across all NJP sensory
neurons analyzed. (D) UMAP plots from single-cell transcriptomes (left) and RNA /n situ
hybridization in cryosections of NJP ganglia (right) showing gene expression in sensory
neuron subsets, scale bars: 100 pm. See also Figure S1 and Table S1.
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Figure 3. A genetic toolkit for accessing small groups of NJP sensory neurons
(A) UMAP plots indicating expression of genes in NJP sensory neurons. (B) Native reporter

fluorescence in cryosections of NJP ganglia from mice with Cre alleles and Cre-dependent
reporter genes (L10-GFP, except tdTomato for Calbl-ires-Cre and Vglut-ires-Cre).
tdTomato images were pseudocolored to match GFP images; far-red fluorescent Nissl
counterstain (gray), scale bars: 100 um. The image from NpyZ2r-ires-Cre mice was
previously published (Chang et al., 2015). See also Figure S2.
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Figure 4. P2RY1 neurons elicit a multi-faceted airway defense program
(A) Swallows and (B) expiratory reflexes were counted during vagus nerve optogenetics

experiments in mice expressing ChR2 from Cre drivers indicated, mean + sem. (C) UMAP
plot indicating NP19 neurons, which are the only neurons that express P2ry1, but not
PiezoZ2, Crhr2, Gpr65, or Gabral. (D) Cartoon (top) depicting vocal fold dynamics, with
images (bottom) of glottic area (green) during abduction and adduction, scale bar: 500 pum.
(E) Representative graphs of glottic area over time during (yellow shading) vagus nerve
optogenetics; triangles: swallows. (F) /n vivo calcium imaging in NJP ganglia from 5
Piezo2-GCaMP* mice (left) and 3 P2ryI-GCaMP* mice (right). Rows indicate responses
(AF/F, color scale) over time of individual neurons to lung stretch (15 seconds). Magenta and
black bars represent tdTomato-positive and negative neurons. Not all unresponsive
tdTomato-negative neurons are depicted; numbers at Y-axis base indicate total number of
viable imaged neurons. See also Figure S3, S4.
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Figure 5. P2RY1 neurons mediate responses to laryngeal water and acid challenge
(A) Cartoon (top) of DT-mediated ablation of Cre-expressing cells. DTR immunostaining of

NJP ganglia from P2ryI-ires-Cre; loxP-DTR mice 3 weeks after intraganglionic saline (left)
or DT (right) injection, far-red fluorescent Nissl counterstain (gray), scale bars: 100 pm. (B)
Swallows over 20 second perfusion or 10 mechanical trials in mice indicated, n=4-9 mice,
mean + sem, *p<0.05, **p<0.005, ****p<0.00005. See also Figure S5.
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Figure 6. P2RY1 neurons innervate laryngeal taste buds
(A) Cartoon depicting Cre-based anatomical mapping of vagal sensory neurons. (B) P2RY1

neuron terminals visualized in an open-book preparation of the larynx after injecting AAV-
flex-APinto NJP ganglia of P2ry1-ires-Cre mice, scale bar: 500 um. (C) Diagram depicting
terminals of various neuron types in the larynx after AAV mapping. Red boxes 7to vishow
regions of larynx highlighted below. (D, E) Representative images of terminals formed by
neuron subtypes captured by wholemount analysis of an open-book preparation (top) or in
larynx cryosections (bottom) following tdTomato immunostaining, scale bars: 50 pm. (F)
Taste buds visualized in larynx cryosections by KRT8 immunohistochemistry (green), scale
bar: 100 pum. (G) Two-color immunohistochemistry for KRT8 (green) and tdTomato
(magenta) in cryosections of larynx from P2ry1-ires-Cre mice injected with AAV-flex-
tdTomato in NJP ganglia, scale bar: 50 um. See also Figure S6.
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Figure 7. Laryngeal reflexes involve epithelial cell-neuron communication
(A) Two-color immunohistochemistry for KRT8 (green) and eYFP (yellow) in cryosections

of arytenoid epithelium from tamoxifen-treated Krt8-CrefR: JoxP-ChR2 mice (ChR2
encodes a ChR2-YFP fusion protein), scale bar: 100 um. (B) Cartoon of epithelium
optogenetics in Krt8-CrefR, loxP-ChR2 mice, with illumination of oral cavity (1), larynx
(2), trachea (3) or NJP ganglion. (C) Swallows per optogenetics trial (10 Hz) in tamoxifen-
treated Kri8-CrefR: JoxP-ChR2 mice (n=3-9, mean = sem), with light fiber positions
indicated in (B). (D) Swallows evoked in wild type (control, n=13-31) and P2x2/P2x37~
mice (n=6) by test stimuli, mean + sem, **p<0.005, ***p<5x10~10, (E) Swallows evoked in
wild type (control) and P2x2/P2x37~ mice by laryngeal perfusion (20 seconds) of NaCl
solutions of various concentration in water, n=8-31 control mice, 3-6 P2x2/P2x37~ mice,
mean + sem, **p<0.005, ***p<5x10710, See also Figure S7.
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