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SUMMARY

Breathing is essential for survival and under precise
neural control. The vagus nerve is a major conduit
between lung and brain required for normal respira-
tion. Here, we identify two populations of mouse
vagus nerve afferents (P2ry1, Npy2r), each a few hun-
dred neurons, that exert powerful and opposing
effects on breathing. Genetically guided anatomical
mapping revealed that these neurons densely inner-
vate the lung and send long-range projections to
different brainstem targets. Npy2r neurons are
largely slow-conducting C fibers, while P2ry1 neu-
rons 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 neurons causes rapid,
shallow breathing. Activating P2ry1 neurons did not
impact heart rate or gastric pressure, other auto-
nomic functions under vagal control. Thus, the vagus
nerve contains intermingled sensory neurons con-
stituting genetically definable labeled lines with
different anatomical connections and physiological
roles.

INTRODUCTION

Breathing is tightly regulated by the nervous system to ensure
appropriate tissue oxygenation. Several classes of central and
peripheral sensory neurons acutely regulate the respiratory cy-
cle in response to changes in blood pH and gas composition,
as well as external environment (Carr and Undem, 2003; Gon-
zalez et al., 1994; Guyenet et al., 2010). 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 cough (Canning et al., 2006; Carr and Undem, 2003;
Coleridge and Coleridge, 2011; Trankner et al., 2014; Widdi-
combe, 2001). However, the diversity of lung-innervating sen-
sory neurons remains poorly characterized at a molecular level,
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with specific neuron types that promote or restrict respiration
genetically undefined.

The vagus nerve is the tenth cranial nerve, characterized by
a wandering trajectory that provides extensive innervation of
the neck, chest, and abdomen (Berthoud and Neuhuber,
2000). The vagus nerve controls not only respiration, but also
basic physiological functions of the cardiovascular, immune,
and digestive systems. Most vagal neurons (~80%) provide
ascending sensory information (Foley and DuBois, 1937), re-
ceiving input from thoracic tissues like heart and lung, and
abdominal tissues like stomach and intestine. Electrophysiolog-
ical studies revealed both chemosensory and mechanosensory
neurons of the vagus nerve (Berthoud and Neuhuber, 2000; Pain-
tal, 1973). Within the airways, vagal sensory neurons detect
irritants, cues associated with inflammation and iliness, and me-
chanical stretch of the lung during cycles of inhalation and exha-
lation (Carr and Undem, 2003; Paintal, 1973; Widdicombe,
2001). The cell bodies of sensory fibers reside in pairs of ganglia
at the base of the skull, including the adjacent nodose and jugu-
lar ganglia (the nodose/jugular complex). Afferent vagal axons
enter the brain bilaterally through the jugular foramina and pri-
marily target the nucleus of the solitary tract (NTS), a brainstem
nucleus that transmits sensory information to deeper brain struc-
tures and descending motor nuclei (Berthoud and Neuhuber,
2000; Kubin et al., 2006).

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 rate (Carr
and Undem, 2003) and did not enable genetic control for spe-
cific 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 arms (Groves and Brown, 2005; Schachter
and Saper, 1998). These procedures implicate the vagus nerve
in many physiological systems and offer therapeutic options for
several otherwise intractable diseases (Groves and Brown,
2005; Schachter and Saper, 1998). However, because they
lack cell specificity, they are blunt tools for analytical studies
and cause unwanted side effects in patients. 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.
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RESULTS

Identifying Cell Surface Receptors of the Sensory Vagus
Nerve

Molecularly distinct neuron subtypes have been classified within
several sensory systems (Abraira and Ginty, 2013; Basbaum
et al., 2009; Dong et al., 2001; Munger et al., 2009; Yarmolinsky
et al., 2009). To identify markers for subtypes of vagal afferents,
we used a genome-based strategy that previously enabled iden-
tification of families of olfactory receptors (Liberles and Buck,
2006; Liberles et al., 2009). Expression levels of ~400 G pro-
tein-coupled receptors (GPCRs) were quantified in nodose/jugu-
lar complex cDNA by gPCR. Candidate genes were cloned for
cRNA riboprobe synthesis and examined for expression in
neuronal subsets by in situ hybridization. These experiments re-
vealed three GPCR genes, P2ry1, Npy2r, and Gpr65, to be ex-
pressed in subsets of vagus nerve afferents (Figure 1A). Each
nodose/jugular complex contains ~2,300 neurons (Fox et al.,

Percentage of Neurons

Figure 1. Genetic Control of Sensory
Neuron Types in the Vagus Nerve

(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 ex-
pressing one receptor (red or green) or both re-
ceptors (yellow) were counted.

(C) The indicated Cre lines were crossed with lox-
L10-GFP mice, and in offspring, fixed cryosections
of the nodose/jugular complex were imaged by
fluorescence microscopy. Native GFP fluores-
cence (green) and a fluorescent Nissl stain (gray)
were visualized. Scale bars, 100 um. See also
Figures S1 and S2.
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2001); Gpré5 is expressed in 10.2% of
vagal sensory neurons (126/1,237, ~230
neurons per ganglia complex), P2ry1 is
expressed in 11.6% of vagal sensory
neurons (190/1,631, ~280 neurons per
ganglia complex), and Npy2r is ex-
pressed in 29.2% of vagal sensory
neurons (445/1,524, ~670 neurons per
ganglia complex). Vagal NPY2R was
proposed, and debated, to function
in nutrient-evoked satiety (Karra and
Batterham, 2010), 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 pre-
dominantly expressed in different vagal
sensory neurons (Figure 1B). Most
Npy2r neurons did not express P2ry1
(99%, 669/674) or Gpr65 (100%, 419/
419); most P2ry1 neurons did not express Gpr65 (94%, 267/
285) or Npy2r (99%, 389/394); and most Gpr65 neurons 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
nodose/jugular sensory neurons.

Genetic Control of Vagus Nerve Sensory Neurons

Cre/LoxP technology enables powerful, genetically guided ap-
proaches for connectivity mapping and remote control of neural
activity (Rogan and Roth, 2011). We generated P2ry1-ires-Cre,
Gpré65-ires-Cre, and NpyZ2r-ires-Cre knockin mice (Figure S1),
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 knockin
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) (Krashes et al., 2014), and in offspring,
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Figure 2. Visualizing Vagal Afferents in the Lung

(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 knockin 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 pm.

(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.

(legend continued on next page)
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subsets of vagal sensory neurons displayed bright, native GFP
fluorescence (Figure 1C). Cre recombinase drives reporter ex-
pression to appropriate neurons of the nodose/jugular complex,
as determined by two color in situ hybridization analysis (Fig-
ure S1). In sum, 94% of P2ry1 neurons express reporter in
P2ry1-ires-Cre; lox-Channelrhodopsin2-eYFP mice, 94% of
Npy2r neurons express reporter in Npy2r-ires-Cre; lox-Channelr-
hodopsin2-eYFP mice, and 88% of Gpr65 neurons express re-
porter in Gpr65-ires-Cre; lox-tdTomato mice. 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 expres-
sion by 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-Cre
mice (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 complex of Vglut2-
ires-Cre; lox-tdTomato mice revealed that 100% (168/168) of
KCl-responsive sensory neurons expressed tdTomato. Further-
more, 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) (Fig-
ure S2). We also obtained Chat-ires-Cre mice that drive re-
porter expression in most motor neurons (376/442 DMV
neurons and 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 va-
gus nerve trunk (Figure S2). 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.

Visualizing Lung-to-Brain Sensory Neurons of the Vagus
Nerve

We asked whether any of these genetically defined vagal affer-
ents innervated the lung and thus might control breathing. The
peripheral projections of Cre-expressing sensory neurons were
traced using fluorescent reporters introduced by adeno-associ-
ated virus (AAV) infection of the nodose/jugular complex (Fig-
ure 2A). Since each ires-Cre line drives reporter expression in
locations other than the nodose/jugular complex, AAV infections
ensured that fluorescent afferents were specifically derived from
the sensory vagus nerve. Infection efficiency was assessed by
injection of Vglut2-ires-Cre; lox-L10-GFP mice with an AAV con-

taining a Cre-dependent tdTomato allele (AAV-flex-tdTomato).
At 4 weeks after infection, tdTomato fluorescence was observed
in ~45% of GFP-containing neuronal cell bodies (Figure S3) and
was sufficiently bright to detect 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, and
Gpré5-ires-Cre mice (Figure S3). Red fluorescence was not
observed in uninfected Cre mice or in wild-type mice infected
with AAV-flex-tdTomato (Figure S3).

Infection of Vglut2-ires-Cre mice with AAV-flex-tdTomato
yielded bright red fibers throughout the lungs and airways that
could be readily visualized by whole mount analysis of a flattened
lung lobe (Figure 2B). A dual infection strategy was used to quan-
tify airway innervation by vagal afferent populations labeled in
different Cre lines (Figures 2C and 2D). The nodose/jugular com-
plex was simultaneously infected with AAV-flex-tdTomato and
a second AAV containing a Cre-independent GFP allele for
normalization (AAV-eGFP). Dual immunohistochemistry for
GFP and tdTomato was performed on lung cryosections ob-
tained 4 weeks after infection. The areas of tdTomato- and
GFP-derived fluorescence were measured in a 17.5-mm? lung
region containing several principal airways, and the ratio of
tdTomato/GFP (T/G) labeling calculated. Dual virus infection ex-
periments in Vglut2-ires-Cre mice 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 2E) revealed that
Npy2r and P2ry1 neurons provided dense innervation of the
lung (0.42 T/G and 0.18 T/G respectively, or 54% and 23% of
T/G observed in Vglut2-ires-Cre mice), 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. Further-
more, 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.

Within the lung, sensory fibers visualized in P2ry1-ires-Cre
and Npy2r-ires-Cre mice displayed different arborization pat-
terns and terminal morphologies. In both lines, the majority of fi-
bers coursed along the major airways beneath and parallel to
the smooth muscle layer (Figure 2F). P2ry1 neurons, but not
Npy2r neurons, formed stereotyped candelabra endings at neu-
roepithelial bodies, clusters of pulmonary secretory cells
embedded within the epithelium and revealed by calcitonin
gene-related peptide (CGRP) immunoreactivity (Figure 2G)
(Brouns et al., 2009). P2ry1 neurons account for most or all
vagal innervation of neuroepithelial bodies, based on the fre-
quency of tdTomato-positive fibers in Vglut2-ires-Cre and
P2ry1-ires-Cre mice (Figure 2H). Vagal afferents visualized in

(E) Quantitative analysis of lung innervation in 17.5-mm? lung regions expressed as an area ratio of T/G-derived immunofluorescence (mean + SEM, see Results

and Extended Experimental Procedures 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 (airway lumen, L). Scale bar, 20 um.

@)
(H)
(n = 3-5, mean + SEM, **p < 0.01, and ***p < 0.001). See also Figure S3.

Representative P2ry1 candelabra terminal (tdT fluorescence) at a neuroepithelial body (CGRP immunostaining, green). Scale bar, 20 um.
The number of neuroepithelial bodies (NEBs) innervated by each neuron type after visualization with AAV-flex-tdTomato and normalization with AAV-eGFP
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Figure 3. Characterization of Vagal P2ry1
and Npy2r Neurons

(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 stimulation (arrow) in Vglut2-ChR2,
P2ry1-ChR2, and Npy2r-ChR2 mice. A and C fi-
bers were classified based on conduction velocity
(Figure S4) x = 5 ms, y = 110 pV (Vglut2), 62 pVv
(P2ry1), 160 uV (Npy2r), and dashed inset, x =
1.45 ms.

(D) The ratio of A to C fibers was calculated by
integrating corresponding peak area in the com-
pound action potential; dashed line: A/C ration of 1
o~ (n = 5-8, mean + SEM, and *p < 0.05).

5 (E) Calcium imaging of single neuron responses to
14 capsaicin (2 uM) and KCI (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
and right panels, neurons expressing GFP [green,
native fluorescence] and responding to capsaicin
[red] are superimposed and counted). Scale bar,
100 um.

(F) Representative traces for single neurons
imaged in (E). See also Figure S4.

that were not similarly observed in
control animals lacking Cre recombinase
(Figure 3B).

Brief optogenetic stimulation (0.8 ms)
of all sensory neurons in Vglut2-ChR2
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Npy2r-ires-Cre mice did not innervate neuroepithelial bodies,
but were instead enriched near alveoli in the lung respiratory
zone (Figure S3).

Physiological and Molecular Characterization of Vagal
P2ry1 and Npy2r Neurons

Vagal afferents in the lung are a heterogeneous group of
fast-conducting myelinated A fibers and slow-conducting unmy-
elinated C fibers (Carr and Undem, 2003). We used a channelr-
hodopsin-assisted approach to measure the specific conduction
velocities of vagal P2ry1 and Npy2r neurons. We indepen-
dently crossed wild-type, Vglut2-ires-Cre, P2ry1-ires-Cre, and
Npy2r-ires-Cre mice with reporter mice containing a Cre-depen-
dent 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 activa-
tion of vagal fibers was achieved in anesthetized animals by
focal illumination of the vagus nerve trunk (Figure 3A). Whole
nerve recordings revealed robust light-induced action potentials
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mice generated a compound action po-
tential resulting from summation of slow-
conducting and fast-conducting neurons
(Figure 3C). Propagation speed was
calculated by varying the distance between the optic fiber and
recording electrodes (Figure S4), 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). Similar experi-
ments in P2ry1-ChR2 and Npy2r-ChR2 mice revealed that
most P2ry1 neurons were A fibers and most Npy2r neurons
were C fibers (Figure 3D).

Sensory afferents in the lung are also heterogeneous with
respect to capsaicin sensitivity, with most C fibers being capsa-
icin-responsive. Acute cultures of nodose/jugular ganglia were
prepared from P2ry1-ires-Cre; lox-L10-GFP and Npy2r-ires-
Cre; lox-L10-GFP mice and responses of single, genetically
defined neurons were measured by calcium imaging with Fura-
2. Capsaicin activated 60.7% (1,087/1,791) of all vagal sensory
neurons, 0% (0/35) of P2ry1 neurons, and 81.3% (447/550) of
Npy2r neurons (Figures 3E and 3F). Furthermore, two color
in situ hybridization analysis revealed that most Npy2r (62%,
193/310) neurons expressed the gene encoding the capsaicin
receptor TRPV1, while most P2ry1 neurons (95%, 213/224) did

200
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@ ®) ) cuitry involving descending spinal motor
1004 @ B 100 100 J "o neurons.
N~ N ® N - @ B Next, we asked if vagal subpopulations
EZ g8 EZz g8 Ez g labeled in P2ry1-ires-Cre, Gpré65-ires-
- N o 0O - N o 0O - N o 0o . . .
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not (Figure S4). 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 S4). Taken together,
P2ry1 neurons are mostly fast-conducting, capsaicin-insensitive
A fibers, while Npy2r neurons are mostly slow-conducting,
capsaicin-responsive C fibers.

Optogenetic Control of the Respiratory Cycle
We reasoned that lung-innervating sensory neurons labeled in
P2ry1-ires-Cre and Npy2r-ires-Cre mice might control breathing.
Classical techniques to study vagus nerve functions—surgical
vagotomy and bulk electrical stimulation—are unable to distin-
guish the specific contributions of different co-fasciculating fi-
bers. Here, we used optogenetic approaches in freely breathing,
anesthetized lox-ChR2, Vglut2-ChR2, Chat-ChR2, P2ry1-ChR2,
Gpr65-ChR2, and Npy2r-ChR2 mice to query the roles of partic-
ular vagal neuron populations in respiratory physiology.
Optogenetic activation of all vagal sensory neurons in Vglut2-
ChR2 mice revealed powerful light-induced changes in respira-

similar effects (Figure 4). 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 s) to that observed
in Vglut2-ChR2 mice. However, the secondary phase involved
full breaths that were rarer than those observed during activation
of all vagal afferents in Vglut2-ChR2 mice (Figure S6). Over the
10 s trial, activating P2ry1 neurons caused a 72% decrease in
respiration rate, no significant effect on tidal volume (5.5% in-
crease), 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.
Activating Npy2r neurons evoked a different respiratory
response characterized by rapid and shallow breathing. In
Npy2r-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 respiratory effects in
P2ry1-ires-Cre and Npy2r-ires-Cre mice are seemingly due to
stimulation of different sensory neuron populations; contribu-
tions from motor fibers are unlikely since bulk activation of motor
neurons in Chat-ires-Cre mice had no effect on respiration rate,
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(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 P2ry71-ChR2 mice.
(C) Percentage change in total lung volume evoked by light in P2ry7-ChR2 mice (n = 5) and control mice (lox-ChR2) (n = 8). Total lung volume was calculated by

integrating lung volume across 10 s periods before and during light stimulation.

(D) The percentage of time P2ry1-ChR2 mice and control mice were in a high lung volume state before, during, and after light stimulation. High volume state was
defined as greater than mean volume during tidal breathing (mean + SEM, *p < 0.05, and ***p < 0.001).

tidal volume, or minute volume (Figure S5). Likewise, activating
Gpr65 neurons had no significant effect on these breathing pa-
rameters, and together with their sparse lung innervation,
Gpr65 neurons likely mediate other vagus nerve functions. The
different respiratory effects of Npy2r, P2ry1, and Gpr65 neurons,
or lack thereof, suggest that the vagus nerve contains function-
ally segregated labeled lines within the context of the respiratory
system.

P2ry1 neurons caused an acute pause in respiration that
could be due to sustained inhalation (breath holding) or exhala-
tion. These potential mechanisms could be distinguished by
measuring light-induced changes in lung volume (Figure 5); ani-
mals trapped in inhalation would have increased 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 inte-
grated lung volume over the 10 s 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 vol-
ume greater than mean lung volume during tidal breathing).
Similar experiments in control animals 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%).

Next, we asked whether P2ry1 and Npy2r neurons control
other autonomic functions of the vagus nerve. We used optoge-
netic approaches to activate vagal sensory neurons in /ox-
ChR2, Vglut2-ChR2, P2ry1-ChR2, and Npy2r-ChR2 mice, and
measured heart rate by electrocardiogram (ECG) recordings
and gastric pressure by a cannulated pressure sensor. Activating
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all sensory neurons in Vglut2-ChR2 mice caused a profound
drop in heart rate (—85%) and a decrease in gastric pressure
(—11.3%), with both tonic and phasic components affected. Spe-
cifically activating P2ry1 neurons, however, had no significant ef-
fect on heart rate (—3.8%) or gastric pressure (—2.2%) (Figure 6),
while activating vagal Npy2r neurons decreased both heart rate
(—41.2%) and gastric pressure (—12.8%) (Figure S5). It is
possible that the Npy2r-ires-Cre allele drives reporter expression
in multiple neuron subtypes with specific functions, or in a single
neuron type that impacts multiple organ systems. Results 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.

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 nucleus
(Berthoud and Neuhuber, 2000; Kalia and Mesulam, 1980), and
topographic organization of vagal inputs in the NTS based on
either physiological function or organ innervation has been pro-
posed (Altschuler et al., 1989; Bailey et al., 2006; Katz and Karten,
1983; Kubin et al., 2006), but debated (Andresen et al., 2012).
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 sensory neurons in the brainstem
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Figure 6. P2ry1 Neurons Acutely Control Breathing, but Not Gastric Pressure or Heart Rate

(A) Measurements (representative traces) of respiratory rhythm, heart rhythm, and gastric pressure following focal illumination (yellow shading) of the vagus nerve
in anesthetized P2ry1-ChR2, Vglut2-ChR2, and control (lox-ChR2) mice. Heart rate was measured by ECG, with boxed insets showing rhythms before (1, left),
during (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 s pre-stimulus period) were calculated over time, with each data point reflecting a 5 s bin.
(C) Changes in heart rate and gastric pressure were calculated over the first 10 s or 3 min of light stimulation respectively (mean + SEM and ***p < 0.001). See also

Figure S5.

(Figures 7 and S7). We infected the nodose/jugular complex with
both AAV-flex-tdTomato and AAV-eGFP for visualizing Cre-ex-
pressing neurons (red) in the context of all types of vagal sensory
fibers (green). Dual infection of Vglut2-ires-Cre mice 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 inthe NTS, with enrichment ipsi-
lateral to the infected ganglia. Next, we performed similar experi-
ments in P2ry1-ires-Cre mice and observed that the projection
field of P2ry1 neurons was spatially confined and did not extend
over the entire vagal NTS. Vagal P2ry1 neurons arborized immedi-
ately 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 respira-
tion, is located in the lateral NTS (Saether et al., 1987; Speck and
Feldman, 1982). Similar experiments in Npy2r-ires-Cre mice re-
vealed that Npy2r neurons instead innervated a different NTS re-
gion, with fibers predominantly emerging in the medial posterior
aspects of the vagal NTS and area postrema, regions known to
receive pulmonary C fiber input (Kubin et al., 1991, 2006). 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
with Npy2r neuron-derived fluorescence in laterally arborizing
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(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. At 4 weeks after
infection, fixed brainstem cryosections were analyzed by two color immunohistochemistry for tdTomato (red) and eGFP (green). Representative images of
anterior and posterior brainstem containing the vagal projection field are shown (full rostral-caudal series, Figure S7). Solitary tract, sol; fourth ventricle, 4V; central
canal, CC; area postrema, AP; L-NTS includes ventral, lateral, ventrolateral, interstitial, and intermediate NTS subnuclei; and M-NTS includes dorsolateral,

dorsomedial, medial, and commisural NTS subnuclei. Scale bar, 100 um.

(B) Quantitative analysis of innervation by P2ry1 and Npy?2r fibers in L-NTS, M-NTS, and AP, expressed as an area ratio of T/G fluorescence. Fluorescence was
summed in every eighth section (25 um) from Bregma —6.4 mm to —7.8 mm. (n = 4, mean + SEM, *p < 0.05, **p < 0.01, and ***p < 0.001). See also Figure S7.

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 neurons 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 brainstem map of vagal inputs that is at least
partially linked to physiological function.
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DISCUSSION

The vagus nerve provides the major sensory innervation of the
lung and mediates basic physiological functions in breathing
control and respiratory defense. Understanding the diversity of
lung-innervating sensory neurons is an essential step toward dis-
entangling the neural control of respiration.

Lung-innervating sensory neurons have been distinguished by
their response kinetics and adaptation rates (Carr and Undem,
2003). Three types of sensory neurons were described based



on these parameters: C-fibers, rapidly adapting stretch recep-
tors (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 re-
sponses (Coleridge and Coleridge, 2011). 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-Cre
mice to enable genetic access for anatomical mapping, physio-
logical characterization, and remote control of neural activity.
P2ry1 neurons innervate the lung with characteristic candelabra
terminals that account for most or all vagal innervation of neuro-
epithelial bodies, poorly understood clusters of pulmonary endo-
crine 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 breathing (Saether et al., 1987;
Speck and Feldman, 1982). Channelrhodopsin-assisted con-
duction velocity measurements showed that P2ry1 neurons are
mostly fast-conducting A fibers, consistent with the observation
that vagal sensory neurons innervating neuroepithelial bodies
are myelinated (Brouns et al., 2009). Furthermore, P2ry1 neurons
are capsaicin-insensitive and do not express TRPV1, but instead
many express the mechanoreceptor Piezo2. Optogenetic acti-
vation of P2ry1 neurons caused an acute and dramatic pause
in breathing, trapping animals in a state of exhalation. The Her-
ing-Breuer inflation reflex, first reported in 1868, is a vagally
mediated respiratory reflex evoked by pulmonary stretch-de-
tecting SARs that innervate the lateral NTS and cause an inhibi-
tion of inspiration (Schelegle and Green, 2001). 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 innervate neuro-
epithelial bodies. An alternative possibility is that P2ry1 neurons
represent a different type of A fiber distinct from RARs and SARs;
the recent proposal of an A fiber nociceptor termed HTARs (Yu
et al., 2007) 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 expres-
sion of NPY2R, and Npy2r-ires-Cre mice were likewise generated.
Npy2r neurons display enriched innervation of the alveoli-contain-
ing respiratory zone of the lung and do not contact neuroepithelial
bodies. Npy2r neurons are largely slow-conducting C fibers, ex-
press 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 input
(Kubin et al., 1991), 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 re-
miniscent of certain pulmonary defense responses (Coleridge

and Coleridge, 2011). Rapid and shallow breathing is a classical
response evoked by several C fiber-activating stimuli, including
bradykinin, histamine, capsaicin, irritants, and pulmonary con-
gestion (Coleridge and Coleridge, 2011; Coleridge et al., 1983).
Based on these findings, lung-innervating Npy2r neurons are
likely pulmonary nociceptors.

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 respiratory 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 further delineate functionally relevant neuron types
(Dymecki and Kim, 2007). P2ry1 and Npy2r sensory neurons
innervate the lung as well as other tissues, but their brainstem
projections are nevertheless strikingly distinct. It is possible
that Cre-expressing afferents from other physiological systems
influence respiratory responses. In this scenario, a prime candi-
date would be fibers from the cardiovascular 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 re-
flexes. Furthermore, carotid body chemoreceptors promote
rather than inhibit inspiration 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 could be dissociated from vagal control of
heart rate or gastric pressure. These findings indicate that the va-
gus 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 sensations (Barretto et al., 2015; Helle-
kant et al., 1998). Likewise the somatosensory system contains
a diversity of sensory neuron types, including those that detect
gentle touch or pain (Abraira and Ginty, 2013; Basbaum et al.,
2009). 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 in-
termingled classes of hypothalamic neurons exert opposing ef-
fects on hunger and identifying neuropeptide markers for these
neurons provided a critical basis for studying the neural control
of feeding (ElImquist et al., 1999). Here, we gain genetic access
to two populations of breathing control-neurons, providing a
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molecular and cellular framework for understanding respiration
control by the autonomic nervous system.

EXPERIMENTAL PROCEDURES

Animals

All animal procedures complied with institutional animal care and use commit-
tee guidelines. P2ry1-ires-Cre, Npy2r-ires-Cre, and Gpr65-ires-Cre were pre-
pared using standard bacterial artificial chromosome (BAC) recombineering
approaches (Figure S1), as previously described (Krashes et al., 2014) (see
Extended Experimental Procedures). Chat-ires-Cre (006410), Chat-GFP
(007902), lox-ChR2 (012569), and lox-tdTomato (007914) were purchased
(Jackson). Vglut2-ires-Cre and lox-L10-GFP mice (Krashes et al., 2014; Vong
et al., 2011) 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.

Receptor Expression Studies

GPCRs were identified in the nodose/jugular complex using techniques estab-
lished for identifying olfactory receptors (Liberles and Buck, 2006; Liberles
et al., 2009). cDNA was prepared from acutely isolated and DNase-treated
nodose/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 um cryosections of nodose/jugular ganglia as
previously described (Ferrero et al., 2013; Liberles et al., 2009), except data
in Figures S1 and S4C involved digoxigenin probes alternatively visualized
with peroxidase conjugated anti-digoxigenin antibody and TSA-Plus-Cy5
(Perkin Elmer). Probes are described in Extended Experimental Procedures.

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-tdTo-
mato (Penn Vector Core, AV-9-ALL864, titer, 1.3 x 10'® genome copies/ml),
and AAV-eGFP (Penn Vector Core, AV-9-PV1963, titer: 3.6 x 10'® genome
copies/ml), as well as 0.05% Fast Green FCF (Sigma-Aldrich) was inserted
into the nodose/jugular complex. Virus solution was injected (140 nl) using a
Nanoject Il injector (Drummond), and success determined by Fast Green
Dye filling of the ganglia. Animals recovered from surgery and were sacrificed
4 weeks later for tissue harvest.

Optogenetic Stimulation of the Vagus Nerve and Physiological
Measurements

Animals were deeply anesthetized (isoflurane, 1.5%-2%, Abbott Laboratory),
freely breathing, and maintained at normal body temperature. The left nodose/
jugular complex was surgically exposed and an optic fiber (200 um core,
Thorlabs) coupled to a DPSS laser light source (473 nm, 150 mW, Ultralaser)
positioned for focal illumination beneath the ganglion and above the pharyn-
geal and superior laryngeal branches. Light stimulation (5 ms pulses, 75—
125 mW/mm? intensity, for respiratory and cardiovascular effects, 50 Hz,
10 s; for gastric pressure measurements, 5 Hz, 3-6 min) was controlled by a
shutter system (Uniblitz). Respiration rate was measured using 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 vol-
ume was calculated by multiplying tidal volume by respirations per minute.
Lung volume to determine state of inhalation or exhalation was determined
by integrating airflow across time. Heart rhythm was measured by ECG, 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 gastric 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 connected to a fluid-filled catheter and placed into the stomach through
the pyloric sphincter. Saline (400 pl) was introduced through the esophageal
cannula, and pressure measurements were acquired (1 kHz sampling, MP150
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data acquisition system, Biopac). Data analyzed in 5 s bins (Figures 4C, 6B,
S5A, and S5C) were normalized by comparison to values obtained during a
30 s baseline period.

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 systems). 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 activ-
ities were detected with an audio monitor (Grass), recorded with an alternating
current (AC) preamplifier (Grass, at 1 kHz sampling rate unless specifically
mentioned), and acquired on a MP150 data acquisition system (Biopac). Com-
pound action potentials in response to a 0.8 ms 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); re-
sulting time lags in peak maxima (At) were graphed as a function of travel dis-
tance, revealing characteristic A and C fiber types. The ratio of A to C fibers
was calculated by integrating corresponding peak area in the compound ac-
tion 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.

Data Analysis

Sample sizes are indicated in bar graphs (numbers in parenthesis), and signif-
icance was determined by comparisons to the indicated control group using a
two-tailed Student’s t test.
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EXTENDED EXPERIMENTAL PROCEDURES

Generation of Gene Targeted Mice

A vector was designed to contain the ires-Cre cassette, an excisable neomycin resistance gene, and homology arms for cassette
insertion 3 base pairs downstream of the receptor stop codon. Vectors were electroporated into W4/129S6 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 with
Act-Flpe (Jackson, 003800).

PCR Primers for Mouse Genotyping
Animals were genotyped with primers that target the ‘ires-cre’ insertion (primers used: P2ry1 WT allele: TCCTGACGGTGTTT
GCTGTG and AGGTTCAAGTTCCAGGTGGC; P2ry1 TG allele: TCCTGACGGTGTTTGCTGTG and GACATTCAACAGACCTTGCA
TTCC; Npy2r WT allele: CAAGCATCGGTAATCAGAACG and ACTCATCTTCACCGTGTTCCAC; Npy2r TG allele: GCCCTGGAAGG
GATTTTTGAAGCA and ATGGCTAATCGCCATCTTCCAGCAA;

Gpr65 WT allele: GGAGAGCTGATATGTGGAAC and CCAGTACATGGAGTGGCTTGC;

Gpr65 TG allele: CCTGTTTCGGACGTGCATGG and GGAGGGAGAGGGGCGGAATT).

Southern Blot Analysis

Southern blot analysis involved standard protocols. 5" and 3’ probes (500 bp, amplified by PCR from mouse genomic DNA using
primers described below, Figure S2) were radioactively labeled with dCTP [a-23P] (PerkinElmer) using a DNA labeling system
(GE Healthcare) and purified with NickTM columes (GE Healthcare). Primers to make probes: P2ry1 5' probe: TTAGCAAAGACAAAG
CAGGC and AAACCAGCTCTGACAAAGTGAC; P2ry1 3 probe: AAACCTCAGTTCTGAACACAAGGCTGC and AGGCCAGTAGG
CACTTCCTATGAATATGC; Npy2r 5 probe: TTCCAGTGATTTCAGCATGTAGTTAAAGCAGGAG and ACATTTTCTTCCCTCTGAA
ATCCTTTCGCTG; Npy2r 3 probe: TGCTTTCATCTAAAATGATTGATAAGTGATCTTTCC and AAATCCTCAAGTTGAGCCTTAGCC
CAATTTC. 10 ug ES cell genomic DNA was digested (overnight, 37°C) with restriction enzymes (Hpal for NpyZ2r-ires-cre, expected
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).

Probes for RNA In Situ Hybridization

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 TGCAGATTGAG
CATGGCTTTGAGCA), eGFP/eYFP (545 bp amplified by primers AGCTGACCCTGAAGTTCATCTG and CTCCAGCAGGACCATGT
GAT) and tdTomato (615 bp amplified by primers ATCAAAGAGTTCATGCGCTTC and GTTCCACGATGGTGTAGTCCTC).

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 fluorescence in immobilized nodose/jugular ganglia was imaged by confocal
microscopy (Leica SP5 Il, maximum projections of confocal stacks), and in a flattened lung lobe was imaged using an Olympus
VS120 whole slide scanner. For immunohistochemistry, fixation involved standard protocols for transcardial perfusion with parafor-
maldhyde, post-dissection fixation and sucrose cryopreservation (Ferrero et al., 2013). Immunohistochemistry was performed on
tissue cryosections (lung: 50 um, brain: 25 um, nodose ganglion: 10 um) using standard techniques involving Chicken-anti-GFP (Ab-
cam, 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 Il and Nikon Ti Inverted Fluorescence microscopes. In Figure 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 fluorescent pixels, which we defined as
pixels with a fluorescence intensity greater than maximum off-tissue background fluorescence. Counts were obtained for both tdTo-
mato (T) and GFP (G) to generate the T/G ratio described in Figures 2 and 7. In each lung section, a 17.5-mm? region was selected
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 fluorescent pixels were revealed following infection of P2ry1-ires-Cre (L-NTS:
82169, M-NTS: 251864, AP: 36652) and NpyZ2r-ires-Cre mice (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 (immu-
nofluorescence). 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
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enhanced sensitivity of immunofluorescence. Alveolar fibers were defined as an arborizing fiber located at least 50 um from a large
airway, and counts were similarly normalized to 100 GFP terminals (n = 5).

In Vitro Calcium Imaging of Acutely Dissociated Vagal Sensory Neurons

Left and right nodose/jugular ganglia were harvested from Vglut2-ires-cre; lox-tdTomato, P2ry1-ires-cre; lox-L10-GFP, and Npy2r-
ires-cre; lox-L10-GFP animals. Ganglia were digested with enzyme mix (collagenase | (1 mg/ml, Roche), Dispase Il (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 um 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 uM) and KCI (150 mM, except for Figure 3, 50 mM).

Fluoro-Gold Labeling of Motor Neurons

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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Figure S1. Construction and Validation of P2ry1-ires-Cre, Npy2r-ires-Cre, and Gpr65-ires-Cre Mice, Related to Figure 1

(A) Design strategy for ires-Cre knockin alleles. ires-Cre alleles were inserted after the endogenous stop codon, along with a poly A (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 pm.
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Figure S2. Vglut2 and Chat Provide Largely Selective Markers for Sensory and Motor Arms of the Vagus Nerve, Related to Figure 1
(A) Native fluorescence in whole mount analysis of nodose/jugular complex (top) or in brainstem cryosections containing the DMV and nucleus ambiguus (NA) of

mice indicated. Motor cell bodies were labeled by intraperitoneal injection of Fluoro-Gold (red). Scale bars, 100 um.

(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 nodose/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 um.
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Figure S3. AAV-Assisted Visualization of Sensory Neurons in the Nodose/Jugular Complex and Lung Respiratory Zone, Related to Figure 2
(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 um).

(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 um).

(C) Arepresentative Npy2r fiber near lung alveoli (left); counts of alveolar P2ry1 and Npy2r fibers (right), normalized to fibers visualized with AAV-eGFP. Scale bar,
20 um, (n = 5, mean + sem).
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Figure S4. Electrophysiological and Molecular Characterization of P2ry1 and Npy2r Neurons, Related to Figure 3

(A) Neuron conduction velocities were measured by changing the distance between the optic fiber and recording electrodes on the vagus nerve (red line).
Representative compound action potentials resulting from brief optogenetic stimulation (arrow) in Vglut2-ires-Cre mice, with time delays (At) of peak A and peak C
maxima observed at distant stimulation positions.

(B) At is graphed as a function of distance between stimulating positions, with slope 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 um; (D) 100 pm.
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Figure S5. Optogenetic Activation of Vagal Motor Fibers and Npy2r Neurons, Related to Figures 4 and 6

(A) lllumination (yellow shading) of the vagus nerve in Chat-ChR2 mice (motor fibers) or lox-ChR2 (control) mice does not impact respiratory rhythm, respiration
rate, tidal volume, or minute volume, either in 5 s bins (top middle, top right) or across the illumination period (middle). lllumination (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) lNlumination of the vagus nerve in Npy2r-ChR2 mice lowers heart rate and gastric pressure (mean + sem, **p < 0.001).
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Figure S6. Distinguishing Early and Late Respiratory Effects following Activation of Different Genetically Defined Vagal Sensory Neurons,

Related to Figure 4

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).
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Figure S7. Central Innervation Patterns of P2ry1 and Npy2r Vagal Neurons Are Revealed across the Entire Rostral-Caudal Axis, Related to
Figure 7

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 um.
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