
iScience

Article

ll
OPEN ACCESS
Investigation of vagal sensory neurons in mice
using optical vagal stimulation and tracheal
neuroanatomy
Aung Aung Kywe

Moe, Tara G.

Bautista, Matthew

W. Trewella, ...,

Alexandria K.

Driessen, Alice E.

McGovern, Stuart

B. Mazzone

stuart.mazzone@unimelb.edu.au

Highlights
Right Phox2b+ vagal fibers

mediate biphasic

respiratory responses

Wnt1+ vagal fibers only on

right side increased

respiratory drive

Mouse trachea has dense

networks of Wnt1+ nerve

fibers and plexuses

Vagal sensory fibers

innervating mouse trachea

are primarily nodose in

origin

Moe et al., iScience 27, 109182
March 15, 2024 ª 2024 The
Author(s).

https://doi.org/10.1016/

j.isci.2024.109182

mailto:stuart.mazzone@unimelb.edu.au
https://doi.org/10.1016/j.isci.2024.109182
https://doi.org/10.1016/j.isci.2024.109182
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2024.109182&domain=pdf


OPEN ACCESS

iScience ll
Article

Investigation of vagal sensory neurons in mice
using optical vagal stimulation
and tracheal neuroanatomy

Aung Aung Kywe Moe,1,2 Tara G. Bautista,1 Matthew W. Trewella,1 Willian S. Korim,1 Song T. Yao,1

Robert Behrens,1 Alexandria K. Driessen,1 Alice E. McGovern,1 and Stuart B. Mazzone1,3,*
SUMMARY

In rats and guinea pigs, sensory innervation of the airways is derived largely from the vagus nerve, with
the extrapulmonary airways innervated by Wnt1+ jugular neurons and the intrapulmonary airways and
lungs by Phox2b+ nodose neurons; however, our knowledge of airway innervation in mice is limited.
We used genetically targeted expression of enhanced yellow fluorescent protein-channelrhodopsin-2
(EYFP-ChR2) in Wnt1+ or Phox2b+ tissues to characterize jugular and nodose-mediated physiological
responses and airway innervation in mice. With optical stimulation, Phox2b+ vagal fibers modulated
cardiorespiratory function in a frequency-dependent manner while right Wnt1+ vagal fibers induced a
small increase in respiratory rate. Mouse tracheae contained sparse Phox2b-EYFP fibers but dense net-
works of Wnt1-EYFP fibers. Retrograde tracing from the airways showed limited tracheal innervation
by the jugular sensory neurons, distinct from other species. These differences in physiology and vagal sen-
sory distribution have important implications when using mice for studying airway neurobiology.

INTRODUCTION

The airways are innervated by a rich supply of sensory nerve fibers which mostly originate from neurons in the nodose and jugular vagal sen-

sory ganglia, with a smaller contribution from the spinal dorsal root ganglia (DRG). The terminal fields of these airway sensory neurons are

specialized to detect either physiological or noxious stimuli in the form of mechanical distortion of the airways or chemicals produced locally

or entering the airways via inhalation or aspiration.1,2 Nodose and jugular vagal sensory neurons arise from different embryological cell lin-

eages.3 The paired-like homeodomain transcription factor, Phox2a, and its downstream partner, Phox2b, are instrumental early in the forma-

tion of the nodose vagal ganglia and vagal preganglionic hindbrainmotor neurons.4 By contrast, pathways involvingWnt1 signaling and neu-

ral crest specialization contribute to the development and survival of the jugular vagal ganglia sensory neurons5,6 and all the peripheral glial

cells supporting function in the vagi.7 Consequently, mature jugular sensory neurons resemble more closely the neurons of the DRG than

those of the nodose ganglia.3,8

Mice are increasingly used as animal models to study respiratory physiology and pathophysiology with the advantage of targeted manip-

ulation experiments in transgenic mouse lines. However, most of the existing knowledge on airway innervation and reflex physiology is

derived from studies in other species, such as dogs, cats, guinea pigs, and rats.9–15 Although electrophysiology and transcriptome profiling

studies have characterized airway and general vagal sensory neurons in mice,8,16,17 fewer studies have assessed the physiology of airway neu-

ral circuitry. Efforts to characterize the innervation of the airways inmice using either viral tracing or transgenicmouse lines are relatively recent

and incomplete.18–20 This is an important gap in knowledge as strengths and limitations of using mice as a model for studying airway neuro-

biology are not entirely clear.

Our prior work in guinea pigs and rats has shown that the smaller airways and the lung parenchyma are primarily innervated by the nodose

vagal sensory neurons, which project to the nucleus of the solitary tract (nTS) in the brainstem and subsequently relay to the viscerosensory

circuits in the brain known to regulate a broad range of autonomic functions and associated behaviors. In contrast, the large, extrapulmonary

airways (including the larynx, trachea, and mainstem bronchi) are primarily innervated by the jugular vagal sensory neurons. These airway-

innervating jugular vagal sensory neurons do not terminate centrally in the nTS but rather project to the paratrigeminal nucleus (Pa5), part

of the interstitial system of the spinal trigeminal tract, and subsequent projections ascend the neuraxis to the classic somatosensory process-

ing areas in the higher brain.9,11,21,22 These jugular pathways are especially important for coughing and other respiratory reflexes,23 although

their existence is often neglected in favor for studying the more common nodose circuits. Importantly, our functional brain imaging studies
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Figure 1. Effect of left and right electrical vagus nerve stimulation (VNS) on cardiorespiratory function in anesthetized mice

(A) Schematic diagram of the breeding strategy of Wnt1-Cre;loxP-ChR2 and Phox2b-Cre;loxP-ChR2 mouse lines.

(B) Schematic diagram of physiological recording with electrical VNS.

(C) Example tracings of blood pressure (upper) and diaphragm EMG (lower) recordings with right electrical VNS (black bar labeled ‘‘Electrical VNS on’’) at 20 Hz.

Accompanying mean G SD physiological response data showing right (open symbol and dashed line) and left (filled symbol and solid line) electrical VNS train

frequency-dependent changes in (D) heart rate, (E) blood pressure, (F) respiratory rate, and (G) minute-dEMG. D0, D00, E0, E00, F0, F00, G0, and G00 show Emax and

EF50 values for heart rate, blood pressure, respiratory rate and minute-dEMG respectively. n = 8 and 1 respectively for Phox2b-Cre;loxP-ChR2 and Wnt1-

Cre;loxP-ChR2 mice. n = 5 and 4 respectively for right and left electrical VNS. Abbreviations: BP, blood pressure; dEMG, diaphragmatic electromyography;

DMNV, dorsal motor nucleus of vagus; EF50, the stimulation frequency that produced effect in 50% of animals; Emax, the stimulation frequency that

produced a maximum effect; eVNS, electrical vagus nerve stimulation; GIT, gastrointestinal tract; NA, nucleus ambiguus; nTS, nucleus of the solitary tract;

Pa5, paratrigeminal nucleus.
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suggest humans also possess these differentially organized nodose and jugular airway vagal circuits,21 although whether they similarly exist in

mice is questionable based on recent data.19

In the current study, we set out to further investigate the functional arrangement of nodose and jugular vagal sensory innervation of the

mouse airways. We assessed respiratory responses and other physiological measures evoked by selective optical stimulation of the jugular or

nodose vagal sensory pathways in transgenic mice expressing the functional light-sensitive channelrhodopsin-2 (ChR2) in Phox2b+ orWnt1+

vagal neurons. The findings from these physiological studies then led us to subsequently investigate and characterize in detail the innervation

patterns of the mouse trachea using transgenic reporter expression studies, conditional and conventional retrograde viral tracing and tissue

clearing approaches.

RESULTS

Characterization of physiological responses evoked by electrical vagus nerve stimulation (VNS) in anesthetized mice

Wefirst crossedWnt1-Cre or Phox2b-Cremicewith homozygous floxedChR2(H134R)-EYFPmice expressing Cre-dependent ChR2-enhanced

yellow fluorescent protein (EYFP) allele (Figure 1A), to produce ‘‘transgene positive’’ mice expressing ChR2-EYFP in Phox2b-derived vagal

motor and nodose sensory neurons or Wnt1-derived vagal jugular sensory neurons. Transgene positive mice are referred to herein as

Phox2b-Cre;loxP-ChR2 and Wnt1-Cre;loxP-ChR2 mice, respectively while transgene negative mice are referred to as loxP-ChR2 and repre-

sent littermates from Phox2b and Wnt1 breeding lines.

We next characterized the physiological effects induced by electrical VNS in isoflurane-anaesthetized mice in which carotid arterial pres-

sure, diaphragm electromyography (dEMG), and intraluminal esophageal pressure were recorded (Figure 1B). Electrical VNS of the right and

left cervical vagus nerves induced a progressive frequency-dependent reduction in heart rate, blood pressure, respiratory rate and minute-

dEMG from the respective baseline levels with mean EF50 values of 30.6, 16.1, 13.3, and 12.3 Hz, for the right electrical VNS and 33.3, 25.5,

10.8, and 14.8 Hz for the left electrical VNS, respectively. Notably, respiratory rate responses evoked by either right or left electrical VNS at low

frequencies (1–10 Hz) were quite variable with individual animal responses ranging from increases, decreases or no effect in respiratory rate, in

contrast to more consistent reductions in respiratory rate evoked at other electrical VNS frequencies employed (20–50 Hz) (Figures 1C–1G).

Electrical VNS of both right and left vagus nerves also induced a dramatic increase in esophageal pressure with a maximum response at 20 Hz

stimulation (data not shown).

Characterization of optical VNS-evoked physiological responses in anesthetized mice

The baseline values of examined physiological parameters prior to optical VNS (Table 1) did not differ between experimental groups. Optical

VNS (either left or right; Figure 2A) in transgene-negative loxP-ChR2 littermate mice in vivo did not induce any measurable physiological re-

sponses, nor did stimuli at light intensities less than 21 mWmm�2 in transgene-positive mice. This confirmed the dependency of the optically

evoked physiological responses (described in the following) on the transgenic expression of functional ChR2.
Table 1. Baseline physiological status of the experimental groups prior to left or right optical vagus nerve stimulation (VNS)

Experimental Groups N

Measured physiological parameters at baseline (mean G SD)

HR (bpm) BP (mmHg) RR (bpm) EP (mmHg)

Phox2b-Cre;loxP-ChR2 Right VNS 6 441.0 G 68.3 76.0 G 10.7 121.5 G 47.1 0.5 G 0.1

Phox2b-Cre;loxP-ChR2 Left VNS 10 461.1 G 81.0 74.4 G 18.3 101.1 G 25.02 0.4 G 0.5

loxP-ChR2 (Phox2b-Cre line) 6 461.5 G 34.2 73.6 G 5.0 120.0 G 24.8 0.6 G 0.5

Wnt1-Cre;loxP-ChR2 Right VNS 7 457.3 G 50.8 68.2 G 8.7 107.1 G 27.3 0.4 G 0.3

Wnt1-Cre;loxP-ChR2 Left VNS 9 427.7 G 61.0 62.7 G 8.4 90.3 G 25.2 0.5 G 0.3

loxP-ChR2 (Wnt1-Cre line) 6 435.5 G 33.4 70.4 G 7.0 102.5 G 28.1 0.4 G 0.3

BP, blood pressure; EP, esophageal pressure; HR (bpm), heart rate (beats per minute); RR (bpm), respiratory rate (breaths per minute).
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Figure 2. Differential sensorimotor effects evoked by left and right optical vagus nerve stimulation (VNS) in Phox2b-Cre;loxP-ChR2 andWnt1-Cre;loxP-

ChR2 mice

(A) Schematic diagram of physiological recording with optogenetic VNS.

(B) Example tracings of blood pressure (upper), diaphragm EMG (middle), and esophageal pressure (lower) recordings with optical VNS (blue bar labeled ‘‘Laser

on’’) at 20 Hz of (i, iii) left and (ii, iv) right vagal fibers in Phox2b-Cre;loxP-ChR2 (green) and Wnt1-Cre;loxP-ChR2 (blue) mice. Accompanying mean G SD data

optical pulse train frequency-dependent changes in (C and G) heart rate, (D and H) blood pressure, (E and I) esophageal pressure and (F and J) respiratory

rate are shown in the green and blue stimulus-response curve plots. n = 10 and 6 respectively for left (light green symbol and solid line) and right (dark green

symbol and dash line) Phox2b-Cre;loxPChR2 and n = 6 for loxP-ChR2 (open symbol and dotted black line). n = 9 and 7 respectively for left (light blue symbol

and solid line) and right (dark blue symbol and dash line) Wnt1-Cre;loxP-ChR2 and 6 for loxP-ChR2 (open symbol and dotted black line). *p < 0.05;

**p < 0.01; ***p < 0.001; #p = 0.05–0.08 for comparison of left and right optical VNS groups against loxP-ChR2 (Dunnett’s post hoc tests). Abbreviations: BP,

blood pressure; dEMG, diaphragmatic electromyography; DMNV, dorsal motor nucleus of vagus; EMG, electromyography; EP, esophageal pressure; GIT,

gastrointestinal tract; NA, nucleus ambiguus; nTS, nucleus of the solitary tract; Pa5, paratrigeminal nucleus.
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Cardiovascular responses

In Phox2b-Cre;loxP-ChR2 mice, optical VNS of either left or right intact vagus nerve reduced blood pressure and heart rate, dependent

on both optical intensity (5–31 mWmm�2, power-response data not shown) and optical pulse train frequency (Figures 2B–2D). At the

maximum stimulation intensity examined (31 mWmm�2), the hypotensive effect was evoked at optical pulse train frequencies ranging

from 5 to 100 Hz, with an inverted U-shaped frequency response curve and peak responses occurring at 20–30 Hz. Similarly, a brady-

cardic effect was evident at optical pulse train frequencies from 5 to 60 Hz with peak responses occurring at 20–30 Hz (Figures 2Bi, 2Bii,

2C, and 2D).

To tease apart the physiological effects mediated by Phox2b+ sensory andmotor fibers, we performed unilateral vagotomy and repeated

the optical VNS. Post-vagotomy optical VNS of the distal vagal stump at 30 and 60 Hz produced a reduction in blood pressure and heart rate

comparable to that evoked by optical VNS of the intact nerve (Figures S1A and S1B). By contrast, optical VNS of the proximal stump of the

vagus nerve at 30 and 60 Hz induced a reduction in blood pressure and heart rate that was significantly smaller inmagnitude compared to that

evoked by distal stump or intact nerve stimulation. In general, there were no significant differences in response magnitude evoked by left and

right vagus nerves, despite a trend toward more robust response with the left optical VNS.

We next examineddifferential influence of vagal preganglionicmotor and sensory fibers on optical VNS-induced cardiovascular responses

by blocking peripheral muscarinicM2 receptors on the heart. Systemic administration of the selectiveM2 receptor antagonist methoctramine

(0.5mg/kg, i.p.) abolished the bradycardia evoked by optical VNS (at 30 and 60 Hz, intact nerve), but only partially inhibited the accompanying

hypotension. After vagotomy, systemic methoctramine completely blocked both bradycardia and hypotension induced by optical VNS of the

distal vagal stump but only partially blocked the hypotensive effect of proximal vagal stump stimulation (Figures S2A–S2D). These findings

suggest that optical VNS in Phox2b-Cre;loxP-ChR2 mice induces bradycardia predominantly due to recruitment of preganglionic parasym-

pathetic motor fibers and a fall in systemic blood pressure due to both direct parasympathetic motor fiber activation and reflexively via

nodose sensory fiber activation leading to altered sympathetic outflow.

InWnt1-Cre;loxP-ChR2mice, optical VNS of the left or right vagus nerve induced small changes in blood pressure but did not alter heart

rate at any stimulus intensity or optical pulse train frequency tested (Figures 2B [iii and iv], 2G, and 2H). Stimulation of the left distal and prox-

imal stumps of the vagus nerve after unilateral vagotomy also did not induce any significant change in measured cardiovascular parameters

(Figures S3A and S3B). These data indicate that vagally mediated cardiovascular effects are predominately regulated by Phox2b+ vagal sen-

sory and motor fibers.

We also examined changes in esophageal motility with optical VNS in both mouse lines. Optical VNS of either the left or right cervical

vagus nerves in Phox2b-Cre;loxP-ChR2mice at optical pulse train frequencies of 5 Hz and above induced a rapid and tonic increase in esoph-

ageal pressure along with swallowing movements (Figure S1H, swallowing data not shown). No effect of optical VNS on the esophageal

motility was observed inWnt1-Cre;loxP-ChR2mice (Figure S3H). Thus, the esophageal motility is mediated primarily by Phox2b+ vagal fibers,

not Wnt1+ vagal fibers.

Respiratory changes

In Phox2b-Cre;loxP-ChR2 mice, optical VNS produced changes in breathing that were dependent on optical intensity (5–31 mWmm�2, po-

wer-response data not shown), optical pulse train frequency and additionally the side (left versus right) of stimulation. Optical VNS of the left

vagus nerve (20 Hz and above 31 mWmm�2) predominantly decreased respiratory rate, occasionally culminating in apnea at optimal optical

pulse train frequencies (typically 30 Hz) (Figures 2Bi and 2E). Respiratory slowing was accompanied by a decrease in the amplitude of dEMG

and overall ventilation (minute-dEMG) (Figures 2F and S1G). By contrast, optical VNS of the right vagus nerve at 5 and 10 Hz induced a sig-

nificant increase in respiratory rate and minute dEMG without any change in the dEMG amplitude. This tachypnea response reverted to a

significant reduction in respiratory rate accompanied by a significant increase in the dEMG amplitude at optical pulse train frequencies of

40 Hz and above (Figures 2Bii, 2E, 2F, and S1G).

After unilateral vagotomy, optical VNS of the left or right distal vagus nerve stumps at 10, 30, and 60 Hz failed to significantly change res-

piratory rate or dEMG amplitude. Stimulation of left proximal vagus nerve stump induced a reduction in respiratory rate and minute dEMG

leading to apnea, recapitulating the responses observed with the intact left vagus nerve (Figures S1D–S1F). Stimulation of right proximal

vagus nerve stump induced a tachypnea at lower optical pulse train frequencies and a small, but statistically insignificant, reduction in
iScience 27, 109182, March 15, 2024 5
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Figure 3. Optical recruitment of different fiber types in ex vivo vagus nerve

EYFP-ChR2 expression the axons of the vagus nerve from (A) Phox2b-Cre;loxPChR2 and (B) Wnt1-Cre;loxP-ChR2 mice. Representative compound actional

potentials induced by ex vivo optical stimulation of vagi harvested from (C) Phox2b-Cre;loxP-ChR2 and (D) Wnt1-Cre;loxP-ChR2 mice. Representative

compound actional potential trace during ex vivo optical stimulation of vagi harvested from (E) Phox2b transgene-negative and (F) Wnt1 transgene-negative

loxP-ChR2 mice. Representative compound actional potentials induced by electrical stimulation of vagi harvested from (G) Phox2b-Cre;loxP-ChR2 and (H)

Wnt1-Cre;loxP-ChR2 mice. G0 and H0 show the magnified compound action potential from the dotted box areas in G and H respectively. Scale bars

represent 100 mm in (A and B). ChR2, channelrhodopsin-2; EYFP, enhanced yellow fluorescent protein.
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respiratory rate at higher optical pulse train frequencies, resembling the bimodal pattern seen with intact nerve stimulation. However, no

accompanying increase in dEMG amplitude was observed.

In Wnt1-Cre;loxP-ChR2 mice, optical VNS similarly produced changes in breathing that were dependent on optical intensity (5–31

mWmm�2, power-response data not shown), optical pulse train frequency and the stimulation side (left versus right). Notably, optical VNS

of the left intact vagus nerve did not induce any change in respiratory rate, dEMG amplitude or minute dEMG at any stimulus intensity or

optical pulse train frequency tested. However, optical VNS of the right vagus at 1–50 Hz induced a small but significant increase in respiratory

rate (Figures 2Biii, iv and 2I) and dEMG amplitude and a similar trend in the minute dEMG (Figures 2J and S3G). After unilateral vagotomy,

optical VNS of the left or right distal vagus nerve stumps at 30 and 60 Hz failed to alter breathing. Stimulation of left and right proximal vagus

nerve stumps at 30 Hz induced variable increases in respiratory rate, dEMG amplitude, and minute dEMG, largely recapitulating the findings

of intact nerve optical VNS (Figures S3D–S3F).
6 iScience 27, 109182, March 15, 2024
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Figure 4. Transgenic expression of EYFP in the vagal ganglia and the brainstem of Phox2b-Cre;loxP-ChR2 and Wnt1-Cre;loxP-ChR2 mice

(A–D) Differential EYFP-ChR2 expression in the jugular and nodose portions of the vagal ganglia and colocalization with the pan neuronal marker PGP9.5, the

satellite glial cell marker GS, CGRP, and TH in (A and B). (C and D) Representative examples of expression of CGRP and TH in optically cleared vagal ganglia and

(E and F) quantitative relative abundance of each.

(G and H) Differential EYFP-ChR2 expression at rostrocaudal levels of the medulla. Numbers on the right lower corners indicate the nearest bregma levels. Lower

panels in (G andH) showmagnified views of the white rectangles delineated in the respective upper panels. Scale bars represent 100 mm in (A, B, andC), 200 mm in

(D), and 500 mm in (G and H). Abbreviations: 7N, facial nucleus; AP, area postrema; CGRP, calcitonin gene related peptide; ChR2, channelrhodopsin-2; Cu,

cuneate nucleus; DMV, dorsal motor nucleus of vagus; EYFP, enhanced yellow fluorescent protein; GS, glutamine synthetase; NA, nucleus ambiguus; nTS,

nucleus of the solitary tract; Pa5, paratrigeminal nucleus; PGP9.5, protein gene-product 9.5; TH, tyrosine hydroxylase.
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The superior laryngeal nerve (SLN) carriesmany jugular vagal fibers of neural crest origin but originates from the vagus proximal to the level

of our optical VNS and as such our cervical optical VNS may underrepresent the potential for neural crest-derived vagal fibers to modify res-

piratory and autonomic responses. We therefore next examined the effects of direct optical stimulation of the SLN in Wnt1-Cre;loxP-ChR2

mice (n = 2 each for left and right stimulation). The evoked responses were largely consistent with the findings from cervical VNS. Right

SLN stimulation induced a more robust increase in respiratory rate and dEMG amplitude, sometimes accompanied by an increase in the

blood pressure (Figure S4A) whereas the left SLN stimulation induced only a small increase in respiratory rate without any significant change

in the blood pressure or dEMG amplitude (Figure S4B).

The data suggest that vagal sensory neurons solelymediate the optically evoked respiratory responses in both Phox2b-Cre;loxP-ChR2 and

Wnt1-Cre;loxP-ChR2 animals. Optical VNS of the distal vagus nerve stump following unilateral vagotomy failed to modify breathing, while

proximal vagus nerve stump stimulation mimicked the responses evoked by intact nerve stimulation. The data also suggest bimodal respi-

ratory reflex effects mediated by nodose sensory neurons dependent of optical pulse train frequency and a degree of asymmetrical organi-

zation in both nodose and jugular vagal sensory neural circuits regulating breathing in mice.
Ex vivo characterization of fiber types recruited by optical VNS

Weconfirmed the functionality of expressedChR2 in vagal fibers and recruitment of fiber types by performing electrophysiological recordings

of vagal compound action potentials ex vivo during focal vagal optical stimulation. ChR2-EYFP expression was observed in the vagal axons

fromboth Phox2b-Cre;loxP-ChR2 andWnt1-Cre;loxP-ChR2mice (Figures 3A and 3B), whileWnt1-EYFP appeared to bemore abundant given

expression ofWnt1 in satellite glial cells (see next section). Repeated single optical pulses (1 Hz) at 473 nm applied to the vagi harvested from

either Phox2b-Cre;loxP-ChR2 (Figure 3C) or Wnt1-Cre;loxP-ChR2 (Figure 3D) mice reliably induced compound action potentials when the

stimulus intensity was 21 mWmm�2 or higher and pulse durations were greater than 0.25 ms. The conduction velocity of optically recruited

vagal fibers ranged from less than 0.2 to 4.7 ms�1 in Phox2b-Cre;loxP-ChR2mice (n = 10 recordings from 5 animals) and from less than 0.2 up

to 2.2 ms�1 fromWnt1-Cre;loxP-ChR2mice (n = 8 recordings from 4 animals). No notable differences were observed between left and right

vagi from any animal. The same stimulation protocol failed to evoke any responses in vagi harvested from loxP-ChR2 animals (n = 4 recordings

from 2 animals; Figures 3E and 3F). By comparison, electrical stimulation reliably evoked compound potentials in the vagi from all animals at

intensities of 0.5 V (the lowest examined) and above and pulse durations as low as 0.1 ms. Electrical stimulation-evoked conduction velocities

occasionally reached up to 15 ms�1 (Figures 3G and 3H). Cutting the nerve between the recording and stimulating electrodes abolished all

waveforms in the compound actional potential recordings. Given the reported conduction velocities of fiber populations in the mouse vagus

nerve,17 we conclude that optical stimulation recruits a range of faster-conducting myelinated (A- and B-fibers) and slow-conducting unmy-

elinated (C-fibers) vagal fibers in Phox2b-Cre;loxP-ChR2 mice and mainly slower-conducting unmyelinated vagal C-fibers in Wnt1-Cre;loxP-

ChR2mice. These fiber types would includemost of the vagal sensory andmotor neurons that have been functionally described, perhaps with

exception of the very fast (>15 ms�1) conducting Ad-fibers which were apparent only in the recordings of electrically evoked compound

potentials.
Characterization of the distribution of Wnt1-EYFP and Phox2b-EYFP in the vagal ganglia and the brainstem

Imaging of histological sections of the vagal ganglia confirmed restricted expression of EYFP in neurons in the nodose (caudal) portion of the

ganglia in Phox2b-Cre;loxP-ChR2 mice (Figure 4A) and in neurons in the jugular (rostral) portion in Wnt1-Cre;loxP-ChR2 mice (Figure 4B),

consistent with previously reporteddifferent embryological origins of the nodose and jugular sensory neurons respectively. Satellite glial cells,

identified with glutamine synthetase expression, in both nodose and jugular ganglia also expressed EYFP in Wnt1-Cre;loxP-ChR2mice, but

not in Phox2b-Cre;loxP-ChR2mice, consistent with peripheral glial cells arising from the same developmental lineage as the jugular sensory

neurons.7 Consequently, almost all neurons in both nodose and jugular ganglia had association with EYFP in Wnt1-Cre;loxP-ChR2 mice

(Figure 4B).

In Phox2b-Cre;loxP-ChR2 vagal ganglia, EYFP was expressed only in 5.7% of calcitonin gene related peptide (CGRP)-positive neurons (n =

4 different ganglia from 4 different animals; total number of CGRP-positive cells = 1755; Figures 4C and 4E). In contrast, in Wnt1-Cre;loxP-

ChR2 vagal ganglia, EYFP was detected in 99.1% of CGRP positive cells (n = 4 ganglia; total number of CGRP-positive cells = 1717;

Figures 4D and 4F). Phox2b-EYFP was detected in 59.2% of tyrosine hydroxylase (TH)-positive neurons in in Phox2b-Cre;loxP-ChR2 vagal

ganglia whereas Wnt1-EYFP was observed to be associated with TH expression in 96.2% of cells in Wnt1-Cre;loxP-ChR2 vagal ganglia

(Figures 4C–4F).
8 iScience 27, 109182, March 15, 2024
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Figure 5. Innervation pattern of tracheal EYFP fibers in Phox2b-Cre;loxP-ChR2 mice

(A) Representative image showing overall distribution of Phox2b-derived nerve fibers and bundles in the mouse trachea.

(B) A higher magnification of Phox2b-derived nerve fiber bundle on the adventitial surface. Phox2b-derived nerve fibers were (C) positive for PGP9.5 but negative

for (D) CGRP, (E) TH, and (F) SP. White arrows indicate EYFP-positive fibers in close proximity to (E) TH-positive or (F) SP-positive fibers.

(G) Some of adventitial Phox2b-derived fibers were positive for ChAT (white arrows).

(H) Relationship between Phox2b-derived mucosal nerve fibers and ASMA-stained blood vessels. ASMA, alpha smooth muscle actin; CGRP, calcitonin gene

related peptide; ChAT, choline acetyltransferase; EYFP, enhanced yellow fluorescent protein; PGP9.5, protein gene-product 9.5; SP, substance P; TH,

tyrosine hydroxylase. Scale bars represent 100 mm in all images except in (A) where it represents 1 mm.
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In themedulla, EYFP expression was present in the dorsal motor nucleus of vagus (DMNV) and the nucleus ambiguus (NA) of Phox2b-Cre;-

loxP-ChR2mice only (Figures 4G and S5A). Nerve fibers and cells expressing EYFP were seen in the nTS, the adjacent area postrema (AP) and

the rostral trigeminal system areas in Phox2b-Cre;loxP-ChR2 mice (Figure 4G) and in the Pa5 and the caudal dorsolateral trigeminal system

areas in Wnt1-Cre;loxP-ChR2 mice (Figures 4H and S5B), consistent with the known projections of nodose and jugular sensory neurons,

respectively.24 In Phox2b-Cre;loxP-ChR2 mice EYFP expression was also observed in the cuneate nucleus, the facial nucleus (7N) and sur-

rounding ventral spinocerebellar tract and cerebellar nuclei such as interposed cerebellar nucleus and vestibulocerebellar nucleus

(Figures 4G and S5A). In Wnt1-Cre;loxP-ChR2 mice, robust EYFP expression was observed in the AP and throughout the cerebellar layers

(Figure 4H).
Characterization of the neural innervation in the mouse trachea

Phox2b-EYFP fibers

Next, whole-mount immunohistochemical examination was performed to identify the innervation patterns of the trachea. The tracheae of

Phox2b-Cre;loxP-ChR2 mice were observed to contain large and thick bundles of EYFP fibers on the adventitial surface over the trachealis

muscle at the posterior midline (Figures 5A–5C). However, a limited number of thin, fine Phox2b-EYFP fibers were observed on the mucosal

side with some present over the tracheal cartilage (Figure 5D; white arrow). Mucosal Phox2b-EYFP fibers were negative for CGRP, TH and

substance P although some of these mucosal Phox2b-EYFP were in close spatial relationship with CGRP- and substance P-expressing fibers.

A few adventitial Phox2b-EYFP fibers at the posterior midline co-stained with choline acetyltransferase (ChAT, white arrow, Figures 5D–5G)

and occasionally Phox2b-EYFP-expressing tracheal ganglia neurons were observed (Figure 5G). These findings suggest that the small number

of mucosal Phox2b-EYFP fibers in mouse trachea is likely derived from the vagal sensory neurons while the adventitial Phox2b-EYFP fibers are

primarily from the local tracheal parasympathetic neurons.

Wnt1-EYFP fibers

The tracheae ofWnt1-Cre;loxP-ChR2mice were observed to contain dense networks and plexuses of Wnt1-EYFP fibers on both mucosal and

adventitial surfaces from the junction of the trachea and larynx to the bronchi (Figures 6A and 6B). The density and complexity of Wnt1-EYFP

fibers was in sharp contrast with and disproportionate to minimal level of evoked physiological responses of optical VNS in these mice.

At the mucosal surface, Wnt1-EYFP positive fibers were observed over the tracheal cartilages. Wnt1-EYFP fibers were observed to run

almost parallel to the cartilages and form networks and plexuses across different planes (Figures 6B–6D). The majority of these Wnt1-

EYFP fibers were co-stained with PGP9.5, CGRP, substance P, and TH (Figures 6C–6F and 7A–7D). Some of the mucosal Wnt1-EYFP fibers

had beads-on-string appearance with varicosities. Mucosal Wnt1-EYFP fibers along the tracheal cartilage were also observed to be in close

spatial relationship with the blood vessels identified with alpha smooth muscle actin (ASMA) (Figure 7F).

On the adventitial surface, Wnt1-EYFP expression was observed in both nerve fibers and neurons and ganglia over the trachealis muscles

at the posterior midline (Figures 6E, 6F, and 7E). Wnt1-EYFP fibers on the adventitial surface were observed to be both single axons and nerve

bundles. TheWnt1-EYFP neurons and nerve bundles were observed to form an outer layer and theWnt1-EYFP fibers an inner layer. Moreover

Wnt1-EYFP positive ganglia were also observed. Some of these posterior midline adventitial fibers and ganglia were co-stained with ChAT,

substance P and CGRP (Figures 6E, 6F, 7D, and 7E). These findings raise questions on the sources of Wnt1-EYFP fibers in the trachea as to

whether they are derived extrinsically from sensory ganglia or autonomic neuron pools or intrinsically from the local neurons.

Retrograde viral tracing

To identify the sources of innervation to the mouse airways in general, we first performed retrograde viral tracing in left vagotomized and left

SLN-sectioned Wnt1-Cre;loxP-ChR2 and Phox2b-Cre;loxP-ChR2 mice (Figure 8A). With the existing knowledge of airway innervation in rats

and guinea pigs, we predicted the right vagal ganglia and both the nTS and the Pa5 would be labeled retrogradely in these mice.

Injection of the non-conditional retrograde viral tracer AAV-CAG-tdTomato to the trachea and lungs labeled the local tracheal parasym-

pathetic ganglia neurons and mucosal and adventitial fibers of the trachea (Figures 8B and 8C). In both lines of mice, many of tdTomato-

labeled tracheal fibers were positive for CGRP. In Wnt1-Cre;loxP-ChR2 mice, tdTomato-labeled tracheal fibers were also positive for

EYFP. However, no apparent reduction in EYFP-positive fibers of the trachea was observed in either mouse line as a consequence of unilateral

vagotomy. We also observed some tdTomato labeling of the smooth muscle (Figure 8B).

Consistent with our prediction, the right vagal ganglia contained tdTomato-positive neurons in both lines of mice, while retrogradely

labeled neurons in the left vagal ganglia were absent or few in number, representing only 2.9% of the total neurons (12 out of 408 neurons
10 iScience 27, 109182, March 15, 2024
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Figure 6. Innervation pattern of tracheal EYFP fibers in Wnt1-Cre;loxP-ChR2 mice

(A) Representative image showing overall distribution of Wnt1-derived nerve fibers and bundles in the mouse trachea.

(B) Wnt1-derived EYFP fibers at different z planes on a projected image. The color bar on the right indicates superficial-to-deep z planes.

(C) Themajority of Wnt1-derived EYFP fibers were positive for PGP9.5 (solid filled white arrows) but some were negative for this pan-neuronal marker (open white

arrows).

(D) The majority of Wnt1-derived mucosal EYFP fibers were positive for CGRP. On the adventitial surface, only select few EYFP (E) fibers and (F) intrinsic neurons

(solid filled white arrows) were positive for CGRP. Open white arrow in (F) indicates an artifact in the sample. CGRP, calcitonin gene related peptide; EYFP,

enhanced yellow fluorescent protein; PGP9.5, protein gene-product 9.5. Scale bars represent 100 mm for all images except in (A) where it represents 1 mm.
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from n = 8 ganglia) traced in both ganglia of all animals. Notably, the majority of the tdTomato-labeled vagal neurons were located in the

nodose portion of the vagal ganglia in both mouse lines (Figures 8D and 8E) with a small proportion (4.9% of the total traced in both ganglia)

expressingCGRP (Figures 8D–8G).Moreover, tdTomato expression was evident in some neurons of both right and left stellate ganglia (a total

of 2015 neurons in n = 8 ganglia) and superior cervical ganglia (a total of 1385 neurons in n = 7 ganglia) in bothmouse lines (Figures 8H–8K). No

labeling of the thoracic DRG was observed. Contrary to our prediction of the brainstem termination, but consistent with the predominant

labeling of nodose vagal ganglia, tdTomato-positive fibers were observed bilaterally in the caudal nTS and unilaterally in the rostral nTS,

but not in the Pa5 in bothmouse lines (8L and 8M). These findings suggest that themouse trachea receives limited innervation from the jugular

vagal ganglia and the dense network of Wnt1-EYFP fibers are likely derived from the local intrinsic neurons and extrinsic sympathetic ganglia.

To then examine the source of the dense networks of fibers in the trachea, which were also positive for CGRP in themouse trachea, we next

performed retrograde Cre-dependent viral tracing from the trachea of heterozygous CGRP-Cre mice (Figure 9A). In the tracheae of these

mice, virally induced tdTomato expression was again observed in both nerve fibers and local intrinsic neurons (Figure 9D). We also observed

several branches of nerve fibers arising from single tdTomato-labeled intrinsic tracheal neurons (Figure 9D; white arrow). Some of the tdTo-

mato-labeled fibers were also positive for either substance P or TH (Figure 9E). In the vagal ganglia, almost all the retrogradely traced tdTo-

mato-positive vagal sensory neuronswere located in the nodose portion and 26%of these tdTomato-positive neurons (15 out of total 56 tdTo-

mato-positive neurons) co-localized with TH (Figures 9B and 9C). In the brainstem, tdTomato-positive terminals were mainly located in the

nTS and to a lesser extent around the DMNV, but none were observed in the Pa5 (Figure 9F). These findings further support that the vagal

sensory innervation of mouse trachea, including the peptidergic fibers, is derived primarily from the nodose vagal ganglia, not the jugular

vagal ganglia.

To investigate the jugular innervation of the trachea in further detail, we performed intratracheal injection of retrograde tracer cholera

toxin B (CTB) in Phox2b-Cre;loxP-ChR2 mice (Figure 10A). Consistent with our observations in the other experiments, the majority of CTB-

positive neurons retrogradely traced from the trachea were located in the nodose portion of the left and right vagal ganglia. Only a small

population of CTB-positive neurons were observed in the jugular portion of the ganglion (total CTB-positive neurons = 845, nodoseCTB-pos-

itive neurons = 759 (89.8%), jugular CTB-positive neurons = 86 (10.2%), n = 11 vagal ganglia) (Figures 10B and 10C).Most CTB-positive neurons

expressed EYFP (675 out of 845 CTB-positive neurons, 79.9%), confirming their nodose identity (Figure 10C’). Intriguingly, some CTB positive

neurons located in the nodose potion of the ganglia did not display visually detectable EYFP expression, suggesting that some jugular neu-

ronsmay reside intermingledwith nodose ganglia neurons, althoughwe cannot rule out the possibility that EYFP expression in these cells was

below the level of microscopy detection. Consistent with these findings in the vagal ganglia, CTB-positive fibers were observed primarily in

the nTS (Figure 10D, white arrows) in all animals. A few, sparsely arranged, CTB-positive fibers were observed in the putative Pa5 region and

the Sp5 areas in 5 out of 6 animals (Figure 10D, white arrow heads). CTB-positive neurons were also observed in the NA in all animals. These

findings further support that the vagal sensory innervation of mouse trachea, is derived primarily from the nodose vagal sensory neurons with

limited innervation by the jugular vagal sensory neurons.

DISCUSSION

In this study, we initially set out to investigate the physiological responsesmediated by vagal fibers of developmentally different origins using

optogenetics in transgenic mouse lines and continued to characterize the innervation of the mouse trachea in detail. We showed that optical

stimulation of the intact vagus nerve in Phox2b-Cre;loxP-ChR2mice produced physiological responses that were largely indistinguishable to

those evoked by mass fiber recruitment with electrical VNS. Stimulus-dependent reduction in respiratory rate was the most prevalent effect,

directly mediated by Phox2b+ (nodose) sensory nerve fiber activation. In contrast, the primary physiological responses evoked by optical

VNS, primarily with the right side, in Wnt1-Cre;loxP-ChR2 mice was a small increase in respiratory rate. Our follow-up neuroanatomical ex-

amination revealed that themouse trachea contained dense networks of nerve fibers but a sparse distribution of tracheal Phox2b-EYFP fibers.

Notably, the mouse trachea received limited number of extrinsic sensory nerve fibers of a neural crest origin. Instead, most of the nerve fibers

present in the mouse trachea appear to be derived from intrinsic parasympathetic neurons, extrinsic neurons of the sympathetic ganglia and

nodose vagal ganglia. This nerve fiber arrangement is dissimilar to those in other commonly studied species, such rats and guinea pigs, and

should be carefully considered when using the mouse as a model system for studying airway neurobiology.

Differential physiological responses mediated by optical VNS

The vagal sensory neurons residing in the nodose and jugular vagal ganglia are known to have differences in their embryonic origins, arising

from the epibranchial placodes (dependent on Phox2b) and neural crests (dependent on Wnt1), respectively.3 Similarly, motor fibers of the
12 iScience 27, 109182, March 15, 2024
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Figure 7. Neurochemical characterization of tracheal EYFP-ChR2 fibers in Wnt1-Cre;loxP-ChR2 mice

Mucosal (A) but not adventitial (B) Wnt1-derived EYFP-ChR2 fibers expressed TH.

(C) Many mucosal EYFP-ChR2 fibers additionally stained positive for SP.

(D) Some Wnt1-derived intrinsic ganglionic neurons on the adventitial surface expressed SP (solid filled white arrows) but some did not (open white arrow).

(E) A limited number of Wnt1-derived fibers and intrinsic neurons on the adventitial surface were positive for ChAT (solid filled white arrows).

(F) Wnt1-derived EYFP-ChR2 fibers running along ASMA-positive blood vessels. ASMA, alpha smooth muscle actin; ChAT, choline acetyltransferase; EYFP,

enhanced yellow fluorescent protein; SP, substance P; TH, tyrosine hydroxylase. Scale bars represent 100 mm in all images.
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vagus arise from the bulbar neurons which, like the majority of the autonomic nervous system, depend on Phox2b for development.4 Optical

VNS in our in vivo preparation revealed differential physiological effects dependent on the developmental origin of the neurons express-

ing ChR2.

The primarymeasured reflex effect evoked by optical activation of vagal sensory fibers was an altered breathing pattern. Vagal reflex regu-

lation of breathing following optical VNS of either nodose A- or C-fibers has been previously investigated using selective genetic targeting of

ChR2 to these sensory neuron types.25 However, to our knowledge, our data are the first description of stimuli that separate the respiratory

effects evoked by stimulating vagal sensory fibers of placodal (nodose) and neural crest (jugular) neuronal lineages. Activation of the nodose

sensory fibers induced respiratory changes similar to the effects of mass fiber recruitment by the electrical VNS. Optical VNS of nodose sen-

sory fibers in Phox2b-Cre;loxPmice produced biphasic effects on breathing, especially with the right side, with an initial excitatory response at

low optical pulse train frequencies replaced by respiratory suppression and apnea at higher stimulus frequencies. Although variable between

preparations, we also noted increases in respiratory rate evoked by lower frequency electrical VNS, albeit with no significant differences be-

tween left and right nerves. Because nodose C-fiber and nodose A-fiber activation induces tachypnea and respiratory slowing, respectively,25

we surmise that our data reflect the progressive recruitment of reflexes mediated by C-fibers (pulmonary chemoreflex) followed by A-fibers

(Hering-Breuer inflation reflex) as optical pulse train frequency increases. Interestingly, optically evoked respiratory responses mediated by

the nodose fibers were distinguished frommotor evoked autonomic responses by their lower stimulus frequency sensitivity (initiated at pulse

trains of less than 10 Hz) and sustained response magnitude even at very high optical pulse train frequencies (up to 100 Hz). A bimodal

response during low and high vagal B-fiber stimulation has been reported previously26 which may suggest substantially less filtering of sen-

sory inputs arriving in the central nervous system compared to motor outputs at the level of the autonomic ganglia or effector muscles.

By contrast, optical activation of jugular sensory fibers in both the vagus nerve and the SLN ofWnt1-Cre;loxP-ChR2mice produced a small

increase in breathing rate only. We are unaware of any previous studies that have investigated jugular neuron-mediated breathing responses

inmice. In guinea pigs, we previously demonstrated that a putative jugular sensory reflex arising from the larynxmediates apneic responses,11

perhaps suggesting significant differences between mouse and guinea pig physiology. Jugular fiber-mediated tachypnea was similar to that

induced by nodose axon stimulation in that peak responses were seen at very low optical pulse train frequencies (<10 Hz) and presumably

mediated by C-fibers. However, because the distribution of Phox2b-EYFP and Wnt1-EYFP fibers in the caudal brainstem showed minimal

shared topography, it seems likely that the central organization of jugular and nodose-mediated tachypnea reflexes are not identical. This

is consistent with the known differences in projection patterns of these sensory neuron types demonstrated in mice and other species,

including humans.10,11,21,22,24,27

The activation of vagal motor fibers, as demonstrated in experiments with Phox2b-Cre;loxP-ChR2 mice, produced profound and largely

dysregulated autonomic responses characterized by a strong cardioinhibitory effect, a precipitous fall in blood pressure and heart rate, and a

large tonic increase in esophageal pressure. Cardiovascular responses were not substantially different between the left and right optical VNS.

The recapitulation of these cardiovascular responses by stimulation of the distal vagal stump and inhibition of bradycardia and hypotension

after pharmacological blockade M2 receptors are consistent with the effects of activating cholinergic preganglionic fibers of the vagus nerve

and their recipient cholinergic neurons in the inferior pulmonary vein ganglionated plexus regulating the heart.28 In this regard, it was notable

that optimal responses were evoked with optical pulse trains of 20–30 Hz, while lower and higher stimulation frequencies evoked significantly

smaller effects. Cardiovascular responses (bradycardia and hypotension) were also elicited by optical stimulation of the central cut end of the

vagus nerve, presumably representing reflex evoked changes in autonomic outflow. Notably, the bradycardia was small compared to that of

the vagally mediated Bezold-Jarisch reflex,29 perhaps due to the vagotomy disrupting vagal B-fiber innervation to the heart or reflecting the

combined effect of activating all nodose afferents, not just those mediating the bradycardia response. A rapid tonic increase in the esoph-

ageal pressure is most likely due to the bulk recruitment of striated muscles following activation of cholinergic vagal branchiomotor motor

fibers.30–33 This suggests that common encoding properties for vagal motor fibers mediate diverse autonomic end organ responses.

Functional asymmetry in optical VNS-induced respiratory changes

While motor-evoked autonomic responses were largely similar between left and right optical VNS, vagal sensory-evoked responses showed

clear signs of asymmetrical organization. Indeed, this asymmetry was most evident in the vagal sensory control of breathing, regardless of

sensory fiber embryology. The left Phox2b+ nodose vagal fibers mediated a reduction in breathing rate only, failing to induce the tachypnea

that was evident only with the optical VNS of the right Phox2b+ vagal fibers at low optical pulse train frequencies. This resulted in a demon-

strable separation between the stimulus frequency-response profiles recorded for left and right nodose nerve fibers. The tachypnea evoked

by optical VNS of theWnt1+ jugular vagal fibers was similarly confined to the right nerve only but was accompanied by an increased breathing

depth (i.e., rapid/deep breathing), again differentiating it from putative nodoseC-fiber-evoked responses. These findings add to the growing

list of literature on left and right asymmetry in vagal circuit organization.34,35 The source of this asymmetry likely reflects differences between
14 iScience 27, 109182, March 15, 2024
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Figure 8. Identification and characterization of neurons retrogradely traced from the trachea and the lungs in Phox2b-Cre;loxP-ChR2 and Wnt1-

Cre;loxP-ChR2 mice

(A) Schematic diagram of the experiment where the retrograde viral tracer AAV-CAG-tdTomato was injected into the trachea and lungs along with sectioning of

left vagus and superior laryngeal nerves in two mouse lines. Expression of virally induced tdTomato in the trachea of (B) Phox2b-Cre;loxP-ChR2 and (C) Wnt1-

Cre;loxP-ChR2mice. Localization of virally traced tdTomato-positive neurons in the left and right optically cleared whole vagal ganglia and their quantification of

(D and F) Phox2b-Cre;loxP-ChR2 and (E and G) Wnt1-Cre;loxP-ChR2 mice. Representative images of virally traced tdTomato-positive neurons in the optically

cleared whole (H and I) stellate and (J and K) superior cervical ganglia of (H and J) Phox2b-Cre;loxP-ChR2 and (I and K) Wnt1-Cre;loxP-ChR2 mice.

Expression of virally traced tdTomato-positive vagal terminals in the medulla in both (L) Phox2b-Cre;loxP-ChR2 and (M) Wnt1-Cre;loxP-ChR2 mice was

localized to the nTS and vagal fiber tract (solid white arrows) with no expression observed in the Pa5. CGRP, calcitonin gene related peptide; ChR2,

channelrhodopsin-2; DMNV, dorsal motor nucleus of vagus; EYFP, enhanced yellow fluorescent protein; nTS, nucleus of the solitary tract; Pa5, paratrigeminal

nucleus; SLN, superior laryngeal nerve; VG, vagal ganglia. Scale bars represent 100 mm in (B and C), 150 or 200 mm in (D, E, H, and I), and 500 mm in (L and M).
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the central terminal organization of left and right vagal sensory fibers, a suggestion supported by prior literature35 and the fact that we failed

to find any notable differences in optical VNS-induced fiber type recruitment or compound action potential response profiles between left

and right vagus nerves. Such left and right asymmetry in the vagal circuitry organization, if further confirmed in the humans, may be an impor-

tant determinant of the behavioral outcomes associated with visceral sensory stimuli35 which could have important implications for therapeu-

tic uses of vagal stimulation.

Innervation of the mouse trachea by the nodose vagal neurons and the local tracheal neurons

The sensory innervation of the airways has been reported to be derived mainly from the vagus nerve with some contribution from the DRG.

Our previous studies in guinea pigs and rats have indicated that the upper airways, such as the larynx and trachea, are primarily innervated by

the jugular vagal fibers which project to the Pa5 whereas the lower airways and lungs are primarily innervated by the nodose vagal fibers

which project to the nTS.10,11 However, the findings of the current study indicate that, distinct from other species, the vagal sensory inner-

vation of the trachea in mice was mainly from neurons located in the nodose portion of the vagal ganglia, even for CGRP-positive fibers. We

saw limited contribution from neurons located in the jugular vagal ganglia and no DRG neurons were retrogradely labeled in our tracing

studies (data not shown). Both in vivo physiological data and neuroanatomical data supported this conclusion. However, it was intriguing

that we observed a relatively robust optical compound action potential recorded in isolated cervical vagi from Wnt1-Cre;loxP-ChR2 mice.

This suggests that jugular vagal axons do not mediate appreciable cardiorespiratory effects in the in vivo preparation or that cervical vagal

axons of a Wnt1 developmental origin do not arise from jugular neurons and/or do not project to the airways or other end organs investi-

gated in this study. Indeed, retrograde tracing from the trachea in three different mouse lines (Wnt1-Cre;loxP-ChR2, Phox2b-Cre;loxP-ChR2,

and CGRP-Cremice) provided further support that the tracheal innervation had limited contribution from the jugular vagal ganglia. Consis-

tent with this, almost all the terminals in the medulla retrogradely traced from the trachea were observed in the nTS, not in the Pa5 as would

be expected if jugular neurons were labeled.10,11 This pattern of sensory innervation is distinct to that in rats and guinea pigs, and possibly

humans.21 While our findings of limited jugular innervation of the mouse trachea could possibly be attributed to insufficient viral transduction

efficiency for these jugular neurons, the data from our retrograde tracing with CTB in Phox2b-Cre;loxP-ChR2 mice argued against this. The

majority of CTB-positive neurons retrogradely traced from the trachea were located in the nodose ganglia and their terminals primarily reside

in the nTS.

The innervation of the trachea has been studied extensively in different species but only a limited number of studies have examined the

mouse trachea.20,36 For instance, in dogs, dense networks and plexuses of nerve fibers as identified with PGP9.5 immunohistochemistry have

been reported in different layers of the trachea.14 In guinea pig trachea, ganglionated plexuses of nerve fibers as identified with acetylcholine

esterase or substance P12,37 or substance P and TH38 have been reported. Similarly in rat trachea, substance P expressing fibers with or without

varicosities,13 TRPV1- and substance P-expressing fibers,15 CGRP-expressing fibers and networks39 have also been reported. Consistent with

the existing findings in other species, we observed dense networks and plexuses of nerve fibers and varicosities in the mouse trachea. In fact,

our observed distribution of themucosal nerve fibers in the trachea of bothWnt1-Cre;loxP-ChR2 and Phox2b-Cre;loxP-ChR2mice was similar

to a previously reported ‘‘anterolateral segmental array’’ pattern of terminals virally traced with AAV-EGFP from the jugular-nodose complex

in mice.20 This suggests that some of themucosal fibers observed in thesemice aremost likely derived from the vagal ganglia. Themajority of

the nerve fiber network in the mouse trachea is derived from a developmental origin that relies on Wnt1 expression, whereas only a limited

number of fibers are derived from epibranchial placode or autonomic neurons as indicated by the distribution of fibers with Wnt1-EYFP and

Phox2b-EYFP expression. More importantly, manyWnt1-EYFP nerve fibers expressedCGRP, substance P and TH, an interesting findingwhich

had not been reported previously in mice. In guinea pig trachea, substance P positive nerve plexuses have been suggested to have a similar

distribution to the noradrenergic fibers.12 Moreover, in guinea pig trachea, TH- and substance P-positive fibers are known to be in close

spatial relationship to the blood vessels.38 Here in mice, we observed thatWnt1-EYFP fibers are frequently both TH-positive and peptidergic,

expressing both CGRP and substance P, and travel along the blood vessels. The experiments in CGRP-Cre mice showed co-expression of

retrogradely labeled tdTomato and TH in the nodose vagal neurons, suggesting that some of nerve fibers expressing both TH and neuro-

peptides are derived from nodose neurons. The remainder may be the projections of autonomic postganglionic neurons which were traced

in large numbers from the trachea.

An older study reported the presence of the ganglion neurons dorsal to the trachealis muscle on the adventitial surface in the mouse

trachea.36 These have also been observed in the guinea pig and consist of cholinergic and noncholinergic parasympathetic neurons.40 In
16 iScience 27, 109182, March 15, 2024
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Figure 9. Identification of neurons retrogradely traced in a Cre-dependent manner from the trachea in CGRP-Cre mice

(A) Schematic diagram of the experiment where the Cre-dependent retrograde viral tracer AAV-FLEX-tdTomato was injected into the trachea of CGRP-Cremice.

(B) Representative image of optically cleared vagal ganglia showing conditionally traced tdTomato-positive neurons (which were CGRP-positive) in relation to

TH-expressing neurons.

(C) Quantification of the total number of TH-expressing and conditionally traced neurons from n = 4 separate experiments.

(D and E) Representative images showing virally induced tdTomato-positive fibers and local intrinsic neurons (solid white arrow) in the trachea.

(F) Representative images showing localization of virally traced tdTomato-positive nerve terminals along with ChAT staining for neuroanatomy at different

bregma levels of the medulla. Expression of tdTomato was restricted to the nTS and the vagal fiber tract (solid white arrows). In the overlay images, the

tdTomato was expressed in a red pseudo color. ChAT, choline acetyltransferase; ChR2, channelrhodopsin-2; EYFP, enhanced yellow fluorescent protein.

Scale bars represent 300 mm in (B), 100 mm in (D and E), and 100 mm in (F).
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line with this, we observed ChAT-positive and ChAT-negative ganglion neurons over the adventitial surface of the trachealis muscle and

confirmed that these neurons were frequently Wnt1-EYFP expressing. By contrast, relatively few Phox2b-EYFP neuron cell bodies were iden-

tified in the adventitial tracheal plexus.

Our data from retrograde viral tracing in CGRP-Cremice and retrograde viral tracing with vagotomy and SLN sectioning inWnt1-Cre;loxP-

ChR2 and Phox2b-Cre;loxP-ChR2mice indicate that the nerve fiber networks of the mouse trachea are partly derived from the local intrinsic

neurons inside the trachea. However, there was amismatch between the number of retrogradely traced neurons and the extent ofWnt1-EYFP

fiber networks observed. Given our observation of several labeled branches arising from individual retrogradely traced neurons, it remains

possible that a small number of parasympathetic neurons give rise to a large number of tracheal fibers, generating the complex neural

network seen. Moreover, repeated branching of the axons of the vagal sensory neurons, as reported previously,20 may also contribute to

the extent of fiber network observed in this study. The total number of local intrinsic neurons that could be retrogradely traced would also

have been influenced by the efficiency of the virus or the nature of the injection procedure.

In conclusion, using the transgenic mouse lines with restricted expression of ChR2-EYFP in Phox2b+ or Wnt1+ tissues, we showed activa-

tion of Phox2b+ vagal fibers could induce a range of cardiorespiratory responses similar to electrical VNS whereas activation of right Wnt1+

vagal fibers can induce a small increase in the respiratory drive. More importantly, the mouse trachea receives limited jugular vagal sensory

fibers and some nodose vagal sensory fibers, rather different from other species such as rats and guinea pigs. Careful consideration should be

exercised when using mice as a model for neurobiological investigations.
Limitations of the study

In this study, we used isoflurane anesthesia for our in vivo physiological experiments with electrical or optical VNS and it may be possible that

isoflurane anesthesia could influence some of our physiological measures. Further experiments in conscious free moving mice with an im-

planted wireless optical nerve cuff may avoid the potential caveats of isoflurane anesthesia. Optical stimulations routinely produced re-

sponses of smaller magnitude compared to electrical stimulation, indicative of a lower efficacy for vagal fiber activation. This suggestion is

supported by our observations in ex vivo compound potential studies, where the magnitude of evoked peaks was higher with electrical stim-

ulation, indicative of more fiber recruitment. Nevertheless, the findings of our compound action potential recordings should be interpreted in

the context of the stimulation frequency, the laser power and the pulse width of each stimulation, which may not be optimal for activating all

vagal fibers. Consistent with this, electrical stimulation was effective at recruiting very fast fibers, a finding missing from the optical-evoked

compound action potential recordings. By contrast, the longer pulse widths and higher stimulation frequencies used in vivo reliably evoked

respiratory reflexes consistent with fast A-fiber activation. Some viral tracing experiments had a small proof-of-concept sample size. However,

given the consistent findings among the experimental replicates, we are confident that the findings and the conclusions will remain the same

with a larger sample size. Technical limitations with our wholemount cleared ganglia imaging should also be considered. With this approach,

immunohistochemically labeled isolated neurons with well-defined cell bodies (such as the retrogradely labeled cells) were relatively easy to

count in Imaris whereas densely packed cells (such as the reporter EYFPmarked cells) were more difficult to be quantified reliably. More chal-

lenges were posed by themembrane localization of the EYFP signal and the fact that the laser used has lower tissue penetrance compared to

the longer wavelengths in other channels.
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Figure 10. Identification of neurons retrogradely traced from the trachea of Phox2b-Cre;loxP-ChR2 mice

(A) Schematic diagram of the experiment where the retrograde tracer cholera toxin B (CTB) was injected into the trachea of Phox2b-Cre;loxP-ChR2mice (n = 6).

(B) Representative images of vagal ganglia section from a Phox2b-Cre;loxP-ChR2 animal with tracheal CTB injection.

(C) Quantification of the total number of EYFP-positive or CTB-positive cells in the vagal ganglia (n = 11 vagal ganglia from n = 6 animals). (C0) Proportion of CTB-

positive and EYFP-positive cells and CTB-positive and EYFP-negative cells. (C00) Proportion of CTB-positive cells in the jugular and nodose portions of the vagal

ganglia.

(D) Representative images showing expression of EYFP and CTB in different bregma levels of the medulla. Numbers on the right upper corners of EYFP images

indicate the nearest bregma levels. Lower panels in (D) show magnified views of the white rectangles delineated in the respective upper panels. AP, area

postrema; ChR2, channelrhodopsin-2; CTB, cholera toxin B; DMV, dorsal motor nucleus of vagus; EYFP, enhanced yellow fluorescent protein; NA, nucleus

ambiguus; nTS, nucleus of the solitary tract; Pa5, paratrigeminal nucleus. Scale bars represent 100 mm in (B) and 500 mm in (D).
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-alpha smooth muscle actin (ASMA) Abcam AB5694; RRID: AB_2223021

Rabbit anti-calcitonin gene related peptide (CGRP) Immunostar #24112; RRID: AB_572217

Goat anti-choline acetyltransferase (ChAT) Merck Millipore AB144P; RRID: AB_2079751

Rabbit anti-cholera toxin B Sigma Aldrich C3062-1ml; RRID: AB_258833

Rabbit anti-dsRED Takara Bio 632496; RRID: AB_10013483

Chicken anti-GFP Abcam #ab13970; RRID: AB_300798

Rabbit anti-GFP Thermo Fisher #A11122; RRID: AB_221569

Mouse anti-glutamine synthetase Merck Millipore MAB302; RRID: AB_2110656

Rabbit anti-PGP9.5 Merck Millipore AB5925; RRID: AB_92138

Rat anti-substance P Merck Millipore MAB356; RRID: AB_94639

Sheep anti-tyrosine hydroxylase (TH) Merck Millipore AB1542; RRID: AB_90755

Chemicals, peptides, and recombinant proteins

Boric acid Merck Millipore 1.00165.0500

Cholera toxin B List Biological Labs #104

Lethabarb Virbac LETHA450

Quadrol Sigma Aldrich 122262-1L

Triton-X Merck Millipore 1086031000

Urea Thermo Fisher Scientific ACR434720010

Experimental models: Organisms/strains

Wnt1-Cre mice (B6 Wnt1-Cre2; B6.Cg-E2f1Tg(Wnt1-cre)2Sor/J) The Jackson Laboratory Stock No: 0022501

Phox2b-Cre mice (B6(Cg)-Tg(Phox2b-Cre)3Jke/J) The Jackson Laboratory Stock No: 016223

CGRP-Cre mice (B6.Cg-Calcatm1.1(cre/EGFP)Rpa/J) The Jackson Laboratory Stock No: 033168

Homozygous floxed ChR2 mice (Ai32(RCL-ChR2(H134R)/EYFP);

B6;129S-Gt(ROSA)26Sortm32(CAG-COP4*H134R/EYFP)Hze/J)

The Jackson Laboratory Stock No: 012569

Software and algorithms

Fiji NIH https://imagej.net/software/fiji/downloads

GraphPad Prism https://www.graphpad.com/features

QuPath QuPath docs authors https://qupath.github.io/

Other

PELO Clear Wall Glass Bottom Dishes 35 3 10 mm, 22 mm ProSciTech PEL14023-20
RESOURCE AVAILABILITY

Lead contact

Correspondence should be addressed to the lead contact and corresponding author, Professor Stuart Mazzone (stuart.mazzone@unimelb.

edu.au).

Materials availability

This study did not generate new unique reagents or materials.

Data and code availability

� All data reported in this paper will be shared by the lead contact upon reasonable request.

� This paper does not report original code.
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� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

This study complies with the Australian code for the care and use of animals for scientific purposes from the National Health and Medical

Research Council of Australia. All procedures are approved by the Animal Ethics Committee of the University of Melbourne, Australia

(approval number 1814540). All steps were used to minimize the animals’ pain and suffering, as mandated in the Australian Code. All mouse

lines were purchased initially from the Jackson Laboratory. Heterozygous Wnt1-Cre mice (Stock No: 0022501; B6 Wnt1-Cre2; B6.Cg-

E2f1Tg(Wnt1-cre)2Sor/J)41,42 or Phox2b-Cre mice (Stock No: 016223; B6(Cg)-Tg(Phox2b-Cre)3Jke/J)43 were crossed with homozygous floxed

ChR2 mice (Stock No: 012569; Ai32(RCL-ChR2(H134R)/EYFP); B6;129S-Gt(ROSA)26Sortm32(CAG-COP4*H134R/EYFP)Hze/J)44 (Figure 1A). The result-

ing offspring were genotyped for Cre and ChR2 status as per genotyping guidelines in the Jackson Laboratory website. Successful functional

incorporation of ChR2 into vagal neurons was confirmed by assessing compound action potentials generated by electrical and optical stim-

ulation of isolated vagus nerves in vitro, and throughmicroscopy visualization of enhanced yellow fluorescent protein (EYFP)-expressing axons

in histological sections of the vagus (See Figures 3 and 4 for details). Transgene-positive mice are referred to herein as Phox2b-Cre;loxP-ChR2

andWnt1-Cre;loxP-ChR2mice, and transgene negative littermates mice from Phox2b and Wnt1 breeding lines as loxP-ChR2. Heterozygous

CGRP-Cre mice (Stock No: 033168; B6.Cg-Calcatm1.1(cre/EGFP)Rpa/J; The Jackson Laboratory)45 are also used in this study. All animals were

housed under standard conditions with ad libitum access to food and water. Both sexes of adult mice (> 2 months of age, 20–35 g; a total

of n = 23 for Wnt1-Cre;loxP-ChR2, n = 39 for Phox2b-Cre;loxP-ChR2 and n = 14 (7 each) for transgene-negative loxP-ChR2 mice; n = 2 for

heterozygous CGRP-Cre mice) were used for experiments. No sex-dependent difference was observed and data from both sexes were

thus pooled.
METHOD DETAILS

In vivo physiological recordings with electrical or optical vagus nerve stimulation (VNS)

Animal preparation

Mice were anesthetized with isoflurane in medical-grade oxygen (4% for induction and 1.3–1.8% for maintenance). A midline incision was

made in the neck and either left or right common carotid artery (on the opposite side of vagal stimulation) was carefully exposed and cannu-

lated with a mouse pressure catheter (SPR-1000 Mikro-tip, Millar), which was connected to the pressure control unit (PCU2000, Millar) for

recording of blood pressure. The cervical esophagus was carefully exposed without any damage to the recurrent laryngeal nerve and cannu-

lated with a polyethylene tubing (OD 1 mm; ID 0.6 mm) which was connected to a pressure transducer. The abdominal diaphragm was

exposed through an oblique incision just below the rib cage and by gently pressing down the liver and hooked with two electrodes for

recording of diaphragmatic electromyography (dEMG) for respiratory activity (Figure 1B). The outputs from the esophageal pressure trans-

ducer and the dEMGwere filtered and amplified (Neurolog Systems, Digitimer, Hertfordshire, UK). All outputs were then digitized (Micro1401

A-D converter, CED, Cambridge, UK) and recorded using Spike II software (CED, Cambridge, UK) for offline analysis. The left or right cervical

vagus nerve was carefully exposed and separated from the surrounding tissues with blunt dissection for electrical or optical stimulation.

Electrical VNS

A total of 9 mice (n = 8 and 1, respectively for Phox2b-Cre;loxP-ChR2 andWnt1-Cre;loxP-ChR2, data pooled) were used for this experiment.

Stainless steel bipolar electrodes (A-M systems, 791100), connected to the square pulse stimulator (S48, Grass Instruments), were hooked

onto the exposed right (n = 5) or left (n = 4) vagus nerve. After a stable baseline recording was established for 5 minutes, an optimal voltage

that could elicit an apneic response at 20 Hz was first determined. Next using the identified optimal voltage, the electrical VNS (1 ms pulse,

10 s pulse trains) was performed at frequencies ranging from 1 Hz to 50 Hz at 6-minute intervals and induced physiological responses were

examined.

Optical VNS

An optical laser probe tip (200 mm, NA0.22, OPT_200_0.22_FLT, Doric Lenses) attached to a probe holder and laser light source (473 nm, LRS-

0473 DPSS laser system, Laserglow Technologies) was positioned on the surface of the exposed left or right mid-cervical vagus nerve. Optical

VNSwas delivered and controlled byOTPG4 software (Doric lenses) on aWindows Computer and used to trigger eventmarkings in Spike II to

accurately define stimulus-response timings. Laser power used was defined from measurements with 5 ms pulse at 20 Hz using an optical

power and energy meter (PM100D, Thorlabs Inc.)

A total of 44 mice (n = 16, 16 and 12, respectively for Phox2b-Cre;loxP-ChR2, Wnt1-Cre;loxP-ChR2 and loxP-ChR2 from the two mouse

lines) were used for this experiment. A stable baseline physiological recording was established for 5 minutes. Next, optical VNS (5 ms pulses,

10 s pulse trains) of the left or right intact vagus nerve was performed at optical pulse train frequencies of 1–100 Hz at laser power of 31

mWmm�2 and 30 and 60Hz at decreasing laser power of 5–21mWmm�2 at a 6.5min inter-stimulus intervals, following the published literature

on optogenetic VNS in mice.25 Next, a repeat 30 Hz optical pulse train frequency stimulation at 31 mWmm�2 was performed on the intact

vagus nerve to confirm that the animal was still in optimal physiological status, after which a unilateral vagotomy was performed on the vagus

nerve under examination and physiological recordings were performed with optical VNS (30 and 60 Hz, 31 mWmm�2) of the vagus nerve
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stumps distal and proximal to the vagotomy site. In select animals, 10 Hz VNS was performed on the distal and proximal vagal stumps. The

non-stimulated nerve stump was covered with an optically opaque sheet to prevent any inadvertent spread of light from reaching the tissue.

Analysis of physiology data

Recordings of blood pressure, esophageal pressure and dEMGwere processed and analyzed offline in Spike 2 version 9 onWindows 10. Raw

dEMG data were rectified and smoothed, and respiratory rate and amplitude determined from each dEMG peak. Heart rate was calculated

from the waveforms of blood pressure recordings. Respiratory rate, dEMG amplitude, blood pressure, heart rate and esophageal pressure

during each 10 s stimulation were quantified, averaged and normalized to the respective mean baseline values (20 s before any stimulation)

within each group of animals. Ventilation responses (minute dEMG)were calculated bymultiplication of respiratory rate and dEMGamplitude

and presented as a percent change from the baseline level.
Ex vivo vagus nerve recording

Phox2b-Cre;loxP-ChR2 (n = 7),Wnt1-Cre;loxP-ChR2 (n = 4) and loxP-ChR2 (n = 2, 1 each fromWnt1 and Phox2b lines) mice were euthanized

with an overdose of pentobarbitone (Lethabarb) and perfused through the left ventricle with Krebs buffer (composed of: NaCl, 118 mM; KCl,

5.4 mM; NaH2PO4, 1.0 mM; MgSO4, 1.2 mM; CaCl2, 1.9 mM; NaHCO3, 25.0 mM; dextrose, 11.1 mM, indomethacin, 3 mM, gassed with 95%

O2–5%CO2, pH = 7.4). Left and right vagus nerves with their intact ganglia were quickly dissected from their point of attachment to the brain-

stem to the thoracic inlet and kept in oxygenated Krebs buffer at room temperature until recording. The vagus nerve and ganglia were de-

sheathed in Krebs buffer before transferring to liquid paraffin in a temperature controlled (�35�C) organ bath. The distal end of the vagus

nerve was placed on a pair of silver wire hook electrodes and the signals from these electrodeswere recorded using anACPre-amplifier head-

stage (NL100, Digitimer), amplified and filtered (Neurolog Systems, Digitimer, Hertfordshire, UK), digitized (Micro1401 A-D converter, CED,

Cambridge, UK) and recorded using Spike II software (CED, Cambridge, UK). Optical stimulation was performed with the laser probe tip

placed on the vagal ganglia at 1 Hz for 1.6 min. The shortest functional laser pulse duration (0.25–0.5 ms) which could produce reliable acti-

vation and compound action potential waves above two standard deviations over the baseline was determined and used for all subsequent

stimulations. Laser powers of 5–63 mWmm�2 were tested. At the completion of optical stimulation, electrical stimulation of the vagal ganglia

was performed using a concentric electrode with the following parameters: 0.1 ms pulse at 1 Hz for 1.5 minutes. The distance between

recording electrodes and optical probe tip or stimulating electrode was measured. In additional experiments (4 nerves collected from n =

2 Phox2b-Cre;loxP-ChR2 mice, compound action potentials evoked by electrical and optical stimulation were compared before and after

the nerve was cut between the stimulation and recording sites to assess the contribution of shock artifacts to the compound recordings.

Data were processed offline in Spike 2 version 9. Waveform average analysis was used to determine different compound action potential

waves and their timepoints from the start of each stimulation and conduction velocity of each wave was determined.
Retrograde viral tracing from the trachea and the lungs

Airway and lung injections of the non-conditional retrograde viral tracer, AAVrg-CAG-tdTomato, were used to trace airway neural innervation.

A total of 4 mice (Phox2b-Cre;loxP-ChR2 (n = 2) andWnt1-Cre;loxP-ChR2mice (n = 2)) were anesthetized with isoflurane in medical-grade ox-

ygen (4% for induction and 1.8–2.5% formaintenance). Amidline incision wasmade in the neck and the left vagus and superior laryngeal nerve

were carefully exposed, gently separated from the surrounding tissues with blunt dissection and then transectioned. Next, 3 ml each of AAVrg-

CAG-tdTomato with 1 ml of saline was injected into the left and right lungs through the seventh or eighth intercostal space which was exposed

by a small incision of the overlying skin following our published protocols in rodents.9 1 ml of the same AAV together with 2 ml of saline was

subsequently injected into the lumen of the trachea using aHamilton syringe. Four weeks later, the animals were euthanized and their trachea,

lungs, brains, vagal ganglia, thoracic DRGs (T2-T4), superior cervical ganglia and stellate ganglia were collected for immunohistochemistry.

In the subsequent confirmatory experiments, the Cre-dependent viral tracer, AAVrg-CAG-FLEX-tdTomato-WPRE10GH, was injected into

the trachea of heterozygous CGRP-Cre mice (n = 2). Again, animals were anaesthetized with isoflurane (4% for induction and 1.8–2.5% for

maintenance), amidline incisionwasmade in the neck and themuscles overlying the tracheawere retracted to expose the trachea. Next using

a Hamilton syringe, 1 ml of AAVrg-CAG-FLEX-tdTomato-WPRE10GH together with 2ml of saline was injected into the lumen of the trachea.

After 4 weeks, the animals were euthanized and their brains, trachea and vagal ganglia were collected for immunohistochemistry. Alterna-

tively, cholera toxin B (CTB, catalogue number #104, List Biological Labs, 0.3% w/v, 5 ml per injection), a retrograde tracer, was injected

into the trachea of Phox2b-Cre;loxP-ChR2mice (n = 6) following the experimental procedures described above. After one week, the animals

were euthanized and their brains and vagal ganglia were collected for immunohistochemistry.
Conventional immunohistochemistry of vagal sensory ganglia and brainstem

At the conclusion of physiology or viral tracing experiments, mice were euthanized with an overdose of Lethabarb and perfused with PBS and

4% PFA. Vagal ganglia along with the vagus nerve and brainstems were collected, fixed in 4% PFA (at room temperature for 1 hour for vagal

ganglia and at 4�C overnight for the brainstems) and stored in 0.01% PFA at 4�C until sectioning. After cryoprotection overnight in 30% su-

crose followed by freezing in OCT embedding compound, tissues were sectioned using a Leica cryostat (CM1860V) at 12 mm (ganglia) and

50 mm (brainstems) and collected either onto 4 sets of Superfrost plus slides (ganglia) or sequentially in PBS in 48-well plates (brainstems).

Every fourth section of vagal ganglia and brainstem were used for immunohistochemistry. Sections were blocked in 10% donkey serum in
iScience 27, 109182, March 15, 2024 25
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0.1M PBS for one hour at room temperature and then incubated with primary antibodies of interest for 24 hours (ganglia) or 48 hours (brain-

stem) and in appropriate secondary antisera and Hoechst (1:1000) for 1 hour at room temperature. Anti-GFP antibody (rabbit (Thermo Fisher,

#A111222) or chicken (Abcam, #ab13970), both at 1:1000) was used to boost EYFP signal. The following primary antibodies were also used:

rabbit anti-PGP9.5 antibody (1:500, Merck Millipore, #AB5925), mouse anti-glutamine synthetase (1:300, Merck Millipore, #MAB302), sheep

anti-tyrosine hydroxylase (TH) (1:1000, Merck Millipore, AB1542), rabbit anti-dsRED (1:1000, Clonetech, #632496), goat anti-choline acetyl-

transferase (1:100,MerckMillipore, #AB144P), rabbit anti-cholera toxin B antibody (1:10,000, SigmaAldrich, #C3062) and rabbit anti-calcitonin

gene related peptide (CGRP) (1:1500, Immunostar, #24112). The secondary antibodies used were donkey anti-chicken Alexa Fluor 488,

donkey anti-rabbit Alexa Fluor 488, donkey anti-goat AF488, donkey anti-rabbit Alexa Fluor 594, donkey anti-mouse Alexa Fluor 647 and

donkey anti-sheep Alexa Fluor 647 (all at 1:500, Thermo Fischer). Hoechst (1:1000) was also used to counterstain the nuclei. Imaging of vagal

ganglia and brain sections were performed at a Leica DM6B LEDmicroscope equipped with a Leica DFC7000T camera and imagesminimally

processed for optimal clarity in Adobe Photoshop. EYFP expression and its fluorescent intensity in the brainstemwas examined in Fiji software

with a rainbow color lookup scale. The brainstem regions were segmented and presented at different bregma levels according to the mouse

brain atlas.46 Quantification of fluorescent images from the vagal ganglia sections was performed in QuPath.
Wholemount immunohistochemistry of trachea and ganglia

Tracheae and whole ganglia were immunostained using a modification of a previously described protocol.20 Briefly, after collection from 4%

PFA-perfused animals, tracheae were cut open longitudinally through the anterior wall and flat-fixed on Sylgard with 4% PFA at 4�C for one

night. Ganglia were fixedwith 4% PFA at 4�C overnight. Tissues were washed in PBS, blocked in 2%bovine serum albumin and incubated with

primary antibodies for two nights and appropriate secondary antibodies overnight at 37�C. The following primary antibodies were used:

chicken anti-GFP antibody (1:1000, Abcam, #ab13970), sheep anti-tyrosine hydroxylase (TH) (1:1000, Merck Millipore, AB1542), goat anti-

choline acetyltransferase (ChAT, 1:100, Merck Millipore, AB144P), rat anti-substance P (1:200, Merck Millipore, MAB356), rabbit anti-alpha

smoothmuscle actin (ASMA, 1:500) and rabbit anti-CGRP (1:1000, Immunostar, 24112). Tracheaeweremounted in fluoroshield on a glass slide

with coverslips applied with the use of back-folding clips and imaged at Leica microscope.
Tissue clearing and imaging of sensory and sympathetic ganglia

Wholemount immunostained ganglia were cleared with modified CUBIC-scale-1 reagent containing boric acid (25% w/w urea, 25% w/w

Quadrol, 15%w/w Triton-X100, 15%w/wof 4%w/v boric acid and 15%w/wwater) following an experimental protocol by Liu and colleagues.47

Briefly, immunostained ganglia were cleaned and incubated in the modified CUBIC-sale-1 agent at 37�C at 150 rpm until completely cleared

(usually for 3–5 nights). Once cleared, ganglia were transferred to and imaged inmineral oil in custom-made or commercial microscope cham-

bers at Zeiss LSM880 or LSM900 confocal microscopes.

Quantification of the cells in cleared ganglia were performed in Imaris 9.5.1 (Oxford Instruments) on a Mac computer.
QUANTIFICATION AND STATISTICAL ANALYSIS

All data were presented as meanG standard deviations (SD). Statistical analyses were performed in Prism 8. All physiology data (respiratory

rate, dEMG amplitude, minute dEMG, heart rate, blood pressure and esophageal pressure) from frequency-response, experiments from the

two transgenicmouse lines were separately analyzedwith one- or two-way repeatedmeasures ANOVA followed by Dunnett’s or Tukey’s HSD

post-hoc tests. Statistical significance was defined as p < 0.05. All the statistical details were reported in the figure legends.
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