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 26 

Abstract 27 

 28 

Vagal afferent sensory nerves, originating in jugular and nodose ganglia, are comprised of 29 

functionally distinct subsets whose activation evokes distinct thoracic and abdominal reflex 30 

responses. We used Cre-expressing mouse strains to identify specific vagal afferent 31 

populations and map their central projections within the brainstem. We show that Pirt is 32 

expressed in virtually all vagal afferents; whereas 5HT3 is expressed only in nodose neurons, 33 

with little expression in jugular neurons. TRPV1, the capsaicin receptor, is expressed in a 34 

subset of small nodose and jugular neurons. Tac1, the gene for tachykinins, is expressed 35 

predominantly in jugular neurons, some of which also express TRPV1. Vagal fibers project 36 

centrally to the nucleus tractus solitarius (nTS), paratrigeminal complex, area postrema and to a 37 

limited extent the dorsal motor nucleus of the vagus. nTS subnuclei preferentially receive 38 

projections by specific afferent subsets, with TRPV1+ fibers terminating in medial and dorsal 39 

regions predominantly caudal of obex, whereas TRPV1-negative fibers terminate in ventral and 40 

lateral regions throughout the rostral-caudal aspect of the medulla. Many vagal Tac1+ afferents 41 

(mostly derived from the jugular ganglion) terminate in the nTS. The paratrigeminal complex 42 

was the target of multiple vagal afferent subsets. Importantly, lung-specific TRPV1+ and Tac1+ 43 

afferent terminations were restricted to the caudal medial nTS, with no innervation of other 44 

medulla regions. In summary, this study identifies the specific medulla regions innervated by 45 

vagal afferent subsets. The distinct terminations provide a neuroanatomic substrate for the 46 

diverse range of reflexes initiated by vagal afferent activation. 47 

 48 

  49 
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Significance statement 50 

 51 

Vagal afferents transmit sensory information from visceral organs to the brainstem, where their 52 

activity alters sensation and visceral reflexes. Vagal afferents are comprised of distinct subsets 53 

which serve distinct functions. Little is known of the neuroanatomy of central projections of 54 

distinct vagal subsets, thus there remains an incomplete understanding of how visceral events 55 

evoke appropriate behavioral and reflex responses. This precludes rationally-developed 56 

pharmacological or electroceutical interventions to modify aberrant sensations/reflexes. Here, 57 

we used cell-specific reporter expression to identify the brainstem pathways of distinct vagal 58 

afferent subsets. We show that TRPV1+ vagal afferents innervate ipsilateral and contralateral 59 

dorsal/medial nTS subnuclei and the ipsilateral paratrigeminal complex, whereas TRPV1-60 

negative vagal afferents innervate the ipsilateral rostral/ventral/lateral nTS subnuclei and the 61 

ipsilateral paratrigeminal complex. 62 

 63 

 64 

  65 
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Introduction 66 

 67 

Afferent sensory nerves transmit information regarding physical, mechanical, thermal and 68 

chemical conditions within peripheral tissues to central networks within the brainstem and spinal 69 

cord. Thus, afferent signaling regulates homeostatic physiological mechanisms, initiates 70 

protective reflexes, causes sensation, and contributes to emotional and behavioral responses. 71 

Most sensory nerves are projected from soma that reside in spinal dorsal root ganglia (DRG) or 72 

from ganglia associated with cranial nerve V (trigeminal nerve and ganglia), VII (facial nerve and 73 

geniculate ganglia), VIII (vestibular nerve and ganglia), IX (glossopharyngeal nerve and petrosal 74 

ganglia), and X (vagal nerve and ganglia – comprised of the distinct nodose and jugular 75 

ganglia). Sensory nerves are heterogeneous with respect to their sensitivity to specific stimuli 76 

and the functional outcome of their activation, largely due to differences in anatomical location, 77 

neuronal structure and protein expression (Thoren, 1979; Ricco et al., 1996; Zhuo et al., 1997; 78 

Mazzone and Canning, 2002; Carr and Undem, 2003; Mazzone et al., 2005; Yu et al., 2005; 79 

Nassenstein et al., 2010; Chang et al., 2015; Usoskin et al., 2015; Wang et al., 2017; Chou et 80 

al., 2018; Kupari et al., 2019). One defining characteristic of a major subset of sensory afferents 81 

is their ability to discriminate noxious stimuli (due to the selective expression of specific 82 

receptors) from non-noxious stimuli (Patapoutian et al., 2009). These sensory afferents, which 83 

are often small-diameter unmyelinated neurons, have been termed ‘nociceptors’ (Sherrington, 84 

1906). Activation of nociceptors evokes aversive responses which can include defensive 85 

reflexes (e.g. limb withdrawal or cough) or sensations (e.g. pain or itch) depending on the 86 

afferent subset. Sensory nerves that are only able to discriminate non-noxious stimuli have 87 

been termed ‘non-nociceptors’. 88 

 89 

In the vagal system, nodose neurons are embryologically derived from the placodes and jugular 90 

neurons are derived from the neural crest. Despite their close proximity in the adult (in mice the 91 
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ganglia are anatomically fused together), these distinct groups express distinct patterns of 92 

developmental pathways, neurotrophin receptors, neurotransmitters and receptors for 93 

endogenous/exogenous stimuli (Nassenstein et al., 2010; Lieu et al., 2011; Wang et al., 2017; 94 

Kupari et al., 2019). Much is known of the functional roles that specific vagal afferents play in 95 

the homeostatic and defensive control of thoracic and abdominal organs (Thoren, 1979; Carr 96 

and Undem, 2003; Kubin et al., 2006; Robinson and Gebhart, 2008). Vagal afferents have been 97 

extensively studied using electrophysiology and many of the specific transduction mechanisms 98 

activated by endogenous and exogenous stimuli have been elucidated. However, less is known 99 

of the neuroanatomy of specific vagal afferent subsets. Vagal ganglia have been probed using 100 

in situ hybridization and immunohistochemistry, but these techniques are either unsuitable for 101 

determining terminal anatomy/structure or lack selectivity and robust signal-to-noise ratios for 102 

determining terminal anatomy/structure. Studies using tracers such as horseradish peroxidase 103 

or the fluorescent compound DiI found that the majority of vagal afferents terminate within the 104 

large and diverse nucleus tractus solitarius (nTS) region of the medulla (Kalia and Mesulam, 105 

1980; Kalia and Sullivan, 1982) but these are non-specific tracers that do not identify specific 106 

afferent subsets. The aim of this current study was to improve our understanding of the central 107 

pathways of specific afferent subsets that regulate distinct reflexes. 108 

 109 

Here, we have used the Cre/lox system (Yu and Bradley, 2001) to identify specific afferent 110 

subsets and to map their neuroanatomy. We have used four Cre expressing strains (Pirt-Cre, 111 

TRPV1-Cre, 5HT3-Cre and Tac1-Cre) to identify specific vagal afferent populations and to map 112 

their central projections within the medulla. Pirt is a protein that regulates the function of TRP 113 

channels and is expressed in the vast majority of peripheral sensory afferent neurons but not in 114 

other cell types (Patel et al., 2011). Transient receptor potential vanilloid 1 (TRPV1) is an ion 115 

channel that is activated by capsaicin, heat and extracellular acidification (Caterina et al., 1997) 116 

and is expressed in the majority of vagal C-fiber afferents (Yu et al., 2005; Nassenstein et al., 117 
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2010; Wang et al., 2017), previously described as nociceptors based upon their ability to 118 

discriminate noxious stimuli (although there is little evidence to suggest that they evoke pain 119 

when activated). Based upon sensitivity to 5HT3 agonists, 5HT3 is expressed in nodose but not 120 

jugular neurons (Chuaychoo et al., 2005; Potenzieri et al., 2012). Tac1 is the gene that encodes 121 

the precursor to the neuropeptide substance P (Carter and Krause, 1990). Substance P is 122 

expressed widely in jugular TRPV1+ neurons but has limited expression in nodose neurons 123 

(Ricco et al., 1996; Undem et al., 2004; Nassenstein et al., 2010). 124 

 125 

  126 
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Methods 127 

 128 

Animals 129 

 130 

All procedures were in accordance with the animal protocol approved by the Institutional Animal 131 

Care and Use Committee. Four Cre strains were used : 1) the knockin TRPV1-Cre (B6.129X1-132 

Trpv1tm1(cre)Bbm/J, #017769, Jackson Laboratory); 2) the knockin Tac1-Cre (B6.129S-133 

Tac1<tm1.1(cre)Hze/J, #201877, Jackson Laboratory); 3) the knockin Pirt-Cre 134 

(Pirttm3.1(cre)Xzd, kind gift from Dr. Xinzhong Dong, Johns Hopkins University) (Kim et al., 135 

2016); and (4) the transgenic 5HT3-Cre (B6.FVB(Cg)-Tg(Htr3a-cre)NO152Gsat/Mmucd, 136 

#037089-UCD, Mutant Mouse Resource & Research Centers). In most cases, the Cre strains 137 

were crossed with the ROSA26-loxP-STOP-loxP-tdTomato mice (B6.Cg-138 

Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J, #007909, Jackson Laboratory) to produce TRPV1-139 

tdT, Tac1-tdT, Pirt-tdT and 5HT3-tdT mice with cell-specific expression of tdTomato (tdT) via 140 

Cre recombination. Specific alleles were confirmed by genotyping per developers’ instructions. 141 

Both male and female mice (6 to 8-week-old) were used for experiments. Offspring were 142 

weaned at 21 postnatal days and up to 4 littermates were housed per cage under normal 143 

condition (20 ⁰C, a 12hrs dark/light cycle). Mice were provided with standard rodent chow and 144 

water ad libitum. 145 

 146 

Unilateral intraganglionic injection of AAV9 for vagal afferent nerve tracing  147 

 148 

The following AAV9 were purchased from Addgene: (1) AAV9-Flex-GFP, with cre-sensitive 149 

enhanced green fluorescent protein (GFP) expression under the control of a cytomegalovirus 150 

enhancer fused to the chicken -actin (CAG) promoter and a woodchuck hepatitis virus 151 

posttranscriptional regulatory element (WPRE) (1.9x10^13 GC/mL, #510502); (2) AAV9-GFP, 152 
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with constitutively active GFP expression under the control of the human synapsin promoter and 153 

a WPRE (1.9x10^13 GC/mL, #50465); and (3) AAV9-Flex-tdT, with cre-sensitive tdTomato 154 

expression under the control of a CAG promoter and a WPRE (2.1x10^13 GC/mL, #28306). 155 

Mice were anesthetized with a mixture of ketamine (50 mg/kg) and dexmedetomidine (0.5 156 

mg/kg) via intraperitoneal injection. Approximately 2 cm of incision was made over a shaved 157 

superficial portion of the masseter muscle area. The skin was retracted from the exposed 158 

muscle area using clamps. After identifying the upper part of the trachea, the vagus nerve was 159 

located. Care was taken not to touch the vagus nerve directly with the forceps. The vagus nerve 160 

path leading into the ear bone was followed. The vagus nerve sits between the common carotid 161 

artery and the anterior laryngeal nerve. The separation between these three structures was 162 

created using a pointed cotton tip applicator. Care was taken not to apply too much pressure or 163 

rupture the artery. The vagus nerve ends into the distal part of the nodose ganglia (distinct from 164 

the superior cervical ganglion). The vagal nodose ganglia was then carefully exposed by 165 

scraping the muscle and membrane tissue using blunt-tipped instruments. Sterile cotton-tipped 166 

applicators and cotton pads were used to control bleeding throughout the surgery. The virus 167 

microinjection assembly consisted of a pulled glass micropipette (∼20μm tip diameter pulled 168 

using a pipette puller) attached to a 1 ml syringe via plastic tubing. Micropipettes were filled with 169 

solution of virus using capillary force. The tip of the micropipette was gently inserted into the 170 

nodose ganglia. Virus (∼0.7-1μL volume pre-introduced into the pipette) was then injected by 171 

depressing the plunger (∼0.5 p.s.i.). For co-injection of AAV9-GFP and AAV9-Flex-tdT, two 172 

different viruses were pre-mixed in 1 to 1 ratio. Only the left nodose ganglia received an 173 

injection. After AAV injection, atipamezole (5 mg/kg via subcutaneous injection) was used for 174 

rapid recovery. The animals were injected with meloxicam (500 mg/kg via subcutaneous 175 

injection) as a post-analgesic on the day and 24 hrs later. Four weeks later, mice were 176 

euthanized to collect vagal ganglia and brainstem. 177 

 178 
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Intratracheal instillation of retrograde AAV for lung-specific nerve tracing  179 

 180 

The AAV packaging plasmid vector pAAV-CAG-flex-tdTomato-WPRE was purchased from 181 

Addgene (#51503) and incorporated into retrograde AAV2 by Boston Children’s Hospital Vector 182 

Core (rAAV-flex-tdT, 1.5x10^13 GC/ml). Mice were anesthetized with a mixture of ketamine (50 183 

mg/kg) and dexmedetomide (0.5 mg/kg) via intraperitoneal injection. For tracheal instillation, 30 184 

μL of viral stock was diluted with 20 μL of MEM (Minimum essential medium, Gibco) for lung 185 

instillation via endotracheal intubation. The mouse was placed on a vertical stand and tongue 186 

was gently pulled to find the intubation path. An otoscope attached with a speculum was 187 

introduced to the larynx and the vocal cords were identified. A 20-gauge IV catheter (1.5-inch, 188 

BD Insyte) was inserted. The otoscope was then retracted, and endotracheal intubation was 189 

confirmed by attaching a 1 mL syringe with a small amount of water in the tip: with proper 190 

endotracheal intubation, the liquid level in the syringe moves with respiration. The syringe was 191 

removed and 50 μL of virus/MEM mixture was pipetted into the catheter. The lung was then 192 

inflated with a 1 mL syringe filled with 300 μL of air to ensure instillation of the entire volume of 193 

the virus/MEM mixture.  After instillation, atipamezole (5 mg/kg via subcutaneous injection) was 194 

used for rapid recovery. Four weeks later, mice were euthanized to collect vagal ganglia and 195 

medulla. 196 

 197 

Tissue collection and immunofluorescence 198 

 199 

Mice were euthanized by CO2 inhalation and transcardially perfused with ice-cold PBS followed 200 

by perfusion fixation with ice-cold 3.7% formaldehyde (FA). Vagal ganglia and brainstem were 201 

dissected out and post-fixed for 1 and 4 hrs, respectively, in 3.7% FA at 4 ⁰C. Tissue were 202 

washed in PBS to remove residual FA and transferred to 20% sucrose solution for 203 

cryoprotection. Tissue were mounted in OCT (optimal cutting temperature) compound and snap 204 
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frozen in dry ice. Vagal ganglia were sectioned in 20 μm slices. Medulla were sectioned in either 205 

30 or 40 μm slices. All slices were collected onto Superfroast plus slides. Slides were then air-206 

dried at room temperature in the dark overnight. For immunofluorescence, tissue was 207 

permeabilized with 0.3% Triton X-100 in PBS (PBSTx) for 15 min followed by blocking with 1% 208 

bovine serum albumin (BSA)/10% Donkey Serum (DS)/0.3% PBSTx. Tissue were incubated 209 

with primary antibodies diluted in blocking buffer overnight at 4 ⁰C. After washing with 0.2% 210 

Tween 20 in PBS (PBST) three times for 10 min, tissue was incubated with secondary 211 

antibodies in 1% BSA/5% DS in 0.2% PBST for 1h. Tissue was washed with 0.2% PBST three 212 

times for 10 min and rinsed briefly with H2O. Slides were air-dried and mounted with DPX 213 

mounting medium (Sigma).  214 

 215 

Vagal ganglia imaging and quantification 216 

 217 

Vagal ganglia were stained for immunoreactivity to TRPV1 (Goat, 1:150, sc-12498, Santa Cruz), 218 

and the neurotrophin receptors tyrosine receptor kinase A (TRKA) (Rabbit, 1:300, 06-574, 219 

Millipore) and tyrosine receptor kinase B (TRKB) (Goat, 1:300, AF1494, R&D systems). Primary 220 

antibodies were visualized with the following secondary antibodies: chicken anti-goat 647 221 

(1:300, A212345, Invitrogen) and donkey anti-rabbit 488 (1:300, A21206, Invitrogen). Images 222 

were taken with Olympus FV1200 laser scanning confocal microscope equipped with 20X 223 

UPLAN SAPO, 0.75NA. z-stack images (each of 20 μm) of 4 to 6 different ganglia were taken, 224 

and projection images were obtained using Fiji software. Cell counts and somal diameters were 225 

measured using Fiji software. Each somal diameter was calculated as the mean of the longest 226 

and shortest distance across the soma of a neuron identified in a z-stack projection (2D image). 227 

The diameters of various vagal afferent subpopulations were compared using ANOVA with 228 

Sidak’s multiple comparisons (Graphpad Prism 7). A p-value less than 0.05 was considered 229 

significant. 230 
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 231 

Medulla tissue clearing: Passive CLARITY Technique (PACT)  232 

 233 

Clearing of the medulla was performed using a modified version of the PACT (Treweek et al., 234 

2015). Fixed medulla was submerged in pre-chilled hydrogel solution containing 4% acrylamide 235 

(Bio-rad) solution, 0.25% thermal initiator (VA-044, Wako chemicals) in PBS at 4 °C for 3 days. 236 

Air bubbles were removed by vacuum on ice for 10 min, followed by a gentle nitrogen gas 237 

treatment for 10 min on ice. After heat activation of hydrogel polymerization by incubating 238 

medulla at 37 °C for 3 hrs, medulla was transferred to 8% sodium dodecyl sulfate (Sigma) after 239 

removing residual hydrogel solution for delipidation and incubated at 37 °C for 5 to 7 days until 240 

tissue reach the desired transparency. Tissue was washed in 0.1% PBSTx for 24 hrs and 241 

washed again with PBS for 24 hours at room temperature. For imaging, tissue was submerged 242 

in refractive index matching solution (sRIMS, 70% sorbitol in PBS, Sigma) for 24 hrs. The 243 

cleared medulla was mounted in sRIMS using an aluminum spacer between slide glass and 244 

coverslip. Images were taken and stitched using multi area time lapse imaging with Olympus 245 

FV1200 laser scanning confocal microscope. 3D volume images were processed with Imaris 246 

software (Oxford Instruments).  247 

 248 

Sequential imaging the medulla 249 

 250 

Medulla sections of 30 or 40 μm thickness were initially imaged with Nikon Eclipse microscope 251 

at 2X magnification (Nikon Elements). To aid comparison of reporter expression in the medulla, 252 

sections (of similar size) at the same rostral-caudal position were digitally overlaid in Adobe 253 

Photoshop CS5. In some cases, sequential images of the medulla were also used to reconstruct 254 

the 3D volume in TissueMaker software (MBF Biosciences). Regions of interest (e.g. reporter 255 

expression) were contoured using Tissue MapperTM software (MBF Biosciences) prior to 256 
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visualization. For higher magnification visualization of the medulla, 40 μm sequential brain 257 

sections were counter-stained with either green or blue fluorescent Nissl staining (1:600, 258 

NeuroTrace™ 500/525 or 435/455, Fluorescent Nissl Stain, Invitrogen). In addition, 40 μm 259 

tissue sections of TRPV1- and Tac1-tdT strains were immunostained with anti-TRPV1 (guinea 260 

pig, 1:150 at room temperature, gp14100, Neuromics) followed by secondary antibody 261 

incubation with donkey anti-guinea pig 647 (1:300, AP193SA6, Millipore). To increase the AAV-262 

mediated reporter signal in central terminations, 40 μm tissue sections were immunostained 263 

with rabbit anti-DsRed (1:300, #632496, Clontech), chicken anti-GFP (1:1000, ab13970, 264 

Abcam). For secondary antibodies, either goat anti-chicken 647 (1:300, ab150171, Abcam) or 265 

goat anti-chicken 488 (1:300, A32931, Invitrogen) in combination with donkey anti-rabbit 546 266 

(1:300, A10040, Invitrogen). In the cases where the -GFP immunoreactivity was visualized 267 

using the secondary antibody with goat anti-chicken 647, both the native GFP and -GFP 268 

immunoreactivity images were pseudo-colored to green for presentation purposes. Stained 269 

tissue was imaged (z-stack images, each of 40 μm) with Andor Dragonfly spinning disk confocal 270 

microscope using Fusion software, and projection images were processed with Imaris software. 271 

For the composite image of Tac1+ afferents innervating the lungs, z-stacks of four consecutive 272 

coronal nTS sections were used. Each z-stack was divided into 2 separate projections (top and 273 

bottom) and pseudocolored to a distinct color in the rainbow. All eight projections were then 274 

aligned in Adobe Photoshop CS5 software. In all cases the identification of anatomical 275 

structures and subnuclei were based on the mouse brain map (Paxinos and Franklin, 2012). 276 

 277 

 278 

  279 
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Results 280 

 281 

Characterization of reporter expression in the vagal ganglia 282 

 283 

We investigated tdTomato (tdT) expression in the vagal ganglia of offspring from crosses of 284 

ROSA26-loxP-STOP-loxP-tdTomato mice with either Pirt-Cre, 5HT3-Cre, TRPV1-Cre or Tac1-285 

Cre mice. The resultant Pirt-tdT, 5HT3-tdT, TRPV1-tdT and Tac1-tdT mice grew normally and 286 

had no obvious pathophysiological phenotype. Robust tdTomato expression was seen in 287 

neuronal soma and axons in vagal ganglia in all mice, although different neuronal subsets were 288 

labeled in the different strains. 289 

 290 

In the Pirt-tdT mice, tdTomato expression was widespread throughout both the nodose and 291 

jugular ganglia, and this included both TRPV1-expressing neurons (determined by 292 

immunofluorescence) and TRPV1-negative neurons (Figs 1A and 2). 35-40% of tdTomato+ 293 

neurons were labeled by -TRPV1 immunoreactivity in both the nodose and jugular ganglia (Fig 294 

2B). More than 95% of nodose and jugular neurons with -TRPV1 immunoreactivity expressed 295 

tdTomato in Pirt-tdTomato ganglia (Fig 2C). In the TRPV1-tdT mice, tdTomato expression was 296 

observed in a subset of nodose and jugular neurons (Fig 1B). Interestingly, not all tdTomato-297 

expressing neurons had -TRPV1 immunoreactivity (Figs 1B and 2B). Offspring from crosses of 298 

ROSA26-loxP-STOP-loxP-tdTomato mice with Cre-expressing mice have permanent reporter 299 

expression in cells that express the gene-specific Cre. As such, transient embryological 300 

expression of the gene-specific Cre causes reporter expression regardless of gene expression 301 

in the adult. Our data suggests that some vagal neurons only have transient expression of 302 

TRPV1 during development. In the 5HT3-tdT mice, tdTomato expression was largely restricted 303 

to nodose neurons (Figs 1C and 2A): the ratio of nodose to jugular neurons expressing 304 
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tdTomato was 5:1, compared to 2.3:1 and 1:1 for Pirt-tdT and TRPV1-tdT, respectively. 40% of 305 

5HT3-tdT+ neurons were also labeled by -TRPV1 immunoreactivity (Fig 2B). In Tac1-tdT 306 

ganglia, tdTomato expression was observed in many jugular neurons and in a few nodose 307 

neurons (Figs 1D and 2A). Compared to the jugular neurons, where tdTomato expression often 308 

overlapped with -TRPV1 immunoreactivity, very few nodose tdTomato+ neurons had -TRPV1 309 

immunoreactivity (Figs 1D, 2B, 2C). As such the nodose/jugular ratio for neurons co-expressing 310 

tdTomato and -TRPV1 immunoreactivity was 0.18:1. 311 

 312 

We measured the somal diameter of tdTomato-expressing vagal neurons. In general, there was 313 

substantial overlap between the labeled subsets, ranging from approximately 7-30 m (Fig 3A). 314 

Tac1-tdT+ vagal neurons were smaller than tdT+ neurons from the other 3 strains (p<0.05, Figs 315 

3A, 3B). The nodose populations of Pirt-tdT+, 5HT3-tdT+ and TRPV1-tdT+ neurons were larger 316 

than their jugular counterparts (p<0.05, Fig 3C), although this was not the case for Tac1-tdT+ 317 

neurons. Consistent with previous reports that nociceptive neurons are smaller than non-318 

nociceptive neurons (Lawson et al., 1993; Zhuo et al., 1997), we found that Pirt-tdT+ neurons 319 

with -TRPV1 immunoreactivity were smaller than Pirt-tdT+ neurons lacking -TRPV1 320 

immunoreactivity (p<0.05, Figs 3D and 3E). This was also true for TRPV1-tdT+ neurons 321 

(p<0.05) but not for Tac1-tdT+ neurons (p>0.05, Fig 3E). Surprisingly, 5HT3-tdT+ neurons with 322 

-TRPV1 immunoreactivity were larger than 5HT3-tdT+ neurons lacking -TRPV1 323 

immunoreactivity (p<0.05, Fig 3E). The negative correlation of -TRPV1 immunoreactivity on 324 

somal size was observed in both nodose and jugular TRPV1-tdT+ neurons (p<0.05, Fig 3F). 325 

 326 

Due to their distinct embryological sources, the nodose and jugular ganglia have different 327 

neurotrophin receptor expression (Nassenstein et al., 2010; Lieu et al., 2011; Wang et al., 2017; 328 

Kupari et al., 2019). We investigated the expression of TRKA and TRKB in the vagal TRPV1-329 
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tdT+ and Tac1-tdT+ populations using immunofluorescence labeling. -TRKA immunoreactivity 330 

was observed in many jugular neurons and in very few nodose neurons (Figs 4, 5 and 6A). 331 

Whereas -TRKB immunoreactivity was almost exclusively observed in nodose neurons (Figs 4 332 

and 6A). There was very little overlap between -TRKA immunoreactivity and -TRKB 333 

immunoreactivity (Figs 4, 6B and 6C). 61% of jugular TRPV1-tdT+ neurons had -TRKA 334 

immunoreactivity whereas this was <7% in the nodose ganglia (Figs 4, 5 and 6B). 83% of 335 

nodose TRPV1-tdT+ neurons had -TRKB immunoreactivity whereas this was <1% in the 336 

jugular ganglia (Figs 4 and 6C). Although 39% of jugular Tac1-tdT+ neurons had -TRKA 337 

immunoreactivity, this correlation of Tac1 and TRKA expression was much higher in the jugular 338 

Tac1-tdT+ neurons which also co-expressed -TRPV1 immunoreactivity (81%, Figs 4, 5 and 339 

6B). Less than 8% of Tac1-tdT+ neurons had -TRKB immunoreactivity. Consistent with the 340 

widespread expression of Tac1 in jugular neurons, 59% of jugular neurons with -TRKA 341 

immunoreactivity were Tac1-tdT+ (Fig 6D). Whereas, TRPV1-tdT+ expression was observed in 342 

>90% of jugular neurons with -TRKA immunoreactivity and in 80% of nodose neurons with -343 

TRKB immunoreactivity (Fig 6E). 344 

 345 

Characterization of reporter expression in the medulla 346 

 347 

The vagus nerve provides afferent signaling to brainstem networks in the medulla. To identify 348 

the central projections of the specific afferent subsets labeled in the Pirt-tdT, 5HT3-tdT, TRPV1-349 

tdT and Tac1-tdT mice we first performed wholemount imaging of cleared medulla (Fig 7). 350 

Widespread tdTomato expression was observed in both the nTS (central terminations of the 351 

facial nerve, glossopharyngeal nerve and vagal nerve) and the spinal trigeminal nucleus (Sp5, 352 

central terminations of the trigeminal nerve). Strong tdTomato expression was also noted in the 353 

paratrigeminal complex (Pa5). tdTomato expression in the tractus solitarius (TS) was 354 
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particularly evident in the 5HT3-tdT and TRPV1-tdT strains (Figs 7B and C), with between 3 to 5 355 

reporter-labelled branches entering the ventral aspect of the lateral wall and proceeding 356 

medially at a slight rostral angle, before grossly coalescing into a single bundle and heading 357 

caudally and medially into the nTS. Multiple afferent tractus solitarius ‘rootlets’ in the lateral wall 358 

of the medulla have previously been reported in the rat (Kalia and Sullivan, 1982). Importantly, 359 

tdTomato expression was observed to a differing extent in all strains in some intrinsic medullary 360 

neurons. Indeed, tdTomato labeling of the nTS and tractus solitarius in the Tac1-tdT strain was 361 

difficult to resolve in the wholemount medulla. 362 

 363 

Serial sectioning of the medulla provided further detail of the tdTomato expression in the 4 364 

strains (Figs 8-11). At low magnification, reporter expression in the medulla of Pirt-tdT mice was 365 

shown to be largely restricted to areas associated with sensory pathways, including the tractus 366 

solitarius, nTS, Sp5, Pa5, area postrema, external cuneate, cuneate and gracile nucleus. The 367 

dense reporter signal in the nTS at this magnification prevented definitive determination of the 368 

contribution of fibers or neurons to the tdTomato expression. We did note, however, a limited 369 

number of intrinsic neurons within the hypoglossal and the caudal nucleus ambiguus (not 370 

shown) were also labeled (Fig 8). In the 5HT3-tdT medulla, robust tdTomato expression was 371 

observed in the tractus solitarius, nTS, Sp5, and Pa5 and to a lesser extent the area postrema, 372 

external cuneate, cuneate and gracile nucleus (Fig 9). In addition, there was robust tdTomato 373 

expression in the medial vestibular nucleus. In the TRPV1-tdT mouse, tdTomato expression 374 

was observed in the tractus solitarius, nTS, Sp5, Pa5 and area postrema (Fig 10). In addition, a 375 

subpopulation of intrinsic neurons within the dorsal motor nucleus of the vagus (DMX) and the 376 

hypoglossal nucleus (12N) were labeled with tdTomato. Compared to the Pirt-tdT and 5HT3-377 

tdT, tdTomato expression in the TRPV1-tdT medulla as was almost completely restricted to 378 

these areas – without the ‘background’ signal from the occasional neuron/fiber expressing the 379 

reporter. Reporter expression in the Tac1-tdT medulla was widespread, although there were 380 
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particularly high signals in the tractus solitarius, Sp5, Pa5, and the hypoglossal nucleus (Fig 11). 381 

 382 

The nTS has a distinct cytoarchitecture, which has subdivided into specific subnuclei in multiple 383 

species (Kalia and Mesulam, 1980; Kalia and Sullivan, 1982; Kubin et al., 2006; Paxinos and 384 

Franklin, 2012). The images from select sections of medulla were digitally overlaid in order to 385 

determine the comparative tdTomato expression in the 4 strains (Fig 12). tdTomato labeling was 386 

observed in the Pirt-tdT and 5HT3-tdT strains throughout the lateral and medial nTS subnuclei, 387 

from rostral areas (+500 m, relative to obex) through to the furthermost caudal areas (-388 

1100 m). Similarly, there was robust tdTomato expression in the Sp5 along the entire rostral-389 

caudal axis of the medulla in these two strains. The major difference between the reporter 390 

expression in the Pirt-tdT and 5HT3-tdT is the low expression in the area postrema, external 391 

cuneate, cuneate and gracile nucleus in the 5HT3-tdT compared to Pirt-tdT. In the TRPV1-tdT, 392 

reporter expression in the nTS is largely restricted to medial subnuclei, in particular in areas at 393 

the obex and more caudally. Similarly, the robust reporter labeling of the Sp5 occurs in caudal 394 

aspects of the medulla, with little in areas rostral to obex. Interestingly, given the overlap of 395 

Tac1-tdT expression and -TRPV1 immunoreactivity in the vagal ganglia (Figs 1 and 2), there is 396 

little obvious overlap of reporter expression in the Tac1-tdT and TRPV1-tdT strains in the nTS 397 

(Fig 12C). Nevertheless, there is substantial overlap of Tac1-tdT and TRPV1-tdT in the Pa5 and 398 

the caudal Sp5.  399 

 400 

High magnification images were made of medulla following staining of intrinsic neuron soma 401 

with the fluorescent Nissl stain neurotrace (Figs 13 and 14). Reporter expression was observed 402 

throughout the entire of the nTS of the Pirt-tdT (Fig 13A), with very strong labeling of fibers 403 

within the commissural subnucleus (SolC), gelatinous subnucleus (SolG), dorsal lateral 404 

subnucleus (SolDL), medial subnucleus (SolM) and the tractus solitarius, and strong labeling of 405 
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fibers in the intermediate subnucleus (SolIM), ventral subnucleus (SolV) and ventrolateral 406 

subnucleus (SolVL). There were also tdTomato+ fibers crossing into the area postrema and the 407 

DMX. In addition, numerous intrinsic neurons expressing tdTomato were found throughout the 408 

area postrema and lining the central canal. A few tdTomato-expressing neurons were also 409 

found in the nTS and DMX. Similarly to the Pirt-tdTomato, reporter expression was observed 410 

throughout the entire of the 5HT3-tdT nTS (Fig 13B): with very strong labeling of fibers in the 411 

SolC, SolG and the tractus solitarius, and strong labeling of fibers in SolM, SolIM, SolDL, SolV 412 

and SolVL. Virtually no nTS neurons expressed tdTomato, but there were some reporter-413 

expressing fibers crossing into the area postrema and the DMX. tdTomato expression in the 414 

TRPV1-tdT was very strong in SolC, SolG, tractus solitarius, SolDL and to a lesser degree in 415 

SolM and the area postrema (Fig 13C). Although limited, we also observed reporter expression 416 

in fibers within SolIM, SolV, SolVL and the DMX. There was sporadic tdTomato expression in 417 

intrinsic neurons throughout the nTS and DMX but not in the area postrema. Reporter 418 

expression in the dorsal medulla of Tac1-tdT mice was widespread in both fibers and intrinsic 419 

neurons (Fig 13D). Numerous intrinsic neurons within SolM, SolDL, SolIM, SolV, SolVL and the 420 

hypoglossal nucleus expressed tdTomato, with a small subset of intrinsic neurons in the area 421 

postrema also expressing the reporter. SolC, SolG, central subnucleus (SolCe) and the DMX 422 

had very few tdTomato-expressing neurons. In general, the areas with more tdTomato-423 

expressing neurons had more tdTomato-expressing fibers, although there was also substantial 424 

innervation of the DMX with tdTomato-expressing fibers. Despite their low abundance compared 425 

to the rest of the nTS, we nevertheless observed tdTomato-expressing fibers within SolC, SolG 426 

and the area postrema. 427 

 428 

Given that transient embryological Cre expression causes reporter expression regardless of 429 

gene expression in the adult, we used immunofluorescence to determine if the reporter 430 

expression within the nTS, DMX, hypoglossal nucleus and Pa5 of TRPV1-tdT as seen in Figs 431 
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10 and 13C was indicative of adult expression of TRPV1. We found significant overlap between 432 

tdTomato-expressing fibers in the medial nTS subnuclei of TRPV1-tdT and -TRPV1 433 

immunoreactivity (Figs 15A and B). Similarly, TRPV1-tdT+ fibers in the Pa5 also had -TRPV1 434 

immunoreactivity (Fig 15C). Importantly, none of the tdTomato-expressing intrinsic neurons had 435 

-TRPV1 immunoreactivity (Figs 15A to C), indicating that these neurons did not express 436 

TRPV1 in the adult mouse. We also noted that there was a subset of axons within the tractus 437 

solitarius of TRPV1-tdT that did not have -TRPV1 immunoreactivity, but this group did not 438 

appear to innervate a particular nTS subnucleus. 439 

 440 

Our vagal ganglia data indicated that some of Tac1-tdT+ vagal neurons (particularly in the 441 

jugular ganglia) also had -TRPV1 immunoreactivity (Fig 1). However, our Tac1-tdT data 442 

indicated limited reporter expression in medial nTS subnuclei (SolC and SolG) robustly 443 

innervated by tdTomato-expressing fibers in the TRPV1-tdT (Fig 13). Nevertheless, we found 444 

that there was a narrow band at the border of SolC and SolM of tdTomato-expressing fibers in 445 

the Tac1-tdT that had substantial -TRPV1 immunoreactivity (Figs 15D and dashed box in E). 446 

We also found substantial overlap between reporter expression in the Tac1-tdT within the Pa5 447 

and -TRPV1 immunoreactivity (Fig 15F). 448 

 449 

AAV-mediated reporter expression in TRPV1-Cre and Tac1-Cre mice 450 

 451 

In order to specifically visualize the central terminals of vagal afferent subsets, we employed an 452 

AAV vector approach. We first unilaterally injected a Cre-sensitive AAV reporter (AAV9-flex-453 

GFP) into the left vagal ganglia of TRPV1-tdT and Tac1-tdT mice, which was expected to 454 

induce GFP expression in neurons that currently expressed Cre. We observed GFP labeling in 455 

vagal neurons from 4 out of 6 TRPV1-tdT mice injected with virus (Fig 16A): 1093 out of 1627 456 
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tdTomato+ neurons (67%) expressed GFP, and only 9 out of 1111 GFP+ neurons (<1%) lacked 457 

either tdTomato expression or -TRPV1 immunoreactivity. We observed GFP labeling in vagal 458 

neurons from 5 out of 8 Tac1-tdT mice injected with virus (Fig 16B): 448 out of 746 tdTomato+ 459 

neurons (60%) expressed GFP, and only 11 out of 459 GFP+ neurons (2.4%) lacked tdTomato 460 

expression (Fig 16B). In another study, we unilaterally injected a mixture of constitutively-active 461 

AAV9-GFP and the Cre-sensitive AAV9-flex-tdT into the left vagal ganglia of TRPV1-Cre mice in 462 

order to compare the central innervation by TRPV1+ and TRPV1-negative vagal afferents. We 463 

observed reporter expression in vagal neurons from 2 out of 2 TRPV1-Cre mice injected with 464 

both viruses. Specifically, we observed GFP labeling in 659 neurons, 463 of which (70%) also 465 

expressed tdTomato (Fig 16C). Only 11 out of 474 tdTomato+ neurons (2.3%) lacked GFP 466 

expression. A subset of GFP+ axons lacking tdTomato in the vagal ganglia were visibly thicker 467 

than the GFP+/tdTomato+ axons. In all AAV9 studies, no AAV-mediated reporter expression 468 

was noted in any cell types other than afferent neurons and none was noted in the right vagal 469 

ganglia (no injection). 470 

 471 

Serial sections of the medulla from AAV9-flex-GFP-treated TRPV1-tdT mice indicated that vagal 472 

TRPV1-expressing (GFP+) central terminations bilaterally innervated the nTS, area postrema 473 

and, to a limited extent, the DMX (Fig 17), and unilaterally innervated the tractus solitarius and 474 

the Pa5. With the exception of an occasional bundle of axons within the ipsilateral tractus 475 

solitarius, there were no areas within the ipsilateral nTS which had an abundance of tdTomato-476 

expressing GFP-negative fibers. This suggests that the subset of TRPV1-tdT+ vagal neurons 477 

that lack adult expression of TRPV1 do not preferentially innervate a particular location within 478 

the nTS. Consistent with our previous data from TRPV1-tdT, GFP+ fibers most densely 479 

innervated SolC, SolG, and SolDL (from +40 m to -1120 m, relative to obex), with fewer GFP+ 480 

fibers in SolM and the area postrema and only sporadic innervation of SolIM, SolV, SolVL and 481 
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the DMX (Figs 17D, E, G and H). Contralateral innervation by GFP+ fibers was robust but 482 

clearly less than ipsilateral innervation. There was significant innervation by GFP+ fibers within 483 

the ipsilateral Pa5, although these fibers were a minor population compared to other tdTomato-484 

expressing nerves (Figs 17C and F). 485 

 486 

AAV9-flex-GFP treatment of Tac1-tdT mice induced GFP expression in central terminations 487 

innervating the nTS, Pa5 and, to a limited extent, the DMX and area postrema (Fig 18). Again, 488 

the GFP-expressing fibers were observed bilaterally in the nTS, area postrema and DMX but 489 

were only noted unilaterally in the tractus solitarius and the Pa5. GFP+ fibers were observed in 490 

the rostral nTS (+520 m, relative to obex) through to the caudal nTS (-900 m), in many cases 491 

directly innervating Tac1-tdT+ intrinsic neurons (Figs 18C and D). The tdTomato expression in 492 

the numerous reporter-expressing intrinsic neurons clearly exceeded the signal from the 493 

tdTomato-expressing vagal afferents. Consistent with AAV being unable to infect nerves 494 

transsynaptically, there was no GFP expression in tdTomato-expressing intrinsic cells in the 495 

medulla. Nevertheless, the AAV-mediated GFP expression indicated that vagal Tac1-496 

expressing afferents innervated ipsilateral SolC, SolG, SolDL, SolCe, SolM, SolIM, SolV and 497 

SolVL (Figs 18D to F and H). Innervation of the contralateral nTS with GFP+ fibers was only 498 

observed in areas caudal to obex (-40 m to -840 m, relative to obex) and this was mostly in the 499 

more dorsal and medial subnuclei (SolG, SolC and SolDL) (Figs 18A, B and H). 500 

 501 

Unilateral treatment of TRPV1-Cre mice with a combination of constitutively-active AAV9-GFP 502 

and the Cre-sensitive AAV9-flex-tdT demonstrated the differential central terminations of vagal 503 

TRPV1-expressing afferents (expressing tdTomato) and afferents lacking TRPV1 (expressing 504 

only GFP). As before, tdTomato+ TRPV1-expressing vagal afferents were mostly found 505 

terminating bilaterally in the medial and superficial nTS regions (SolG, SolC, SolDL) at the level 506 
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of obex and more caudally (Figs 19A to F). Whereas, the majority of fibers expressing GFP 507 

alone (TRPV1-negative afferents) terminated ipsilaterally in more lateral and ventral areas such 508 

as SolVL, SolV and SolM (and to some extent the DMX) throughout the entire rostral-caudal 509 

axis (+480 m to -960 m)(Figs 19A to F). Nevertheless, a small number of terminations 510 

expressing GFP alone were noted bilaterally in the caudal SolC. Along with the expected 511 

ipsilateral tdTomato+ fibers of TRPV1-expressing afferents within the Pa5, we also noted Pa5 512 

terminations which only expressed GFP (Fig 19G), suggesting that TRPV1-negative vagal 513 

afferents also innervate this medulla region. 514 

 515 

In order to trace subset-specific afferents from the lower airways, we instilled a Cre-sensitive 516 

retrograde AAV reporter (rAAV-flex-tdT) into the lungs of TRPV1-Cre and Tac1-Cre mice. The 517 

rAAV-flex-tdT induced tdTomato in a limited number of nodose and jugular neurons bilaterally in 518 

the vagal ganglia of TRPV1-Cre mice (5 of 6 animals had tdTomato+ vagal neurons, ranging 519 

from 6 to 31 neurons per mouse) and Tac1-Cre mice (3 of 3 animals had tdTomato+ vagal 520 

neurons, range 2 to 12 neurons per mouse) (Fig 20A). In the medulla, individual axons 521 

expressing tdTomato were observed within the tractus solitarius as the pathway invades the 522 

ventral aspect of the lateral medulla wall and proceeds medially towards the nTS. This was 523 

detected between +120 m to -120 m (relative to obex) for TRPV1-Cre and +240 m to -200 m 524 

for Tac1-Cre mice (not shown). In the TRPV1-Cre mice, rAAV-flex-tdT induced tdTomato 525 

expression in fibers within SolDL, SolG, SolC between -200 m to -960 m (relative to obex), 526 

with the majority of terminations from -400 m to -840 m (Fig 20B). In addition, rAAV-flex-tdT 527 

induced limited tdTomato expression in terminations in SolM and the area postrema, but not in 528 

SolCe, SolV, SolVL or the DMX (Fig 20B). The reporter-labeled fibers in the Tac1-Cre mice 529 

were in general brighter than those in the TRPV1-Cre mice. In the Tac1-Cre mice, rAAV-flex-tdT 530 

induced tdTomato expression in terminations within SolDL, SolG, SolC between -240 m to -531 
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800 m, with the majority of terminations from -440 m to -680 m (Fig 20C). rAAV-flex-tdT 532 

induced reporter expression in a limited number of terminations within the Tac1-Cre SolM and 533 

SolVL, but there was no labeling of terminations in either the area postrema or the DMX (Fig 534 

20C). The reporter-labeled fibers were sparse enough to investigate their relationship with 535 

intrinsic neurons (labeled with neurotrace) within the nTS. We noted numerous branching of 536 

lung-specific Tac1+ terminations (Fig 20D). Furthermore, we observed individual lung-specific 537 

Tac1+ fibers with varicosities in close proximity to multiple neurons (Fig 20E). No structures 538 

within the Pa5, Sp5 or hypoglossal nucleus were labeled by tdTomato in either TRPV1-Cre or 539 

Tac1-cre mice (not shown).  540 
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Discussion 541 

 542 

Vagal sensory nerves are heterogenous with respect to gene expression, embryological source, 543 

stimuli sensitivity, size and their extent of myelination (Ricco et al., 1996; Zhuo et al., 1997; Yu 544 

et al., 2005; Nassenstein et al., 2010; Wang et al., 2017; Kupari et al., 2019). Furthermore, 545 

activation of unique subsets of vagal afferents evokes specific reflex behaviors and sensations 546 

(Thoren, 1979; Mazzone and Canning, 2002; Carr and Undem, 2003; Mazzone et al., 2005; 547 

Chou et al., 2008; Chang et al., 2015; Chou et al., 2018; Hooper et al., 2019). Here, we have 548 

used a series of genetic reporters to identify differences between the central terminations of 549 

specific vagal afferent subsets. 550 

 551 

Consistent with data from DRG afferents (Patel et al., 2011), Pirt is expressed on almost all 552 

nodose and jugular afferents, with a nodose to jugular frequency ratio of 2.3:1, consistent with 553 

previous counts of afferent neurons within the vagal ganglia (Mazzone et al., 2019). Thus Pirt-554 

tdT is a useful marker of all vagal afferents. The 5HT3-tdT mouse labeled virtually all nodose 555 

neurons, but very few jugular neurons were labeled. 5HT3-selective agonists have been shown 556 

to activate nodose C-fibers innervating the airways, but these ligands fail to activate jugular C-557 

fibers (Chuaychoo et al., 2005). There is also evidence that 5HT3-selective agonists can 558 

activate some airway A-fibers (fibers that lack TRPV1 expression) (Ho et al., 2001). These 559 

functional studies are supported by RNA transcriptomics of vagal neurons (Wang et al., 2017; 560 

Kupari et al., 2019) and airway-specific vagal neurons (Mazzone et al., 2019) that indicate that 561 

high levels of 5HT3 transcripts are found in nodose neuronal clusters (both TRPV1+ and 562 

TRPV1-negative clusters), but not in jugular neuronal clusters. 563 

 564 

Consistent with previous studies of functional TRPV1 expression in vagal neurons (Undem et 565 

al., 2004; Nassenstein et al., 2010; Hooper et al., 2016), a substantial subset of nodose and 566 
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jugular neurons were TRPV1-tdT+. Importantly, only 71% of nodose TRPV1-tdT+ neurons and 567 

50% of jugular TRPV1-tdT+ neurons also had -TRPV1 immunoreactivity. Furthermore, 568 

intraganglionic injection of TRPV1-tdT mice with cre-sensitive AAV9-flex-GFP resulted in GFP 569 

expression in 67% of tdT+ neurons (although this may be impacted by a <100% transfection 570 

efficiency). These data are largely consistent with the reported 61% of dissociated vagal 571 

TRPV1-tdT+ neurons that were sensitive to the TRPV1-selective agonist capsaicin (Stanford et 572 

al., 2019). Thus, like DRG afferents (Cavanaugh et al., 2011; Patil et al., 2018), there appears to 573 

be a population of vagal afferents in mice that only transiently express TRPV1 during 574 

development. Little is known of their function. Nevertheless, our data show that the TRPV1-Cre 575 

is a useful marker for nociceptors from both the nodose (TRKB-expressing) and jugular (TRKA-576 

expressing) ganglia. Lastly, the Tac1-tdT labeled a heterogenous population of vagal neurons. 577 

The majority of Tac1-tdT+ neurons were found in the jugular ganglia, and these often co-578 

expressed TRKA and TRPV1. Whereas the Tac1-tdT+ neurons in the nodose ganglia were 579 

limited in number and very rarely co-expressed TRPV1 or TRKB. As such, it is likely that Tac1-580 

tdT labels a subset of jugular TRPV1+ neurons and a subset of nodose TRPV1-negative 581 

neurons. Transcriptomic analysis shows high levels of Tac1 in jugular TRPV1-expressing 582 

neurons compared to nodose TRPV1-expressing neurons (Nassenstein et al., 2010; Wang et 583 

al., 2017). Interestingly, cluster analysis of vagal neurons by Kupari et al identified a subset of 584 

nodose neurons (termed NG5) that had substantial Tac1 expression, but had very low 585 

expression for TRKA, TRKB, TRPV1, TRPA1 and TRPM8 (Kupari et al., 2019). Intraganglionic 586 

injection of AAV-flex-GFP induced GFP expression in 60% of tdTomato-expressing neurons in 587 

the Tac1-tdT. It is presently unclear why this number is <100%, but may either indicate transient 588 

expression of Tac1 during development or suggest the AAV transfection was not completely 589 

efficient. 590 

 591 

It is important to note that the nodose and jugular ganglion are fused in mice, unlike guinea pigs 592 
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and larger mammals. As such the designation of nodose vs. jugular was determined for each 593 

neuron subjectively (although blinded to the marker being evaluated) based upon the 594 

idiosyncratic gross anatomy of each ganglion. This is a limitation of the study, as previous 595 

studies of selective labeling of Wnt1-expressing neural-crest/jugular neurons showed that 596 

jugular and nodose neurons are not perfectly delineated in the vagal ganglia (Nassenstein et al., 597 

2010; Surdenikova et al., 2012). Nevertheless, the current designations are likely reasonably 598 

suitable for our analysis as the selective expression of TRKA and TRKB in the ‘nodose’ and 599 

‘jugular’ groups are consistent with the distinct expression of these markers in neural crest and 600 

placodal neurons (Nassenstein et al., 2010; Lieu et al., 2011; Wang et al., 2017; Kupari et al., 601 

2019). 602 

 603 

Our medulla data indicate that there is preferential innervation of specific nTS areas by specific 604 

afferent subsets. The all-afferent marker, Pirt-tdT, labeled central terminals along the entire 605 

rostral-caudal axis of the nTS, and although the most densely innervated areas were the medial 606 

subnuclei such as SolC and SolG, ventral and lateral subnuclei such as SolV and SolVL were 607 

also strongly labeled. Similar nTS labeling was noted for 5HT3-tdT, the marker for nodose 608 

afferents. Whereas vagal TRPV1-expressing afferents terminated overwhelmingly in the 609 

medial/dorsal subnuclei (SolC, SolG, SolDL) and this labeling was noted almost exclusively at 610 

obex and more caudal regions. Other caudal subnuclei, including SolM, SolV and SolVL, were 611 

nonetheless labeled sparsely by vagal TRPV1-expressing afferents. This data is consistent with 612 

the pattern of vagal afferent terminations within the nTS produced using AAV-mediated reporter 613 

expression driven by the Npy2r gene (Chang et al., 2015), which is strongly correlated with 614 

TRPV1 expression. Comparison of tdTomato and GFP expression in the nTS of TRPV1-tdT 615 

with intraganglionic injection of AAV9-flex-GFP suggests that central terminals expressing 616 

tdTomato only (either vagal afferents transiently expressing TRPV1 in development or non-617 

vagal TRPV1-expressing afferents) innervate the same subnuclei as vagal TRPV1-expressing 618 
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afferents. 619 

 620 

Using intraganglionic injection of TRPV1-Cre mice with both constitutively-active AAV9-GFP 621 

and Cre-sensitive AAV9-flex-tdT, we have attempted to identify the terminations of afferents 622 

which lack TRPV1. The majority of these apparently TRPV1-negative afferents terminated in 623 

lateral and ventral regions of the nTS (e.g. SolM, SolVL, SolV) and these were present 624 

throughout the entire rostral-caudal axis. We also noted some TRPV1-negative terminations 625 

within the caudal SolC. Nevertheless, the determination of ‘TRPV1-negative’ in these studies 626 

was based upon GFP expression without tdTomato expression and thus may simply be due to 627 

inefficiency in the AAV9-flex-tdT. We believe this is unlikely to be a major concern given the 628 

efficiency of AAV9-mediated reporter expression noted in the vagal ganglia, and due to the 629 

distinct termination patterns of AAV9-GFP and AAV9-flex-tdT. 630 

 631 

Interestingly, lung-specific TRPV1-expressing afferents (identified using rAAV2 vector) only 632 

terminated in SolC, SolDL and SolG (and to a minor extent SolM) and these were only found 633 

caudal to obex (-200 m to -960 m). This suggests a degree of organotopic organization, but 634 

this hypothesis requires direct comparison with TRPV1-expressing afferents from other organs. 635 

Lung-specific TRPV1-expressing afferents did not appear to terminate in areas outside the nTS, 636 

such as the Pa5 (see below for further discussion). Compared to the efficiency of the 637 

intraganglionic injection of AAV9 in inducing reporter expression, the number of vagal neurons 638 

with reporter expression driven by the rAAV2 vector instilled into the airways was limited, and 639 

likely represents a minority of the total number of vagal afferents innervating the lower airways. 640 

This inefficiency may be due to the limited number of vector particles internalized by the afferent 641 

terminals beneath the epithelial lining of the airways. It is possible that some upper airway vagal 642 

afferents may also have been transduced by the rAAV2 due to expulsion of the virus from the 643 

lower airways, but we noted no trigeminal fiber transduction (i.e. nasal). Transduction of 644 
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esophageal afferents was highly unlikely given the impermeability of the esophageal lining.  645 

 646 

Overall, the rostral vs. caudal and lateral vs. medial distinctions between TRPV1-negative 647 

afferent terminations and TRPV1+ afferent terminations observed in this present mouse study 648 

are consistent with electrophysiological recordings of airway-associated afferents within the nTS 649 

of rats, cats and rabbits: Slowly-adapting receptors (SARs), a class of lung TRPV1-negative 650 

stretch-sensitive A-fibers, terminate in SolVL and SolM, particularly rostral of obex (Donoghue et 651 

al., 1982; Davies and Kubin, 1986; Davies et al., 1987; Bonham and McCrimmon, 1990); 652 

rapidly-adapting receptors (RARs), another stretch-sensitive A-fiber subset that lacks TRPV1-653 

expression, terminate in SolVL and SolM (although these are rare rostral of obex) and also in 654 

the ventral and lateral parts of SolC (Davies and Kubin, 1986) (Lipski et al., 1991); finally 655 

bronchopulmonary C-fibers (which typically express TRPV1) largely terminate in SolC and SolG 656 

(Kubin et al., 1991). As such, it appears there are significant similarities between the 657 

terminations identified using genetic tools in the mouse and the terminations identified 658 

electrophysiologically in larger mammals whose respiratory reflexes have been more 659 

extensively studied. 660 

 661 

The expression of Tac1 in many intrinsic neurons within the medulla precluded conclusions 662 

regarding afferent terminations in the Tac1-tdT medulla but, using AAV9-mediated reporter 663 

expression, we found vagal Tac1-expressing terminals in subnuclei throughout the entire 664 

rostral-caudal axis of the nTS. Nevertheless, these terminals were relatively sparse. In the vagal 665 

system, our data suggests that Tac1 is a marker of both jugular TRPV1+ neurons and a subset 666 

of nodose afferents lacking TRPV1. Based upon the coincidence of TRPV1 and Tac1 vagal 667 

afferents within caudal subnuclei such as SolC, SolDL and SolG, it is likely (but not proven) that 668 

the Tac1-expressing terminations in these areas also express TRPV1. The lack of TRPV1-669 

expressing fibers in rostral, ventral or lateral areas suggests that the Tac1-expressing fibers in 670 
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these areas are likely to be TRPV1-negative. Although most nodose Tac1+ neurons lacked 671 

TRPV1, many jugular Tac1+ neurons also lacked TRPV1, so it is not possible at this time to 672 

determine the identity of the rostral terminations. Interestingly, lung-specific Tac1-afferents 673 

almost exclusively terminated within the caudal SolC, SolDL and SolG regions (similar to lung-674 

specific TRPV1+ terminations). Thus our data suggests that the vast majority of lung-specific 675 

Tac1+ innervation is derived from jugular TRPV1+ afferents, consistent with biochemical studies 676 

of lung-specific vagal afferents (Ricco et al., 1996; Undem et al., 2004; Nassenstein et al., 2010) 677 

and the impact of SolC microinjections of tachykinin ligands on respiratory function (Mazzone 678 

and Geraghty, 1999, 2000). It is not currently known which organs have nodose Tac1+/TRPV1- 679 

afferents that terminate in the rostral nTS. 680 

 681 

Unilateral intraganglionic injection of AAV reporters induced bilateral labeling of afferent 682 

terminations within the nTS, indicating collateral arborizations. Interestingly, the majority of the 683 

contralateral terminations were TRPV1+ which terminated in dorsal/medial subnuclei. There 684 

were only a few contralateral TRPV1-negative terminations and these did not project to rostral, 685 

ventral or lateral areas. These data are consistent with electrophysiological recordings that 686 

suggest that while bronchopulmonary C-fibers and RARs innervate the nTS bilaterally, SARs 687 

only innervate the ipsilateral nTS (Donoghue et al., 1982; Davies and Kubin, 1986; Davies et al., 688 

1987; Kubin et al., 1991).  689 

 690 

Recently, the Pa5 has been identified as potentially receiving direct input from vagal afferents – 691 

specifically jugular neurons (McGovern et al., 2015b). The Pa5 is thought to receive input from 692 

trigeminal, vagal, glossopharyngeal and DRG afferents and projects to multiple nuclei involved 693 

in autonomic and nociceptive processing in the medulla and pons and may also project to the 694 

somatosensory thalamus (McGovern et al., 2015b; Driessen, 2019). The Pa5 had strong 695 

labeling of afferents in Pirt-tdT, 5HT3-tdT, TRPV1-tdT and Tac1-tdT, although all four markers 696 
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also labeled subsets of trigeminal afferent terminations within the Sp5. As such the genetic 697 

reporters cannot link Pa5 labeling with vagal afferents specifically. Intraganglionic injection of 698 

AAV9-flex-GFP labeled vagal TRPV1+ and Tac1+ terminations within the ipsilateral Pa5, 699 

confirming that vagal afferent subsets directly innervate this non-nTS area within the medulla 700 

(although it should be noted that the peripheral organs innervated by these subsets have not 701 

been identified in this study). The observation in our AAV9 studies of large numbers of ROSA 702 

26-mediated tdTomato+ fibers lacking AAV9-mediated GFP in the Pa5 suggest the additional 703 

presence of non-vagal TRPV1+ and Tac1+ fibers, which likely originate from trigeminal 704 

afferents. It is likely that the vagal Pa5 terminations include Tac1+/TRPV1+ jugular afferents but 705 

we presently cannot determine if nodose TRPV1+ afferents also innervate the Pa5. In addition, 706 

we found a subset of TRPV1-negative vagal afferents innervated the Pa5, but it is also unclear if 707 

these are a subset of the vagal Tac1+ terminations. It should be emphasized that we observed 708 

the majority of Tac1+ vagal afferents (many of which are jugular TRPV1+ neurons) terminating 709 

in the nTS. This contradicts recent retrograde tracing data from the nTS and Pa5 in the rat, 710 

which suggested that jugular fibers only terminate in the Pa5 (Driessen et al., 2015; McGovern 711 

et al., 2015b). Importantly, however, we failed to detect any terminations in the Pa5 from lung-712 

specific TRPV1+ or Tac1+ afferents (identified using rAAV2 instilled into the airways). This is in 713 

disagreement with McGovern et al who showed that herpes simplex virus vectors injected into 714 

the trachea or the lung in the rat labeled the Pa5 (McGovern et al., 2015a; McGovern et al., 715 

2015b), although the labeling from the lung was limited. The rAAV2 used in this study was 716 

instilled into the airways via intubation and this may have preferentially labeled lower airways 717 

afferents rather than tracheal afferents. Further anatomical and physiological study is clearly 718 

needed to clarify the role of vagal, trigeminal and potentially other afferent terminations within 719 

the Pa5 in mediating respiratory reflexes. 720 

 721 

Lastly, we noted significant vagal afferent bilateral innervation of both the area postrema and 722 
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the DMX, consistent with previous tracing experiments from the nodose ganglia (Kalia and 723 

Sullivan, 1982; Neuhuber and Sandoz, 1986). No labeling of the nucleus ambiguus or the 724 

hypoglossal nucleus were noted. The area postrema, which controls emesis, was most strongly 725 

labeled by TRPV1+ afferents, with only sparse labeling by either TRPV1-negative or Tac1+ 726 

vagal afferents. This suggests the majority of this innervation is via nodose C-fibers. Vagal 727 

afferents play an important role in emesis (Babic and Browning, 2014), and electrophysiological 728 

data suggest that vagal C-fibers terminate within the area postrema (Kubin et al., 1991). Vagal 729 

afferent terminations in the DMX, the premotor nucleus for parasympathetic innervation of the 730 

gut, were rare, but we found evidence of TRPV1+, Tac1+ and TRPV1-negative fibers. No lung-731 

specific fibers were identified innervating the DMX. Previous studies have identified direct 732 

innervation of DMX by abdominal vagal afferents but there is little known about their role distinct 733 

from the well-established vagal afferent-nTS-DMX networks involved in autonomic regulation 734 

(Rinaman et al., 1989; Renehan et al., 1995; Mussa and Verberne, 2013). 735 

 736 

The reporters expressed in these studies (tdTomato and GFP) were soluble proteins that 737 

diffused along the entire length of the afferents (including soma, axons and terminals). Thus, it 738 

is not possible to definitively determine the difference between axonal and terminal structures 739 

within serial sections of the medulla. As such, the presence of a reporter-expressing fiber within 740 

a particular area does not definitively indicate functional connectivity within that region. 741 

Nevertheless, high magnification z-stack images show that boutons (sometimes in close 742 

proximity to other neuronal soma) are found along much of the reporter-expressing fibers as 743 

they invade the nTS, Pa5, area postrema and DMX. It is possible that each afferent fiber 744 

innervates a large number of second order neurons, but this cannot be rigorously assessed 745 

without using a reporter targeted to synapses. 746 

 747 

In summary, this study used cell-specific reporter expression to identify the brainstem pathways 748 
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of functionally distinct vagal afferent subsets in the mouse. Our data indicates that TRPV1+ 749 

vagal afferents innervate the ipsilateral and contralateral dorsal/medial nTS subnuclei and the 750 

ipsilateral paratrigeminal complex, whereas TRPV1-negative vagal afferents innervate the 751 

ipsilateral rostral/ventral/lateral nTS subnuclei in addition to the ipsilateral paratrigeminal 752 

complex. The differences in central terminations by specific afferent subsets likely provide a 753 

neuroanatomical substrate for subset-specific reflexes. 754 
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Figure Legends 904 

 905 

Figure 1: tdTomato expression and -TRPV1 immunoreactivity in vagal ganglia. A, Pirt-tdT. B, 906 

TRPV1-tdT. C, 5HT3-tdT. D, Tac1-tdT. Native tdTomato expression (red) is shown on the left, 907 

with overlap with -TRPV1 immunoreactivity on the right (green). Scale denotes 100 m, with 908 

inserts showing enlarged views of both jugular and nodose neurons. Data is representative of 909 

an n of 3 animals for each strain. 910 

 911 

Figure 2: Comparison of tdTomato expression and -TRPV1 immunoreactivity in vagal ganglia 912 

of Pirt-tdT, 5HT3-tdT, TRPV1-tdT and Tac1-tdT. A, the relative contribution of jugular (orange 913 

bars) or nodose (blue bars) neurons to the vagal neuronal populations expressing tdTomato 914 

(tdT+), -TRPV1 immunoreactivity ( V1+) or both tdTomato and -TRPV1 immunoreactivity 915 

(tdT+ V1+). B, the % of tdTomato-expressing neurons in the nodose (blue) or jugular (orange) 916 

ganglia with -TRPV1 immunoreactivity. C, the % of -TRPV1 immunoreactive neurons in the 917 

nodose (blue) or jugular (orange) ganglia with tdTomato expression. Data is derived from n of 3 918 

animals in each strain. 919 

 920 

Figure 3: Neuronal diameters of tdTomato+ vagal neurons from Pirt-tdT, 5HT3-tdT, TRPV1-tdT 921 

and Tac1-tdT. A, histogram of neuronal diameter of tdTomato+ vagal neurons from Pirt-tdT 922 

(n=1040 neurons), 5HT3-tdT (n=850 neurons), TRPV1-tdT (n=501 neurons) and Tac1-tdT 923 

(n=330 neurons). B, mean SD neuronal diameter of tdTomato+ vagal neurons from Pirt-tdT, 924 

5HT3-tdT, TRPV1-tdT and Tac1-tdT. C, mean SD neuronal diameter of tdTomato+ nodose 925 

neurons (upward triangles) compared to jugular neurons (downward triangles) from Pirt-tdT, 926 

5HT3-tdT, TRPV1-tdT and Tac1-tdT. D, histogram of neuronal diameter of tdTomato-expressing 927 

neurons with -TRPV1 immunoreactivity (Pirt-tdT+ TRPV1+, black line) and tdTomato-928 
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expressing neurons without -TRPV1 immunoreactivity (Pirt-tdT+ TRPV1-, dotted line) from 929 

Pirt-tdT. E, mean SD neuronal diameter of tdTomato+ vagal neurons with (filled squares) and 930 

without (open squares) -TRPV1 immunoreactivity from Pirt-tdT, 5HT3-tdT, TRPV1-tdT and 931 

Tac1-tdT. F, mean SD neuronal diameter of tdTomato+ nodose (upward triangles) and jugular 932 

(downward triangles) neurons with (filled squares) and without (open squares) -TRPV1 933 

immunoreactivity from TRPV1-tdT. * denotes significant difference (p<0.05, ANOVA with Sidak’s 934 

multiple comparisons). 935 

 936 

Figure 4: Native tdTomato expression, -TRKA immunoreactivity and -TRKB immunoreactivity 937 

in vagal ganglia. Top, TRPV1-tdT. Bottom, Tac1-tdT. Scale denotes 100 m. Data is 938 

representative of an n of 3 animals for each strain. 939 

 940 

 941 

Figure 5: Native tdTomato expression, -TRKA immunoreactivity and -TRPV1 942 

immunoreactivity in vagal ganglia. Top, TRPV1-tdT. Bottom, Tac1-tdT. Scale denotes 100 m. 943 

Data is representative of an n of 3 animals for each strain. 944 

 945 

 946 

Figure 6: Comparison of tdTomato expression, -TRPV1 immunoreactivity, -TRKA 947 

immunoreactivity and -TRKB immunoreactivity in vagal ganglia of TRPV1-tdT and Tac1-tdT. A, 948 

the relative contribution of jugular (orange bars) or nodose (blue bars) neurons to the vagal 949 

neuronal populations expressing -TRKA immunoreactivity ( TRKA+), -TRKB 950 

immunoreactivity ( TRKB+), -TRPV1 immunoreactivity ( V1+), or tdTomato in either the Tac1-951 

tdT or the TRPV1-tdT. B, the % of specific neuronal groups in the nodose (blue) or jugular 952 

(orange) ganglia with -TRKA immunoreactivity. C, the % of specific neuronal groups in the 953 
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nodose (blue) or jugular (orange) ganglia with -TRKB immunoreactivity. D, the % of neurons 954 

expressing either -TRKA immunoreactivity ( TRKA+) or -TRKB immunoreactivity ( TRKB+) 955 

in the nodose (blue) or jugular (orange) ganglia with tdTomato expression in the Tac1-tdT 956 

ganglia. E, the % of neurons expressing either -TRKA immunoreactivity ( TRKA+) or -TRKB 957 

immunoreactivity ( TRKB+) in the nodose (blue) or jugular (orange) ganglia with tdTomato 958 

expression in the TRPV1-tdT ganglia. Data is derived from n of 3 animals in each strain. 959 

 960 

Figure 7: Native tdTomato expression in cleared wholemount medulla. A, Pirt-tdT. B, 5HT3-tdT. 961 

C, TRPV1-tdT. D, Tac1-tdT. All medulla are displayed in the same dorsal aspect orientation. 962 

The following structures are identified: nucleus tractus solitarius (nTS), paratrigeminal complex 963 

(Pa5), spinal trigeminal tract (Sp5) and tractus solitarius (TS). Scale denotes 1mm. 964 

 965 

Figure 8: tdTomato expression in serial coronal sections of the medulla in Pirt-tdT. Data 966 

presented (A to T) from rostral to caudal, with labeling for the position relative to obex. The 967 

intensity of native tdTomato expression is shown in rainbow pseudocolor. The following 968 

structures are identified: area postrema (AP), cuneate nucleus (Cu), external cuneate nucleus 969 

(ECu), gracile nucleus (Gr), hypoglossal motor nucleus (12N), nucleus tractus solitarius (nTS), 970 

paratrigeminal complex (Pa5), spinal trigeminal tract (Sp5) and tractus solitarius (TS). Scale 971 

denotes 400 m. Data is representative of an n of 8 animals. 972 

 973 

Figure 9: tdTomato expression in serial coronal sections of the medulla in 5HT3-tdT. Data 974 

presented (A to T) from rostral to caudal, with labeling for the position relative to obex. The 975 

intensity of native tdTomato expression is shown in rainbow pseudocolor. The following 976 

structures are identified: nucleus tractus solitarius (nTS), paratrigeminal complex (Pa5), spinal 977 

trigeminal tract (Sp5) and tractus solitarius (TS). Scale denotes 400 m. Data is representative 978 
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of an n of 6 animals. 979 

 980 

Figure 10: tdTomato expression in serial coronal sections of the medulla in TRPV1-tdT. Data 981 

presented (A to T) from rostral to caudal, with labeling for the position relative to obex. The 982 

intensity of native tdTomato expression is shown in rainbow pseudocolor. The following 983 

structures are identified: area postrema (AP), dorsal motor nucleus of the vagus (DMX), 984 

hypoglossal motor nucleus (12N), nucleus tractus solitarius (nTS), paratrigeminal complex 985 

(Pa5), spinal trigeminal tract (Sp5) and tractus solitarius (TS). Scale denotes 400 m. Data is 986 

representative of an n of 6 animals. 987 

 988 

Figure 11: tdTomato expression in serial coronal sections of the medulla in Tac1-tdT. Data 989 

presented (A to T) from rostral to caudal, with labeling for the position relative to obex. The 990 

intensity of native tdTomato expression is shown in rainbow pseudocolor. The following 991 

structures are identified: external cuneate nucleus (ECu), hypoglossal motor nucleus (12N), 992 

nucleus tractus solitarius (nTS), paratrigeminal complex (Pa5), spinal trigeminal tract (Sp5) and 993 

tractus solitarius (TS). Scale denotes 400 m. Data is representative of an n of 5 animals. 994 

 995 

Figure 12: Comparison of native tdTomato expression in coronal sections of the medulla. 996 

tdTomato expression in TRPV1-tdT (purple) is compared with tdTomato expression in Pirt-tdT 997 

(A, green), 5HT3-tdT (B, green) and Tac1-tdT (C, green) and overlap of reporter expression is 998 

denoted in black. Data presented from rostral (left) to caudal (right), with labeling for the position 999 

relative to obex. Scale denotes 500 m. 1000 

 1001 

Figure 13: tdTomato expression in nTS subnuclei. A, Pirt-tdT at -330 m (relative to obex). B, 1002 

5HT3-tdT at -300 m. C, TRPV1-tdT at -360 m. D, Tac1-tdT at -330 m. Left, native tdTomato 1003 
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expression (red) merged with neurotrace labeling of intrinsic neurons (green). Right, tdTomato 1004 

expression alone. The following structures are identified: area postrema (AP), central canal 1005 

(CC), cuneate nucleus (Cu), dorsal motor nucleus of the vagus (DMX), hypoglossal motor 1006 

nucleus (12N), parasolitary nucleus (Psol), SolC (C), SolCe (Ce), SolDL (DL), SolG (G), SolIM 1007 

(IM), SolM (M), SolV (V), SolVL (VL) and tractus solitarius (TS). Scale denotes 300 m.  1008 

 1009 

Figure 14: tdTomato expression in dorsal medulla subnuclei along complete rostral-caudal axis. 1010 

Data is mean native tdTomato intensity in SolC, SolG, SolM, SolDL, SolV, SolVL, area 1011 

postrema (AP), DMX and hypoglossal motor nucleus (12N) from Pirt-tdT (purple), 5HT3-tdT 1012 

(cyan), TRPV1-tdT (red) and Tac1-tdT (green)(n=5-8 mice each). The grey shading represents 1013 

the physical dimensions of each subnuclei in the rostral-caudal axis (positive values denote 1014 

rostral of obex, negative values denote caudal of obex) (Paxinos and Franklin, 2012). 1015 

 1016 

Figure 15: Overlap of native tdTomato expression and -TRPV1 immunoreactivity in the 1017 

medulla of TRPV1-tdT and Tac1-tdT. A to C, TRPV1-tdT at -300 m (relative to obex). D to F, 1018 

Tac1-tdT at -240 m. A, C, D and F, tdTomato expression (red) is compared with -TRPV1 1019 

immunoreactivity (green) in the nTS (A and D) and the Pa5 (C and F), with merged image on 1020 

the right. Scale denotes 250 m. B, quantification of tdTomato (red) and -TRPV1 1021 

immunoreactivity (green) intensities along the line drawn in the merged image in A (TRPV1-tdT 1022 

nTS), including area postrema (AP), dorsal motor nucleus of the vagus (10N), SolC (C), SolIM 1023 

(IM) and SolM (M). E, quantification of tdTomato (red) and -TRPV1 immunoreactivity (green) 1024 

intensities along the line drawn in the merged image in D (Tac1-tdT nTS), including area 1025 

postrema (AP), dorsal motor nucleus of the vagus (10N), hypoglossal motor nucleus (12N), 1026 

SolC (C), and SolM (M). Boxed area denotes overlap of tdTomato and -TRPV1 1027 

immunoreactivity intensities along the border between SolC and SolM. Data is representative of 1028 
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an n of 3 animals for each strain. 1029 

 1030 

Figure 16: Intraganglionic injection of AAV vectors evokes robust reporter expression in vagal 1031 

ganglia. A, injection of AAV9-flex-GFP into TRPV1-tdT. tdTomato (red) and GFP (green) 1032 

expression is compared with -TRPV1 immunoreactivity (blue). B, injection of AAV9-flex-GFP 1033 

into Tac1-tdT. tdTomato (red) and GFP (green) expression is compared with -TRPV1 1034 

immunoreactivity (blue). C, co-injection of AAV9-flex-tdT and AAV9-GFP into TRPV1-Cre. 1035 

tdTomato (red) and GFP (green) expression is compared. Scale denotes 100 m.  1036 

 1037 

Figure 17: Brainstem terminations of vagal TRPV1-expressing afferents labeled by unilateral 1038 

intraganglionic injection of AAV9-flex-GFP into TRPV1-tdT. AAV-mediated GFP expression 1039 

(green, enhanced by -GFP immunoreactivity) is compared to ROSA26-mediated tdTomato 1040 

expression (red, native) in coronal sections of the medulla. A and B, 3D reconstruction of 1041 

medulla along entire rostral-caudal axis. A, Rostral aspect. B, dorsal aspect. C to H, coronal 1042 

sections of medulla from rostral to caudal, with labeling for the position relative to obex. C, Pa5 1043 

at +300 m (relative to obex). D and E, nTS at -200 m (D) and -520 m (E). The following 1044 

structures are identified: area postrema (AP), dorsal motor nucleus of the vagus (DMX), SolC 1045 

(C), SolCe (Ce), SolDL (DL), SolG (G), SolIM (IM), SolM (M), SolV (V), SolVL (VL) and tractus 1046 

solitarius (TS). F, Pa5 at -520 m. G and H, nTS at -820 m. H, high magnification of SolC area 1047 

identified by white box in G. Scale in A and B denotes 1mm, in C to G denotes 200 m, in H 1048 

denotes 40 m. 1049 

 1050 

Figure 18: Brainstem terminations of vagal Tac1-expressing afferents labeled by unilateral 1051 

intraganglionic injection of AAV9-flex-GFP into Tac1-tdT. AAV-mediated GFP expression 1052 

(green, enhanced by -GFP immunoreactivity) is compared to ROSA26-mediated tdTomato 1053 
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expression (red, native) in coronal sections of the medulla. A and B, 3D reconstruction of 1054 

medulla along entire rostral-caudal axis. A, Rostral aspect. B, dorsal aspect. C to H, coronal 1055 

sections of medulla from rostral to caudal, with labeling for the position relative to obex. C, nTS 1056 

at +320 m (relative to obex). D, high magnification of area identified by white box in C. E and F, 1057 

nTS at obex (E) and -320 m (F). G, Pa5 at -320 m. H, nTS at -640 m. The following structures 1058 

are identified: area postrema (AP), central canal (CC), dorsal motor nucleus of the vagus 1059 

(DMX), paratrigeminal complex (Pa5), SolC (C), SolCe (Ce), SolDL (DL), SolG (G), SolIM (IM), 1060 

SolM (M), SolV (V), SolVL (VL) and tractus solitarius (TS). Scale in A and B denotes 1mm, in C, 1061 

E to G denotes 200 m, in D denotes 50 m. 1062 

 1063 

Figure 19: Brainstem terminations of vagal TRPV1+ and TRPV1-negative afferents labeled by 1064 

unilateral intraganglionic injection of AAV9-flex-tdT and AAV9-GFP into TRPV1-Cre. Cre-1065 

sensitive AAV-mediated tdTomato expression (red, enhanced by -DsRed immunoreactivity) is 1066 

compared to constitutively-active AAV-mediated GFP expression (green, enhanced by -GFP 1067 

immunoreactivity) and neurotrace (blue) in coronal sections of the medulla (labeling for the 1068 

position relative to obex). A to D, nTS from rostral to caudal. E, high magnification of SolC, SolM 1069 

and AP from C. F, high magnification of SolV, SolVL and TS from C . G, Pa5 at -120 m. The 1070 

following structures are identified: area postrema (AP), dorsal motor nucleus of the vagus 1071 

(DMX), SolC (C), SolCe (Ce), SolDL (DL), SolG (G), SolIM (IM), SolM (M), SolV (V), SolVL (VL) 1072 

and tractus solitarius (TS). Scale in A, B, C and G denotes 200 m, in D denotes 100 m, in E 1073 

and F denotes 40 m. 1074 

 1075 

Figure 20: nTS terminations of lung-specific TRPV1+ and Tac1+ afferents labeled with rAAV-1076 

flex-tdT. tdTomato expression enhanced by enhanced by -DsRed immunoreactivity. A and B, 1077 

instillation of Cre-sensitive AAV into lungs of TRPV1-Cre. A, AAV-mediated tdTomato 1078 
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expression (red) identifying lung-specific TRPV1+ afferents in vagal ganglia (top) and merged 1079 

with -TRPV1 immunoreactivity (green, bottom). B, AAV-mediated tdTomato expression (red) in 1080 

coronal sections of the medulla (labeling for the position relative to obex), counterstained with 1081 

native autofluorescence (grey). C to E, instillation of Cre-sensitive AAV into lungs of Tac1-Cre. 1082 

C, composite image of serial coronal sections of the nTS (from -520 m to -640 m relative to 1083 

obex), with tdTomato expression in lung-specific Tac1+ afferents labeled in pseudo-rainbow 1084 

encoded by rostral-caudal position. D and E, high magnification of lung-specific Tac1+ afferents 1085 

(red) in SolC at -520 m, counterstained by neurotrace (green). D, branching of afferent denoted 1086 

by arrows. E, a single afferent makes putative synapses with two distinct intrinsic neurons, 1087 

denoted by arrowheads. contact SolC, SolM and AP from C. F, high magnification of SolV, 1088 

SolVL and TS from C . The following structures are identified: area postrema (AP), dorsal motor 1089 

nucleus of the vagus (10N), gracile fasciculus (gr), hypoglossal motor nucleus (12N), SolC (C), 1090 

SolCe (Ce), SolDL (DL), SolG (G), SolM (M), SolV (V), SolVL (VL) and tractus solitarius (TS). 1091 

Scale in A denotes 50 m, in B and C denotes 100 m, in D and E denotes 10 m. 1092 

 1093 










































