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27 ABSTRACT

28 The lung is densely innervated by sensory nerves, the majority of which are derived from the vagal 

29 sensory neurons. Vagal ganglia consist of two different ganglia, termed nodose and jugular 

30 ganglia, with distinct embryonic origins, innervation patterns, and physiological functions in the 

31 periphery. Since nodose neurons constitute the majority of the vagal ganglia, our understanding of 

32 the function of jugular nerves in the lung is very limited. This study aims to investigate the role of 

33 MrgprC11+ jugular sensory neurons in a mouse allergic asthma model. Our previous study has 

34 shown that MrgprC11+ jugular neurons mediate cholinergic bronchoconstriction. In this study, we 

35 found that in addition to MrgprC11, several other Mrgpr family members including MrgprA3, 

36 MrgprB4, and MrgprD are also specifically expressed in the jugular sensory neurons. MrgprC11+ 

37 jugular neurons exhibit dense innervation in the respiratory tract including the larynx, trachea, 

38 proximal, and distal bronchus. We also found that receptors for IL-4 and oncostatin M, two critical 

39 cytokines promoting allergic airway inflammation, are mainly expressed in jugular sensory 

40 neurons. Both IL-4 and oncostatin M can sensitize the neuronal responses of MrgprC11+ jugular 

41 neurons. Moreover, ablation of MrgprC11+ neurons significantly inhibited airway 

42 hyperresponsiveness in the asthmatic lung, demonstrating the critical role of MrgprC11+ neurons 

43 in controlling airway constriction. Our results emphasize the critical role of jugular sensory 

44 neurons in respiratory diseases and present MrgprC11+ neurons as a potential therapeutic target 

45 for treating airway hyperresponsiveness.

46

47 Key words: allergic asthma, vagal sensory neurons, jugular neurons, MrgprC11, airway 

48 hyperresponsiveness, IL-4, oncostatin M, neuroimmune interactions

49
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50 INTRODUCTION

51 Asthma is a chronic inflammatory disease of the conducting airways and is characterized by airway 

52 inflammation, airflow obstruction due to mucus overproduction and bronchoconstiction, and 

53 airway hyperresponsiveness (AHR). Recent basic and clinical research has led to a better 

54 understanding of the immunological mechanisms of asthma. However, the neural mechanisms 

55 underlying asthma symptoms remain unclear (1-3). Recent studies showed that vagal sensory 

56 neurons contribute to asthma symptoms such as allergic inflammation, mucous cell metaplasia, 

57 and airway hyperresponsiveness (4-14).

58 The lung receives dense innervation from interoceptors, sensory nerves that monitor internal states, 

59 with the majority originating from vagal ganglion neurons (10, 15, 16). A mouse vagal ganglion 

60 complex is comprised of the neural crest-derived jugular ganglion occupying the rostral pole and 

61 the placode-derived nodose ganglion forming the body and caudal pole. Jugular and nodose 

62 neurons exhibit distinct transcriptional profiles, innervation patterns, and physiological functions 

63 in the peripheral. While most of the functional investigations have been focusing on nodose 

64 neurons since they constitute the majority of vagal sensory neurons (~75%), studies also showed 

65 that jugular neurons play a key role in lung interoception (15-18). However, our understanding of 

66 the physiological functions of jugular neurons in the lung are limited. 

67 The contribution of neuroimmune interactions to asthma phenotypes has been well recognized 

68 (19). Crosson et al discovered that lung sensory nerves express the high-affinity IgE receptor 

69 FcεR1 and directly respond to allergen/IgE complex to initiate airway inflammation (11). Lung 

70 interoceptors in the asthmatic lung exhibit denser network and excessive activities, suggesting that 

71 allergic airway inflammation modulates neuronal activities (20-22). Several neuropeptides 

72 secreted by lung sensory nerves upon stimulation such as VIP, NMU, CGRP, and substance P have 
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73 been shown to contribute to airway inflammation, mucus hyperplasia, and airway 

74 hyperresponsiveness (AHR) (5, 7-9, 23). In addition, ablation or inhibition of sensory afferents in 

75 the airway effectively blocked asthma phenotypes, emphasizing the role of neuroimmune 

76 interactions in the pathogenesis of asthma (5, 6, 9, 12, 13). Since approaches in the previous studies 

77 are targeting all the vagal sensory nerves including jugular and nodose nerves, the specific role of 

78 jugular nerves in the neuroimmune interactions in the airway remain poorly defined. 

79 Airway hyperresponsiveness (AHR) is the excessive narrowing of the airways due to airway 

80 smooth muscle contraction in response to various stimuli. It is a hallmark feature of multiple 

81 respiratory diseases including asthma, chronic obstructive pulmonary disease, and respiratory viral 

82 infections (24). Ample evidence demonstrated by previous studies suggest that the main cause of 

83 AHR is the remodeling of airway smooth muscle induced by inflammation (24). However, a recent 

84 study showed that acute vagotomy, a surgical procedure to cut vagus nerves, blocked AHR in 

85 asthmatic mice (14). Ablation of TRPV1+ sensory neurons also abolished the AHR in asthmatic 

86 mice but did not affect the airway inflammation (12). These results suggest the neural mechanism 

87 controlling AHR can be separated from the immune components. Consistently, Su et al showed 

88 that Dbh+ neurons in the nucleus of the solitary tract (nTS) of the brainstem, where the central 

89 terminals of vagal sensory neurons are projected to, are critical for AHR in asthma model (25). 

90 Ablation or chemogenetic silencing of Dbh+ neurons blunted AHR but did not change the airway 

91 immune responses. However, since previous studies manipulated either all vagal sensory nerves 

92 by vagotomy or TRPV1+ neurons which constitute more than 60% of vagal neurons, the specific 

93 vagal neuron population controlling AHR has not been molecularly identified.  

94 The Mrgpr (mas-related G-protein coupled receptor) family comprises over 20 functional 

95 members, organized into distinct subfamilies including MrgprA1-22, MrgprB1-13, MrgprC1-14, 
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96 and MrgprD-G (26). Multiple Mrgprs are specifically expressed in sensory neurons and recent 

97 investigations demonstrated their important roles in somatosensation including pain, itch, and 

98 touch (27-35). We recently discovered that MrgprC11 is expressed in a small subset of jugular 

99 neurons innervating the airway (6). Strikingly, stimulation of MrgprC11+ neurons evokes 

100 cholinergic bronchoconstriction and enhancement of airway responsiveness. Deletion of Mrgpr 

101 family members significantly reduced anaphylactic bronchoconstriction and AHR induced by 

102 influenza virus infection but did not affect airway inflammation. These results present MrgprC11+ 

103 jugular neurons as a unique neuronal population controlling AHR. However, whether and how 

104 MrgprC11+ jugular neurons contribute to asthma symptoms is not clear. 

105 In this study, we first examined the expression of multiple Mrgpr family members and found that 

106 MrgprA3, MrgprB4, and MrgprD are also specifically expressed in jugular sensory neurons. The 

107 expressions of MrgprC11 and MrgprD define two distinct jugular neuron populations. We then 

108 focused our investigation on the function of MrgprC11+ neurons in the airway. Using axonal 

109 tracing with genetic labeling, our data revealed dense MrgprC11+ nerves throughout the respiratory 

110 tract including the larynx, trachea, proximal and distal bronchus. We also showed that receptors 

111 for IL-4 and oncostatin M, two critical cytokines for the pathogenesis of allergic asthma, are 

112 predominantly expressed in jugular neurons and both cytokines sensitize the neuronal activity of 

113 MrgprC11+ neurons. Furthermore, ablation of MrgprC11+ jugular neurons significantly blocked 

114 airway hyperresponsiveness in asthmatic mice without affecting the airway inflammation. Taken 

115 together, our data revealed unique neuroimmune interactions between the jugular sensory neurons 

116 and asthmatic cytokines that contribute to AHR and demonstrate the critical function of 

117 MrgprC11+ jugular neurons in controlling airway constriction.

118 RESULTS 
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119 Mrgpr family members define unique populations of jugular nociceptors

120 Our previous study showed that MrgprC11 is selectively expressed in jugular sensory neurons, but 

121 not in nodose sensory neurons (6). To investigate the function of Mrgprs in interoception, we here 

122 examined if other Mrgpr family members are expressed in vagal sensory neurons using genetic 

123 labeling (Figure 1). The mouse lines we have used include MrgprA3Cre-EGFP; ROSA26tdTomato 

124 (MrgprA3tdTomato), MrgprC11CreER; ROSA26tdTomato (MrgprC11tdTomato), MrgprB4PLAP, and 

125 MrgprDCreER;ROSA26PLAP (MrgprDPLAP). TdTomato and alkaline phosphatase (PLAP: human 

126 placental alkaline phosphatase) were used as neuronal tracers in this experiment (Figure S1 A-D). 

127 Alkaline phosphatase can generate strong purple to blue color in a whole mount histochemistry 

128 preparation and the results can be easily visualized with a dissecting microscope (36). Consistent 

129 with previous reports (29, 30, 34, 37, 38), we have observed expression of these four Mrgprs in 

130 DRGs and Mrgprs+ cell bodies are evenly distributed within the DRGs. We found that all four 

131 Mrgprs are also expressed in subsets of vagal sensory neurons. Interestingly, all Mrgprs+ vagal 

132 sensory neurons are located in the rostral part of the ganglia, suggesting that they are selectively 

133 expressed in jugular neurons (Figure 1 A-D).

134 Cre-dependent labeling might label cells that only transiently express the Mrgprs genes during 

135 development. To confirm the expression of these four Mrgprs in jugular neurons in adult mice, we 

136 performed RNAscope in situ hybridization with probes targeting Mrgprs and Prdm12, a marker 

137 for jugular sensory neurons (Figure 1E). All four Mrgprs are only expressed in Prdm12+ neurons, 

138 demonstrating that they are jugular specific. Each mouse vagal ganglia contains ∼2,300 neurons 

139 and about 25% of them are jugular neurons (~575 neurons per ganglion). The expressions of 

140 MrgprA3 and MrgprB4 are sparse and constitute about 1.32% (41/1,606, ~7-8 neurons per 

141 ganglion) and 3.61% (60/1,660, ~20 neurons per ganglion) jugular neurons respectively. 
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142 Approximately 20.3% of jugular neurons are expressing MrgprC11 (226/1113, ~ 117 neurons per 

143 ganglion) and 37.3% of jugular neurons are expressing MrgprD (461/1236, ~214 neurons per 

144 ganglion) (Figure 1G). The expressions of MrgprC11 and MrgprD are non-overlapping (Figure 

145 1F), demonstrating that they define two distinct jugular nociceptive populations. The current study 

146 is focusing on the function of MrgprC11+ jugular neurons in the lung.

147 Innervation pattern of MrgprC11+ jugular neurons in the airway

148 Our previous study using retrograde tracing with CTB488 demonstrated that MrgprC11+ jugular 

149 neurons innervate the airway (6). However, which location(s) in the airway those sensory nerves 

150 terminate and how the MrgprC11+ terminal arbors look have never been investigated. Here, we 

151 used MrgprC11PLAP mice and alkaline phosphatase axonal tracer to visualize the nerves in the 

152 airway (Figure 2).  MrgprC11+ innervations were observed in the larynx region, trachea, and the 

153 lung. The nerve density in the larynx region is high, indicating an undiscovered function of 

154 MrgprC11+ neurons in the larynx (Figure 2A). In the trachea, MrgprC11+ nerves run parallel to the 

155 cartilages and form plexuses in the trachealis muscle (Figure 2B). This result is consistent with 

156 previous studies showing jugular innervations in the trachea in mice. 

157 We also observed dense MrgprC11+ nerves throughout the bronchial tree. Sensory nerves in the 

158 peripheral organs always overlap and intermingle, making it harder to examine the morphology of 

159 the innervation pattern of individual neurons. To better visualize the MrgprC11+ sensory arbors in 

160 the lung, we administered a low dose tamoxifen (10mg/kg, once) to only activate CreER in a small 

161 subset of CreER+ cells (Figure 2D-E). This sparse labeling technique will not change the 

162 specificity of the Cre-dependent labeling and has been widely used to examine the neuronal 

163 morphology (39, 40). Our group has recently used the same strategy to visualize individual 

164 MrgprC11+ sensory arbors in the skin and the spinal cord (36, 41). MgprC11+ nerves inside of the 

Page 7 of 43



For Review Only

165 lung exhibit free-nerve endings (Figure 2D-E). Terminal arbors were observed in both proximal 

166 large airway (Figure 2D) and the distal small airway (Figure 2E). Lung sections isolated from 

167 MrgprC11tdTomato mice showed that MrgprC11+ nerves penetrate into the superficial luminal 

168 surface, allowing them to directly sense airway irritation (Figure 2F). This is consistent with the 

169 fact that MrgprC11+ jugular sensory neurons are nociceptors (6). 

170 The airway is innervated by sensory nerves derived from both vagal ganglia and DRG, although 

171 previous studies showed that the majority of innervations in the airway are derived from vagal 

172 ganglia (10, 15, 16, 42). To confirm the airway innervation of MrgprC11+ jugular sensory neurons, 

173 we injected Cre-dependent AAV-flex-tdTomato directly to the vagal ganglia of MrgprC11CreER 

174 mice. The mice were treated with tamoxifen 5 days after the AAV injection (75 mg/ml, i.p., 5 

175 consecutive days) and the vagal ganglia and lung were collected for examination 6 weeks after the 

176 AAV injection (Figure 3A-C). Cre-independent AAV-EGFP was co-injected and both jugular and 

177 nodose neurons are expressing EGFP (Figure 3B&C). However, tdTomato is only expressed in 

178 the MrgprC11+ jugular neurons in the rostral part of the ganglia (Figure 3D). Lung sections 

179 collected from the AAV-injected MrgprC11CreER mice showed tdTomato+ nerves in the lung 

180 (Figure 3E), demonstrating that MrgprC11+ jugular sensory neurons innervate the lung.

181 Neuroimmune interactions between the MrgprC11+ neurons and the inflamed lung

182 To understand the neuroimmune interactions between MrgprC11+ lung interoceptive nerves and 

183 the inflamed lung, we analyzed the previous transcriptomic datasets of vagal sensory neurons to 

184 examine if MrgprC11+ jugular neurons express any cytokine receptors (18, 43-46). We found two 

185 candidate genes that might play a role in the neuroimmune interactions between jugular sensory 

186 nerves and the inflamed lung: IL-4 receptor alpha (IL4ra) and oncostatin M receptor (OSMR). Our 

187 RNAscope in situ analysis showed that IL4ra is predominantly expressed in jugular neurons (Fig. 
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188 4A, 4A’, 4A”). 79.1% (407/570) of IL4ra+ neurons are Prdm12+. The fluorescent intensity of in 

189 situ signals in IL4ra+ jugular cells are much higher compared to those in IL4ra+ nodose neurons, 

190 suggesting that the expression level of IL4ra is higher in jugular neurons (Figure 4B). The majority 

191 of MrgprC11+ neurons (71.3%, 92/129) are expressing Il4ra, indicating the interaction between 

192 IL-4 and MrgprC11+ neurons (Figure 4C). 

193 A previous study has shown that IL-4 sensitized the responses of DRG sensory neurons to 

194 pruritogens and promote chronic itch (47). To examine if IL-4 interact with lung interoceptors, we 

195 performed calcium imaging analysis of vagal sensory neurons isolated from PirtGCaMP3 mice, in 

196 which sensory neurons are expressing GCaMP3 (48).  We found that IL4 rarely activates vagal 

197 sensory neurons directly. 6 coverslips (totally 668 sensory neurons on the coverslips)  from two 

198 different batches of cell culture were tested and only one cell (0.15%) showed increased GCaMP3 

199 fluorescence level upon IL4 stimulation. However, IL-4 sensitized the responses of MrgprC11+ 

200 neurons to Bam8-22 (Figure 4 D-E). We exposed vagal sensory neurons to Bam8-22 (100 nM) 

201 both before and after IL-4 (300 nM, 3min) treatment. Subthreshold concentration of Bam8-22 (100 

202 nM) normally does not effectively activate vagal sensory neurons. However, IL-4 treatment 

203 increased the percentage of Bam8-22-responsive neurons from 1.02% ± 0.30% to 3.13% ± 0.90% 

204 (Figure 4E). Therefore, our findings suggest that IL-4 sensitizes the neuronal responses of 

205 MrgprC11+ neurons. To rule out the possibility that the initial exposure to Bam8-22 can prime the 

206 response to subsequent Bam8-22 application, we have challenged the neurons with Bam8-22, 

207 followed by calcium imaging buffer, and then with Bam8-22 again. The proportions of Bam-

208 responsive vagal sensory neurons were similar before and after the calcium imaging buffer 

209 incubation (Figure 4F), suggesting that the initial Bam8-22 challenge did not sensitize the 

210 following neuronal responses.
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211 Oncostatin M (OSM) was demonstrated to be a critical cytokine for allergic airway inflammation 

212 recently (49-53). It has been shown that OSM enhances the neural excitability of itch-sensing 

213 cutaneous nerves and promotes chronic itch (54). Therefore, we here examine if OSM interacts 

214 with lung interoceptors. RNAscope in situ analysis demonstrated that OSMR is only expressed in 

215 Prdm12+ jugular neurons and OSMR+ neurons constitute about 15.1% (67/443) of jugular neurons 

216 (Figure 5A). More than half of MrgprC11+ neurons (58%, 94/162) also express OSMR (Figure 

217 5B). Surprisingly, we found that gp130 is also predominantly expressed in jugular neurons (96%, 

218 244/254) (Figure 5A). Gp130 is the common co-receptor for the nine interleukin-6 family 

219 cytokines including OSM, most of which have been implicated in the inflammatory lung diseases 

220 (55). This result indicates that jugular neurons, not nodose neurons, play a key role in the 

221 neuroimmune interactions between the IL-6 family and the inflamed lung. The result highlights 

222 the critical function of jugular neurons in respiratory disease and the physiological differences 

223 between jugular and nodose.

224 Consistent with previous reports (49-53), our real-time PCR analysis showed increased OSM 

225 expression in the asthmatic lung (Figure 5C). Similar to IL-4, OSM rarely directly activates vagal 

226 sensory neurons. Interestingly, OSM also sensitized the responses of MrgprC11+ neurons to Bam8-

227 22 (Figure 5D-E). Take together, our findings suggest that both IL-4 and OSM, two critical 

228 cytokines for airway allergic inflammation, sensitized the neuronal responses of MrgprC11+ 

229 neurons. 

230 We next examined if the allergic inflammation alters the expression of IL4ra and OSMR in the 

231 vagal sensory neurons in inflamed mice. OSMR expression is restricted to jugular neurons in naïve 

232 mice (Figure 5A). In inflamed mice, we detected a limited number of OSMR+ neurons that did not 

233 express Prdm12 (5/612 in 6 mice), suggesting that allergic airway inflammation may induce 
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234 OSMR expression in nodose neurons, although the effect appears minimal. We did not observe a 

235 significant change of the percentage of OSMR+ neurons in jugular after OVA treatments (Figure 

236 S1A-B), although qPCR analysis of the vagal ganglia showed a decrease of OSMR expression in 

237 the inflamed mice (Figure S1C). IL4ra is expressed in both jugular and nodose neurons, with the 

238 majority of IL4ra+ neurons (~80%) in jugular. We performed both RNAscope in situ of vagal 

239 ganglia sections and qPCR analysis of vagal ganglia and did not detect any changes of the IL4ra 

240 expression after OVA treatments (Figure S2).

241 Sensitized responses of MrgprC11+ jugular sensory neurons in the mouse allergic asthma 

242 model

243 We next examined how airway inflammation modulates the activities of MrgprC11+ jugular 

244 neurons. We found that MrgprC11 expression is still restricted to jugular neurons in the OVA-

245 treated mice (Figure 6A), suggesting that the allergic airway inflammation did not induce the 

246 expression of MrgprC11 expression in nodose neurons. The allergic airway inflammation 

247 increased the expression of MrgprC11 in jugular neurons. Both the MrgprC11 mRNA level (Figure 

248 6C) and the percentage of MrgprC11+ neurons in jugular (Figure 6B) were increased significantly. 

249 Consistently, bronchoconstriction induced by Bam8-22, a specific agonist of MrgprC11 (6), was 

250 also significantly increased in the inflamed mice (Figure 6C). A subthreshold concentration of 

251 Bam8-22 that only induced a small change in the naïve mice triggered a significant increase of 

252 lung resistance (RL) in inflamed mice. We also examined if airway inflammation generates any 

253 endogenous agonists for MrgprC11+ nerves. We performed real-time PCR to detect the expression 

254 of cathepsin S, a previously identified MrgprC11 agonist. Consistent with previous reports (56, 

255 57), we found that the expression of cathepsin S is significantly increased in the inflamed lung 

256 (Figure 6D), suggesting potential interactions between cathepsin S and MrgprC11+ neurons in the 
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257 inflamed lung. In summary, these data suggest that airway allergic inflammation sensitizes 

258 MrgprC11+ jugular neurons.

259 Previous studies have demonstrated the important role of TRPV1+ vagal sensory neurons in airway 

260 hyperresponsiveness (11, 12, 58), we here examined the expression of MrgprC11 in TRPV1+ 

261 neurons (Figure S3). In naïve mice, we found that the majority of MrgprC11+ neurons co-express 

262 TRPV1 (76.0%, 136/179), while approximately 13.4% (136/1014) of TRPV1+ neurons express 

263 MrgprC11 (Figure S3A). After the OVA treatments, the proportion of  TRPV1+ neurons 

264 expressing MrgprC11 is increased, consistent with the increased expression of MrgprC11 in 

265 jugular ganglia. We did not observe changes in TRPV1 expression in MrgprC11+ neurons.

266 Ablation of MrgprC11+ jugular sensory neurons blocked airway hyperresponsiveness in 

267 asthmatic mice

268 We next generated MrgprC11DTR mice to examine if ablation of MrgprC11+ neurons can reduce 

269 asthma phenotypes. 80% of MrgprC11+ jugular neurons were lost 4 weeks after DTX treatments 

270 (5.8% ± 0.43% vs 1.17% ± 0.25%) (Figure 7A-B). Both the MrgprC11DTR mice and littermate 

271 control ROSA26DTR mice developed a robust immune reaction with increased IL-4 and IL-5, 

272 decreased IFN-γ, and lung infiltration of macrophages, eosinophiles, neutrophiles, and 

273 lymphocytes (Figure 7C-F), suggesting that MrgprC11+ neurons are not required for allergic 

274 airway inflammation. The ROSA26DTR mice developed AHR after the OVA treatments evidenced 

275 by the significantly increased airway resistance in response to methacholine challenges. However, 

276 we found that the ablated mice showed significantly decreased AHR compared to control mice 

277 (Figure 7G-H), suggesting that MrgprC11+ neurons are required for AHR in asthmatic mice.

278 DISCUSSION
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279 Jugular sensory neurons play critical physiological roles in multiple internal organs in health and 

280 diseases (59). The sparsity of these neurons and the lack of molecular labeling, however, limited 

281 the depth of understanding regarding their specific functions. In this study, our mouse transgenic 

282 tools allow us to reveal the specific expression of Mrgpr family members including MrgprA3, 

283 MgprB4, MrgprC11, and MrgprD in jugular sensory neurons and investigate the function of 

284 MrgprC11+ jugular neurons in allergic asthma. Cre-dependent axonal tracing demonstrate 

285 extensive innervation by MrgprC11+ nerves throughout the bronchial tree. Our data show that 

286 allergic inflammation in the airway changes the physiological properties of MrgprC11+ neurons 

287 by upregulating the expression of MrgprC11 and sensitizing the neuronal responses of MrgprC11+ 

288 neurons. We further identified two cytokines, IL-4 and OSM, that contribute to the sensitization 

289 of MrgprC11+ neurons. Receptors of both cytokines are predominantly expressed in jugular 

290 sensory neurons in the vagal ganglia and promote calcium responses of MrgprC11+  neurons to 

291 agonist Bam8-22. In addition, cathepsin S, a MrgprC11 agonist, is highly expressed in the inflamed 

292 airway, indicating continuous activation of MrgprC11+ jugular neurons during airway 

293 inflammation. Moreover, ablation of MrgprC11+ neurons diminished AHR in asthmatic mice, 

294 demonstrating the essential role these neurons play in controlling airway constriction. These results 

295 demonstrate novel neuroimmune interactions between jugular sensory neurons and the asthmatic 

296 lung and highlight the essential role of jugular sensory neurons in allergic asthma.

297 Transcriptomic analyses of vagal sensory neurons have been reported by multiple groups and the 

298 transcriptional profiles of more than 30 clusters of nodose neurons have been identified (18, 43-

299 46). However, available transcriptomic analysis of jugular neurons is still limited due to the 

300 sparsity of the jugular neurons and their low survival rate during dissociation. Single cell profiling 

301 by Kupari et al. has identified six clusters of jugular neurons, however the expression of MrgprC11 
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302 was not detected (43). Our identification of MrgprC11, OSMR, and IL4ra in the jugular neurons 

303 is consistent with the report by Liu et al. which performed single-cell sequencing of airway-

304 innervating vagal sensory neurons. But only one jugular nociceptive cluster with 15 neurons was 

305 identified in the study (44). Using Cre-mediated genetic labeling, our results presented four jugular 

306 C-fiber populations including MrgprA3+, MrgprB4+, MrgprC11+, and MrgprD+ neurons. Although

307 our previous (6) and current studies demonstrate the critical role of MrgprC11+ neurons in 

308 controlling airway constriction, the peripheral innervation targets and functions of the other three 

309 neuronal populations remain unknown. Future studies investigating these jugular populations will 

310 improve our understanding of interoceptive nerves and how they contribute to the physiological 

311 functions of internal organs. 

312 Although both nodose and jugular neurons innervate the conducting airway throughout the lung, 

313 the two sensory ganglia exhibit distinct innervation patterns. Previous studies in guinea pigs and 

314 rats indicate that the extrapulmonary airways including the larynx, trachea, and main bronchi are 

315 mainly innervated by jugular neurons, while the intrapulmonary airways are mainly innervated by 

316 nodose neurons (60-62). However, recent analysis by Moe et al revealed a distinct tracheal 

317 innervation pattern in mice (63). Their results showed that although mouse trachea receives 

318 innervations from both jugular and nodose neurons, the majority of the tracheal nerves are derived 

319 from autonomic and nodose neurons. Using MrgprC11PLAP mice, we have observed MrgprC11+ 

320 nerves throughout the airway tract including the larynx and trachea (Figure 2). It is unknown 

321 whether MrgprC11PLAP mice line labels any autonomic neurons and the possibility remains that 

322 the observed PLAP+ nerves originate from autonomic neurons. Although the genetic labeling 

323 induces PLAP expression in both DRG and vagal sensory neurons, it is unlikely that the observed 

324 nerves are from DRG neurons since our previous study using retrograde tracer cholera toxin B 
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325 (CTB) demonstrated that MrgprC11+ DRG sensory neurons do not innervate the airway (6). To 

326 provide direct evidence of MrgprC11+ innervation in the airway, we injected AAV-flex-tdTomato 

327 into the vagal ganglia of MrgprC11CreER mice and the results demonstrated the innervation of 

328 MrgprC11+ jugular neurons in the lung. 

329 Our results demonstrate neuroimmune interactions between MrgprC11+ nerves and IL-4 and OSM, 

330 two well characterized asthmatic cytokines that play critical roles in airway allergic inflammation 

331 (52, 53, 64, 65). IL-4 is a well characterized asthmatic cytokine and has been used as a biomarker 

332 for allergic asthma (64, 65). It is a typical Th2-cell-associated cytokine secreted by many immune 

333 cells participating in ongoing allergic airway inflammation such as Th2 lymphocytes, basophils, 

334 eosinophils and mast cells. IL-4 signals through the type 1 IL-4Rα/γ or the type 2 IL-4Rα/IL-13Rα 

335 receptor complexes and the functional role of IL-4 in promoting airway inflammation has been 

336 well studied (64, 65). We here show that IL-4 interact with jugular nerves and sensitize neuronal 

337 activities of MrgprC11+ neurons to promote AHR, revealing a novel function of IL-4 in allergic 

338 respiratory disorders. 

339 Oncostatin M (OSM) is a member of the interleukin-6 family cytokines (66). OSM exerts its 

340 function through receptor dimers gp130/OSMR or gp130/LIFR. Although elevated OSM is 

341 frequently detected in airway diseases including allergic asthma (49-51), the critical pathogenic 

342 role of OSM in asthma was only demonstrated recently (52, 53). Recent studies with mouse 

343 allergic asthma model demonstrated that OSM is necessary and sufficient to drive the allergic 

344 inflammation and OSM neutralizing antibodies attenuated both airway inflammation and AHR 

345 (52, 53). However, whether and how OSM interacts with lung interoceptors and contributes to 

346 AHR has not been reported yet. Interestingly, the expression of OSM is much higher in the lower 

347 airway of asthmatic patients with irreversible airflow obstruction than compared to the patients 
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348 without irreversible airflow obstruction, suggesting the role of OSM controlling airway 

349 constriction (51). Consistently, our data suggest that OSM can sensitize MrgprC11+ neurons to 

350 promote AHR in asthmatic mice. The fact that both IL-4 and OSM predominantly interact with 

351 jugular neurons, not nodose neurons, also suggests the critical role of the neuroimmune interaction 

352 between jugular nerves and inflamed airway in the pathogenesis of asthma.

353 Peripheral pathological conditions can remarkably affect cellular function of the innervating 

354 sensory nerves through the regulation of chromatin accessibility and gene expression. Indeed, our 

355 results showed that airway inflammation changed the expression levels of MrgprC11 and OSMR 

356 in vagal sensory neurons. We observed an upregulation of MrgprC11, which correlates with the 

357 heightened sensitivity of MrgprC11+. Quantitative PCR analysis of vagal ganglia suggested a 

358 downregulation of OSMR was downregulated in vagal sensory neurons in response to airway 

359 inflammation and the elevated OSM level in the lung. This could potentially be due to a feedback 

360 mechanism to minimize neuronal responses to the increased OSM. Future studies investigating 

361 transcriptomic changes of MrgprC11+ lung interoceptors would provide valuable information 

362 about neural mechanisms of asthma.

363 Previous studies have demonstrated the critical role of lung nociceptor in the development of AHR, 

364 while conflicting evidence have been presented related to whether lung nociceptors contribute to 

365 airway allergic inflammation. Trankner et al showed that ablation of TRPV1+ vagal neurons 

366 abolished AHR but did not affect airway inflammation in a mouse allergic asthma model (12), 

367 suggesting that lung nociceptors do not contribute to airway inflammation. However, later studies 

368 showed that ablation of either NaV1.8+ or TRPV1+ neurons significantly reduced airway 

369 inflammation (9, 58). Indeed, TRPV1+ nociceptive nerves express the high-affinity IgE receptor 

370 FcεR1 and directly respond to allergen/IgE complex to initiate airway inflammation (11). In 
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371 addition, neuropeptides including CGRP, substance P, and vasoactive intestinal peptide that 

372 released by nociceptors upon stimulation also trigger airway inflammation (5, 9, 11, 58).  

373 MrgprC11+ jugular neurons have significant overlap with TRPV1+ vagal sensory neurons and our 

374 results showed that ablation of MrgprC11+ neurons, approximately 6% of vagal sensory neurons, 

375 did not affect the airway allergic inflammation. This finding does not exclude the possibility that 

376 MrgprC11+ lung interoceptors may also contribute to airway inflammation; however, the ablation 

377 of this small neuronal population did not produce a substantial effect detectable by our 

378 experimental approaches.

379  Our results demonstrated that the ablation of MrgprC11+ jugular neurons blocked AHR. It is 

380 intriguing that ablation of such a small neuronal population (~117 neurons per ganglion) could 

381 induce significant effects in AHR. These results emphasize the important role of jugular sensory 

382 neurons in allergic asthma and suggest MrgprC11+  neurons as a potential therapeutic target 

383 controlling AHR. Future studies delineating the molecular signaling pathways involved in the 

384 sensitization of these neurons by IL-4 and oncostatin M could also provide novel insights into 

385 asthma therapy.

386 Vagal sensory neurons project their central axons to the brain stem, and our current understanding 

387 of the central neural circuits contributing to asthma phenotypes remains limited. Previous studies 

388 have shown that airway-innervating jugular and nodose neurons exhibit distinct patterns of central 

389 innervation, with jugular neurons primarily project to the paratrigeminal nucleus (Pa5) and nodose 

390 neurons predominantly innervate the nucleus of the solitary tract (nTS) (60, 62, 67). However, 

391 contradicting results by Kim et al indicated that the majority of the jugular afferents, labeled by 

392 Tac1-Cre mouse line, terminate in the nTS (42). Nonetheless, it will be important to examine the 

393 central innervation of MrgprC11+ jugular neurons in the future to better understand the neural 
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394 mechanisms underlying AHR. A recent study demonstrated that ablation or chemogenetic 

395 silencing of Dbh+ neurons in the nTS abolished AHR, suggesting that Dbh+ neurons are required 

396 for AHR (25). It will also be interesting to investigate the potential interaction between MrgprC11+ 

397 central nerves with Dbh+ neurons. 

398 MATERIALS AND METHODS

399 Mice

400 All experiments were performed with approval from the Georgia Institute of Technology Animal 

401 Use and Care Committee. All transgenic mice used for these experiments have been backcrossed 

402 to C57BL/6 mice for at least 10 generations. All experiments were conducted using 2-4 months 

403 old (20-30g) mice, except mice used for Ca2+ imaging assays, which were 3-6 weeks old. Mice 

404 were housed in a vivarium with a 12-hr light/dark cycle, housing groups of 5 maximum, and 

405 food/water ad libitum. 

406
407
408 Table 1. List of mouse lines

Mouse lines Description and references Application
Wildtype C57BL/6 Jax 000664
ROSA26tdTomato Cre reporter line. Jax 007909
ROSA26PLAP Cre reporter line. Jax 009253
ROSA26DTR Cre reporter line. Jax 007900

PirtGCaMP3/+
knock-in line, GCaMP3 expression 
controlled by the pan-sensory neuron 
promoter Pirt (48).

to monitor calcium mobilization in sensory 
neurons.

MrgprA3Cre-EGFP BAC transgenic line, Cre-EGFP expression 
controlled by MrgprA3 promoter (28).

to introduce Cre-dependent reporters in 
MrgprA3+ neurons.

MrgprC11CreER BAC transgenic line, CreER expression 
controlled by MrgprC11 promoter (36).

to introduce Cre-dependent reporters in 
MrgprC11+ neurons after tamoxifen 
treatment.

MrgprDCreER Knockin line, CreER expression controlled 
by MrgprD promoter (68). Jax 031286

to introduce Cre-dependent reporters in 
MrgprD+ neurons after tamoxifen treatment.

MrgprB4PLAP Knockin line, PLAP expression controlled 
by MrgprB4 promoter (30).

to use PLAP axonal tracer to visualize 
MrgprB4+ neurons.

MrgprA3tdTomato MrgprA3Cre-EGFP X  ROSA26tdTomato to use tdTomato to visualize MrgprA3+ 
neurons and their peripheral axons.

Page 18 of 43



For Review Only

MrgprC11tdTomato MrgprC11CreER X  ROSA26tdTomato to use tdTomato to visualize MrgprC11+ 
neurons and their peripheral axons.

MrgprDtdTomato MrgprDCreER X  ROSA26tdTomato to use tdTomato to visualize MrgprD+ 
neurons and their peripheral axons.

MrgprC11PLAP MrgprC11CreER X  ROSA26PLAP to use PLAP axonal tracer to visualize 
MrgprC11+ nerves in the airway.

MrgprC11DTR MrgprC11CreER X  ROSA26DTR to specifically ablate MrgprC11+ neurons 
using diphtheria toxin.

409

410 Tamoxifen and Diphtheria toxin treatments

411 To label MrgprC11+ neurons and MrgprD+ neurons, the MrgprC11CreER or MrgprDCreER mice were 

412 treated daily via oral gavage (22g x 25mm, FTP-22-25, Instech Laboratories) with 100 mg/kg of 

413 tamoxifen (T5648, Sigma) dissolved in sunflower seed oil (S5007, Sigma) for 5 days at 3-4 weeks 

414 of age. For sparse labeling of MrgprC11+ neurons, the mice were treated with low dose of 

415 tamoxifen (10mg/kg) once.

416 6 weeks old MrgprC11CreER ; ROSA26DTR mice and ROSA26DTR littermates were injected with 

417 diphtheria toxin (i.p. 200ng/mouse, Sigma 322326) daily for three consecutive weeks. Airway 

418 allergic inflammation models were induced at least four weeks after the first toxin injection.

419 Ovalbumin-induced airway allergic inflammation

420 Mice were sensitized to ovalbumin via i.p. injection of 50 µg ovalbumin plus 2mg Imject Alum in 

421 150 µl PBS on days 1, 7, and 14. Lightly anesthetized mice (isoflurane) were challenged by 

422 intratracheal instillation of 200 µg ovalbumin in 50 µl PBS on days 21, 22, and 23. Airway 

423 mechanics measurements and analysis of the bronchoalveolar lavage fluid (BALF) were 

424 performed on day 24. BALF was centrifuged and the cell pellet was resuspended in PBS to perform 

425 differential cell counting of leukocytes (macrophages/monocytes, neutrophils, eosinophils, and 

426 lymphocytes). The supernatant of BALF was used to examine the levels of IL-4, IL-5, and IFN-γ, 

427 using enzyme immunoassay kits (R&D Systems) according to individual kit instructions. 
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428 PLAP whole-mount histochemistry staining

429 The procedure was performed as previously described (36). Briefly, adult mice (8-12 weeks old) 

430 were transcardially perfused with ice-cold 4% formaldehyde. Tissues were dissected and postfixed 

431 in 4% formaldehyde on ice (30 minutes for DRG and vagal ganglia and 2 hours for the lung) and 

432 incubated in HBSS at 65-68 ºC for 30 minutes to inhibit the endogenous alkaline phosphatase. 

433 Then tissues were washed with B1 buffer (0.1 M Tris pH 7.5, 0.15 M NaCl), then B3 buffer (0.1 

434 M Tris pH 9.5, 0.1 M NaCl, 50 mM MgCl2), and finally incubated with B3 buffer with 37.5 ug/ml 

435 NBT and 175 ug/ml BCIP to visualize the PLAP signals. The tissues were fixed in 4% 

436 formaldehyde overnight at 4 ºC and cleared in BABB (Benzyl Alcohol and Benzyl Benzoate, 1:2 

437 mixed together) before imaging on a ZEISS SteREO Discovery V12 stereomicroscope with a color 

438 camera. 

439 Immunohistochemistry staining 

440 Immunohistochemistry staining was performed as previously described (29). Briefly, adult mice 

441 (8-12 weeks old) were transcardially perfused with fixative (ice-cold 4% formaldehyde and 14% 

442 picric acid in PBS). DRGs were dissected, cryoprotected in 30% sucrose, and were sectioned at a 

443 thickness of 20 �m. Antibodies used include rabbit anti-MrgprC11 (1:500) which was custom 

444 made by Proteintech groups and validated by previous study (6) and donkey anti-Rabbit IgG-Alexa 

445 Fluor 555 (Invitrogen, A-31572, 1:500). 

446 RNAscope in situ hybridization

447 RNAscope in situ hybridization was performed using the RNAscope® Multiplex Fluorescent 

448 Reagent V2 (ACD 323270) according to the manufacturer’s instructions. Briefly, vagal ganglia 

449 were quickly collected and fresh frozen in dry-ice-cooled OCT medium. The ganglia were 
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450 sectioned at a thickness of 20 �m and the following probes were used: Prdmd12 (524371), 

451 MrgprA3 (548161), MrgprB4 (435781), MrgprC11 (488771), MrgprD (417921), IL4ra (520171), 

452 OSMR (427081), gp130 (476211), TRPV1 (313331). Fluorescent images were acquired on a 

453 Confocal Microscopy Zeiss LSM700 and analyzed in Fiji. DAPI staining was performed to 

454 visualize the nuclei of the cells. Cells with ≥ 5 fluorescent dots are considered positive. 3000-4000 

455 vagal sensory neurons (3-6 vagal ganglia) were quantified to examine the percentage of neurons 

456 expressing each gene. Only cells containing nuclei labeled by DAPI were counted to avoid 

457 repetitive counting of the same cells in different sections.

458 Cell culture and calcium imaging

459 Vagal sensory neuron culture and calcium imaging were performed as previously described (69). 

460 Briefly, Vagal sensory neurons isolated from PirtGCaMP3/+ mice were cultured and used for all 

461 calcium imaging analysis. Chemicals used are listed as follows: oncostatin M (300nM, LSBio, LS-

462 G27227), IL-4 (300 nM, bio-techne 404-ML), Bam8-22 (100nM, custom synthesized by 

463 Genscript). For every batch of vagal sensory neuron culture, vagal ganglia dissected from 10 

464 PirtGCaMP3/+ mice were pooled together, dissociated, and cultured on coverslips. The cultured cells 

465 are a mixture of jugular and nodose neurons as there is no effective way to separate jugular and 

466 nodose ganglia during the dissection. A subthreshold concentration of Bam8-22 (100nM) that 

467 normally only induces minimal calcium responses in vagal sensory was used to test if IL4 or OSM 

468 can sensitize cultured vagal sensory neurons. The same neurons were sequentially challenged with 

469 Bam8-22 (100 nM, 30 seconds), followed by IL-4 or OSM or calcium imaging buffer (300 nM, 3 

470 minutes), and then with Bam8-22 (100 nM, 30 seconds) again. Neurons were washed for 60 

471 seconds with calcium imaging buffer after every chemical. After chemical challenges, the number 

472 of neurons showing increased GCaMP3 fluorescence intensity and the total cell number are 

Page 21 of 43



For Review Only

473 quantified to calculate the percentage of Bam8-22-responsive vagal sensory neurons. The 

474 threshold to identify responsive cells was set as a 20% increase in fluorescence intensity. All 

475 calcium imaging experiments were repeated four times with four different batches of cell cultures, 

476 with each dot in Figures 4D, 4E, and 5E representing one batch. In each batch, three to four 

477 coverslips were tested, with the total cell number ranging from 350-720. On average, 6.25 Bam8-

478 22-responsive neurons were identified during the initial Bam8-22 application, and 22 Bam8-22-

479 responsive neurons were identified after the OSM/IL-4 application in one batch. Fluorescence 

480 intensity traces of  Bam8-22-responsive neurons from one batch were pooled together to generate 

481 the average fluorescence changes trace in Figure 4C and 5F and the population data are presented 

482 as mean ± s.e.m. 

483 Vagal ganglia injection

484 The vagal ganglion was surgically exposed from the ventral side of the neck. Unilateral injections 

485 were carried out using custom glass pipettes (pulled by a micropipette puller, Sutter Instruments) 

486 that were connected to Eppendorf Femtojet. AAV-EGFP (Addgene viral prep #105542) and Cre-

487 dependent AAV-flex-tdTomato (Addgene vector #51503, virus packaged at Emory Virus Core) 

488 were injected directly into the vagal ganglia of MrgprC11CreER mice (1.5-2.5 X 1012 GC/mL, ~0.2 

489 µL for each vagal ganglion). The nodose structure is easily visualized under the dissection 

490 microscope after surgical exposure. However, the jugular structure is typically not clearly visible, 

491 as it is hidden behind the bones. The AAV virus were injected into the rostral side of the nodose 

492 structure and diffused into the jugular. To ensure specific labeling of the jugular neuron, we 

493 collected all sensory ganglia including trigeminal ganglia, all cervical and thoracic DRGs and 

494 vagal ganglia from the AAV-injected animals. GFP or tdTomato signals in the trigeminal or DRG 
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495 ganglia indicate virus leakage and those animals were excluded from the analysis. Only animals 

496 showing specific signals in the vagal ganglia were used to collect lung sections. 

497 Airway mechanics

498 Anesthetized (pentobarbital, 70 mg/kg) animals were tracheotomized, attached to a Flexivent 

499 pulmonary mechanics analyzer (SCIREQ), and paralyzed with succinylcholine (2 mg/kg). 

500 Anesthetized mice were ventilated at a tidal volume of 9 mL/kg, at a frequency of 150 bpm. 

501 Positive end-expiratory pressure was set at 3 cm H2O. We assessed the airway responsiveness 

502 using a single-compartment model to measure the total lung resistance (RL), a dynamic variable 

503 that is largely dependent on the resistance to air flow through the airways and is sensitive to airway 

504 smooth muscle contraction. Airway hyperresponsiveness was determined in response to 

505 aerosolized methacholine challenges (0, 1, 3, 10, and 30 mg/ml). The nebulizer was on for 10 

506 seconds to deliver each dose of MCh. Bam8-22 (50 µl, 10 mg/ml) were administered by retro-

507 orbital IV injection.

508 Real-time RT-PCR

509 Real-time RT-PCR was performed in order to examine the gene expression changes in the VG. 

510 Total RNA was extracted from the VG using RNeasy Micro Kits (Qiagen), following the 

511 manufacturer’s protocol. cDNA was generated using the SuperScript III First-Strand Synthesis 

512 System (Invitrogen, Thermo Fisher Scientific, Waltham, MA). Quantitative real-time PCR was 

513 performed using a StepOnePlus Real-Time PCR System (Thermo Fisher Scientific) with the 

514 SYBR Green detection method. The cycle threshold (CT) values were analyzed by the 2–ΔCT 

515 method to determine the normalized expression ratio of target genes.

516 The sequence of the primers used were as follows:
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517 MrgprC11-F     AGCATCCACAACCCCAGAAG

518 MrgprC11-R     TGGAGTGCAGTTGGGATGAC 

519 Cathepsin S-F  CACCACACTTCAGGATGACC

520 Cathepsin S-R  TTCCCAGATGAGACGCCGTA

521 OSM-F  CAGCTGCAGAATCAGGCGAA

522 OSM-R  CTGAGCCCATGAAGCGATGG

523 OSMR-F  GGACTGTCCCAGCCCTTACT

524 OSMR-R  GCACAGCTTCTTCACGCTTC

525 Statistical Analysis

526 Data are represented as mean ± SEM. GraphPad Prism scientific software version 9.5.0 was used 

527 for statistical analysis. Statistical significance was determined using parametric methods (Welch’s 

528 t-test, one-way ANOVA, or two-way ANOVA). The specific tests used to analyze each data set is

529 indicated within the individual figure legends. Differences were considered as statistically 

530 significant at a value of * p<0.05 ** p<0.01 ***p<0.001 and ***p<0.0001. 
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535 FIGURE LEGEND

536 Figure 1. Mrgprs are specifically expressed in jugular sensory neurons. (A-D) Expression of 

537 Mrgpr family members in both DRGs and VGs using mouse genetic labeling. Mrgprs+ DRG 

538 sensory neurons are evenly distributed within the ganglia. However, all Mrgprs+ vagal sensory 

539 neurons are located in the rostral part of the ganglia. Brightfield images were collected for 

540 tdTomato labeling to visualize the morphology of the ganglia. (E) RNAscope in situ showing that 

541 Mrgprs are only expressed in jugular sensory neurons labeled by Prdm12. Arrowheads point to 

542 some of the overlapping cells. DAPI-nuclei stain was shown in blue. (F) The expressions of 

543 MrgprC11 and MrgprD define two different jugular nociceptive populations. The boxed areas in 

544 the upper panels in E&F are shown at greater magnification in the lower panels.  (G) Table showing 

545 the percentage of jugular neurons expressing Mrgpr family members. Scale bars: A-D, 250 µm, 

546 E-F top panel, 100 µm, E-F lower panel, 25 µm.

547 Figure 2. Whole mount PLAP histochemistry analysis of the airway isolated from MrgprC11PLAP 

548 mice with tamoxifen treatment to examine the innervation of MrgprC11+ nerves. (A-C)  

549 MrgprC11PLAP mice were treated with high dose of tamoxifen (100mg/kg, once daily for 5 days) 

550 to visualize all MrgprC11+ nerves. Dense nerves were observed in the larynx (A), trachea (B) and 

551 main bronchi (C). The trachea was cut along the anterior midline of the cartilage to make a flat 

552 whole-mount. (D-E) MrgprC11PLAP mice were treated with low dose of tamoxifen (10mg/kg, once) 

553 to sparsely label a subset of MrgprC11+ neurons. Terminal arbors were observed in both proximal 

554 large airway (D) and distal small airway (E). (F) Lung sections collected from MrgprC11tdTomato 

555 mice treated with high dose of tamoxifen. MrgprC11+ lung interoceptors penetrate into the 

556 superficial luminal surface. DAPI-nuclei stain was shown in blue. Scale bars: A-C, 1mm, D-E, 

557 0.1mm, F, 50 µm. 

Page 25 of 43



For Review Only

558 Figure 3. MrgprC11+ jugular neurons innervate the lung. (A) Diagram illustrating injection of 

559 AAV-EGFP and AAV-flex-tdTomato into the vagal ganglia of MrgprC11CreER mice. Created with 

560 BioRender.com. (B-D) Light view (B), EGFP (C) and tdTomato (C) images of a injected vagal 

561 ganglion. (E) Lung sections of AAV-injected mice showing MrgprC11+ nerves in the lung, labeled 

562 by both tdTomato and EGFP. Scale bars: B-D, 250 µm, E, 50 µm. 

563 Figure 4. IL-4 in the inflamed airway interacts with jugular neurons and sensitizes MrgprC11+ 

564 neurons. (A) IL4ra is expressed in both jugular and nodose neurons, although predominantly in 

565 jugular neurons. DAPI-nuclei stain was shown in blue. Boxed areas in A are shown at greater 

566 magnification in A’ and A’’ to show IL4ra expression in  jugular (A’) and nodose (A’’). (B) IL4ra+ 

567 jugular cells exhibit much higher fluorescent intensity of the in situ signals compared to IL4ra+ 

568 nodose neurons. Average fluorescence intensity were collected from 250 IL4ra+ jugular neurons 

569 and 62 IL4ra+ nodose neurons in 4 vagal ganglia isolated from 3 mice. (C) The majority of 

570 MrgprC11+ neurons express IL4ra. Venn Diagrams on the right illustrating the relative expression 

571 pattern and the numbers in the diagram indicate the cell numbers quantified. The sizes of the circles 

572 are proportional to the sizes of the cell populations. (D) Calcium responses of Bam8-22-sensitive 

573 neurons (100 nM Bam8-22) before and after IL-4 treatment (300 nM, 3 min). Average fluorescence 

574 changes (ΔF/F) were calculated from ≥ 20 cells and the population data are presented as mean ± 

575 s.e.m. (E) IL-4 increased the percentage of Bam8-22-responsive vagal sensory neurons. (F) The

576 percentage of Bam8-22-responsive vagal sensory neurons did not change when neurons were 

577 incubated with calcium imaging buffer between the two Bam8-22 applications. Welch’s t-test for 

578 E. *p < 0.05. Scale bars: A, 100 µm, A’, A’’, and C, 25 µm.

579 Figure 5. Oncostatin M in the inflamed airway interacts with jugular neurons and sensitizes 

580 MrgprC11+ neurons. (A-B) Oncostatin M receptor subunits OSMR and gp130 are mainly 
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581 expressed in jugular neurons. The boxed areas in A are shown at greater magnification in B.  (C) 

582 More than half of the MrgprC11+ neurons express OSMR. Venn Diagrams on the right illustrating 

583 the relative expression pattern and the numbers in the diagram indicate the cell numbers quantified. 

584 The sizes of the circles are proportional to the sizes of the cell populations. DAPI-nuclei stain was 

585 shown in blue in A-C. (D) OSM expression is upregulated in the inflamed lung. (E) OSM increased 

586 the percentage of Bam8-22-responsive vagal sensory neurons. (F) Calcium responses of Bam8-

587 22-sensitive neurons (100 nM Bam8-22) before and after OSM treatment (300 nM, 3 min).

588 Average fluorescence changes (ΔF/F) were calculated from ≥ 20 cells and the population data are 

589 presented as mean ± s.e.m. Welch’s t-test for D-E. *p < 0.05. Scale bars: A, 100 µm, B-C, 25 µm.

590 Figure 6. Allergic airway inflammation sensitizes MrgprC11+ jugular neurons. (A-B) RNAscope 

591 in situ showing the increased percentage of MrgprC11+ neurons in jugular neurons in asthmatic 

592 mice. Representative images of vagal ganglia sections from naïve and OVA-treated mice are 

593 shown in (A). The boxed areas in the upper panels are shown at greater magnification in the lower 

594 panels. The average percentages of MrgprC11+  neurons in jugular ganglia are shown in B.  DAPI-

595 nuclei stain was shown in blue in A. (C) Real time PCR analysis showing increased MrgprC11 

596 mRNA level in vagal ganglia in inflamed mice. (D) Bam8-22-induced bronchoconstriction was 

597 also significantly increased in the inflamed mice. (E) Real time PCR analysis showing increased 

598 cathepsin S expression level in the inflamed lung.  Welch’s t-test for B, C, and E. Two-way 

599 ANOVA for D.  *p < 0.05, **p < 0.01, ****p < 0.0001. Scale bars: A top panel , 100 µm, lower 

600 panel, 25 µm.

601 Figure 7. Ablation of MrgprC11+ jugular neurons blocked AHR.  (A-B) MrgprC11+ neurons were 

602 ablated in DTX-treated MrgprC11DTR mice. Scale bars 50 µm. (C-F) Ablation of MrgprC11+ 

603 neurons did not affect the inflammatory cell count in BALF (C) and the level of IL-4 (D), IL-5 

Page 27 of 43



For Review Only

604 (E), and IFNɣ (F). (G) Ablation of MrgprC11+ neurons blocked airway hyperresponsiveness. Data 

605 collected for the 30 mg/ml MCh was replotted in dot plot in (H) to better visualize the differences 

606 between the control and cell ablation groups.  Two-way ANOVA *p < 0.05, **p < 0.01. Scale 

607 bars: A, 100 µm.

608

609 SUPPLEMENTAL FIGURE LEGEND

610 Figure S1. Expression of OSMR in jugular ganglia in naïve and OVA-treated mice. (A) 

611 RNAscope in situ showing the expression of OSMR and Prdm12 in naïve and asthmatic mice. The 

612 boxed areas in the upper panels are shown at greater magnification in the lower panels. DAPI-

613 nuclei stain was shown in blue. (B) The percentages of OSMR+ neurons in jugular are comparable 

614 in naïve mice and asthmatic mice. (C) qPCR analysis of vagal ganglia showing that OSMR 

615 expression is decreased in the vagal sensory neurons in the inflamed mice. Scale bars: A top panel , 

616 100 µm, lower panel, 25 µm.

617 Figure S2. Expression of IL4ra in naïve and OVA-treated mice. (A) RNAscope in situ showing 

618 the expression of IL4ra and Prdm12 in vagal ganglia from naïve and asthmatic mice. The boxed 

619 areas in the upper panels are shown at greater magnification in the lower panels. DAPI-nuclei stain 

620 was shown in blue. (B) The percentages of IL4ra+ neurons in the jugular ganglia are comparable 

621 in naïve mice and asthmatic mice. (C) The percentages of IL4ra+ neurons in the vagal ganglia are 

622 comparable in naïve mice and asthmatic mice. (D) qPCR analysis of vagal ganglia showing 

623 comparable expression of IL4ra in naïve and inflamed mice. Welch’s t-test. Scale bars: A top 

624 panel , 100 µm, lower panel, 25 µm.
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625 Figure S3. Expression of TRPV1 and MrgprC11 in naïve and OVA-treated mice. (A) RNAscope 

626 in situ showing the expression of TRPV1 and MrgprC11 in vagal ganglia from naïve and asthmatic 

627 mice. The boxed areas in the upper panels are shown at greater magnification in the lower panels. 

628 DAPI-nuclei stain was shown in blue. (B) The percentages of TRPV1+ neurons expressing 

629 MrgprC11 is increased in OVA-treated mice. (C) The percentages of MrgprC11+ neurons 

630 expressing TRPV1 are comparable in naïve mice and asthmatic mice. Welch’s t-test for B. *p < 

631 0.05. Scale bars: A top panel , 100 µm, lower panel, 25 µm.

632
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Figure 1. Mrgprs are specifically expressed in jugular sensory neurons. (A-D) Expression of Mrgpr family 
members in both DRGs and VGs using mouse genetic labeling. Mrgprs+ DRG sensory neurons are evenly 

distributed within the ganglia. However, all Mrgprs+ vagal sensory neurons are located in the rostral part of 
the ganglia. Brightfield images were collected for tdTomato labeling to visualize the morphology of the 

ganglia. (E) RNAscope in situ showing that Mrgprs are only expressed in jugular sensory neurons labeled by 
Prdm12. Arrowheads point to some of the overlapping cells. DAPI-nuclei stain was shown in blue. (F) The 

expressions of MrgprC11 and MrgprD define two different jugular nociceptive populations. The boxed areas 
in the upper panels in E&F are shown at greater magnification in the lower panels.  (G) Table showing the 
percentage of jugular neurons expressing Mrgpr family members. Scale bars: A-D, 250 µm, E-F top panel, 

100 µm, E-F lower panel, 25 µm. 
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Figure 2. Whole mount PLAP histochemistry analysis of the airway isolated from MrgprC11PLAP mice with 
tamoxifen treatment to examine the innervation of MrgprC11+ nerves. (A-C)  MrgprC11PLAP mice were 

treated with high dose of tamoxifen (100mg/kg, once daily for 5 days) to visualize all MrgprC11+ nerves. 
Dense nerves were observed in the larynx (A), trachea (B) and main bronchi (C). The trachea was cut along 

the anterior midline of the cartilage to make a flat whole-mount. (D-E) MrgprC11PLAP mice were treated 
with low dose of tamoxifen (10mg/kg, once) to sparsely label a subset of MrgprC11+ neurons. Terminal 
arbors were observed in both proximal large airway (D) and distal small airway (E). (F) Lung sections 

collected from MrgprC11tdTomato mice treated with high dose of tamoxifen. MrgprC11+ lung interoceptors 
penetrate into the superficial luminal surface. DAPI-nuclei stain was shown in blue. Scale bars: A-C, 1mm, 

D-E, 0.1mm, F, 50 µm. 
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Figure 3. MrgprC11+ jugular neurons innervate the lung. (A) Diagram illustrating injection of AAV-EGFP and 
AAV-flex-tdTomato into the vagal ganglia of MrgprC11CreER mice. (B-D) Light view (B), EGFP (C) and 

tdTomato (C) images of a injected vagal ganglion. (E) Lung sections of AAV-injected mice showing 
MrgprC11+ nerves in the lung, labeled by both tdTomato and EGFP. Scale bars: B-D, 250 µm, E, 50 µm. 
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Figure 4. IL-4 in the inflamed airway interacts with jugular neurons and sensitizes MrgprC11+ neurons. (A) 
IL4ra is expressed in both jugular and nodose neurons, although predominantly in jugular neurons. DAPI-
nuclei stain was shown in blue. Boxed areas in A are shown at greater magnification in A’ and A’’ to show 
IL4ra expression in  jugular (A’) and nodose (A’’). (B) IL4ra+ jugular cells exhibit much higher fluorescent 
intensity of the in situ signals compared to IL4ra+ nodose neurons. Average fluorescence intensity were 

collected from 250 IL4ra+ jugular neurons and 62 IL4ra+ nodose neurons in 4 vagal ganglia isolated from 3 
mice. (C) The majority of MrgprC11+ neurons express IL4ra. Venn Diagrams on the right illustrating the 

relative expression pattern and the numbers in the diagram indicate the cell numbers quantified. The sizes 
of the circles are proportional to the sizes of the cell populations. (D) Calcium responses of Bam8-22-

sensitive neurons (100 nM Bam8-22) before and after IL-4 treatment (300 nM, 3 min). Average fluorescence 
changes (ΔF/F) were calculated from ≥ 20 cells and the population data are presented as mean ± s.e.m. (E) 
IL-4 increased the percentage of Bam8-22-responsive vagal sensory neurons. (F) The percentage of Bam8-
22-responsive vagal sensory neurons did not change when neurons were incubated with calcium imaging
buffer between the two Bam8-22 applications. Welch’s t-test for E. *p < 0.05. Scale bars: A, 100 µm, A’,

A’’, and C, 25 µm. 
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Figure 5. Oncostatin M in the inflamed airway interacts with jugular neurons and sensitizes MrgprC11+ 
neurons. (A-B) Oncostatin M receptor subunits OSMR and gp130 are mainly expressed in jugular neurons. 

The boxed areas in A are shown at greater magnification in B.  (C) More than half of the MrgprC11+ neurons 
express OSMR. Venn Diagrams on the right illustrating the relative expression pattern and the numbers in 

the diagram indicate the cell numbers quantified. The sizes of the circles are proportional to the sizes of the 
cell populations. DAPI-nuclei stain was shown in blue in A-C. (D) OSM expression is upregulated in the 
inflamed lung. (E) OSM increased the percentage of Bam8-22-responsive vagal sensory neurons. (F) 

Calcium responses of Bam8-22-sensitive neurons (100 nM Bam8-22) before and after OSM treatment (300 
nM, 3 min). Average fluorescence changes (ΔF/F) were calculated from ≥ 20 cells and the population data 

are presented as mean ± s.e.m. Welch’s t-test for D-E. *p < 0.05. Scale bars: A, 100 µm, B-C, 25 µm. 
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Figure 6. Allergic airway inflammation sensitizes MrgprC11+ jugular neurons. (A-B) RNAscope in situ 
showing the increased percentage of MrgprC11+ neurons in jugular neurons in asthmatic mice. 

Representative images of vagal ganglia sections from naïve and OVA-treated mice are shown in (A). The 
boxed areas in the upper panels are shown at greater magnification in the lower panels. The average 

percentages of MrgprC11+  neurons in jugular ganglia are shown in B.  DAPI-nuclei stain was shown in blue 
in A. (C) Real time PCR analysis showing increased MrgprC11 mRNA level in vagal ganglia in inflamed mice. 

(D) Bam8-22-induced bronchoconstriction was also significantly increased in the inflamed mice. (E) Real 
time PCR analysis showing increased cathepsin S expression level in the inflamed lung.  Welch’s t-test for B, 

C, and E. Two-way ANOVA for D.  *p < 0.05, **p < 0.01, ****p < 0.0001. Scale bars: A top panel , 100 
µm, lower panel, 25 µm. 
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Figure 7. Ablation of MrgprC11+ jugular neurons blocked AHR.  (A-B) MrgprC11+ neurons were ablated in 
DTX-treated MrgprC11DTR mice. Scale bars 50 µm. (C-F) Ablation of MrgprC11+ neurons did not affect the 

inflammatory cell count in BALF (C) and the level of IL-4 (D), IL-5 (E), and IFNɣ (F). (G) Ablation of 
MrgprC11+ neurons blocked airway hyperresponsiveness. Data collected for the 30 mg/ml MCh was 
replotted in dot plot in (H) to better visualize the differences between the control and cell ablation 

groups.  Two-way ANOVA *p < 0.05, **p < 0.01. Scale bars: A, 100 µm. 
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Figure S1. Expression of OSMR in jugular ganglia in naïve and OVA-treated mice. (A) RNAscope in situ 
showing the expression of OSMR and Prdm12 in naïve and asthmatic mice. The boxed areas in the upper 

panels are shown at greater magnification in the lower panels. DAPI-nuclei stain was shown in blue. (B) The 
percentages of OSMR+ neurons in jugular are comparable in naïve mice and asthmatic mice. (C) qPCR 

analysis of vagal ganglia showing that OSMR expression is decreased in the vagal sensory neurons in the 
inflamed mice. Scale bars: A top panel , 100 µm, lower panel, 25 µm. 
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Figure S2. Expression of IL4ra in naïve and OVA-treated mice. (A) RNAscope in situ showing the expression 
of IL4ra and Prdm12 in vagal ganglia from naïve and asthmatic mice. The boxed areas in the upper panels 

are shown at greater magnification in the lower panels. DAPI-nuclei stain was shown in blue. (B) The 
percentages of IL4ra+ neurons in the jugular ganglia are comparable in naïve mice and asthmatic mice. (C) 
The percentages of IL4ra+ neurons in the vagal ganglia are comparable in naïve mice and asthmatic mice. 

(D) qPCR analysis of vagal ganglia showing comparable expression of IL4ra in naïve and inflamed mice. 
Welch’s t-test. Scale bars: A top panel , 100 µm, lower panel, 25 µm. 
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Figure S3. Expression of TRPV1 and MrgprC11 in naïve and OVA-treated mice. (A) RNAscope in situ showing 
the expression of TRPV1 and MrgprC11 in vagal ganglia from naïve and asthmatic mice. The boxed areas in 
the upper panels are shown at greater magnification in the lower panels. DAPI-nuclei stain was shown in 
blue. (B) The percentages of TRPV1+ neurons expressing MrgprC11 is increased in OVA-treated mice. (C) 
The percentages of MrgprC11+ neurons expressing TRPV1 are comparable in naïve mice and asthmatic 

mice. Welch’s t-test for B. *p < 0.05. Scale bars: A top panel , 100 µm, lower panel, 25 µm. 
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