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38 Abstract

39 The significance of the relationship between the nervous and immune systems with 

40 respect to disease course is increasingly apparent. Immune cells in the liver and spleen 

41 are responsible for the development of acute liver injury, yet the regulatory mechanisms 

42 of the interactions remain elusive. Calcitonin gene-related peptide (CGRP), which is 

43 released from the sensory nervous system, regulates innate immune activation via 

44 receptor activity-modifying protein 1 (RAMP1), a subunit of the CGRP receptor. Here, 

45 we show that RAMP1 in Kupffer cells (KCs) plays a critical role in the etiology of 

46 immune-mediated hepatitis. RAMP1-deficient mice with concanavalin A 

47 (ConA)-mediated hepatitis, characterized by severe liver injury accompanied by 

48 infiltration of immune cells and increased secretion of pro-inflammatory cytokines by 

49 KCs and splenic T cells, showed poor survival. Removing KCs ameliorated liver 

50 damage, while depleting T cells or splenectomy led to partial amelioration. Adoptive 

51 transfer of splenic T cells from RAMP1-deficient mice led to a modest increase in liver 

52 injury. Co-culture of KCs with splenic T cells led to increased cytokine expression by 

53 both cells in a RAMP1-dependent manner. Thus, immune-mediated hepatitis develops 

54 via crosstalk between immune cells. RAMP1 in KCs is a key regulator of immune 

55 responses. 
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56 Introduction

57 The liver is exposed to high concentrations of products derived from the diet and gut 

58 microbiota, which in combination with bacterial endotoxins would normally trigger 

59 immune responses. Hepatic resident macrophages, called Kupffer cells (KCs), are the 

60 principal macrophages in the liver, where they reside in the sinusoids and are thus in a 

61 perfect position to monitor materials emanating from the intestine [1]. The liver is 

62 innervated by sympathetic, parasympathetic, and peptidergic nerves that contain both 

63 afferent and efferent nerve fibers. A number of neuropeptides are present in liver [2]. 

64 For example, neuronal fibers expressing substance P and calcitonin gene-related peptide 

65 (CGRP) are abundant in the tunica media of vessels in portal tracts, as well as in 

66 intra-lobular connective tissue [3]. The nervous system plays a major role in regulating 

67 immune homeostasis and inflammation, and the significance of the crosstalk between 

68 the nervous and immune systems with respect to injury outcome and/or disease course 

69 is increasingly apparent [4].

70 The immune system is tightly regulated by the nervous system, which releases several 

71 mediators (including neurotransmitters). CGRP, a 37 amino acid peptide, is produced in 

72 the neural body of dorsal root ganglion cells and released from sensory nerve endings 

73 [5]. CGRP binds to a specific receptor, a complex formed by receptor 
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74 activity-modifying protein 1 (RAMP1) and calcitonin receptor-like receptor (CRLR) [6]. 

75 Binding of CGRP to its receptor triggers an increase in intracellular cyclic adenosine 

76 monophosphate levels, leading to vasodilation and transmission of pain signals [5,7]. 

77 Because CGRP receptors are expressed by immune cells, CGRP modulates immune 

78 responses via receptor binding [5]. Recent studies show that CGRP regulates the 

79 function of T cells [8], dendritic cells [9], and macrophages [10] during inflammation. 

80 CGRP suppresses production of tumor necrosis factor (TNF)α by lipopolysaccharide 

81 (LPS)-activated dendritic cells, thereby increasing production of interleukin (IL)-10 [9]. 

82 CGRP exerts similar immunosuppressive actions on T cells and macrophages in the 

83 colon [10]. These findings indicate that RAMP1 signaling and immune cells engage in 

84 crosstalk, thereby regulating immune responses.

85 In the liver, CGRP-deficient (Calca-/-) mice with immune-mediated hepatitis exhibit 

86 aggravated liver injury caused by concanavalin A (ConA), which enhances apoptosis 

87 mediated by interferon gamma (IFNγ) [11]. ConA hepatitis is mediated by activation of 

88 immune cells, including T lymphocytes [12] and KCs [13,14]. Because CGRP and its 

89 receptors are expressed in the liver [15] as well as spleen [16,17], RAMP1 signaling 

90 regulates ConA hepatitis via immune cells in the liver and spleen. However, it remains 

91 unknown about the contribution of RAMP1 signaling in the liver and spleen to the 
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92 progression of immune-mediated hepatitis. 

93 Here, we used RAMP1 knockout (Ramp1-/-) mice to explore the crosstalk between 

94 RAMP1 signaling and innate immunity in the liver and spleen during ConA-mediated 

95 hepatitis [9,18]. The results indicate that the initial liver injury is driven by interactions 

96 between splenic T cells and KCs, and that RAMP1 signaling in KCs orchestrates 

97 development of immune-mediated hepatitis. Thus, RAMP1 in KCs is a key modulator 

98 during development of immune-mediated hepatitis. 

99

100 Materials and methods 

101

102 Animals

103 Male C57Bl/6 WT mice were obtained from Clea Japan (Tokyo, Japan). Male Ramp1-/- 

104 mice were developed previously [9]. Mice were maintained at constant humidity (60 ± 

105 5%) and temperature (25 ± 1°C) on a 12 h light/dark cycle. All animals were provided 

106 with food and water ad libitum. All experimental procedures were approved by the 

107 Animal Experimentation and Ethics Committee of the Kitasato University School of 

108 Medicine (2017-59), and were performed in accordance with the guidelines for animal 

109 experiments set down by the Kitasato University School of Medicine, which are in 
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110 accordance with the “Guidelines for Proper Conduct of Animal Experiments” published 

111 by the Science Council of Japan. Mice used for survival studies were examined by 

112 animal care takers and the overall health status was checked by trained professionals. 

113 Mice were euthanized by pentobarbital sodium when they were found in a moribund 

114 state as identified by inability to maintain upright position and/or labored breathing. The 

115 mice for in vivo experiments were constantly watched throughout the experiment 

116 periods. Tissue collection procedures were performed under anesthesia with 

117 pentobarbital sodium. At the end of the experiments, the animals were euthanized by 

118 exsanguination under anesthesia with pentobarbital sodium followed by cervical 

119 dislocation.

120

121 Animal procedures

122 Animals were fasted overnight and then intravenously (i.v.) injected (via the tail vein) 

123 with 20 mg/kg Con A (Merck KGaA, Darmstadt, Germany) dissolved in warm 

124 pyrogen-free saline (final concentration, 2.0 mg/ml) to induce hepatitis [18]. Mice were 

125 anaesthetized with pentobarbital sodium (60 mg/kg, intraperitoneally (i.p.)) at 0, 1, 3, 6, 

126 and 24 h after ConA administration (n = 6 for each time point), and blood was drawn. 

127 Levels of ALT were measured using a Dri-Chem 7000 Chemistry Analyzer System 
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128 (Fujifilm, Tokyo, Japan). Immediately after blood collection, livers were excised and 

129 rinsed in saline. A small section of each liver was placed in 10% formaldehyde; the 

130 remaining liver was frozen in liquid nitrogen and stored at -80°C. For survival 

131 experiment, WT or Ramp1-/- mice were treated with ConA (n = 20 per group) and were 

132 monitored every 12 h up until 48 h after ConA administration. Some animals received a 

133 single subcutaneous injection of CGRP (5.0 µg/mouse in 200 µl of saline; Peptide 

134 Institute, Inc. Osaka, Japan) 30 min before treatment with Con A [15] or vehicle 

135 (saline). 

136

137 Neutralization of TNFα and IFNγ

138 In another set of experiments, mice were injected i.p. with 100 μg of a neutralizing 

139 monoclonal antibody specific for mouse TNFα (eBioscience, San Diego, CA, USA) and 

140 100 μg of a neutralizing monoclonal antibody specific for mouse IFNγ (eBioscience)  

141 30 min before ConA administration. 

142

143 Depletion of CD4+ T cells

144 Experimental animals were depleted of CD4+ cells using a rat anti-mouse CD4 

145 monoclonal IgG2b antibody (clone GK1.5; BioLegend, San Diego, CA, USA). The 
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146 antibody was administered i.p. (300 μg per mouse) 24 h before ConA administration. 

147 Control animals were treated with IgG isotype control antibodies (BioLegend).

148

149 Depletion of macrophages 

150 Mice were injected i.v. with clodronate CL (200 μl/mouse; FormuMax Scientific, Inc., 

151 CA, USA) before 48 h ConA injection. Control groups were injected with control 

152 anionic liposomes (200 μl).

153

154 Histology and immunohistochemistry

155 Excised liver tissues were fixed immediately with 10% formaldehyde prepared in 0.1 M 

156 sodium phosphate buffer (pH 7.4). Sections (3.5 µm thick) were prepared from 

157 paraffin-embedded tissues and either stained with hematoxylin and eosin (H&E) or 

158 immunostained with appropriate antibodies. Images of H&E-stained sections were 

159 captured under a microscope (Biozero BZ-7000 Series; KEYENCE, Osaka, Japan). 

160 Necrosis (expressed as a percentage of the total area) was estimated by measuring the 

161 necrotic area in the entire histological section using ImageJ software (US National 

162 Institutes of Health, Bethesda, MD, USA). 

163
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164 Immunofluorescence analysis

165 Tissue samples were fixed with periodate-lysine-paraformaldehyde fixative at room 

166 temperature for 3 h. Following cryoprotection with 30% sucrose prepared in 0.1 M 

167 phosphate buffer (pH 7.2), sections (8 µm thick) were cut in a cryostat and incubated 

168 with Dako Protein Block Serum-Free solution (Glostrup, Denmark) at room temperature 

169 for 1 h to block non-specific binding. Sections were then incubated overnight at 4°C 

170 with a rabbit anti-mouse RAMP1 polyclonal antibody (Bioss Antibodies, Inc., Woburn, 

171 MA, USA), a rat anti-mouse Ly6C monoclonal antibody (Bio-Rad Laboratories, Inc., 

172 Puchheim, Germany), a rat anti-mouse CD4 monoclonal antibody (Bio-Rad 

173 Laboratories, Inc.), a rat anti-mouse CD3 monoclonal antibody (Bio-Rad Laboratories, 

174 Inc.), or a rat anti-mouse CD68 monoclonal antibody (Bio-Rad Laboratories, Inc.). 

175 After washing three times in PBS, the sections were incubated with a mixture of the 

176 following secondary antibodies for 1 h at room temperature: Alexa Fluor® 

177 488-conjugated donkey anti-rat IgG, Alexa Fluor® 594-conjugated donkey anti-rabbit 

178 IgG, Alexa Fluor® 488-conjugated donkey anti-goat IgG (all from Molecular Probes, 

179 OR, USA), and Alexa Fluor® 594-conjugated goat anti-guinea pig IgG (Abcam plc, 

180 MA, USA). These antibodies were diluted in Antibody Diluent with 

181 Background-Reducing Components (Agilent, CA, USA). As a negative control, sections 

.CC-BY 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted June 27, 2018. ; https://doi.org/10.1101/357582doi: bioRxiv preprint 

https://doi.org/10.1101/357582
http://creativecommons.org/licenses/by/4.0/


10

182 were incubated in Antibody Diluent with Background-Reducing Components in the 

183 absence of a primary antibody. Images were captured under a fluorescence microscope 

184 (Biozero BZ-9000 Series; KEYENCE). After labeling, six low-power optical fields 

185 (200× magnification) were randomly selected and the number of positive cells was 

186 counted. At least five animals were analyzed per marker.

187

188 Real-time RT-PCR 

189 Transcripts encoding Ramp1, Calcrl, Calca, Tnf, Ifng, Ccl2, Ccl5, Ccl7, and 

190 glyceraldehyde-3-phosphate dehydrogenase (Gapdh) were quantified by real-time 

191 RT-PCR analysis. Total RNA was extracted from mouse tissues and homogenized in 

192 TRIzol reagent (Life Technologies, Carlsbad, CA, USA). Single-stranded cDNA was 

193 generated from 1 μg of total RNA via reverse transcription using the ReverTra Ace® 

194 qPCR RT Kit (TOYOBO Co., Ltd., Osaka, Japan), according to the manufacturer’s 

195 instructions. Quantitative PCR amplification was performed using SYBR Premix Ex 

196 Taq™ II (Tli RNaseH Plus; Takara Bio, Inc. Shiga, Japan). The gene-specific primers 

197 used for real-time RT-PCR were designed using Primer 3 software 

198 (http://primer3.sourceforge.net/) based on data from GenBank. The primers were as 

199 follows: 5’-CCATCTCTTCATGGTCACTGC-3’ (sense) and 
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200 5’-AGCGTCTTCCCAATAGTCTCC-3’ (antisense) for Ramp1; 

201 5’-CTTCTGGATGCTCTGTGAAGG-3’ (sense) and 

202 5’-CCCAGCCGAGAAAATAATACC-3’ (antisense) for Calcrl; 

203 5’-TCTTCTCATTCCTGCTTGTGG-3’ (sense) and 

204 5’-GATCTGAGTGTGAGGGTCTGG-3’ (antisense) for Tnf; 

205 5’-ATCTGGAGGAACTGGCAAAAG-3’ (sense) and 

206 5’-CGCTTATGTTGTTGCTGATGG-3’ (antisense) for Ifng; 

207 5’-CGGAACCAAATGAGATCAGAA-3’ (sense) and 

208 5’-TTGTGGAAAAGGTAGTGGATG-3’ (antisense) for Ccl2; 

209 5’-CTGCTGCTTTGCCTACCTCTC-3’ (sense) and 

210 5’-GTGACAAACACGACTGCAAGA-3’ (antisense) for Ccl5; 

211 5’-TGCTTTCAGCATCCAAGTGTG-3’ (sense) and 

212 5’-ACCGACTACTGGTGATCCTTC-3’ (antisense) for Ccl7; 

213 5’-ACATCAAGAAGGTGGTGAAGC-3’ (sense) and 

214 5’-AAGGTGGAAGAGTGGGAGTTG-3’ (antisense) for GAPDH. Data were 

215 normalized to GAPDH expression levels.

216

217 Measurement of CGRP by ELISA
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218 The concentrations of CGRP in liver and spleen tissues were measured with an ELISA 

219 kit (USCN Life Science Inc., Huston, TX, USA), according to the manufacturer’s 

220 instructions.

221

222 Isolation of leukocytes from liver and spleen 

223 Mice were anesthetized with pentobarbital sodium solution (60 mg/kg, i.p.), and the 

224 liver was perfused with perfusion buffer (10 ml, 1× Hank’s balanced salt solution) 

225 through the portal vein. Excised livers were placed immediately at room temperature in 

226 RPMI, minced into small pieces using scissors, and incubated in RPMI containing 

227 0.05% collagenase (Type IV; Sigma Chemical Co., St. Louis, MO, USA) at 37°C for 20 

228 min. The tissue was then pressed through a 70 μm cell strainer. The cells were 

229 centrifuged at 2600 rpm for 10 min at 4°C, and pelleted cells were resuspended in PBS. 

230 Hepatic leukocytes were isolated from liver homogenates by density-gradient 

231 centrifugation on 33% Percoll™ (GE Healthcare Life Sciences, Piscataway, NJ, USA), 

232 as previously reported [19,20]. Non-parenchymal cells were collected from the interface 

233 between the 33% and 66% Percoll™ density cushions and centrifuged at 2700 rpm for 

234 30 min at 4°C. The spleen was also collected and placed immediately in ice-cold RPMI. 

235 The tissue was pressed through a 70 μm cell strainer, and erythrocytes were disrupted in 
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236 lysis buffer. Viable, nucleated cells were counted by trypan blue exclusion and diluted 

237 to a uniform cell density.

238

239 Cell culture and co-culture conditions

240 F4/80+ cells were isolated from the liver and spleen using the mouse F4/80+ Isolation 

241 Kit (Miltenyi Biotec, Auburn, CA, USA), according to the manufacturer’s instructions. 

242 Then, F4/80+ cells were cultured in RPMI 1640 medium containing 10% fetal calf 

243 serum and plated in 6-well plates (1.0 × 106 cells per well). After 24 h, cells were 

244 stimulated for 3 h with ConA (2 μg/ml) with or without CGRP (1 or 10 nM) (Peptide 

245 Institute) in RPMI 1640 medium. CD4+ cells were isolated from the spleen using the 

246 mouse CD4+ T cell Isolation Kit (Miltenyi Biotec), according to the manufacturer’s 

247 instructions. Isolated CD4+ cells (106 cells/ml) were stimulated with 1 mg/ml anti-CD3 

248 (BioLegend) and 1 mg/ml anti-CD28 (BioLegend). After 24 h, cells were stimulated for 

249 1 h with ConA with or without CGRP (Peptide Institute) in RPMI 1640 medium. For 

250 the co-culture experiments, isolated KCs from liver and/or isolated CD4+ T cells from 

251 spleen were seeded into plates. The co-culture was maintained for 24 h, after which 

252 co-cultured cells were incubated for 1 h with or without ConA (2 µg/ml) in the 

253 presence/absence of CGRP (1 or 10 nM) in advanced RPMI 1640 (Thermo Fisher 
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254 Scientific, Inc. Waltham, MA, USA). The F4/80+ cells and CD4+ cells were then 

255 harvested and homogenized in TRIzol (Life Technologies), and mRNA levels were 

256 measured by real-time RT-PCR.

257

258 Flow cytometry analysis 

259 Cells were incubated with the 2.4G2 mAb (anti-cγRIII/II) to block non-specific binding 

260 of the primary mAb. Then, cells were stained with a combination of the following 

261 fluorochrome-conjugated antibodies: anti-CD45 (clone 30-F11, BioLegend), anti-Ly6G 

262 (clone 1A8, BioLegend), anti-Ly6C (clone HK 1.4, BioLegend), anti-CD11b (clone 

263 M1/70, BioLegend), anti-F4/80 (clone A3-1, Bio-Rad), anti-CD3 (clone 17A2, 

264 BioLegend), anti-CD4 (clone GK1.5, BioLegend), and anti-CD8 (clone 53-6.7, 

265 BioLegend). Tubes were placed in the dark on ice for 30 min. Pellets were washed 

266 twice with PBS. For flow cytometric analysis, cells were initially gated on 

267 forward-scatter (FSC) and side-scatter (SSC) and then gated on CD45+ cells. Cells 

268 positive for 7-aminoactinomycin D (7-AAD; BioLegend) were electronically gated 

269 from the analysis as dead cells. Samples were measured on a FACSVerse™ (BD, 

270 Franklin Lakes, NJ, USA). The data were analyzed using Kaluza software v1.3 

271 (Beckman Coulter, Brea, CA, USA) [19,20]. For intracellular cytokine staining, cells 
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272 were incubated for 4 h at room temperature with Golgi Plug (BD Biosciences, San Jose, 

273 CA, USA) to block intracellular protein transport. Then, cells were incubated with the 

274 2.4G2 mAb. Saturating concentrations of APC-labeled anti-F4/80 (clone A3-1, 

275 Bio-Rad) and APC/Cy7-labeled anti-CD4 (clone GK1.5, BioLegend) antibodies were 

276 added. Following washing, cells were fixed and permeabilized prior to intracellular 

277 staining of cytokines. After fixation and permeabilization, cells were incubated with 

278 PE-labeled anti-TNFα (BioLegend) and FITC-labeled anti-IFNγ (BioLegend) 

279 antibodies.

280

281 Adoptive transfer of T cells 

282 Isolated splenic CD4-positive cells (T cells) from WT and Ramp1-/- mice were injected 

283 into WT mice (i.v. at a dose of 5 × 106 cells/200 μl of PBS). Seven days later, recipient 

284 mice were treated with ConA. At 24 h post-treatment, serum and liver samples were 

285 collected for analyses. 

286

287 Splenectomy

288 For splenectomy, the abdominal wall of mice was opened through a left subcostal 

289 minimal incision under ether anesthesia. The splenic arteries and veins were ligated at 
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290 the splenic hilum using 3–0 silk and then divided. The resected spleen was removed, 

291 and the abdominal incision was closed. All surgical procedures were performed under 

292 sterilized conditions. For the sham operation, the abdominal wall was similarly opened 

293 and then closed immediately after identifying the spleen.

294

295 Statistical analysis 

296 All results are expressed as the mean ± standard deviation (SD). All statistical analyses 

297 were performed using GraphPad Prism software, version 6.07 (GraphPad Software, La 

298 Jolla, CA, USA). Unpaired two-tailed Student’s t-test was used to compare data 

299 between two groups, and one-way analysis of variance, followed by Bonferroni’s 

300 post-hoc test, was used to compare data between multiple groups. The survival rates of 

301 WT and Ramp1-/- mice were compared using Kaplan-Meier survival analysis and 

302 log-rank tests. A P-value < 0.05 was considered statistically significant.

303

304 Results

305

306 ConA-mediated hepatitis is exacerbated in Ramp1-/- mice

307 To elucidate the functional role of RAMP1 signaling during immune-mediated liver 
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308 injury, we treated WT and Ramp1-/- mice with ConA. First, we examined the impact of 

309 RAMP1 deficiency on ConA-induced mortality by monitoring survival every 12 h up 

310 until 48 h after ConA administration. We found that 40% of Ramp1-/- mice died within 

311 24 h, whereas all of the WT mice survived (Fig 1A). These results suggest that Ramp1-/- 

312 mice are highly susceptible to acute liver injury caused by ConA. Based on these results, 

313 we compared WT and Ramp1-/- mice within 24 h of ConA treatment in all subsequent 

314 experiments. 

315 Next, we examined the role of RAMP1 signaling in ConA-induced hepatitis by 

316 biochemical and histological evaluation of liver injury. Within 6 h of ConA treatment, 

317 ALT levels in WT mice began to increase and were elevated markedly at 24 h post- 

318 treatment (Fig 1B). By contrast, liver injury in Ramp1-/- mice was more severe than that 

319 in WT mice, as reflected by markedly higher ALT levels. The same was true for hepatic 

320 necrosis, as indicated by the larger necrotic areas in the liver of Ramp1-/- mice (Fig 1B 

321 and S1 Fig). 

322 Because inflammatory cells, including T cells and macrophages, are responsible for 

323 development of ConA hepatitis via production of pro-inflammatory cytokines, we 

324 examined accumulation of inflammatory cells in the liver and spleen. 

325 Immunofluorescence analysis revealed that, at 24 h after ConA treatment, accumulation 
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326 of inflammatory cells (including Ly6C+, CD68+, and CD4+ cells) in Ramp1-/--livers 

327 was much higher than that in WT livers (Fig 1C and S1 Fig). During the early phase of 

328 ConA hepatitis, the number of hepatic CD3+ cells increased minimally (S1 Fig). Next, 

329 we examined the recruited inflammatory cells using flow cytometry analysis (Fig 1D 1E, 

330 S2 Fig). Exposure to ConA for 24 h caused hepatic accumulation of monocytes (defined 

331 as Ly6Chigh/CD11bhigh/F4/80low) or recruited macrophages 

332 (Ly6Chigh/CD11bhigh/F4/80high) in the livers of both genotypes. There were more 

333 Ly6Chigh/CD11bhigh/F4/80low cells in Ramp1-/- mice than in WT mice, but fewer 

334 Ly6Chigh/CD11bhigh/F4/80high cells (Fig 1D). These observations were associated with 

335 higher hepatic levels of chemokines, including C-C motif chemokine ligand 2 (Ccl2), 

336 Ccl5, and Ccl7, in Ramp1-/- mice than in WT mice (S3 Fig). By contrast, KCs (defined 

337 as Ly6Clow/CD11blow/F4/80high) were markedly reduced in both genotypes (Fig 1D). 

338 There were more CD4+ T cells (CD3high/CD4high/CD8low) in the liver of Ramp1-/- mice 

339 than in that of WT mice (Fig. 1D). However, there were no significant differences 

340 between the genotypes in terms of the number of CD8+ T cells 

341 (CD3high/CD4low/CD8high) in the liver (Fig 1D). These results suggest that RAMP1 

342 protects the liver from ConA hepatotoxicity by inhibiting accumulation of inflammatory 

343 cells. 
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344 There were more monocytes (Ly6Chigh/CD11bhigh/F4/80low) in the spleen of Ramp1-/- 

345 mice than in WT mice, but fewer macrophages (Ly6Chigh/CD11bhigh/F4/80high) (Fig 1E). 

346 However, the percentage of these cells was small in both genotypes. There was a very 

347 small increase in the number of resident macrophages (Ly6Clow/CD11blow/F4/80high) in 

348 Ramp1-/- mice, along with moderate increases in the number of CD4+ T cells. By 

349 contrast, the number of CD8+ T cells fell in both genotypes (Fig 1E). 

350

351 Expression of CGRP and RAMP1 during ConA-induced 

352 hepatitis 

353 Next, we examined expression of RAMP1 in the liver and spleen from WT mice to 

354 investigate the potential role of RAMP1 in ConA-induced liver injury. Real-time PCR 

355 analysis revealed that the amount of Ramp1 mRNA in the liver increased transiently at 

356 1 h after ConA administration before declining thereafter, reaching a nadir at 6 h, and 

357 recovering to baseline levels at 24 h (S4 Fig). A gradual downregulation of Ramp1 

358 expression over time was observed in the spleen after ConA treatment (S4 Fig). A 

359 similar trend was observed for Calcrl, another subunit of the CGRP receptor, in the 

360 liver and spleen after ConA administration S4 Fig); however, the levels of Calcrl did 

361 not differ between Ramp1-/- and WT mice. Next, we tried to identify the cellular sources 
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362 of RAMP1. CGRP, a ligand of RAMP1, was also identified in nerve fibers within the 

363 liver and spleen (S4 Fig). CGRP levels fell over time after ConA treatment, and hepatic 

364 levels at 3, 6, and 24 h in Ramp1-/- mice were lower than those in WT mice (S4 Fig). 

365 CGRP expression in the spleen of both genotypes dropped at 1 h, before gradually 

366 returning to normal levels (S4 Fig); however, there were no significant differences 

367 between the genotypes. These results suggest that downregulation of CGRP/RAMP1 is 

368 associated with ConA hepatitis, and that RAMP1 in macrophages and T cells might 

369 play an important role in this process.

370

371 Increased expression of pro-inflammatory cytokines in 

372 Ramp1-/- mice with ConA hepatitis

373 Because pro-inflammatory cytokines, including TNFα and IFNγ, contribute to ConA 

374 hepatitis, we next measured Tnf and Ifng mRNA in the liver and spleen of mice with 

375 ConA hepatitis. Real-time PCR analysis revealed that WT and Ramp1-/- mice showed 

376 maximum expression of Tnf and Ifng at 1 h after ConA administration (Fig 2A). 

377 Ramp1-/- mice showed higher expression of Tnf and Ifng in the liver than WT mice. 

378 After 1 h, the levels of both cytokines fell. Tnf and Ifng mRNA expression was also 

379 higher in the spleen of Ramp1-/- mice (Fig 2B) than in that of WT mice, indicating that 
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380 Ramp1 signaling regulates expression of cytokines in the spleen, thereby contributing to 

381 ConA hepatitis. 

382

383 Splenocytes play a role in ConA hepatitis

384 To investigate the possible role of splenocytes in development of ConA hepatitis, mice 

385 were subjected to splenectomy or a sham operation immediately prior to administration 

386 of ConA. At 6 h post-administration, the levels of ALT in splenectomized WT and 

387 Ramp1-/- mice decreased by 95% and 80%, respectively (Fig 3A). Thus, splenectomy 

388 ameliorated liver injury (as measured by ALT levels) in WT and Ramp1-/- mice. The 

389 mRNA levels of Tnf at 1 h after ConA treatment were decreased in splenectomized 

390 Ramp1-/- mice, but not splenectomized WT mice (Fig 3B). The mRNA levels of Ifng 

391 were downregulated in splenectomized WT and Ramp1-/- mice (Fig 3B). These results 

392 indicate that splenectomy suppresses the early phase of ConA hepatitis and that the 

393 spleen is the source of cytokines during ConA hepatitis.

394 To better understand which cells are responsible for producing pro-inflammatory 

395 cytokines in the spleen, we measured cytokine production by splenic macrophages and 

396 T cells. Flow cytometry analysis revealed that the numbers of TNFα- and 

397 IFNγ-producing F4/80+ macrophages in Ramp1-/- mice at 1 h post-ConA administration 

.CC-BY 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted June 27, 2018. ; https://doi.org/10.1101/357582doi: bioRxiv preprint 

https://doi.org/10.1101/357582
http://creativecommons.org/licenses/by/4.0/


22

398 were higher than in WT mice (Fig 4A). The numbers of TNFα- and IFNγ-producing 

399 CD4+ T cells in Ramp1-/- mice were also higher than those in WT mice (Fig 4B). These 

400 results indicate that RAMP1 signaling in splenic macrophages and T cells inhibits 

401 generation of TNFα and IFNγ in response to ConA. In addition, more CD4+ T cells 

402 than macrophages expressed these cytokines, suggesting that CD4+ T cells are the main 

403 source of TNFα and IFNγ during ConA hepatitis. 

404 To better understand the role of RAMP1 signaling in splenic macrophages and CD4+ 

405 T cells, we isolated these cells from WT and Ramp1-/- mice and cultured them. Upon 

406 stimulation with ConA, CGRP downregulated Tnf and Ifng in splenic macrophages 

407 from WT mice, but upregulated them in splenic macrophages from Ramp1-/- mice (Fig 

408 4C). Similarly, levels of Tnf and Ifng in splenic CD4+ T cells from WT mice were 

409 reduced, while those in splenic T cells from Ramp1-/- mice increased (Fig 4D). These 

410 results suggest that RAMP1 signaling in splenic macrophages and T cells 

411 downregulates expression of mRNA encoding Tnf and Ifng. 

412 Splenectomy failed to reduce ALT levels in WT mice at 24 h after administration of 

413 ConA. By contrast, splenectomy decreased ALT levels in Ramp1-/- mice by 50% (see 

414 Fig 3A). At 6 h after ConA administration, splenectomy protected against ConA 

415 hepatitis in WT mice during the early phase, but not the late phase, of injury. Regarding 
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416 RAMP1 signaling, splenectomy led to a partial improvement in ConA hepatitis in 

417 Ramp1-/- mice, suggesting that RAMP1 signaling in splenocytes participates in 

418 ConA-mediated hepatitis. Taken together, the results suggest that RAMP1-expressing 

419 cells other than splenocytes are required for amplification of liver injury elicited by 

420 ConA. 

421 To further clarify the role of T cells (CD4+ cells) in ConA hepatitis, we treated WT 

422 and Ramp1-/- mice with an anti-CD4 antibody 24 h before ConA treatment. The 

423 anti-CD4 antibody suppressed ConA liver injury in WT and Ramp1-/- mice at 6 and 24 h 

424 post-ConA administration. The anti-CD4 antibody caused a partial reduction in ALT 

425 levels, suggesting that RAMP1 signaling in CD4+ T cells makes a limited contribution 

426 to ConA hepatitis (Fig 4E). These results were consistent with those observed in mice 

427 subjected to splenectomy. 

428 To elucidate the contribution of RAMP1 signaling in splenic T cells to ConA hepatitis, 

429 we isolated splenic CD4+ T cells from Ramp1-/- mice and adoptively transferred them 

430 into WT mice. Transfer of Ramp1-deficient CD4+ T cells increased ALT levels (Fig 

431 4F). However, the magnitude of liver injury in WT mice receiving Ramp1-deficient 

432 CD4+ T cells was lower than that in Ramp1 null mice, suggesting that Ramp1-deficient 

433 CD4+ T cells play a role (at least partially) in exacerbating liver injury in global 
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434 knockout Ramp1 mice. Conversely, Ramp1-deficient cells other than splenic CD4+ T 

435 cells exacerbate ConA hepatitis in Ramp1-/- mice. 

436

437 RAMP1 in KCs protects the liver from ConA hepatitis 

438 Next, we examined whether hepatic macrophages aggravate ConA hepatitis in Ramp1-/- 

439 mice. In agreement with previous studies, we found that pre-treatment with clodronate 

440 liposomes (CL) attenuated ConA hepatitis in WT and Ramp1-/- mice (Fig 5A and 5B), 

441 suggesting that KCs are involved in induction and progression of ConA hepatitis. 

442 Treatment with CL also reduced Tnf and Ifng expression in WT (Fig 5C and 5E) and 

443 Ramp1-/- (Fig 5D and 5F) mice. At 24 h post-ConA treatment, CL suppressed 

444 accumulation of inflammatory cells (CD68+ and Ly6C+ cells) in WT and Ramp1-/- mice 

445 (S5 Fig), which was associated with downregulation of chemokines (Ccl2 and Ccl7) (S5 

446 Fig). These results suggest that RAMP1 signaling in KCs is responsible for 

447 ConA-mediated hepatitis. 

448 TNFα and IFNγ are key causative agents of ConA hepatitis. To elucidate the role of 

449 TNFα/IFNγ in our model, WT mice were treated with neutralizing anti-TNFα and 

450 anti-IFNγ antibodies prior to ConA administration. Blocking TNFα/IFNγ prevented 

451 ConA-induced liver injury, as evidenced by reduced ALT levels, less hepatic necrosis, 
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452 and reduced infiltration of the liver by monocytes/macrophages and T cells (S6 Fig). 

453 These results indicate that TNFα/IFNγ play a critical role in mediating ConA-induced 

454 hepatitis. 

455 Next, we measured TNFα and IFNγ secreted by hepatic macrophages and T cells using 

456 flow cytometry analysis. At 1 h after ConA treatment, the number of TNFα-expressing 

457 KCs in Ramp1-/- mice was higher than that in WT mice (Fig 6A). By contrast, there was 

458 no significant difference in the number of TNFα-expressing CD4+ T cells between the 

459 genotypes. The number of IFNγ-expressing KCs in Ramp1-/- mice was also greater than 

460 that in WT mice (Fig 6B).  However, no significant difference in the number of 

461 IFNγ-expressing CD4+ T cells between the genotypes was observed. These results 

462 suggest that, in the liver, RAMP1 signaling downregulates cytokine production by KCs.

463 Because RAMP1 signaling in KCs appears to be involved in ConA hepatitis, we next 

464 isolated KCs and treated them with CGRP. We found that expression of mRNA 

465 encoding Tnf and Ifng in Ramp1-deficient KCs stimulated with CGRP (10 nM) was 

466 enhanced when compared with that in WT KCs (Fig 6C). 

467 To further examine the interaction between KCs and T cells, we co-cultured isolated 

468 KCs (F4/80+ cells) and splenic T cells (CD4+ cells) isolated from WT and Ramp1-/- 

469 mice. Stimulating co-cultured KCs and splenic T cells with ConA further upregulated 
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470 expression of Tnf and Ifng when compared with cultured KCs alone or splenic T cells 

471 alone (Fig 6D). CGRP reversed the increase in cytokine expression by co-cultured cells 

472 from WT mice, but not those from Ramp1-/- mice (Fig 6D). These results suggest that 

473 the interaction between splenic T cells and KCs contributes to ConA hepatitis, which is 

474 dependent on RAMP1.

475

476 CGRP suppresses ALT and cytokine production in mice with 

477 ConA hepatitis

478 Finally, to examine whether CGRP suppresses hepatic inflammation elicited by ConA, 

479 we investigated the effect of CGRP administration on ALT and cytokine levels. As 

480 shown in Fig 7, CGRP administration reduced ALT levels at 24 h; it also reduced 

481 expression of mRNA encoding Tnf and Ifng in the liver and spleen at 1 h. 

482

483 Discussion

484

485 Sensory neurons communicate actively with the immune system. Here, we 

486 demonstrated that RAMP1 signaling plays an immunosuppressive role in 

487 ConA-mediated hepatitis by downregulating production of pro-inflammatory cytokines 
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488 by KCs and splenic T cells. Both T cells and macrophages play key roles in 

489 ConA-mediated hepatitis by producing TNFα and IFNγ, both of which cause liver 

490 injury. Our data show that splenic T cells trigger hepatic inflammatory responses to 

491 ConA and interact with KCs to induce liver injury. KCs are essential for induction and 

492 amplification of ConA-mediated hepatitis. RAMP1 signaling inhibits development of 

493 ConA-induced hepatitis by inactivating hepatic and splenic immune cells. These 

494 findings indicate that RAMP1 is a good therapeutic target for immune-mediated 

495 hepatitis.  

496 Although the roles of sensory neuron-immune interactions in response to sterile tissue 

497 damage are not fully understood, we showed previously that RAMP1 signaling 

498 regulates inflammation by suppressing inflammatory mediators released from immune 

499 cells such as dendritic cells, macrophages, and lymphocytes [9,10]. CGRP also 

500 contributes to wound healing and secondary lymphedema by affecting RAMP1 

501 signaling in macrophages [21,22]. These findings indicate that CGRP secreted from 

502 endings of sensory nerve fibers regulates immune function via RAMP1 signaling. 

503 ConA-induced liver injury is a model for immune-mediated hepatitis, a condition that 

504 causes T cell activation followed by increased expression of inflammatory cytokines. 

505 During this process, CD4+ T cell-mediated activation of macrophages is a crucial 
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506 pathogenic parameter [12]. In the liver, endogenous CGRP protects against 

507 ConA-induced liver injury [11]. Indeed, Calca-deficient (Calca-/-) mice exhibit 

508 aggravation of ConA hepatitis upon reduction of the hepatotrophic cytokine IL-6 and 

509 increased apoptosis [11]. However, the role of CGRP receptors in immune-mediated 

510 hepatitis is unclear. Here, we demonstrate that RAMP1 attenuates ConA-mediated 

511 hepatitis. 

512 CGRP acts on immune cells directly and regulates their production of cytokines in 

513 inflammatory lesions [23]. Previously, we reported that RAMP1 is expressed by T cells 

514 [10,24], dendritic cells [9], and macrophages [21,22], and that RAMP1 expression by 

515 these immune cells is essential for development of inflammation during endotoxemia 

516 and colitis. Here, we show that RAMP1 is expressed by hepatic and splenic 

517 macrophages and by splenic T cells. These results suggest that immune cells in the liver 

518 and spleen are major sites of RAMP1 expression during ConA hepatitis. CGRP and its 

519 receptor are expressed in various organs, including liver [15] and spleen [16,17]. In 

520 addition, we show that CGRP levels in the liver and spleen fell upon exposure to ConA, 

521 and that Ramp1-/- mice express less CGRP than WT mice. Although CGRP is easily 

522 degraded by proteinases present in the circulation immediately after release, 

523 maintaining CGRP levels is important for preventing liver injury. Indeed, the data 
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524 demonstrate that supplementation with CGRP effectively attenuated Con A hepatitis via 

525 suppression of pro-inflammatory cytokines. 

526 The spleen is considered a source of pro-inflammatory mediators capable of 

527 propagating injury. Accumulating evidence suggests that stimulating the vagus nerve 

528 reduces cytokine production by splenic macrophages [25,26]. Binding of the cholinergic 

529 receptor (expressed by splenic macrophages) is required for vagus nerve-mediated 

530 inhibition of TNFα release [25]. These findings indicate that immune cells and neurons 

531 share common signaling molecules, and that the nervous system limits excessive 

532 immune activity. Regarding sensory innervation of the spleen, CGRP+ nerve terminals 

533 are sited close to the zones in which macrophages and T cells are situated [4]. Therefore, 

534 it is important to understand the role of sensory neural innervation of the spleen when 

535 examining immune-mediated regulation of tissue injury. The spleen is influenced by, or 

536 involved in, the pathophysiology of ConA hepatitis. ConA triggers proliferation of and 

537 cytokine production by splenic lymphocytes; activated splenic T cells then migrate to 

538 the liver to aggravate liver injury [12,27]. The present study shows that splenectomy 

539 immediately prior to ConA administration attenuates ConA hepatitis by reducing 

540 secretion of pro-inflammatory cytokines. Therefore, the spleen contributes to the early 

541 phase of ConA hepatitis by producing pro-inflammatory mediators. However, 
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542 splenectomy in WT mice did not attenuate ConA hepatitis at 24 h, suggesting that the 

543 spleen by itself is not responsible for the severity of the disease. Consistent with this, 

544 splenectomy 2 weeks before ConA treatment did not affect liver injury induced by 

545 ConA treatment [28]. However, ALT levels in splenectomized Ramp1-/- mice fell by 

546 50% at 24 h after ConA treatment when compared with those in sham-operated Ramp1-/- 

547 mice, suggesting that RAMP1 signaling in splenocytes improves ConA-mediated 

548 hepatitis. 

549 The data also indicate that production of TNFα and IFNγ by activated splenic CD4+ T 

550 cells in Ramp1-/- mice was inhibited from as early as 1 h after ConA treatment, at which 

551 time no significant liver injury was seen. These results suggest that splenic T cells 

552 contribute to ConA hepatitis by producing TNFα and IFNγ, which is dependent on 

553 RAMP1 signaling. Alternatively, the spleen (in which T cells are dysregulated after loss 

554 of RAMP1-mediated signaling) is the induction site for ConA hepatitis. 

555 We evaluated whether CD4+ T cells are required for ConA hepatitis. Treatment with 

556 an anti-CD4 antibody attenuated, but only partly, ConA-mediated hepatitis, indicating 

557 that activated CD4+ T cells are responsible for the disease progression. To further 

558 determine whether RAMP1 signaling in splenic CD4+ T cells plays a role in 

559 development of ConA hepatitis, we examined the effect of adoptively transferring 
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560 splenic CD4+ T cells from Ramp1-/- mice. Transfer of Ramp1-deficient splenic CD4+ T 

561 cells led to a modest increase in liver injury compared with that in global 

562 Ramp1-deficient mice. These results suggest that RAMP1 signaling in splenic CD4+ T 

563 cells participates in ConA-mediated hepatitis.

564 In addition to that in splenic T cells, we found that RAMP1 signaling in splenic 

565 macrophages suppressed production of TNFα and IFNγ. However, splenic macrophages 

566 produced fewer pro-inflammatory cytokines than splenic T cells; indeed, flow 

567 cytometry analysis revealed that the population of cytokine-secreting cells within 

568 splenic macrophages was smaller than that within splenic T cells. 

569 ConA-induced liver injury is initiated not only by specific activation of CD4+ 

570 lymphocytes, but also by KCs [13]. Eliminating macrophages markedly attenuates 

571 ConA hepatitis [13,14], suggesting that KCs are involved in ConA hepatitis. Consistent 

572 with this, we found that deleting macrophages using CL reduced the severity of ConA 

573 hepatitis associated with pro-inflammatory mediators in WT and Ramp1-/- mice. In 

574 addition, flow cytometry analysis and in vitro studies revealed that RAMP1 signaling 

575 downregulated secretion of pro-inflammatory cytokines by KCs. Therefore, production 

576 of pro-inflammatory cytokines by KCs is RAMP1-dependent, and RAMP1 signaling in 

577 KCs is important for development of ConA hepatitis. 

.CC-BY 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted June 27, 2018. ; https://doi.org/10.1101/357582doi: bioRxiv preprint 

https://doi.org/10.1101/357582
http://creativecommons.org/licenses/by/4.0/


32

578 Although macrophage deletion reduced the severity of ConA hepatitis, it also partially 

579 suppressed production of pro-inflammatory cytokines. This indicated that cells other 

580 than KCs are the source of inflammatory cytokines after ConA stimulation. During the 

581 early phase of ConA hepatitis, we detected modest infiltration by hepatic T cells and 

582 moderate increases in the number of hepatic CD4+ T cells expressing TNFα and IFNγ 

583 in both genotypes, suggesting that RAMP1 signaling in hepatic T cells plays a minor 

584 role in early liver injury elicited by ConA. Instead, splenic CD4 T cells, in addition to 

585 KCs, were activated as early as 1 h after ConA administration, as evidenced by 

586 increased cytokine production, indicating that ConA activates splenic T cells and KCs 

587 simultaneously. Furthermore, despite the presence of persistently activated CD4+ T 

588 cells in mice treated with CL, the liver was protected from ConA hepatitis, indicating 

589 that KCs are required for continuous progression of ConA hepatitis. 

590 After simultaneous activation of splenic T cells and KCs during the course of 

591 ConA-mediated hepatitis, migrated splenic T cells induce liver injury by interacting 

592 with KCs. This interaction was suggested by results from co-cultures of isolated KCs 

593 and splenic T cells. The data showed that expression of pro-inflammatory cytokines in 

594 co-culture systems was higher than that in individual cell cultures, and that exacerbated 

595 KC and splenic T cell responses to ConA were dependent on RAMP1. Our data also 
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596 support the notion that TNFα and IFNγ are critical for induction of ConA hepatitis; 

597 indeed, we found that antibodies specific for TNFα and IFNγ attenuated ConA hepatitis 

598 and liver infiltration by inflammatory cells. 

599 Although KCs are crucial for development of ConA hepatitis, their numbers fell 

600 significantly at 24 h after ConA treatment. KC-generated cytokines recruited Ly6C- or 

601 CD68-positive monocytes/macrophages, leading to extensive liver injury during the late 

602 phase of ConA hepatitis. Of interest, the liver of WT mice was infiltrated by 

603 Ly6Chigh/CD11bhigh/F4/80high cells, while that of Ramp1-/- mice displayed accumulation 

604 of Ly6Chigh/CD11bhigh/F4/80low cells. This suggests that susceptibility of Ramp1-/- mice 

605 to ConA hepatitis is related to alterations in macrophage phenotype. Preliminary studies 

606 showed that the survival rate of WT mice with ConA hepatitis was 100%, and that ALT 

607 levels at 48 h were 206 ± 40 IU/L (n = 6). By contrast, survival rates for Ramp1-/- mice 

608 were significantly lower. Considering the different mortality rates and mechanisms of 

609 liver injury between the two genotypes, it may be that Ly6Chigh/CD11bhigh/F4/80high 

610 monocyte-derived macrophages in WT mice contribute to resolution of inflammation 

611 after ConA hepatitis, while Ly6Chigh/CD11bhigh/F4/80low monocyte-derived 

612 macrophages in Ramp1-/- mice exacerbate inflammation in response to ConA. Indeed, 

613 Ly6Chigh/CD11bhigh/F4/80high monocyte-derived macrophages are involved in liver 
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614 repair after acetaminophen hepatotoxicity [29]. In addition, we recently reported that 

615 Ly6Chigh/CD11bhigh/F4/80low cells recruited to the liver display a pro-inflammatory 

616 macrophage phenotype and delay liver repair after hepatic ischemia/reperfusion [20]. 

617 The phenotypes of macrophages recruited to injured livers at 24 h post-ConA treatment 

618 were different in WT and Ramp1-/- mice, indicating that RAMP1 signaling is involved 

619 in macrophage polarization. Further studies are needed to elucidate the role of RAMP1 

620 signaling in resolution of liver inflammation and liver repair during ConA hepatitis. 

621 In conclusion, the present study demonstrates that RAMP1 signaling in KCs plays a 

622 crucial role in preventing and/or limiting immune-mediated hepatitis; this may have 

623 important implications for the treatment of patients with autoimmune liver inflammation. 

624 Considering that dysregulation of RAMP1 function has marked effects on the outcome 

625 of murine liver inflammation, selective agonists of RAMP1 might be a therapeutic 

626 option for immune-mediated hepatitis. Therefore, restorative therapies aiming at 

627 restoring RAMP1 activity in the immune cells might modulate liver injury. 

628
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776

777 Fig 1. Deficient RAMP1 signaling exacerbates ConA-induced liver injury via 

778 infiltration of inflammatory cells into the liver.

779 Ramp1-/- and WT mice were administered ConA (20 mg/kg) by intraperitoneal (i.p.) 

780 injection. (a) Kaplan-Meier survival curves for Ramp1-/- mice (n = 20) and WT mice (n 

781 = 20) at various time points after receiving ConA. Survival data analyzed by log-rank 

782 test *p < 0.05 vs. WT mice. (b) Serum levels of ALT and the area of hepatic necrosis 

783 (expressed as a percentage) after ConA administration. Data are expressed as the mean 

784 ± SD (n = 6 mice per group). *p < 0.05 vs. WT mice. Serum samples at 0, 1, 3, 6, and 

785 24 h after ConA administration were collected, and ALT levels were measured. (c) 

786 Numbers of hepatic Ly6C+ cells, CD68+ cells, and CD4+ cells at 24 h after ConA 

787 administration. Data are expressed as the mean ± SD of six mice per group. *p < 0.05 vs. 

788 WT mice. (d, e) Flow cytometry analysis of the percentage of 

789 Ly6Chigh/CD11bhigh/F4/80low cells, Ly6Chigh/CD11bhigh/F4/80high cells 

790 Ly6Clow/CD11blow/F4/80high cells, CD3high/CD4high/CD8low cells, and 

791 CD3high/CD4low/CD8high cells within the CD45+ cell population in the liver (d) and 

792 spleen (e) at 0 and 24 h after ConA treatment. Data are expressed as the mean ± SD of 

793 six mice per group. *p < 0.05 vs. WT mice.
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794

795 Fig 2. Increased expression of pro-inflammatory cytokines in Ramp1-/- mice with 

796 ConA hepatitis.

797 Time course of changes in mRNA levels of Tnf and Ifng in the liver (a) and spleen (b) 

798 of WT and Ramp1-/- mice after ConA treatment. Data are expressed as the mean ± SD 

799 from six mice per group. *p < 0.05 vs. WT mice.

800

801 Fig 3. Effects of splenectomy on ALT and pro-inflammatory cytokines levels in 

802 mice with ConA hepatitis.

803 (a) Splenectomy reduced ALT levels in WT and Ramp1-/- mice at 6 h (left) and 24 h 

804 (right) after ConA treatment. ConA was administered immediately after splenectomy. 

805 Data are expressed as the mean ± SD from 4–6 mice per group. *p < 0.05. (b) Effect of 

806 splenectomy on Tnf and Ifng mRNA levels in liver from WT and Ramp1-/- mice at 1 h 

807 after ConA administration. ConA was administered immediately after splenectomy. 

808 Data are expressed as the mean ± SD from 4–6 mice per group. *p < 0.05.

809

810 Fig 4. RAMP1 signaling regulates expression of pro-inflammatory cytokines by 

811 splenic macrophages and T cells.
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812 (a, b) The numbers of TNFα- and IFNγ-expressing cells within splenic F4/80+ cells (a) 

813 and splenic CD4+ T cells (b) populations from WT and Ramp1-/- mice at 1 h after ConA 

814 treatment. Expression of TNFα and IFNγ was analyzed by flow cytometry. Data are 

815 expressed as the mean ± SD from six mice per group. *p < 0.05 vs. WT mice. (c) 

816 Amounts of Tnf and Ifng mRNA expressed by splenic F4/80+ cells isolated from WT 

817 and Ramp1-/- mice. Isolated splenic macrophages were stimulated with CGRP (1 and 10 

818 nM) with or without ConA for 3 h. Macrophages were isolated by magnetic-activated 

819 cell sorting (MACS). Data are expressed as the mean ± SD from 4–5 mice per group. *p 

820 < 0.05.  (d) Expression of Tnf and Ifng mRNA by splenic CD4+ T cells isolated from 

821 WT and Ramp1-/- mice. Isolated splenic CD4+ T cells were stimulated with CGRP with 

822 or without ConA for 1 h. CD4+ T cells were isolated by magnetic-activated cell sorting 

823 (MACS). Data are expressed as the mean ± SD from 4–5 mice per group. *p < 0.05.  

824 (e) Serum ALT levels after deletion of CD4+ T cells from WT and Ramp1-/- mice during 

825 ConA hepatitis. Anti-CD4 antibodies or isotype IgG was administered 24 h before 

826 ConA treatment. Data are expressed as the mean ± SD from 3–6 mice per group. *p < 

827 0.05 vs. IgG-treated mice. (f) Adoptive transfer of CD4+ T cells from Ramp1-/- mice 

828 into WT mice (Ramp1-/-→WT). Data are expressed as the mean ± SD from 3–6 mice 

829 per group. *p < 0.05 vs. WT→WT. 
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830

831 Fig 5. Deleting macrophages attenuates ConA-induced liver injury and decreases 

832 production of pro-inflammatory cytokines. 

833 (a, b) ALT levels in WT mice (a) and Ramp1-/- mice (b) treated with clodronate 

834 liposomes (CL). Mice were treated with CL or vehicle (PBS) 48 h before ConA 

835 administration. Data are expressed as the mean ± SD from 3–6 mice per group. *p < 

836 0.05. (c–f) Amounts of Tnf mRNA in WT mice (c) and Ramp1-/- mice (d) treated with 

837 CL, and amounts of Ifng mRNA in WT mice (e) and Ramp1-/- mice (f) treated with CL. 

838 Data are expressed as the mean ± SD from 3–6 mice per group. *p < 0.05.

839

840 Fig 6. RAMP1 signaling regulates expression of pro-inflammatory cytokines in 

841 hepatic macrophages and splenic T cells.

842 (a, b) The numbers of TNFα- and IFNγ-producing F4/80+ cells (a) and the numbers of 

843 TNFα- and IFNγ-producing CD4+ T cells (b) in the liver from WT and Ramp1-/- mice at 

844 1 h after ConA treatment. Expression of TNFα and IFNγ was analyzed by flow 

845 cytometry. Data are expressed as the mean ± SD from six mice per group. *p < 0.05 vs. 

846 WT mice. (c) Amounts of Tnf and Ifng mRNA in KCs isolated from WT and Ramp1-/- 

847 mice. Isolated KCs were stimulated with CGRP (1 and 10 nM) with or without ConA 
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848 for 3 h. KCs were isolated by magnetic-activated cell sorting (MACS). Data are 

849 expressed as the mean ± SD from 4–5 mice per group. *p < 0.05 vs. WT mice. (d) 

850 Amounts of Tnf and Ifng mRNA in KCs and/or splenic CD4+ T cells isolated from WT 

851 and Ramp1-/- mice. KCs co-cultured with splenic CD4+ T cells were stimulated with 

852 CGRP with or without ConA for 1 h. Data are expressed as the mean ± SD from 4–5 

853 mice per group. *p < 0.05. 

854

855 Fig 7. Effects of CGRP treatment on ALT and pro-inflammatory cytokine levels 

856 during ConA hepatitis. 

857 CGRP or vehicle was administered 30 min before ConA treatment. (a) ALT levels in 

858 WT mice treated with CGRP at 1 h and 24 h after ConA administration. Veh, vehicle. 

859 Data are expressed as the mean ± SD from 4–6 mice per group. *p < 0.05. (b) Amount 

860 of Tnf mRNA in the liver and spleen after ConA administration. Data are expressed as 

861 the mean ± SD from 4–6 mice per group. *p < 0.05. (c) Amount of Ifng mRNA in liver 

862 and spleen after ConA administration. Data are expressed as the mean ± SD from 4–6 

863 mice per group. *p < 0.05.
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