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Abstract 28 
 29 

Background Tick bites severely threaten human health because they allow the 30 

transmission of many deadly pathogens, including viruses, bacteria, protozoa and 31 

helminths. Pruritus is a leading symptom of tick bites, but its molecular and neural 32 

bases remain elusive. 33 

Objective To discover potent drugs and targets for the specific prevention and 34 

treatment of tick bite-induced pruritus and arthropod-related itch. 35 

Methods We used live-cell calcium imaging, patch-clamp recordings, and genetic 36 

ablation and evaluated mouse behavior to investigate the molecular and neural bases 37 

of tick bite-induced pruritus. 38 

Results We found that two tick salivary peptides, IPDef1 and IRDef2, induced itch in 39 

mice. IPDef1 was further revealed to have a stronger pruritogenic potential than 40 

IRDef2 and to induce pruritus in a histamine-independent manner. IPDef1 evoked itch 41 

by activating mouse MrgprC11 and human MrgprX1 on dorsal root ganglion (DRG) 42 

neurons. IPDef1-activated MrgprC11/X1 signaling sensitized downstream ion channel 43 

TRPV1 on DRG neurons. Moreover, IPDef1 also activated mouse MrgprB2 and its 44 

ortholog human MrgprX2 selectively expressed on mast cells, inducing the release of 45 

inflammatory cytokines and driving acute inflammation in mice, although mast cell 46 

activation did not contribute to IP-O-induced itch. 47 

Conclusion Our study identifies tick salivary peptides as a new class of pruritogens 48 

that initiate itch through MrgprC11/X1-TRPV1 signaling in pruritoceptors. Our work 49 

will provide potential drug targets for the prevention and treatment of pruritus induced 50 

by the bites or stings of tick and maybe other arthropods. 51 

Key words Tick; Peptide; Itch; Mrgprs; TRP channel 52 

 53 

Abbreviations 54 

IPDef1: IP defensin 1 55 

IP-O: Oxidated form of IPDef1 56 

IRDef2: IR defensin 2 57 

MRGPR: Mas-related G protein coupled receptor 58 
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DRG: Dorsal root ganglion 59 

TRPV1: Transient receptor potential vanilloid 1 60 

RP-HPLC: Reverse-phase high-pressure liquid chromatography 61 

α-CHCA: α-cyano-4-hydroxycinnamic acid 62 

TFA: Trifluoroacetic acid 63 

HEK293T: Human embryonic kidney 293T 64 

MALDI-TOF MS: Matrix-assisted laser desorption ionization time-of-flight mass 65 

spectrometry  66 

CCTCC: China Center for Type Culture Collection 67 

MIC: Minimum inhibitory concentration 68 

CQ: Chloroquine 69 

HBSS: Hank's balanced salt solution 70 

HEPES: Hydroxyethyl piperazineethanesulfonic 71 

Cap: Capsaisin 72 

AITC: Allyl isothiocyanate 73 

KO: Knockout 74 

PBS: Phosphate buffer saline 75 

SDS: Sodium dodecyl sulfate 76 

SDS-PAGE: Sodium dodecyl sulfate-polyacrylamide gel electrophoresis 77 

MCDM: Mast cell dissociation media 78 

mSCF: Mouse stem cell factor 79 

DMEM: Dulbecco's modified eagle medium 80 

ELISA: Enzyme linked immune sorbent assay 81 

MCP-1: Monocyte chemotactic protein 1  82 

TNF-α: Tumor necrosis factor α 83 

qRT-PCR: Quantitative real time PCR 84 

GAPDH: Glyceraldehyde-3-phosphate dehydrogenase 85 

SEM: Standard error of the mean 86 

MW: Molecular weight 87 

CSαβ: Cysteine-stabilized α-helical and β-sheet 88 

GFP: Green fluorescent protein 89 

EC50: Concentration for 50% of maximal effect 90 

CRISPR: Clustered regularly interspaced short palindromic repeats 91 

WT: Wild-type 92 
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GPCR: G protein-coupled receptor 93 

TRPA1: Transient receptor potential A1 94 

5-HT: 5-hydroxy tryptamine 95 

PMC: Peritoneal mast cell 96 

CPA3: Carboxypeptidase A3 97 

TLR4: Toll-like receptor 4 98 

 99 

Key Messages 100 

� Two tick salivary peptides IPDef1 and IRDef2 induce itch in mice via a 101 

histamine-independent pathway. 102 

� IPDef1 evokes itch by activating MrgprC11/X1 to sensitize downstream TRPV1 103 

on DRG neurons. 104 

� IPDef1 activates MrgprB2/X2 on mast cells to cause acute inflammation. 105 

 106 

Capsule Summary 107 

Anti-histamine treatment does not improve the itching symptoms of patients bitten by 108 

ticks. Tick salivary peptides induce itch via the MrgprC11/X1-TRPV1 signaling 109 

pathway, providing potential drug targets for treatment of the disease. 110 

  111 
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Introduction 112 

Pruritus is a dermatological symptom involving skin itching but no primary skin 113 

damage and is the most common clinical manifestation of skin diseases1, 2. There are 114 

numerous factors that can induce pruritus, such as cold, warmth, chemical fibers, bites 115 

of ticks and insects, diabetes, liver disease and kidney disease. In addition to the 116 

H1/H4 receptor, Mas-related G protein coupled receptors (Mrgprs) and Piezo2 117 

channels were recently identified as itch related membrane proteins3, 4. However, itch 118 

is still an unmet clinic problem with no universal treatment because the molecular, 119 

cellular and neural circuit mechanisms of itch have not been fully understood. 120 

Therefore, it is important to identify new and specific pruritogens to dissect molecular 121 

and cellular mechanisms of itch as well as unravel the specificity and selectivity of 122 

itch receptors. 123 

The bites or stings of many arthropods represent one of the most common causes of 124 

itching5, 6. These arthropods mainly include insects and arachnids, such as fleas, 125 

mosquitoes, bedbugs, bees, wasps, mites and ticks. Each of them has thousands of 126 

species on the earth, constituting a large group of itch-related organisms. Ticks are 127 

small arachnids that belong to the order Ixodida of the class Arachnida. There are 128 

approximately 900 tick species in the world. Blood-sucking ticks attack various types 129 

of vertebrates. Moreover, some tick species carry pathogens such as viruses and 130 

rickettsiae, which can infect humans and animals7, 8. Tick bites can lead to local 131 

lesions and systemic illness, referred to as tick toxicosis. Pruritus is a leading 132 

symptom of tick toxicosis. Patients bitten by lone star ticks exhibit skin 133 

manifestations, specifically a large number of pruritic papules9. Dogs bitten by the 134 

mouro tick Ornithodoros brasiliensis also present skin rash and itch symptoms10. 135 

However, the molecular and neural bases of tick bite-induced pruritus is largely 136 

unknown. 137 

The saliva or venoms of the itch-inducing arthropods contain various toxic peptides 138 

used for prey and defense that exhibit extremely diverse primary sequences, spatial 139 

structures, targeting receptors and biological functions11-15. It is possible that these 140 

arthropods may produce a class of common peptides that induce itch in humans and 141 

animals. Previous reports showed that the class of the ancient invertebrate defensin 142 

could serve as a common peptide component in the saliva or venoms of the 143 

itch-inducing arthropods16, 17. We speculated that these ancient invertebrate defensin 144 

peptides may be potent candidate pruritogens. 145 
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In this study, two tick salivary defensin peptides, IPDef1 and IRDef2, were found 146 

to induce histamine-independent itch in mice while IPDef1 had a stronger activity. 147 

IPDef1 produced itch through directly activating dorsal root ganglion (DRG) neurons 148 

and triggering Ca2+ influx. Using live cell calcium imaging, patch-clamp recordings, 149 

co-immunoprecipitation and gene editing, mouse MrgprC11 and human MrgprX1 150 

were identified as the main itchy receptors for IPDef1 on DRG neurons. The 151 

MrgprC11/X1-TRPV1 axis in DRG neurons was an important signaling pathway for 152 

IPDef1-induced itch. Interestingly, IPDef1 also activated mouse MrgprB2 and its 153 

human ortholog MrgprX2 selectively expressed on mast cells, thereby causing 154 

inflammatory cytokine release and inducing acute inflammation in mice. 155 

Unexpectedly, mast cell activation by IPDef1 did not contribute to its itch-inducing 156 

activity. Our study discloses the molecular and cellular basis of itch induced by the 157 

tick salivary peptides and provides potential drug targets for the prevention and 158 

treatment of pruritus induced by the bites or stings of arthropods such as ticks, 159 

mosquitoes and ants. 160 

 161 

 162 

Methods 163 

Oxidative refolding and homology modeling 164 

Reduced IPDef1 and IRDef2 were synthesized by ChinaPeptides Co., Ltd. (China), 165 

and the purity of each peptide was greater than 97%. To form three disulfide linkages 166 

via intermolecular oxidative refolding, the reduced peptides (1 mg) were dissolved in 167 

2 mL Tris-HCl buffer (0.1 M, pH 8.0) and incubated at 25 °C for 48 h with continuous 168 

shaking at 50 rpm. The oxidized peptides were centrifuged at 12,000 rpm for 10 min 169 

at 4 °C, and the supernatants were purified by reverse-phase high-pressure liquid 170 

chromatography (RP-HPLC) (Agilent, USA). The average molecular mass of each 171 

oxidized peptide was confirmed by matrix-assisted laser desorption ionization 172 

time-of-flight mass spectrometry (MALDI-TOF MS) (BiflexIII, Bruker, Daltonik 173 

GmbH, Bremen, Germany). Oxidized IPDef1 and IRDef2, which were desalinated 174 

and purified by RP-HPLC, were mixed with MALDI-matrix solution (1 mL, 175 

containing 10 mg/mL α-cyano-4-hydroxycinnamic acid (α-CHCA), 0.1% 176 

trifluoroacetic acid (TFA) and 45% acetonitrile). Then, 1 μL of each peptide sample 177 

mixture was spotted onto a MALDI target plate and left to air dry at room temperature. 178 

Mass spectrometry was performed with FlexControl software (Version 3.0, Bruker 179 
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Daltonics) for a mass range of m/z from 1,000 to 8,000 Da. The mass of the oxidized 180 

peptide was measured in positive-ion linear mode at an accelerating voltage of 25 kV. 181 

The secondary structure of each peptide was determined by circular dichroism (CD) 182 

spectroscopy using a JASCO J-810 spectrometer (JASCO International Co., Ltd., 183 

Japan). The peptides were dissolved in Milli-Q water at a concentration of 184 

approximately 200 μg/mL. CD spectra were obtained at wavelengths from 190 nm to 185 

260 nm at room temperature (25 °C). The scanning speed was 50 nm/min, the 186 

resolution was 1 nm, and the response time was 2 sec. Each reading was repeated 187 

three times, and the results are shown as the mean residue molar ellipticity (θ). The 188 

3D-structure prediction was determined using SWISS-MODEL work-space 189 

(http://swissmodel.expasy.org). 190 

 191 

In vitro antimicrobial assays 192 

Reference strains of gram-positive bacteria and gram-negative bacteria were used to 193 

evaluate the in vitro antimicrobial activity of IPDef1 (IP-R and IP-O). Staphylococcus 194 

aureus AB94004, S. aureus ATCC25923, S. aureus ATCC6538, Micrococcus luteus 195 

AB93113, Bacillus subtilis AB91021, Escherichia coli AB94012 and E. coli 196 

ATCC25922 were purchased from the China Center of Type Culture Collection 197 

(CCTCC). The antimicrobial activities of IP-R and IP-O in vitro were evaluated by a 198 

two-fold serial dilution method as recommended by CLSI guidelines. The strains, 199 

which were stored in a refrigerator at -80 °C, were inoculated into solid medium 200 

plates and cultivated at 37 °C overnight in a thermostatic incubator. A single colony 201 

was selected and subcultured in liquid medium. After overnight culturing and 202 

activation, the test strains were diluted with medium to 104-106 CFU/mL. Then, 20 μL 203 

peptide at various concentrations was added to 80 μL diluted culture medium 204 

containing the test strains for a total volume of 100 μL. The 96-well microplates were 205 

incubated at 37 °C with continuous shaking at 100 rpm for 14-16 h, and the 206 

absorbance at 630 nm was measured to determine the minimum inhibitory 207 

concentration (MICs). The MIC was defined as the lowest peptide concentration that 208 

completely prevented growth and was measured with a microtiter optical plate reader. 209 

To monitor the validity and reproducibility of the assays, incubations were performed 210 

in triplicate with three parallel replicates. 211 

 212 

Behavioral studies 213 
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Two- to 3-month-old male mice (C57BL/6, 20-30 g) were housed on a 12-h light-dark 214 

cycle at 24 °C. On the day of the experiment, the animals were allowed to acclimatize 215 

to the test chamber for 10 minutes prior to injection. A pruritic substance (i.e., IPDef1, 216 

IRDef2, histamine, CQ, PAMP9-20 or anti-IgE) was intradermally injected into the 217 

nape of the neck after acclimatization. A bout of scratching was defined as an episode 218 

in which a mouse lifted its paw and scratched directly at the area around the injection 219 

site continuously for any length of time and lasted until the paw was returned to the 220 

floor. The use of both forepaws was classified as grooming behavior and was not 221 

considered scratching. Scratching behavior was quantified by counting the number of 222 

scratching bouts during the 30-min observation period. An antagonist (i.e., cetirizine, 223 

JNJ7777120, AMG9810, or HC030031) or the mast cell stabilizer cromolyn sodium 224 

were intraperitoneally injected 30 min before the injection of the pruritic substances. 225 

All behavioral tests were performed by an experimenter blind to genotype. All 226 

experiments were performed under the policies and recommendations of the 227 

Institutional Animal Care and Use Committee of Wuhan University. Antagonists 228 

above were purchased from Targetmol. 229 

 230 

Gene amplification 231 

Since Mrgprs are expressed mainly in the peripheral and central nervous systems, we 232 

extracted total RNA from mouse DRG neurons using TRIzol reagent (BBI, Toronto, 233 

Canada). Then, total RNA was reverse-transcribed into the 1st strand cDNA using the 234 

First Strand cDNA Synthesis Kit (Thermo Scientific, USA). Subsequently, the 235 

synthesized cDNAs were used as templates for random primer p(dN)6 amplification 236 

by PCR. The mouse and human Mrgpr genes were amplified and characterized by 237 

PCR. Experiments involving tissue were also performed under the policies and 238 

recommendations of the Institutional Animal Care and Use Committee of Wuhan 239 

University. 240 

 241 

DRG neuron culture 242 

DRG neurons from all spinal levels were collected from 4- to 5-week-old mice, 243 

placed in cold HBSS and treated with enzyme solution at 37 °C. Briefly, neurons from 244 

sensory ganglia were dissected and incubated for 10 min in 1.4 mg/mL collagenase P 245 

(Roche) in Hanks calcium-free balanced salt solution. The neurons were then 246 

incubated in 0.25% standard trypsin (vol/vol) STV versene-EDTA solution for 3 min 247 
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with gentle agitation. After trituration and centrifugation, the cells were resuspended 248 

in media (Eagle’s MEM with Earle’s BSS medium supplemented with 10% horse 249 

serum (vol/vol), MEM vitamins, penicillin/streptomycin and l-glutamine), plated on 250 

glass coverslips coated with poly-D-lysine, cultured in an incubator at 37 °C, and 251 

used within 18 h. All results were also confirmed using neuronal cultures from adult 252 

mice. 253 

 254 

HEK293T cell culture 255 

HEK293T cells were cultured on poly-D-lysine-coated glass coverslips. The cells 256 

were transfected with 500 ng mouse Mrgprs, 500 ng human Mrgprs, 250 ng human 257 

Trpa1, or 250 ng human Trpv1 plasmids with Tubofect (Invitrogen). The cells were 258 

replated on glass coverslips 20 h after transfection and used for Calcium imaging or 259 

patch-clamp recordings. 260 

 261 

Calcium imaging 262 

DRG neurons or HEK293T cells were loaded for 30-45 min in the dark with 10 µM 263 

Fura-2AM (Yeasen Biotech Co., Ltd) supplemented with 0.01% Pluronic F-127 264 

(wt/vol, Yeasen Biotech Co., Ltd) in physiological Ringer’s solution containing 140 265 

mM NaCl, 5 mM KCl, 10 mM HEPES, 2 mM CaCl2, 2 mM MgCl2 and 10 mM 266 

d-(+)-glucose, pH 7.4.. After washing, the cells were imaged at an excitation 267 

wavelength of 340 and 380 nm to detect intracellular free calcium. Cells were 268 

considered to have exhibited a response if the [Ca2
+] i rose by at least 30% for at least 269 

10 sec allowing us to clearly distinguish ligand-induced responses from random 270 

flickering events. Each experiment was performed at least three times with at least 271 

100 neurons or HEK293T cells were analyzed. For the assay of calcium response 272 

traces, each colored line represents an individual DRG neuron or HEK293T cell. For 273 

the assay of EC50 value or the response prevalence, calcium responses at each 274 

concentration or substance were normalized to the maximal response elicited 275 

subsequently. Each point represents data collected from an independent experiment. 276 

KCl (50 mM) was used to identify live cells. BAM8-22 (50 µM), CQ (1 mM) or 277 

PAMP9-20 (20 μM) was used as an agonist to identify the functional MrgprC11, 278 

MrgprA3 or MrgprB2, respectively. Capsaicin (1 µM) or allyl isothiocyanate (100 µM) 279 

was used as a channel agonist to identify the functional TRPV1 or TRPA1, 280 
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respectively. Calcium imaging assays were performed by an experimenter blind to 281 

genotype or pretreatment. 282 

 283 

Whole-cell patch-clamp recordings 284 

HEK293T cells plated on coverslips were transferred to a chamber with extracellular 285 

solution. Patch pipettes with a resistance of 2-4 MU were used. For current-clamp 286 

recordings, action potentials were measured with an Axon 700B amplifier and the 287 

pCLAMP 9.2 software package (Axon Instruments). Cells were perfused with IP-O 288 

(10 µM) for 30 s, and Cap (1 µM) or AITC (100 µM) was used as a positive control. 289 

All experiments were performed at room temperature (25 °C). 290 

 291 

Knockout mice 292 

The three knockout mouse strains we used were on the C57BL/6 background. 293 

MrgprC11 knockout mice were generated by the following strategy (Cyagen 294 

Biosciences). The MrgprC11 gene (NCBI Reference Sequence: NM_207540; 295 

Ensembl: ENSMUSG00000070552) is located on mouse chromosome 7. Two exons 296 

with the ATG start codon in exon 2 and the TGA stop codon in exon 2 were identified 297 

(Transcript: ENSMUST00000094390). Exon 2 was selected as the target site. Cas9 298 

and gRNA were coinjected into fertilized eggs to produce KO mice. The pups were 299 

genotyped by PCR followed by sequencing analysis. Exon 2 starts from 300 

approximately 0.1% of the coding region. Exon 2 covers 100.0% of the coding region. 301 

The size of the effective KO region was 964 bp. The KO region did not contain any 302 

other known gene. Trpa1−/− and Trpv1−/− mice were obtained from Jackson 303 

Laboratory. 304 

 305 

Immunoprecipitation 306 

Cells transfected with the plamid pcDNA3.1 expressing N-flag-tagged Mrgpr 307 

receptors (mouse MrgprA3/C11 and human MrgprX1/X2/X3/X4) and TRP channels 308 

(TRPV1 and TRPA1) were washed with ice-cold PBS, and proteins were extracted 309 

according to the manufacturer’s instructions. Con (control) rsepresents HEK293T 310 

cells transfected with the plamid pcDNA3.1-Flag. After centrifugation, an adequate 311 

amount of soluble His-IP-O was added to the supernatant, and the mixture was 312 

incubated with rotation for 4 h at a temperature of 4 °C. Subsequently, 8 μL protein G 313 

beads and 0.5 μL anti-Flag antibody (Sigma) were added, and the samples were 314 
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incubated with rotation overnight. After overnight incubation, the Sepharose beads 315 

were washed three times with ice-cold modified NHG buffer and resuspended in 5 × 316 

SDS sample buffer. The samples were separated by SDS-PAGE and then transferred 317 

onto Immobilon-P membranes (Millipore) for western blot analysis. 318 

 319 

Peritoneal mast cell purification and imaging 320 

Three- to four-month-old adult C57BL/6 male and female mice were killed by CO2 321 

inhalation. Ice-cold mast cell dissociation media (MCDM; HBSS with 3% fetal 322 

bovine serum and 10 mM HEPES, pH 7.2) was used to perform two sequential 323 

peritoneal lavages; the media from these lavages were combined, and the cells were 324 

spun down at 200× g. The pellet from each mouse was resuspended in 2 mL MCDM, 325 

layered on top of 4 mL isotonic 70% Percoll suspension (2.8 mL Percoll, 320 μL 10 × 326 

HBSS, 40 μL 1 M HEPES, 830 μL MCDM), and spun down for 20 min with 500× g 327 

at 4 °C. Mast cells were recovered in the pellet. Purity was asassayed by toluidine 328 

blue staining. Mast cells were resuspended at a concentration of 5 × 105 - 1 × 106 329 

cells/mL in DMEM with 10% fetal bovine serum and 25 ng/mL recombinant mouse 330 

stem cell factor (Sigma) and allowed to recover for 2 h in a 37 °C incubator with 5% 331 

CO2. The cells were then spun down, resuspended in HBSS, counted, and plated at a 332 

concentration of 300 cells/well in 75 μL HBSS in 96-well plates. After 2 h of 333 

incubation at 37 °C and 5% CO2, the mast cells were used for calcium imaging 334 

according to the methods described above. 335 

 336 

Hindpaw swelling and Evans blue extravasation 337 

Adult male C57BL/6 mice were anesthetized by intraperitoneal injection of 0.2 mL 338 

chloral hydrate (3.5%). Fifteen minutes after induction of anesthesia, the mice were 339 

injected with 50 μL 12.5 mg/mL Evans blue (Sigma) in saline through the tail vein. 340 

Five minutes after Evans blue injection, the test substance (IP-O, 2 mg/mL, 5 μL) was 341 

intraplantarly injected into one hindpaw of each mouse, and saline (5 μL) was injected 342 

into the other hindpaw. Paw thickness was measured by Vernier calipers immediately 343 

after injection. Fifteen minutes later, paw thickness was measured again, and the mice 344 

were killed by decapitation. The hindpaws of the mice were imaged, and paw tissues 345 

were collected, dried for 24 h at 50 °C, and weighed. Evans blue was extracted by 346 

24-hour incubation in formamide at 50 °C, and the OD values were read at 620 nm 347 

using a spectrophotometer. The concentration of Evans blue dye was determined 348 
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based on the corresponding standard curve and expressed as ng/mg of tissue weight. 349 

The mice were initially treated with PBS or cromolyn sodium (25 mg/kg) for 3 days 350 

by intraperitoneal injection. On the fourth day, the mice were subjected to the above 351 

experiment. 352 

 353 

Enzyme linked immune sorbent assay (ELISA) 354 

1 × 104 - 5 × 104 mast cells were incubated with test compound for 30 minutes before 355 

supernatant was collected. Supernatants were stored at -80 °C until used for ELISA. 356 

All data were normalized according to cell number. Histamine was detected with an 357 

ELISA Kit from Abcam according to manufacturer’s instructions. Tryptase beta 2, 358 

serotonin, monocyte chemotactic protein 1 (MCP-1) and tumor necrosis factor-α 359 

(TNF-α) were analyzed with ELISA Kits from Cusa Bio. Each dot represents an 360 

independent biological replicates from PMCs isolated from >4 animals. 361 

 362 

Quantitative real time PCR (qRT-PCR) 363 

Total RNA was extracted from PMCs or hindpaw tissues using TRIzol reagent 364 

(Takara), and the first-strand cDNA was reversely transcribed by using the RevertAid 365 

First Strand cDNA Synthesis Kit (ThermoFisher Scientific). The cDNAs of the tested 366 

cytokines and chemokines were quantitated by qRT-PCR using the Bestar® 367 

SybrGreen qPCR master mix reagent (DBI® Bioscience). The shown data represent 368 

the relative abundance of the indicated RNA normalized to that of GAPDH. The 369 

nucleic acid stain (Super GelRed, no.: S-2001) was purchased from US Everbright Inc. 370 

The qRT-PCR primer sequences for the test cytokines and chemokines were shown in 371 

Table S1. All qRT-PCR experiments were performed on an ABI 7500 system 372 

according to the manufacturer’s instructions. 373 

 374 

Statistical analysis 375 

The data are presented as the mean ± standard error of the mean (SEM). Statistical 376 

comparisons were made with unpaired Student’s t test, and differences were 377 

considered significant at P < 0.05. 378 

 379 

 380 

Results 381 

Preparation, structural features and antimicrobial activity of the tick salivary 382 
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peptide IPDef1.  383 

Since there have been some clinical cases of itch caused by the bites of hard ticks, we 384 

wondered whether the salivary peptide IPDef1 from the tick Ixodes persulcatus (Fig. 385 

1A) can induce itching and scratching responses in mice. First, we chemically 386 

synthesized the reduced form of IPDef1 (IP-R) and then folded it by air oxidation in 387 

slightly alkaline Tris-HCl buffer. The oxidized product of IPDef1 (IP-O) was purified 388 

to homogeneity by reverse-phase high-performance liquid chromatography 389 

(RP-HPLC) and was eluted at a retention time (TR) of 20.4 min, which was 1.4 min 390 

later than the reduced form was eluted (TR of 19.0 min) (Fig. 1B), indicating that the 391 

reduced form and oxidized product of IPDef1 have different polarities. This 392 

difference suggests that the formation of an intramolecular disulfide bond can 393 

decrease the polarity of this peptide. To verify disulfide bond formation, we analyzed 394 

the reduced form and oxidized product of IPDef1 using matrix-assisted laser 395 

desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS). The 396 

results showed that the mass-to-charge ratios of IP-O and IP-R were 4195.1 and 397 

4201.5, respectively (Fig. 1C). The measured molecular weight (MW) of the oxidized 398 

product (IP-O) was 4194.1 Da, which was 6.4 Da less than the MW of the reduced 399 

form (IP-R, 4200.5 Da). These data indicate that six hydrogen atoms of the cysteines 400 

of the reduced peptide were removed when three disulfide bridges were formed. 401 

Additionally, analysis of circular dichroism indicated that IP-O displayed a minimum 402 

at 208 nm and a maximum at 198 nm (Fig. S1A), demonstrating that the reduced form 403 

of IPDef1 folds into a native-like conformation similar to that of other peptides with 404 

cysteine-stabilized α-helical and β-sheet (CSαβ) structures. In contrast to that of IP-O, 405 

the secondary structure of IP-R was mainly dominated by irregular coils (Fig. S1A). 406 

The 3D structure of IPDef1 was modeled using the structure of the defensin MGD-1 407 

as a template (PDB: 1FJN) with the SWISS-MODEL server. The predicted structure 408 

of IPDef1 had one α-helix domain at the N-terminus and two β-sheet domains at the 409 

C-terminus (Fig. S1B).  410 

As in representative invertebrate defensins, the connectivity of three disulfide 411 

bridges (Cys4-Cys25, Cys11-Cys33, and Cys15-Cys35) formed the core skeleton of 412 

IPDef1 (Fig. S1B). In addition, IP-O presented nearly the same secondary structure in 413 

different solutions, including water, 0.9% sodium chloride and PBS (Fig. S1C), 414 

suggesting that IP-O has a stable structure in different solutions. Because diverse 415 

bacteria are present in the habitats of ticks and because IPDef1 belongs to the ancient 416 
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invertebrate-type defensin family and contains six disulfide-paired cysteines, we 417 

performed minimum inhibitory concentration (MIC) experiments to investigate the 418 

antimicrobial activities of IPDef1. IP-O effectively inhibited the growth of five tested 419 

standard gram-positive bacteria, exhibiting MIC values of 0.5-2 μM, whereas its 420 

reduced form IP-R showed much weaker bioactivity against these bacteria, showing 421 

MIC values of 6-16 μM (Fig. S2). However, both forms of IPDef1 (IP-R and IP-O) 422 

did not seem to exert bioactivity against two tested standard gram-negative bacteria, 423 

exhibiting MIC values of more than 30 μM (Fig. S2). These results suggest that only 424 

the oxidized form of IPDef1 (IP-O) exerts excellent antibacterial effects against 425 

gram-positive bacteria. Additionally, the conformation of CSαβ is closely related to 426 

the antimicrobial activity of IPDef1. 427 

 428 

IPDef1 causes histamine-independent itch in mice.  429 

After preparing IPDef1, we examined whether the peptide can induce itching and 430 

scratching responses in mice. The reduced and oxidized forms of IPDef1 (IP-R and 431 

IP-O) were intradermally injected into the cheeks of mice, and IP-O but not IP-R 432 

elicited significant scratching behavior (vehicle, 11.7 ± 4.0; IP-R, 23.17 ± 6.1; IP-O, 433 

116.6 ± 9.9; P < 0.0001; Fig. 1D). Moreover, IP-O induced scratching behavior in a 434 

dose-dependent manner (Fig. 1E). The best-characterized type of itch in humans and 435 

rodents, histamine-dependent itch, can be triggered by histamine (HIS)18. Histamine is 436 

mainly secreted by skin mast cells and excites nearby sensory fibers by acting on 437 

histamine receptors19. In our study, there was no significant difference in the total 438 

number of scratching bouts elicited by IP-O and that induced by histamine (IP-O, 439 

116.6 ± 9.9; histamine, 118.4 ± 8.6; P = 0.2; Fig. 1D). These data suggest that IPDef1 440 

probably has strong pruritogenic potential and that this potential may be dependent on 441 

its secondary structure. Considering that histamine induces pruritus in a 442 

histamine-dependent manner20, 21, we wanted to know whether IP-O induces 443 

scratching responses in mice via a histamine-dependent pathway. Histamine-induced 444 

itch can be almost completely blocked by histamine receptor H1/4 antagonists. The 445 

H1R antagonist cetirizine (CETY, 10 mg/kg)21 and the H4R antagonist JNJ7777120 446 

(JNJ, 40 mg/kg) were administered intraperitoneally 30 min prior to the injection of 447 

IP-O or HIS. Compared with vehicle (saline), CETY and JNJ significantly reduced 448 

histamine-induced scratching (vehicle, 116.5 ± 8.8; CETY, 64.0 ± 6.4; P = 0.0007; 449 

JNJ, 69.5 ± 7.8; P = 0.0017), but both failed to reduce IP-O-induced scratching 450 
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behavior (vehicle, 114.7 ± 13.5; CETY, 92.6 ± 12.6; P = 0.2627; JNJ, 93.5 ± 8.8; P = 451 

0.2332) (Fig. 1F). These results suggest that IP-O may cause histamine-independent 452 

itch in mice. We selected another tick salivary peptide, IRDef2 from I. ricinus, to 453 

determine the universal ability of tick salivary peptides to cause itch22, 23. Consistently, 454 

compared to vehicle and the reduced form of IRDef2 (IR-R), the oxidized product of 455 

IRDef2 (IR-O) elicited significant scratching behavior (vehicle, 7.2 ± 2.0; IR-R, 456 

15.0 ± 2.0; IR-O, 69.7 ± 5.5; Fig. S3). 457 

 458 

IP-O activates DRG neurons with extracellular Ca2+ influx.  459 

To further investigate the neural mechanism underlying IP-O-induced itch, we 460 

examined whether the peptide IP-O directly acts on mouse DRG neurons. Consistent 461 

with the behavioral data (Fig. 1D), IP-O but not IP-R induced a robust increase in 462 

[Ca2+] i in DRG neurons, exhibiting an EC50 value of 1.47 ± 0.74 μM (Fig. 2A, B and 463 

C); this finding indicates that IPDef1 directly acts on DRG neurons to evoke itch 464 

through a mechanism dependent on the proper folding of the secondary structure of 465 

the peptide. This increase in [Ca2+] i in cultured DRG neurons was also seen in 466 

representative Fura-2 ratiometric images showing IP-R-evoked (10 µM, white 467 

arrowheads) and IP-O-evoked (10 µM, yellow arrowheads) responses (Fig. 2C). 468 

Notably, approximately 7% of the cultured mouse DRG neurons evoked by IP-O (10 469 

μM) exhibited a robust increase in [Ca2+] i in each experiment, which was similar to 470 

the percentage of DRG neurons that exhibited an increase in [Ca2+] i following 471 

treatment with CQ or BAM8-22 (BAM) (IP-O, 7.5 ± 1.0%; CQ, 6.8 ± 0.9%; BAM, 472 

5.8 ± 0.9%; P = 0.2413; Fig. 2D). Previous studies have shown that some pruritogens, 473 

including CQ and BAM, mediate itch sensation through activating a highly restricted 474 

population of small-diameter neurons in the DRG3, 24, 25. In addition, the specific 475 

neurons that selectively detect itch-inducing chemicals and peptides comprise 476 

approximately 5% of all DRG neurons. These results suggest that the IP-O-evoked 477 

increase in [Ca2+] i seen in DRG cultures reflects the activation of a specific subset of 478 

DRG neurons, which may be the same population activated by CQ and/or BAM. We 479 

performed further experiments to characterize the increase in [Ca2+] i by extracellular 480 

Ca2+ influx or intracellular Ca2+ store release in mouse DRG neurons. Extracellular 481 

Ca2+ was found to be necessary for the increase in [Ca2+] i induced by IP-O- and CQ, 482 

but not that induced by BAM, because the effects of these two substances were almost 483 

completely abolished in Ca2+-free bath solution (Fig. 2E). This result suggests that in 484 
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the absence of extracellular Ca2+, IP-O and CQ, unlike BAM, did not mobilize Ca2+ 485 

release from intracellular stores. However, IP-O, CQ or BAM application in the 486 

presence of extracellular Ca2+ triggered Ca2+ influx across the plasma membrane 487 

(Fig. 2E). These data show that IP-O acts on DRG neurons and triggers the influx of 488 

Ca2+ through transduction channels on the plasma membrane. 489 

 490 

Mouse MrgprC11 and human MrgprX1 are the main itch receptors for IP-O on 491 

DRG neurons. 492 

IP-O directly acts on primary sensory neurons to evoke itch, and the proportion of 493 

IP-O-sensitive neurons among total DRG neurons is similar to the proportions of 494 

neurons activated by the two well-known mrgpr-dependent pruritogens CQ and BAM. 495 

Thus, it can be inferred that IP-O-induced itch is mediated by an Mrgpr-dependent 496 

neural pathway. We cloned each of the 12 mouse Mrgpr gene that have been reported 497 

to be itch-related functional receptors into a mammalian expression vector and 498 

transfected them individually into human embryonic kidney 293T (HEK293T) cells. 499 

By fusing green fluorescent protein (GFP) to the C-terminus of the Mrgpr coding 500 

sequences, we were able to visualize the transfected cells and confirm the proper 501 

membrane localization of the receptors. Then, we examined the effects of IP-O on the 502 

12 mouse Mrgprs by calcium imaging. The results showed that 22.4 ± 2.0% 503 

MrgprA3-overexpressing HEK293T cells and 76.4 ± 2.0% MrgprC11-overexpressing 504 

HEK293T cells responded to IP-O (10 μM). MrgprC11 conferred the strongest 505 

responses to the peptide, with an EC50 value of 3.61 ± 0.74 μM, whereas the other 506 

receptors conferred either weak or no responses to the peptide IP-O (MrgprA1, 2.0 ± 507 

0.7%; MrgprA2, 4.0 ± 0.7%; MrgprA4, 6.4 ± 1.0%; MrgprA10, 1.0 ± 0.3%; 508 

MrgprA12, 6.0 ± 0.7%; MrgprA14, 1.2 ± 0.3%; MrgprA16, 4.2 ± 0.5%; MrgprA19, 509 

2.2 ± 0.5%; MrgprB4, 5.4 ± 0.9%; MrgprB5, 3.6 ± 0.6%; P < 0.0001; Fig. 3A, B, C, 510 

D and Fig. S4). In contrast, MrgprC11-overexpressing HEK293T cells exhibited 511 

nearly no response to IP-R (Fig. S5), indicating that IPDef1 activates Mrgpr receptors 512 

through a mechanism dependent on the folding of its secondary structure. MrgprA3 513 

and MrgprC11 were activated by their agonists CQ and BAM, respectively, 514 

confirming that they are functional receptors and are sensitive to IP-O (Fig. 3A and B). 515 

The main MrgprXs of the human Mrgpr family (MrgprX1, X2, X3 and X4) are much 516 

smaller than those of the murine Mrgpr family. We examined the effects of IP-O on 517 

MrgprXs and found that IP-O intensely activated MrgprX1, exhibiting an EC50 value 518 
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of 4.22 ± 0.48 μM. IP-O moderately activated MrgprX2 but did not affect hMrgprX3 519 

or MrgprX4 (MrgprX1, 77.6 ± 2.8%; MrgprX2, 28.2 ± 2.7%; MrgprX3, 6.0 ± 0.7%; 520 

MrgprX4, 2.6 ± 0.5%; P < 0.0001; Fig. 3C, F, G, H, and Fig. S6). Like 521 

MrgprC11-overexpressing HEK293T cells, MrgprX1-overexpressing HEK293T cells 522 

did not respond to the reduced form of IPDef1 (IP-R) (Fig. S7). Some studies have 523 

shown that MrgprX1/C11 is preferentially activated by peptides that terminate in 524 

RYG or RF-amide26, 27. Given that IP-O does not terminate with either motif, these 525 

results suggest that IP-O represents a completely new type of ligand for MrgprX1/C11. 526 

In addition, like the endogenous ligand BAM, IP-O has the highest affinity for the 527 

itch receptors MrgprC11 and MrgprX1 (MrgprC11, 76.4 ± 2.0%; MrgprX1, 77.6 ± 528 

2.8%; Fig. 3C and G), indicating that the molecular mechanism of IP-O-induced itch 529 

may be similar to that of BAM. 530 

Coimmunoprecipitation was also used to determine whether the peptide IP-O 531 

directly interacts with the tested mouse and human Mrgprs. The peptide His-IP, which 532 

contains IPDef1 fused to a six-histidine residue tag at the N-terminus, was chemically 533 

synthesized and oxidatively refolded according to the procedure described for the 534 

peptide IP-O above (Fig. S8). HEK293T cells were transfected with a plasmid 535 

expressing an N-flag-tagged mouse Mrgpr (MrgprC11 or A3) or human Mrgpr 536 

(MrgprX1, X2, X3 or X4). The results of coimmunoprecipitation showed that both 537 

mouse MrgprC11 and MrgprA3 directly interacted with the peptide IP-O (Fig. S9A). 538 

Furthermore, human MrgprX1 and MrgprX2 but not MrgprX3 and MrgprX4 directly 539 

interacted with the peptide IP-O (Fig. S9B). 540 

To further investigate the role that MrgprC11 plays in IP-O-induced itch, MrgprC11 541 

knockout C57BL/6 mice were generated by the CRISPR/Cas9 approach (Fig. S10). 542 

Then, we compared IP-O-evoked Ca2+ signals in DRG neurons isolated from 543 

MrgprC11-deficient mice to those in DRG neurons isolated from wild-type (WT) 544 

littermates and found that Ca2+ signals evoked by IP-O were significantly attenuated 545 

in MrgprC11-deficient DRG neurons compared to WT DRG neurons (Fig. 3I). 546 

Moreover, BAM-evoked responses were also attenuated in MrgprC11-deficient 547 

neurons compared to WT neurons. These results suggest that MrgprC11 is the key 548 

neuroreceptor for both IP-O and BAM. Compared to those isolated from WT mice, 549 

the cultured DRG neurons isolated from MrgprC11-deficient mice showed a decrease 550 

in the proportion of IP-O-sensitive neurons (Fig. 3J). A similar decrease in the 551 

percentage of BAM-sensitive neurons was observed in DRG neurons isolated from 552 
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MrgprC11-deficient mice compared with those isolated from WT mouse DRG 553 

neurons (Fig. 3J). To further investigate the in vivo role of MrgprC11 in IP-O-induced 554 

itch, we evaluated the itching responses induced by IP-O in MrgprC11-deficient mice. 555 

As expected, the scratching response induced by IP-O were dramatically alleviated in 556 

MrgprC11-deficient mice compared with those of WT mice (Fig. 3K). Together, these 557 

data indicate that MrgprC11 is the main itch receptor for IP-O on mouse DRG 558 

neurons and plays a key role in IP-O-induced itch. 559 

 560 

TRPV1 is the downstream ion channel coupled to IP-O-activated MrgprC11/X1 561 

on DRG neurons.  562 

Mouse MrgprC11 and human MrgprX1 were identified as the main receptors for the 563 

peptide IP-O. However, the signaling pathway and ion channel downstream of IP-O 564 

are unknown. It has been observed that many G protein-coupled receptors (GPCRs) 565 

on DRG neurons transduce signals via TRP channels28, 29. TRPV1-expressing 566 

afferents mediate responses to a variety of pruritogens, and TRPV1-deficient mice 567 

display reduced responses to histamine30. CQ and BAM activate a subset of 568 

TRPV1-positive neurons31. These findings suggest that TRPV1 is a likely candidate 569 

transduction channel in Mrgpr pruritic pathways that should not be ignored. 570 

Accordingly, we used live-cell calcium imaging to examine the overlap between the 571 

sensitivity of WT mouse DRG neurons to IP-O and the TRPV1 agonist capsaicin. 572 

AMG9810, an inhibitor of TRPV1, severely attenuated the effect of IP-O (10 μM) on 573 

WT mouse DRG neurons (Fig. 4A). After washout, IP-O induced a relatively normal 574 

increase in [Ca2+] i (Fig. 4A). Subsequent exposure to capsaicin (1 µM) produced a 575 

further increase in [Ca2+] i in all IP-O-positive cells (Fig. 4A). These data indicate that 576 

TRPV1 is likely involved in the signaling pathway associated with IP-O-induced itch. 577 

We then compared IP-O-evoked Ca2+ signals in DRG neurons isolated from 578 

TRPV1-deficient mice to those in DRG neurons isolated from WT littermates and 579 

found that Ca2+ signals evoked by IP-O were significantly attenuated in 580 

TRPV1-deficient DRG neurons compared to WT DRG neurons (Fig. 4B). As 581 

expected, capsaicin-evoked responses were also attenuated in TRPV1-deficient 582 

neurons compared to WT neurons, but the TRPA1 agonist allyl isothiocyanate (AITC) 583 

evoked Ca2+ signals in both TRPV1-deficient and WT DRG neurons (Fig. 4B). These 584 

results indicate that IP-O-activated DRG neurons express both TRPV1 and TRPA1, 585 

whereas TRPV1 but not TRPA1 is required for the IP-O-evoked signaling pathway. 586 
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Cultured DRG neurons isolated from TRPV1-deficient mice showed a decrease in the 587 

proportion of IP-O-sensitive neurons compared with that exhibited by WT mouse 588 

DRG neurons (Fig. 4C). A similar decrease in the proportion of IP-O-sensitive 589 

neurons was observed in WT mouse DRG neurons treated with the TRPV1 antagonist 590 

AMG9810 (Fig. 4C). Furthermore, there was a significant reduction in the proportion 591 

of histamine-sensitive cells in the DRG from TRPV1-deficient mice and 592 

AMG9810-treated DRG neurons from WT mice compared with that in WT DRG 593 

neurons (Fig. 4C). These findings are consistent with the previous finding that TRPV1 594 

is required for histamine signaling in sensory neurons32. In contrast, the number of 595 

CQ-responsive cells was similar in WT mouse DRG neurons, AMG9810-treated WT 596 

mouse DRG neurons, and Trpv1-/- mouse DRG neurons (Fig. 4C), indicating that 597 

TRPV1 is not required for CQ signaling, which is consistent with the findings of a 598 

previous study29. In addition, we evaluated the itching responses induced by these 599 

three substances in TRPV1-deficient mice. Similar to that evoked by histamine, the 600 

scratching response induced by IP-O was significantly alleviated in TRPV1-deficient 601 

mice compared with WT mice (Fig. 4D). There was no significant difference in the 602 

total number of scratching bouts induced by CQ over a period of 30 min between 603 

TRPV1-deficient and WT mice (Fig. 4D). Thus, our results indicate that the 604 

functional TRPV1 channel is required for IP-O-evoked DRG activation and 605 

IP-O-induced itch in mice. 606 

Consistent with this conclusion, calcium imaging indicated that capsaicin but not 607 

IP-O affected the Ca2+ response of mouse TRPV1 expressed in heterologous 608 

HEK293T cells (Fig. S11A). Whole-cell patch-clamp recordings showed that the 609 

peptide IP-O did not affect the currents of TRPV1-overexpressing HEK293T cells 610 

(Fig. S11B). Furthermore, co-immunoprecipitation experiments showed that the 611 

peptide IP-O did not directly interact with TRPV1 channels (Fig. S11C). All these 612 

results suggest that the peptide IP-O is not a direct agonist of TRPV1. 613 

 614 

TRPA1 is not required for MrgprC11/X1-mediated DRG neuron activation by 615 

IP-O. 616 

Although TRPV1 is required for IP-O-evoked Ca2+ signals, it does not mediate all 617 

forms of itch. TRPA1, which is highly expressed in a subset of TRPV1-positive 618 

neurons, is activated by a number of pain-producing compounds, including 619 

isothiocyanates33. In addition, TRPA1 is activated downstream of some GPCRs. Thus, 620 
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we further examined whether there is an overlap between the sensitivity of WT mouse 621 

DRG neurons to IP-O and the TRPA1 agonist AITC. HC-030031, an antagonist of the 622 

TRPA1 channel34, had little effect on IP-O-evoked Ca2+ signals in DRG neurons from 623 

WT mice (Fig. 5A). We then compared IP-O-evoked Ca2+ signals in DRG neurons 624 

isolated from TRPA1-deficient mice to those isolated from WT littermates. The 625 

results indicated that IP-O-evoked Ca2+ signals were similar in TRPA1-deficient and 626 

WT DRG neurons (Fig. 5B). In addition, the TRPV1 agonist capsaicin induced 627 

similar Ca2+ signals in both TRPA1-deficient and WT DRG neurons, whereas 628 

AITC-evoked responses were significantly attenuated in TRPA1-deficient DRG 629 

neurons compared to WT DRG neurons (Fig. 5B). These data indicate that TRPA1 is 630 

unlikely to be involved in the IP-O signaling pathway. Both DRG neurons isolated 631 

from TRPA1-deficient mice and AMG9810-treated DRG neurons isolated from WT 632 

mice showed similar responses to IP-O as DRG neurons isolated from WT mice 633 

(Fig. 5C). Likewise, no difference was observed in the proportion of 634 

histamine-sensitive neurons among these three kinds of DRG neurons (Fig. 5C). In 635 

contrast, the proportion of CQ-sensitive neurons among cultured neurons isolated 636 

from TRPA1-deficient mice was decreased compared with that among neurons 637 

isolated from WT mice (Fig. 5C). Similar results were observed for WT neurons 638 

treated with the TRPA1 antagonist HC-030031 (Fig. 5C). These findings show that 639 

TRPA1 is required for CQ signaling in sensory neurons. In contrast, the numbers of 640 

CQ-responsive cells among WT mouse neurons, AMG9810-treated WT mouse 641 

neurons, and mutant neurons were similar (Fig. 5C), indicating that TRPV1 is not 642 

required for CQ signaling. These results were completely consistent with the finding 643 

of a previous report35. Furthermore, we evaluated the itching responses induced by 644 

IP-O, HIS and CQ in TRPA1-deficient mice. No significant difference in the total 645 

number of scratching bouts induced by IP-O over a period of 30 min, which was 646 

similar to that induced by HIS, was found between TRPA1-deficient and WT mice 647 

(Fig. 5D). However, the scratching response induced by CQ in TRPA1-deficient mice 648 

was significantly alleviated compared with that in WT mice.  649 

Correspondingly, the results of the calcium imaging experiment indicated that 650 

AITC but not IP-O activated mouse TRPA1 expressed on heterologous HEK293T 651 

cells (Fig. S12A). Whole-cell patch-clamp recordings showed that the peptide IP-O 652 

did not affect the currents of the TRPA1 channel overexpressed in HEK293T cells 653 

(Fig. S12B). Moreover, coimmunoprecipitation experiments showed that the peptide 654 

Jo
urn

al 
Pre-

pro
of



21 
 

IP-O did not directly interact with the ion channel TRPA1 (Fig. S12C). Taken together, 655 

our results indicate that TRPA1 is not required for IP-O-evoked excitation of DRG 656 

neurons or subsequent IP-O-induced itch in mice. 657 

 658 

IP-O activates mast cells through MrgprB2 and induces acute inflammation in 659 

mice. 660 

The above results show that IP-O evokes itch by directly activating MrgprC11/X1 to 661 

regulate downstream TRPV1 on pruriceptors and that the MrgprC11/X1-TRPV1 662 

pathway is an important signaling pathway for IP-O-induced itch. However, we found 663 

that IP-O moderately activated human MrgprX2 (an ortholog of mouse MrgprB2) 664 

(Fig. 3G) selectively expressed on mast cells but not on primary sensory neurons. It is 665 

possible that some mast cell-derived mediators, such as proteases and 5-HT, are 666 

involved in IP-O-induced itch. Therefore, we examined the effect of IP-O on mouse 667 

MrgprB2 by calcium imaging as described above. The results showed that some 668 

MrgprB2-overexpressing HEK293T cells responded to IP-O (Fig. 6A). We also found 669 

that IP-O directly activated peritoneal mast cells (PMCs) isolated from mice (Fig. 6B). 670 

Sodium cromoglicate (cromolyn), a mast cell stabilizer, can effectively inhibit granule 671 

release. We evaluated the itching responses induced by IP-O, PAMP9-20 and anti-IgE 672 

in cromolyn-treated mice. In contrast to the scratching responses induced by 673 

PAMP9-20 and anti-IgE, there was no significant difference in the total number of 674 

scratching bouts induced by IP-O over a period of 30 min between cromolyn-treated 675 

and vehicle-treated mice (Fig. 6C). It is likely that mast cells activated by IP-O made 676 

little contribution to itching and had unknown effects in mice. Evans blue 677 

extravasation assays showed that intraplantar injection of IP-O induced acute 678 

inflammation in mice (Fig. 6D, E). We measured paw thickness of the mice before 679 

and after IP-O treatment, and found that the paw thickness was significantly increased 680 

after the injection of IP-O (Fig. S13). In addition, compared with that in 681 

vehicle-treated mice, acute inflammation induced by IP-O was reduced in 682 

cromolyn-treated mice (Fig. 6F). 683 

The activation of mast cells by intraplantar injection of IP-O caused acute 684 

inflammation in mice, but it was unclear which mediators released from mast cells 685 

were required for this effect. We detected in vitro release of histamine, serotonin, 686 

tryptase beta 2, TNF-α and MCP-1 from mouse peritoneal mast cells upon stimulation 687 

by IP-O (12, 25, 50 μM), PAMP (100 μM), Anti-IgE (25 μg/mL). Compared with 688 
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vehicle, IP-O resulted in the releases of histamine, serotonin and tryptase beta 2 689 

(Fig. 6G-I). In addition, IP-O also induced the releases of TNF-α and MCP-1 with an 690 

moderate increasement (Fig. S14). These mediators released from mast cells may 691 

have an effect on recruiting immune cells and facilitating the progress of 692 

inflammation. Further, we analyzed the mRNA expression of more cytokines and 693 

chemokines in IP-O-treated PMCs. Among the test cytokine and chemokine genes, no 694 

significant change was observed at the level of mRNA expression after IP-O 695 

stimulation in PMCs (Fig. S15), which was consistent with the degranulation release 696 

of mast cells. Taken together, these results suggest that IP-O activates mast cells 697 

through MrgprB2/X2 and induces acute inflammation but that mast cell activation 698 

appears to make little contribution to IP-O-induced itch. 699 

 700 

Discussion 701 

As vectors of various pathogens, ticks commonly induce skin pruritus by biting 702 

humans and animals. Which class of substance causes scratching and itching 703 

following a tick bite: the carried pathogens or endogenous components expressed by 704 

ticks? We postulated that endogenous components of ticks are most likely responsible 705 

for itch induction for two reasons. First, dogs bitten by the tick O. brasiliensis exhibit 706 

continuous and intense itching behavior, but typical tick-borne pathogens are not 707 

detected in the sera of bitten dogs10. Tick bites with and without pathogens both lead 708 

to skin pruritus in dogs. Second, many arthropod bites and stings can cause itching 709 

behavior, but ants, bees, spiders and scorpions have not yet been found to transmit 710 

pathogens. 711 

We found that two tick salivary defensin peptides, IPDef1 and IRDef2, 712 

significantly induced itching and scratching behavior in mice upon intradermal 713 

injection. Defensins in the saliva of ticks were discovered to act as new pruritogenic 714 

agents, at least partially explaining the pathological phenomenon of skin pruritus 715 

caused by tick bites. Defensins in the saliva of ticks share high homology and 716 

structural similarity with ancient invertebrate defensins. Thus, we found a new large 717 

class of pruritogenic peptide agents that is completely different from previously 718 

reported pruritogenic peptides such as BAM8-2224 and mouse/human beta-defensins36, 719 
37. Our findings provide many new molecular probes and tools for studying itch 720 

receptors. 721 
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Interestingly, our study revealed that the tick salivary peptide IPDef1 exerts two 722 

activities through two different signaling pathways in mice: MrgprC11/X1-mediated 723 

DRG neuron activation and MrgprB2/X2-mediated mast cell activation. First, IPDef1 724 

triggers DRG neuron activation by specifically acting on MrgprC11/X1 on DRG 725 

neurons and induces cellular calcium influx into DRG neurons through the 726 

downstream TRPV1 channel, which causes itching in mice. Second, IPDef1 also 727 

activates mast cells through MrgprB2/X2, a recently discovered membrane receptor 728 

on mast cells that induces acute inflammation in mice. Besides taking part in the 729 

pathology and mortality caused by envenomation, mast cells were previously found to 730 

play an important role in detoxification of harmful poisons. Mast cell degranulation 731 

releases carboxypeptidase A3 (CPA3) and chymase, and reduces the toxicity of 732 

animal venoms (like scorpions, bees and snakes) by degrading their venom peptides38, 733 
39. It is still unclear whether IPDef1 induces mast cells to release CPA3 or chymase 734 

for detoxification by activating MrgprB2/X2. 735 

Coimmunoprecipitation, calcium imaging, genetic ablation and behavior 736 

experiments revealed the molecular mechanism by which the peptide IPDef1 directly 737 

interacts with Mrgprs (mainly MrgprC11/X1) and activates DRG neurons to induce 738 

itch. However, this mechanism is not related to the histamine signaling pathway. We 739 

not only found a class of new pruritogenic peptide agents responsible for arthropod 740 

bite- or sting-induced itch but also revealed the related neural mechanisms, laying the 741 

foundation for the development of anti-itch drugs to combat arthropod bite- or 742 

sting-induced pruritus. Moreover, an inhibitor of TRPV1 was shown to specifically 743 

block calcium influx into DRG neurons activated by the tick peptide IPDef1 and 744 

inhibit the pruritus induced by IPDef1 in cell and animal behavior experiments. 745 

TRPV1 is a promising target of anti-itch drugs, and its inhibitors are potential 746 

candidates for preventing and treating the pruritus induced by tick bites. 747 

Coincidentally, Li et al. reported a case of a man bitten by the tick l. persulcatus on 748 

Yunmeng Mountain in Beijing, China. The patient subsequently developed topical 749 

edematous erythema and itching, but oral antihistamine and topical calamine lotion 750 

did not improve his itching symptoms. This observation suggests that antihistamine 751 

drugs do not have an effect against pruritus induced by tick bites, providing evidence 752 

that tick bite-induced pruritus is independent of the histamine-related pathway. In 753 

short, our study identifies potential therapeutic targets and drugs for the prevention 754 
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and treatment of pruritus induced by the bites or stings of arthropods such as ticks, 755 

mites, fleas, mosquitoes, bees, wasps, spiders, and scorpions. 756 

The generation of peptides that induce itch resulted from the interaction between 757 

and coevolution of parasites and hosts or prey and predators. We speculate that there 758 

are two possible driving forces of this phenomenon. First, the generation of itchiness 759 

is a self-alarm and self-defense mechanism in hosts or predators. Itch helps hosts or 760 

predators scratch away external threats2. It is easily understood that hosts or predators 761 

evolve to produce itching signals against arthropod bites or stings. Second, the 762 

salivary or venom glands of these arthropods have evolved to produce peptides that 763 

induce pruritus, which are their molecular weapons for predation and defense, to 764 

attack hosts, protect against enemies or deter competitors40. During long-term 765 

evolution, multiple peptide and protein families have been recruited to the animal 766 

salivary or venom systems41. Defensins have also been recruited to animal saliva and 767 

venoms as chemical weapons for predation and defence. Defensins belong to a class 768 

of ancient cationic peptides that are widely distributed in fungi, plants and animals 769 

and are effector molecules of the innate immune system, exhibiting broad-spectrum 770 

antimicrobial activity against a range of bacteria and viruses42. Consistent with our 771 

finding that the ancient invertebrate defensin IPDef1 from the tick I. persalcatus 772 

evokes itch by directly activating MrgprC11/X1 expressed on DRG neurons, mouse 773 

and human beta-defensins have also been identified as pruritogens that activate 774 

Mrgprs or Toll-like receptor 4 (TLR4)36, 37. These results suggest that ancient 775 

invertebrate defensins were recruited early to the tick salivary systems and innovated 776 

a new toxicological function of itch induction. Our study not only reveals a new 777 

toxicological effect and mechanism of defensins in saliva or venoms but also brings to 778 

light a new link between neurobiology and immunology. 779 
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Figure Legends 924 

 925 

 926 

Fig. 1. The tick peptide IPDef1 causes histamine-independent itch in mice. (A) 927 

Amino acid sequence of the peptide IPDef1 from the tick Ixodes persulcatus. IP-R 928 

and IP-O are the reduced and oxidized forms of IPDef1, respectively. SH represents 929 

the thiol group of cysteine. The connectivity of disulfide bonds is indicated by the 930 

solid line with S-S. The cysteine residues are shaded in yellow, and the basic residues 931 

are displayed in blue. (B) Oxidative refolding of chemically synthetic linear IPDef1. 932 

RP-HPLC shows the difference in retention time (TR) between IP-R and IP-O. (C) 933 

MALDI-TOF MS analysis of IP-R (small) and IP-O (large). (D) Scratching responses 934 

induced by intradermal injection of vehicle (saline, n = 8), IP-R (50 μg, n = 6), IP-O 935 

(50 μg, n = 7), histamine (HIS, 10 μmol, n = 7) and chloroquine (CQ, 200 μg, n = 9) 936 

in mice. (E) Dose-dependent scratching responses induced by intradermal injection of 937 

vehicle (saline, n = 6), IP-O (12 μg, n = 6), IP-O (25 μg, n = 7) and IP-O (50 μg, n = 938 

6). (F) Difference in scratching responses induced by intradermal injection of IP-O 939 

(25 μg, n = 6), HIS (10 μmol, n = 6) and saline in vehicle-treated (white), 940 

cetirizine-treated (CETY, light gray) and JNJ7777120-treated mice (JNJ, dark gray). 941 

Each dot represents an individual mouse. All data are presented as the means ± SEMs. 942 

n.s, not significant, P > 0.5; ** P < 0.01; **** P < 0.0001. 943 

 944 

Fig. 2. IP-O activates mouse DRG neurons with extracellular Ca2+ influx. (A) 945 

Representative calcium traces of cultured mouse DRG neurons in the presence of 946 

IP-R (10 μM) and IP-O (10 μM). (B) Representative Fura-2 ratiometric images of 947 

IP-R-evoked (10 µM, white arrowheads) and IP-O-evoked (10 µM, yellow 948 

arrowheads) responses in cultured mouse DRG neurons. The scale bar represents 20 949 

µm. (C) Dose-response curve of cultured mouse DRG neurons to IP-O (1, 2, 4, 8 and 950 

16 μM, respectively). n = 3 experiments/group. (D) Percentage of cultured mouse 951 

DRG neurons that responded to IP-R (10 µM), IP-O (10 µM), BAM8-22 (BAM, 50 952 

µM) and CQ (1 mM).  n = 3 experiments/group. All data are presented as the means 953 

± SEMs. n.s, not significant, P > 0.5; *** P < 0.001. (E) Representative calcium 954 

traces of cultured mouse DRG neurons that responsed to IP-O (10 µM, left), CQ (1 955 

mM, middle) and BAM (50 µM, right) in the absence and presence of extracellular 956 

calcium (2 mM Ca2+). 957 
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 958 

Fig. 3. Mouse MrgprC11 and human MrgprX1 are two itch receptors for IP-O. 959 

(A, B) Representative calcium traces showing the responses of mouse MrgprA3 and 960 

MrgprC11 expressed on HEK293T cells to IP-O (10 μM). (C) Percentage of 12 961 

mouse Mrgprs (MrgprA1, A2, A3, A4, A10, A12, A14, A16, A19, B4, B5 and C11) 962 

expressed on HEK293T cells that responded to IP-O. n = 5 experiments/group. (D) 963 

Dose-response curve for MrgprC11 expressed on HEK293T cells to IP-O (1, 2, 4, 8 964 

and 16 μM). n = 3 experiments/group. (E, F) Representative calcium traces showing 965 

the responses of human MrgprX1 and MrgprX2 expressed on HEK293T cells to IP-O 966 

(10 μM). (G) Percentage of human Mrgprs (MrgprX1, X2, X3 and X4) expressed on 967 

HEK293T cells that responded to IP-O. n = 5 experiments/group. (H) Dose-response 968 

curve for MrgprX1 expressed on HEK293T cells to IP-O (1, 2, 4, 8 and 16 μM, 969 

respectively). n = 3 experiments/group. (I) Representative calcium response traces of 970 

wild-type (left) and MrgprC11-/- (right) mouse DRG neurons exposed to IP-O (10 971 

µM), BAM (50 µM) and KCl (50 mM), respectively. (J) Prevalence of IP-O and 972 

BAM sensitivity in WT (white) and MrgprC11-/- DRG neurons (black). n = 4 973 

experiments/group. (K) Difference in scratching responses induced by intradermal 974 

injection of IP-O (25 μg) in WT (white, n = 8) and MrgprC11-/- mice (black, n = 10). 975 

All data are presented as the means ± SEMs. * P < 0.05; *** P < 0.001. 976 

 977 

Fig. 4. TRPV1 is the downstream ion channel that mediates IP-O-evoked DRG 978 

neuron activation and IP-O-induced itch in mice. (A) Representative calcium 979 

traces of WT DRG neurons exposed to IP-O (10 µM) following pretreatment (3 min) 980 

with or without AMG9810 (50 µM). (B) Representative calcium traces of WT (left) 981 

and Trpv1-/- (right) DRG neurons exposed to IP-O (10 µM) followed by 982 

allyl isothiocyanate (AITC, 100 µM) and capsaicin (Cap, 1 µM). (C) Prevalence of 983 

IP-O, histamine (HIS, 1 µM) and CQ (1 mM) sensitivity in WT(white), 984 

AMG9810-treated WT DRG (50 µM, gray) and Trpv1-/- DRG neurons (black). n = 4 985 

experiments/group. (D) Difference in scratching responses induced by intradermal 986 

injection of IP-O (25 μg, n = 6), HIS (10 μmol, n = 6) and CQ (200 μg, n = 6) in WT 987 

mice (white) and Trpv1-/- mice (black). All data are presented as the means ± SEMs. 988 

n.s, not significant, P > 0.5; ** P < 0.01; *** P < 0.001. 989 

 990 

Fig. 5. TRPA1 is not required for IP-O-evoked DRG neuron activation or 991 
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IP-O-induced itch in mice. (A) Representative calcium traces of WT DRG neurons 992 

exposed to IP-O (10 µM) following pretreatment (3 min) with or without the HC 993 

030031 (500 µM). (B) Representative calcium traces of WT (left) and Trpa1-/- (right) 994 

DRG neurons exposed to IP-O (10 µM) followed by capsaicin (Cap, 1 µM) and 995 

allyl isothiocyanate (AITC, 100 µM). (C) Prevalence of IP-O, histamine (1 µM) and 996 

CQ (1 mM) sensitivity in WT (white), HC 030031-treated WT (500 µM, light gray) 997 

and Trpa1-/- DRG neurons (dark gray). n = 4 experiments/group. (D) Difference in 998 

scratching responses induced by intradermal injection of IP-O (25 μg, n = 6), HIS (10 999 

μmol, n = 6) and CQ (200 μg, n = 6) in WT (white) and Trpa1-/- mice (dark gray). All 1000 

data are presented as the means ± SEMs. n.s, not significant, P > 0.5. 1001 

 1002 

Fig. 6. IP-O activates mast cells through MrgprB2 and induces acute 1003 

inflammation in mice. (A) Representative calcium traces of mouse 1004 

MrgprB2-overexpressing HEK293T cells to IP-O (10 μM). (B) Representative 1005 

calcium traces of isolated mouse peritoneal mast cells (PMCs) to IP-O (10 μM). (C) 1006 

Difference in scratching responses induced by intradermal injection of IP-O (25 μg, n 1007 

= 7), PAMP (PAMP9-20, 25 μg, n = 10) and anti-IgE (1 μg, n = 9) in vehicle-treated 1008 

(saline, white) or cromolyn-treated mice (light gray). (D) Representative images of 1009 

Evans blue extravasation 15 min after intraplantar injection of saline (5 μL, left paw) 1010 

or IP-O (5 μL, 2 mg/mL, right paw). n =6. (E) Quantification of Evans blue content in 1011 

the paws after injection of saline or IP-O. (F) Quantification of Evans blue content in 1012 

the paws after injection of saline or IP-O in PBS-treated and cromolyn-treated mice. 1013 

(G-I) In vitro release of histamine (G), serotonin (H) and tryptase beta 2 (I) from 1014 

mouse PMCs upon stimulation by IP-O (12, 25, 50 μM) or PAMP (100 μM) or 1015 

Anti-IgE (25 μg/mL) or vehicle alone (IP-O = 0 μM). Each dot represents an 1016 

independent biological replicate from PMCs isolated from >4 animals. All 1017 

concentrations n = 3. All data are presented as the means ± SEMs. n.s, not significant, 1018 

P > 0.5; * P < 0.05; ** P < 0.01; *** P < 0.001. 1019 
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Table S1. The qRT-PCR primer sequences for the test mouse cytokines and 

chemokines 

Name Direction Sequence (5’-3’) 

TPH1 + ACGTTCCTCTCTTGGCTGAA 

 - TAGCACGTTGCCAGTTTTTG 

SERT + TCACATATGCGGAGGCAATA 

 - CTATCCAAACCCAGCGTGAT 

Mcpt6 + CATTGATAATGACGAGCCTCTCC 

 - CATCTCCCGTGTAGAGGCCAG 

TNF-α + TAGCCAGGAGGGAGAACAGA 

 - CCAGTGAGTGAAAGGGACAGA 

IL-1β + TACATCAGCACCTCACAAGC 

 - AGAAACAGTCCAGCCCATACT 

MCP-1 + TTAAAAACCTGGATCGGAACCAA 

 - GCATTAGCTTCAGATTTACGGGT 

VEGF + CAACTTCTGGGCTCTTCTCG 

 - CCTCTCCTCTTCCTTCTCTTCC 

CXCL1 + GTCAGTGCCTGCAGACCATG 

 - TGACTTCGGTTTGGGTGCAG 

CXCL2 + GCCAAGGGTTGACTTCAAGA 

 - TTCAGGGTCAAGGCAAACTT 

GAPDH + AGGTCGGTGTGAACGGATTTG 

 - TGTAGACCATGTAGTTGAGGTCA 
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Supplementary Figure Legends 30 

 31 

 32 

Fig. S1. Structural features of the peptide IPDef1 from the tick Ixodes 33 

persalcatus.  34 

(A) Secondary structure analysis of the reduced (IP-R) and oxidated (IP-O) forms of 35 

IPDef1. CD spectrum shows structure difference between IP-R and IP-O. (B) 36 

Secondary structure analysis of IP-O in different solutions. (C) The homologous 37 

model of IPDef1. The 3D-structure of IPDef1 is shown as a solid ribbon model and 38 

three disulfide bonds are displayed as a line ribbon. Diagram was generated using 39 

SWISS-MODEL. 40 

 41 

Fig. S2. Antimicrobial activities of the peptide IPDef1 (IP-R and IP-O) against 42 

standard bacteria strains.  43 

Y xais shows MIC values of IP-R and IP-O against five gram-positive bacteria and 44 

two gram-negative bacteria. n.s, not significant, P > 0.5; * P < 0.05; ** P < 0.01; 45 

**** P < 0.0001. 46 

 47 

Fig. S3. The tick salivary peptide IRDef2 induces itch responses in mice. 48 

(A) Amino acid sequence of the peptide IRDef2 from the tick I. ricinus saliva. Def2-R 49 

and Def2-O are the reduced and oxidatized forms of IRDef2, respectively. SH 50 

represents the thiol group of cysteine. The connection mode of disulfide bond is 51 

displayed in a solid line with S-S. The cysteine residues are shaded with brilliant 52 

yellow, acidic residues are displayed in pink and basic residues are displayed in blue. 53 

(B) Scratching responses induced by intradermal injection of vehicle (saline), Def2-R 54 

(25 μg) and Def2-O (25 μg) in mice. Each dot represents an individual mouse. All 55 

groups n = 6. All data are presented as means ± SEM. n.s, not significant, P > 0.5; 56 

**** P < 0.0001. 57 

 58 

Fig. S4. IP-O fails to activate mouse MrgprA1, A2, A4, A10, A12, A14, A16, A19, 59 

B4, and B5. 60 
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(A-J) Representative calcium traces of mouse Mrgprs (MrgprA1, A2, A4, A10, A12, 61 

A14, A16, A19, B4, and B5) expressed on HEK293T cells to IP-O (10 μM). n = 3 62 

experiments/group. 63 

 64 

Fig. S5. IP-R fails to activate mouse MrgprC11. 65 

Representative calcium traces of mouse MrgprC11 expressed on HEK293T cells to 66 

IP-R (10 μM). 67 

 68 

Fig. S6. IP-O fails to activate human MrgprX3 and MrgprX4. 69 

(A, B) Representative calcium traces of human MrgprX3 and MrgprX4 expressed on 70 

HEK293T cells to IP-O (10 μM). n = 3 experiments/group. 71 

 72 

Fig. S7. IP-R fails to activate human MrgprX1.  73 

Representative calcium traces of human MrgprX1 expressed on HEK293T cells to 74 

IP-R (10 μM). 75 

 76 

Fig. S8. Preparation and structural feature of the peptide His-IP-O.   77 

(A) Amino acid sequence of the peptide fused with a six his-tag at the N-terminus of 78 

IPDef1 (His-IP). The connection mode of disulfide bond is displayed in a solid line. 79 

Cysteine residues are shaded with brilliant yellow, and basic residues are displayed in 80 

blue. (B) Oxidative refolding of chemically synthetic His-IP. RP-HPLC shows 81 

retention time (TR) difference between the reduced (His-IP-R) and oxidatized 82 

(His-IP-O) peptides. (C) Secondary structure analysis of His-IPDef1. CD spectrum 83 

shows structure difference between His-IP-R and His-IP-O. 84 

 85 

Fig. S9. IP-O directly interacts with mouse MrgprA3/C11 and human 86 

MrgprX1/X2. (A, B) Co-immunoprecipitation analysis of the peptide IP-O with the 87 

mouse MrgprA3/C11 and human MrgprX1-X4. HEK293T cells were transfected with 88 

the plamid pcDNA3.1 expressing different N-flag–tagged mouse Mrgprs (MrgprA3 89 

and C11) (A) and human Mrgprs (MrgprX1, X2, X3 and X4) (B), respectively. 90 

 91 

Fig. S10. Creation of MrgprC11 knockout mice by CRISPR/Cas9. 92 

(A, B) Strategy and genotyping results of MrgprC11 knockout mouse. 93 

 94 
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Fig. S11. IP-O fails to interact with TRPV1 directly. (A) Representative calcium 95 

traces of TRPV1 expressed on HEK293T cells to IP-O (10 μM). (B) Effect of IP-O on 96 

the current of TRPV1-overexpressing HEK293T cells. (C) Co-immunoprecipitation 97 

analysis of the peptide IP-O with the mouse TRPV1. 98 

 99 

Fig. S12. IP-O fails to interact with TRPA1 directly. (A) Representative calcium 100 

traces of TRPA1-overexpressing HEK293T cells to IP-O (10 μM). (B) Effect of IP-O 101 

on the current of TRPA1-overexpressing HEK293T cells. (C) 102 

Co-immunoprecipitation analysis of the peptide IP-O with the mouse TRPA1. 103 

 104 

Fig. S13. IP-O increases the paw thickness of mice. (A) Change in the paw 105 

thickness (%) of mice after the intraplantar injection of saline (5 μL, left paw) and 106 

IP-O (5 μL,2 mg/mL, right paw). n = 6. (B) Change in the paw thickness (%) of mice 107 

after the intraplantar injection of saline (5 μL) and IP-O (5 μL, 2 mg/mL) in 108 

PBS-treated mice and cromolyn-treated mice. n = 6. All data are presented as means ± 109 

SEM. n.s, not significant, P > 0.5; * P < 0.05; *** P < 0.001. 110 

 111 

Fig. S14. IP-O induces the release of TNF-α and MCP-1 from mouse PMCs. (A, 112 

B) In vitro release of TNF-α (A) and MCP-1 (B) from mouse PMCs upon stimulation 113 

by IP-O (12, 25, 50 μM), PAMP (PAMP9-20, 100 μM), Anti-IgE (25 μg/mL) or 114 

vehicle alone (IP-O = 0 μM). All concentrations n = 3. All data are presented as the 115 

means ± SEMs. n.s, not significant, P > 0.5; * P < 0.05. 116 

 117 

Fig. S15. Effection of IP-O on the mRNA expresssion of the inflammatory 118 

cytokines and chemokines in mouse PMCs. Mouse PMCs (1 × 104 - 5 × 104) were 119 

incubated with test substances for 30 minutes before the total intracellular RNA were 120 

collected. TPH1, SERT, Mcpt6, TNF-α, IL-1β, MCP-1, VEGF, CXCL1 and CXCL2 121 

were analyzed by qPCR. All groups n = 3. All data are presented as the means ± 122 

SEMs. n.s, not significant, P > 0.5. 123 
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