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Abstract 

Background:  Although the Mas-related G-protein-coupled receptors (Mrgprs) play 

essential roles in itch detection, their contribution to allergic contact dermatitis (ACD) 

associated itch remains unclear.  

Objectives:  To investigate whether Mrgprs are involved in ACD and whether 

Mrgprs can be identified as potential therapeutic targets. 

Methods:  Mrgpr-clusterΔ-/- mice and human MrgprX1 (hMrgprX1) transgenic mice 

were applied to evalute the function of Mrgprs in oxazolone-induced ACD. 

Results:  Utilizing ACD model, we find that Mrgpr-clusterΔ-/- mice display 

significantly reduced pruritus. Among 12 Mrgprs deleted in Mrgpr-clusterΔ-/- mice, 

the expression of MrgprC11 and MrgprA3 are significantly increased in ACD model, 

which also innervate the skin and spinal cord at higher-than-normal densities, the 

proportions of dorsal root ganglia neurons responding to bovine adrenal medulla 

peptide 8-22 and chloroquine are also remarkably increased in ACD model and result 

in enhancing itch behavior. To study the function of human Mrgprs in ACD-induced 

itch, we utilize hMrgprX1 transgenic mice, which rescues the severe itch defect of 

Mrgpr-clusterΔ-/- mice in ACD model. Remarkably, pharmacological blockade of 

hMrgprX1 significantly attenuates ACD itch in hMrgprX1 transgenic mouse.  

Conclusions:  Our study provides the first evidence that Mrgprs are involved in 

ACD induced chronic itch, which provides new avenues for itch management in 

ACD. 
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1. INTRODUCTION 

Allergic contact dermatitis (ACD) is a common inflammatory skin disease associated 

with the persistent pruritus.1 Previous epidemiological studies have suggested that the 

ACD patient population accounts for 20% of contact dermatoses.2 Although itch is the 

major symptom of dermatitis, which often leads to excessive scratching, tissue 

damage and infection, and even insomnia, and despite decades of research, the 

mechanisms that drive strong pruritus in ACD are still largely unknown.3,4 

Itch sensation is initiated by the activation of sensory neurons whose cell bodies 

reside in the dorsal root ganglion (DRG) or trigeminal ganglion (TG).5 Several 

sensory neuron populations involved in itch detection are identified in recent studies, 

as well as GPCRs expressed by these neurons that acutely detect itchy stimuli. The 

best understood of these itch signaling cascade is histaminergic pathway, however, 

ACD associated chronic itch is commonly resistant to anti-histamines, underscoring 

the importance and clinical relevance of histamine-independent pruritic receptors.6  

Mas-related G-protein-coupled receptors (Mrgprs) are the well-known itch 

receptors.7 As most of Mrgprs are expressed in primary sensory neurons (DRG and 

TG), the identification of the Mrgprs is an important advance in itch signal 

transmission.8 This family of receptors consists of > 20 functional members that are 

grouped into several subfamilies: MrgprA1-22, MrgprB1-13, MrgprC1-14, and 

MrgprD-G.7,9 MrgprA3 is identified as the receptor of the anti-malarial drug 

chloroquine (CQ) at the first and its activation can directly induce itch behavior.7 

MrgprC11 mediates histamine-independent itch induced by bovine adrenal medulla 

peptide 8-22 (BAM) and SLIGRL-NH2.10 MrgprA3 and MrgprC11 are largely 

co-expressed in DRG neurons, hence MrgprA3+ neurons also respond to MrgprC11 



      

 

agonists. As histamine can also activate all CQ-sensitive neurons, MrgprA3+ neurons 

therefore respond to at least four different pruritogens.11 Ablation of neurons 

expressing MrgprA3 attenuates dry skin and allergic itch, suggesting that MrgprA3+ 

neurons are necessary for the development of chronic itch. Therefore, MrgprA3+ 

sensory neurons are suggested as one of the major itch-sensing neuronal 

populations.12  

Although it is well known that MrgprA3+ neurons are major players in the 

generation of itch, and Mrgprs are necessary in mouse models of SADBE-induced 

contact dermatitis and AEW-induced dry skin chronic itch,13 it is not clear which 

Mrgprs are involved in the generation of persistent oxazolone-induced chronic itch. 

Here we show that ACD related scratching is significantly reduced in 

Mrgprs-deficient (Mrgpr-clusterΔ-/-) mice. Moreover, the percentage of MrgprC11+ 

and MrgprA3+ neurons as well as the density of MrgprA3+ fibers innervating skin and 

projecting to spinal cord are obviously increased in the context of ACD condition.  

Refer to human relevance, human MrgprX1 (hMrgprX1) receptor shares 

sequence homology with the mouse MrgprA3 and MrgprC11 subfamilies and 

hMrgprX1 also expresses only in subsets of small-diameter sensory neurons in the 

DRG and TG. We use a transgenic mouse line in which the hMrgprX1 gene is 

selectively expressed under the control of MrgprC11 promoter in Mrgpr-clusterΔ-/- 

mice.14 At the same time, ACD-associated itch behavior is rescued by introducing 

hMrgprX1 into Mrgpr-clusterΔ-/- mice.  

Taken together, we provide evidence that mMrgprA3/mMrgprC11/hMrgprX1 

play a critical role in mediating ACD associated itch, which provides potential 

therapeutic targets for anti-pruritus in clinical. 

2. MATERIALS AND METHODS 



      

 

2.1 Behavioral studies 

The generation of Mrgpr-clusterΔ-/-, MrgprA3Cre-GFP, PirtGCaMP3/+ and hMrgprX1 

transgenic mice are previously described.11,14-16 ROSA26tdTomato mouse line 

(JAX#007909) is purchased from Jackson Laboratory. All the mice used have been 

backcrossed to C57BL/6 (wild-type, WT) mice for at least ten generations. 8- to 

10-weeks old males (20-30 g) are used for all experiments. Animals are housed in and 

behavior experiments are performed in a controlled environment of 20℃-24℃, 

45%-65% humidity, and with a 12-h day/night cycle. Animals are acclimated to the 

testing environment for 10 min before the initiation of behavior tests.  

All behavioral tests and analyses are performed by experimenters blind to animal 

genotypes, and all experiments are performed under protocols approved by the 

Animal Care and Use Committee of Nanjing University of Chinese Medicine.  

To induce chronic ACD, we shave and treat mice with oxazolone as previously 

described.17 Scratching behavior is recorded before the oxazolone treatment. 

Intradermal injection of chemicals are performed as previously described.18 Briefly, 

pruritic compounds are subcutaneously injected into the neck after acclimatization. 

Behavioral responses are videotaped for 45 min. For pharmacologically blocked 

hMrgprX1, JHU739 is injected with a concentration of 0.5 mM in 0.5% DMSO, and 

the scratching behavior is recorded immediately. 

The bouts of scratching with the hind paw, directed toward the treated site, are 

counted. A bout of scratching is defined as a continuous scratching movement with a 

hind paw directed at the treated site until the hind paw is back on the floor or in the 

mouth.19  

2.2 Culture of dissociated DRG neurons     



      

 

DRG neurons from all spinal levels of mice are collected in cold DH10 (90% 

Dulbecco’s modified Eagle’s medium (DMEM)/F-12 (Sigma, D6421), 10% fetal 

bovine serum (FBS) (ThermoFisher, 10438026), penicillin (100 U/ml), and 

streptomycin (100 μg/ml) (ThermoFisher, 15140122)), and digested with enzyme 

solution (4U/ml dispase II, 342 U/ml collagenase Type I (ThermoFisher, 17100017) 

mixture in 1x Ca2+ free, Mg2+ free HBSS) at 37℃ for 30 min with constant agitation. 

After trituration and centrifugation, cells are resuspended in DH10 and plated on glass 

coverslips coated with poly-D-lysine (0.5 mg/ml, Corning CB40210) and laminin (10 

μg/ml, ThermoFisher, 23017015). Afterwards, seeded cells are allowed to attach onto 

coverslips at 37℃ for 30 min, gently washed with warm DH10, and cultured in DH10 

supplemented with 25ng/ml NGF (Corning, B40005A) and 50ng/ml GDNF (Sigma, 

SRP3200) in an incubator (95% O2 and 5% CO2) at 37°C. Cultured neurons are used 

within 24 hours after seeding.19 

2.3 Calcium imaging 

GFP signals from PirtGCaMP3/ cultured neurons are imaged at 488nm excitation to 

detect intracellular Ca2+ transients. Test compounds are bath perfused into the imaging 

chamber through a gravity-based delivery system or directly applied into the bath by 

pipetting. Neurons are considered responsive if their fluorescence ratio is greater than 

or equal to 0.5 (fluorescence ratio=ΔF/F0, ΔF is the difference between maximum 

fluorescence and average baseline fluorescence, and F0 is the average baseline 

fluorescence). Calcium imaging assays are performed with experimenters blind to the 

experimental grouping. All experiments are performed as at least triplicates.20  

2.4 Immunofluorescence staining  



      

 

Immunostaining is performed as previously described.21 After the second and the 

fourth oxazolone treatment, mice are anesthetized with 1% sodium pentobarbital 

(50mg/kg, i.p.), and perfused with PBS (pH 7.4, 4℃) following by ice-cold 4% 

paraformaldehyde (pH 7.4).  

DRG and spinal cord (C3-T10) are isolated from perfused mice, post-fixed in 4% 

paraformaldehyde (PFA) in PBS for 30 min and 2 h, respectively. Treated skin is 

post-fixed in 2% paraformaldehyde overnight. and cryoprotected in 30% sucrose at 4℃ 

for 24 h. DRG and spinal cord are then embedded in optimum cutting temperature 

compound (OCT, Leica, Wetalar, Germany) and rapidly frozen at -20℃ (CM1950, 

Leica). Cryoembedded tissues are sectioned into 20 µm thick slices using sliding 

microtome (CM1950, Leica). Totally 1000 to 2000 sensory neurons from three mice 

are counted to quantify the percentage of tdTomato labeled MrgprA3+ neurons and 

MrgprC11 staining neurons.14 For skin and spinal cord section, 9 sections from three 

mice are analyzed to quantify the density of tdTomato labeled MrgprA3+ fibers by 

Image J software. To quantify the changes in the density of MrgprA3+ sensory fibers 

in skin, the length of MrgprA3+ sensory fibers per square millimeter is measured. To 

quantify the changes in the density of MrgprA3+ sensory fibers in spinal cord, we 

measure the mean gray value of MrgprA3+ sensory fibers by Image J software.  

2.5 Real-Time Quantitative Reverse Transcription PCR  

Total RNA of mouse DRG is extracted using RNeasy Mini Kit (Qiagen 74104). 

RNAs (0.5–1 µg) are reverse-transcribed using the High-Capacity cDNA Reverse 

Transcription Kits (ABI 4368814) according to the manufacturer’s instructions. 

RT-PCR is carried out using SYBR Green (ABI 4385612) on a StepOnePlus 

thermocycler from ABI. Threshold cycles for each transcript are normalized to 



      

 

GAPDH (△Ct). Calibrations and normalizations use the 2-△△Ct method, where 

△△Ct=[(Ct (target gene)－Ct (reference gene)]－ [Ct (calibrator)－Ct (reference 

gene)]. The primers for Mrgprs are listed in Table S1. All experiments are performed 

in triplicate.20  

2.6 Data Analysis 

All data are presented as mean ± standard error of mean (SEM). Statistical 

comparisons are made using ANOVA or unpaired Student’s t-tests. All tests are 

carried out as 2-tailed tests. P values of less than 0.05 are considered statistically 

significant. 

3. RESULTS 

3.1 Involvement of Mrgprs in oxazolone-induced ACD itch 

The oxazolone model is a well-established model for ACD, which induces dry scaly 

skin and atopic dermatitis-like skin inflammation characterized by acanthosis, 

parakeratosis (retention of nuclei in the stratum corneum), and immune cell infiltrate.22 

The schematic describing the generation of this model is shown in Figure 1A. Along 

with the development of skin barrier dysfunction and immune cell infiltration, this 

model generates itch-associated scratching behavior. After the second challenge, 

obvious scratching behavior is observed and there is a significant difference between 

the model and the control groups (39 ± 5.1 vs. 10 ± 2.5, P < 0.001, n=6) (Figure 1B 

and D). After the fourth challenge, oxazolone treated mice develop severe chronic itch 

and scratching behavior is approximately 300 bouts/half hour (296 ± 19.0 vs. 10 ± 1.8) 

(Figure 1B and D). In this model, treated mice show severely disrupted skin barrier, 

which results in epidermal hyperplasia (Figure 1C and D). To determine whether 

Mrgprs are required for ACD itch, we examine the behavioral response of 



      

 

Mrgpr-clusterΔ-/- mice, in which twelve Mrgprs expressed by sensory neurons are 

deleted. We find that the deficiency of Mrgprs resulted in a significant reduction in itch 

behavior (Figure 1B). After the fourth challenge, compared with WT mice, 

Mrgpr-clusterΔ-/- mice show strongly diminished itch behavior (162 ± 33.6 vs. 296 ± 

19.0) (Figure 1B and F), suggesting that Mrgprs are required for itch in the ACD 

model. Mrgpr-clusterΔ-/- mice, however, also develop epidermal hyperplasia and the 

thickness of their epidermal skin is not different from WT mice (Figure 1C and E). 

3.2 ACD model increase MrgprC11+ and MrgprA3+ neurons in DRG 

Mrgprs are involved in oxazolone induced ACD itchy, we then try to determine which 

Mrgpr is the primary mediator of this process. Among the 12 genes deleted in 

Mrgpr-clusterΔ-/- mice, we find that MrgprC11 and MrgprA3 expressions are 

increased in ACD model, while other 10 Mrgprs neither show significant changes nor 

be detected by q-PCR (Table 1). Neurons that express MrgprC11 also express 

MrgprA3, and MrgprA3+ neurons are thought to be itching specific.7 Since the 

expression of MrgprC11 and MrgprA3 is up-regulated in ACD, we examine if the 

percentages of MrgprC11+ and MrgprA3+ neurons are increased in ACD model. 

Compared with the control group, the percentage of MrgprC11+ neurons in DRGs is 

significantly increased in ACD model (4.3 ± 0.44 (control) vs. 8.3 ± 0.57 (after the 

second oxazolone challenge) vs. 7.3 ± 0.90 (after the fourth challenge) (Figure 2A and 

C). Using an MrgprA3-tdTomato reporter line, in which the BAC transgenic mouse 

line (MrgprA3GFP-Cre) is crossed with a Cre-dependent ROSA26tdTomato line, we find 

MrgprA3 expression is also expanded in ACD. Compared with the control group, the 

percentage of MrgprA3+ neurons in DRGs is increased from 8.6 ± 1.11 (control) to 

12.4 ± 0.90 (after the fourth challenge) in ACD model (Figure 2B and D). 



      

 

Collectively, our data demonstrates that under ACD setting, the expression of 

MrgprC11 and MrgprA3 are significantly expanded. 

Although the proportions of MrgprA3+ and MrgprC11+ neurons are increased in 

ACD model, the percentages of CGRP+ and NF200+ neurons are not changed in 

DRGs in this ACD model (Figure S1A-B). 

3.3 ACD model increase MrgprA3+ fibers innervate to skin and spinal cord  

MrgpC11 and MrgprA3 are co-expressed in DRG neurons, and constitute about 4-8% 

of sensory neurons.11 Neurons that express these receptors also exclusively innervate 

the skin and spinal cord and are required for acute itch sensation induced by multiple 

pruritogens. No previous study, however, has investigated whether MrgprA3+ 

itch-sensing fibers are changed in the skin and spinal cord under ACD settings. Using 

the MrgprA3-tdTomato reporter mice, we visualize the peripheral and central fiber 

projections of MrgprA3+ neurons in skin and spinal cord, respectively. Consistent 

with our previous observation that the proportion of MrgprC11+ and MrgprA3+ 

neurons is increased after oxazolone treatment, the density of MrgprA3+ fibers in the 

skin is nearly doubled (Figure 3A-B). Peptidergic and nonpeptidergic fibers innervate 

laminae I and II outer layer (IIo) and lamina II inner layer (IIi) on the spinal cord, 

respectively. Likewise, we find that MrgprA3+ fiber density is increased in the spinal 

cord in the ACD model, and that these fibers are co-localized with both peptidergic 

CGRP+ fibers and nonpeptidergic IB4+ fibers (Figure 3C-E).  

3.4 ACD model increase neuronal sensitivity to BAM and CQ  

In addition to molecular characterization, we monitor the response of cultured DRG 

neurons to BAM and CQ ex vivo using PirtGCaMP3/+ mouse, in which genetically 

encoded calcium indicator, GCaMP3, is expressed by most sensory neurons. Indeed, 

our studies show that the proportion of DRG neurons that respond to BAM is 



      

 

significantly increased in PirtGCaMP3/+ mice treated with oxazolone, compare with 

control mice (4.5 ± 0.32 (control) vs. 6.4 ± 0.60 (after second challenge) vs. 7.6 ± 

0.47 (after fourth challenge)) (Figure 4A-B). Likewise, the proportion of DRG 

neurons that responded to CQ is also increased in ACD (Figure 4C). 

3.5 BAM and CQ induce more scratching response in ACD model mice 

Hyperkinesis is a common symptom of chronic itch patients. To test whether the 

enhanced neuronal sensitivity to BAM and CQ leads to increased itch in ACD, low 

doses of BAM (20 µg in 50 µL) and CQ (50 µg in 50 µL) are used to induce 

scratching behavior (Figure 5A). The scratching behavior in response to low doses of 

BAM and CQ after two times oxazolone challenge (before the onset of 

oxazolone-induced spontaneous itch) is measured. Compared to high concentration 

BAM (50 µL of 1 mM) and CQ (200 µg in 50µL, 8 mM),7,23 low doses of BAM and 

CQ induce fewer scratching behavior in control mice (Figure 5B and D, left), 

however, in ACD mice, BAM and CQ induce robust scratching behavior (Figure 5B 

and D, right). Importantly, the changed scratching number (difference between the 

scratching number post-drug injection and pre-drug injection) is significantly 

increased in ACD mice. Both BAM (55 ± 7.9 vs. 27 ± 3.8, Figure 5C) and CQ (111 ± 

15.4 vs. 59 ± 8.9, Figure 5E) induce more scratching behavior in ACD mice. 

3.6 hMrgprX1 rescues diminished itch response of Mrgpr-clusterΔ-/- mice in ACD 

In humans, MrgprX1 shares sequence homology with the mouse MrgprA3 and 

MrgprC11 and is also only expressed in subsets of small-diameter sensory neurons in 

DRG and TG, hMrgprX1 is considered as a new target for itch management.24 Further 

studies are required to investigate the involvement of hMrgprX1 in chronic itch 

conditions. hMrgprX1 transgenic mice rescue calcium response to BAM of DRG 

neurons (Figure 6B), the scratching behavior induced by BAM injection also 



      

 

significantly increased in hMrgprX1 transgenic mice (Figure 6C). Importantly, the 

transgenic expression of hMrgprX1 rescues the itch defects of Mrgpr-clusterΔ-/- mice 

in ACD, and the scratch behavior between the WT and the hMrgprX1 mice were 

similar (267 ± 19 vs. 251 ± 17) in this ACD model (Figure 6A and D). Our results 

suggest that hMrgprX1 serves as a primary itch receptor mediating human ACD. 

To determine whether hMrgprX1 is a potential drug target for ACD itch 

management, we pharmacologically block the function of hMrgprX1 by using an 

antagonist (JHU739)25 and the IC50 of JHU739 to hMrgprX1 is checked by calcium 

imaging test (Figure S2). According to our result, JHU739 can significantly attenuate 

ACD-associated itch (Figure 6A and E), which emphasizes the importance of 

hMrgprX1 in ACD itch and JHU739 could be a potential therapeutic drug for ACD. 

4. DISCUSSION 

The prevalent resistance of pruritic diseases to anti-histamines, as exemplified by 

ACD, argues strongly for the involvement of histamine-independent pruritic receptors 

in chronic itch and for the development of therapies that target histamine-independent 

itch pathways for the management of these conditions.6 Recent studies have identified 

several members of the Mrgpr family as new itch receptors. CQ, an anti-malaria drug, 

activates MrgprA3 to induce itch.7 MrgprC11 is involved in BAM8-22, SLIGRL, and 

cathepsin S-induced itch.7,10,26 MrgprD mediates β-alanine-induced itch.27 Likewise in 

humans, two MRGPR members X1 and X4 have been demonstrated to mediate itch 

sensation evoked by CQ and cholestasis respectively.7,28,29 

To study the function of Mrgprs in ACD, used the Mrgpr-clusterΔ-/- mice, in which 

12 Mrgprs are knock out, oxazolone-induced scratching behavior is significantly 

reduced in these mice. Mrgpr-clusterΔ-/- mice do not show differences in epidermal 



      

 

hyperplasia in this ACD model, this is likely due to the fact that Mrgprs are expressed 

only in DRG and TG, and the main function of Mrgprs is to detect and transmit itch 

and pain sensations. Although the scratching behavior of Mrgpr-clusterΔ-/- mice in 

ACD model is significant decreased in our study, there are still have 150 bouts in 30 

min. We assume that this intensity of scratching still can cause hyperplasia. To 

determine the key Mrgprs for chronic itch in the ACD model, the expression of all 12 

Mrgprs are analyzed by q-PCR. We find that the expression of MrgprA3 and 

MrgprC11 are significantly increased. Previous studies have identified MrgprC11 and 

MrgprA3 as itch receptors, and the expressions of these receptors are largely 

overlapped in DRG neurons.7 To further clarify the change in MrgprA3 and 

MrgprC11 expression in ACD settings, the percentages of MrgprA3+ and MrgprC11+ 

neurons are calculated. Consistent with molecular results, the proportions of 

MrgprA3+ and MrgprC11+ neurons are significantly increased in the ACD mice. 

Besides the increased proportion of itch neurons, enhanced density of sensory fibers at 

peripheral and central innervated zones is also essential for the development of chronic 

itch. Skin biopsies from atopic dermatitis patients show enhanced intraepidermal fiber 

density, as labeled by PGP9.5.30 The elevated proportion of MrgprA3+ neurons results 

in a significant increase in the density of MrgprA3+ fibers in the skin and spinal cord. 

Chronic itch is often accompanied by sensitization of itch-detecting receptors. 

Consistent with this, we find that the itch responses induced by CQ and BAM are 

more pronounced in ACD mice. Our results suggest that both MrgprA3 and 

MrgprC11 are involved in the development of ACD itch.  

In humans, MrgprX1 shares sequence homology with the mouse MrgprA3 and 

MrgprC11, and hMrgprX1 is expressed only in subsets of small-diameter sensory 



      

 

neurons in DRG and trigeminal ganglia.7 To demonstrate that our observations of 

MrgprA3 and MrgprC11 changes in mice reflect human ACD, we generate hMrgprX1 

mice, in which hMrgprX1 is introduced into the Mrgpr-clusterΔ-/- mice. The 

transgenic expression of this hMrgprX1 rescues the itch defects of Mrgpr-clusterΔ-/- 

mice in ACD model. Our results further show that hMrgprX1 may be an important 

target for chronic itch treatment in human, as pharmacological blockade of hMrgprX1 

by an antagonist (JHU739) significantly attenuate ACD-associated itch. Although 

JHU739 can inhibit the function of hMrgprX1, we still have no enough evidence to 

prove that JHU739 is a specific antagonist of MrgprX1. We need more data to 

evaluate its potential side effects in the condition of systemic administration. We can 

detect the side effects and toxicity of JHU739 in mice in the condition of systemic 

administration in subsequent research. We believe that topical administration has 

better safety, and also more conducive to assessing its inhibitory effects of itching 

caused by ACD, so JHU739 is injected into model mice in this manuscript, and the 

scratching behavior is recorded immediately. There are still many parameters that 

need to be detected, before JHU739 can be developed into an effective anti-pruritus 

drug. 

Together, our findings demonstrate the indispensable role of mouse MrgprA3 and 

MrgprC11, and human hMrgprX1 receptors in ACD-associated itch. These data 

provide the neural mechanism for oxazolone-induced ACD itch and pave an avenue 

for the development of novel and effective itch management and therapy in the future. 
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Table 1 Fold increase in expression of Mrgprs in ACD model. 

Gene A1 A2 A3 A4 A10 A12 A14 A16 A19 B4 B5 C11 

2th ns ns 1.9±0.20* - - - - - - ns ns 2.8±0.32* 

4th ns ns 1.1±0.06 - - - - - - ns ns 2.3±0.20* 

ns, no significance; -, no signal; *, P < 0.05. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



      

 

Figure Legends 

FIGURE 1 Decreased itch behavior in Mrgpr-cluster∆-/- mice. (A) Schematic of the 

oxazolone-induced ACD model. (B) WT mice develop significant scratching behavior 

in the ACD model (n=6 per group). (C) HE staining of skin sections of WT and 

Mrgpr-cluster∆-/- mice (n = 3 per group). (D) ACD model results in scaly epidermal 

hyperplasia, indicated by HE staining (n = 3 per group). (E) There are no significantly 

difference in epidermis thickness between WT and Mrgpr-cluster∆-/- mice after 2 

times oxazolone treatment (n = 3 per group). (B, F) WT mice display significantly 

stronger scratching behavior than Mrgpr-cluster∆-/- mice in oxazolone-induced ACD 

model (n=6 for each genotype). The scale bar represents 50 µm. **, P < 0.01; ***, P < 

0.001. 

FIGURE 2 ACD Increases proportion of MrgprC11+ and MrgprA3+ neurons in DRG. 

(A, C) Immunostaining shows a significant up-regulation of MrgprC11+ neurons in the 

DRGs of oxazolone-treated mice (n = 3 per group). (B, D) The proportion of 

MrgprA3+ neurons in DRG of oxazolone-treated mice is increased (n = 5 per group). 

The scale bar represents 100 µm. *, P < 0.05; **, P < 0.01. 

FIGURE 3 The density of MrgprA3+ fibers innervate in the skin and spinal cord is 

increased in the ACD. (A) The white dashed line outlines the epidermis and where 

MrgprA3+ itch-sensing fibers innervate. The white arrow points to the MrgprA3+ 

fibers. (B)The density of MrgprA3+ fibers innervate in the skin is nearly doubled after 

oxazolone treatment (n = 3 per group). (C, D) MrgprA3+ itch-sensing fibers innervate 

in spinal cord. (E) The density of MrgprA3+ fiber innervation in the spinal cord is also 

increased after oxazolone treatment (n = 3 per group). The scale bar represents 50 µm. 

*, P < 0.05; ***, P < 0.001. 



      

 

FIGURE 4 ACD enhances neuronal activity to BAM and CQ. (A) Representative 

images of GCaMP3 fluorescence in cultured DRG neurons from control and ACD 

mice, at baseline and after treatment with 5 µM BAM and 1 mM KCl. (B) The 

proportion of DRG neurons sensitive to BAM is significantly increased in ACD mice 

(n = 6 per group). (C) The proportion of DRG neurons sensitive to CQ is also 

increased in ACD mice (n = 6 per group). The scale bar represents 50 μm. *, P < 0.05; 

**, P < 0.01; ***, P < 0.001. 

FIGURE 5 Sensitization of the scratching response to BAM and CQ in ACD model. 

(A) The protocol of BAM or CQ induced scratching behavior in ACD model. (B) 

Quantification of scratching behavior following BAM (20 µg/50 µl) intradermal 

injection in control (left) and ACD model (right) mice (n = 8 per group). (C) BAM 

induces stronger scratching behavior in ACD model mice compared to control mice. 

(D) Quantification of scratching behavior following CQ (50 µg/50 µl) intradermal 

injection in control (left) and ACD model (right) mice (n = 6 per group). (E) CQ also 

induces stronger scratching behavior in ACD model mice (n = 6 per group). *, P < 

0.05; **, P < 0.01; ***, P < 0.001. 

FIGURE 6 hMrgprX1 rescues the diminished itch behavior in Mrgpr-cluster∆-/- mice 

in ACD model. (A) Schematic of the ACD model and JHU739 treatment. (B) The 

transgenic expression of hMrgprX1 rescues the calcium response defects in DRG 

neurons of Mrgpr-cluster∆-/- mice. (C) The transgenic expression of hMrgprX1 

rescues BAM-induced scratching behavior defects of Mrgpr-cluster∆-/- mice. (D) The 

transgenic expression of hMrgprX1 rescues the itch defects of Mrgpr-cluster∆-/- mice 

in AD model (***, compared with WT mice; ###, compared with Mrgpr-cluster∆-/- 

mice). (E) Pharmacological blockade hMrgprX1 function by intradermal injection of 

JHU739 (500 µM/50µl) significantly attenuates ACD-induced itch (n = 8 per group). 



      

 

**, P < 0.01; ***, P < 0.001; ###, P < 0.001. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary figure legends 



      

 

FIGURE 1 CGRP and NF200 staining of ACD model. (A) The percentage of CGRP+ 

neurons in ACD model was not changed. (B) The percentage of NF200+ neurons in 

ACD model was not changed. The scale bar represents 50 µm. 

FIGURE 2 The IC50 of JHU739 to hMrgprX1 was checked by calcium imaging test.  
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 Oxazolone-induced allergic contact dermatitis (ACD) pruritus is partly depended 

on the expression of Mrgprs.  

 ACD induces chronic itch and hyperkinesis through enhancing the expression and 

the activity of MrgprC11 and MrgprA3 in DRG neurons. 

 hMrgprX1 rescues diminished scratching behavior of Mrgpr-clusterΔ-/- mice in 

ACD, and pharmacologically blocked hMrgprX1 by an antagonist (JHU739) 

significantly attenuated ACD-associated itch. 




