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Abstract

Itch sensation provokes the scratch reflex to protect us from harmful stimuli in the skin. Although 

scratching transiently relieves acute itch through activation of mechanoreceptors, it propagates the 

vicious itch-scratch cycle in chronic itch by further aggravating itch over time. Although well 

recognized clinically, the peripheral mechanisms underlying the itch-scratch cycle remain poorly 

understood. Here we show that mechanical stimulation of the skin results in activation of the 

Piezo2 channels on Merkel cells that pathologically promotes spontaneous itch in experimental 

dry skin. Three-dimensional reconstruction and immunoelectron microscopy revealed structural 

alteration of MRGPRA3+ pruriceptor nerve endings directed towards Merkel cells in the setting 

of dry skin. Our results uncover a functional miswiring mechanism under pathologic conditions, 

resulting in touch receptors triggering the firing of pruriceptors in the skin to drive the itch-scratch 

cycle.

One Sentence Summary:

A pathologic miswiring in the epithelial touch receptor results in adaptive activation of sensory 

pruriceptor to propagate the itch-scratch cycle.

INTRODUCTION

Itching is the most common symptom arising from the skin. However, due to poor 

understanding of its underlying mechanisms, effective treatments for chronic pruritus are 

lacking. Recent studies have begun to elucidate the functions of several classes of ion 

channels and G-protein coupled receptors (GPCRs) in mediating pruritogen-induced itch. 

For instance, various transient receptor potential (TRP) channels (1-5), Mas-related G 

protein-coupled receptors (MRGPRS) in primary sensory neurons (6-9), and receptors for 

gastrin-releasing peptide (GRP) and natriuretic polypeptide b (NPPB) in the spinal cord (10, 

11), have emerged as critical components in promoting itch transduction, supporting the 

existence of itch-specific neuronal pathways.

Mechanical stimuli, such as touch and scratch, could transiently suppress itch in both 

healthy subjects and individuals with chronic itch (12, 13). Paradoxically, persistent 

scratching itself can trigger the release of a variety of proinflammatory mediators 

and aggravate itch sensation (known as the itch-scratch cycle) (14, 15). Whether skin 

cells participate in the switch from inhibition to activation of pruriceptive fibers under 

pathological conditions are not understood.

In the current study, we demonstrate that cutaneous Piezo2 activation in Merkel cells is 

critically involved in the generation of spontaneous itch in mice with experimental dry 

skin. Optogenetic activation of Merkel cells, rather than triggering the slowly-adapting type 

I (SAI) afferent firing that contributes to touch sensation, resulted in enhanced activation 

of pruriceptive C fibers and spontaneous scratching behavior in the setting of dry skin. 

Moreover, we detected structural alteration of MRGPRA3+ pruriceptor nerve endings 

directed towards Merkel cells, allowing for a pathologic touch receptor-pruriceptor circuit 

that promotes scratch-induced itch in mice. Collectively, our study unveils a miswiring 

mechanism between peripheral epithelia and sensory neurons, resulting in “short circuiting” 

Feng et al. Page 2

Sci Transl Med. Author manuscript; available in PMC 2023 January 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of the mechanosensory Merkel cells with itch-producing MRGPRA3+ pruriceptors to 

promote the vicious itch-scratch cycle.

RESULTS

Merkel cell deficiency impairs C fiber firings and alleviates chronic itch

Cutaneous Piezo2 signaling in Merkel cells has been shown to critically contribute to the 

initiation of touch sensation (16, 17) and to the inhibition of mechanical itch under aged and 

dry skin conditions, by driving the activation of downstream slowly adapting type I (SAІ) 
Aβ fibers (18). To test if Merkel cells are also required to suppress other forms of itch, we 

employed a well-established dry skin associated chronic itch model by treating mice with 

acetone-ether-water (AEW) (19). The number of scratching bouts (20), as well as the total 

scratching time (21), were substantially reduced in Merkel cell-deficient (K14Cre; Atoh1f/f) 

mice when compared to littermate control mice subjected to AEW treatment starting after 

four days of AEW administration (Fig. 1A and fig. S1). Therefore, Merkel cells, rather 

than suppressing mechanical itch, were required for the induction of dry skin-induced 

spontaneous itch in this mouse model.

Sensory nerves are generally classified by their diameter, conduction velocity, and extent of 

myelination. Whereas large-diameter myelinated Aβ fibers are known to mediate innocuous 

touch sensation, small-diameter unmyelinated C fibers primarily mediate nociceptive pain 

and itch sensations. We thus analyzed the firing properties of these nerve fibers in skin-nerve 

preparations (preps) (22) under normal and AEW conditions. Although the firing of Aβ 
fibers in Merkel cell-deficient mice was reduced under normal conditions as expected 

(16, 17), there was no difference in the firing frequency of Aβ fibers between Merkel cell-

deficient mice and littermate controls subjected to experimental dry skin (fig. S2A). Thus, 

we hypothesized that, C fiber dysregulation might play a role in the setting of pathologic dry 

skin itch.

We then examined the firing properties of C fibers in the dry skin preps and hypothesized 

that the spontaneous C fiber firing induced by AEW treatment would correlate with chronic 

itch behaviors, based on previous studies showing a similar correlation between spontaneous 

C-fiber firing and ongoing pain behaviors (23-26). We observed three distinct spontaneous 

firing patterns associated with low, medium, and high firing rates, respectively (Fig. 1B). 

However, the proportions of spontaneous C fibers with high, medium and low frequencies 

were 22.73%, 27.27%, 50.00% in the littermate controls, which were comparable with that 

of 26.09%, 17.39%, 56.52% in the Merkel cell-deficient group (Fig. 1C). Moreover, the 

firing frequencies of all three types of spontaneous C fiber firings were altered in the setting 

of Merkel cell deficiency compared with the presence of Merkel cells (Fig. 1D). We thus 

hypothesized that mechanical stimulation may unveil a role for Merkel cells on C fibers. To 

test this, we subjected skin-nerve preps from AEW-treated mice in both the presence and 

absence of Merkel cells to a range of mechanical forces (1 to 150 mN) applied to the Merkel 

cell-enriched touch dome area. Mechanical activation of Merkel cells promoted C fiber 

firing in the AEW-treated mice (Fig. 1E). In contrast, the same series of mechanical forces 

rarely evoked C fiber firing in vehicle-treated control mice independent of the presence 

of Merkel cells (figs. S2B, C). Although the C fiber conduction velocity was comparable 
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between the Merkel cell-deficient mice and their littermate controls in the steady state (fig. 

S2D), in the dry skin state, there was an increase in firing frequency, and decrease in 

firing threshold, of the Merkel cell-dependent mechanically activated C fiber firings. This 

enhanced activity was markedly reduced in Merkel cell-deficient mice when compared with 

littermate controls (Figs. 1F, G). Collectively, these data suggest that where Merkel cells 

critically mediate homeostatic touch sensation via Aβ mechanoreceptors in the healthy state, 

they drive pathologic firing of pruriceptive C fibers under dry skin conditions. Based on 

these findings, we hypothesized that Merkel cells may be diverted to selectively interact with 

pruriceptors in the setting of dry skin.

Mechanosensitive Piezo2 channel is required for Merkel cell-dependent mechanically 
activated C fiber firing

To determine the molecular basis underlying Merkel cell-driven C-fiber firing in the setting 

of experimental dry skin, we selectively knocked out the mechanosensitive Piezo2 channel 

from Merkel cells by crossing the Atoh1CreERT mice with Piezo2f/f mice. Consistent with 

the results from Merkel cell-deficient mice, the Merkel cell-specific Piezo2 knockout mice 

recapitulated the results on the reduction in persistent scratching bouts (Fig. 2A) and the 

total scratching time (fig. S3), decreased firing frequency and increased firing threshold of 

the Merkel cell-dependent C fiber firings (Figs. 2B-2D), without affecting the three types of 

spontaneous C fiber proportions, which were 8.10%, 27.00%, 64.90% in littermate control 

group and 11.90%, 26.20%, 61.90% in Merkel cell-specific Piezo2 deficient group (figs. 

S4A-C). Moreover, firing frequencies and conduction velocity of the spontaneous C fiber 

firings were comparable between the littermate controls and the Merkel cell-specific Piezo2 

knockout mice subjected to AEW treatment (figs. S4D-E). Similar to Merkel cell-deficient 

mice, Piezo2 deficiency in Merkel cells did not cause further reduction in SAI Aβ firing 

when compared with their littermate controls after AEW treatment (fig. S4F). These studies 

confirm that the Piezo2-mediated signaling in Merkel cells promotes spontaneous itch in the 

pathologic dry skin state in addition to mediating homeostatic mechanosensation.

Chemogenetic activation of Merkel cells is sufficient to promote spontaneous itch 
behavior in dry skin mice

Upon mechanical stimulation, Merkel cells release numerous neurotransmitters and 

neurotrophic factors that activate and/or sensitize the postsynaptic primary afferents through 

either direct synaptic activation or paracrine signaling (27-29). To investigate whether 

activation of Merkel cells is sufficient to regulate the function of the touch dome-innervating 

pruriceptive fibers during chronic itch, we first generated the Merkel cell-Gq-DREADD 
(designer receptors exclusively activated by designer drugs)-expressing (Atoh1CreERT; Gq-
DREADD) mice. After tamoxifen induction of Cre expression, chemogenetic activation of 

Merkel cells in these mice with the DREADD ligand clozapine-n-oxide (CNO) increased 

the number of the AEW-induced scratching bouts when compared with their littermate 

controls starting after 4 days of AEW administration (Fig. 3A). We also used an optogenetic 

model of Merkel cell activation. Activation of Merkel cells in the skin-nerve preps from 

AEW-treated mice expressing the excitatory channelrhodopsin-2 (ChR2) in Merkel cells 

(Atoh1CreERT; Ai32) using blue light illumination generated a canonical Aβ firing pattern, 

validating the expression of ChR2 in Merkel cells and confirming the action potential firing 
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in Aβ fibers but not C fibers under normal conditions by Merkel cell stimulation (Fig. 3B). 

Consistent with a loss of Merkel cells in the AEW-treated skin preps (18, 30, 31), blue 

light illumination elicited reduced Aβ firings in the AEW-treated Merkel cell-ChR2 mice 

when compared with the vehicle-treated group in the skin-nerve preps (Fig. 3B and 3C). A 

robust C fiber firing was observed upon blue light stimulation directed to the touch tome 

area in the AEW-treated Merkel cell-ChR2 mice (Figs. 3B and 3D), suggesting that Merkel 

cells develop a functional connection with C fibers in the setting of chronic itch, that is not 

observed under normal conditions.

MRGPRA3+ C pruriceptors mediate Merkel cell-dependent spontaneous scratching

The transient receptor potential vanilloid 1-expressing (TRPV1+) sensory neurons contain 

the majority of the C pruriceptor populations (32-34). To test if the TRPV1+ C fibers are 

downstream mediators of the Merkel cell-dependent spontaneous itch in the experimental 

dry skin model, we chemically ablated TRPV1+ sensory nerves using the TRPV1-selective 

neurotoxin resiniferatoxin (RTX). After validation of the chemical ablation (fig. S5A), both 

RTX-treated and vehicle-treated mice were subjected to experimental dry skin before ex 

vivo skin-nerve recordings. RTX treatment nearly abolished not only the AEW-induced 

persistent itch (fig. S5B) but also the spontaneous C fiber firings of medium and high 

frequencies as the proportions of spontaneous C fiber firings with high, medium and low 

frequencies was 23.08%, 30.77%, 46.15% in the vehicle-treated group and 0%, 10.00%, 

90.00% in the RTX-treated group (fig. S5C). Moreover, both the spontaneous C fiber firing 

frequencies (fig. S5D) and Merkel cell-dependent mechanically activated C fiber firing 

frequencies (fig. S5E) were diminished. Although the conduction velocity was not affected, 

the C fiber firing threshold was increased in the RTX-treated group when compared with 

that in the vehicle-treated group (fig. S5F-G). Taken together, these results suggest that 

TRPV1+ neurons are a broad population covering both types of C fibers.

Skin-innervating MRGPRA3-expressing (MRGPRA3+) nerve fibers, which are not 

overlapped with Merkel cell-innervating NF200+ nerve fibers (fig. S6), comprise a small 

subset of the TRPV1+ population and mediate dry skin itch (7). To determine whether 

MRGPRA3+ C pruriceptors are downstream responders of the Merkel cell-dependent itch 

signaling in AEW-treated mice, we ablated MRGPRA3+ fibers using DTX in the MrgprA3-
DTR (MrgprA3GFP-Cre; ROSA26DTR) mice. As expected, ablation of MRGPRA3+ fibers 

reduced AEW-induced spontaneous itch (fig. S7A). In ex vivo skin-nerve recordings, loss of 

MRGPRA3+ fibers didn’t affect the firing properties of the Aβ fibers (fig. S7B). Moreover, 

the proportions of spontaneous C fibers with high, medium and low frequencies were 

20.00%, 24.00%, 56.00% in the control group, which are comparable with 30.43%, 21.74%, 

47.83% in the MrgprA3-DTR group (Figs. 4A and 4B). Meanwhile, both the MRGPRA3+ 

neuron-ablated mice and their littermate controls displayed comparable firing frequencies of 

the spontaneous C fiber firings induced by AEW treatment (Figs. 4A and 4C), suggesting 

that MRGPRA3+ pruriceptors are not involved in the generation of the spontaneous C 

fiber firings. However, upon mechanical stimulation of the touch dome area in the AEW-

treated skin, whereas the conduction velocity was unaffected (fig. S7C), the AEW-induced 

increase in firing frequency and reduction in firing threshold of the mechanically activated 

C fiber firings were substantially attenuated in the MRGPRA3-ablated mice compared to 
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their littermate controls (Figs. 4D-4F). These findings recapitulate the firing properties of 

the spontaneous C fiber firings and Merkel cell-dependent mechanically activated C fiber 

firings observed in the Merkel cell-deficient mice, suggesting a Merkel cell-MRGPRA3+ 

pruriceptor axis resides at the center of this scratch-induced itch phenotype. RTX-treated 

mice as well as the MRGPRA3+ neuron-ablation mice displayed more Merkel cells per 

touch dome when compared with their littermate controls after AEW treatment (fig. S8), 

suggesting that ablation of MRGPRA3+/TRPV1+ fibers may protect the loss of Merkel cells 

and a bi-directional communication between Merkel cells and innervating pruriceptive C 

fibers in the setting of experimental dry skin-associated chronic itch.

Structural basis of Merkel cell-MRGPRA3+ C pruriceptor interaction

To visualize Merkel cell-MRGPRA3+ nerve ending interactions, we performed super-

resolution microscopy with three-dimensional (3D) reconstruction and found that Merkel 

cells closely approximated NF200+ Aβ sensory nerve endings (figs. S9A and S9B and 

Movie. S1). On the other hand, we observed that MRGPRA3+ fibers densely innervating 

the inner dermal layer under all touch dome structures, although the nerve endings are 

not associated with Merkel cells under physiological (vehicle-treated) conditions (Fig. 5A 

and Movie. S2). AEW treatment induced an elongation of the MRGPRA3+ fibers towards 

the Merkel cell-enriched touch dome (Fig. 5B, fig. S9C and Movie. S3). Transmission 

electron microscopy (TEM) revealed that the postsynaptic structure remained intact as the 

distances between Merkel cells and Aβ sensory axons were comparable between the vehicle-

treated and AEW-treated groups (figs. S9D-S9F). By using a validated polyclonal tdTomato 

antibody (fig. S9G) we showed that MRGPRA3+ axons emerged in the postsynaptic Aβ 
fiber bundles located ~2.8 micrometers from Merkel cells in the MrgprA3-tdTomato reporter 

mice subjected to experimental dry skin (Figs. 5D, E). In marked contrast, MRGPRA3+ 

axons were ~20.5 micrometers away from the border of epidermal layer where Merkel 

cells are located in the vehicle-treated MrgprA3-tdTomato reporter mice (Figs. 5C and 5E). 

These findings indicate that MRGPRA3+ pruriceptors migrate towards Merkel cell-enriched 

touch dome in the chronic itch skin, although they do not approximate Merkel cells in the 

steady state. This adaptive anatomic miswiring of Merkel cells with pruriceptors unveil how 

chronic itch can alter the normal function of skin cells to propagate the vicious itch-scratch 

cycle.

DISCUSSION

Chronic itch is a serious health problem for which there are no universally effective 

treatments.. One promising strategy for developing anti-pruritic therapies is to directly target 

the skin, the most superficial area involved in itch sensation. In our previous studies, we 

showed that aging may cause a partial loss of Merkel cell. Here, we used an experimental 

dry skin model in mice and showed a miswiring structure transiently formed by Merkel 

cell and MRGPRA3+ C fiber. Functionally, we uncovered Merkel cell as a key component 

in itch sensation, likely via two distinct signaling pathways (fig. S10): Under physiological 

conditions, Merkel cell drives SAI fiber firing to suppress the mechanical itch, whereas in 

chronic itch, Merkel cell drives C fiber firing to evoke scratch-induced itch.
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Skin harbors a variety of different stromal, immune, and neural cell types. Although 

keratinocytes and skin immune cells are important sources of endogenous pruritogens 

(35-38), little is known about the functions of other cell types in the pathogenesis of itch. In 

mice, Piezo2 channels expressed by Merkel cell-neurite complexes contribute to light touch 

sensation through regulating the function of the SA1 Aβ low-threshold mechanoreceptors 

(LTMRs) (16, 17). Our recent studies also demonstrated that activation of Piezo2 channel 

in Merkel cells suppresses mechanical itch under physiological conditions (18). Here, we 

found that both Merkel cell-deficient mice and in animals with Piezo2 deletion in Merkel 

cells subjected to experiment dry skin displayed reduced pruriceptive C fiber firing and 

spontaneous itch. Thus, our data uncover a pathologic transition of Piezo2 signaling in 

Merkel cells from inhibiting mechanical itch at the steady state to promoting spontaneous 

itch in the setting of chronic itch.

A ~80 μm sectional projection of multiple stacks taken from the epidermis layer to 

the dermis layer showed that touch domes in human skin associate with peptidergic 

and nonpeptidergic C fibers (39), suggesting C fibers may participate in innocuous 

mechanoreception and/or nociception. Our studies showed that chemical ablation of the 

TRPV1+ fibers reduced experimental dry skin itch, further supporting the essential role 

of the TRPV1+ C fibers in the generation of chronic itch (40). Previous data have shown 

that the increased excitability of MRGPRA3+ and MRGPRD+ neurons may mediate the 

spontaneous itch- and pain behavior in a mouse model of contact dermatitis (41), strongly 

supporting our findings that MrpgrA3+ neurons displayed a functional plasticity under 

pathological condition. Moreover, a subset of peptidergic C fiber nociceptors expressing 

the nicotinic acetylcholine receptor subunit alpha-3 (Chrna3) receptor served as “silent” 

mechanoreceptors and displayed mechanosensitivity upon NGF-mediated sensitization of 

Piezo2 channels (42). Although we found that direct optogenetic activation of Merkel 

cells drove C fiber firings in mice subjected to experimental dry skin, our results 

could not exclude the possibility that these Chrna3+/Piezo2+ neurons might also display 

mechanosensitivity and mediate the scratch-induced itch in the dry skin condition. Future 

studies will be required to reveal the multiple cell types involved in the generation of 

scratch-induced itch.

A recent report showed that experimental dry skin induced hyperinnervation of MRGPRA3+ 

itch-sensing neurons in the skin (43). However, how the MRGPRA3+ fibers are activated 

remains unclear and warrants further investigation. We showed that the MRGPRA3+ fibers 

were required for the Merkel cell-induced action potential firings in pruriceptive C fibers 

and these MRGPRA3+ fibers were reoriented to Merkel cells under experimental dry skin 

condition. Thus, there appears to be a miswiring between Merkel cell and pruriceptive 

MRGPRA3+ fiber in chronic itch.

There are a few limitations in this study, first, the neurotransmitters in Merkel cell-mediated 

activation of pruriceptive C fibers under pathological conditions have not been identified, 

although it was demonstrated that serotonin and/or norepinephrine released from Merkel 

cells activated downstream Aβ fibers under physiological conditions (28, 29). Second, due to 

a lack of specific Piezo2 inhibitors, the role of Piezo2 in chronic itch has been investigated 

mainly through genetic approaches. Third, our data uncovered the dynamic crosstalk 

Feng et al. Page 7

Sci Transl Med. Author manuscript; available in PMC 2023 January 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



between touch receptor and itch receptor in a mouse model of dry skin associated chronic 

itch, future studies should be performed to determine whether the miswiring mechanism also 

contributes to the development of itch-scratch cycle in other types of chronic itch. Finally, 

although the human MRGPRX1 shares similar expression pattern and chemical activation 

property with mouse MRGPRA3, the translational potential for targeting MRGPRX1 to 

treat chronic itch in human patients requires further clinical studies. Nevertheless, our 

results indicate that the Piezo2 signaling in Merkel cells, whereas important for touch 

sensation in the healthy state, emerges as a critical mediator of pathologic spontaneous 

itch. At mechanistic level, there might be a reduction in canonical activation of Aβ 
mechanoreceptors and formation of maladaptive functional interactions between Merkel 

cells and C pruriceptors in the skin (fig. S11). These findings reveal how miswiring of 

Merkel cell-C fiber in the skin can propagate the itch-scratch cycle in a mouse model 

and highlight the dynamic plasticity of cutaneous epithelia-sensory nerve interactions under 

pathological conditions.

MATERIALS AND METHODS

Study design

A multidisciplinary approach using electrophysiological and pharmacological approaches 

in combination to electron microscopy, genetics and behavioral methods to understand the 

cellular and molecular mechanism of the vicious itch-scratch cycle in the chronic dry skin 

mouse model. Randomization: In behavioral tests, body weight- and gender-matched mice 

were genotyped and allocated to experimental groups or control groups at 8 to 12-weeks 

of age. Blinding: All behavioral tests were done by experimenters blind to the treatments 

or genotypes of animals. Replication: Experiments were designed to minimize the number 

of animals used. To minimize the variances in inter- and intra-groups, we included enough 

sample size (indicated in each figure legend) for reliable statistical analysis.

Animals

All experiments were performed in accordance with the guidelines of the National Institutes 

of Health and the International Association for the Study of Pain, and were approved by 

the Animal Studies Committee at Washington University School of Medicine. All mice 

were housed under a 12 h light/dark cycle with food and water provided ad libitum. 

C57BL/6J mice were obtained from the Jackson Laboratories. To specifically ablate 

Merkel cell and associated Piezo2 channels, Atoh1flox/flox mice and Piezo2flox/flox mice 

were mated with K14cre/+ (TgKRT14-cre1Amc/J) mice and Atoh1CreERT mice, respectively. 

For chemogenetic and optogenetic stimulations of Merkel cells, mice were engineered by 

crossing the Atoh1CreERT mice with Gq-DREADD (B6N.129-Tg(CAG -CHRM3,-mCitrine)1Ute/J) 

or Ai32 (B6.Cg-Gt(ROSA)26Sortm32(CAG-COP4*H134R/EYFP)Hze/J) mice. To ablate 

MRGPRA3+ neurons, MrgprA3GFP-Cre mice were crossed with the ROSA26iDTR 

(C57BL/6-Gt(ROSA)26Sortm1(HBEGF)Awai/J) mice. To visualize the MRGPRA3+ 

fiber in the skin, MrgprA3GFP-Cre mice were crossed with the Ai9 (B6.Cg-
Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J) mice.
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Mouse model of chronic dry skin

Mice were acclimated in the recording chambers for two consecutive days before treatment. 

To generate the mouse model of dry skin-associated chronic itch, the upper back of mouse 

was treated twice daily for 5 consecutive days with a mixture of acetone/ether (1:1) for 15 

second followed by distilled water for 25 seconds. Scratching behaviors were videotaped 

every morning and blinded analyzed. The total number of bouts and time each mouse spent 

scratching were quantified over a 60-minute period. As been defined in References 20-21, 

scratching bouts was manually counted as an episode in which a mouse scratches and ends 

when the mouse either licks or placed its hind paw back on the floor. The total time was 

recorded with a stopwatch from a mouse lifts its paw and scratches continuously until the 

paw is returned to the floor. Tissues were harvested at Day 5 for whole mounting staining 

and ex vivo skin-nerve recordings.

Tail-flick test

The distal 2/3 of the mouse’s tail was subjected to 53°C water bath to perform the thermal 

hyperalgesia test. The latency to a rapid tail flick was recorded in both vehicle-treated 

and RTX-treated groups. A 20 s cut off time was utilized to avoid thermal damage to the 

tail. Related mice were excluded if the RTX-treated mice displayed a comparable tail flick 

latency when compared with that in the vehicle-treated mice.

Cre induction

To induce Cre expression, tamoxifen (Sigma) was dissolved in corn oil and made fresh daily 

before use. Both Cre− and Cre+ mice received intraperitoneal injection of tamoxifen at 100 

mg/kg body weight for 5 consecutive days. In vivo and in vitro experiments were performed 

between 7 and 14 days after the final tamoxifen injection.

DTX administration

To ablate MRGPRA3+ neurons in MrgprA3Cre; DTRf/f mice, both 6-8 weeks old Cre− and 

Cre+ mice received intraperitoneal injections of 600 ng DTX (Sigma) every other day for 

3 times. Mice were rested for at least 1 week before use. After all experiments, DRG 

neurons from Cre+ mice were collected for the verification of ablation efficiency by calcium 

imaging. Related data were excluded if the ablation efficiency was lower than 95%.

Ex vivo skin-nerve preparations

Skin-nerve preparations were harvested by dissecting right dorsal side skin as previously 

reported (cited as Reference 8). In brief, skin tissue (approximately 2 cm width × 3 cm 

length) innervated by dorsal root ganglia (T6 to T10) was separated carefully from the 

connective tissue. The preparation was placed corium side up in a 34°C bath perfused with 

carbogen-buffered synthetic interstitial fluid containing (in mM): 108 NaCl, 3.48 KCl, 0.7 

MgSO4, 1.5 CaCl2, 1.7 NaH2PO4, 9.6 Na gluconate, 13 NaHCO3, 5.55 glucose, 7.6 sucrose 

and pH 7.2. The attached nerve bundle was then pulled into a chamber filled with mineral 

oil and hung on a gold recording electrode. The myelin sheath was peeled off from the nerve 

bundles without any further dissection. Spontaneous firing property was first recorded for 

30 mins and categorized by their conduction velocity as: Aβ fibers > 10 m/s, 1.2 m/s ≤ Aδ 
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fibers≤ 10 m/s, C fibers 1.2 m/s. Touch dome were targeted with a mechanical combined 

with electrical search protocol. Briefly, a functional touch dome should meet the following 

criteria: (1) no spontaneous SAI firing, (2) SAI fiber conduction velocity ≥10m/s, (3) in 

contrast to the SAⅡ firing, SAI fiber displays sustained response with irregular pattern 

during ramp-and-hold stimuli, and immediately ceases once the stimulation is removed, 

(4) respond only to pressure applied directly to a touch dome but not to the surrounding 

areas, (5) insensitive to hair tugging and skin stretch, (6) a typical SAI response should be 

composed of a dynamic firing phase and a static firing phase but only a truncated dynamic 

firing phase (with truncated or even without static firing phase) in the Merkel cell-deficient 

preps.. Once a functional touch dome was identified, the receptive field was subjected to 

ascending series of mechanical forces, ranging from 1 to 150 mN with an interval of 1 

min, delivered by a computer-controlled dual-mode lever system (Aurora Scientific Inc.). 

Action potential firings to these stimuli were recorded and analyzed using Spike2 program 

(Cambridge Electronic Design Limited). In the vehicle-treated mice, mechanical force/blue 

light stimulation applied to a touch dome structure could evoke biphasic responses with a 

dynamic phase (high-frequency firing at touch onset) and a static phase (sustained irregular 

firing). According to the distribution pattern of firing frequency and firing properties, three 

populations of the spontaneous C fibers are classified using the following criteria: low 

> 0.3 Hz; 0.3 Hz≤ medium > 1 Hz; 1 Hz≤ High. Merkel cell-dependent mechanically 

activated C fiber firing was defined by the following criteria: (1) it is not overlapped with 

the spontaneous C fiber firing, (2) it is only evoked by the mechanical/optical stimuli are 

applied to the identified touch dome structure, but not the surrounding areas, (3) conduction 

velocity 1.2 m/s, (4) the C fiber firings are tightly associated with the external stimuli and 

firing stops once the stimulation is removed. Fiber conduction velocity was measured by 

electrically stimulating on the fiber-innervating area. The firing frequency is defined by the 

spike count in an interval of duration T divided by T.

Immunofluorescence

Mouse back hairy skin was shaved and dissected. After cleaning the adipose tissue, skin 

was fixed overnight in 2% formalin and dehydrated in 30% sucrose at 4°C. The tissue 

was embedded in OCT compound and continually sectioned in 12 μm with a cryostat 

microtome (CM1950, Leica Biosystems). Samples were incubated with primary antibodies 

in PBS containing 10% donkey serum + 1% Triton X-100 at room temperature for 24 h and 

further incubated with secondary antibodies in PBS containing 10% donkey serum at room 

temperature for 1 hour. After the final wash, the tissue was mounted with Fluormount-G and 

examined with a confocal microscope. Primary antibodies used in this study include: Anti-

dsRed (632496, 1:500, Clontech Takara), Anti-Keratin-8 (TROMA1, 1:500, DSHB), anti-

Neurofilament H (N4142, 1:500, Sigma, St. Louis, MO, USA). Secondary goat AlexaFluor-

conjugated antibodies (Invitrogen) against rat (Alexafluor 405, A48261, 1:100; Alexafluor 

488, A11006, 1:500), rabbit (Alexafluor 488, A11034, 1:500) IgG. The Cy™3 AffiniPure 

donkey Anti-Rat IgG (712-165-153, 1:300) was from Jackson immune Research.

Super-resolution 3D reconstruction of the Merkel cell-neurite structure

Skin samples were first treated with commercially available clarity kit (ab243298, Abcam). 

In brief, skin tissue is fixed in 4% PFA and dehydrated with increasing % methanol series. 
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After incubation with DMSO/methanol, rehydrate the tissue with decreasing % methanol 

series. For whole mount staining, water or AEW-treated skin area was tape-stripped until 

glistening. The skin tissue was then fixed overnight in 2% formalin and washed with PBS 

every 10 min for 2 hours. Primary antibodies were prepared in PBS containing 10% donkey 

serum + 20% DMSO. The skin tissue was incubated with a primary antibody at room 

temperature for 5 days and then washed with PBS every 10 min for 2 hours, and further 

incubated with the secondary antibodies in PBS containing 10% donkey serum + 20% 

DMSO at room temperature for 3 days. After the final wash, the tissue was mounted with 

Fluormount-G and examined with a THUNDER Imaging Systems (leica microsystems). 

It should be noted that before whole mount staining, tissue should be incubated in the 

pentration buffer and blocked with blocking buffer. 3D reconstruction of the Merkel-neurite 

structure was automatically performed with the system and exported for further analysis.

HRP conjugation of the anti-dsRed primary antibody

HRP-conjugated anti-dsRed primary antibody was prepared with commercial available 

lighting-link kit (ab102890, Abcam). Briefly, modifier reagent is added to each 10 μL of 

antibody to be labeled and mix gently. Pipette the antibody sample (with added Modifier 

reagent) directly onto the Vial of HRP Conjugation Mix. Resuspend gently by withdrawing 

and re-dispensing the liquid once or twice using a pipette and then leave standing for 3 

hours in the dark at room temperature (20-25°C). After incubating for 3 hours, add 1 μL of 

Quencher reagent for every 10 μL of antibody used and mix gently. The conjugate is used 

after 30 minutes.

Electron microscopy

For transmission electron microscopy (TEM), skin samples were fixed by immersion in 4% 

paraformaldehyde in 1x phosphate buffered saline (PBS) for 24 hours at 4°C. Samples were 

then rinsed in PBS 3 times for 10 minutes each and incubated in 1% sodium borohydride 

for 30 minutes to quench aldehydes. Following this, samples were again rinsed in PBS 

3 times for 10 minutes each and then incubated in 0.5% Triton X-100 for 30 minutes. 

The samples were rinsed again in PBS 3 times for 10 minutes each and incubated in 

1:300 HRP-conjugated anti-dsRed antibody in PBS for 72 hours at room temperature with 

agitation. Samples were then rinsed in 0.15M cacodylate buffer with 2 mM CaCl2 3 times 

for 10 minutes each and DAB labeled using DAB Peroxidase Substrate kit (SK-4100, VWR 

International). Samples were then rinsed in cacodylate buffer 3 times for 10 minutes each 

and subjected to a secondary fixation step for one hour in 1% osmium tetroxide/1.5% 

potassium ferrocyanide in the dark. Following this, samples were washed in ultrapure water 

3 times for 10 minutes each and en bloc stained overnight with 1% aqueous uranyl acetate. 

After staining was complete, samples were briefly washed in ultrapure water, dehydrated 

in a graded ethanol series (10%, 30%, 50%, 70%, 90%, 100% x2) for 10 minutes in each 

step, infiltrated into LX112 resin, and cured in an oven at 60˚C for 48 hours. 70 nm thin 

sections were then cut, post-stained with uranyl acetate and Reynold’s lead and imaged 

on a Transmission Electron Microscope (JEOL JEM-1400 Plus) at 120 KeV. Imaging was 

performed in the Washington University Center for Cellular Imaging (WUCCI).
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Statistics

All data are presented as mean ± SEM for n independent observations. Differences between 

population means were assessed with unpaired Student t test (two tail) for normally 

distributed data. Two-way ANOVA and repeated measures tests were used to test hypotheses 

about effects in multiple groups. p<0.05 was considered significantly different.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig 1. Correlation of Merkel cell-dependent mechanically activated C fiber firings and persistent 
scratching behavior in mice subjected to experimental dry skin.
(A) Time course of persistent scratching behavior in AEW-treated Merkel cell-deficient 

mice (n=10) and littermate controls (n=11). (B) Representative traces of spontaneous C 

fiber firings with different firing rates from littermate controls and Merkel cell-deficient 

mice. (C-D) Proportions (C) and firing frequencies (D) of three types of spontaneous C 

fiber firings. n=22 and 23 units from the littermate controls and Merkel cell-deficient 

group, respectively. The proportions of spontaneous C fibers with high, medium and low 

frequencies were 22.73%, 27.27%, 50.00% in the littermate controls and 26.09%, 17.39%, 

56.52% in the Merkel cell-deficient group. (E) Representative traces showing both SAI 

and C fiber firings in response to 50 mN force applied to the touch dome area in a 

littermate control (top) and a Merkel cell-deficient mouse (bottom). (F-G) Summarized 

data of the Merkel cell-dependent mechanically activated C fiber firing thresholds (F) and 

firing frequencies (G) in both Merkel cell-deficient and littermate control groups. n=7 and 

10 units from littermate controls and Merkel cell–deficient mice, respectively. **P<0.01, 

****P<0.0001, two-way RM ANOVA with Bonferroni post hoc analysis in (A and G), 

Student t test in (D and F). n.s, not significant. MC-deficient, Merkel cell deficient mice.
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Fig 2. Merkel cell-expressed Piezo2 is required for the generation of AEW-induced persistent 
itch.
(A) Time course of persistent scratching behavior in both littermate controls (n=9) and 

Merkel cell-specific Piezo2 deficient (Piezo2cko) mice (n=10) treated with AEW. (B) 

Representative action potential firing traces for both SAI and C fiber in response to 50 mN 

force applied to the touch dome area in littermate controls and Merkel cell–specific Piezo2 

deficient mice. (C-D) Summarized data of the Merkel cell-dependent mechanically activated 

C fiber firing threshold (C) and firing frequency (D). n=11 and 10 units from littermate 

controls and Merkel cell-specific Piezo2 deficient mice, respectively. *P<0.05, **P<0.01, 

***P<0.001, ****P<0.0001, two-way RM ANOVA with Bonferroni post hoc analysis in (A) 

and (D); Student t test in (C).
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Fig 3. Stimulation of Merkel cells promotes persistent scratching and C fiber firing in chronic 
itch mice.
(A) Time course of persistent scratching behavior in response to 1 mM CNO in the AEW-

treated control mice (n=11) and Merkel cell-Gq DREADD mice (n=7). CNO was applied 

through intraperitoneal injections. (B) Representative SAI Aβ fiber firing and C fiber firing 

in vehicle-treated (upper) and AEW-treated (lower) back skin-nerve preps from the Merkel 

cell-ChR2 mice in response to blue light illumination (3 mW, 10 s). (C-D) Statistical data 

of blue light-evoked Aβ fiber firing frequencies (C) and C fiber firing frequencies (D) in 

the water-treated (n=10 units) and AEW-treated (n=10 units) skin-nerve preps. *P<0.05, 

**P<0.01, ***P<0.001 two-way RM ANOVA with Bonferroni post hoc analysis in (A), 

Student t test in (C and D).
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Fig 4. MrgprA3+ fibers mediate Merkel cell-dependent mechanically activated C fiber firings 
induced by mechanical stimulation in the dry skin mice.
(A) Representative spontaneous C fiber firing traces with different firing rates from the 

control (upper) and MrgprA3-DTR mice (lower), respectively. Proportions (B) and firing 

frequencies (C) of three types of spontaneous C fiber firings in DTX treated MrgprA3-

DTR mice and littermate controls. n=25 and 23 units for the control and MrgprA3-DTR 

group, respectively. The proportions of spontaneous C fibers with high, medium and low 

frequencies were 20.00%, 24.00%, 56.00% in the control group and 30.43%, 21.74%, 

47.83% in the MrgprA3-DTR group. (D) Representative action potential firing traces from 

the DTX-treated control and MrgprA3-DTR mice subjected to AEW treatment in response 

to 50 mN force to the receptive fields. (E-F) Summarized data of the Merkel cell-dependent 

mechanically activated C fiber firing threshold (E) and firing frequency (F). n=9 and 8 units 

for the control and MrgprA3-DTR mice, respectively. *P<0.05, **P<0.01, ***P<0.001, n.s, 

not significant. Student t test in (C and E), two-way RM ANOVA with Bonferroni post hoc 

analysis in (F).
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Fig 5. Structural basis underlying the miswiring between Merkel cells and the MrgprA3+ fibers 
in chronic itch mice.
(A-B) Super-resolution 3D reconstruction of the Merkel cell-neurite structure. Vehicle-

treated (A) and AEW-treated (B) MrgprA3 tdTomato reporter mice stained with K8 (Merkel 

cells) and dsRed (MrgprA3+ fibers). A warm-to-cool heat bar (80 μm depth) represents 

epidermal-to-dermal layer distance. Replications were performed in 4 mice per group, n=15 

and 17 touch domes in the control and AEW treatment group. (C-D) Immunoelectron 

microscopy images of the Merkel-neurite complex from vehicle-treated (C) and AEW-

treated (D) samples prepared from the MrgprA3 tdTomato reporter mice. CC and DD are 

higher magnification images of Merkel cell-innervating axons taken from the red boxes in 

C and D, respectively. Immunoelectron microscopy using an anti-dsRed antibody reveals 

specific expression of tdTomato-immunoreactivity (black dot) in the AEW-treated group (D 

and DD) and the vehicle-treated group (C and CC). The dermal-epidermal junction was 

marked with the red dash lines. Red arrows point to anti-dsRed antibody-labelled axons 

and black arrows point to the non-stained axons. MC, Merkel cell; N, Merkel cell nucleus; 

SN, Schwann cell nucleus. Scale bar: 500 nm. (E) Statistical data of the closest distance 

between Merkel cells and postsynaptic axons marked by anti-dsRed antibody. n=13 and 20 

touch domes acquired from 3 mice per control and AEW group, respectively. ****P<0.0001, 

Student t test.
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