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SUMMARY

Itch is an unpleasant skin sensation that can be trig-
gered by exposure to many chemicals, including
those released bymast cells. The natriuretic polypep-
tide b (Nppb)-expressing class of sensory neurons,
when activated, elicits scratching responses in
mice, but it is unclear which itch-inducing agents
stimulate these cells and the receptors involved.
Here, we identify receptors expressed by Nppb neu-
rons and demonstrate the functional importance of
these receptors as sensors of endogenous prurito-
gens released bymast cells. Our search for receptors
in Nppb neurons reveals that they express leuko-
triene, serotonin, and sphingosine-1-phosphate re-
ceptors. Targeted cell ablation, calcium imaging of
primary sensory neurons, and conditional receptor
knockout studies demonstrate that these receptors
induce itch by the direct stimulation of Nppb neurons
andneurotransmission through thecanonical gastrin-
releasing peptide (GRP)-dependent spinal cord itch
pathway. Together, our results define a molecular
and cellular pathway for mast cell-induced itch.

INTRODUCTION

Itch is an irritating cutaneous sensation that leads to the desire to

scratch (Savin, 1998), a system thought to have developed as a

means to rapidly remove potentially harmful objects or sub-

stances from the skin (Stante et al., 2005). To accomplish this

protective response, sensory neurons detect cutaneous prurito-

gens, and these cells relay sensory information via a common

and dedicated spinal pathway (Mishra and Hoon, 2013; Sun

et al., 2009) to higher centers in the brain, producing an itch

percept.

Both exogeneous compounds (e.g., the protease mucunain

present in spicules from the cowhage plant; Reddy et al., 2008)

and endogenous agents released from cells in the skin can

trigger pruriception (Azimi et al., 2016; Oetjen et al., 2017).

Skin-residentmast cells are thought to be key players in the latter

indirect itch pathway, since they are ideally localized to detect

and respond to intruder agents and organisms such as parasites
This is an open access article under the CC BY-N
(Metcalfe et al., 1997; Tay et al., 2013). In the past, work has

focused on histamine released by mast cells, for instance in

the context of type 1 hypersensitivity reactions (Modena et al.,

2016). However, mast cells are also activated under nonallergic

conditions (Krystel-Whittemore et al., 2016). Importantly, in most

clinically relevant settings, including certain chronic diseases,

antihistamines are ineffective at relieving itch (Kini et al., 2011;

Yosipovitch et al., 2003), suggesting that molecules other than

histamine serve as endogenous pruritogens. However, potential

roles of non-histamine mast cell-derived mediators in pruricep-

tion are not well characterized, and the neurons and receptors

involved in detection of these compounds are also not well

understood.

In mice, pruritogens are detected by two nonoverlapping clas-

ses of sensory neurons that themselves are part of a larger pop-

ulation of neurons that express the transient receptor potential

cation channel subfamily V member 1 (Trpv1) (Liu et al., 2009;

Mishra and Hoon, 2013). One of these classes of neurons is

marked by the transmitter natriuretic polypeptide b (Nppb),

and the second is defined by the expression of the Mas-related

G-protein-coupled receptor a3 (Mrgpra3) (Han et al., 2013; Mis-

hra and Hoon, 2013). It was demonstrated that activation of

Nppb and Mrgpra3 neurons is sufficient for the generation of

itch behavior (Han et al., 2013; Huang et al., 2018). Further

corroborating a role of Mrgpra3 neurons in pruriception, several

itch receptor proteins, including Mrgpra3 itself, the receptor for

the anti-malaria drug chloroquine, and Mrgprc11, the receptor

for bovine adrenal medulla peptide 8–22 and several cysteine

proteases, were shown to be expressed by Mrgpra3 neurons

(Han et al., 2013; Liu et al., 2009), and elimination of these cells

attenuated sensitivity to pruritogens (Han et al., 2013).

The transmitter Nppb is required for itch responses (Mishra

and Hoon, 2013), but it is unclear which itch-inducing agents

stimulate Nppb cells and the receptors involved. Interleukin-31

(IL-31), a cytokine associated with chronic itch (Sonkoly et al.,

2006), might be sensed by Nppb neurons, as they express the

IL-31 receptor IL-31Ra (Chiu et al., 2014). However, IL-31 alone

does not provoke acute itch in healthy humans, questioning its

role as an endogenous pruritogen (Hawro et al., 2014). In addi-

tion, the serotonin receptor Htr1f was reported to be expressed

in Nppb cells, but ablation of these cells partially reduced itch re-

sponses to serotonin and other pruritogens, calling into question

the contribution of both this receptor and Nppb cells to itch

(Stantcheva et al., 2016). Lastly, transcriptomic studies suggest
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Figure 1. Chemogenetic Activation of Mast

Cells Triggers Scratching

(A) Native fluorescence (tdTomato; red) and avidin

staining (avidin-FITC; green) of the ear of MC-

Cre::Ai9 mice shows almost perfect correspon-

dence between expression of fluorescent trans-

gene and mast cells.

(B and C) Immunostaining for hM3Dq in tissue from

MC-Cre::LSL-hM3Dq (C) and MC-Cre negative

littermate animals (B) reveals that expression of

hM3Dq is restricted to mast cells and strictly

dependent on Cre expression. Similar results were

obtained from at least 3 animals.

(D) Activation of hM3Dq with CNO (20 mg, intra-

dermal) triggers significantly greater scratch re-

sponses in MC-Cre::LSL-hM3Dq animals than in

littermate controls. Significant differences between

indicated treatment groups were assessed using

unpaired, two-tailed Student’s t test (*p < 0.0001).

Data represent means ± SEM (n = 11 control n = 19

MC-Cre::LSL-hM3Dq mice). Scale bar, 20 mm.
that Nppb neurons express select G-protein-coupled receptors

(GPCRs) that may be involved in itch, but these receptors have

not been validated (Li et al., 2016; Nguyen et al., 2017; Usoskin

et al., 2015). Thus, to date, it remains unclear how Nppb neurons

participate in the detection of pruritogens. To better understand

this process, we sought to identify the itch receptors Nppb

neurons express and thereby determine the origin of the prurito-

gens that stimulate these cells. We used an unbiased transcrip-

tomic approach in conjunction with expression studies, calcium

imaging, and mouse behavior to define the mechanism by which

Nppb neurons couple activation of mast cells to itch.

RESULTS

Mast Cell Activation Induces Itch
There are multiple chemicals, with varied sources, that can elicit

the sensation of itch. Compounds from mast cells (Moon et al.,

2014; Sjoerdsma et al., 1957; Steinhoff et al., 2018; Sumpter

et al., 2019;Wernersson andPejler, 2014) are regarded as a class

of endogenous pruritogens; for instance, histamine is widely

used in rodent itch behavioral tests (Bautista et al., 2014; Han

and Dong, 2014). However, although mast cells are thought to

cause itch, the release of chemicals from them has not been

studied in detail because of challenges in solely activating these

cells. This is because the high-affinity immunoglobulin E (IgE) re-

ceptor FcεRI, whose ligation causes degranulation, is expressed

on several cell types in addition to mast cells (Gould and Sutton,

2008). Additionally, mediators that can cause IgE-independent

mast cell degranulation have been shown to directly activate

sensory neurons, raising doubts about the specificity of this

group of agonists in vivo (Kido-Nakahara et al., 2014; Matsush-

ima et al., 2004; McNeil et al., 2015; Schemann et al., 2012).

Therefore, to characterize the contribution of mast cells to itch

in more detail, we examined, using a targeted genetic approach,
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the behavior caused by stimulation of

these cells. The strategy we employed

utilized the mast cell-specific Cre-recom-
binase driver mouse line mast cell protease 5 (Mcpt5)-Cre (MC-

Cre), together with the Cre-dependent R26-LSL-hM3Dq line

(Scholten et al., 2008; Zhu et al., 2016). This permitted the

expression of the GPCR, hM3Dq, only in mast cells. hM3Dq is

an artificial receptor that has been widely employed to stimulate

cells using the synthetic ligand clozapine-N-oxide (CNO), a com-

pound that does not activate endogenous GPCRs (Armbruster

et al., 2007). To confirm the specificity of this strategy, we

crossed MC-Cre animals with the Cre-dependent tdTomato re-

porter line Ai9 (Madisen et al., 2010). As expected, we found

very high co-localization between tdTomato reporter expression

and mast cells in the skin (290 of 304 cells double labeled;

Figure 1A). Further, we found almost complete co-expression

between hM3Dq and mast cells that was strictly dependent on

the expression of Cre (557 of 644 cells double labeled; Figures

1B and 1C). If activation of mast cells causes itch, then we would

anticipate that intradermal administration of CNO should induce

scratching. Exactly as expected, mice injectedwith CNO into the

nape of the neck exhibited scratching responses toward the

injected area, demonstrating that activation of mast cells is

sufficient to provoke itch behavior. In contrast, Cre-negative

control littermates failed to exhibit scratch responses when

challenged with CNO (Figure 1D). These results suggest that

the activation of mast cells likely leads to the release of agents,

and this is sufficient to evoke itch behavior.

Nppb Neurons Express Potential Pruriceptive GPCRs
Although some of the receptors for compounds released by

mast cells are known (Bautista et al., 2014; Reddy et al., 2010),

it is unclear if there are additional itch receptors for less well-

characterized chemicals. Therefore, we designed a screen to

search for potential receptors. Because Nppb andMrgpra3 cells

have been shown previously to be responsible for itch in mice

and when stimulated can elicit scratching responses (Han



Figure 2. Identification of Potential Itch Re-

ceptors Expressed in Nppb Neurons

(A) Dendrogram of the hierarchical clustering of

gene expression between four Sst- and four Trpv1-

cDNA libraries shows that the largest determinant

for clustering is cell type.

(B) Volcano plot comparing gene expression be-

tween Sst- and Trpv1-cDNA libraries. The likeli-

hood of a significant expression difference was

assessed with EdgeR and accepted at p < 0.05

(a complete listing of differentially expressed

genes is presented in Table S1). GPCRs in the

group of significantly expressed genes are high-

lighted in magenta.

(C) Heatmap displays the relative gene expression

in each cDNA library of some of these GPCRs.
et al., 2013; Huang et al., 2018; Mishra and Hoon, 2013), we

hypothesized that there might be unidentified itch receptors

expressed in these populations of neurons. We further hypothe-

sized that additional receptors might be differentially expressed

between these two classes of cells because the Mrgpra3 and

Mrgprc11 itch receptors are expressed preferentially byMrgpra3

neurons (Usoskin et al., 2015). Since both Nppb and Mrgpra3

cells co-express the Trpv1 ion channel (Liu et al., 2009; Mishra

and Hoon, 2013), we examined the genes expressed in Nppb

cells, taking advantage of Sst-Cre mice, which permit the

genetic labeling of Nppb neurons, (Huang et al., 2018), and

compared themwith genes expressed in Trpv1 neurons, thereby

allowing us to search for receptors expressed in these two

populations of cells.

In order to sample all (or close to all) genes expressed in these

cells, we generated cDNA libraries from RNA collected from

�200 hand-picked labeled neurons (see STAR Methods for de-

tails). Four independent Sst+ and four Trpv1+ cDNA libraries

were generated, sequenced, and subsequently compared. As

expected, and confirming that the transcriptomes of Sst and

Trpv1 cells differ significantly from each other, hierarchical clus-

tering of transcriptome data showed that the largest determinant

for difference between samples was cell type (Figure 2A). Com-

parison of data from Sst and Trpv1 samples revealed �1,600

genes with significant differences in gene expression between

cell types (Figure 2B; EdgeR, p < 0.05). Almost 1,000 genes
Cell Re
were expressed �2-fold higher in Sst

compared to Trpv1 samples, and �600

genes were enriched in Trpv1 versus Sst

libraries (Table S1). From these lists of

genes, we choose to focus our attention

on GPCRs, since many pruritogens are

detected by this class of receptors (Han

et al., 2006; Imamachi et al., 2009; Ru

et al., 2017) (Figure S1).

Consistent with our postulate and with

previous reports (Huang et al., 2018), the

itch-related GPCRs Mrgprc11, Mrgpra3,

Mrgpra1, and Mrgpra9 were enriched

in Trpv1 libraries relative to Sst libraries

(Figure 2C). While the specific expression
of multiple receptor molecules in Mrgpra3 cells has been

functionally linked to pruritogen-evoked scratching responses

(Liu et al., 2009, 2011), the receptor repertoire for Nppb neurons

is still incompletely understood. Therefore, we next concen-

trated our attention on the GPCRs enriched in Nppb cells and

identified 18 candidate GPCRs (Figure 2C). Based on theGPCRs

enriched in Nppb neurons, we sought to directly determine if

mediators for some of these receptors are released by mast

cells. We used peritoneal-derived mast cells (PDMCs), which

have frequently been used to model skin mast cells (Metcalfe

et al., 1997), to examine some of the substances they release

upon stimulation. Figure S2 shows that after PDMC stimulation,

leukotriene C4 (LTC4), serotonin, and sphingosine-1-phosphate

(S1p), in agreement with previous reports (da Silva et al., 2014;

Moon et al., 2014; Olivera and Rivera, 2005), are released, sug-

gesting that these agents may be involved in mast cell-depen-

dent itch via activation of their cognate receptors in Nppb

neurons.

Cysltr2, Htr1f, and S1pr1 Elicit Itch via the Spinal Cord-
GRP Pathway
Sincewe found that the release of LTC4, serotonin, and S1p from

mast cells is correlated with mast cell-induced itch behavior, we

focused our attention on the receptors for these compounds

(Cysltr2, Htr1f, and S1pr1). For these receptors to be involved

in itch, the intradermal injection into the nape of the neck of
ports 26, 3561–3573, March 26, 2019 3563



Figure 3. LTC4-,Serotonin-, andS1p-Evoked

Itch Responses Are Mediated through the

Spinal Cord-GRP-Neuron Pathway

(A–C) Intradermal injection into the nape of the

neck of N-met LTC4 (0.75 mg; A), LY344864 (40 mg;

B), and CYM5442 (2.23 mg; C) induces scratching

bouts that are significantly greater than following

administration of vehicle. Notably, these concen-

trations are not the maximal potencies for these

agents to induce scratching. Significant differ-

ences between indicated treatment groups were

assessed using unpaired, two-tailed Student’s

t test (*p = 0.0005 N-met LTC4, *p = 0.0001

LY344864, *p = 0.0003 CYM5442). Data represent

means ± SEM (A; n = 8 PBS n = 8 N-met LTC4, B;

n = 8 PBS n = 8 LY344864, C; n = 8 0.5% DMSO

n = 8 CYM5442).

(D and E) Intradermal injection into the cheek of

N-met LTC4 (0.75 mg), LY344864 (40 mg), and

CYM5442 (4.46 mg) elicits scratching bouts (D), but

not forelimb wipes (E), that are significantly greater

than following administration of vehicle. Capsaicin

(1 mg, CAP), a prototypic algogen, induces forelimb

wipes, but not hindlimb scratching. Significant

differences between indicated treatment groups

were assessed using 1-way ANOVA with Sidak’s

multiple comparisons test (D; *p = 0.0052 N-met

LTC4, *p < 0.0001 LY344864, nonsignificant [ns]

[p = 0.9377] capsaicin, *p < 0.0001 CYM5442)

(E; ns [p > 0.9999] N-met LTC4, ns [p = 0.9972

LY344864], *p < 0.0001 capsaicin, ns [p = 0.9803

CYM5442]). Data represent means ± SEM (D; n = 8

PBS, n = 8 N-met LTC4, n = 8 LY344864, n = 8

capsaicin, n = 8 1% DMSO and n = 8 CYM5442)

(E, n = 8 PBS, n = 8 N-met LTC4, n = 8 LY344864,

n = 7 capsaicin, n = 8 1% DMSO and n = 8

CYM5442).

(F) Schematic of the genetic strategy for generation

of conditional knockout of the PAM gene in GRP-

Cre neurons. The location of the loxP sites (gray

triangles) surrounding exon 6 is indicated as well

as the positions of the coding sequence (red) and

sites of catalytic activity (PAL, peptidyl-a-hydrox-

yglycine a-amidating lyase; PHM, peptidylglycine

a-hydroxylating monooxygenase). Cre-mediated

recombination of the floxed allele results in the

production of an out-of-frame coding sequence after exon 5 (yellow) producing a missense coding sequence, early termination of transcript, and disruption of

sequences encoding critical catalytic protein domains.

(G) Confirmation of gene disruption of PAM in spinal cord tissue. PCRwas performed with primers designed to only amplify a fragment from cDNA produced from

a PAM allele where recombination excised exon 6 (top; see STARMethods for details). Amplification only occurred in reactions containing template cDNA (+) and

not those lacking template (–). In contrast, a b-actin amplicon (bottom) was amplified from control and mutant cDNA samples.

(H–J) PAMmice displayed significantly attenuated itch responses to intradermal injection of histamine (200 mg; H) and chloroquine (100 mg; I) compared to control

littermate animals. By contrast, scratching evoked by intrathecal (i.t.) administration of GRP (2.9 mg; J) was the same in PAM mice and control mice. Significant

differences between indicated genotypes were assessed by unpaired, two-tailed Student’s t test (*p = 0.0012; H, *p = 0.0152; I, ns [p = 0.3728]; J). Data represent

means ± SEM (H; n = 11 control n = 9 PAM mice, I; n = 13 control n = 10 PAM mice, J; n = 7 control n = 7 PAM mice).

(K–M) PAM mice exhibited significantly reduced itch responses to intradermal administration of N-met LTC4 (0.75 mg; K), LY344864 (60 mg; L), and CYM5442

(2.23 mg; M) compared to control littermate animals. Significant differences between indicated genotypes were assessed by unpaired, two-tailed Student’s t test

(*p = 0.0022; K, *p = 0.017; L, *p = 0.0049; M). Data represent means ± SEM (K; n = 6 control n = 6 PAMmice, L; n = 9 control n = 8 PAMmice, M; n = 6 control n = 6

PAM mice).
specific ligands for them, would be expected to induce scratch-

ing. Indeed, exactly as anticipated, all of these compounds

elicited vigorous scratch responses (Figures 3A–3C). The rodent

cheek behavioral assay permits the distinction of itch from noci-

ceptive responses, with pruritogens evoking scratching with the
3564 Cell Reports 26, 3561–3573, March 26, 2019
hindlimb while algogens trigger wiping with the forelimb (Shi-

mada and LaMotte, 2008). In contrast to the wiping evoked by

capsaicin, N-met LTC4, LY344864, and CYM5442 produced

intense scratching and did not elicit wiping, suggesting that

these agents are pruritogens (Figures 3D and 3E).



Itch responses have been shown to be transmitted through

a spinal cord circuit that requires the neuropeptide gastrin-

releasing peptide (GRP) and GRP neurons (Mishra and Hoon,

2013; Sun et al., 2009). This circuit has been shown to be specific

for itch, and therefore, to obtain evidence that the Cysltr2, Htr1f,

and S1pr1 are pruriceptors, we tested if itch responses evoked

by them are dependent on signaling through spinal cord-GRP

neurons. To accomplish this, we used a targeted genetic strat-

egy where we interfered with the biosynthesis of neuropeptides,

including GRP, in spinal cord-GRP neurons. Specifically, we

generated mice lacking the critical neuropeptide-modifying

enzyme peptidylglycine alpha-amidating monooxygenase

(PAM) in GRP-Cre neurons (Gong et al., 2007), GRP-Cre::PAMfl/fl

mice (PAM-mice) (Figure 3F). PAM is the sole enzyme respon-

sible for C-terminal deglycination and amidation of peptides, a

common modification of many neuropeptides including GRP

(Merkler, 1994). In the absence of modification by PAM, GRP

has two orders of magnitude less potency for its receptor than

the amidated peptide (Patel et al., 2004, 2006; Perkins et al.,

1990). We note that the resulting PAM mice were born at normal

Mendelian ratios and displayed no overall gross phenotype.

Confirming successful elimination of PAM from GRP neurons,

we were only able to amplify the mutant PAM allele (with Cre-

mediated deletion of exon 6) from cDNA derived from the spinal

cord samples from PAM mice (Figure 3G). Further, as expected

for interference with spinal GRP signaling, histamine-, chloro-

quine-, and compound-48/80-induced itch was profoundly

reduced (Figures 3H, 3I, and S3A), while responses to other

somatosensory stimuli were unaffected by this mutation (Figures

S3B–S3E; Sun and Chen, 2007; Sun et al., 2009). Additionally,

itch induced by intrathecal administration of GRP and injection

of nor-Binaltorphimine were unaffected, consistent with the

PAM genetic lesion only affecting signaling upstream of spinal

cord GRPR neurons and not effecting other GRP neurons in

the CNS (Figures 3J and S3F; Guo et al., 2015; Huang et al.,

2018). Thus, PAM mice are an effective genetic method to test

if compounds are involved in itch. To investigate if the GRP-

dependent spinal circuit is required to evoke itch responses for

ligands to Cysltr2, Htr1f, and S1pr1, we performed experiments

with PAM mice. We hypothesized that if these receptors are

required for itch, then spinal cord-GRP signaling would be

required. Just as expected, itch behavioral responses mediated

through Cysltr2, Htr1f, and S1pr1 were strongly attenuated in

PAM mice compared to littermate controls (Figures 3K–3M).

Trpv1-Lineage Neurons Are Necessary for Cysltr2-,
Htr1f-, and S1pr1-Evoked Itch
Our findings that Cysltr2-, Htr1f-, and S1pr1-induced itch-

responses require spinal-GRP signaling suggest that they are

itch receptors. A corollary of this result is that the elimination of

the sensory neurons, which express Cysltr2, Htr1f, and S1pr1,

should attenuate itch responses induced by the agonists for

these receptors. To address this predicted consequence, we

used animals that have lost the Trpv1 lineage of sensory neurons

(Mishra et al., 2011) by crossing Trpv1-IRES-Cre animals (Cava-

naugh et al., 2011) with a R26-floxed stop-diphtheria toxin A

(DTA) line (Voehringer et al., 2008) to produce Trpv1-Cre::LSL-

DTA mice (Trpv1-DTA). In agreement with previous reports (Mis-
hra et al., 2011), we found that thesemice have deficits in behav-

ioral responses to the Trpv1 agonist capsaicin as well as in the

detection of noxious heat and cold (Figures S4A–S4C). We

verified histologically that Trpv1-DTA mice lack sensory neurons

expressing Trpv1 and Nppb (Figures S4D–S4G) (Mishra and

Hoon, 2013). Strikingly, Trpv1-DTA mice also exhibit severely

reduced scratching responses to N-met LTC4, LY344864, and

CYM5442 (Figures 4A–4C), indicating that these neurons are

required to produce Cysltr2, Htr1f, and S1pr1 itch responses.

However, even though Trpv1-lineage neurons are required for

N-met LTC4-, LY344864-, and CYM5442-induced itch, this re-

action may result via a deficit in an indirect itch pathway, e.g.,

viamast cells (Boyce, 2007). To test this possibility, we examined

itch responses in mice lacking mast cells. Specifically, to ablate

mast cells, we crossed MC-Cre::LSL-tdTomato mice with the

R26-floxed stop-DTA line (MC-DTA). Histochemical staining of

skin from MC-DTA animals showed that they had no detectable

mast cells (Figure S5; 0 mast cells in 7 sections from 3 mice).

MC-DTA mice displayed itch responses indistinguishable from

littermate control animals, showing that scratching induced by

N-met LTC4, LY344864, and CYM5442 does not require mast

cells (Figures 4D–4F).

A second prediction of Cysltr2, Htr1f, and S1pr1 being itch

receptors is that application of their corresponding ligands

should stimulate the neurons in which they are expressed. Since

Trpv1-lineage neurons are required for itch responses mediated

by these receptors, the cells that express these receptors

must be within this population of neurons. Therefore, we per-

formed calcium imaging on DRG neurons collected from mice

where the Trpv1 lineage of cells expresses the calcium sensor

GCaMP6s, Trpv1-Cre::Ai96 mice (Madisen et al., 2015). Since

this cell lineage contains multiple different classes of cells, not

all of which are involved in itch (Mishra and Hoon, 2013; Mishra

et al., 2011), sensory neurons were sequentially exposed to

N-met LTC4, LY344864, CYM5442, histamine, and capsaicin

to determine cellular specificity. With this testing regimen, we

could classify neurons that express histamine and capsaicin

(Trpv1) receptors and determine the neurons that were respon-

sive to ligands for Cysltr2, Htr1f, and S1pr1. As expected, cal-

cium imaging revealed a class of non-itch neurons that were

stimulated by capsaicin but were unresponsive to all the prurito-

gens tested (Figure 4H and Figure 4J, middle). Imaging also

revealed two different classes of neurons that reacted to prurito-

gens. The first of these reacted to histamine and capsaicin but

was unresponsive to N-met LTC4, LY344864, and CYM5442

(Figure 4G and Figure 4J, left). The second class of neurons dis-

played largely overlapping responsiveness to N-met LTC4,

LY344864, and CYM5442 as well as to histamine and capsaicin

(Figure 4I and Figure 4J, right).

Nppb Neurons Co-express Cysltr2, Htr1f, and S1pr1
Our transcriptomic data show that Cysltr2, Htr1f, and S1pr1 are

enriched in Nppb-cells (Figure 2), ablation experiments demon-

strate that Trpv1-neurons are required for itchmediated by these

receptors, and cellular imaging assays establish that a subpop-

ulation of Trpv1-neurons responds to the ligands for these re-

ceptors (Figure 4), suggesting that Nppb-neurons co-express

Cysltr2, Htr1f, and S1pr1. Recently, it was reported that Cysltr2
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Figure 4. Trpv1-Lineage Neurons Are

Required in LTC4-, Serotonin-, and S1p-

Evoked Itch Responses

(A–C) Intradermal injection of N-met LTC4 (0.75 mg;

A), LY344864 (50 mg; B), and CYM5442 (2.23 mg; C)

elicits scratching bouts that are significantly

reduced in Trpv1-DTA mice compared to control

littermate animals, indicating that Trpv1-lineage

neurons are required for itch responses to these

agents. Significant differences between genotypes

were assessed by unpaired, two-tailed Student’s

t test (*p = 0.0071; A, *p = 0.0116; B, *p = 0.0043; C).

Data represent means ± SEM (A; n = 10 control

n = 13 Trpv1-DTAmice, B; n = 7 control n = 8 Trpv1-

DTAmice,C; n=10 control n =12Trpv1-DTAmice).

(D–F) Intradermal injection of 3 mg N-met LTC4 (D),

60 mg LY344864 (E), and 2.23 mg CYM5442 (F)

evoked scratching bouts that are not significantly

different between MC-DTA mice and control ani-

mals, showing that mast cells are not required

for itch responses to these agents. Significant dif-

ferences between genotypes were assessed by

unpaired, two-tailed Student’s t test (ns [p =

0.5717]; D, ns [p = 0.8224]; E, ns [p = 0.4863]; F).

Data represent means ± SEM (D; n = 6 control

n = 6MC-DTAmice, E; n = 7 control, n = 7MC-DTA

mice, F; n = 6 control n = 6 MC-DTA mice).

(G–I) Representative traces of calcium responses

of Trpv1-lineage neurons (Trpv1-Cre::Ai96) to

pruritogens (LY, 1 mM LY344864; LTC, 100 nM

N-met LTC4; CYM, 10 mM CYM5442; HIS, 10 mM

histamine; CAP, 10 mM capsaicin). Note there are

broadly three classes of neurons that respond to

histamine and capsaicin (G), capsaicin alone (H),

and N-met LTC4, LY344864, CYM5442, hista-

mine, and capsaicin (I).

(J) Raster plot of calcium responses (F/F0, see

legend on the right) in 353 neurons to the indicated

agents (same concentrations as in G–I). Neurons

that responded to capsaicin and histamine are

grouped to the left of the panel (80 neurons),

capsaicin-only responsive cells are grouped in the

middle of the panel (174 neurons), and those cells

responding to agonists for Cysltr2, Htr1f, S1pr1,

and capsaicin and histamine are grouped to the

right of the panel (99 neurons).
and Htr1f are found in Nppb-neurons (Li et al., 2016; Nguyen

et al., 2017; Stantcheva et al., 2016; Usoskin et al., 2015).

However, the extent of overlap in expression of these receptors

with Nppb was not examined nor was the co-expression of

receptors with each other and with other cell types deter-

mined. Therefore, to understand more about the neurons

that express Cysltr2, Htr1f, and S1pr1, we performed triple-

label in situ hybridization (ISH) using probes to individual recep-

tors, Nppb, and Trpv1. Virtually all Cysltr2-positive neurons

express Nppb-Trpv1 (87.2% ± 2.8%; 266 neurons from 17 sec-

tions/3 animals), and similarly, almost all Htr1f-positive and

S1pr1-positive cells express Nppb-Trpv1 (86.3% ± 6.3%; 199

neurons from 12 sections/3 animals and 98.9% ± 1.3%; 89 neu-

rons from 8 sections/3 animals), demonstrating a remarkably

tight co-expression of these receptors in Nppb cells (Figures

5A–5C).
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The co-expression of Cysltr2, Htr1f, and S1pr1 in Nppb

neurons predicts that these neurons should be activated by

agonists for these receptors. To address this, we performed

calcium imaging of primary DRG neurons derived from mice

where the majority of Nppb neurons express the calcium

reporter GCaMP6s, Sst-Cre::Ai96 mice (Huang et al., 2018;

Taniguchi et al., 2011). As predicted from the co-expression

of Cysltr2, Htr1f, and S1pr1, almost all Sst-Cre::Ai96 neurons

responsive to capsaicin and histamine also responded to

N-met LTC4 (7/11 cells), LY344864 (13/16 cells), and

CYM5442 (5/7 cells) (Figures 5D–5F). These results suggest

that Nppb neurons are a largely homogeneous population of

cells that react to multiple pruritogens.

Our functional imaging experiments revealed that Nppb neu-

rons are activated by histamine as well as N-met LTC4,

LY344864, and CYM5442 (Figures 4I and 5D–5F). However,



Figure 5. Cysltr2, Htr1f, and S1pr1 Are Co-

expressed in Nppb Neurons

(A–C) Triple label ISH reveals that Cysltr2 (A, red),

Htr1f (B, red), and S1pr1 (C, red) are co-expressed

with Nppb (blue), demonstrating that these three

receptors are only expressed by Nppb-neurons.

Note, all Nppb cells co-express Trpv1 (green).

Similar results were obtained from at least 3

animals.

(D–F) Calcium imaging of neurons from Sst-

Cre::Ai96mice showed that they respond to N-met

LTC4 (100 nM), histamine (His, 10 mM), and

capsaicin (CAP, 10 mM) (D); LY344864 (1 mM),

histamine (His, 10 mM), and capsaicin (CAP, 10 mM)

(E); or CYM5542 (10 mM), histamine (His, 10 mM),

and capsaicin (CAP, 10 mM) (F). Traces of re-

sponses of individual neurons are indicated as

gray traces, and the averaged response is indi-

cated by the overlaid black trace. Scale bar, 20 mm.
comparison of the transcriptomes of Nppb and Trpv1 neurons

did not reveal differential expression of histamine receptors

between these classes of cells. We wondered if this might be

because histamine receptor is expressed in both Nppb and

Mrgpra3 neurons. To better characterize these two classes of

neurons, we determined that they are both predominantly small

diameter and that Nppb neurons are 7.5% ± 0.7% andMrgpra3-

cells are 8.4% ± 2.8% of DRG cells (Figure 6A; 5,059 Tubb3+

neurons) (Figure 6B). Next, to determine if Nppb and Mrgpra3

neurons express histamine receptor, we performed ISH for the

histamine receptor Hrh1 and compared its co-expression with

Nppb and Mrgpra3. Interestingly, results from triple-label ISH

revealed that Hrh1 is expressed by both Nppb andMrgpra3 neu-

rons (93.3% ± 0.8% of Nppb+ cells and 73.4% ± 2.3% of

Mrgpra3+ cells; 1,644 and 1,185 neurons, respectively), as well

as by an additional smaller population of cells (9.1% ± 1.4% of

Hrh1+ cells negative for Nppb and Mrgpra3; 286 neurons) (Fig-

ures 6C and 6D). Together, these results demonstrate that while
Cell Re
Nppb and Mrgpra3 cells have distinct

repertoires of itch receptors, they both

express histamine receptors.

Direct Activation of Nppb Neurons
by S1p Induces Itch
Results from analysis of gene expression,

calcium imaging, ISH, and behavioral

experiments strongly support Nppb neu-

rons being sensors of mast cell-induced

itch and substantiate Cysltr2, Htr1f, and

S1pr1 as itch receptors. To obtain further

in vivo validation that these receptors

are itch sensors, we focused our atten-

tion on whether S1pr1 is essential for

S1p-induced itch. In order to do this,

we generated a mouse null for S1pr1

in only sensory neurons, Trpv1-Cre::

S1pr1fl/fl mice (S1pr1 cKO) (Allende

et al., 2003). As S1pr1 is expressed only
in Nppb neurons (Figure 5), this intersectional approach enabled

the specific deletion of S1pr1 in Nppb-expressing neurons. We

reasoned that if S1pr1 functions in vivo as an itch receptor, then

a sensory-neuron-specific knockout (KO) of this GPCR should

produce mice lacking itch responses to S1p (CYM5442). Fig-

ure 7A illustrates the genetic strategy employed to eliminate

expression of S1pr1 in sensory neurons. Notably, S1pr1 cKO

mice were born at normal Mendelian ratios, and ISH experi-

ments demonstrated a complete lack of specific S1pr1 staining

in homozygous KO animals (Figures 7B and 7C; 0 S1pr1+ cells

on 13 sections/3 mice). The loss of S1pr1 did not affect the

expression of Nppb and Trpv1 (Figures 7B and 7C; control

versus S1pr1 cKO mice 32.2 ± 9.8 versus 29.7 ± 12.4 Trpv1+

cells, p = 0.6927, and 16.2 ± 4.1 versus 12.7 ± 6.1 Nppb+ cells,

p = 0.2577). We next investigated if S1pr1 cKO mice have sen-

sory deficits, testing several acute somatosensory behaviors.

No differences between mutants and controls were observed

for behavioral responses to noxious heat, noxious cold, and
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Figure 6. The Histamine Receptor Hrh1 Is

Expressed by Both Nppb and Mrgpra3

Neurons

(A) Triple-label ISH reveals that Nppb (red) and

Mrgpra3 (blue) are expressed in non-overlapping

neuronal (Tubb3, green) populations.

(B) Quantification of soma size reveals that both

itch-neuron populations belong to the group of

small-diameter neurons.

(C) Triple-label ISH reveals that Hrh1 (red) is

co-expressed by both Nppb (green) and Mrgpra3

(blue) cells. Similar results were obtained from

4 animals.

(D) Schematic of the overlap between markers

(>4 sections from n = 4 mice). Scale bars, 50 mm.
innocuous mechanical stimuli or for motor coordination, itch re-

sponses to histamine and chloroquine, and ongoing nociceptive

responses after intraplantar injection of capsaicin and allyl

isothiocyanate, showing that the S1pr1 is not required for these

behaviors (Figure S6). Responses to N-met LTC4 and LY344864

were also normal in mutant mice (Figures 7D and 7E). By

contrast, scratching responses to intradermal injection of the

S1pr1 agonist CYM5442 were virtually absent in S1pr1 cKO

mice (Figure 7F). These results demonstrate that CYM5442-
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evoked itch requires the direct activation

of S1pr1 in sensory neurons.

DISCUSSION

Here, using chemogenetics, transcrip-

tome sequencing, calcium imaging, ISH,

and selective genetic manipulations, we

define a pathway by which itch is induced

by mast cell activation. First, chemoge-

netic activation of mast cells produces

itch behavior. Second, we show that

mast cells, upon stimulation, can release

serotonin, LTC4, and S1p. Third, we

demonstrate that receptors for these three

ligands are expressed selectively byNppb

neurons. Fourth, genetic disruption of spi-

nal cordGRP-neuron neuropeptide-medi-

ated itch establishes that Cysltr2-, Htr1f-,

and S1pr1-induced scratch responses

require the canonical GRP-spinal cord

itch circuit. Fifth, calcium imaging results

corroborate that Nppb neurons directly

respond to agents released by mast cells.

Lastly, we engineered and tested mice

specifically lacking S1pr1 in sensory neu-

rons, showing that these mice selectively

lose itch responses to S1p. Together, our

studies establish a cellular and molecular

mechanism by which mast cell activation

induces itch.

There has been much interest in identi-

fying and characterizing receptors respon-
sible for itch sensation in the last decade (Bautista et al., 2014;

Han and Dong, 2014). Itch receptors include the GPCRs

Mrgprc11, a receptor for Bam8-22 and activated by cysteine

proteases (Lembo et al., 2002; Reddy et al., 2015); Mrgpra3, a

receptor for chloroquine (Liu et al., 2009); Mrgprd, a receptor

for b-alanine (Liu et al., 2012); Htr7 and Htr2b, receptors for sero-

tonin (Lee et al., 2018; Morita et al., 2015); S1pr3, a receptor for

S1p (Hill et al., 2018) and the protease-activated receptors

(PARs) 2 and 4 (Reddy et al., 2008, 2010; Reddy and Lerner,



Figure 7. S1p-Induced Itch Requires Expression of S1pr1 by DRG Neurons

(A) Schematic of the genetic strategy employed to generate conditional knockout of S1pr1 in Trpv1-Cre (sensory) neurons. The location of the loxP sites (gray

triangles) surrounding exon 2 is indicated as well as the position of the coding sequence of the receptor (red). Cre-mediated recombination of the floxed allele

results in the complete elimination of the coding sequence of S1pr1.

(B and C) Confirmation that gene disruption abolishes S1pr1 expression in the DRG. Triple-label ISH with probes to S1pr1 (green), Nppb (blue), and Trpv1 (red)

demonstrates that S1pr1 is expressed in ganglia of littermate control mice (B) but is lost in the DRG of S1pr1 cKO animals (C).

(D–F) S1pr1 cKOmice display normal itch responses to intradermal injection of N-met LTC4 (0.75 mg; D) and LY344864 (60 mg; E) compared to control littermate

animals. By contrast, scratching evoked by intradermal administration of CYM5442 (2.23 mg; F) was significantly attenuated in S1pr1 cKO mice compared

to control mice. Significant differences between genotypes were assessed by unpaired, two-tailed Student’s t test (ns [p = 0.8616]; D, ns [p = 0.5849]; E, *p =

0.0074; F). Data represent means ± SEM (D; n = 8 control n = 8 S1pr1 cKO mice, E; n = 6 control n = 6 S1pr1 cKO mice, F; n = 8 control n = 8 S1pr1 cKO mice).

Scale bar, 20 mm.
2010), as well as non-GPCR itch receptors, including IL-31Ra,

thymic stromal lymphopoietin receptor (TSLPR), TLR7, and

IL-4Ra (Cevikbas et al., 2014; Liu et al., 2010a; Oetjen et al.,

2017; Wilson et al., 2013). Here, we identify and functionally

characterize three additional itch receptors, Cysltr2, Htr1f, and

S1pr1, that are specifically co-expressed in Nppb neurons. In

addition to these three GPCRs, our transcriptomic analysis of

Nppb neurons (Figure S1) revealed the existence of other recep-

tors that might modulate Nppb-neuron activity. For instance, we

found the serotonin receptors Htr7, Htr1a, and Htr1d to be

enriched in Nppb neurons relative to Trpv1 neurons, some of

which were previously reported to contribute to itch (Morita

et al., 2015). Furthermore, our sequencing results suggest that

the platelet-activating factor receptor (Ptafr) is also likely ex-

pressed in Nppb neurons. Interestingly, the platelet-activating

factor lipid moiety was described to be produced by mast cells

(Nakajima et al., 1997), hinting that it may be involved in mast

cell-mediated itch as well. The large number of identified recep-

tors suggests that there is redundancy in pathways for induction

of itch, and almost all pruriceptors described so far have been re-

ported to be coupled to Trpv1 and/or Trpa1 ion channels. It has

also been described that the direct activation of Trpa1 can evoke

itch in different animals (Esancy et al., 2018). Nevertheless, it is

likely that itch and pruriceptors developed to respond to specific
dermatological challenges. Additionally, even though agonists to

the proposed itch receptors reported here evoke itch responses

in experimental settings, they may not all have primary roles in

itch detection.

The Cysltr2, Htr1f, and S1pr1 group of receptors we identified

is co-expressed in a population of neurons that express the

neuropeptide transmitter Nppb (Figure 5), while Mrgpra3 itch

neurons express a different class of itch receptors but do not

express Nppb, insinuating that there is specialization between

these cell types. A caveat to this partition of itch receptors is

the common expression of the histamine receptor Hrh1 (and

other itch receptors; data not shown) by both Nppb andMrgpra3

neurons (Figure 6). Additionally, we previously showed that

deletion of Sst from sensory neurons can impact behavioral

responses to the Mrgpra3 agonist chloroquine (Huang et al.,

2018), indicating functional cross-talk between both groups of

itch neurons. Future studies should resolve if there is itch-cell

specialization between Nppb and Mrgpra3 neurons and an anal-

ysis of genes expressed by these cells (Table S1) may provide a

means to better address this question.

We employed a mutation in a critical enzyme in the maturation

pathway for neuropeptides to disrupt the GRP-itch circuit in the

spinal cord (Merkler, 1994; Patel et al., 2004, 2006; Perkins et al.,

1990). The elimination of the PAMenzyme inGRP-Cre-expressing
Cell Reports 26, 3561–3573, March 26, 2019 3569



cells produced a specific defect in itch for all of the itch-inducing

agents we tested, including histamine and chloroquine, while

leaving responses to all other somatosensory modalities tested

normal (Figures 3 and S3). This highly selective effect on itch is

similar to that seen when GRPR signaling was manipulated

previously (Mishra and Hoon, 2013; Sun and Chen, 2007; Sun

et al., 2009). Compared to many other neural circuits, the striking

feature of the itch pathway is its reliance on neuropeptides

(Liu et al., 2010b; Mishra and Hoon, 2013; Sun and Chen, 2007;

Sun et al., 2009). This contrasts with the contribution of neuro-

peptides in other somatosensory synaptic signaling pathways

where neuropeptides are thought to have modulatory effects

and their loss produces only modest deficits in animal behavior

(De Felipe et al., 1998; Ishida et al., 2014). The difference in

timing and duration of itch sensation compared to other so-

matosensory modalities might be a result of this difference in

neurotransmission.

The results we present in this study focus on acute itch re-

sponses evoked by injection of pruritogens or the chemogenetic

activation of mast cells. The mechanisms underlying itch re-

sponses for both are likely similar to those which occur for

normal itch responses, for instance after an insect bite. However,

the agents we identified in this study are unlikely to be the only

compounds that are released by mast cells and induce acute

itch. For instance,mast cell-derived proteases are known to acti-

vate PARs, thereby inducing scratching responses (Ui et al.,

2006). In addition to a role in mast cell-mediated acute itch, the

endogenous ligands we characterized here may also be involved

in persistent itch conditions. High levels of circulating S1p have

been reported to be associated with psoriasis (Checa et al.,

2015), and similarly, elevated LTC4 is associated with skin

inflammation, including atopic dermatitis and psoriasis (Sadik

et al., 2013). Furthermore, platelet-activating factor antagonist

was reported to produce some relief in patients with itch caused

by atopic dermatitis (Abeck et al., 1997). These lipidmediators, in

addition to being released bymast cells, may be released by ker-

atinocytes or other types of immune cells. Collectively, these

studies suggest that S1pr1 and Cysltr2 in Nppb neurons, in addi-

tion to having roles in acute itch produced by mast cell activa-

tion, may also contribute to some forms of chronic itch.

Mast cells are thought to be immune sentinels that survey the

skin for intruders. Classically, their function is believed to involve

the detection of invading parasites and the recruitment of other

immune cell types via paracrine signaling (Metcalfe et al.,

1997; Tay et al., 2013). It was also known that the release of

some agents from mast cells leads to the sensation of itch.

Here, we demonstrate a mechanism by which mast cell activa-

tion produces sensory nerve stimulation by identifying ligands

and several receptors responsible for this coupling. These

results highlight a mechanism by which neural and immune

systems cooperate to provide a unified defense of the skin and

offer insights into the potential ways by which this cascade

may become dysfunctional during chronic itch.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-GFP ThermoFisher Cat#A-6455:RRID: AB_221570

Bacterial and Virus Strains

AAV9-CAG-FLEX-eGFP-WPRE Oh et al., 2014 ‘‘Addgene’’ Cat#51502-AAV9

AAV9-CAG-FLEX-tdTomato-WPRE Oh et al., 2014 ‘‘Addgene’’ Cat#51503-AAV9

Chemicals, Peptides, and Recombinant Proteins

CYM5442 Tocris Cat#3601

CNO Abcam Cat#ab141704

N-methyl LTC4 Cayman Chemical Cat#13390

LY344864 Millipore-Sigma Cat#SML0556

Critical Commercial Assays

LTC4 ELISA Cayman Chemical Cat#501070

Serotonin ELISA Enzo Life Sciences Cat#ADI-900-175

S1p ELISA Cloud-Clone Corp. Cat#ECG031Ge

RNAscope� multiplex fluorescent development kit ACD Cat#320850

PicoPure RNA isolation kit ThermoFishe Cat#KIT0204

Ovation� RNA-seq system V2 NuGEN Cat#7102-08

Deposited Data

Mouse reference genome GRCm38 Genome Reference Consortium https://www.ncbi.nlm.nih.gov/grc/mouse

Raw and analyzed data

RNaseq datasets This paper GEO:GSE125626

Experimental Models: Organisms/Strains

Mice: C57BL/6N Envigo Order code 044

Mouse: Ssttm2.1(cre)Zjh/J The Jackson Laboratory JAX: 013044

Mouse: Trpv1tm1(cre)Bbm/J The Jackson Laboratory JAX: 017769

Mouse: Tg(Grp-Cre)KH107Gsat/Mmucd MMRRC 031183-UCD

Mouse: TG(Cma1-Cre)Aroer/D Scholten et al., 2008 Dr. Axel Roers

Mouse: B6.Cg-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J The Jackson Laboratory JAX: 007909

Mouse: B6;129S6-Gt(ROSA)26Sortm96(CAG-GCaMP6s)Hze/J The Jackson Laboratory JAX: 024106

Mouse: B6N;129-Gt(ROSA)26Sortm2(CAG-CHRM3*,-mCitrine)1Ute/J The Jackson Laboratory JAX: 026220

Mouse: Gt(ROSA)26Sortm1(DTA)Jpmb/J The Jackson Laboratory JAX: 006331

Mouse: B6.129S6(FVB)-S1pr1tm2.1Rlp/J The Jackson Laboratory JAX: 019141

Mouse: B6.129S4-Gt(ROSA)26Sortm1(FLP1)Dym/RainJ The Jackson Laboratory JAX: 009086

Mouse: PAMfl/fl This paper N/A

Oligonucleotides

Recombined PAM allele FOR primer for RT-PCR:

CACTGGGAGTTACTGGTGTTGGAT

This paper N/A

Recombined PAM allele REV primer for RT-PCR:

TAAGGACACACCGGAACAGTCTT

This paper N/A

b-actin FOR primer for RT-PCR: CTGGCTCCTAGCACC

ATGAAGATC

This paper N/A

b-actin REV primer for RT-PCR: CTAGAAGCACTTGCG

GTGCACG

This paper N/A

Primers for genotyping, see Table S2 This paper N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

Software and Algorithms

star Dobin et al., 2013 https://github.com/alexdobin/STAR

featureCounts Liao et al., 2014 http://bioconductor.org/packages

/release/bioc/html/Rsubread.html

EdgeR Robinson et al., 2010 https://bioconductor.org/packages/

release/bioc/html/edgeR.html

Morpheus Broad Institute https://software.broadinstitute.org/

morpheus/
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests should be directed to the Lead Contact, Mark Hoon (mark.hoon@nih.gov). Reagents will be distrib-

uted in accordance with the rules and procedures of the National Institute of Health.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals
All experiments using mice followed NIH guidelines and were approved by the National Institute of Dental and Craniofacial Research

ACUC. Mice were housed in small social groups (4-5 animals) in individually ventilated cages under 12-hour light/dark cycles and fed

ad libitum. 6-10-week old animals of both genders were used in all experiments. C57BL/6N wild-type mice were purchased from

Envigo (Indianapolis, IN) and all other genetically modified mice were bred in house. Sst-IRES-Cre knock-in (Taniguchi et al.,

2011), Trpv1-IRES-Cre knock-in (Cavanaugh et al., 2011), GRP-Cre BAC-transgenic (Gong et al., 2007) and Mcpt5-Cre BAC-trans-

genic (Scholten et al., 2008) mice that drive expression of Cre recombinase in genetically identifiable cell populations have been

described previously. These Cre-driver lines were crossed to conditional alleles, as described throughout the text, to enable the

Cre-dependent expression of tdTomato (Ai9) (Madisen et al., 2010), GCaMP6s (Ai96) (Madisen et al., 2015), hM3Dq-mCitrine (Zhu

et al., 2016), or DTA (Voehringer et al., 2008) from the R26 locus. The LSL-hM3Dq-mCitrine allele was targeted for integration into

the R26 locus but, as established by the Jackson Laboratory (Bar Harbor, ME), it integrated elsewhere in the genome without

affecting functionality of the receptor. Trpv1-IRES-Cre animals were also bred to a floxed S1pr1 allele (Allende et al., 2003), allowing

a conditional deletion of S1pr1 in sensory neurons. Pam mice (Pamtm1a(EUCOMM)Wtsi) were obtained from EuMMCR (Skarnes et al.,

2011) and crossed with FLP deleter mice (B6N.129S4-Gt(ROSA)26Sortm1(FLP1)Dym/J) to obtain PAMfl/fl mice. GRP-Cre BAC-trans-

genic mice were bred to PAMfl/fl mice to conditionally delete PAM in GRP-expressing spinal cord neurons. Genotyping of offspring

from all breeding steps was performed with genomic DNA isolated from tail snips and allele-specific primer pairs (see Table S2).

PRIMARY CELL CULTURES

Primary cultures of DRG neuronswere generated from Trpv1-Cre::Ai96 and Sst-Cre::Ai96mice of both genders. DRGwere dissected

and dissociated as described previously (Li et al., 2017). Briefly, DRG were harvested and incubated in 5 mg/mL Collagenase/

Dispase (10269638001, Millipore-Sigma) for 30 minutes. Cells were mechanically dissociated and seeded on poly-D lysine-coated

coverslips and cultured for 48 hours before the experiment (DMEM/F12, 10% FBS, penicillin/streptomycin, 100 ng/mL NGF,

50 ng/mL GDNF).

Primary cultures of peritoneum-derivedmast cells (PDMC)were prepared as described previously (Tsvilovskyy et al., 2018). Briefly,

mast cells were isolated by peritoneal lavage from C57BL/6N mice of both genders and cultured for two weeks in medium (DMEM,

2 mM L-glutamine, penicillin/streptomycin, 5% FBS, 10 mM HEPES, 50 mg/ml gentamicin) containing IL3 (20 ng/ml) and SCF

(30 ng/ml).

METHOD DETAILS

RNA-sequencing
Sst-IRES-Cre and Trpv1-IRES-Cre pups at P2 were intraperitoneally injected with AAV9-CAG-Flex-eGFP or AAV9-CAG-Flex-

tdTomato (10 mL, 1x1013 vg/mL). From these mice, DRG neurons were acutely dissociated as described previously (Li et al.,

2017). Between 150-250 eGFP- or tdTomato-positive cells per mouse were hand-picked. Each picking session included one sample

per genotype to potentially identify experimentally induced biases. A total of 4 independent samples per genotype were generated.

Total RNA was extracted with a PicoPure RNA isolation kit (ThermoFisher Scientific, Waltham, MA) using the manufacturer’s

instructions. cDNA was produced and amplified using the Ovation� RNA-seq system V2 (NuGEN, San Carlos, CA) according the
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manufacturer’s protocol. Sequencing libraries were generated using the Nextera XT method (Illumina, San Diego, CA), pooled and

sequenced in 126 bp paired-end mode on a HiSeq 1000 instrument (Illumina). Data was demultiplexed, trimmed and mapped to the

mouse genomeGRCm38 using star (Dobin et al., 2013). Read counting was performed with featureCounts (Liao et al., 2014) and only

genes with at least 1 read in 3 out of 4 replicates were further analyzed. Differential gene expression was assessed with EdgeR (Rob-

inson et al., 2010) and genes with p < 0.05 were included in downstream analyses. Hierarchical clustering of samples was performed

with Morpheus (Broad institute, Cambridge, MA) using the settings ‘‘One minus Pearson correlation’’ and ‘‘linkage method com-

plete’’. GPCRs in the set of differentially expressed genes were identified using gene ontology. Expression differences in this

GPCR gene set were visualized as a heatmap using Morpheus. Prior to plotting, row median reads were subtracted from raw reads

and subsequently divided by the row median absolute deviation, to enhance the visibility.

ISH
DRGs were dissected from mice with various genotypes. Multi-labeling ISH was performed using the RNAscope� technology (ACD,

Newark, CA) according to the manufacturer’s instructions. Probes against Trpv1, Nppb, Mrgpra3, Tubb3, Hrh1, Htr1f, Cysltr2, and

S1pr1 in conjunction with the RNAscope� multiplex fluorescent development kit were used. Images were collected on an Eclipse Ti

(Nikon, Melville, NY) confocal laser-scanning microscope. Soma size was determined with ImageJ (NIH, Bethesda, MD).

Mast cell staining in the skin
Ear skin from MC-Cre::LSL-tdTomato, LSL-hM3Dq, MC-Cre::LSL-hM3Dq, and MC-DTA mice was fixed in 4% (w/v) paraformalde-

hyde (PFA) overnight at 4�C, cryoprotected in 30% sucrose for 2 days, embedded in Tissue-Tek� O.C.T. (Sakura Finetek, Torrance,

CA) and cut on a cryostat (Leica Biosystems, Buffalo Grove, IL) at 20 mm. Slides were warmed at 37�C for 30 minutes before fixing

sections for 10 minutes in 4% PFA. Sections were blocked (10% normal goat serum in PBS/0.2% Triton X-100) for 2 hours at room

temperature. Mast cells were visualized by incubation with avidin-FITC (1:500 in blocking solution, Millipore-Sigma, Burlington, MA)

for 60 minutes and three subsequent washing steps in PBS. In some cases, mast cell visualization was combined with immunohis-

tochemical staining for hM3Dq-mCitrine. Here, sections were incubated overnight at 4�C with a polyclonal anti-GFP antiserum

(A6455, ThermoFisher Scientific) at a 1:500 dilution in PBS/0.2% Triton X-100. Mast cell visualization was then performed during

incubation with the donkey-anti-rabbit-Cy3 secondary antibody (711-165-152, Jackson ImmunoResearch, West Grove, PA) at a

1:200 dilution in PBS/0.2% Triton X-100. All sections were coverslipped in Fluoromount G with DAPI (SouthernBiotech, Birmingham,

AL) and imaged on an Eclipse Ti (Nikon) confocal laser-scanningmicroscope with appropriate filter sets. Co-localization of FITC- and

tdTomato/Cy3-dependent fluorescence was analyzed with ImageJ.

Calcium Imaging
After 48 hours of culture, coverslips with primary DRG neurons were mounted on a DMi8 microscope (Leica, Allendale, NJ) in HBSS

buffer (in mM: 140 NaCl, 2 CaCl2, 10 HEPES, 4 KCl, 1 MgCl2, pH 7.4) and constantly super fused from a gravity-fed six-channel

system (VC-6, Warner Instruments, Hamden, CT). Imaging was done with an ORCA-Flash 4.0 C1440 digital CMOS camera

(Hamamatsu, Bridgewater, NJ) at 1 Hz. Fluorescence intensity in hand-drawn regions of interest was extracted using HCImage

(Hamamatsu) and plotted against time. Raster plots to visualize population responses were produced in R (R Core Team, 2013).

Reverse Transcription-PCR
Spinal cords from PAMfl/fl and GRP-Cre::PAMfl/fl mice were dissected and total RNA extracted using a RNeasy lipid tissue mini kit

(QIAGEN, Germantown, MD) following themanufacturer’s instructions. During RNA extraction, on column DNase treatment was per-

formed. Total RNA was reverse transcribed using SMARTScribe reverse transcriptase (Takara Bio, Mountain View, CA) and oligo(dT)

18 primer according to the manufacturer’s protocol. As a control, mock reactions lacking reverse transcriptase were performed and

used as no template control during PCR. Cre-recombined PAM transcripts (for primer: CACTGGGAGTTACTGGTGTTGGAT, rev

primer: TAAGGACACACCGGAACAGTCTT) or b-actin transcripts as a control (for primer: CTGGCTCCTAGCACCATGAAGATC,

rev primer: CTAGAAGCACTTGCGGTGCACG) were amplified by PCR using a Phusion� hot start flex polymerase (New England

Biolabs, Ipswich, MA) according to the manufacturer’s instructions and detected on 2% agarose gels.

ELISA of PDMC supernatants
After two weeks in culture and before stimulation with compound 48/80 (50 mg/ml), cells were washed twice in growth factor-free

medium and 1.5 3 104 (for quantification of LTC4 and serotonin release) or 1.5 3 105 (for quantification of S1p release) cells were

seeded in round-bottom 96-well plates. Release of LTC4 (501070, Cayman Chemical, Ann Arbor, MI), serotonin (ADI-900-175,

Enzo Life Sciences, East Farmingdale, NY) and S1p (CEG031Ge, Cloud-Clone Corp., Katy, TX) weremeasured in supernatants using

competition ELISAs according to the manufacturer’s instructions.

Mouse behavioral measurements
For all behavioral paradigms, the experimenter was blind to the genotype of mice under study. Ear-tag numbers were read after the

experiment and results were unblinded at the end of testing sessions. All behavioral experiments were conducted during the light

cycle at ambient temperature (�23�C). Behavioral assessment of scratching behavior was conducted as described previously
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(Mishra et al., 2011). Briefly, mice were injected subcutaneously into the nape of the neck with histamine, chloroquine, compound

48/80, LY344864 (all Millipore-Sigma), nor-Binaltorphimine, CYM5442 (both Tocris, Minneapolis, MN), CNO (Abcam, Cambridge,

MA), or N-met LTC4 (Cayman Chemical). Compounds were diluted in PBS except CYM5442 which was diluted in dH2O. Higher

doses of CNO led to anaphylaxis-like reactions, most likely because of the systemic dispersion of highly lipophilic CNO. Therefore,

we limited the CNO dose we employed in our studies to prevent anaphylaxis and consequently the conditions we used may not have

produced fully activated mast cells. In a separate experiment, GRP was injected intrathecally. Scratching behavior was recorded for

30 minutes and is presented in bouts per 30 minutes. One bout was defined as scratching behavior toward the injection site between

lifting the hind leg from the ground and either putting it back on the ground or guarding the paw with the mouth. Injections

of LY344864, CYM5442, N-met LTC4 and capsaicin in the mouse cheek itch/pain model were performed as described previously

(Shimada and LaMotte, 2008). Injection volume was always 10 ml.

Ablation of Trpv1 lineage neuronswas functionally verified by testing the sensitivity ofmice toward application of capsaicin onto the

cornea as described previously (Mishra et al., 2011). Briefly, 50 ml of a 50 mM capsaicin solution were applied onto the cornea and

wiping behavior was counted for 30 s. Responses to heat were tested as described previously with minor modifications (Hargreaves

et al., 1988). Hind paws of mice habituated in small plastic enclosures on a plantar test instrument (Ugo Basile, Gemonio, Italy) were

stimulated with a radiant heat beam and time to withdrawal was measured. Withdrawal was tested 5 times for each hind paw,

consecutive tests of the same paw were separated by at least 3 minutes. Cold responses were tested as described previously

(Brenner et al., 2012). Briefly, a dry ice pellet was applied below the hind paw of a mouse sitting on a glass surface and time to

withdrawal was measured. Withdrawal was tested 5 times for each hind paw, consecutive tests of the same paw were separated

by at least 3 minutes. Mechanical sensitivity thresholds were assessed using calibrated von Frey filaments employing the simplified

up-down method (Bonin et al., 2014). Motor coordination was tested by measuring the performance on an accelerating rota-rod, as

previously described (Jones and Roberts, 1968). Each mouse performed the task 3 times and the rod speed at failure was averaged.

Ongoing spontaneous pain responses were quantified by counting paw flinches for 15 or 30 minutes after intraplantar injection of

capsaicin or allyl isothiocyanate, respectively.

QUANTIFICATION AND STATISTICAL ANALYSIS

Prism 7.0 (GraphPad Software, La Jolla, CA) was used for statistical analyses. Differences betweenmean valueswere analyzed using

unpaired two-tailed Student’s t test when two groups were compared or 1-way analysis of variances with Sidak’s multiple compar-

isons post hoc test when more than two data groups were compared. Differences were considered significant for *p < 0.05. Exact

p values, definition and number of replicates as well as definitions of center and dispersion are given in the respective figure legend.

No statistical method was employed to predetermine sample sizes. The sample sizes used in our experiments were similar to those

generally used in the field.

DATA AND SOFTWARE AVAILABILITY

The RNaseq datasets generated in this paper have been deposited with GEO under ID code GSE125626.
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