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Guo et al. identify the pain and itch coding
mechanisms of MrgprD* primary afferent
neurons. While only glutamate is required
for mechanical pain signals mediated by
this population, the neuropeptide
neuromedin B (NMB) and a subthreshold
quantity of glutamate are released
together to excite NMB-sensitive
postsynaptic circuits for itch signals.
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SUMMARY

Pain and itch coding mechanisms in polymodal sensory neurons remain elusive. MrgprD* neurons represent
a major polymodal population and mediate both mechanical pain and nonhistaminergic itch. Here, we show
that chemogenetic activation of MrgprD* neurons elicited both pain- and itch-related behavior in a dose-
dependent manner, revealing an unanticipated compatibility between pain and itch in polymodal neurons.
While VGlut2-dependent glutamate release is required for both pain and itch transmission from MrgprD* neu-
rons, the neuropeptide neuromedin B (NMB) is selectively required for itch signaling. Electrophysiological re-
cordings further demonstrated that glutamate synergizes with NMB to excite NMB-sensitive postsynaptic
neurons. Ablation of these spinal neurons selectively abolished itch signals from MrgprD* neurons, without
affecting pain signals, suggesting a dedicated itch-processing central circuit. These findings reveal distinct
neurotransmitters and neural circuit requirements for pain and itch signaling from MrgprD* polymodal sen-

sory neurons, providing new insights on coding and processing of pain and itch.

INTRODUCTION

Pain and itch are unpleasant but distinct sensations. Despite
recent progress in the identification and characterization of mo-
lecular receptors involved in pain and itch detection,'™ how pain
and itch signals are encoded and transmitted from primary sen-
sory neurons to the central nervous system remains contentious.
Previous studies have identified several highly restricted popula-
tions of primary sensory neurons detecting a particular sensory
modality (e.g., TRPM8* neurons for cold, and MrgprA3* neurons
for itch).*®> However, most nociceptive afferent neurons are pol-
ymodal and can be involved in both pain and itch. How polymo-
dal sensory neurons differentiate and encode pain and itch sig-
nals remains unclear.

The expression of MrgprD defines one of the main popula-
tions of polymodal sensory neurons in the dorsal root ganglia
and trigeminal ganglia.°® MrgprD is a G protein-coupled re-
ceptor identified in both human and mouse sensory neu-
rons.>'® MrgprD-expressing neurons are polymodal C-fiber
neurons that mainly innervate the skin'' and can be activated
by chemical, mechanical, and thermal stimuli.°® Studies have
shown that MrgprD is selectively activated by B-alanine and
mediates nonhistaminergic itch in the skin.>'® In addition,
MrgprD* neurons can be activated by punctate mechanical
stimuli or pinching and mediate mechanical pain.'®>"* Although
MrgprD*-neuron-mediated itch and pain were reported in pre-
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vious studies, it is unclear whether MrgprD* neurons produce
pain and itch in a mutually exclusive (incompatible) manner
and whether the behavioral consequence is determined by
stimulus modalities or intensities.

Studies have shown that MrgprD* neurons synapse with
most known neuronal classes in the substantia gelatinosa
(SG; lamina Il) of the spinal cord and brainstem.'>'® However,
it is unclear which population(s) of SG neurons signal pain or
itch and how MrgprD* neurons communicate with these neu-
rons. Our previous in vivo electrophysiological recordings
showed that firing patterns of MrgprD™ neurons are different
in response to pain vs. itch stimuli. Specifically, noxious me-
chanical stimuli induce brief action potential firing in
MrgprD* neurons, while itch-inducing B-alanine induces pro-
longed burst firing.® We hence hypothesize that different pat-
terns of electrical activities lead to different neurotransmitter
release and activation of discrete SG neuronal populations
and circuits.

In this study, we indeed identified different neurotransmitter
requirements for pain and itch transmission from MrgprD* neu-
rons. MrgprD* neurons further synapse with segregated popula-
tions of central neurons that independently process pain and
itch. These results reveal differential mechanisms in coding
and transmission of pain and itch signaling in MrgprD* polymo-
dal sensory neurons, complementing previous studies of itch-
selective populations.”™1”
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RESULTS

Chemogenetic activation of MrgprD* sensory neurons
produces both pain and itch behavioral responses
Studies have shown that mechanical activation of MrgprD* neu-
rons generates pain,'>'* whereas chemical activation of
MrgprD* neurons by B-alanine evokes nonhistaminergic itch.®
However, it is unclear whether these distinct behavioral conse-
quences are determined by stimulus modalities or intensities
and whether pain and itch are produced in a mutually exclusive
(incompatible) manner. To address these questions, we tested
whether a single stimulus for MrgprD* neurons can generate
both pain and itch compatibly using the approach of designer
receptors exclusively activated by designer drugs (DREADD).
By crossing Mrgprd®®f™* mice'® with Cre-dependent
TgCAG-LSL-hMSDq-mCitrine mice, we generated MrgprdCreERT2/+,.
TgCAG-LSL-hM3Dg-mCitrine shemogenetic mice (Figure 1A). In this
line, the engineered Gqg-coupled DREADD receptor hM3Dq
and mCitrine reporter are expressed in MrgprD* neurons after
tamoxifen-induced CreERT2 nuclear translocation and DNA
recombination (referred to as Mrgpra™?3P9*). Immunofiuores-
cence staining showed that 63.5% of IB4* sensory neurons ex-
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Figure 1. Chemogenetic activation of
MrgprD* sensory neurons produces both
pain and itch behavioral responses
(A) Breeding strategy for the generation of
Mrgprd™3Pa+ mice. Mrgprd®™t™?* are crossed
with TgCAG-MM30a™ mice to produce MrgprdeER™2/;
TgCAG-M3Dal (\rgprd™3Pa*) mice and control lit-
termates. After tamoxifen-induced cre recombination,
.mCitrine*/ IB4"  the floxed stop codon between the AM3Dq allele and
BmCitrine/IB4*  cAG promoter is excised in MrgprD-expressing cells.
63.5% (B) Immunofluorescence staining showed that
63.5% of IB4* sensory neurons express mCitrine.
Arrows indicate mCitrine* neurons (n = 3 mice).
Findings were confirmed by RNAscope. See also
Figure S1.
(C and D) Whole-cell current-clamp recordings of
cultured I1B4~ (C) and 1B4* (D) DRG neurons from
Mrgprd™?303/+ mice. Traces are representative of
neuronal responses to CNO stimulation (0.1 mM,
bath applied).
(E) Quantification of CNO responses in cultured
DRG from Mrgprd™?3P%+ mice (n > 12 neurons per
group, from 4 mice).
0112 (F and G) Intradermal cheek injections of CNO
0 B4 1B4* produced simultaneous pain and itch responses in
Mrgprd™3P%’+ mice. When injected into the cheek
(20 pL, in 1% DMSO in saline vehicle), CNO robustly
induced scratching (F) and wiping (G) in a dose-
dependent manner (n > 5 mice per genotype per
dose). Please note that the vehicle control induced
mild pain-related wiping behavior in both control
and Mrgprd™3Pa+ mice, which may mask pain re-
sponses at the lowest tested CNO dose.
Data are presented as mean + SEM. Nonparametric
Mann-Whitney U tests were used to determine
statistical significance for (F) and (G). n.s., no sig-
nificance. *p < 0.05, *p < 0.01, **p < 0.001.
Scale bars: 50 um.
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press the mCitrine reporter in Mrgprd™3P+ mice (Figure 1B).
This percentage is consistent with the proportion of IB4* neurons
that express MrgprD.®'" Further RNAscope in situ hybridization
confirmed the co-localization of hM3Dq and Mrgprd mRNA
expression in Mrgprd™3P9* mice (Figure S1). Whole-cell
patch-clamp recordings show that CNO exited a subset of
IB4* sensory neurons from Mrgprd™P%+ mice but not control
mice (Figures 1C-1E), demonstrating the functional expression
of hM3Dq in MrgprD* neurons.

To study the behavioral consequence of chemogenetic acti-
vation of MrgprD* neurons, we injected CNO into the
cheek skin of Mrgprd™?3P+ mice. Study has shown that pain
induces wiping behavior, whereas itch induces scratching
behavior, in mice."® Interestingly, CNO induced both pain-
related wiping behavior and itch-related scratching behavior
in Mrgprd™3P* mice but not control mice (Figures 1F and
1G). Importantly, both wiping and scratching increased with
CNO doses (Figures 1F and 1G), with no indication of cross in-
hibition between pain and itch mediated by MrgprD* neurons.
These results, for the first time, reveal that pain and itch can
be induced in a compatible manner by a single stimulus for
MrgprD* polymodal sensory neurons.
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Figure 2. Glutamate and neuromedin B (NMB)
are released by MrgprD™* neurons for synaptic
transmission

(A) Fluorescence-activated cell sorting (FACS)
analysis of GFP* neurons from wild-type and
Mrgprd®GFP"* mice. Gated GFP* fraction accounted
for ~15% of all events.

(B) RT-PCR analysis of solute vesicle and neuro-
transmitter precursor expression in FACS-purified
MrgprD-GFP neurons. The glutamate transporters
Vglut1 and Vglut3 and the neuropeptides Cgrp, Grp,
and Nppb were not detected in MrgprD-GFP neu-
rons, while Vglut2 and Nmb were robustly ex-
pressed by this population. BSA-purified, unsorted
DRG neurons were used as a control.

Calca Grp Nmb  Nppb

Calca Grp Nmb  Nppb

B VGLUT2/GFP* (C) Immunofluorescence staining of DRGs from
CIVGLUT2/GFP* Mrgpra®GFP"* mice showed broad co-expression of
93.5% VGIut2 in GFP* neurons, indicating that most

. 0

MrgprD* neurons expressed VGIut2 (n = 3 mice).
(D) In situ analysis showed that all Mrgprd* neurons
expressed Nmb (n = 3 mice).

(E) Extracellular glutamate level of cultured DRG
neurons from control and Mrgprd™?3°%+ mice after

6.5% vehicle or CNO treatment (500 uM), as determined
B Nmb*/Mrgprd* by enzymatic assay. Data are normalized to vehicle
O Nmb/Mrgprd* treatment (n = 3 biological pairs).

100% (F) Extracellular NMB level of cultured DRG neurons

from control and Mrgprd™3P%+ mice after vehicle or

CNO treatment, as determined by ELISA (n = 3
biological pairs).

(G) Extracellular glutamate level of cultured DRG
neurons from wild-type mice after p-alanine (1 or

0,
E F G H L 2 mM, as indicated) or KCI (30 mM) treatment. Data
- 8 . c 8 - are normalized to vehicle treatment. Mean value is
- .g _ e -.9_, _ . indicated above each column (n > 5 biological
a2 £ 273 g3 replicates).
g g s g g N . (H) Extracellular NMB level of cultured DRG neurons
85 . g 4 85 g B g b from wild-type mice after vehicle, B-alanine (1 mM),
g 2 8 5 295 8 ° or KCI (30 mM) treatment. Data are normalized to
8 nZ 9 8 £ mZ vehicle treatment. (n = 7 biological replicates).
; E All data are presented as mean + SEM. Shapiro-Wilk

0 0
[E Control [l MrgprD"3ba+

Mrgprd* sensory neurons express both the vesicular
glutamate transporter 2 and neuropeptide

neuromedin B

Our chemogenetic results raised the question of how pain and
itch signals from MrgprD* neurons are transmitted to and deci-
phered by central neurons. RT-PCR of sorted MrgprD-EGFP
neurons from Mrgprad®¢ "+ mice indicate that MrgprD* neurons
selectively express the vesicular glutamate transporter 2
(Vglut2), which transports glutamate into synaptic vesicles,'®
and the neuropeptide neuromedin B (Nmb) (Figures 2A and
2B). In contrast, the pain- or itch-related neuropeptides
CGRP (Calca), gastrin-releasing peptide (Grp), and natriuretic
peptide B (Nppb) were not detected in MrgprD* neurons (Fig-
ure 2B). Further immunostaining and in situ hybridization
confirm that Vglut2 is expressed by most MrgprD-EGFP neu-
rons (230/246; Figure 2C), and Nmb mRNA was present in all

0 0
B 1 mMB-ala [E2mM B-ala [[] KCI

tests were used to determine data normality for (E)-
(H). Unpaired Student’s t tests was used to deter-
mine statistical significance for (E) and (F). Paired
(pre/post) Student’s t tests were used for (G) and (H).
*p < 0.05, **p < 0.01. Scale bars: 50 um.

MrgprD* neurons (962/962; Figure 2D). Since chemogenetic
activations of MrgprD* neurons evoke both pain and itch, we
tested whether glutamate and NMB are released by MrgprD*
neurons for pain and itch signaling. CNO treatments of cultured
sensory neurons from Mrgprd™?3P9+ mice resulted in signifi-
cant release of both glutamate and NMB peptide, which was
not detected in control mice (Figures 2E and 2F). Compared
with CNO, the itch-inducing MrgprD agonist B-alanine elicited
significant release of NMB, albeit mild glutamate release,
from dorsal root ganglion (DRG) neurons of wild-type (WT)
mice (Figures 2G and 2H). Taken together, our data show
that MrgprD* neurons express Vglut2 and Nmb and release
glutamate and NMB peptide upon chemogenetic activation.
Pruritogen challenge likely induces the release of peptide
NMB preferentially, accompanied by low glutamate co-release,
from MrgprD* neurons.
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Figure 3. Glutamate is required for signal
coding and transmission of both pain and
itch in MrgprD* sensory neurons

(A) Breeding strategy for the generation of Mrgprd-
Vglut2 cKO mice. After tamoxifen-induced cre
recombination, the floxed exon 2 of Vglut2 is excised
in Mrgprd-expressing cells, resulting in the condi-
tional deletion of VGIut2 in MrgprD™ cells. Note, the
deletion of exon 2 produces a reading frameshift; no
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subsequent exon is translated in Vglut2.

(B and C) Immunofluorescence staining of VGIut2 in
DRGs from control and MrgprD-Vglut2 cKO mice.
After tamoxifen-induced recombination, VGlut2
expression was reduced from 96.9% IB4* trigeminal
ganglia (TG) and DRG neurons in control mice (B) to
only 27.5% in MrgprD-Vglut2 cKO mice (C) (n > 3
mice per genotype). See also Figure S2.
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VGlut2-dependent glutamate release is required for
signal coding and transmission of both pain and itch in
MrgprD* sensory neurons

To determine the role of glutamate in pain and itch signaling
from MrgprD* neurons, we generated Mrgprd©eERT2/
Vglut2®* mice in which Vglut2 was conditionally deleted
from Mrgprd* neurons after postnatal tamoxifen treatment
(referred to as Mrgprd-Vglut2 conditional knockout [cKO]
mice; Figure 3A). Immunostaining confirmed that VGlut2
expression was decreased from 96.9% IB4" neurons in
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(D-J) MrgprD-Vglut2 cKO mice showed defects in
mechanical pain and nonhistaminergic itch. (D)
MrgprD-Vglut2 cKO mice exhibited significantly
lower sensitivity to noxious mechanical stimuli
(n = 10 per group). (E and F) Mrgprd-Vglut2 cKO
mice did not show defects in thermal nociception, as
measured by (E) Hargreaves assay (n > 5 per group)
and (F) tail flick assay (50°C, n > 5 per group). (G and
H) Mrgprd-Vglut2 cKO mice did not develop
(G) spontaneous itch (n 8 per group) or
(H) enhanced itch responses to chloroquine
(0.16 umol in 20 pL, n = 6 per group). In contrast, (1)
B-alanine- (1 pmol) and (J) diethylstilbestrol (DES;
1 umol in 50 pL ethanol vehicle for topical nape
application)-induced scratching were significantly
reduced (n > 12 and n = 6 per genotype, respec-
tively). Unless otherwise indicated, all injections
were 20 pL at the cheek using saline vehicle. ltch
behavior was recorded and analyzed for 15 min,
except for the chloroquine assay (30 min).

Data are presented as mean + SEM. Nonparametric
Mann-Whitney U tests were used to determine sta-
tistical significance for (D)-(J). n.s., no significance.
*p < 0.05, *p < 0.01, **p < 0.001. Scale bars:
50 um.
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littermate controls to only 27.5% IB4*
neurons in Mrgprd-Vglut2 cKO mice
(Figures 3B and 3C). The ~70% decrease
in VGIut2/I1B4 co-localization is consistent
with the proportion of MrgprD-expressing
neurons within the IB4* population.®"
Notably, the expression of the other two
vesicular glutamate transporters (Vglut1
and Vglut3) remains undetectable in Mrgprd® neurons after
the genetic deletion of Vglut2 (Figure S2), arguing against po-
tential compensatory mechanisms by VGlut1 or VGIut3.
Next, we tested whether VGlut2-dependent glutamate release
is required for nociceptive signaling from MrgprD™ neurons.
Mrgprd-Vglut2 cKO mice exhibited significantly reduced paw
withdrawal frequencies to von Frey stimulation at all tested
forces (from 0.6 to 2.0 g; Figure 3D), indicating that they are
less sensitive to noxious mechanical stimuli. In contrast, no dif-
ferences in thermal pain responses were observed between

Scratching Bouts
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Mrgprd-Vglut2 cKO and controls in Hargreaves or tail flick as-
says (Figures 3E and 3F), correlating well with previous studies
showing the normal thermal sensitivity of MrgprD*-neuron-abla-
ted mice.'®?° These results demonstrate that VGlut2-dependent
synaptic glutamate release from MrgprD* neurons is required for
signaling mechanical pain.

Previous studies have shown that cKO of Vglut2 in Nav1.8- or
TRPV1-lineage neurons (including MrgprD* neurons and many
other small-diameter sensory neurons?’) leads to enhancement
of acute itch and even spontaneous itch in older mice.?** This
effect is thought to be attributed to the interruption of tonic sup-
pression of itch by pain at the circuit level. However, Mrgpra-
Vglut2 cKO mice did not display spontaneous itch even 4 months
after tamoxifen treatment (Figure 3G). Furthermore, Mrgpra-
Vglut2 cKO mice did not show enhanced acute itch to chloro-
quine (an itch-inducing compound that activates an MrgprD-in-
dependent population®*) (Figure 3H). These results indicate that
the mechanical pain defects of Mrgprd-Vglut2 cKO mice do not
impair tonic suppression of itch or enhance itch at the circuit level.

In contrast to the finding that VGlut2-dependent glutamate
signal is dispensable for itch signaling,>*> MrgprD*-neuron-
mediated itch was nearly abolished in Mrgprd-Vglut2 cKO
mice. Scratching responses to f-alanine were significantly
attenuated in Mrgprd-Vglut2 cKO mice compared with control
littermates (Figure 3l). In addition, itch responses to topically
applied diethylstilbestrol (DES), a synthetic nonsteroidal estro-
gen that directly activates both human and mouse MrgprD re-
ceptors,?® was also reduced in Mrgprd-Vglut2 cKO mice (Fig-
ure 3J). These results demonstrated that glutamate is
required for coding and transmitting both pain and itch signals
from MrgprD™* neurons.

Neuropeptide NMB is selectively required for itch
sensation in MrgprD* neurons
The indispensable roles of glutamate in both pain and itch
signaling raise the question of how pain and itch signals from
MrgprD* neurons are differentiated by central neurons. Besides
glutamate, NMB is expressed by MrgprD* neurons. To deter-
mine the role of NMB in signaling pain and itch in MrgprD* neu-
rons, we generated Mrgprd©®Ef™2+:Nmb"F mice (referred to as
Mrgprd-Nmb cKO mice after tamoxifen induction; Figure 4A).
Single-cell RT-PCR confirmed that Nmb was specifically deleted
from MrgprD* neurons of Mrgprd-Nmb cKO mice (Figures 4B
and 4C). Compared with their littermate controls, Mrgprd-Nmb
cKO mice displayed normal paw withdrawal responses to von
Frey stimulation at all tested forces (Figure 4D), suggesting that
NMB is not required for mechanical pain signaling from
MrgprD™* neurons. Likewise, no defects were found in their ther-
mal pain responses in Hargreaves and tail flick assays
(Figures 4E and 4F). In contrast, itch responses to intradermal in-
jection of B-alanine were nearly abolished in Mrgprd-Nmb cKO
mice compared with control littermates (Figure 4G). Moreover,
scratching behavior induced by topically applied DES was signif-
icantly attenuated in Mrgprd-Nmb cKO mice (Figure 4H). These
results indicate that NMB is required for signaling itch rather than
mechanical pain mediated by MrgprD™ neurons.

To confirm the selectivity of NMB for itch signaling in MrgprD*

neurons, we generated Mrgprd™?3P%*:Mrgprd-Nmb mice in
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which hM3Dq is expressed in NMB-deficient MrgprD* neurons.
We found that CNO-induced wiping behavior was not signifi-
cantly changed in Mrgprd™*®P9*;Mrgprd-Nmb mice compared
with control Mrgprd™P* mice (Figure 4l). In contrast, scratch-
ing behavior was significantly reduced in Mrgprd™3Pa’+;
Mrgprd-Nmb mice (Figure 4l), substantiating the selectivity of
NMB in signaling itch. Taken together, our data demonstrate dif-
ferential neurotransmitter utilization for pain and itch signaling
from MrgprD* neurons. While glutamate is required for the trans-
mission of both pain and itch, NMB is selectively required for
transmitting itch but not pain. This provides a mechanism by
which MrgprD* neurons code pain and itch signals discretely.

NMB-sensitive spinal neurons postsynaptic to MrgprD*
primary afferents are itch selective

Differential neurotransmitter utilization for pain and itch signaling
raises the question of whether itch and pain are transmitted
by discrete neural circuits. Since NMB is released by MrgprD*
neurons to transmit itch signals, we hypothesized that NMB-
sensitive neurons postsynaptic to MrgprD* primary afferents
selectively process itch signals. To test the hypothesis, we con-
ducted brainstem slice recordings of neurons that express the
receptor for NMB (NMBR™) in the medullary dorsal horn (MDH).
Utilizing NmbrFEFF reporter mice,?® we found that B-alanine acti-
vation of MrgprD* primary afferents induced depolarization and
action potential firings in a subset of NmbrF¢F* MDH neurons
(Figure 5C), suggesting the synaptic connections between
MrgprD™* primary afferents and Nmbrf¢** MDH neurons. Immu-
nostaining for the presynaptic markers synaptophysin-1 further
confirmed that MrgprD* central axons synapse with Nmbr* neu-
rons (Figure S3).

To determine how glutamate and NMB work together to signal
itch, we tested their effects on NMBR™ neurons. Electrophysiolog-
ical recordings of brainstem slices indicated that NMB induced
depolarization and action potential firings in Nmbrf&* MDH neu-
rons in a dose-dependent manner (Figures 5A and 5B). In
contrast, glutamate (100 pM) or AMPA (a specific agonist for an
ionotropic glutamate receptor, 1 uM) induced depolarization but
failed to induce action potential firings in NmbrF®™* neurons
(Figures 5D and 5F). Because the pruritogen B-alanine elicits the
release of NMB and low amounts of glutamate from MrgprD* neu-
rons, we further checked how NMB and glutamate work together
to signal itch. Remarkably, low-concentration AMPA (1 uM) signif-
icantly potentiated the effects of subthreshold NMB (1 pM) and
induced significant action potential firings of Nmbrfé7™* MDH
neurons (Figures 5D-5F), which was not observed in the control
groups treated with AMPA (1 uM; Figures 5D-5F) or NMB alone
(1 uM; Figure 5B). Our results demonstrate that NMB and gluta-
mate act synergistically on NMBR* central neurons for itch
signaling.

To further determine whether NMB-sensitive central neurons
transmit itch signals, we ablated NMBR™* neurons via intracister-
nal injection of NMB-saporin (Figure 5G) and examined the
consequential behavioral responses to nociceptive stimuli and
B-alanine. Paw withdrawal responses to von Frey stimulation
and noxious thermal stimuli were not significantly different be-
tween neuron-ablated and control mice receiving blank-saporin
(Figures 5H-5J). Scratching responses to intradermal -alanine,
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Figure 4. The neuropeptide NMB is selectively required for itch sensation in MrgprD* neurons

(A) Breeding strategy for the generation of Mrgprd-Nmb cKO mice. After tamoxifen-induced cre recombination, the floxed exon 2 of Nmb, which encodes the
NMB signaling peptide, is excised in Mrgprd-expressing cells, resulting in the conditional deletion of NMB in MrgprD* cells.

(B and C) Single-cell RT-PCR of IB4* DRG neurons from control and Mrgprd-Nmb cKO mice. After tamoxifen treatment, (B) Nmb expression was not affected in
DRG neurons from control mice but (C) was undetectable in Mrgprd* neurons from Mrgprd-Nmb cKO mice. Note that IB4*/MrpgrD~ neurons from both ge-
notypes express Nmb (n = 3 mice per genotype).

(D) Mrgprd-Nmb cKO mice showed similar response frequencies to von Frey stimulation as control littermates (n > 6 per group).

(E and F) Mrgprd-Nmb cKO mice did not develop defects in thermal nociception, as measured by (E) Hargreaves assay (n > 5 per group) and (F) tail flick assay
(50°C, n > 5 per group).

(G and H) B-alanine- (1 pmol, saline vehicle) (G) and DES (H) (1 pmol in 50 pL ethanol vehicle for topical nape application)-induced scratching (bouts/15 min) were
significantly reduced (n > 6 per genotype for both experiments).

() CNO-induced itch is selectively diminished in Mrgprd™3°%"*:Mrgprd-Nmb cKO mice. While there was no significant difference in CNO (20 nmol, 1% DMSO
saline vehicle)-induced wiping behavior between control and cKO mice, itch-related scratching responses were significantly attenuated in the Mrgprd-Nmb cKO
mice (n > 5 per genotype). Pain and itch behavior was recorded and analyzed for 30 min. Unless otherwise indicated, all injections were 20 pL at the cheek.
Data are presented as mean + SEM. Nonparametric Mann-Whitney U tests were used to determine statistical significance for (D)—(l). n.s., no significance.
*p < 0.05, **p < 0.001.

however, was nearly abolished in neuron-ablated mice (Fig- To confirm the selectivity of postsynaptic NMBR* MDH neu-
ure 5K), suggesting that NMB-sensitive postsynaptic neurons rons for itch transmission, we ablated NMBR* neurons in
are itch selective. Mrgprd™?3P/+ mice. CNO-induced pain-related wiping behavior
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(o Figure 5. NMB-sensitive medullary dorsal

e horn (MDH) neurons receive itch input from
OL

&

MrgprD™ afferents

(A-F) Ex vivo slice recording of brainstems from
NmbrEe P+ mice. (A) Representative whole-cell cur-
rent-clamp recording of NMB (4 uM, bath perfusion)
response in Nmbrf¢>* MDH neurons. (B) Quantifi-
cation of Nmbrf™* MDH neuron responses to NMB.

Membrane
potential (mV)
g

B Ctrl B-ala NMB dose-dependently induced membrane potential
increase in Nmbrfé* neurons (n > 6 neurons from
3 mice for each group). (C) B-alanine (1 mM, bath
perfusion)-induced increase in membrane potential in
4/8 APs a subset of NmbrEe™* MDH neurons (13/25 neurons,
0/5 APs 4

from 10 mice). Synaptic connections were also
confirmed by immunostaining; see also Figure S3. (D)
Representative whole-cell current-clamp recording of
AMPA (1 uM, bath perfusion). (E) Representative
whole-cell current-clamp recording of AMPA and
NMB (1 uM each, bath perfusion). (F) Quantification of
\gz" NmbrEeP+ MDH neuron responses to AMPA alone

[\ &
N \x{@ and AMPA with NMB. AMPA-enhanced NMB induced
N '\x\‘) membrane potential increase and action potential
firing in Nmbrf®™* neurons (n > 5 neurons from

. 50°C Hot Plate
210

3 mice for each group). Please note that for (D)—(F),
recordings were performed in the presence of 100 pM
picrotoxin and 1 uM strychnine to block GABA and
glycine receptors.

(G) Validation of Nmbrf¢ "+ MDH neuron ablation
after intracisternal NMB-saporin injection. GFP
signal was found in the MDH of blank-saporin-in-
jected NmbrFS P+ mice. In contrast, no GFP signal
was found in the MDH of NMB-saporin-injected
NmbrF®P+ mice (n > 3 mice per group).

(H) Intracisternal NMB-saporin injection did not
affect response to von Frey stimulation (n = 6 mice
per group).

(I and J) Thermal nociception, as measured by (1)
Hargreaves assay (n > 6 per group) and (J) tail flick
assay (n > 6 per group), was not significantly
changed by NMB-saporin injection.

(K) Intracisternal NMB-saporin injection attenuated
B-alanine (1 umol, 20 puL cheek, saline vehicle)-
induced itch-related scratching behavior (bouts/
15 min, n > 5 mice per group).

Response Latency

0
Ctrl Sap

(L) CNO (20 nmol in 20 pL cheek, 1% DMSO saline vehicle)-induced wiping responses were not different between blank- or NMB-saporin-injected
I\ﬂrgprd”"”“"’/+ mice, but itch-related scratching was nearly abolished by NMB-saporin injections (n > 5 mice per group). Pain and itch behavior was recorded

and analyzed for 30 min.

Data are presented as mean + SEM. Shapiro-Wilk tests were used to determine data normality, and paired (pre/post) Student’s t tests were used to determine
statistical significance for (A), (C), and (F). Nonparametric Mann-Whitney U tests were used to determine statistical significance for (H)-(L). *p < 0.05, **p < 0.01,

***p < 0.001. Scale bars: 50 pm.

was not significantly changed after NMB-saporin injection (Fig-
ure 5L), while itch-related scratching behavior was nearly abol-
ished (Figure 5L). Taken together, our data demonstrate that
pain and itch signals from MrgprD* neurons are received and
processed by NMB-insensitive and NMB-sensitive MDH neu-
rons, respectively, suggesting that discrete MDH populations
and central circuits transmit pain and itch signaling from polymo-
dal nociceptive neurons.

DISCUSSION

In this study, we delineated the differential mechanisms for pain
and itch coding and transmission from MrgprD* polymodal sen-

sory neurons. Our results show that MrgprD* neurons utilize two
neurotransmitters, glutamate and the neuropeptide NMB, to
transmit sensory information. Upon noxious mechanical stimula-
tion, MrgprD* neurons release glutamate. By contrast, upon pru-
ritogen challenge, MrgprD* neurons release both glutamate
(likely in low amounts, as shown in Figure 2G) and NMB to acti-
vate an NMB-sensitive, itch-selective central circuit.

As MrgprD* polymodal neurons account for ~20% of total
sensory neurons,”'" it raises the question of whether MrgprD*
neurons comprise distinct subsets that mediate pain and itch,
respectively. Our and others’ studies have shown that pain-
and itch-related receptors/ion channels (e.g., MrgprD, Piezo2)
are ubiquitously expressed by MrgprD* polymodal neurons,
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Figure 6. The combinatory model for pain and itch coding by
MrgprD* polymodal neurons

MrgprD* polymodal afferents detect both noxious mechanical forces and
pruritic chemical stimuli including B-alanine. Mechanical stimuli induce brief
action potential firings in these neurons and glutamate release at their central
terminals. In contrast, chemical pruritogens like B-alanine induce burst firings
in MrgprD* neurons, which triggers the release of neuropeptide NMB as well
as a low level of glutamate release at central terminals. Itch signals are
received and processed by NMBR* spinal neurons and related itch pathways.

which enables individual MrgprD* neurons to respond to both
itch- and pain-related stimuli.® Furthermore, VGlut2 and NMB
are broadly expressed by MrgprD* neurons. This suggests
that all MrgprD* neurons are capable of releasing pain- and
itch-related neurotransmitter(s) to signal distinct neuronal popu-
lations in the SG (lamina Il) of the spinal cord and brainstem.
Therefore, previous and our current studies support the intrinsic
polymodality of MrgprD™ neurons.

Chemogenetic activation of MrgprD* neurons evokes both
pain and itch, correlating well with the polymodality of MrgprD*
neurons. Previous study suggested that chemogenetic and op-
togenetic activation of an itch-selective neuronal population
(MrgprA3*) generate distinct behavioral consequences (itch vs.
pain),®’ raising the question of whether these synthetic
biology-based approaches unnaturally activate neurons and
generate artificial behavioral consequences. Indeed, varying pa-
rameters of optogenetic stimulation including light pulse fre-
quency, duration, amplitude (i.e., power), and pattern (e.g., num-
ber of pulses in a train, intervals between pulse trains, etc.)
activate neurons differentially and result in diverse behavioral
consequences.'"?"*?8 Since we have not established the optimal
optogenetic stimulation protocol for MrgprD* neurons, this study
does not involve optogenetic manipulation of MrgprD* neurons.
Instead, we activated MrgprD* neurons using a chemogenetic
approach. Our chemogenetic experiment recapitulates the
behavioral consequences of activating MrgprD* neurons using
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pruritogenic B-alanine and noxious mechanical stimuli, suggest-
ing that chemogenetic stimulation induces genuine intrinsic
behavior rather than artificial consequence.

Our previous in vivo electrophysiological recordings have
shown that noxious mechanical stimulation of MrgprD* neurons
induced brief action potential firing, whereas the pruritogen
B-alanine induced prolonged burst firing.® While the former firing
pattern is sufficient for glutamate release, the latter firing pattern
preferentially facilitates the release of neuropeptides.?®*° Study
has shown that the release of the neuropeptide substance P de-
pends on the number of electrical stimuli and increases with pro-
longed stimulations.?® Importantly, “stimulation with bursts of
three impulses when delivering a fixed number of stimuli resulted
in detection of increased levels of substance P.”?° This is com-
parable to the firing pattern evoked by B-alanine. Interestingly,
immunoelectron microscopy (immunoEM) studies indicate that
substance P and glutamate are localized in different vesicles
(large dense-core vs. small lucent vesicles).®' It is very likely
that burst firing preferentially facilitates the release of large
dense-core vesicles from primary sensory neurons. NMB, as a
neuropeptide, may as well be packed in large dense-core vesi-
cles but not glutamate-containing small lucent vesicles. Indeed,
our previous and current studies indicate that B-alanine treat-
ments induce prolonged burst firing and elicit a significant
release of NMB from MrgprD* neurons. NMB deficiency in
MrgprD* neurons selectively abolishes itch but not pain. These
results suggest that pain and itch stimuli are detected and en-
coded into different patterns of electrical activities and neuro-
transmitter release from MrgprD* neurons (pattern theory).

In the central nervous system, MrgprD* neurons synapse with
most known neuronal classes in the SG of the spinal cord and
brainstem'®'® but have a very limited selection of neurotransmit-
ters (mainly glutamate and NMB) to communicate with SG neu-
rons. The pruritogen B-alanine elicits high NMB release, albeit
mild glutamate release, from MrgprD* neurons. Our electrophys-
iological study further indicates that low amounts of glutamate
potentiate the effects of NMB and selectively activate NMBR*
SG neurons for itch transmission, which defines a central
“labeled line” for itch.

Our finding leads to a working model for MrgprD* polymodal
sensory neurons, which comprises the components of both the
pattern theory (periphery) and labeled line (central). We name
this model “combinatory coding theory” (Figure 6). In this model,
mild glutamate release upon itch stimulation enhances NMB sig-
nals to activate the itch pathway while preventing inadvertent
activation of pain-processing circuits. In contrast, high gluta-
mate release is required for activating NMB-independent pain
pathways and signaling pain. This new model sheds light on
the neural mechanism by which polymodal sensory neurons
encode and segregate itch and pain signals and advances our
understanding of sensory coding and processing in the nervous
system.

Limitations of the study

Our study provides insights into the neurotransmitter-based
coding mechanisms for pain and itch signals from MrgprD-ex-
pressing peripheral afferents. Our experimental methods rely
heavily on mouse behavioral models, which result in two main
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limitations. First, additional studies are needed to determine
whether our described coding mechanism is conserved in other
laboratory animals or humans. While MrgprD is also expressed
by human DRG neurons, the precise level of genetic and func-
tional conservation between human and mouse remains to be
determined. Second, additional molecular studies are needed
to delineate the mechanisms controlling neurotransmitter
release, specifically release of glutamate- vs. neuropeptide-con-
taining synaptic vesicles.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

rabbit anti-GFP Life Tech Cat# A11122; RRID: AB_221569
chicken anti-GFP Aves Cat# GFP-1020; RRID: AB_2307313
Alexa Fluor 488 conjugated 1B4 Life Tech Cat# 121411

guinea pig anti-Vglut2 EMD Cat# AB2251

guinea pig anti-Synaptophysin 1

donkey anti-chicken AF488 conjugated
donkey anti-guinea pig Cy3 conjugated
donkey anti-guinea pig AF647 conjugated
goat anti-rabbit AF488 conjugated

Synaptic Systems
Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch
Molecular Probes

Cat# 101-004

Cat# 703-546-155; RRID: AB_2340376
Cat# 706-165-148; RRID: AB_2340460
Cat# 706-605-148; RRID: AB_2340476
Cat# A-11034; RRID: AB_2576217

sheep anti-Digoxigenin-AP, Fab fragments Roche Cat# 11093274910
sheep anti-Fluorescein-POD, Fab fragments Roche Cat# 11426346910
Chemicals, peptides, and recombinant proteins

Neuromedin B (porcine) Tocris Cat# 1908

ISH BLocking Reagent Roche Cat# 11096176001

Flouromount-G
OPAL 520 REAGENT PACK
OPAL 570 REAGENT PACK

Southern Biotech
Akoya Biosciences

Akoya Biosciences

Cat# 0100-01
Cat# FP1487001KT
Cat# FP1488001KT

Clozapine-N-Oxide Tocirs Cat# 4936

Diethylstilbestrol Sigma Cat# D4628-1G
NMB-Saporin KIT KIT-70 Advanced Targeting Systems
Critical commercial assays

Glutamate Assay Kit Sigma Cat# MAK004

Mouse NMB/Neuromedin B (Competitive EIA) ELISA Kit  LSBio Cat# LS-F4262-1

TSA Plus system Perkin Elmer Cat# NEL741001KT

HNPP Fluorescent Detection Set Roche Cat# 11758888001

RNAscope Multiplex Fluorescent V2 Assay
RNeasy Mini Kit

First-Strand Enzyme Kit

Tag DNA Polymerase kit

Advanced Cell Diagnostics
Qiagen

New England Biolabs

New England Biolabs

Cat# 323110
Cat# 74104

Cat# E6300S
Cat# E5000S

SuperScript Ill CellsDirect cDNA Synthesis kit Invitrogen Cat# 18080200
HotStar Taq Polymerase Qiagen Cat# 203203
Experimental models: Organisms/strains
Mrgprd™?-(Cre/ERT2) Wl Penn Gene Targeting Core and Laboratory ~ N/A
C57BL/6J The Jackson Laboratory Stock# 000664
ol GRS Er Ry The Jackson Laboratory Stock# 007908
T9(CAG-Chrm3*,-mCitrine)Ute/J The Jackson Laboratory Stock# 026220
Slc17a6™mtoy The Jackson Laboratory Stock# 012898
NMBImT-1(KOMP)Vieg, 4 The Jackson Laboratory Stock# 025862
Mrgprd=Ff Dr. Mark Zylka, the University of North N/A

Carolina at Chapel Hill
NmbrFeFP Dr. Zhou-feng Chen, Washington N/A

University in St. Louis

Oligonucleotides

Oligonucleotides

This paper

Tables S1 and S2

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Software and algorithms

Graphpad Prism V Graphpad N/A

pClamp 10.5 Molecular Devices N/A

Other

Mm-Mrgprd probe Advanced Cell Diagnostics Cati# 417921
CHRMS3-No-XMm-01-C2 Probe Advanced Cell Diagnostics Cat# 1071861-C2
Glass Bottomed Dishes MatTek Cat# P35G-0-7-C
SMARTouch controller World Precision Instruments Cat# 40220
Vibratome Series 3000 Plus Tissue Sectioning System Leica Instruments N/A

MultiClamp 700B amplifier Molecular Devices N/A

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact and cor-
responding author, Qin Liu (ginliu@wustl.edu).

Materials availability
This study did not generate new reagents.

Data and code availability
® The presented data is available from the lead contact upon request.
® This study did not generate new code.
® Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon
request.

EXPERIMENTAL MODEL AND SUBJECT PARTICIPANT DETAILS

Mrgprg™-1(re/ERT2WAl \yag generated by Penn Gene Targeting Core and Laboratory (PGT), University of Pennsylvania. Cre recom-
bination in experimental mice were induced in mice postnatally (P28) with tamoxifen.

C57BL/6J wild-type (Stock#: 000664), Rosa!™'#(CAG-taTomatolHize; j (Stock#: 007908), Tg(CAG-Chrm3*,-mCitrine)Ute/J (Stock#:
026220), Slc17a6™ "1 (Stock#: 012898), and NMB!™"-1KOMP)Vic, j (Stock#: 025862) mice were purchased from the Jackson Lab-
oratory. Mrgprd® " knock-in mice were gifted by Dr. Mark Zylka at the University of North Carolina at Chapel Hill in Chapel Hill,
North Carolina. Nmbr=®™ mice were from Dr. Zhou-Feng Chen when he worked at Washington University School of Medicine in
St. Louis. All animals were bred and housed in pathogen free vivarium with 12 h light:dark and 72°F-74°F temperature control until
the start of experiments. For all behavioral experiments, researchers were blinded to mouse genotype throughout experimentation
and analysis, and animal testing order was assigned by simple randomization. Mixed gender animals were used when possible. All
experiments were performed according to National Institutes of Health guidelines and protocols approved by the Institutional Animal
Care and Use Committees of Washington University in St. Louis School of Medicine and that of the University of Pennsylvania.

METHOD DETAILS

Immunofluorescence

Adult 8- to 10-week-old mice were anesthetized with ketamine/xylazine cocktail and perfused with 20 mL of ice-cold phosphate
buffer solution (PBS, pH 7.4) followed by 45 mL of ice-cold fixative (4% paraformaldehyde (PFA) in PBS). Trigeminal ganglia (TG)
and dorsal root ganglia (DRG) were dissected and post-fixed in ice-cold fixative for 20 min. After post-fixation, dissected tissues
were placed into a 20% sucrose (w/v) in PBS solution for 24 h for cyroprotection, frozen in OCT, and sectioned at 10 or 20 um using
a Leica CM1950 cryostat. Sections were dried at ambient temperature for 2 h before use.

Sections were washed using 0.1% Triton X-100 in PBS (PBST) and incubated in a blocking solution (10% normal goat serum (NGS)
in PBST) for 1 h. After blocking, sections were incubated in the primary antibodies (diluted in 1% NGS in PBST) overnight at 4°C.
Sections were washed the following morning with PBST and incubated in fluorescent conjugated secondary antibodies (diluted in
1% NGS in PBST) at ambient temperature for 2 h. Slides were then washed using PBST, mounted, and allowed to dry overnight
before imaging.
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The following antibodies and dyes were used: rabbit anti-GFP (Life Tech, A11122), chicken anti-GFP (Aves, GFP-1020), Alexa Fluor
488 conjugated IB4 (LifeTech, 121411), guinea pig anti-Vglut2 (EMD, AB2251), guinea pig anti-Synaptophysin 1 (Synaptic Systems,
101-004), donkey anti-chicken AF488 conjugated (Jackson ImmunoResearch, 703-546-155), donkey anti-guinea pig Cy3 conju-
gated (Jackson ImmunoResearch, 706-165-148), donkey anti-guinea pig AF647 conjugated (Jackson ImmunoResearch, 706-
605-148), and goat anti-rabbit AF488 conjugated (Molecular Probes, A-11034). tdTomato and mCitrine fluorescence were visualized
directly.

In situ hybridization

ISH procedure was adapted from a previous study.*” Slides were washed in freshly prepared DEPC PBS (1:1000 DEPC in PBS imme-
diately before use), followed by wash in DEPC-pretreated PBS (1:1000 DEPC in PBS overnight, followed by autoclaving). Sections
were immersed in freshly boiled antigen retrieval solution (10 mM citric acid, 0.05% Tween 20, pH = 6.0 with 1:1000 diluted DEPC) ina
95°C water bath for 20 min and then allowed to cool at room temperature for 30 min. Sections were washed in DEPC pretreated PBS,
incubated in Proteinase K (25 png/mL in DEPC-pretreated H,0) for 5 min and washed in fresh-DEPC PBS and DEPC pre-treated PBS.
Sections were then incubated in freshly made acetylation solution (0.1 M triethanolamine, 0.25% acetic anhydride in DEPC pre-
treated H20) for 10 min at room temperature. Next, slides were prehybridized in hybridization buffer (50% formamide, 5XSSC,
0.3 mg/mL yeast tRNA, 100 pg/mL heparin, 1X Denhardt’s, 0.1% Tween 20, 0.1% CHAPS, 5 mM EDTA in RNase free H20) at
62°C in a humidified chamber for 30 min. Following prehybridization, 1-2 ng/uL each of DIG and FITC labeled riboprobe (for double
probe in situ) diluted in hybridization buffer was placed on the slide. Slides were incubated overnight under Parafilm coverslips at
62°C and then washed in 0.2X SSC at 68°C.

For double probe ISH, following hybridization, slides were blocked for 1 h at room temperature with 0.5% Blocking Reagent
(Roche, 11096176001) in PBS. Sections were incubated in anti-FITC-POD (Roche, 11426346910; 1:100 in .5% Blocking Reagent)
O/N at 4°C. Slides were then washed in PBT and incubated in 0.1% BSA in PBS for 15 min. FITC riboprobes were then developed
using the TSA Plus system (PerkinElmer, NEL741001KT) by diluting fluorescein tyramide into 1X amplification buffer (1:100) and incu-
bating slides in working solution for 10-15 min, followed by washes in PBS. Slides were then blocked in 20% lamb serum in PBT for
1 h at room temperature and incubated overnight at 4°C with alkaline phosphatase(AP)-conjugated anti-DIG antibody (Roche,
11093274910; 1:500 in PBT +20% lamb serum). Slides were washed in TNT (100mM Tris-HCI, 150mM NaCl, 0.05% Tween 20,
pH7.5) (3 x 10 min) then in detection buffer (100mM Tris-HCI, 100mM NaCl, 10mM MgCl,, pH8.0) (2 x 10 min). DIG-labeled ribop-
robes were then developed using HNPP/Fast Red TR system (Roche, 11758888001). Sections were incubated in detection solution
(10 uL HNPP stock solution, 10 pL of 25 mg/mL FastRed per mL of detection buffer, filtered through 0.2uM nylon filter) (3 x 30 min),
with TNT rinses between incubations. Slides were then washed in PBS (3 x 10 min) and mounted with Flouromount-G (Southern
Biotech, 0100-01). The probes used are listed in Table S1.

Fluorescent multiplex RNAScope staining was performed using a procedure adapted from the manufacturer’s recommended pro-
tocol. Animals were sacrificed using carbon dioxide asphyxiation and transcardially perfused with ice-cold PBS to quickly lower body
temperature. DRG and TG tissues were dissected, embedded in OCT, immediately sectioned at 20 um using a cryostat, and slide
mounted. Slides were allowed to dry for 1 h in a frost free —20°C freezer. After drying, tissue sections were fixed in ice-cold 4%
PFA for 15 min and washed in PBS. Samples were then processed and stained as recommended by the manufacturer. Probes
used were Mm-Mrgprd (417921) and Hs-CHRM3-No-XMm-01-C2 (1071861-C2), both from Advanced Cell Diagnostics, Inc. Signal
was developed using the RNAscope Multiplex Fluorescent Detection Reagents V2 (ACD, 323110) and Opal 520 and 570 fluorophore
reagents (Akoya Biosciences, FP1487001KT and FP1488001KT respectively). After staining, slides were mounted using DAPI
Fluoromount-G (SouthernBiotech, 0100-20), dried at 4°C overnight before imaging. Total processing time between animal sacrifice
and mounting was less than 28 h.

Whole-cell patch clamp recordings of dissociated DRG neurons
DRGs were dissected from adult, tamoxifen treated Mrgprd™3P%+ and control mice. Dissected DRGs were dissociated with dispase
(4U/ml) and collagenase (342 U/ml). DRG neurons were then purified using a protocol adapted from our previous study.** Specif-
ically, 200 pL of cell suspension was loaded onto 1.2 mL of 15% (w/v) bovine serum albumin in a microcentrifuge tube and centrifuged
at 3509 for 5 min. After centrifugation, the supernatant was discarded and the pellet of purified neurons was collected.
Dissociated DRG neurons were first incubated with 5 ng/mL isolectin GS-1B4 conjugated to Alexa Fluor 488 (Molecular Probes,
121411) for 10 min and washed with external solution containing (in mM): NaCl 145, KCI 3, CaCl, 2, MgCl, 2, glucose 10 and
HEPES 10, pH 7.4. Only neurons stained with a fluorescent ring around the perimeter of the soma were considered as IB4-positive
neurons (IB4"). Whole-cell current-clamp recordings were performed using a MultiClamp 700B amplifier and pCLAMP 10.5 software
(Axon Instruments). The patch pipettes were pulled from borosilicate glass capillaries (World Precision Instruments) with a P97 hor-
izontal puller (Sutter Instrument). The resistance of the patch pipettes was 3-5 MQ after filled with an internal solution, the liquid junc-
tion potentials were corrected, and the series resistance was routinely compensated at 60%-80%. Internal solution contained
(in mM): K*-gluconate 120, KCI 30, MgCl, 2, HEPES 10, MgATP 2, CaCl, 1, EGTA 11, with pH adjusted to 7.2 using Tris-base. Cover-
slip with neurons were placed in a recording chamber and continuously perfused (~2.5 mL/min) with external solution. Resting mem-
brane potential (RMP) was recorded after stabilization and unhealthy neurons (with RMP > —45 mV) were excluded from the study.
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Itch behavioral experiments

All behavioral tests were performed as previously described.®?* In short, 8 to 10-week-old male transgenic mice, along with wild-type
or control littermates, were given intradermal injection of vehicle, Clozapine-N-Oxide (1 mM in 1% DMSO saline), or pruritic com-
pounds into the cheek. Test animals were then placed alone into their testing chamber and video recorded for 15 to 30 min. Video
tapes were played back after the completion of the experiment and scratches with the hind paw and wipes with the fore limb directed
at the injection site were scored. For the measurement of spontaneous itch, mice of the indicated age were acclimated in the testing
chambers the day before testing and filmed for 30 min on the day of the test. All scratching bouts were scored.

In the DES model, test animals were shaved at the rostral back. Starting three days after shaving, an 1:1 acetone:diethylether so-
lution (Sigma) was applied onto the shaved area usinga 1 cm x 1.5 cm cotton pad for 15 s twice daily for four consecutive days to
disrupt the skin barrier at the treatment site, and allow greater compound penetration on the day of testing. Test animals do not
develop appreciable spontaneous itching before the start of the experiment. In the morning after the final treatment, a 50 pL ethanol
vehicle was applied topically at the test site of treated animals using a 200 pL pipettor and videoed for 30 min. Test animals were
allowed to recover for an additional 30 min before 50 uL of 20 mM DES solution was applied at the treated site. Animals were videoed
for 30 min again. Scratch bouts directed at the treated site were scored afterward.

Pain behavior experiments

Pain behavioral tests were conducted as previously described.** In the von Frey assays, mice were placed into acrylic behavioral
chambers on a metal mesh. Von Frey filaments, each applying a specific force, were applied to the underside of the paw until
bending. Each filament was kept in place for 3 s before removal. Animals were allowed to recover for 5 min between tests and
were tested 10 times with each filament. Frequency of paw withdraw to each weight filament was scored.

Hargreaves Assays were conducted using a purpose-built testing apparatus from IITC. Briefly, mice were placed into acrylic
behavioral chambers on a heated (30°C) glass plate and radiating heat (Active Intensity set to 15%) was applied to the underside
of the paw until pain-related responses, i.e., paw withdraw, shaking or licking, was observed. Animals were allowed to recover for
20 min between tests. Latency between stimuli application and behavioral response was scored, and an average response latency
was calculated for each mouse based on the results of 3 repeats.

Tail flick assays were conducted using a custom-built restraining device and a water bath preheated to 50°C. Animals were
restrained so that their tails are completely exposed with unrestricted movement, while the rest of the body was immobilized. During
each test, 3 inches of tail was submerged into the water bath until pain-related responses, i.e., vigorous tail flicking, was observed.
After each test, animals were removed from the restraining device and were allowed to recover for 20 min between tests. Latency
between stimuli application and behavioral response was scored, and an average response latency was calculated for each mouse
based on the results of 3 repeats.

DRG dissociation and FACS sorting

~150 dorsal root ganglia were dissected on ice from three 8-weeks old Mrgprd®¢ "+ mice, along with ~50 ganglia from an age-
matched wild-type control mouse, were dissected on ice and processed individually. Dissected DRGs were dissociated using a
4 U/ml dispase/342 U/ml collagenase Type | mixture in HBSS at 37°C for 30 min with constant, gentle agitation. After dissociation,
the enzyme mix was removed and replaced with DMEM/F12 media supplemented with 10% FBS and 1% Penicillin/streptomycin
antibiotic mix. DRGs were then gently triturated using an 1mL pipettor to break apart the ganglia and suspend the cells. Triturated
cells were filtered through a 70 um cell strainer to remove large debris and pooled in a 15 mL conical bottomed tube and centrifuged
at 300g for 4 min to pellet the cells. After centrifugation, media was aspirated from the cell pellet and the pellet was resuspended in
200 pl of fresh media. Cell suspensions from each mouse were then divided into two equal 100 pL parts. Each part was gently trans-
ferred and layered onto the top off 2 mL of freshly prepared 15% (w/v) bovine serum albumin/sterile HBSS solution in 15 mL conical
tube. The tubes were then centrifuged at 350g for 4 min to separate DRG neurons from axonal debris and glia. After centrifugation,
purified neurons formed pellets on the bottom of the tubes. The supernatant was gently aspirated and DRG neurons from each ge-
notype were resuspended and pooled into 200 pL total of FACS sorting buffer (2% FBS in sterile PBS) and filtered through a 40 um
strainer to remove any remaining large debris. The GFP expressing fraction of the purified DRGs was then isolated into fresh media
using a BD FACS Aria Il sorter and previously reported settings (Chiu et al., 2014). DRG neurons from the wild-type mouse served as
the negative control for GFP fluorescence during sorting.

cDNA preparation and RT-PCR

Freshly isolated Mrgprd®™* neurons (~36,000 Mrgprad©® "+ neurons were collected) were centrifuged at 400g for 4 min to pellet
the cells. Media was then removed, and the pellet was gently washed once with HBSS. mRNA from isolated cells were purified, and
cDNA library were compiled using First-Strand enzyme Kit (NEB, E6300S) and PCR was performed using the Taqg DNA Polymerase kit
(NEB, E5000S) using the manufacturer’s recommended protocols. PCR was run using 60°C annealing for 40 cycles.

For single cell RT-PCR, adherent culture DRG neurons were picked by hand using a Leica widefield microscope and Warner 3-axis
micromanipulator. cDNA library was generated using the Invitrogen SuperScript Il CellsDirect cDNA Synthesis Kit (Life Tech,
18080200) and RT-PCR was performed using the HotStar Tag Polymerase (Qiagen, 203203). PCR was run using 60°C annealing
for 50 cycles. Primer sequences used are listed in Table S2.
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Slice preparation and electrophysiological recordings

Male mice (P14-P21) were deeply anesthetized with isoflurane and decapitated at the cervical spinal level. The brainstem was
removed in an ice-cold oxygenated (95% 02, 5% CO2) sucrose-based solution containing (in mM): Sucrose 209, KCI 2,
NaH,PO,4 1.25, MgCl, 5, CaCl, 0.5, NaHCO3 26 and glucose 10. The brainstem was vertically embedded in agar with its rostral
end up and serial transverse brainstem slices (350 um thick) were made from caudal to rostral using a vibrating tissue slicer (Vibra-
tome 3000 Plus). Slices were allowed to recover at 34°C for 30min in holding artificial cerebrospinal fluid (ACSF) containing (in mM):
NaCl 92, KCI 2.5, NaH,PO,4 1.25, NaHCO3; 30, MgCl, 2, CaCl, 2, glucose 25 and HEPES 20, saturated with 95% 02, 5% CO2.
Following recovery, slices were placed at room temperature for 1h prior to recording.

After incubation, slices were placed in a recording chamber continuously superfused with oxygenated recording ACSF containing
(in mM): NaCl 124, KCI 2.5, NaH,PO4 1.25, NaHCO3 24, MgCl, 1, CaCl, 2, glucose 12.5 and HEPES 5, at a rate of ~2.5 mL/min at
room temperature. Whole-cell current-clamp recordings were performed on Nmbr&F* MDH neurons of brainstem slices using a
MultiClamp 700B amplifier and pCLAMP 10.5 software (Axon Instruments). Neurons were visualized by fluorescence to identify fluo-
rescent protein positive neurons followed by infrared differential interference contrast microscopy for placing of the patch pipette.
The resistance of the patch pipettes was 5-8 MQ after filled with an internal solution, the liquid junction potentials were corrected
and the series resistance was routinely compensated at 60%-80%. The internal solution contained the following (in mM): K*-gluco-
nate 130, NaCl 10, MgCl, 1, EGTA 0.2, HEPES10, Mg-ATP 1, Na-GTP 5 with an osmolarity of 290-300 mOsm and a pH that was
adjusted to 7.25 using KOH.

Glutamate and NMB release assay
To determine neurotransmitter release from MrgprD* neurons after stimulation, DRG neurons were dissected from Mrgpra™3P%/+
and control littermates, dissociated using dispase/collagenase enzyme mixture, and purified using 15% BSA as previously
described. Afterward, the purified neurons were seeded onto recessed glass windows of Poly-D-Lysine (Corning, 354210) coated
glass bottomed dishes (MatTek, P35G-0-7-C), and cultured for 36 h before use. Before the experiment, culture media was gently
aspirated and neurons were washed using prewarmed, 37°C CIB. After wash, 50 uL of warm CIB was then slowly and gently pipetted
onto the neurons and collected after 60s as the vehicle control. Extreme care was taken during pipetting to avoid mechanical stim-
ulation of the cultured neurons and to avoid rupturing or detaching the cultured neurons. The same volume of 500 uM CNO or 1 mM
B-alanine was then pipetted onto the neurons and collected using the same procedure. The collected supernatants were flash frozen
and stored at —80°C until assay. Culture media was then replaced, and neurons were cultured for an additional 6 h before treatment
with the positive control, 30 mM KCI.

Glutamate concentration was determined by colorimetric assay using a Glutamate Assay Kit (Sigma, MAK004) and NMB concen-
tration was determined by ELISA using a Mouse NMB Kit (LSBio, LS-F4262-1). Calculated neurotransmitter concentrations were cor-
rected for all dilutions performed for the assays, and normalized to that of the vehicle controls.

Intracisternal NMB-Saporin injection

To ablate NMB sensitive neurons in the brain stem, 5-week-old C57BL/6J mice were anesthetized using a ketamine/zylazine cocktail
(Putney, B4N4). After loss of toe pinch reflex, animals were placed in a custom-made restrainer and the head was immobilized at a
slightly downward angle to expose the cleft between the occiput and atlas vertebrate. A 30-gauged needle syringe, with 30° bend
approximately 2.5 mm down from the point of the bevel, was inserted into the cleft and 3 g of NMB-Saporin (Advanced Targeting
Systems, IT-70-25), dissolved in 5 pL of saline was injected into the mouse. The NMB-saporin injection was repeated 48 h later. Con-
trol mice were injected with unconjugated saporin (blank-saporin) or saline vehicle. Three weeks after the second injection, animals
were used for behavioral experiments.

QUANTIFICATION AND STATISTICAL ANALYSIS

Sample sizes were chosen based on recently published papers that are relevant to our study. Itch behavior was scored using
videotapes by observers blinded to mouse genotypes. Quantification of overlap in immunofluorescence and in situ hybridization ex-
periments was determined based on images from at least three mice, with 3-5 sections per animal. Graphs were generated and sta-
tistical significances for all mouse behavioral experiments were determined using nonparametric Mann Whitney U tests. For all other
datasets, Shapiro-Wilk tests were performed to confirm normality, followed by student’s t tests to determine statistical significance.
Paired testing was performed for data that used pre/post measurements, specifically Figure 2, panels G-H, and Figure 5, panels A, C,
and F. Unpaired tests were used for all other relevant panels. Statistical analysis was performed and graphs were generated using
Graphpad Prism V (Graphpad, La Jolla, CA). All data is presented as mean + standard error of the mean (SEM). Differences were
considered significant if p < 0.05.
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