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nociceptors-recruited spinal mechanisms in nerve

injury-induced mechanical allodynia

Liangbiao Wang,'* Xiaojing Su,’* Jinjin Yan," Qiaofeng Wu,' Xiang Xu," Xinyue Wang,' Xiaoging Liu,”

Xiaoyuan Song,® Zhi Zhang,* Wei Hu,"* Xinfeng Liu,"* and Yan Zhang'>*

SUMMARY

Mechanical allodynia and hyperalgesia are intractable symptoms lacking effec-
tive clinical treatments in patients with neuropathic pain. However, whether
and how mechanically responsive non-peptidergic nociceptors are involved
remains elusive. Here, we showed that von Frey-evoked static allodynia and aver-
sion, along with mechanical hyperalgesia after spared nerve injury (SNI) were
reduced by ablation of Mrgprd“°®®™.marked neurons. Electrophysiological
recordings revealed that SNI-opened AB-fiber inputs to laminae I-ll, and ,II;, as
well as C-fiber inputs to ,ll;, were all attenuated in Mrgprd-ablated mice. In addi-
tion, priming chemogenetic or optogenetic activation of Mrgprd™ neurons drove
mechanical allodynia and aversion to low-threshold mechanical stimuli, along with
mechanical hyperalgesia. Mechanistically, gated AB and C inputs to ,ll; were
opened, potentially via central sensitization by dampening potassium currents.
Altogether, we uncovered the involvement of Mrgprd® nociceptors in nerve
injury-induced mechanical pain and dissected the underlying spinal mechanisms,
thus providing insights into potential therapeutic targets for pain management.

INTRODUCTION

Acute pain is beneficial for warning the body to avoid further tissue injury from external noxious stimuli.
Nonetheless, chronic neuropathic pain is maladaptive,’ and causes both physical and mental impairment.
Two prominent hallmarks in neuropathic pain patients are mechanical allodynia whereby innocuous touch
evokes severe pain, and hyperalgesia whereby noxious stimuli evoke increased pain.” Unfortunately, these
most common symptoms lack effective clinical management without strong adverse effects, such as
nausea, tolerance, and dependence.” Thus, it's imperative to obtain a deep understanding of the mecha-
nisms underlying neuropathic pain for exploring new analgesic targets.

The spinal cord is the first relay station for multiple somatosensation processing, including pain. The gate
control theory (GCT) proposed by Melzack and Wall in 1965 suggests that pain-transmitting (T) neurons in
the dorsal spinal cord receive convergent inputs from low-threshold mechanoreceptors (LTMRs) and
noxious nociceptors.” Tactile stimuli normally cannot excite T neurons and evoke pain due to concurrent
feedforward activation of “gate-keeper” inhibitory interneurons (INs). Under pathological conditions,
gated LTMR inputs to T neurons are “opened”, thereby developing mechanical allodynia. In the past
few years, multiple studies investigated the contribution of INs inactivation along with T neurons sensitiza-
tion to mechanical hypersensitivity in neuropathic pain.”® However, the role of nociceptors in neuropathic
pain has been largely neglected, especially for Mas-related G protein-coupled receptor subtype
D (Mrgprd)-expressing nociceptors which respond to innocuous punctate stimuli.”

The expression of Mrgprd is regulated by the Runx1 gene, and the majority (~90%) is Runx1-persistent.® It
has been identified as a marker of non-peptidergic nociceptors expressing isolectin B4 (IB4)” and shows
dynamic expression when Mrgprd is expressed more broadly on Mrgpra3, Mrgprb4, and Somatostatin-
positive dorsal root ganglia (DRG) neurons in early development than in adulthood.'®"'? Previous studies
showed that Mrgprd™ neurons are required for full expression of mechanical hypersensitivity in inflamma-
tory pain.'*”'® To date, the role of Mrgprd* nociceptors in neuropathic pain remains controversial. An early
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neurons, showed no deficits in mechanical hypersensitivity after nerve injury.'® In contrast, a recent study
using Mrgprd-knockout mice concluded that Mrgprd* neurons were necessary for the initiation of mechan-
ical hypersensitivity in neuropathic pain.'® Nevertheless, constitutive loss of Na,1.8" or Mrgprd™ neurons
from the embryonic stage could allow compensation by other populations of sensory neurons and brings
difficulty in unbiased interpretation. In a gain-of-function study, Warwick et al. showed that optical
activation of Mrgprd“™ lineage neurons can drive aversion which is absent in normal mice,'""” and by
extension, pain after nerve injury.'” Of note, Mrgprd knock-in mouse line captures all transient Mrgprd™
populations including Mrgpra3-expressing-C afferents which are known to evoke nocifensive responses
following optical stimulations.'® Thus, the exact role of persistent Mrgprd® neurons in neuropathic pain
is still ambiguous. Our recent work showed that adult Mrgprd* nociceptors were involved in neuropathic
pain.'” However, the underlying spinal mechanism of how Mrgprd® neurons are involved in neuropathic
pain remains unknown.

In this study, by using a tamoxifen-inducible Mrgprd“®Ef72 mouse line, we specifically targeted the adult
Mrgprd-expressing neurons to systematically assess their role in neuropathic pain and the underlying spinal
mechanisms. We first showed that ablation of Mrgprd“f’™2-marked neurons selectively attenuates nerve
injury-induced punctate hypersensitivity (static allodynia), but not brush-evoked mechanical hypersensitivity
(dynamic allodynia). Mechanistically, the gated AB-fiber inputs to superficial laminae (I-Il,) and ventral inner
laminae Il (,II;) were both opened by nerve injury, and the opened AB pathways were attenuated by Mrgprd™
neurons ablation. Meanwhile, we showed that von Frey-evoked mechanical hyperalgesia after SNIwas compro-
mised in mice with Mrgprd ablation, largely due to the blockage of opened C-fiber inputs to Il neurons upon
SNI. In contrast, priming chemogenetic or optogenetic stimulation of Mrgprd“eERT2
both static and dynamic allodynia, as well as an aversion to innocuous mechanical stimuli. Finally, we showed
that Mrgprd™ inputs opened AB and C input pathways in laminae ,Il;, potentially via central sensitization rather
than disinhibition. Collectively, our study reveals spinal mechanisms of how Mrgprd® sensory neurons are
involved in nerve injury-induced mechanical allodynia and hyperalgesia, which will benefit the identification
of therapeutic targets to treat neuropathic pain.

marked neurons led to

RESULTS

Attenuated static allodynia following nerve injury in Mrgprd-ablated mice

Toinvestigate the role of the adult Mrgprd™ nociceptors in the development of neuropathic pain, we exam-
ined how nerve injury-induced mechanical and thermal hypersensitivity were affected by ablating Mrgprd™
sensory neurons. To achieve this, we crossed Mrgprd©"*ER72 mice with ROSA26'°™R mice to generate a het-
erozygous Mrgprd“ERT2, ROSA26'P™R (also referred to as Mrgprd“®5RT2.DTR) strain. By injecting the
tamoxifen at postnatal 21 days (P21), the expression of the Diphtheria toxin receptor (DTR) was specifically
induced in adult Mrgprd™ sensory neurons.?° Next, we administrated the diphtheria toxin (DTX) at P42,
then performed SNI or assessed the ablation efficiency at 3 weeks afterward (Figure 1A). By performing in
situ hybridization (ISH) and immunofluorescence in the DRG, we revealed that ~92% of Mrgprd™ sensory
neurons (Figures 1B and 1C), and ~29% of total DRG neurons were eliminated (Figure STA). The number
of other groups of DRG neurons, including NF200*, TH*, and CGRP" cells, was unaffected (Figures S1B—
S1D) indicating the ablation specificity. We refer to these Mrgprd“*f72, ROSA26"°™F mice as Mrgprd-ab-
lated mice. They displayed reduced sensitivity to von Frey filament-evoked punctate mechanical
stimulation (Figure 1D), but normal responses to brush-evoked dynamic mechanical stimulation and
nociceptive thermal stimulation (Figures 1E and 1F). After nerve injury, a well-established model of periph-
eral neuropathic pain,”’ Mrgprd-ablated mice displayed attenuation of filament-evoked static allodynia
(Figure 1D). However, the extent of brush-evoked dynamic allodynia and thermal hypersensitivity was
unaffected (Figures 1E and 1F).

In addition, we examined how established mechanical and thermal hypersensitivity in SNI mice were
affected after the ablation of Mrgprd® neurons. Similarly, static allodynia was selectively reduced (Fig-
ure 1G), while dynamic allodynia and thermal hypersensitivity were unchanged (Figures 1H and 11). Taken
together, Mrgprd™ neurons are required for both the development and maintenance of static allodynia in
neuropathic pain.

Loss of punctate stimuli-evoked aversion following nerve injury in Mrgprd-ablated mice

To further assess the requirement of Mrgprd™ nociceptors for static allodynia, we examined the expression
of spinal dorsal horn c-Fos, a classical neuronal activity marker (Figure 2A). In sham control mice, rare c-Fos
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Figure 1. Attenuated static allodynia following nerve injury in Mrgprd-ablated mice

(A) An outline of the experimental scheme for tamoxifen treatment (i.p. 75 mg/kg tamoxifen per day, P21-P25), DTX treatment (i.p. 20 pg/kg, P42-P46), and
morphological or behavioral analysis (starting at P63) in Mrgprd“°tR7% ROSA26™™F mice.

(B and C) Representative images of in situ hybridization on DRG sections and statistical data for the number of Mrgprd™ neurons per section from control
mice ("MrgprdC'eERTz or DTR") and Mrgprd-ablated mice ("Mrgprdc’eERTz-DTR”) (n = 3 animals per group, 3 sections/animal). Scale bar, 200 pm.

(D-F) Changes in von Frey filament-evoked mechanical hypersensitivity (D), brush-evoked dynamic hypersensitivity (E), and thermal hypersensitivity (F) after
sequential DTX injection and SNI operation (Mrgprd“R72 or DTR group, n = 8 mice, Mrgprd“"*tf"2.DTR group, n = 9 mice).

(G-1) Changes in von Frey filament-evoked mechanical hypersensitivity (G), brush-evoked dynamic hypersensitivity (H), and thermal hypersensitivity (1) after
sequential SNI operation and DTX injection (MrgprdC’eERTzor DTR group, n =8 mice, Mrgprdc'eERTZ—DTR group, n = 6 mice). Data are presented as mean +
SEM. *p <0.05, **p <0.01, ***p < 0.001. Unpaired Student’s two-tailed t test for (C); Two-way repeated-measures ANOVA with holm-sidak test for (D)—(l). See
also Figure S1.

expression was induced following ipsilateral hindpaw stimulation by low-threshold von Frey (0.16 g) fila-
ment (Figures 2B and 2C). After SNI, the same stimuli induced c-Fos expression in both laminae I-Il and
I1I-V of the dorsal horn (Figures 2B and 2C). However, the number of c-Fos* neurons was dramatically
reduced in Mrgprd-ablated SNI mice (Figures 2B and 2C).

Aversion is commonly envisioned as an affective dimension of pain.??* To investigate the affective
aspects of static and dynamic allodynia, we used the two-chamber, real-time place avoidance (RTPA) assay,
a highly sensitive model for measuring aversive memory (Figures 2D and 2F). Compared to the sham con-
trols, both von Frey filament (0.16 g) and light brush in SNI mice were capable of evoking robust RTPA
(Figures 2E and 2G). However, von Frey-evoked RTPA was selectively abolished by ablating Mrgprd®
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Figure 2. Attenuation of von Frey-induced c-Fos expression and loss of von Frey-evoked RTPA in Mrgprd-ablated
mice with SNI

(A) An outline of the experimental scheme for c-Fos induction by 0.16 g von Frey filament (postoperative day 14).

(B and C) Representative images (B) and statistical data for c-Fos™ neurons within laminae I-Il and IlI-V of the spinal cord
(C)in MrgprdC’EERTzor DTR&Sham, MrgprdC'EERTzor DTR&SNI, and MrgprdC’EERTZ-DTR&SNI mice (n = 3 mice per group,
3 sections/animal). Scale bar, 100 um (25 pm for high magnification).

(D) Schematics of the von Frey-evoked RTPA apparatus and experimental design.

(E) Loss of 0.16 g von Frey-evoked RTPA in mice with SNI following the ablation of Mrgprd™ neurons. (n = 8 mice per
group).

(F) Schematics of the brush-evoked RTPA apparatus and experimental design.

(G) Brush-evoked RTPA in mice with SNI remained intact following the ablation of Mrgprd™ neurons. (n = 8 mice per
group). Data are presented as mean + SEM. "NS”, no significance; **p < 0.01, ***p < 0.001. One-way ANOVA with holm-
sidak test for (C); Paired Student's two-tailed t test or Wilcoxon signed-rank test for (E) and (G).

neurons (Figures 2E and 2G). Taken together, Mrgprd™ neurons are preferentially required for SNI-induced
punctate hypersensitivity and the process of affective aspects of hypersensitive mechanical pain.

Gated AB-fiber inputs pathway is opened by nerve injury and attenuated following the
ablation of Mrgprd® neurons

We went further to explore the neural substrates underlying attenuated static allodynia after the ablation of
Mrgprd™ neurons. To assess the potential involvement of SNI-sensitized Mrgprd™ afferents in transmitting
mechanical allodynia, we first examined the excitability of Mrgprd™® neurons in naive and SNI mice and de-
tected no difference (Figure S2). We thus assume the involvement of touch-sensing AB-fibers which
mediate allodynia in humans.”>?” When mechanical allodynia develops, AB inputs are usually relayed
from deep laminae to superficial laminae (I-Ilo) via polysynaptic pathway.”®*° Next, we tested whether
this superficial AB pathway was affected by Mrgprd* neurons ablation.
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Figure 3. The gated Ap-fiber inputs pathway is opened by nerve injury and attenuated following the ablation of
Mrgprd“"°ER™2.marked neurons

(A) Schematic drawing of the cutting method for parasagittal AB-input preparation (left) and recorded neurons (right).
(B and C) Representative traces of AB-evoked inputs (left) and outputs (right) of the neurons in laminae I-l, (B) and
laminae ,II; (C) from naive control mice either with normal ACSF (top, “ACSF") or with ACSF containing bicuculline (10 uM)
plus strychnine (2 pM) (“Bic+stry” group), Mrgprd-ablated mice (”I\/IrgprdC’EERTZ—DTR” group), Mrgprd-ablation control
mice with SNI (“Mrgprd“™*ER72 or DTR&SNI” group), and Mrgprd-ablated mice with SNI (bottom, “Mrgprd©<ERT2
DTR&SNI"). AB inputs indicated by AB-eEPSCs at -70 mV with voltage-clamp; AB outputs indicated by AB-eEPSPs/eAPs
with current-clamp. Data for (B) and (C) are presented as percentage. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
Chi-square test for (B) and (C). See also Figures S2 and S3.

To this end, dorsal root-attached spinal cord slices with intact AB inputs were prepared. Whole-cell patch-
clamp recordings were performed on neurons of laminae I-ll, (Figure 3A) where pain output projection
neurons are most abundant.’' In naive control mice, voltage-clamp recordings with holding potential
at -70 mV showed that 27% (12 of 45) of I-ll, neurons produced small Ap-evoked excitatory postsynaptic
currents (AB-eEPSCs) following dorsal root electric stimulation at 25 pA intensity which specifically recruits
AB afferents.”” To facilitate the recording of evoked inhibitory postsynaptic currents (eIPSCs), the mem-
brane potential was clamped at -45 mV and 38% (10 of 26) of neurons displayed AB-elPSCs, indicating
the existence of feedforward inhibitory inputs to I-Il, neurons. We then used the current-clamp recording
to measure the synaptic output of I-Il, neurons, by assessing the ability of excitatory postsynaptic poten-
tials (EPSPs) to fire action potential (AP). AB-fibers stimulation failed to evoke AP firing in 93% (42 of 45) of
I-Il, neurons (Figure 3B). To determine if the failure of AP firing was resulting from feedforward inhibition,
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recordings were performed in the disinhibition conditions by adding bicuculline (10 puM) and strychnine
(2 uM) into ACSF which blocks inhibitory GABAA receptors and glycine receptors, respectively. We found
100% (24 of 24) of I-Il, neurons displayed AB-eEPSCs, and 79% (19 of 24) of neurons fired APs in comparison
with 7% under normal ACSF (Chi-square test, p < 0.0001) (Figure 3B).

In consistent with morphological result (Figure S1D), Mrgprd-ablation did not change the percentage of -1,
neurons with AB-eEPSCs and AB-eAPs: 33% (7 of 21) vs. 27% (12 of 45, Chi-square test, p = 0.5748), and 5%
(1 of 21) vs. 7% (3 of 45, Chi-square test, p > 0.9999) in Mrgprd-ablated mice versus naive control mice,
respectively (Figure 3B). Next, we analyzed AB-fiber inputs to I-ll, neurons under neuropathic conditions.
After SNI, we observed a significant increase in the percentage of neurons displaying AB-eEPSCs and
AB-eAPs: 94% (30 of 32) vs. 27% (12 of 45, Chi-square test, p < 0.0001), and 56% (18 of 32) vs. 7% (3 of 45,
Chi-square test, p < 0.001) in Mrgprd“"ER72 or DTR mice versus naive control mice, respectively (Figure 3B).
These results suggested that the gated superficial A pathway was opened by peripheral nerve injury. How-
ever, in Mrgprd-ablated mice with SNI, the increased percentage of neurons displaying AB-eEPSCs and
AB-eAPs was significantly reduced to 73% (24 of 33, Chi-square test, p < 0.05) and 33% (11 of 33, Chi-square
test, p = 0.063), respectively (Figure 3B). Correspondingly, the amplitude of AB-eEPSCs was reduced
(Figure S3A).

From our previous data, c-Fos expression in the deeper laminae with Mrgprd ablation was also decreased,
potentially suggesting a ventrally directed influence on the mechanical allodynia pathway. Next, we as-
sessed laminae ,II; neurons that are located nearby central terminals of Mrgprd™ nociceptors'® and relay
AB inputs to superficial neurons.?®?? Similar to superficial AB inputs pathway, AB inputs to ,Il; neurons
were not changed by Mrgprd™ neurons ablation, and they were also gated and opened by either spinal
pharmacological disinhibition or peripheral nerve injury (Figure 3C). Importantly, the increased AB-eAPs
after SNI showed a profound reduction with Mrgprd ablation: from 46% (12 of 26) to 12% (3 of 25, Chi-
square test, p < 0.01) in control and Mrgprd-ablated mice, respectively (Figure 3C). Correspondingly,
the amplitude of AB-eEPSCs of neurons was also reduced (Figure S3B). To summarize, ablation of
Mrgprd* sensory neurons inhibits the “opening” of the gated AB-fiber inputs pathway which serves as
the substrate for transmitting mechanical hypersensitivity caused by SNI.

Impaired mechanical hyperalgesia and C-fiber inputs to ,ll; neurons after nerve injury in
Mrgprd-ablated mice

Mechanical hyperalgesia is defined as aggravated pain in response to noxious mechanical stimuli. It's
another thorny syndrome besides allodynia in neuropathic pain patients. We next tested whether the
behavioral responses to high-threshold mechanical stimuli (e.g. 1.0 g von Frey filament) after SNI were
affected by Mrgprd* neurons ablation. In naive conditions, mice displayed mostly paw-lifting responses
following 10 trials of stimuli (data not shown). After nerve injury, the same mechanical force produced
lots of delayed paw fluttering responses, a sign of mechanical hyperalgesia,®”** which were substantially
reduced in Mrgprd-ablated mice (Figure 4A).

Given that hyperalgesia was correlated with C-fiber nociceptors and modulation of neural transmission in
the spinal cord,® we examined how C-fiber inputs and outputs were affected to evaluate the potential
spinal substrate for paw fluttering. To avoid masking C inputs by AB inputs, we used a modified spinal slice
preparation termed “C-input preparation”, in which low-threshold AB inputs that mostly enter the dorsal
horn via dorsal funiculus were predominantly removed®* (Figure S4A). We recorded neurons in the
laminae ,II;. The success of AB inputs cutoff was proved by the absence of AB-eEPSCs in 100% (11 of 11)
of recorded neurons under the normal ACSF conditions and 100% (20 of 20) of neurons even under the
disinhibition conditions (Figure S4B). In C-input preparation of naive control mice, 84% (21 of 25) of
neurons within Il; produced detectable EPSCs following C intensity stimulations (500 pA, 0.1 ms), with
only 4% (1/25) of neurons firing AP (Figure 4B). By holding the membrane potential at -45 mV, 72% (18 of
25) neurons displayed C-elPSCs, suggesting the presence of feedforward inhibition (Figure 4B). In the pres-
ence of bicuculline and strychnine that mimics the spinal disinhibition, 92% (22 of 24) of neurons can now
fire C-eAPs compared with 4% under normal ACSF (Chi-square test, p < 0.0001) (Figure 4B). These results
support the existence of the gated C-fibers pathway in Il

We also assessed C-fiber inputs to ,Il; neurons in intact Mrgprd-ablated mice, and they did not demon-
strate any changes compared with naive control mice (Figure 4B). Next, we analyzed C-fiber inputs to Il;
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Figure 4. Impaired high-threshold mechanical force-evoked paw fluttering and C-fiber inputs to ,ll; neurons after
nerve injury in Mrgprd-ablated mice

(A) Paw fluttering bouts in response to 10 trials of 1.0 g von Frey paw stimulation in intact Mrgprd-ablation control mice
("Mrgprd©ERT2 or DTR"), Mrgprd-ablation control mice with SNI (“Mrgprd©®ER72 or DTR&SNI"), and Mrgprd-ablated
mice with SNI (“Mrgprd“*ERT2.DTR&SNI").

(B) Representative traces of C-evoked inputs (left) and outputs (right) of the neurons in laminae ,II; from naive control mice
either with normal ACSF (top, “ACSF") or with ACSF containing bicuculline plus strychnine (“Bic+stry” group), Mrgprd-
ablated mice (“Mrgprd“ERT2-DTR" group), Mrgprd-ablation control mice with SNI (“Mrgprd“*ER72 or DTR&SNI" group),
and Mrgprd-ablated mice with SNI (bottom, “MrgprdC’EERTZ—DTR&SNI”)A Data for (A) are presented as mean + SEM;
Data for (B) are presented as percentage. “NS”, no significance; **p < 0.01, ***p < 0.001, ****p < 0.0001. One-way
ANOVA with holm-sidak test for (A); Chi-square test for (B). See also Figures S3 and S4.

neurons under neuropathic conditions. After SNI, 82% (18 of 22) of neurons had detectable C-eEPSCs, and
59% (13 of 22) of them fired AP which showed a dramatic increment compared with naive control mice (Chi-
square test, p < 0.0001) (Figure 4B). However, SNI-induced C-eAPs were reduced to 18% in Mrgprd-ablated
mice (4 of 22; Chi-square test, p < 0.01) (Figure 4B). Correspondingly, the amplitude of C-eEPSCs was also
reduced (Figure S3C). Thus, our data suggest that the opening of the gated C pathway in laminae Il is
largely compromised when Mrgprd™ sensory neurons are ablated.
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Figure 5. Chemogenetic activation of Mrgprd-expressing neurons drives mechanical allodynia and opens gated
AB spinal pathway within ,II;

(A) An outline of the experimental scheme for tamoxifen treatment (i.p. 75 mg/kg tamoxifen per day, P21-P25), AAV
treatment (i.t. 10 pL AAV-DIO-hM3Gg-mCherry, P42), and morphological or behavioral analysis (starting at P63) in
Mrgprd reERT2
(B) Co-localization of AAV-DIO-hM3Gg-mCherry (magenta) with Mrgprd mRNA (ISH, green) (bottom) and statistical data
for overlap quantification (top) (69.20 % 1.23% of Mrgprd™ neurons co-express mCherry and 89.83 & 0.40% of mCherry™*
cells that co-express Mrgprd) in lumbar DRG (n = 3 animals per group, 3 sections/animal). Scale bar 100 pum.

(C-E) Impact of Mrgprd™ nociceptors activation on mechanical and thermal sensitivity. Mechanical hypersensitivity to von
Frey filaments (C) and brush (D) developed while thermal sensitivity was unaffected (E) following i.p. injection of CNO
(2 mg/kg) (n = 6 mice for mCherry group and n = 9 mice for h(M3Dqg group).

(F and G) Absolute time (s) spent in the preferred chamber before (pre) and after (post) conditioning by von Frey at
0.16 g (F)and 0.4 g (G) for mCherry and hM3Dq groups (n = 8 mice per group). RTPA test was carried out 20 min after CNO
injection.

(H) Absolute time (s) spent in the preferred chamber before (pre) and after (post) conditioning by brush for mCherry and
hM3Dgq groups (n = 8 mice per group). RTPA test was carried out 20 min after CNO injection.

mice.
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Figure 5. Continued

(I and J) Representative traces of Ap-evoked inputs (left) and outputs (right) of the neurons in laminae I-Il, (I) and laminae
i (J) from mCherry (top) and hM3Dgq (bottom) groups. Data for (B)-(H) are presented as mean + SEM; Data for (I) and
(J) are presented as percentage. “NS”, no significance; *p <0.05, **p <0.01, ****p < 0.0001. Two-way repeated-measures
ANOVA with holm-sidak test for (C)-(E); Paired Student’s two-tailed t test or Wilcoxon signed-rank test for (F)-(H); Chi-
square test for (I) and (J). See also Figures S5-58 and S10.

Chemogenetic activation of Mrgprd-expressing neurons drives mechanical allodynia and
opens gated A spinal pathway within lI; in intact mice

To further explore the role of Mrgprd™ nociceptors in mechanical pain, we performed gain-of-function by
using the chemogenetics with the excitatory hM3Dq designer receptor exclusively activated by designer
drugs (DREADDs). After tamoxifen induction, adeno-associated virus (AAV) encoding Cre-dependent
hM3Dg-mCherry or mCherry was intrathecally injected at P42 (Figure 5A). We found that ~69% of Mrgprd
mRNA-containing DRG neurons expressed hM3Dg-mCherry (Figure 5B). Reciprocally, ~90% of hM3Dg-
mCherry-positive neurons co-expressed Mrgprd, indicative of high specificity of viral targeting (Figure 5B).
By performing whole-cell patch-clamp recordings on acutely dissociated hM3Dg-mCherry-positive DRG
neurons, we discovered that clozapine-N-oxide (CNO) (10 uM) produced significant membrane depolari-
zation (Figure S5), demonstrating the efficacy of the chemogenetic activation.

d“"°ERT2 mice manifested both von Frey-evoked

Following i.p. injection of CNO, hM3Dg-injected Mrgpr
punctate and brush-evoked dynamic hypersensitivity (Figures 5C and 5D). In contrast, thermal sensitivity
was unchanged (Figure 5E). Thus, chemogenetic activation of Mrgprd® neurons preferentially enables

low-threshold inputs to access nociceptive circuits to evoke behavioral responses.

To evaluate the affective aspects of static and dynamic allodynia arising from Mrgprd™® nociceptors activa-
tion, RTPA assay was used again. After CNO treatment, we found low-threshold von Frey at 0.16 g evoked a
transient aversion during the stimulation period (data not shown) while 0.4 g filament, as well as light brush,
can provoke robust place aversion even after the simulation in hM3Dg-injected Mrgprd“"®tR72 mice
(Figures 5F-5H). To validate these results, we also activated Mrgprd™® sensory neurons by optogenetics.
In Mrgprd©rERT2, ROSAChRZEYFP mice (referred to as Mrgprd“ERT2.ChR2 mice) in which the non-peptider-
gic C-fiber subset was genetically labeled by ChR2 (Figures S6A-S6C), 10 min priming stimulation of hind-
paw by blue light drove mechanical allodynia (Figures S6D-S6F). Following prolonged hindpaw trans-
dermal blue light stimulation, Mrgord“"*Ef72.ChR2 mice showed analogous aversion to 0.4 g filament
and brush (Figures S6G-Sé).

We further examined the consequence of Mrgprd"® neurons activation on the gated AB-fiber inputs
pathway. By recording from superficial neurons (I-ll,), a significant increase of AB-eEPSCs, but not
AB-eAPs, was observed: 60% (15 of 25) vs. 29% (6 of 21, Chi-square test, p < 0.05) in hM3Dg-injected
I\/lrgprdc’eERTZ mice versus control mice (Figure 5I). Next, we examined AB inputs to neurons within Il;.
The percentage of neurons displaying AB-eAPs was increased from 0% (0 of 34) to 24% (8 of 34, Chi-square
test, p < 0.01) in control mice versus hM3Dg-injected Mrgprd©R7 mice (Figure 5J). Chemogenetic acti-
vation produced-tonic APs in the Mrgprd™ neurons may produce increases in EPSCs. We next recorded
spontaneous EPSCs (sEPSCs) within Il; neurons and found that the amplitude of sEPSCs was increased
in hM3Dg-injected Mrgprd©rER™
synaptic glutamate receptor enhancement. Correspondingly, the amplitude of AB-eEPSCs was also
increased (Figure S7D).

mice compared with control mice (Figures S7A-S7C), suggesting post-

To further validate the above chemogenetics results, we performed another set of recordings after opto-
genetic activation (10 min) of hindpaw Mrgprd* fibers. By recording neurons in the superficial layer in which
pain output neurons are mainly located, we observed an obvious trend of increment in the percentage of
AB-eEPSCs and AB-eAPs: 27% (8 of 30) vs. 52% (11 of 21, Chi-square test, p = 0.0616), and 10% (3 of 30) vs.
29% (6 of 21, Chi-square test, p = 0.0869) in yellow light group versus blue light group, respectively (Fig-
ure S6J). Collectively, Mrgprd-expressing neural activation opens the gate for low-threshold mechanical
afferents to the spinal dorsal horn.
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Figure 6. Sustained activation of Mrgprd-expressing neurons drives mechanical hyperalgesia and opens gated C
inputs spinal pathway within ,II;

(A) Paw licking bouts in response to 10 trials of 1.0 g von Frey paw stimulation in mCherry-injected Mrgprd“"®f™? mice and
hM3Dg-injected Mrgprd“®ER72 mice following i.p. injection of CNO (2 mg/kg) (n = é mice per group).

(B) Representative traces of C-evoked inputs (left) and outputs (right) of the neurons in laminae ,II; from mCherry (top) and
hM3Dgq (bottom) groups. Data for (A) are presented as mean + SEM; Data for (B) are presented as percentage. **p < 0.01,
***n < 0.001. Unpaired Student’s two-tailed t test for (A); Chi-square test for (B). See also Figures S7 and S8.

Chemogenetic activation of Mrgprd-expressing neurons drives mechanical hyperalgesia and
opens gated C inputs spinal pathway within ,lI;

To decipher the role of Mrgprd“*ER™2_marked neurons in mediating mechanical hyperalgesia, we applied
high-threshold von Frey at 1.0 g. Following chemogenetic activation of Mrgprd-expressing neurons, 1.0 g
von Frey filament drove more paw-licking behaviors which were rarely observed in control mice (Figure 6A),
indicating the development of mechanical hyperalgesia. We then asked whether gated C-fiber inputs
pathway within ,Il; was opened by Mrgprd™ nociceptors. We found that the percentage of neurons with
C-eAPs increased from 11% (4 of 36) in control mice to 50% (23 of 46, Chi-square test, p < 0.001) in
hM3Dg-injected Mrgprd“ER™? mice (Figure éB). Correspondingly, the amplitude of C-eEPSCs was
enhanced (Figure S7E). Similarly, after optogenetic activation of hindpaw Mrgprd" fibers, we observed a
significant increase of C-eEPSCs and C-eAPs: 74% (20 of 27) vs. 93% (28 of 30, Chi-square test, p < 0.05),
and 11% (3 of 27) vs. 43% (13 of 30, Chi-square test, p < 0.01) in yellow light group versus blue light group,
respectively (Figure S6K). From above, we postulate that the opened AB and C inputs pathway in laminae
Jli are the spinal substrates for mechanical allodynia and mechanical hyperalgesia, respectively.

Chemogenetic activation of Mrgprd-expressing neurons attenuates potassium currents
within II;

Finally, we sought to investigate gate-opening mechanisms by Mrgprd™ nociceptors. In the GCT, nocicep-
tors inputs are proposed to reduce inhibitory neuron activity.” We therefore first assessed how AB-elPSCs
and C-elPSCs within |I; were affected in hM3Dg-injected Mrgprd©ER? mice. To our surprise, we detected
comparable rates of ,II; neurons with AB-elPSCs and C-elPSCs between the two groups: 27% (9 of 33) vs.
23% (7 of 30, Chi-square test, p = 0.720), and 53% (20 of 38) vs. 58% (18 of 31, Chi-square test, p = 0.652)
in hM3Dgr-injected Mrgprd“ER? mice versus control mice, respectively (Figure 7A). To further investigate
whether inhibitory synaptic efficacy was altered, we analyzed the amplitude of AB-elPSCs and C-elPSCs.
They were also comparable between the two groups (Figures 7B and 7C). These results indicate that
disinhibition may not be the major contributor.

We then hypothesized that chemogenetic activation of Mrgprd® neurons could sensitize the postsynaptic
excitatory interneurons, making the gate control no longer work. To test this hypothesis, we first analyzed
the resting membrane potentials (RMPs) of neurons in II; from control mice and hM3Dg-injected
I\/lrgprdc’eERTZ mice. However, similar RMPs were observed (mCherry: -56.8 + 1.0 mV; hM3Dgq: -55.9 +
1.0 mV, two-tailed Student’s unpaired test, p = 0.524) (Figure 7D). Therefore, the potassium leak channels,
a major determinant of RMP, may be unaffected. In a previous study, we showed that prolonged TRPV1™"
nociceptors activation by capsaicin can open the gated AB pathway by attenuating the key neuronal firing
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Figure 7. Chemogenetic activation of Mrgprd-expressing neurons attenuates potassium currents within ,II;

(A) Representative traces of AB-elPSCs (top) and C-elPSCs (bottom) of the neurons in laminae ,II; from mCherry-injected
Mrgprd“ER2 mice (left, “mCherry"), and hM3Dg-injected Mrgprd“*Ef™? mice (right, "hM3Dq") following i.p. injection of
CNO (2 mg/kg).

(B) Comparison of AB-elPSCs amplitude of neurons in ,II; between mCherry (n = 7 neurons) and hM3Dgq (n = 9 neurons)
groups.

(C) Comparison of C-elPSCs amplitude of neurons in ,Il; between mCherry (n = 18 neurons) and hM3Dgq (n = 20 neurons)
groups.

(D) Comparison of resting membrane potentials (RMPs) of neurons within ,II; between mCherry (n = 46 neurons) and
hM3Dgq (n = 62 neurons) groups.

(E) The two-step protocol for I recording. The first step was to record the total outward current (I + Ip) (red line). The
second step was to record Ip by conditioning I inactivation. Subtraction of I from the total current isolated the /4.

(F) Comparison of I4 (left) and Ip (right) current density of neurons in Il; between mCherry (n = 40 neurons for |4 and Ip
current density) and hM3Dq (n = 24 neurons for 4 and Ip current density) groups.

(G) Comparison of percentage of delayed firing pattern (left) and AP firing latency (right) of neurons in ,Il; between
mCherry (n = 54 neurons) and hM3Dgq (n = 45 neurons) groups.
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Figure 7. Continued

(H) Representative traces of AB-eEPSCs (top) and Mrgprd™ inputs-evoked EPSCs (bottom) of the neurons in ,II; from
Mrgprd“®ERT2.ChR2 mice.

(I) Quantitative Venn diagram showing the percentage of neurons in ,Il; that receive inputs from Mrgprd® neurons and/or
AB-fibers.

(J) Schematic showing patch clamp recording in laminae II; neurons from Mrgprd“"*ER72.ChR2 mice (top) and light-
evoked EPSCs following 1 Hz light stimulation (bottom).

(K) Schematic showing the gate control mechanism of mechanical allodynia and hyperalgesia that subthreshold
potassium channels plus a feedforward activation of inhibitory neurons (“IN”) prevent AB and C inputs from activating
excitatory neurons in Il;. The gated AB- and C-pathway within ,Il; can be opened by chemogenetic activation of Mrgprd*
nociceptors, partially via attenuating I and Ip rather than via disinhibition. Data for (A), (H), and (I) are presented as
percentage; Data for (B), (C), and (D) are presented as mean + SEM; Data for (F) and (G) are presented as median with
interquartile range (Q1-Q3 with median denoted in between). “NS", no significance; *p < 0.05. Chi-square test for (A);
Unpaired Student's two-tailed t test for (B), (D); Mann-Whitney U test for (C), (F), and (G). See also Figures S8 and S9.

threshold controller: A-type potassium currents (/4).”> We then examined whether |5 was affected by
Mrgprd™ nociceptors. To record I, a two-step voltage protocol was used (Figure 7E). After CNO treatment
in hM3Dg-injected Mrgprd“"Ef™2 mice, |4 current density was remarkably reduced compared with control
mice (mCherry: median, 58 pA/pF; Q1-Q3: 20-97 pA/pF; hM3Dg: median, 26 pA/pF; Q1-Q3, 12-51 pA/pF;
Mann-Whitney U Test, p < 0.05) (Figure 7F, left). Accordingly, the neurons with delayed firing, an indication
of strong 4, decreased from 41% (24 of 58) to 21% (10 of 47, Chi-square test, p < 0.05) (Figure 7G, left), and
the latency to AP firing following current injection tended to be shortened (mCherry: median, 180.6 ms;
Q1-Q3: 83.05-517 ms; hM3Dg: median, 110.0 ms; Q1-Q3, 60.65-300.9 ms; Mann-Whitney U Test,
p = 0.082) (Figure 7G, right). Meanwhile, the current density of persistent potassium channel activity (Ip)
was also attenuated (mCherry: median, 244 pA/pF; Q1-Q3: 155-374 pA/pF; hM3Dq: median,
114 pA/pF; Q1-Q3, 64-278 pA/pF; Mann-Whitney U Test, p < 0.05) (Figure 7F, right).

What are the identities of neurons within JII; sensitized by Mrgprd™ nociceptors? Earlier tracing studies
showed that few neurons in II; containing ascending projections, thereby reflecting interneurons.”” Given
that inhibitory neurons account for ~25% of the total neuronal population in laminae I-I1,*® the neurons we
recorded above could be a mixture of both excitatory (by a large chance) and inhibitory interneurons. We
next specifically assessed the excitatory neurons with VGLUT2 promoter-driven viral labeling (Figures S8A
and S8B) and found that the percentage of VGLUT2"* neurons in lI; with AB-eAPs increased by 15%, from
0 (0 of 24) in controls to 15% (4 of 26) in hM3Dg-injected MrgprdcrEERTZ mice, and C-APs increased by 35%
from 13% (3 of 24) in controls to 48% (10 of 21) in hM3Dg-injected I\/lrgprch’e'ERT2 mice (Figure S8C). Thus,
Mrgprd* nociceptors-sensitized neurons within ,II; are predominantly VGLUT2-positive neurons. Corre-
spondingly, the amplitude of AB-eEPSCs and C-eEPSCs was enhanced (Figures S8D and S8E). Consistent
with previous recordings from randomly picked neurons, RMP was comparable between the two groups
(Figure S8F). The membrane resistance was also similar (Figure S8G), further supporting that the potassium
leak channels were unaffected. As postulated, both I, and Ip current density of VGLUT2-positive excitatory
neurons in II; were remarkably attenuated (Figures S8H and S8l).

In dorsal horn neurons, the Kv4.2 potassium channel contributes to Ia>? and activation of extracellular-
signal-regulated kinases (ERKs) reduces Kv4.2 activity via phosphorylation.’” Strong nociceptor inputs
(like capsaicin injection)-induced mechanical allodynia can be occluded by blocking MEK-pERK signaling
which mediates I, reduction.”® We proposed that Mrgprd* nociceptors might act through the similar
mechanism to cause mechanical allodynia. To test this, we examined whether static and dynamic allodynia
after Mrgprd™ neurons activation was abolished by MEK kinase inhibitor PD98059. As expected, intrathecal
injection of PD98059 prevented the development of both static and dynamic allodynia (Figure S9),
indicating an indispensable role of MEK-pERK signaling in Mrgprd*-recruited gate-opening of mechanical
hypersensitivity.

To further clarify the influence of Mrgprd™ nociceptors activation on AB inputs spinal pathway, we next
recorded blue light-evoked EPSCs (L-eEPSCs) and AB-eEPSCs of neurons within II; simultaneously in
naive MrgprdC'eERTZ—ChRZ mice. First of all, we detected 59% (20 of 34) and 71% (24 of 34) of neurons
in the JIl; receiving AB and Mrgprd™ inputs, respectively (Figure 7H). Interestingly, we observed that
the majority (16 of 20, 80%) of recorded neurons with AB-EPSCs received L-eEPSCs (Figure 71). Further-
more, 30% (6 of 20) of neurons with L-eEPSCs showed no failure following 1 Hz light stimulation and
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showed low-response jitter (variability in latency: 0.97 £ 0.36 ms), indicative monosynaptic connections
with Mrgprd® afferents”’ (Figure 7J). Reciprocally, 67% (16 of 24) of neurons with L-EPSCs received
AB-eEPSCs. Surprisingly, 100% (6 of 6) of neurons that receive monosynaptic input from Mrgprd™ affer-
ents also receive AP inputs. We inferred that most neurons within Il; receive convergent inputs from
Mrgprd* nociceptors (directly or indirectly) and AB fibers, which supports us to propose the sensitization
mode: activation of Mrgprd™ nociceptors attenuates potassium channel activity of the neurons receiving
convergent AB and Mrgprd™ inputs, resulting in gate-opening of AB inputs spinal pathways and mechan-
ical allodynia (Figure 7K, left). Collectively, Mrgprd* nociceptors drive mechanical allodynia and hyper-
algesia, and open gated AB and C inputs spinal pathways, partially via attenuating potassium channel
activity rather than disinhibition (Figure 7K).

DISCUSSION

Taking advantage of an inducible Mrgprd mouse line that allows for temporally controlled genetic
manipulation, we studied the role of adult Mrgprd™ neurons in nerve injury-induced mechanical pain and
deciphered the underlying spinal substrates, which provided potential targets for effective pain
management.

CreERT2

First, we verified the high efficiency and specificity of adult Mrgprd-expressing DRG neurons ablation,
without loss of peptidergic C-fiber neurons labeled by CGRP, C-LTMRs neurons labeled by TH, and myelin-
ated AB/Ad-fiber neurons labeled by NF-200 (Figure S1). The percentage of functional A/C inputs to the
spinal dorsal horn was also unaltered (Figures 3B, 3C, and 4). Behaviorally, after nerve injury, we observed a
selective attenuation of von Frey-induced static allodynia and aversion, without a deficit of brush-induced
dynamic allodynia (Figures 1 and 2). Paw withdrawal induced by innocuous stimuli is mainly mediated by
LTMRs (like AB-LTMR) after SNI.*>*® Consistently, the withdrawal threshold was reduced to ~0.02 g, and
such thresholds reflect the involvement of LTMRs since activation thresholds of nociceptors (such as
Mrgprd*) were around 0.5-5 g.”*** The fact that in Mrgprd-ablated mice, the SNI-induced withdrawal
threshold was raised up to ~0.3 g suggests two insights. Firstly, LTMRs apparently fail to drive sensitized
reflexes (with thresholds at ~0.02 g in wild-type mice with SNI). The attenuated static allodynia is supported
by our electrophysiological recordings, showing a marked loss of A stimulation-evoked AP firing in lamina
Jli (Figure 3C), a region receiving convergent inputs from AB fibers and Mrgprd* C-fibers. Secondly,
Mrgprd-negative nociceptors, which normally drive reflexes at the threshold of ~1.3 g in Mrgprd-ablated
mice without SN, can be sensitized to produce reflexes at the threshold of ~0.3 g, and future studies will be
warranted to characterize such nociceptors, such as recently reported silent nociceptors that can gain
mechanical sensitivity under pathological conditions.*” The remaining 33% of AB inputs to laminae I-Il,
preserved in Mrgprd-ablated mice might sufficiently serve as the neural substrate for dynamic allodynia
that is preserved in Mrgprd-ablated mice. Of note, this is different from gain-of-function studies, where
central sensitization induced by Mrgprd™ neuronal activation can sufficiently drive dynamic allodynia. In
other words, while gain-of-function studies may reveal redundant pathways, loss-of-function studies may
fail to reveal such redundancy. Furthermore, we also ablated these neurons in established neuropathic
pain mice to assess whether Mrgprd™ fibers are required for the maintenance of mechanical allodynia after
nerve injury. The SNI-induced withdrawal threshold was raised up to >0.3 g (Figure 1). Overall, our study
may advance the current understanding of Mrgprd™ neurons in both the development and maintenance
of neuropathic pain.

In humans, two forms of short-lasting pain can develop following noxious stimulation: first pain with a sharp,
pricking, stinging, and precisely localized quality*® and delayed second pain with a burning, dull, and
diffuse quality.”*® They are possibly mediated by fast-conducting thinly myelinated A8 nociceptors and
slow-conducting unmyelinated C nociceptors,”“® respectively. In naive control mice, high-threshold von
Frey (1.0 g) produced mostly paw-lifting behaviors. After SNI, when 1.0 g von Frey filament was applied
to the hindpaw plantar, we observed both fast-onset paw lifting and delayed paw fluttering (Figure 4A),
indicative of mechanical hyperalgesia.***® Intriguingly, such paw fluttering response was dramatically
reduced in Mrgprd-ablated mice (Figure 4A), in which the opening of C-gate after nerve injury was largely
abolished (Figure 4B). These results suggested that the observed paw fluttering might be a manifestation
of second pain in humans which can be self-reported. Mechanistically, the opened “C-gate” after nerve
injury could transmit delayed second pain, much like capsaicin-sensitive mechanonociceptors-mediated
second pain in humans.*
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To further investigate how Mrgprd" nociceptors affect low-threshold and high-threshold von Frey
filaments-evoked responses and gated AB/C inputs, we performed the gain-of-function experiments.
We demonstrated that the amplitude of sEPSCs was increased after chemogenetic activation of
Mrgprd® neurons (Figure S7B). However, the enhanced sEPSC itself was insufficient to evoke spontaneous
AP within ,Il; neurons, while activation of Mrgprd™ neurons facilitated the gated AB/C inputs opening
(Figures 5J and 6B). By using optogenetic temporally-specific activation, we acquired similar results that
Mrgprd" neural activation opens the gate for AB/C inputs to the spinal dorsal horn (Figures S6J and S6K).

We next explored the gate-opening mechanisms following Mrgprd* neurons activation. We found that ,I;
neurons that receive monosynaptic inputs from Mrgprd™ neurons also receive convergent inputs from AB
fibers, and these neurons are sensitized following Mrgprd® neurons activation partially via inactivation of I4
currents (Figure 7), which are involved in the electric filtering of synaptic responses®”> and behaviorally
gate mechanical pain.®**”°" To further illustrate the role of I currents-mediated sensitization in mechan-
ical allodynia following Mrgprd™ neurons activation, we examined the necessity of ERK-dependent
potassium currents modulation, which is perceived as a key mechanism for the central sensitization in
the development of allodynia,*”*>>* and revealed an indispensable role of MEK-pERK signaling in
Mrgprd*-recruited gate-opening of mechanical hypersensitivity (Figure S9). Our ideas on central sensitiza-
tion are also supported by prominent pain investigator Clifford J. Woolf's description “central sensitization
represented a condition where input in one set of nociceptor sensory fibers (the conditioning input)
amplified subsequent responses to other non-stimulated non-nociceptor or nociceptor fibers.”>> Com-
bined with our recording data on VGLUT2" neurons (Figure S8) and a recent study showing SNI selectively
decreases I, in spinal excitatory interneurons,” we propose that SNI possibly activates Mrgprd* neurons in
a persistent manner, leading to central sensitization of excitatory neurons within ,Il; receiving convergent
inputs from Mrgprd™ nociceptors and AB fibers, which allows AB inputs to open the gate for mechanical
allodynia. Future study is needed to assess the molecular identity of the excitatory neurons recruited by
Mrgprd* nociceptors to convey mechanical allodynia. For example, somatostatin-expressing spinal inter-
neurons, which were synaptically connected with Mrgprd* neurons™ and necessary for TRPV1* nociceptors
activation-induced mechanical allodynia, may be involved.*

The mechanical allodynia and real-time operant escape assays in response to low-threshold mechanical
force, as well as paw fluttering/licking in response to high-threshold von Frey filament after nerve injury
or Mrgprd* neurons activation, by nature, represent short-lasting phasic pain and exteroceptive.”” What's
the role of Mrgprd* neurons in clinically more relevant tonic pain under chronic neuropathic conditions?
Previous studies showed that Runxl-transient TRPV1'ov-mediiMm chemosensitive neurons rather than
RunxT-persistent Mrgprd® neurons were indispensable for inescapable pinch-evoked licking responses
and aversive experience under normal conditions.’>"**® Our recent study'? and preliminary data showed
that optogenetic or chemogenetic activation of Mrgprd™ neurons can drive spontaneous licking response
and conditioned place avoidance (CPA) after SNI which were absent in naive conditions (Figure S10). These
results indicate that Mrgprd® neurons might be involved in tonic pain and interoceptive self-caring
behaviors under neuropathic conditions. Future loss-of-function experiments are needed to test this pos-
sibility. Nevertheless, our study provides mechanistic insights into the development of neuropathic pain.
The existence of distinct mechanisms driving distinct forms of neuropathic pain suggests the necessity
of developing a cocktail of drugs for blocking distinct pain pathways.

Limitations of the study

Although our study showed that activation of Mrgprd® neurons evoked central sensitization by attenuation
of K* current, future studies need to address which type of neurotransmitter or peptides from Mrgprd™
DRG neurons are involved in the central sensitization to drive allodynia. In addition, the identity of neurons
that received convergent inputs from Mrgprd® neurons and A fibers is still unclear.
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Materials availability
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Data and code availability
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® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

All animal experiments were performed with protocols approved by the Animal Care and Use Committee
of the University of Science and Technology of China. Mice were maintained under a 12-h light/dark cycle
(lights on from 07:00 to 19:00) at a stable temperature (23-25 °C) and with ad libitum access to water and
food. The genetically modified mice, including MrgprdC’EERTZ, ROSACPRZEYFP (Ai32) and ROSA26P TR (DTR)
mice, were purchased from Jackson Laboratories. I\/IrgprdC’EERTZ; ROSACPRZEYFP ice (referred to as
Mrgord“®ERT2.ChR2 mice) were generated by crossing Mrgprd“™®f7? mice with ROSACPRZEYFP
mice. Mrgprd“ERT2. ROSA26P™R mice (referred to as Mrgprd“"*ERT2.DTR mice) were generated by
crossing Mrgprd“*ER2 mice with ROSA26™°™R mice. To label or manipulate adult Mrgprd-expressing neu-
rons, we performed 5 consecutive daily intraperitoneal injections of tamoxifen (100 ul, 75 mg/kg) starting at
P21 in Mrgprd®R72, Mrgprd“"*ERT2.ChR2 and Mrgprd“*ER72.DTR mice. To ablate Mrgprd* neurons,
diphtheria toxin (DTX, 20 pg/kg) was injected intraperitoneally for 5 consecutive days in 6-8 weeks old
Mrgprd©ERT2.DTR mice (also referred to as Mrgprd-ablated mice). To study the role of Mrgprd* neurons
in the development of allodynia, SNI operation and behavioral test were performed 3 weeks after DTX
injections. To study the role of Mrgprd™ neurons in the maintenance of allodynia, we ablated Mrgprd™
neurons after SNI (post-SNI, day 15-19). Littermates that lacked either the ROSA26°™R or Mrgprd©rERT2
allele but received the same diphtheria toxin injections were used as controls (Mrgord“"£f72 or DTR
mice). Both males and females were used. Animals were assigned to treatment groups randomly, and
behavioral responses were measured in a blinded manner.

METHOD DETAILS

Spared nerve injury (SNI)

After anesthetization by 3% isoflurane, the left hindlimb was fixed in a lateral position. Using the femur as a
reference point, cut the skin and separated the muscle with blunt glass needles. Then, the sciatic nerves
with three peripheral branches (sural, common peroneal, and tibial nerves) were exposed. Tibial and
common peroneal nerves were ligated with 4-0 silk and severed for a 1-2 mm section. The sural nerve
was carefully preserved. Then, the skin is sutured and disinfected with iodophor. In the sham group, the
sciatic nerve was exposed but not ligated and severed.

Von Frey test

All animals were habituated to the metal mesh containers (6.5 cm X 6.5 cm X 6 cm) placed on the
perforated metal mesh floor (6.5 mm X 6.5 mm) before the mechanical hypersensitivity test. After three
consecutive "habituation” sessions for 30 min per day, punctate mechanical sensitivity was measured by
stimulating the plantar area of hind paws with a series of von Frey filaments with different strengths (g).
Using Dixon'’s up-down method,”” the thresholds inducing withdrawal responses were determined. Dy-
namic mechanical sensitivity was assessed by light stroking from heel to toe of the plantar area of hind
paws using a paintbrush.’® Fast movement, lifting the stimulated paw for less than 1 s was scored 0.
Sustained lifting (more than 2 s) of the stimulated paw toward the body was scored 1; one strong lateral
paw lift, above the level of the body or a startle-like jump was scored 2; and multiple flinching responses
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or licking of the affected paw was scored 3. Three trials at 10 s intervals were performed, and an average
score was noted for each mouse.

Hargreaves test

Thermal sensitivity was evaluated on the Hargreaves apparatus (Model390; IITC Life Science Inc, Woodland
Hills, CA). Mice were placed in the clear arena on a glass with constant temperature (30 °C). After 60 min/d
habituation for 3 consecutive days, the plantar surface of the hind paw was exposed to a beam of light (4 x
6 mm size, 25% of maximum intensity), and paw withdrawal latencies (PWL) were measured. Five trials were
conducted for each animal with an interval of at least 5 min. The maximum and minimum PWL were
excluded to minimize the variation, and the average of the remaining 3 trials was calculated for each
mouse. A cutoff of 20 seconds was used to prevent tissue damage.

High-threshold von Frey filament-induced behaviors

To study the behavioral responses evoked by high-threshold von Frey filament (1.0 g), mice were placed on
the perforated metal mesh floor (6.5 cm X 6.5 cm) for 30 min habituation before test. Mice then received ten
separate mechanical stimuli (1.0 g) for 1-2 s with 3-5 s intervals at hindpaw. Paw lifting, licking and fluttering
were analyzed. Lifting: raise paws instead of moving around, Licking: turn the head and lick the paw, Flut-
tering: rapid and repeated lifting.

To evaluate high-threshold mechanical force-evoked behaviors following ablation of Mrgprd“eERT2
marked neurons, Mrgprd“"E8™2 or DTR mice, Mrgprd“ER7? or DTR&SNI mice, Mrgprd "R 72 DTR&SNI
mice received stimuli after 30 min habituation.

To evaluate high-threshold mechanical force-evoked behaviors following chemogenetic activating
Mrgprd©ER™2_marked neurons, hM3Dq or mCherry-injected Mrgprd©ER72 mice received stimuli 30 min
after intraperitoneal (i.p.) injection of CNO (2 mg/kg).

Chemogenetics-induced behaviors

To study the behavioral responses evoked by chemogenetic activation of Mrgprd® neurons, animals
received i.p. injection of CNO (2 mg/kg). Then, animals were individually placed in a colorless acrylic cham-
ber (100 mm x 100 mm x 100 mm). The lifting and licking behaviors after the CNO injection were recorded
by Camera for 1 hour.

To study mechanical and thermal sensitivity following priming chemogenetic activation of Mrgprd*
neurons, hM3Dq or mCherry-injected Mrgprd“R7? mice received von Frey and Hargreaves tests at
0.5h,1h,2h,4handéh after i.p. injection of CNO (2 mg/kg).

To study the role of the ERK signaling pathway in Mrgprd-induced mechanical allodynia, the MEK inhibitor
PD98059 (Sigma, 0.5 ng/10 pl) or vehicle (10 ul 10%DMSO in PBS) was intrathecally injected at 30 min before
i.p. injection of CNO (2 mg/kg). Animals received von Frey and brush test after PD98059 injection and at
0.5h,1h,2h,4handéh after CNO injection.

Optogenetics-induced changes in mechanical and thermal sensitivity

To study the mechanical sensitivity following priming optogenetic activation of Mrgprd® neurons,
Mrgprd©ERT2.ChR2 mice were individually placed in a chamber (6.5 cm X 6.5 cm x & cm) with a hollow
floor of wire. A 1 mm fiber (Inper) is connected to the laser (QAXK-LASER) to continuously stimulate the
glabrous skin of the hindpaw at 10 Hz and 20 mW/mm? intensity for 10 min. Light intensity was measured
by the laser power meter (LP1, Sanwa). Animals received von Frey and brush testat 0.5h, 1h,2h,4hand 6 h
after termination of light stimulation.

Real-time place avoidance (RTPA) and conditioned place avoidance (CPA)

All animals were habituated to the custom-made apparatus for two consecutive days for 30 min per day
before being subjected to a two-chamber RTPA or CPA test. The device size is 200 mm x 100 mm x
100 mm, and the device is divided into two chambers by a partition with a hole (40 mm x 40 mm) in the
middle. The two chambers have distinct stripe patterns.
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RTPA

RTPA test consists of the pre-stimulation phase (10 min), stimulation phase (10 min) and post-stimulation
phase (10 min). During the pre-stimulation phase, mice were allowed to move freely between two
chambers. The time spent in each chamber was calculated, and the preferred chamber was determined
before stimulation. During the stimulation phase, once the mice entered the preferred chamber,
corresponding stimuli (von Frey filament, brush, or light) were applied to the mice's hindlimb. In the
post-stimulation phase, the mouse explored two chambers again without stimulation. The time spent in
the preferred chamber was recorded.

To evaluate low-threshold mechanical force-induced aversion following SNI in Mrgprd-ablated mice, the
RTPA test was carried out 14 days after SNI. The von Frey filaments (0.16 g or 0.4 g) and brush were
used during the stimulation phase.

To evaluate low-threshold mechanical force-induced aversion following chemogenetic activating Mrgprd*
sensory neuron, hM3Dq or mCherry-injected Mrgprd“"*Ef™? mice received i.p. injection of CNO (2 mg/kg)
and returned to their home cages. RTPA test was carried out 20 min after injection. The von Frey filaments
(0.16 g or 0.4 g) and brush were used during the stimulation phase.

To evaluate low-threshold mechanical force-induced aversion following hindpaw transdermal blue/
yellow light stimulation in Mrgprd“E8T2.ChR2 mice, 10 min blue or yellow light (10 Hz, 20 ms pulse-width,
20 mW/mm?) was applied to hindpaw. RTPA was carried out 20 min later. The von Frey filaments (0.16 g or
0.4 g) and brush were used during the stimulation phase.

CPA

The CPA experiment lasted for 4 days and was divided into the pre-stimulation phase (day 1), stimulation
phase (day 2 and day 3), and post-stimulation phase (day 4). Time spent in each chamber was calculated,
and the preferred chamber was determined on day 1. On day 4, time spent in the preferred chamber within
10 min was recorded.

For chemogenetic activation-induced CPA, hM3Dg or mCherry-injected Mrgprd“"*ER72 mice moved freely
onday 1 and day 4. On day 2 and day 3, mice received i.p. injection of CNO (2 mg/kg) and were restricted to
the preferred chamber for 1 hour.

Intrathecal virus injection

Intrathecal injections were performed in mice at the L5 and L6 intervertebral spaces. Briefly, six-week-old
Mrgprd“*ER72 mice were continuously anesthetized by isoflurane and a volume of 10 ul rAAV-EF1a-DIO-
hM3D(Gq)-mCherry-WPREs (5.54E+13 vg/ml, BrainVTA, PT-0042, diluted 1:10 in PBS) was injected for
chemogenetic manipulation with a Hamilton microsyringe. The rAAV-EF1a-DIO-mCherry-WPRE-pA
(5.19E+13 vg/ml, BrainVTA, PT-0013, diluted 1:10 in PBS) was used as the control. Puncture of the dura
was indicated behaviorally by a flick of the tail. After the injection, the needle was maintained for an
additional 30 s. Behavioral tests were performed 21 days later.

Intraspinal stereotaxic injection

The intraspinal injection was performed at the spinal segments between T12-T13 and T13-L1 vertebrae to
target neurons in L3-L6 spinal segments. To label excitatory neurons, the blended virus was prepared by
mixing rAAV-VGLUT2-CRE-WPRE-hGH-pA (5.13E+12 vg/ml, BrainVTA, PT-2592) with rAAV-EF1a-DIO-
EYFP-WPRE-hGH-pA (5.24E+12 vg/ml, BrainVTA, PT-0012) uniformly with the ratio of 1:1 (v/v). Mice were
anesthetized using 3% isoflurane and fixed in stereotaxic apparatus by the mouse spinal adaptor (RWD
Life Science, China). The T12-T13 vertebral junction was located near the peak of the hump. After removing
the muscles and ligaments, the lumbar spinal cord and central dorsal blood vessel were exposed. The virus
was injected at 500 um laterally to the central dorsal blood vessel and at a depth of 400 um. By using the
glass microelectrode, 400 nl of virus was injected at a rate of 30 nl/min per point. After the injection, the
glass microelectrode was maintained for an additional 5 min. The electrophysiological recording was per-
formed 2 weeks after virus injection.
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Immunofluorescence (IF) and in situ hybridization (ISH)

Animals were anesthetized by 3% isoflurane and intracardially perfused with 20 ml 1 x DEPC-treated PBS (4
°C) followed by 20 ml DEPC-treated paraformaldehyde (PFA) (4°C). Brain, spinal cord (L3-L5) and DRG (L3-
L5) were removed and post-fixed by 4% DEPC-treated PFA for an additional 12 h at 4°C and dehydrated by
30% sucrose. After dehydration, tissues were embedded in OCT (SAKURA, 4583) and sectioned (spinal
cord 25 um, DRG 15 um) by a cryostat (Leica CM1950).

IF

Forimmunofluorescence, frozen sections were washed 3 times for 5 min with 1xPBS before being permea-
bilized in 0.4% Triton X-100 (Sangon Biotech, A110694) (in PBS) for 15 min. To block the non-specific anti-
body binding, the sections were incubated in 10% normal goat serum (Absin, abs933) (in PBST) for 1 hour
and then incubated with primary antibody (rabbit anti-c-Fos antibody, 1:1000, Synaptic Systems, Cat#
226003; rabbit anti-CGRP antibody, 1:1000, Sigma, Cat# C8198; Alexa-568-conjugated I1B4, 1:1000, Thermo
Fisher Scientific, Cat# 121412; anti-Tubulin Beta3 antibody, 1:1000, BioLegend, Cat# 657408; rabbit anti-
NF200 antibody, 1:1000, Sigma, Cat# N4142; rabbit anti-NeuN antibody, 1:200, Proteintech, Cat# 26975-
1-AP; rabbit anti-TH antibody, 1:1000, Millipore, Cat# AB152) overnight at 4 °C. The sections were then
washed 3 times for 5 min in PBST and then incubated with the secondary antibody (Alexa Fluor
488-AffiniPure Goat Anti-Rabbit IgG (H+L), 1:500, Jackson, Cat# 111-545-003; Alexa Fluor 594-AffiniPure
Goat Anti-Rabbit IgG (H+L) antibody, 1:500, Jackson, Cat# 111-585-003; Goat Anti-Rabbit IgG H&L (Alexa
Fluor 647) preadsorbed antibody, 1:500, Abcam, Cat# ab150083) for 1 hour at room temperature. Next, the
sections were washed 3 times for 5 min in PBS and mounted on slides. Images were taken with confocal
microscopes (FV3000, Olympus).

ISH

The Mrgprd-RNA probe was designed based on the online in situ hybridization data (https://mousespinal.
brain-map.org/imageseries/detail/10003968%.html). The in situ hybridization was performed using
Mrgprd-RNA probe labeled with Anti-Digoxigenin-AP (Roche, Cat# 11093274910).

On day 1, the slides with DRG slices were baked at 55°C for 30 min followed by 20 min fixation in 4% DEPC-
PFA. Slides were then washed in DEPC-PBS for 5 min (2 times) and treated with 1 ng/pl proteinase K (Roche,
Cat# 3115879001) in PK buffer (5% 1 M DEPC-Tris-HCI, 1% 0.5 M EDTA, 0.15% 1 ng/ul PK, 94% DEPC-
ddH,0) for 3 min, and washed in DEPC-PBS for 5 min. After refastened with 4% DEPC-PFA for 10 min
and washed in DEPC-H,0O for 5 min (2 times), we added 0.1 M RNase-free triethanolamine-HCI (pH 8.0)
with 0.25% acetic anhydride to incubate the tissue for 10 min and washed in DEPC-PBS for 5 min. The tis-
sues were then prehybridized for 1 hour at room temperature in pre-hybridization buffer (50% formamide,
25% 5% SSC, 0.3 mg/ml yeast RNA, 0.1 mg/ml heparin, 1 X Denhardt’s, 0.1% Tween-20, 5 mM EDTA) and
replaced with 1-2 ng/ml of the probe in hybridization buffer and continued the incubation at 65°C for 12-16
hours.

On day 2, the slides were washed in pre-warmed (65 °C) 2 x SSC buffer (Sangon Biotech, B548110), then
added RNase A (3 ng/ml) in 37°C 2 x SSC for 30min. Next, slides were washed in 2 x SSC at 65°C for 30 min
and in PBT at room temperature for 10 min (2 times). Tissues were then blocked (10% heat-inactivated
sheep serum in PBT) and incubated in antibody (diluted 1:1000 in PBT and 10% sheep serum) overnight
at 4°C.

On day 3, the slides were washed in PBST for 20 min (3 times) and in AP buffer (1 M Tris pH = 9.5, 5 M NaCl,
10% Triton 100) for 5 min. Then the slides were dipped in a buffer (0.0012 g/ml levamisole in AP buffer) for
5 min. The sections were visualized in buffer containing NBT (75 mg/ml) and BCIP (50 mg/ml). The ISH
images were converted to pseudo colors and merged by Fiji software.

c-Fos induction

To study c-Fos expression by von Frey filaments in the spinal cord, background c-Fos fluorescence was
minimized by placing mice in the training apparatus for a period of 4 hours before treatment. And then,
the hindpaw was stimulated for 10 min by von Frey (0.16 g). After the stimulation, mice were allowed to
move freely in the apparatus for an additional 1.5 hours and sacrificed. Spinal cord was excised for immu-
nofluorescence analysis.
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Cell counting

The fluorescence cells were counted by Olympus Confocal microscopy (FV3000). The number of Mrgprd®
neurons detected by in situ hybridization was counted by ImageJ (Fiji). Density was calculated via dividing
the number of Mrgprd™ neurons by the total DRG cell area.

Spinal cord slice electrophysiology

Spinal cord slice preparation

Parasagittal spinal cord slices with attached dorsal roots (10-20 mm) and DRG were optimized according to
previous studies.”®** Mice (8-13 weeks) were anesthetized with pentobarbital sodium (2% w/v, i.p.) and
intracardially perfused with 25 ml ice-cold NMDG substituted artificial cerebrospinal fluid (NMDG-ACSF)
containing (in mM) 93 N-methyl-d-glucamine (NMDG), 2.5 KCI, 1.2 NaH,PO,, 30 NaHCO3, 20 HEPES, 25
glucose, 2 thiourea, 5 Na-ascorbate, 3 Na-pyruvate, 0.5 CaCl,, 10 MgSO, and 3 glutathione (GSH). PH
was titrated to 7.3-7.4 with HCI, and osmolarity was 310-320 mOsm. The lumbar spinal cord was quickly
removed to ice-cold oxygenated NMDG-ACSF, and the spinal cord with full-length dorsal root and DRG
attached was cut on a vibratome (VT1200S, Leica), as illustrated in Figures 3A and S4A. To study the AB--
fibers pathway in mediating allodynia, we prepared AB-input preparation (Figure 3A). To study the C-fibers
pathway in mediating mechanical hyperalgesia, low-threshold AB-fiber inputs to dorsal horn neurons were
eliminated by moving the second cut more laterally (Figure S4A). The spinal cord slices were initially incu-
bated in NMDG-ACSF for 10 min at 32°C, followed by N-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid
(HEPES) ACSF containing (in mM) 92 NaCl, 2.5 KCI, 1.2 NaH,PO,, 30 NaHCO3, 20 HEPES, 25 glucose, 2
thiourea, 5 Na-ascorbate, 3 Na-pyruvate, 2 CaCl,, 2 MgSO, and 3 GSH (pH 7.3-7.4, 310-320 mOsm,
oxygenated with 95% O, and 5% CO,) for more than 1 h at 25°C. Slices were then transferred to a recording
chamber and continuously perfused with standard recording ACSF at 3-5 ml/min at 32°C.

Patch-clamp recordings and dorsal root stimulation

Whole-cell recording experiments were performed as described previously.?®*® Recordings were made
from randomly picked neurons in the laminae I-ll, and ,Il; using oxygenated recording ACSF containing
(in mM) 125 NaCl, 2.5 KClI, 2 CaCl,, 1 MgCly, 1.25 NaH,PO,4, 26 NaHCO3, 25 d-glucose, 1.3 sodium ascor-
bate and 3.0 sodium pyruvate, with pH at 7.3 and measured osmolality at 310-320 mOsm. The internal
solution contains (in mM): potassium gluconate 130, KCI 5, Na,ATP 4, NaGTP 0.5, HEPES 20, EGTA 0.5,
pH 7.28 with KOH, and measured osmolality at 310-320 mOsm. Data were acquired with pClamp 10.0 soft-
ware using MultiClamp 700B patch-clamp amplifier (Molecular Devices) and Digidata 1550B (Molecular
Devices). Responses were low-pass filtered on-line at 2 kHz and digitized at 5 kHz.

25 pA (pulse widths 0.1 ms) and 500 pA (pulse widths 0.1 ms) were used to screen AR fiber and C-fiber-mediated
synapticinputs/outputs of the spinal dorsal horn neurons. The distance from the tip of the stimulation electrode to
the entrance of the attached dorsal root is around 10 mm. 473 nm blue light (20 ms) was used to screen Mrgprd*
fiber-mediated synaptic inputs of the spinal dorsal horn neurons in Mrgprd“*&R™2.ChR2 mice. To record dorsal
root stimulation-evoked excitatory postsynaptic currents (eEPSCs), membrane potential was held hold at -70 mV
to attenuate evoked inhibitory postsynaptic currents (elPSCs), such that even small eEPSCs could be detected. By
holding the membrane potential at -45 mV, elPSCs can be detected. To record dorsal root stimulation-evoked
EPSPs/APs (AB and C-eEPSPs/eAPs), current-clamp recordings were performed at the resting membrane poten-
tial; for neurons with spontaneous firing, the hyperpolarizing current was injected to unmask synaptic responses.
The recordings were performed either under the normal recording solution or under the disinhibition condition
by adding bicuculline (10 uM) and strychnine (2 uM) to ACSF. To record sEPSCs, the neurons were held at-70 mV
after establishing the whole-cell configuration and the data were analyzed with Mini Analysis. To test the influ-
ences of chemogenetic activation of Mrgprd“®%™ neurons on AB-eEPSCs/APs, C-eEPSCs/APs, A currents
and D currents, mice were sacrificed for electrophysiological recording at one hour after i.p. injection of CNO
(2 mg/kg). To test the effect of optogenetic activation of Mrgprd* neurons on AB-eEPSCs/APs and C-eEPSCs/
APs, the glabrous skin of hindpaw in Mrgprd“®Ef"2-ChR2 mice was continuously stimulated for 10 min (10 Hz,
20 ms pulse-width, 20 mW/mm?) and then mice were sacrificed for electrophysiological recording 30 min later.

To assess the firing pattern of neurons, membrane potential was held at -85 mV to prevent the inactivation
of the potassium channel. The firing pattern was examined by 1000 ms depolarizing step current injection
range from 15 pA to 225 pA. The delayed firing pattern was characterized by a prominent delay between
the onset of the depolarizing step and the AP discharge. The latency to first AP firing following the current
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injection was determined between the current injection onset and the AP peak. The neurons without AP
following 225 pA current injection were excluded from the analysis of the latency to first AP.

Monosynaptic Mrgprd*-fiber inputs were identified by the absence of failures in response to 5 stimuli at
1 Hz, and jitter of L-eEPSCs latencies in response to 7 stimuli at 0.05 Hz less than 2 ms.*’

la and Ip recording

The recording solution for |4 recording is Ca®"-free ACSF containing (in mM) 80 NaCl, 2.5KCl, 1.25 NaH,PQOy, 3
MgCly, 25 NaHCOg, 75 sucrose, 1.3 sodium ascorbate, 3.0 sodium pyruvate and 0.5 uM TTX (tetrodotoxin) to
block voltage-gated Na* currents, Ca®* currents and Ca®*-activated K* currents. The capacitance and series
resistance were well compensated. To record I, a two-step voltage protocol was used, as illustrated in Fig-
ure 7E. Thefirst step was to record the total outward current (I4+1p), and voltage steps of 500 ms pulses stepping
from -80 mV to +40 mV were applied at 5 s intervals. To determine the Ip, conditioning 150 ms pre-pulses
ranging from -80 mV to -10 mV were applied to inactivate transient potassium channels and then followed
by a step to +40 mV for 500 ms at 5 s intervals. Subtraction of the I from the total current isolated the 1. Series
resistances for all neurons recorded in this study were within 30 MQ.

DRG neurons electrophysiology
DRG neurons culture

Mouse spinal columns were removed and dissected on the ice. DRGs were acutely dissociated and placed
in DH10 medium (90% DMEM/F-12, 10% Fetal Bovine Serum, 100 U/ml penicillin, 100 pg/ml streptomycin,
Gibco). After removing the supernatant, DRGs were transferred in 1 ml digestive enzymes containing 1 ml
2.5% trypsin and 1 mg collagenase type | (Gibco) and then incubated at 37°C for 45 min. After digestion,
DRG neurons were scattered and suspended in DH10 medium, then plated on 6 mm coverslip coating with
0.5 mg/ml poly-D-lysine (Sigma) and 10 pg/ml laminin (Gibco). Then they were cultured in an incubator at
37°C for 1 hour, and DH10 medium with 20 ng/pl nerve growth factor (Sigma) was added. These neurons
were used for electrophysiological recordings 2 hours later.

DRG neurons patch-clamp recordings

Whole-cell recording experiments were performed as spinal cord neurons. The recording was made from
mCherry” or EYFP-ChR2" neurons identified by fluorescence microscope (Olympus) using oxygenated
ACSF containing (in mM) 140 NaCl, 4 KCI, 2 CaCl,, 2 MgCl,-6H,0, 10 HEPES, 5 glucose (pH 7.4,
oxygenated with 95% O, and 5% CO,). The internal solution contains (in mM): 135 KCI, 1.1 CaCl,, 2
EGTA, 3 Mg?*-ATP, 0.5 Na*™-ATP (pH 7.4, adjusted by NaOH).

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are expressed as the mean + SEM except for the I4/Ip current density and AP firing latency which are
expressed as median with interquartile range (Q1-Q3 with median denoted in between). Statistical analysis
was performed by GraphPad Prism. Normality was assessed using the Shapiro-Wilk test. When normally
distributed, the data were analyzed with paired t-tests, unpaired t-tests as appropriate. When normality
was violated, the data were analyzed with Wilcoxon signed-rank test for paired test and Mann-Whitney
U test for unpaired test. For RTPA and CPA, data were subject to paired Student’s t tests or Wilcoxon
signed-rank test. For ISH, DRG cells counting, 1.0 g von Frey-evoked paw licking and membrane potential
assessment following chemogenetic and optogenetic activation of Mrgprd* neurons, amplitude, latency to
first AP, data were subjected to unpaired Student’s t tests or Mann-Whitney U tests. For c-Fos counting and
1.0 g von Frey-evoked behaviors, data were assessed by One-way ANOVA with holm-sidak test. For SNI-
induced mechanical and thermal hypersensitivity changes following ablation of Mrgprd™ neurons, thermal
and mechanical sensitivity changes following chemogenetic and optogenetic activation of Mrgprd™ neu-
rons, SNI-induced changes in the excitability of Mrgprd® neurons, data were assessed by Two-way
repeated-measures ANOVA with holm-sidak test. For statistical analysis of the incidence of electrophysi-
ological results, data were analyzed with chi-square tests. p < 0.05 was considered as a significant change.
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