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The Mas-related G protein–coupled receptor
d (Mrgprd) mediates pain hypersensitivity in painful
diabetic neuropathy
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Anne-Marie Malfaitc, Richard J. Millerb, Daniela Maria Menichellaa,b,*

Abstract
Painful diabetic neuropathy (PDN) is one of themost common and intractable complications of diabetes. Painful diabetic neuropathy
is characterized by neuropathic pain accompanied by dorsal root ganglion (DRG) nociceptor hyperexcitability, axonal degeneration,
and changes in cutaneous innervation. However, the complete molecular profile underlying the hyperexcitable cellular phenotype of
DRG nociceptors in PDN has not been elucidated. This gap in our knowledge is a critical barrier to developing effective, mechanism-
based, and disease-modifying therapeutic approaches that are urgently needed to relieve the symptoms of PDN. Using single-cell
RNA sequencing of DRGs, we demonstrated an increased expression of the Mas-related G protein–coupled receptor d (Mrgprd) in
a subpopulation of DRG neurons in the well-established high-fat diet (HFD) mouse model of PDN. Importantly, limiting Mrgprd
signaling reversed mechanical allodynia in the HFD mouse model of PDN. Furthermore, in vivo calcium imaging allowed us to
demonstrate that activation of Mrgprd-positive cutaneous afferents that persist in diabetic mice skin resulted in an increased
intracellular calcium influx into DRG nociceptors that we assess in vivo as a readout of nociceptors hyperexcitability. Taken together,
our data highlight a key role of Mrgprd-mediated DRG neuron excitability in the generation and maintenance of neuropathic pain in
a mouse model of PDN. Hence, we propose Mrgprd as a promising and accessible target for developing effective therapeutics
currently unavailable for treating neuropathic pain in PDN.
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1. Introduction

Painful diabetic neuropathy (PDN) is an intractable complication
affecting some 25% of diabetic patients.2,30 Painful diabetic
neuropathy symptoms include neuropathic pain and small-fiber
degeneration19,43,56,72 involving the degeneration of the axons of
the nociceptive dorsal root ganglion (DRG) neurons that innervate
the skin.44,74 Neuropathic pain associated with PDN is a de-
bilitating affliction having a substantial impact on patients’ quality
of life and health care costs.17 Despite this prevalence and

impact, current therapies for PDN are only partially effec-
tive.9,61,75 One critical barrier to developing novel and effective
therapy for PDN is that the molecular mechanisms leading to
neuropathic pain and to small-fiber degeneration are mostly
unknown.

Neuropathic pain is associated with the hyperexcitability of
neurons in pain pathways in the absence of appropriate
stimuli.43,83,88 The cells responsible for this phenomenon include
DRG nociceptors.43,83,88 Diabetic patients58 and animal models
of PDN3,7 exhibit sensory neuron hyperexcitability, including
spontaneous activity of DRG nociceptor axons.3,7,67 Consistent
with these findings, our laboratory has shown that reducing the
hyperexcitability of DRG nociceptors, identified by the sodium
channel Nav1.8, which is expressed by 90% of nociceptors,69

reversed mechanical allodynia and small-fiber degeneration37 in
the well-established high-fat diet (HFD) mouse model of PDN.56 It
is known that in states of neuropathic pain, DRG nociceptors
become hypersensitive to a variety of signaling mole-
cules.10,27,38,48,53,79 However, the complete molecular profile
underlying the hyperexcitable cellular phenotype of DRG noci-
ceptors in PDN has not been elucidated. The identification of
targets able to specifically modulate DRG nociceptor hyperex-
citability could help in the further development of novel
therapeutic approaches for PDN.

Because DRG neurons are a heterogeneous group of
neurons,1,16,28,34,45,50,82 accurate and complete classification
of the molecular properties of these neurons is imperative if we
wish to understand which subtypes are involved in different
pathological conditions such as PDN. Several groups have

Sponsorships or competing interests that may be relevant to content are disclosed

at the end of this article.

a Departments of Neurology and, b Pharmacology, Feinberg School of Medicine,

Northwestern University, Chicago, IL, United States, c Department of Internal

Medicine, Rush Medical College, Chicago, IL, United States

*Corresponding author. Address: Department of Neurology and Department of

Pharmacology, Feinberg School of Medicine, Northwestern University, Robert Lurie

Medical Research Center, Lurie 8-123, 303 E. Superior St, Chicago, IL 60611,

United States. Tel.: 312-503-3223; fax: (312) 503-3202. E-mail address:

d-menichella@northwestern.edu (D. M. Menichella).

Supplemental digital content is available for this article. Direct URL citations appear

in the printed text and are provided in the HTML and PDF versions of this article on

the journal’s Web site (www.painjournalonline.com).

Copyright© 2023 The Author(s). Published byWolters Kluwer Health, Inc. on behalf

of the International Association for the Study of Pain. This is an open access article

distributed under the terms of the Creative Commons Attribution-Non Commer-

cial-No Derivatives License 4.0 (CCBY-NC-ND), where it is permissible to download

and share the work provided it is properly cited. The work cannot be changed in any

way or used commercially without permission from the journal.

http://dx.doi.org/10.1097/j.pain.0000000000003120

1154 D.S. George et al.·165 (2024) 1154–1168 PAIN®

mailto:d-<?show $132#?>menichella@northwestern.<?show $132#?>edu
http://www.painjournalonline.com
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://dx.doi.org/10.1097/j.pain.0000000000003120


performed scRNA-seq of rodent and human sensory neu-
rons16,28,45,68,82,87; however, single-cell RNA sequencing and
the complete gene expression profile of molecularly distinct DRG
cell types, along with the specific genes differentially expressed in
each type, have not been addressed in PDN.

Using single-cell RNA sequencing of DRGs, we demonstrated
an increased expression of the Mas-related G protein–coupled
receptor d (Mrgprd) in a subpopulation of DRG neurons in the
HFD mouse model of PDN. The role of Mrgprd-expressing
neurons inmechanical nociception is well established inmice62,89

and in human.20,46 Mrgprd is an interesting target because it is
a highly druggable, excitatory G protein–coupled receptor known
to influence DRG neuron excitability to mechanical stimuli,
expressed solely by the nociceptive neuronal population that
extends out into the outermost layer of the skin.89 Indeed, herewe
demonstrated that limiting Mrgprd signaling reversed mechanical
allodynia in the HFD mouse model of PDN. Furthermore, using
in vivo calcium imaging, we demonstrated that activation of
Mrgprd-positive cutaneous afferents that persist in diabetic mice
skin resulted in an increased intracellular calcium influx into in
DRG nociceptors that we assess in vivo as a readout of
nociceptors hyperexcitability. Taken together, our data highlight
a key role of Mrgprd-mediated DRG neuron excitability in the
generation and maintenance of mechanical allodynia in a mouse
model of PDN.

2. Materials and methods

2.1. Animals

All methods involving animals were approved by the Institutional
Animal Care and Use Committee at Northwestern University.
Animals were housedwith food andwater ad libitum on a 12-hour
light cycle. We used the following mouse lines: C57/Bl6J (wild-
type), Nav1.8-Cre;GCaMP6s, Nav1.8-Cre;Ai9, MrgprdDEGFPf,
Mrgprd-eGFP reporter mice (MrgprdDEGFPf).89 Mrgprd-CreERT2

mice57 were crossed with hM4Di mice.64 The resulting Mrgprd-
CreERT2;hM4Di mice were treated with tamoxifen 0.5 mg (Sigma-
Aldrich, St. Louis, MO; T5648) given dissolved in corn oil via i.p.
injection once per day starting postnatally day 10 (P10) through
postnatally day 17 (P17). We observed that the metabolic profile
of femalemice on aHFDwas extremely variable. Therefore, in this
study, we only used male mice with the goal of reducing total
mouse usage. Animals were given at least one week to drive
recombination and reporter gene expression.

2.2. High-fat diet

Mice were fed a diet with a high fat content (42% fat) (Envigo
TD88137, Envigo, Madison, WI), HFD for 10 weeks as previously
described.25,37,51,56 Control mice were fed a regular diet (RD)
containing 11% fat. After 10 weeks on RD or HFD, a glucose
tolerance test was performed as described.37,56 Briefly, after fasting
for 12hours,micewere injectedwith a45%D-glucose solution (2mg
glucose/g body weight). Animals were weighed on an electronic
scale, and after fasting the animals for 12 hours, fasting blood
glucose was measured using TrueTrack meter and TrueTrack
glucose test strips. The mice were then injected with a 45%
D-glucose solution (2 mg glucose/g body weight) and blood glucose
was measured at 30, 60, and 120 minutes after injection (RD-Het
n5 12 animals; RD-Homo n5 6 animals; HFD-Het n5 15 animals;
HFD-Homon515animals). Tocompare “diabetic” vs “nondiabetic”
HFDmice, we set the cutoff for diabetes (.178.41 mg/dL) at 2 SDs

above the mean for glucose at 2 hours after glucose challenge, as
determined from among wild-type littermate RD mice.37

2.2.1. Statistics

Blood glucose was analyzed using 1-way analysis of variance
(ANOVA) followed by Tukey’s test.

2.3. Isolation of dorsal root ganglion neurons and single-cell
RNA sequencing using 10X Genomics platform

Lumbar DRG neurons from adult mice fed on a regular diet (n5 5
animals) and a high-fat diet (n 5 5 animals) were isolated and
dissociated following protocol established by Zeisel et al., 2018. A
high viability single-cell suspension was prepared, and using the
10XGenomics chromium single cell kit v2, about 6000-8000 cells
were recovered. Two rounds of the experiment (total n 5 10
animals per group) were performed, and downstream cDNA
synthesis, library preparation, and sequencing were performed
according to the manufacturer’s instruction. Illumina runs were
demultiplexed and aligned using the 10X Genomics cell ranger
pipeline. Dimensionality reduction, clustering, and differential
expression of genes were done in Seurat v4.2.35 Raw matrix files
for single-cell RNA sequencing were deposited in Dryad (https://
doi.org/10.5061/dryad.9s4mw6mm5).

2.3.1. Statistics

We used the FindMarkers function in Seurat to perform
a Wilcoxon rank sum test to identify the differentially expressed
genes between RD and HFD.

2.4. RNAscope in situ hybridization

RNAscope in situ hybridization multiplex V2 was performed
according to the manufacturer’s instructions (Advanced Cell
Diagnostics [ACD]). Dorsal root ganglions were isolated in an
RNase-free manner, and the samples were then fixed in RNase-
free 4% PFA for 24 hours. The samples were transferred to 30%
sucrose for 24 hours and embedded in optimal cutting
temperature (OCT). Twelve-micrometer sections were placed
on SuperFrost Plus charged slides and stored at 220˚C until
ready to use. The slides were briefly washed in 13 PBS and
followed by a 10-minute hydrogen peroxidase treatment at RT.
The slides were then placed in a beaker containing 13 target
retrieval solution that heated to 99 to 102˚C for about 3 minutes.
The slides were then cooled in DEPC-treated water and trans-
ferred to 100% ethanol for 3 minutes. The slides were completely
air dried at RT, and hydrophobic barriers were drawn around the
sections. The air-dried slides were placed on the HybEZ slide
rack, and about 5 drops of RNAscope Protease III was added.
The slide rackwas placed onto a prewarmed humidity control tray
and into the HybEZ oven at 40˚C for 30 minutes. Probes Scn10a
(C1, catalog 426011), neurofilament heavy chain (Nefh) (C2,
catalog 443671), Mrgprd (C3, catalog 45692), Lpar3 (C1, catalog
43259), Trpv1 (C2, catalog 313331), human MRGPRD (C1,
catalog 524871), and human TRPV1 (C2, catalog 415381) were
used at the recommended concentration (C1:C2; 50:1). Probes
were incubated for 2 hours at 40˚C, and the slides were then
stored in 53 saline sodium citrate solution. On day 2, AMP1,
AMP2, and AMP3 were added sequentially with a 30-, 30-, and
a 15-minute incubation period, respectively. Depending on the
probe used, the appropriate HRP signals were developed. Briefly,
4 to 6 drops of HRP-C1 or HRP-C2were added and incubated for
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15 minutes at 40˚C. This was followed by the addition of 1:100
dilution of TSA Plus fluorescein. The fluorophores were incubated
at 40˚C for 30 minutes, and this was followed by addition of the
HRP blocker. Washes were performed using 13 wash buffer as
recommended. The slides were then mounted using Vectashield
mounting media containing DAPI.

2.4.1. Analysis

Tissue sections were analyzed by imaging the whole DRG using
Olympus FV10i confocal microscope, and the images were
processed using Fiji. Two blinded reviewers counted the positive
cells for each subpopulation using the Cell Counter plugin and
measured the Mrgprd mRNA expression as average intensity of
Mrgprd1 dots per cell. Briefly, we first calculated the average
background intensity (ABI) based on the integrated intensity of
a background region in a selected area (ABI5 IntDen background/
area of selected background). Then we selected 10 dots per cell (2
cells per sample) andmeasured the area and integrated intensity of
each dot. Lastly, we calculated the average intensity per single dot
(AISD) using the formula: AISD 5 IntDen selected dots 2 ABI 3
area of selected dots/tot number of dots. Mean values of the
counts from blinded reviewers were plotted and graphed.

2.4.2. Statistical analysis

Data were compared using unpaired t test. In all experiments (RD
n 5 3 animals; HFD n 5 3 animals), values are expressed as
mean 6 SEM.

2.5. In vivo calcium imaging

Nav1.8-Cre;GCaMP6 animals were fed an RD or HFD diet for
10 weeks, then anesthetized by isoflurane and laminectomized,
exposing the L4 DRG as described.52 The experimental setup
and imaging were done as previously reported.52 Briefly, the
mouse was positioned under the microscope by clamping the
spinal column at L2 and L6; body temperature and isoflurane
were constantly maintained and monitored throughout the
imaging period. Silicone elastomer (World Precision Instruments)
was used to cover the exposed DRG and surrounding tissue to
avoid drying.52 A Coherent Chameleon-Ultra2 Ti:Sapphire laser
was tuned to 920 nm, and GCaMP6s signal was collected by
using a bandpass filter for the green channel (490-560 nm). Image
acquisition was controlled using PrairieView software version 5.3.
Images of the L4 DRG were acquired at 0.7 Hz, with a dwell time
of 4 ms/pixel (pixel size 1.92 3 1.92 mm2), and a 103 air lens
(Olympus UPLFLN U Plan Fluorite; 0.3 NA, 10 mm working
distance). The scanned sample region was 981.36 3
981.36 mm2. Anesthesia was maintained using isoflurane
(1.5%-2%) during imaging.

2.6. Intradermal b-alanine and capsaicin administration

Five microlitres of 100 mM b-alanine or 10 mM capsaicin was
injected intradermally to the paw pad in hind paw of anesthetized
mice in the set up described in the previous section. The needle
was inserted into the paw for 10 seconds and any responses to
the needle were not included in the analysis. After 10 seconds,
b-alanine or capsaicin was released, and the neurons that
responded to b-alanine or capsaicin was reported as the
percentage of neurons that responded. Appropriate controls like
saline and ethanol were used to rule out nonspecific responses
because of needle injections.

2.7. Analysis of in vivo calcium imaging

Time series files were exported and further processed in Fiji (NIH).
Any movement in the time series (on account of breathing) were
adjusted using the template-matching plugin. Brightness and
contrast were adjusted, and cells (region of interest [ROI]) were
identified by looking for an increase in fluorescence during the
stimulus application period, as previously reported.52 The
identified cells were then carefully marked and a custom macro
(where changes in [Ca21]i were quantified by calculating the
change in fluorescence for each ROI in each frame t of a time
series using the formula: DF/F0 5 (Ft 2 F0)/F0, where F0 5 the
average intensity during the baseline period before the application
of the stimulus) was run followed by a Multi Measure Plugin to
obtain the mean gray value of each ROI. Once the values were
obtained, the ROIs that had a DF/F0 reading greater than 1 were
included as a responding ROI/neuron (RD n 5 7 animals, HFD
n 5 9 animals, average number of neurons imaged per DRG in
RD 5 197.5 6 48.67 and HFD 5 242.5 6 69.16). To determine
the percentage of responders, the total number of neurons
imaged for each DRG was estimated by counting the number of
neurons within a region of average density and extrapolating to
the total DRG area.52 The area under the curve (AUC) was
calculated for each responding ROI in GraphPad Prism 8.3, and
the mean total peak area was calculated for each animal. The
maximum amplitude was calculated by taking the maximum DF/
F0 value for each responding ROI and the mean was calculated
for each animal. Experimental procedures were designed to
maximize robustness and minimize bias. Specifically, dynamic
brush experiments were conducted using random experimental
group assignments (diet and treatment). Investigators that
performed in vivo calcium imagining experiments and endpoint
analysis were blinded to the experimental conditions. We have
experience with randomized allocation and blinded analysis using
this mouse model with sequenced numbering of mice at
weaning.37

2.7.1. Statistics

Percentage responders, AUC, and max amplitude were com-
pared using a 2-tailed unpaired t test and Fisher exact test.
Wilcoxon matched-pair signed rank test or paired t test was
performed to compare saline and b-alanine and ethanol and
capsaicin responses, respectively, in both experimental groups.
Mann–Whitney test or unpaired t test was performed to compare
effects of b-alanine and capsaicin, respectively, in RD v/s HFD
conditions. Data are reported as mean 6 SEM.

2.8. Detection of cutaneous innervation

Nav1.8-Cre;Ai9, MrgprdDEGFPf, MrgprdDEGFPf heterozygous,
and homozygous animals were fed an RD or HFD for 10 weeks.
The hind paws were harvested and fixed in Zamboni fixative for
24 hours, and then the overlying footpad skin was dissected,
submerged in 30% sucrose solution for 24 hours, and embedded
in Optimal Cutting Temperature Compound (OCT, Tissue-Tek).
Thirty-micrometer sections were cut on a cryostat and counter-
stained by mounting solution with DAPI (Hardset, Vectashield).

2.8.1. Confocal analysis

Three separate sections from each animal were analyzed,
composite Z-stack images of skin from the hind paw were imaged
using Olympus FV10i, and the images were processed using Fiji.
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The epidermal–dermal junction was outlined by a blinded observer
who also noted its length. Three blinded reviewers counted the
nerves crossing this line using theCell Counter plugin.Mean values
of the counts from blinded reviewers were divided by the
epidermal–dermal junction length to report IENF density.

2.8.2. Statistical analysis

Datawere compared using 1-wayANOVA followed by Tukey test.
In all experiments (RD n 5 3-8 animals; HFD n 5 3-7 animals),
values are expressed as mean 6 SEM.

2.9. Intraperitoneal injection with clozapine-N-oxide

Clozapine-N-oxide (CNO, 10 mg/kg; Sigma Aldrich, St. Louis,
MO) in 200 mL of saline was injected with a 25-gauge needle to
mice fed either an RD or HFD. Mice were tested for pain 1 and
4 hours after injection with either CNO (RD-CNO n 5 6 mice;
HFD-CNO n 5 6 mice) or vehicle (RD-saline n 5 7 mice; HFD-
saline n 5 6 mice).

2.10. von Frey

von Frey behavioral studies were performed as described. Briefly,
mice were placed on a metal mesh floor and covered with
a transparent plastic dome where they rested quietly after initial
few minutes of exploration. Animals were habituated to this
apparatus for 30 minutes a day, 2 days before behavioral testing.
After acclimation, each filament was applied to 6 spots spaced
across the glabrous side of the hind paw.Mechanical stimuli were
applied with 7 filaments, each differing in the bending force
delivered (10, 20, 40, 60, 80, 100, and 120 mN), but each fitting
a flat tip and a fixed diameter of 0.2 mm. The force equivalence is
100 mN 5 10.197 g. The filaments were tested in order of
ascending force, with each filament delivered for 1 second in
sequence from the first to the sixth spot, alternately from one paw
to the other. The interstimulus interval was 10 to 15 seconds.37

The von Frey withdrawal threshold was defined as the force that
evoked a minimum detectable withdrawal on 50% of the tests at
the same force. Experimental procedures were designed to
maximize robustness and minimize bias. Specifically, von Frey
experiments were conducted using random experimental group
assignments (diet and treatment). Investigators that performed
von Frey tests and endpoint analysis were blinded to the
experimental conditions. We have experience with randomized
allocation and blinded analysis using this mouse model with
sequenced numbering of mice at weaning.37

2.10.1. Statistical analysis

The incidence of foot withdrawal was expressed as a percentage
of 6 applications of each filament as a function of force. A Hill
equation was fitted to the function, relating the percentage of
indentations eliciting a withdrawal to the force of indentation.
From this equation, the threshold force was defined as the force
corresponding to a 50% withdrawal rate.37 Data were compared
by 1-way ANOVA followed by Kruskal–Wallis test (RD-Het n5 10
animals, RD-Homo n5 8 animals, HFD-Het n5 17 animals, and
HFD-Homo n 5 16 animals) and reported as mean 6 SD.

2.11. Dynamic brush assay

Dynamic mechanical hypersensitivity was measured as pre-
viously described.15 Briefly, the animals were placed on a 7.25-

mm spaced grid and covered with a transparent plastic dome
where they rested quietly after initial few minutes of exploration.
Animals were habituated to this apparatus for 45 minutes a day,
2 days before behavioral testing. The hind paw of the animals
was lightly stroked in the heel to toe direction with a paintbrush
(Cat # 06156-1004, Series4310L; Blick Art Supplies, Chicago,
IL). Both the right and the left hind paw were brushed
alternatively and scoredwith oneminute of resting time between
the brush strokes. We used a graded scoring system where the
animal received a 0 score if the animal did not respond to the
brush stimulus. Animals received a score of 1 if the animal lifted
the paw off the mesh and placed it back on the mesh
immediately. Animals received a score of 2 if there was
sustained lifting (.2 seconds) or if there was flinching or licking
of the stimulated paw. Experimental procedures were designed
to maximize robustness and minimize bias. Specifically,
dynamic brush experiments were conducted using random
experimental group assignments (diet and treatment). Inves-
tigators who performed von Frey tests and endpoint analysis
were blinded to the experimental conditions. We have experi-
ence with randomized allocation and blinded analysis using this
mouse model with sequenced numbering of mice at weaning.37

2.11.1. Statistical analysis

Stroking was repeated a total of 10 times for each animal, and the
scores were averaged. Data were compared by 1-way ANOVA
followed by Kruskal–Wallis test (RD-Het n 5 23 animals, RD-
Homo n5 13 animals, HFD-Het n5 24 animals, and HFD-Homo
n 5 22 animals) and reported as mean 6 SD.

3. Results

3.1. Single-cell transcriptomic profiling of dorsal root
ganglion neurons in the HFD mouse model of painful
diabetic neuropathy

To understand the mechanisms leading to DRG nociceptor
excitability that underlies neuropathic pain in PDN, we used the
well-established HFD mouse model of PDN, where mice are
fed either a regular diet (RD) or a diet with a high content of fat
(HFD) for about 10 weeks, during which time they develop
mechanical allodynia and small-fiber degeneration.37,51 Our
intention was to discover molecular markers responsible for
the hyperexcitable cellular phenotype of DRG neurons as
potential novel therapeutic targets. Hence, we identified the
complete molecular profile of DRG neurons in their hyperexcit-
able state using an unbiased transcriptomic comparison of
gene expression by lumbar DRG neurons from mice fed an
HFD compared mice fed an RD. Dorsal root ganglion neurons
are molecularly defined as distinct subtypes based on the
expression of a set of molecular markers.16,28,45,82 To capture
the full heterogeneity of DRG neurons and characterize
changes in cell types and cell states, we performed single-
cell RNA sequencing to understand the complete gene
expression profile of molecularly distinct cell types together
with the specific genes differentially expressed in each type in
the HFD mouse model of PDN.

We prepared viable single-cell suspensions from lumbar DRGs
in mice fed an RD or HFD and used the 103 platform for the
single-cell capture and barcoding (Fig. 1A). We performed
comparative clustering (n 5 5 mice per group 3 2 rounds; RD
6888 and 6693 cells; HFD 8567 and 6429 cells) and were able to
clearly identify different cell types as well as conserved markers in
the 2 conditions investigated. As expected, and in support of the
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literature on this topic,16,28,45,68,82,87 we were able to separate
out neuronal and nonneuronal clusters. Within the neuronal
clusters, we were able to identify distinct neuronal subtypes
comparable with those described in the literature16,28,45,68,82,87

(Figs. 1B and C). In our comparative analysis of the single-cell
data, we were particularly interested in the differential expression
of GPCRs because they might represent important drug targets.
Mrgprd is an interesting potential drug target because it is a G
protein–coupled receptor known to influence DRG neuron
excitability to mechanical stimuli in mice62,89 and in human.20,46

Additionally, Mrgprd is expressed by the nociceptive neuronal
population that extends out into the outermost layer of the skin,89

making it a very accessible therapeutic target for PDN. We
confirmed that in RD DRGs, Mrgprd is expressed in a sub-
population of neurons classified as nonpeptidergic type 1
neurons (NP1)82,87 (Fig. 1D). Raw matrix files for single-cell
RNA sequencing were deposited in Dryad (https://doi.org/10.
5061/dryad.9s4mw6mm5).

3.2. Overexpression of Mas-related G protein–coupled
receptor d receptors in a subpopulation of dorsal root
ganglion neurons in diabetic mice

Aiming to further evaluate Mrgprd expression when comparing
HFD and RD lumbar DRG, we performed a comparative analysis

of the identified clusters (Fig. 2A). The relative proportion of cells

in the neuronal clusters indicated an expansion in the peptidergic

1 (PEP1) and nonpeptidergic type 2 (NP2) clusters (Fig. 2B) in the

HFD condition. When we compared RD and HFD DRGs, we

observed that Mrgprd was significantly expressed in NP2 cluster

(Fig. 2C,P-value of 0.002). The NP2 population expresses Trpv1,

the receptor for capsaicin (Figs. 1D and 2D), and we observed

that there were no differences in the expression of Trpv1 (Fig. 2D)

in the NP2 population or in the PEP1 population when comparing

RD and HFD conditions.
To validate the DRG subtypes identified with single-cell RNA seq,

we performed RNA scope on frozen sections of lumbar DRG taken

Figure 1. Single-cell RNA-seq of lumbar DRG neurons inmice fed an RD or HFD. (A) Experimental model describing the 2 diet groups, isolation of DRG and single-
cell capture and barcoding using the 10X Genomics platform. (B) Integrated UMAP plot visualizing neuronal (PEP, peptidergic; NF, neurofilament; NP,
nonpeptidergic; TH, tyrosine hydroxylase) and nonneuronal clusters (VSMC, vascular smooth muscle cell; RBC, red blood cell; VECC, vascular endothelial
capillary cell; SC, Schwann cell; SGC, satellite glial cells). (C) Feature plot indicating the expression of well-known nonneuronalmarkers and visualization of 2 broad
neuronal markers—Nav1.8 and Nefh. (D) Violin plot showing expression of well-established markers used to identify the NP1 and NP2 subpopulation (n5 5 mice
per group3 2 rounds; RD 6888 and 6693 cells; HFD 8567 and 6429 cells). DRG, dorsal root ganglion; HFD, high-fat diet; Nefh, neurofilament heavy chain; RD,
regular diet. Lpar3, Lysophosphatidic Acid Receptor 3; Plxnc1, Plexin c1; Trpc3, Transient Receptor Potential Cation Channel subfamily C member 3; Trpv1,
Transient Receptor Potential Cation Channel subfamily V member 1.
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from mice fed RD or HFD. We used probes to detect markers
characteristic of DRG subgroups. We know that Mrgprd-expressing
neurons are a subpopulation of the Nav1.8 population as shown both
in representative images (Figs. 3AandE). Additionally, both inRDand
in HFD lumbar DRG, we verified the colocalization of Mrgprd and the
Nefh expressed in NF DRG subpopulation (Figs. 3B and F). We also
analyzed the expression of Mrgprd with lysophosphatidic acid
receptor (Lpar3), expressed in NP1 class of neurons (Figs. 3C and
G) and Trpv1, which is a marker of the NP2 population of DRG
neurons82 (Figs. 3D and H). Quantification of DRG class of neurons,
done in blind by 3 independent counters, showed no significant
differencesbetween the2diet conditionsRDandHFD (Suppl Table 1,
available at http://links.lww.com/PAIN/B957). In the pie chart (Figs. 3I
and J), we show the percentage of expression of different neuron
subtypes and their colocalization with other markers in both RD and
HFD. Moreover, even if the quantification of Mrgprd-positive neurons
in the 2 diet conditions showed no significant differences (Fig. 3K; RD
33.736 3.76, n5 8 animals; HFD 37.416 1.90, n5 7 animals), the
quantification of MrgprdmRNA as average intensity showed a robust
differenceamong the2diet conditions (Fig. 3L; 2-tailed unpaired t test
325.46 82.92, P5 0.0001; n5 60 dots and n5 3 animals in both
RD and HFD).

Given the molecular differences in neuronal subpopulations
between mouse and human DRG,59,63,70,78 it was important to
validate our potential candidate target using human DRGs. Using
RNAscope, we validated the expression of MRGPRD in human
DRGs fromdonor controls andpatientswith PDNprovided to usby
Anabios. We were able to confirm that MRGPRD is expressed in
human DRGs both in control and in donors with PDN (Suppl
Fig. 1A,310magnification, available at http://links.lww.com/PAIN/
B957). Additionally, as previously demonstrated,55,59,63,70,78 we

confirmed that TRPV1 is more widely expressed in human DRGs
as compared with mouse DRGs70 both in controls and in donors
with PDN. Indeed, we observed that TRPV1 was expressed in
most nociceptors andco-expressedwithMRGPRD (Suppl Fig. 1A,
available at http://links.lww.com/PAIN/B957, the inset shows
a magnified image of a single neuron).

3.3. Mas-related G protein–coupled receptor d receptors are
necessary for the establishment of static mechanical
allodynia in diabetic mice

Using single-cell RNA sequencing, we have demonstrated an
increased expression of the Mas-related G protein–coupled
receptor d (Mrgprd) in a subpopulation of DRG neurons under
diabetic conditions. To make a compelling case for Mrgprd
receptors as a drug target for PDN, we wanted to demonstrate
that manipulating these receptors reduces PDN symptoms.
Hence, we examined the effects of reducing the expression of
Mrgprd receptors in the development of pain hypersensitivity in
the HFD mouse model of PDN using mice in which the Mrgprd
receptor had been deleted and replaced with a gene for
a fluorescent protein, EGFPf (MrgprdDEGFPf).89 First, we
induced PDN in MrgprdDEGFPf mice by feeding them either
an RD or HFD. Both MrgprdDEGFPf heterozygous and
homozygous mice fed HFD developed obesity (Suppl Fig. 2A,
available at http://links.lww.com/PAIN/B957) and glucose in-
tolerance (Suppl Fig. 2B and C, available at http://links.lww.
com/PAIN/B957) like wild-type mice, demonstrating that
Mrgprd receptor deletion does not alter their response to the
changed metabolic profile prevailing in the HFD. We then tested
both Het and Homo mice for mechanical allodynia (RD-Het n5

Figure 2. Single-cell RNA-seq of lumbar DRG neurons reveals overexpression of Mrgprd in mice fed a HFD. (A) UMAP split by treatment (B) Percentage of cells
within each neuronal cluster. (C) Violin plot indicating changes in gene expression of Mrgprd in the HFD condition. (D) Violin plot showing Trpv1 expression in the 2
diet conditions. (n 5 5 mice per group 3 2 rounds; RD 6888 and 6693 cells; HFD 8567 and 6429 cells). DRG, dorsal root ganglion; HFD, high-fat diet; Mrgprd,
Mas-related G protein–coupled receptor d; RD, regular diet.
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10 mice; RD-Homo n 5 8 mice; HFD-Het n 5 17 mice; HFD-
Homo n 5 16 mice) using von Frey withdrawal threshold
measurements, as described elsewhere.6,37,51 Deletion of the
Mrgprd receptors in RD-Homo did not change the withdrawal
thresholds or result in mechanical allodynia compared with the
heterozygous mice fed an RD (Fig. 4A; RD-Het 0.806 0.93 v/s
RD-Homo 0.70 6 0.35, P 5 .0.99) indicating that Mrgprd
deletion did not alter mechanical sensation in otherwise
metabolically normal mice. We have previously shown that
mice fed an HFD developed mechanical allodynia 6 weeks after
commencement of the diet. In Het mice fed the HFD for
10 weeks, the withdrawal threshold was significantly reduced
compared with RD-Het mice (RD-Het 0.806 0.93 v/s HFD-Het
0.136 0.24; P, 0.001), indicating mechanical allodynia in this
group (Fig. 4A). We then determined whether deleting Mrgprd
receptors would prevent the development of mechanical
allodynia in HFD mice. We saw that there was a significant

increase in the withdrawal threshold in HFD-Homo mice
compared with HFD-Het (Fig. 4A; HFD-Het 0.13 6 0.24 v/s
HFD-Homo 0.33 6 0.57, P 5 0.03), indicating that deleting
Mrgprd receptors prevented the establishment of static
mechanical allodynia in this model of PDN.

To further characterize the pain phenotype, we tested for
dynamic allodynia using the brush test15,21,54 in both Het and
Homo mice fed either RD (RD-Het n 5 23 mice; RD-Homo n 5
13 mice) or HFD (HFD-Het n 5 24 mice; HFD-Homo n 5 22
mice) for 10 weeks. We observed that Het mice fed HFD (HFD-
Het) developed dynamic allodynia at 10 weeks on diet (Fig. 4B;
RD-Het 1.20 6 0.33 v/s HFD-Het 1.45 6 0.34 P 5 0.04; RD-
Homo 1.00 v/s HFD-Het P 5 0.02). We observed that
homozygous animals fed a HFD did not show an increase in
the dynamic score compared with the HFD-Het mice (HFD-Het
v/s HFD-Homo 1.20 6 0.46 P 5 0.18), demonstrating that
Mrgprd receptors are necessary for the establishment of static

Figure 3. In situ hybridization validating the expression of Mrgprd (A–H) Nav1.8 (green), Nefh (red), Lpar3 (green), and Trpv1 (red) with Mrgprd (blue) frommice fed
an RD or HFD. (I and J) Pie chart of each population along with the co-localization with other markers. In all experiments (RD n53-4 mice and HFD n5 4-5 mice
were imaged for each group). (K) Quantification of percentage of neurons expressing Mrgprd. (L) Quantification of Mrgprd mRNA as average intensity of Mrgprd1
dots per cell. Data compared using unpaired t tests. In all experiments (RD n5 8mice and HFD n5 7mice were imaged for each group), values are expressed as
mean 6 SEM. HFD, high-fat diet; Mrgprd, Mas-related G protein–coupled receptor d; Nefh, neurofilament heavy chain; RD, regular diet.

1160 D.S. George et al.·165 (2024) 1154–1168 PAIN®



Figure 4. Mrgprd receptors are necessary for the establishment of static mechanical allodynia in diabetic mice. (A) von Frey testing of heterozygous (1/2) and
homozygous (2/2) MrgprdDEGFPf mice to evaluate static mechanical allodynia. Data were compared by 1-way ANOVA followed by Kruskal–Wallis test (RD-Het
n5 10 animals, RD-Homo n5 8 animals, HFD-Het n5 17 animals, HFD-Homo n5 16 animals) and reported asmean6SD. (B) Dynamic brush assay to evaluate
the contribution of Mrgprd receptor to dynamic brush allodynia. Stroking was repeated for a total of 10 times for each animal and the scores were averaged. Data
were compared by 1-way ANOVA followed by Kruskal–Wallis test (RD-Het n5 23 animals, RD-Homo n5 13 animals, HFD-Het n5 24 animals, HFD-Homo n5
22 animals) and reported as mean6 SD. (C) Schematic showing the generation of Mrgprd-CreERT2 crossed with hM4 DREADD mice and von Frey testing of RD
and HFDMrgprd-CreERT2;hM4Di mice to evaluatemechanical allodynia; RD saline n5 7mice, RDCNO n5 6mice, HFD saline n5 6mice, HFDCNO n5 6mice.
***P, 0.001, **P, 0.01, *P, 0.05. (D and E) Confocal micrographs of the glabrous skin of MrgprdDEGFPf heterozygous and homozygousmice fed either an RD
or HFD showing Mrgprd-expressing neuronal afferents labeled with GFP (green) and nuclear marker DAPI (blue). The white line demarcating the intraepidermal
junction. (F) Quantification of the intraepidermal nerve fiber density in panels (D and E). (G) Confocal micrographs of the glabrous skin of Nav1.8-Cre;Ai9;
MrgprdDEGFPf mice fed either an RD or HFD showing Mrgprd-expressing afferents labeled with GFP (green), Nav1.8 afferents labelled with td-tomato (red), and
nuclear marker DAPI (blue). The white line is demarcating the intraepidermal junction. (H) Quantification of the intraepidermal nerve fiber density in panel (G). Scale
bar represents 50 mm. Data were compared using 1-way ANOVA followed by Tukey test. In all experiments (RD n5 7 animals; HFD n5 6 animals; 3 sections for
each group), values are expressed as mean6 SEM, *P, 0.05. CNO, clozapine-N-oxide; HFD, high-fat diet; Mrgprd, Mas-related G protein–coupled receptor d;
RD, regular diet.
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but not brush (dynamic) mechanical allodynia in the HFDmouse
model of PDN.

We next investigate the effects of modulating Mrgprd-positive
DRGneuron excitability onPDNsymptomsusing a chemogenetic
platform genetically introducing designer receptors exclusively
activated by designer drug (DREADD) receptors into Mrgprd-
positive DRG neurons. As previously described,37 we used an
inhibitory DREADD receptor based on an engineered muscarinic
acetylcholine receptor M4 (PDi), which works via activation of the
inhibitory Gi/o protein pathway.4 Activation of this receptor with
the small molecule agonist CNO or its metabolite clozapine
inhibits neuronal activity (see Refs. 26,64,81 for review). We
expressed inhibitory hM4 DREADD (PDi) receptors in Mrgprd-
positive DRG neurons by crossing Mrgprd-CreERT2 mice57 with
a mouse line that enables the conditional expression of DREADD
receptors (hM4Di, Fig. 4C).64 Mrgprd is expressed more broadly
in early development than in adulthood.47 Indeed, Liu et al.
showed that tamoxifen treatment of MrgprdCreERT2 mice at early
embryonic stages (E16.5-E17.5), labels Mrgprd-expressing
neurons along with nonpeptidergic neurons expressing other
Mrgpr genes, such as MrgprA3 and Mrgprb4.57 Aiming to
express inhibitory hM4 DREADD (PDi) receptors in Mrgprd-
positive nonpeptidergic nociceptors (NP1) specifically and not in
nonpeptidergic neurons expressing other Mrgpr genes, such as
Mrgpra3 and Mrgprb4, we have used a protocol that provided
postnatal (P10-P17) tamoxifen treatment57 (Fig. 4C).

Next, we induced PDN in the Mrgprd-CreERT2; hM4Di mice by
feeding them either an RD or HFD. As expected, we observed
that HFD Mrgprd-CreERT2; hM4Di mice had significantly lower
baseline withdrawal threshold for mechanical stimulation com-
pared with animals on RD (Fig. 4C; RD 1.25 6 0.38 v/s HFD
0.116 0.04, P, 0.01). We then evaluated the consequences of
reducing Mrgprd-positive DRG neuron excitability on mechanical
allodynia in the HFD model by von Frey analysis 1 hour after
a single intraperitoneal injection of either saline or CNO (10mg/kg)
(RD saline n 5 7 mice, RD CN0 n 5 6 mice, HFD saline n 5 6
mice, HFD CNO n 5 6 mice). We saw no changes in the
withdrawal threshold when animals fed an RD were injected with
either saline or CNO (Fig. 4C; RD-saline 1.48 6 0.73, P 5 0.58;
n5 7mice; RD-CNO 1.526 0.42, P5 0.69; n5 6mice) or when
HFD animals were treated with CNO (Fig. 4C; HFD-saline
0.10 6 0.04, P 5 0.22; HFD-CNO 0.64 6 0.51, P 5 0.03).
These data indicate that specifically modulating Mrgprd-positive
DRG neuron (NP1) excitability via Gi-coupled GPCRs is not
sufficient to reverse mechanical allodynia in the HFD mouse
model of PDN.

3.4. Mas-related G protein–coupled receptor d–positive
cutaneous afferents persist in diabetic mice skin

Using confocal microscopy, we examined skin innervation in both
MrgprdDEGFP heterozygous and MrgprdDEGFP homozygous
mice fed an RD (n 5 3 mice) or a HFD (n 5 3 mice) for 10 weeks
(Figs. 4D and E). We observed that Mrgprd-positive cutaneous
afferents normally crossed the intraepidermal junction and
innervated the outer layer of skin even in the HFD condition, with
no statistically significant difference in the intraepidermal nerve
fiber (IENF) density, which is expressed as the number of nerves
crossing the epidermal–dermal junction as a function of length
(RD-Het 0.036 0.004, HFD-Het 0.046 0.007, RD-Homo 0.046
0.005, HFD-homo 0.04 6 0.003) between these group of mice
(Fig. 4F). Skin innervation was normal in MrgprdDEGFP
heterozygous and MrgprdDEGFP homozygous mice fed an RD
or HFD (Figs. 4D–F), demonstrating that Mrgprd deletion did not

interfere with normal neurite outgrowth. Moreover, we measured
the number of nerve terminal branches in epidermis of both
MrgprdDEGFP heterozygous and homozygous mice, and we did
not detect any significant difference (Suppl Fig. 3, available at
http://links.lww.com/PAIN/B957, 1-way ANOVA followed by
Brown–Forsythe test).

Previously, our laboratory has shown that there is a loss of the
Nav1.8-positive intraepidermal nerve fibers in the HFD condi-
tion.37 We elected to use Nav1.8-Cre;Ai9;MrgprdDEGFP hetero-
zygous mice, in which in the same mouse strain Nav1.8-positive
fibers are genetically labelled in red and Mrgprd-positive fibers in
green. Using these mice, we investigated the skin innervation
comparing mice fed either RD or HFD (Fig. 4G). In line with our
previous results,37 we observed a significant decrease in IENF
density in the Nav1.8-positive (td-tomato) afferents in the HFD
condition (Nav1.8-positive (tomato) fibers RD-0.04 6 0.007, n 5
7, Nav1.8-positive (tomato)fibers HFD-0.02 6 0.004, P, 0.022,
n 5 6) (Figs. 4G and H). However, the quantification of IENF
density of Mrgprd-positive cutaneous afferents showed no
differences between the 2 diet conditions (Mrgprd-positive fibers
RD-0.04 6 0.004, n 5 7; Mrgprd-positive fibers HFD-0.03 6
0.005, HFD n 5 6) (Figs. 4G and H). Values are expressed as
mean 6 SEM. The quantification was done in blind by 3
independent counters. Given that theseMrgprd receptors remain
in the outer layers of the skin, they become a remarkably
interesting and accessible target for an antagonist that could be
applied topically to the skin.

3.5. Activation of Mas-related G protein–coupled receptor
d at the level of cutaneous afferents produces increased
intracellular calcium concentration in dorsal root ganglion
nociceptors in diabetic mice

The behavioral experiments demonstrated that Mrgprd receptors
are necessary for the establishment ofmechanical allodynia in the
HFD mouse model of PDN. Using this mouse model, previous
work in our laboratory37 had shown that DRG neurons become
hyperexcitable. Moreover, reducing DRG nociceptor hyperexcit-
ability with DREADD receptor technology, prevented and re-
versed neuropathic pain and neuronal calcium overload.37

Mrgprd is an excitatory receptor; therefore, we hypothesized
that MrgprD signaling contributes to DRG nociceptor hyperex-
citability underlying mechanical allodynia in the HFD model of
PDN. To test this hypothesis, we used in vivo calcium imaging to
assess nociceptor hyperexcitability by measuring changes in
internal calcium concentration [Ca21]i in these neurons. Given the
cellular diversity and functional heterogeneity of DRG neu-
rons,16,28,45,82 we selectively monitored [Ca21]i in vivo in
Nav1.8-positive DRG nociceptors by expressing the [Ca21]i
indicator protein GCaMP612 in these neurons (Nav1.8-Cremice77

crossed with conditional reporter GCaMP6 mice; Ai96flox/flox;
RCL-GCaMP6s12). Mrgprd is expressed in a subpopulation of
Nav1.8-positive DRG neurons16,28,45,68,82,87 and, at the tran-
scriptional level, we found no detectable differences in the
expression of Nav1.8 within either of the 2 Mrgprd expressing
clusters. Nav1.8-Cre;Ai96

flox/flox;RCL-GCaMP6s mice were then
fed either an RD or HFD for 10 weeks. Laminectomy was
performed on anesthetized mice to expose the fourth lumbar (L4)
DRG, which contains sensory neurons that innervate the paw.52

The in vivo physiological setup allowed us to examine DRG
neuronal calcium signaling in real-time in response to paw
manipulation with mechanical stimuli or application of drugs.
Given that Mrgprd-positive fibers are remaining in the skin even in
HFD condition (Figs. 4D–H), our calcium in vivo set up is ideal to
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check effect of activation of excitatory Mrgprd receptors
expressed in these cutaneous afferents in the periphery. To
functionally determine changes in Mrgprd expression, we used
b-alanine, a known Mrgprd agonist,71 injected into the paw of
mice fed either RD or HFD while monitoring calcium transients
in vivo in the DRGs (RD: n 5 7 mice; HFD: n 5 9 mice; average
number of neurons within the DRG imaged per animal RD 5
197.5 6 48.67; HFD 242.5 6 69.16). The number and
percentage of responding neurons along with the intensity of
these responses were assessed with both vehicle saline
injections (data not shown) and with b-alanine; representative
images are shown in Figure 5A (magnified inset of the whole
imaged DRG). Although neurons from both RD and HFD mice
responded to b-alanine injections into the paw, we found an

increase in the percentage of neurons that responded to the
stimulus in HFDmice (Fig. 5B, RD 2.396 0.51; HFD 8.886 2.88,
P 5 0.008, white circles indicate neurons, and the yellow circles
identify neurons that responded to the stimulus at a given time).

With our in vivo calcium imaging set up we were able to show
that, among the DRG neurons taken from the HFD group, many
responses were similar in amplitude to those seen in RD (Figs. 5C
and E; RD 1.56 6 0.14, HFD 1.78 6 0.08, P 5 0.19; RD, n 5 7
mice; HFD, n 5 9 mice; average number of neurons within the
DRG imaged per animal: RD 5 197.5 6 48.67; HFD 242.5 6
69.16). However, there was also a Mrgprd-expressing sub-
population of neurons from the HFD group in which activation of
Mrgprd receptors with b-alanine injection in the paw produced
marked long-lasting oscillatory calcium responses, something

Figure 5. Increased percentage of in vivo calcium responses to b-alanine in Nav1.8-expressing DRG neurons frommice fed a HFD. (A) Representative magnified
images of whole DRG taken from RD (top) and HFD (bottom) mice showing neurons identified by white circles at baseline and during administration of b-alanine. A
neuron that responds to the stimulus is identified by a yellow circle at t5 120 seconds and at t5 300 seconds. (B) Percentage of neurons responding to b-alanine;
each black circle represents one animal. (C) Trace from a single neuron in RD (blue) and HFD (red) indicating change in fluorescence intensity (DF/F0) over time in
seconds (sec). (D) Trace from a single neuron from RD and HFD in response to b-alanine injection. (C and D) Arrow indicates the addition of b-alanine injection at
100 seconds. The box shows the duration of response tob-alanine in both RD andHFD. The percentage of neurons responding within this duration is indicated by
the pie chart. The percentage of neurons in the HFD continued to respond even after 300 seconds (HFD 23.17%; P5 0.021 vs RD 10.67%). (E) All responses from
representative RD andHFDmice. The gray line indicates the average change in fluorescence intensity over time. (F) Heatmap of 20 neurons shown as a function of
time and their response to saline and b-alanine injections (arrows indicate the time of injection). Percentage responders were compared using a 2-tailed unpaired
t test. Data reported asmean6 SEM. RD, n5 7mice; HFD, n5 9mice (average number of neurons within the DRG imaged per animal RD5 197.56 48.67; HFD
242.5 6 69.16). **P , 0.01. DRG, dorsal root ganglion; HFD, high-fat diet; RD, regular diet.
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that was rarely observed in the RD group (Fig. 5D). Neurons in the
RD group started to respond within 20 seconds after adminis-
tration of b-alanine (t 5 0-99 seconds of baseline reading,
b-alanine injected at t 5 100 seconds), and most of the calcium
peaks were no longer detected beyond 300 seconds (Fig. 5D;
RD 10.67%). Similarly, neurons in the HFD started to respond 20
seconds after the administration of b-alanine, but, interestingly,
when comparedwith the RD group, about double the percentage
of neurons in the HFD continued to respond even after 300
seconds (Fig. 5D; HFD 23.17% vs RD 10.67%, Fisher exact test,
P5 0.021). Figure 5E shows all the responses from an individual
animal as an illustration of the oscillatory calcium responses
detected in the HFD group (gray trace indicates the average
response).

The heat map visualization enables us to appreciate this
oscillatory behavior of neurons in the HFD (Fig. 5F, 20 neurons
from a representative animal fed an RD or HFD). So, while
a population of b-alanine responsive neurons in the HFD
responded with calcium transients similar in amplitude and
duration to the neurons in the RD (Figs. 5C–F), a percentage of
b-alanine–responsive neurons had a different profile, with
oscillatory waves (Figs. 5C–F, RD 5 3.17 6 3.17, HFD 5
17.99 6 6.81, P 5 0.07) and longer duration of response.
Focusing on the Nav1.8-positive DRG neurons responding to
b-alanine, we further determined their response to capsaicin
(Suppl Fig. 4A-C, available at http://links.lww.com/PAIN/B957)
and found no statistically significant differences when comparing
RD and HFD groups. Taken together, these results indicate that
activation of Mrgprd-positive cutaneous afferents that persist in
diabetic mice skin produced DRG neuron hyperexcitability in
diabetic mice.

4. Discussion

Our study demonstrated that excitatory Mrgprd receptors play
a key role in the generation and maintenance of mechanical
allodynia in PDN. Using single-cell RNA sequencing, we
demonstrated increased Mrgprd expression in a subpopulation
of nonpeptidergic DRGneurons in the HFDmousemodel of PDN.
Importantly, limiting Mrgprd signaling reversed static mechanical
allodynia in the HFD mouse model of PDN demonstrating that
Mrgprd receptors are necessary for the establishment of
mechanical allodynia in this model of PDN. Furthermore, using
in vivo calcium imaging, we demonstrated that activation of
Mrgprd-positive cutaneous afferents that persist in diabetic mice
produced increased intracellular calcium concentration in DRG
neurons. Taken together, our data highlight a key role of Mrgprd-
mediated DRG neuron excitability in the generation and
maintenance of mechanical allodynia in a mouse model of
PDN. Hence, we propose Mrgprd as a promising and accessible
target for developing effective therapeutics currently unavailable
for treating PDN.

Mrgprd is a promising therapeutic target. First, Mrgprd is a G
protein–coupled receptor that has often been used as a drug-
gable target.32,76,86 Second, Mrgprd is known to influence DRG
neuron excitability in response to mechanical stimuli.57,60,84

Indeed, the role of Mrgprd both in mediating nonhistaminic itch
and the excitability of polymodal nonpeptidergic nociceptors to
mechanical in rodents has been clearly delineated.62 Similarly, in
humans, the Mrgprd agonist b-alanine, generally used as
supplement, can cause paresthesia and itch as side effect.18,46

Moreover, stimulation of Mrgprd receptor with intradermal
b-alanine injection in healthy volunteers elicited not only itch but
also burning and stinging sensation.46 Finally, Mrgprd is

expressed by the nociceptive neuronal population that extends
out into the outermost layer of the skin,62,89 making it a very
accessible therapeutic target for PDN. From a translational
perspective, an ideal therapy for PDN might involve Mrgprd-
modifying drugs applied topically. Indeed, topical applications for
treating PDN are very appealing as they should bypass drug side
effects associated with systemic interventions. However, one
limitation of our study is that we have used a genetic approach to
demonstrate the role of Mrgprd in mediating neuropathic pain in
the HFD mouse model of PDN as drugs for doing this are
unavailable. The pharmacology of Mrgprd has not been
extensively investigated, although an inverse agonist MU-
684080 has been reported in the literature that might be an ideal
candidate for examining models of PDN pain. Several peptides
and small molecules have been proposed as ligands for
Mrgprs.5,42,73 However, many of these ligands interact with
multiple receptor types.39 Therefore, future screening for
molecule Mrgprd antagonist or inverse agonist activity has to be
performed using high-throughput electrophysiology or calcium
image studies using human DRG neurons or nociceptors derived
from human-induced pluripotent stem cells (iPSCs) if they are to
be successfully translated to humans.65

Several groups have performed scRNA-seq of rodent
DRG,16,28,45,68,82,87 facilitating their molecular characterization,
allowing clustering of DRG neurons into distinct sub-
types16,28,45,68,82,87 and delineating their developmental line-
ages.68 With this approach, we can now begin to describe gene
expression changes within populations that accompany disease
states. Indeed, scRNA profiling of DRG neurons has been
performed in rodents and primates41 with chronic pain. Recently,
single-cell/single-nucleus RNA sequencing has begun to reveal
transcriptomic perturbations in DRG neurons after nerve in-
jury.36,66 An increase in transcription of genes associatedwith cell
death and alterations in pathways related to neuropathic pain was
observed in the nonpeptidergic (NP) neuronal population. This
heterogenous injury-induced transcriptional alteration within
neuronal subtypes suggests that there are intrinsic differences
in the genetic response to injury between subtypes of DRG
neurons. Interestingly, a cluster expressing Atf3/Mrgprd
appeared after 24 hours and transcriptomic changes within this
cluster led to changes in neuronal phenotype within 2 days after
injury,36 highlighting that distinct neuron types respond differently
to injury and that injured Mrgprd-expressing neurons have
particularly high reprogramming capabilities.

Characterization of DRG gene expression profiles has been
extensively studied through bulk RNA sequencing in rodent
models of PDN24,29,85 and from a limited number of donor control
and with painful diabetic neuropathy31; however, to our knowl-
edge, this is the first study using DRG single-cell RNA sequencing
in a model of PDN. In the present study, we used single-cell RNA
sequencing to demonstrate increased Mrgprd expression in
a subpopulation of nonpeptidergic DRG neurons in the HFD
mouse model of PDN. Interestingly in another clinically relevant
rodent model of neuropathic pain, the chemotherapy-induced
neuropathic pain caused by paclitaxel, Mrgprd mRNA translation
was found to be significantly increased selectively in nociceptors.49

Our study also demonstrates thatMrgprd is significantly expressed
in nonpeptidergic type 2 (NP2) DRGneurons in diabetic DRGs. The
role of NP1 Mrgprd-expressing DRG neurons in mechanical
nociception and to detect light punctate mechanical stimuli is well
established inmice.11,40,46,62,89 The aberrant expression ofMrgprd
receptors in NP2 subpopulation that in mice is dedicated to itch33

could have a role in mediating static mechanical allodynia in the
HFD model of PDN. Understanding precisely which cell type
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mediates mechanical allodynia in PDN is of fundamental impor-
tance to our basic understanding of somatosensation and may
provide an importantway forward for identifying therapeutic targets
in this disease. However, our study does not deconvolute the
nature of DRG neurons subtypes expressing Mrgprd that are
specifically associatedwith the occurrence ofmechanical allodynia
in our mousemodel of PDN. Future studies designed to activate or
silence selectively the NP1 or the NP2 subtype of nonpeptidergic
neurons using specific markers for NP2 such as MrgprA3 and
regents available including the MrgprA3GFP-cre mice33 combined
with behavioral assessments are necessary to address these
questions.

Numerous single-cell RNA-seq studies of human DRGs have
demonstrated several significant molecular differences between
rodent and human DRG neuron subtypes.55,59,63,70,78 Therefore, it
is important to validate the molecular mechanisms underlying
neuropathic pain discovered inmice using human tissue if they are
to be successfully translated to humans.65 Using RNA scope, we
confirmed MRGPRD expression in human DRGs from donor
control and PDN donors (Suppl Fig. 1, available at http://links.lww.
com/PAIN/B957). In this study, the power of this observation is
limited by the extremely low number of patients; however, other
studies have already demonstrated expression of MRGPRD in
human DRG.63 Further transcriptomic studies in a large cohort of
donors with clinically characterized PDN are needed to explore
specific gene expression profile in diverse sensory phenotypes.

One of the hallmarks of PDN is small-fiber degeneration,19,43

particularly a “dying back” axonopathy that affects DRG
nociceptor axons.44,74 Previously our laboratory has shown that
there is a loss of the Nav1.8-positive intraepidermal nerve fibers in
theHFD condition.37 Herewe demonstrated thatMrgprd-positive
cutaneous afferents normally cross the intraepidermal junction
and innervate the outer layer of skin even in theHFD condition. It is
possible that these cutaneousMrgprd expressing afferents could
be responsible for carrying mechanical allodynia in this model.
Indeed, in the HFD model, we observed an increase in the
percentage of neurons responding with calcium transients upon
activation of Mrgprd receptors expressed in cutaneous nerve
terminals by its known agonist b-alanine injected into the skin.
Given that these Mrgprd receptor–expressing neurons remain in
the outer layers of the skin, they represent an interesting and
accessible target for an antagonist/inverse agonist that could be
applied topically. However, one limitation of our study is that we
were not able to establish if Mrgprd-positive afferents innervating
the outermost layer of the skin even in the diabetic condition are
nerves that are spared by degeneration or represent newly
regenerating fibers. Several studies in rodent models of PDN13

and in patients with PDN have now demonstrated an increased
regeneration of intraepidermal nerve fibers (IENFs).8,14 Indeed,
increased regeneration of IENFs was able to distinguish between
patients with painful and nonpainful diabetic neuropathy.14

Another study reports that increased regenerating IENFs were
distinctly associated with ongoing burning pain in patients with
diabetes.22 Recently, Kuner et al. have elegantly revealed the
emergence of a form of chronic neuropathic pain that is driven by
structural plasticity, abnormal terminal connectivity, and mal-
function of nociceptors during reinnervation.23 Similar mecha-
nisms could be at play in PDN. To answer this intriguing question,
mouse genetic approaches could be applied in future studies.
Indeed, we are currently exploring the status of Mrgprd-positive
afferent and their regenerative properties in the skin of rodent
models of PDN and in clinically well-characterized patients with
PDN to enhance the translational validity of Mrgprd as a thera-
peutic target.

Regardless, our studies introduce the novel suggestion that
Mrgprd plays a key role in the generation and maintenance of
mechanical allodynia in PDN. Hence, we propose Mrgprd as
promising accessible targets for developing effective therapeu-
tics currently not available to treat neuropathic pain in diabetic
neuropathy. Thus, these results have the potential for trans-
forming the way neuropathic pain in diabetic neuropathy is
treated, replacing the largely ineffective approaches that are
currently available for patients afflicted with PDN.9 Furthermore,
as demonstrated here, an unbiased approach combining single-
cell transcriptomics and in vivo calcium imaging is a useful
approach for revealing interesting targets that could be translated
to produce more effective, disease-modifying therapies for
patients suffering from PDN.
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Mélik Parsadaniantz S. Chemokine network in the nervous system: a new
target for pain relief. Curr Med Chem 2008;15:2866–75.

[28] Goswami SC, Mishra SK, Maric D, Kaszas K, Gonnella GL, Clokie SJ,
Kominsky HD, Gross JR, Keller JM, Mannes AJ, Hoon MA, Iadarola MJ.
Molecular signatures ofmouse TRPV1-lineage neurons revealed by RNA-
Seq transcriptome analysis. J Pain 2014;15:1338–59.

[29] Guo K, Eid SA, Elzinga SE, Pacut C, Feldman EL, Hur J. Genome-wide
profiling of DNA methylation and gene expression identifies candidate
genes for human diabetic neuropathy. Clin Epigenetics 2020;12:123.

[30] Gylfadottir SS, Christensen DH, Nicolaisen SK, Andersen H, Callaghan
BC, Itani M, Khan KS, Kristensen AG, Nielsen JS, Sindrup SH, Andersen
NT, Jensen TS, ThomsenRW, FinnerupNB. Diabetic polyneuropathy and
pain, prevalence, and patient characteristics: a cross-sectional
questionnaire study of 5,514 patients with recently diagnosed type 2
diabetes. PAIN 2020;161:574–83.

[31] Hall BE, Macdonald E, Cassidy M, Yun S, Sapio MR, Ray P, Doty M, Nara
P, BurtonMD, Shiers S, Ray-Chaudhury A, Mannes AJ, Price TJ, Iadarola
MJ, Kulkarni AB. Transcriptomic analysis of human sensory neurons in
painful diabetic neuropathy reveals inflammation and neuronal loss. Sci
Rep 2022;12:4729.

[32] Halls ML, Davenport AP, Summers RJ. Editorial: recent advances in G
protein-coupled receptor signalling: impact of intracellular location,
environment and biased agonism. Front Pharmacol 2021;12:707393.

[33] Han L,MaC, LiuQ,WengHJ, Cui Y, Tang Z, KimY, NieH,Qu L, Patel KN,
Li Z, McNeil B, He S, Guan Y, Xiao B, Lamotte RH, Dong X. A
subpopulation of nociceptors specifically linked to itch. Nat Neurosci
2013;16:174–82.

[34] Handler A, Ginty DD. The mechanosensory neurons of touch and their
mechanisms of activation. Nat Rev Neurosci 2021;22:521–37.

[35] Hao Y, Hao S, Andersen-Nissen E, MauckWM III, Zheng S, Butler A, Lee
MJ, Wilk AJ, Darby C, Zager M, Hoffman P, Stoeckius M, Papalexi E,
Mimitou EP, Jain J, Srivastava A, Stuart T, Fleming LM, Yeung B, Rogers
AJ, McElrath JM, Blish CA, Gottardo R, Smibert P, Satija R. Integrated
analysis of multimodal single-cell data. Cell 2021;184:3573–87.e29.

[36] Hu G, Huang K, Hu Y, Du G, Xue Z, Zhu X, Fan G. Single-cell RNA-seq
reveals distinct injury responses in different types of DRG sensory
neurons. Sci Rep 2016;6:31851.

[37] Jayaraj ND, Bhattacharyya BJ, Belmadani AA, Ren D, Rathwell CA,
Hackelberg S, Hopkins BE, Gupta HR, Miller RJ, Menichella DM.
Reducing CXCR4-mediated nociceptor hyperexcitability reverses painful
diabetic neuropathy. J Clin Invest 2018;128:2205–25.

[38] Ji RR, Xu ZZ, Gao YJ. Emerging targets in neuroinflammation-driven
chronic pain. Nat Rev Drug Discov 2014;13:533–48.

[39] Klein A, Solinski HJ, Malewicz NM, Ieong HF, Sypek EI, Shimada SG,
Hartke TV, Wooten M, Wu G, Dong X, Hoon MA, LaMotte RH, Ringkamp

1166 D.S. George et al.·165 (2024) 1154–1168 PAIN®



M. Pruriception and neuronal coding in nociceptor subtypes in human
and nonhuman primates. Elife 2021;10:e64506.

[40] Kupari J, Ernfors P. Molecular taxonomy of nociceptors and pruriceptors.
PAIN 2023;164:1245–57.

[41] Kupari J, Usoskin D, Parisien M, Lou D, Hu Y, Fatt M, Lönnerberg P,
Spångberg M, Eriksson B, Barkas N, Kharchenko PV, Loré K, Khoury S,
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