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Itch arising from glabrous skin (palms and soles) has attracted
limited attention within the field due to the lack of methodology.
This is despite glabrous itch arising from many medical conditions
such as plantar and palmar psoriasis, dyshidrosis, and cholestasis.
Therefore, we developed a mouse glabrous skin behavioral assay
to investigate the contribution of three previously identified
pruriceptive neurons in glabrous skin itch. Our results show that
MrgprA3+ and MrgprD+ neurons, although key mediators for hairy
skin itch, do not play important roles in glabrous skin itch, dem-
onstrating a mechanistic difference in itch sensation between
hairy and glabrous skin. We found that MrgprC11+ neurons are
the major mediators for glabrous skin itch. Activation of MrgprC11+

neurons induced glabrous skin itch, while ablation of MrgprC11+

neurons reduced both acute and chronic glabrous skin itch. Our
study provides insights into the mechanisms of itch and opens up
new avenues for future glabrous skin itch research.
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Chronic itch is a debilitating disease that arises from a mul-
titude of etiologies. It is the most common reason for visiting

the dermatologist and has few effectual treatments (1, 2). Al-
though itch sensation can arise from any area of the skin, itchy
palms and soles (hairless glabrous skin) are considered the most
debilitating and are associated with many dermatological and
systemic conditions (3–5). A few examples include palmoplantar
pustulosis (or palmar and plantar psoriasis), a chronic skin dis-
ease characterized by inflamed scaly skin and intense itch on the
palms and soles that is reported to affect 0.01 to 0.05% of the US
population (4); dyshidrosis, a skin condition causing itchy blisters
to develop only on the palm and soles that results in an estimated
200,000 US cases per year (5); and cholestatic itch, an intense
itching sensation felt in the limbs, and particularly the palms and
soles of feet, frequently reported with hepatobiliary disorders
(3). In recent years, considerable progress has been made in our
understanding of itch with the identification of key molecules
and neuronal populations mediating itch in both the peripheral
and central nervous system (2, 6). However, the majority of estab-
lished itch behavioral assays are performed with pruritogens applied
to the hairy skin including the back, cheek, and hindlimb (7). Since
hairy and glabrous skin are anatomically and physiologically distinct
and are innervated by different cutaneous nerves (8, 9), it is unclear
whether different mechanisms are employed for itch arising from
the two types of skin.
Recent functional studies and single-cell RNA-sequencing

analysis have characterized three subtypes of itch-sensing neu-
rons in the dorsal root ganglia (10–14). Two of them are labeled
by MrgprA3 and MrgprD, respectively, both of which are mem-
bers of the Mrgpr (mas-related G protein-coupled receptor) itch
receptor family (15). MrgprA3+ neurons can respond to multiple
pruritogens and play a key role in both acute and chronic itch
(16–19). MrgprD+ neurons mediate β-alanine–induced itch and
are defined as itch-sensing neurons (20). Additionally, Sst+/Nppb+

neurons express a distinct array of itch receptors and are key me-
diators for mast cell-induced itch (12, 21). However, it is unknown
whether these defined pruriceptive neuronal populations project to
the glabrous skin and whether they play a role in glabrous skin itch.

In this study, we analyzed skin innervation patterns of three
subtypes of itch-sensing neurons and found that MrgprA3+ neu-
rons only sparsely innervate the glabrous skin. This result raises the
question if the itch mechanisms in hairy skin and glabrous skin are
different. This is a critical question, as different itch mechanisms
implies the need for different clinical treatment strategies. There-
fore, to investigate the mechanisms of glabrous skin itch, we de-
veloped a mouse behavioral assay to examine itch sensation arising
from the glabrous skin of the plantar hindpaw. Using this itch as-
say, combined with genetic, physiological, and chemogenetic ap-
proaches, we demonstrate that glabrous skin itch is mainly
mediated by MrgprC11+ neurons, but not MrgprA3+ or MrgprD+

neurons.

Results
MrgprC11+ and MrgprD+ Neurons, Not MrgprA3+ Neurons, Densely
Innervate Glabrous Skin. To identify which neuronal populations
might mediate glabrous skin itch, we began examining the skin
innervation of three previously identified itch-sensing neurons:
MrgprA3+, MrgprC11+, and MrgprD+ neurons. The skin nerves
were visualized by the Cre-dependent expression of tdTomato.
MrgprA3GFP-Cre and MrgprDCreERT2 lines were previously gener-
ated (19, 22), while we generated a MrgprC11CreERT2 line (23).
We collected cross-sections of MrgprA3tdTomato, MrgprC11tdTomato,
and MrgprDtdTomato mice hindpaws in the center of the walking
pads. Similar to MrgprA3+ and MrgprD+ fibers (19, 24),
MrgprC11+ fibers are free nerve endings terminating in the su-
perficial skin surface (Fig. 1A). Although MrgprA3+ nerves were
observed in the hindpaw glabrous skin, their innervation is
sparse. Their fiber density in the hindpaw glabrous skin is much
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lower than that of MrgprC11+ and MrgprD+ neurons (Fig. 1 A
and B).
We next examined the central innervation of those neurons in

the spinal cord dorsal horn. Central projections for all three neu-
ronal types coterminated with IB4+ fibers in the spinal lamina
IImiddle, dorsal of PKCγ lamina, and ventral to CGRP+ lamina
(Fig. 1C and SI Appendix, Fig. S1A). The central projections of
dorsal root ganglion (DRG) sensory neurons are somatotopically
organized in the dorsal horn of the spinal cord. Lumbar DRG
sensory neurons innervating the trunk and proximal limb restrict
their central projections to the lateral side of the lumbar spinal
segments, while those innervating the distal limbs (containing both
hairy and glabrous skin) project to the medial lumbar spinal cord
(8, 25–27). Both MrgprC11+ and MrgprD+ neurons at the lumbar
level showed complete medial-to-lateral innervation (Fig. 1C),
suggesting that they densely innervate both trunk and limbs.
However, MrgprA3+ neurons at the lumbar level exhibited very
sparse central innervation within the medial spinal cord despite
PKCγ costaining demonstrating the intact morphology of the spi-
nal cord sections (Fig. 1C), suggesting that MrgprA3+ neurons
sparsely innervate the distal limbs. This is consistent with the
limited MrgprA3+ nerves we observed in the hindpaw glabrous
skin (Fig. 1A). At the thoracic level, all three neuronal types had
complete medial-to-lateral innervation (Fig. 1C).
We then performed retrograde tracing to label both hairy skin- and

glabrous skin-innervating neurons and examine their physiological

properties. We injected neuronal tracer DiI into the plantar hind-
paws or back hairy skin of PirtGCaMP3 mice (28) and performed
calcium imaging with dissociated sensory neurons innervating the
injected areas 1 wk later (Fig. 1D). We examined the percentage of
neurons among hairy skin-innervating, glabrous skin-innervating, or
all sensory neurons that responded to the MrgprA3 agonist chloro-
quine, MrgprC11 agonist Bam8-22, MrgprD agonist β-alanine, and
histamine (Fig. 1 E–G). Both hairy skin- and glabrous skin-
innervating neurons showed strong responses to histamine, Bam8-
22, and β-alanine (Fig. 1 E–G). The majority of the histamine-
sensitive neurons also responded to Bam8-22. This is consistent
with the dense innervation of MrgprC11+ neurons and MrgprD+

neurons in both hairy and glabrous skin. Similar to previous reports
(18, 29), 6.0% (221 of 3,657) of dissociated sensory neurons
responded to chloroquine. We also observed that 5.4% (12 of 222)
of hairy skin-innervating neurons responded to chloroquine. How-
ever, only 0.4% (1 of 278) of glabrous skin-innervating neurons
exhibited calcium responses to chloroquine, consistent with the fact
that MrgprA3+ neurons sparsely innervate plantar hindpaw.
Therefore, combining genetic axonal labeling and retrograde tracing,
our results suggest MrgprC11+ and MrgprD+ neurons, but not
MrgprA3+ neurons, as candidates for mediating glabrous skin itch.

MrgprC11+ Neurons Represent a Unique Subpopulation of Nociceptors
that Label the Majority of MrgprA3+ and Nppb+ Itch-Sensing Neurons.
Previous studies have reported the cellular features of MrgprD+

Fig. 1. MrgprC11+ and MrgprD+ neurons, not MrgprA3+ neurons, densely innervate glabrous skin. (A) Plantar hindpaw glabrous skin sections from adult
MrgprA3GFP-Cre;ROSA26tdTomato, MrgprC11CreERT2;ROSA26tdTomato, and MrgprDCreERT2;ROSA26tdTomato mice showing MrgprA3+, MrgprC11+, and MrgprD+

nerves labeled by tdTomato fluorescence. Dashed lines indicate the boundary between the epidermis and dermis layers. (Scale bar: 50 μm.) (B) The MrgprA3+,
MrgprC11+, and MrgprD+ intraepidermal nerve fiber (IENF) density in hindpaw plantar glabrous skin (n = 14 to 23 sections from 3 mice were used for each
genotype). Data are parametric and presented as mean ± SEM (***P < 0.0001 according to a one-way ANOVA test). (C) Spinal cord sections from the thoracic
and lumbar regions of adult MrgprA3GFP-Cre;ROSA26tdTomato, MrgprC11CreERT2;ROSA26tdTomato, and MrgprDCreERT2;ROSA26tdTomato mice showing the central
terminals of the sensory neurons labeled by tdTomato fluorescence. (Scale bar: 50 μm.) All figures are presented with lateral side of the spinal cord to the left.
L, lateral; M, medial. (D) Representative light and fluorescent view images of cultured DRG sensory neurons isolated from PirtGCaMP3 mice injected with
retrograde tracer DiI. All four neurons in the view express GCaMP3, and two of them are labeled by DiI. (Scale bar: 25 μm.) (E) Venn diagram illustrating the
relative ratio of DiI-labeled glabrous skin-innervating neurons (lumbar DRGs) and hairy skin-innervating neurons (thoracic DRGs) that responded to each
pruritogen. The sizes of the circles are proportional to the sizes of the cell populations. (F) Table displaying the percentage of neurons responded to each
pruritogen in glabrous skin and hairy skin-innervating neurons labeled by DiI. The numbers of neurons analyzed are shown in parentheses. Cells from three
mice were pooled together for analysis of each pruritogen. According to a χ2 test, there is a significant difference in chloroquine response between glabrous
and hairy skin cells (P = 0.0028). (G) Representative traces evoked by histamine, chloroquine, Bam8-22, and β-alanine in hairy skin- and glabrous skin-
innervating neurons.
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neurons in detail (22, 24). Here we performed molecular char-
acterization of MrgprC11+ neurons using immunostaining and
RNAscope in situ hybridization. Consistent with a previous report
(30), we found that MrgprC11 is highly expressed during the early
postnatal stage (57.0% at postnatal day [P] 0; 1,712 of 3,002). As
the mice age, the percentage of MrgprC11+ neurons declines until
becoming stable around P20 (SI Appendix, Fig. S1 B–D). In adult
lumbar DRG, MrgprC11 was detected in 17.6% (642 of 3,645) of
sensory neurons. They are of small diameter (average 18.7 ± 0.65
μm; SI Appendix, Fig. S1E) and negative for myelinated neuron
marker neurofilament 200kD (NF200; 0%, 0 of 505; Fig. 2A). The
majority of MrgprC11+ neurons express calcitonin gene-related
peptide (CGRP; 79.5%, 307 of 386; Fig. 2B). About half of the
MrgprC11+ neurons are also labeled by TRPV1 (57.0%, 401 of
704), substance P (49.4%, 239 of 484), and IB4 (46.6%, 96 of 206;
Fig. 2 C–E).
Interestingly, MrgprA3+ neurons are a subset of MrgprC11+

neurons. Almost all (95.2%, 139 of 146) of the MrgprA3+ neu-
rons express MrgprC11 (Fig. 2I). Minimal overlap was observed
between MrgprC11+ and MrgprD+ neurons (Fig. 2F). About
18.5% (61 of 330) of MrgprC11+ neurons are expressing
MrgprD. Very few MrgprC11+ neurons express lysophosphatidic
acid receptor (Lpar3; 0.9%, 2 of 234; Fig. 2G), an itch receptor
highly expressed in MrgprD+ neurons (12). Results of calcium
imaging analysis of skin-innervating neurons (Fig. 1E) or neurons
isolated from all spinal levels (SI Appendix, Fig. S2 A and B) are
consistent with the receptor expression pattern. The majority of
chloroquine-sensitive neurons (89.6%) responded to Bam8-22.
We did not observe any overlap between β-alanine–sensitive
neurons and Bam8-22–sensitive neurons. About half of the
serotonin-sensitive neurons (48.3%), half of the capsaicin-sensitive
neurons (43.6%), and most histamine-sensitive neurons (75.4%)
also responded to Bam8-22 (Fig. 1E and SI Appendix, Fig. S2 A
and B).
Nppb+/Sst+ neurons have been identified as itch-sensing neu-

rons and express multiple itch receptors (12, 21). We performed
triple-label in situ hybridization to examine if Nppb+ neurons
express MrgprA3 andMrgprC11 (Fig. 2I). The results showed that
MrgprC11, MrgprA3, and Nppb are expressed in 18.1%, 6.6%,
and 7.3% of total DRG neurons, respectively. Consistent with the
previous study (21), the expression of MrgprA3 and Nppb are
largely nonoverlapping. However, we found that the majority
(60.0%, 27 of 45) of Nppb+ neurons express MrgprC11 (Fig. 2I).
Cysltr2 mediates LTC4-induced itch and is specifically expressed
in Nppb+ neurons (21). Most Cysltr2+ neurons (61.1%, 140 of
229) also express MrgprC11 (Fig. 2H). These data suggest that the
expression of MrgprC11 labels two pruriceptive sensory neuron
populations: MrgprA3+ neurons and Nppb+/Sst+ neurons.

Biting Behavior Directed to the Plantar Hindpaw Indicate Itch. Mice
hindpaw behaviors such as withdrawal, flinching, guarding, and
licking have been well characterized as nocifensive behaviors
indicating pain (31–33). Limited studies have been performed in
the field to examine itch sensation arising from the hindpaw.
Imamachi et al. suggested licking behavior after intraplantar
injection of pruritogens 5-HT and endothelin-1 (34). However,
other groups observed strong biting behaviors after 5-HT injec-
tion into the medial malleolus region of the hindpaw or dry skin
treatment of the hindpaw (35–38). Biting was also observed
when pruritogens were delivered to the calf of the hind leg, since
this is the only way for mice to generate mechanical force to
relieve itch (7). Since these previous studies were focusing on the
whole hindpaw, including the dorsal hairy and plantar skin (7,
35–37), we ask if mice exhibit stereotypical behaviors in response
to itch arising from glabrous skin. We analyzed behavioral re-
sponses after intraplantar injection of pruritogen histamine and
algogen capsaicin. Only 4 μL of chemical was delivered to avoid
diffusion to the hairy side of the paw. The animals were recorded

for 10 min by a high-resolution camcorder, and videos were
analyzed in slow motion to differentiate behavioral responses.
We did not observe any significant behaviors 10 min after any
chemical injection (Fig. 3 and SI Appendix, Fig. S3 D and E).
Capsaicin injection induced typical licking characterized by long,
slow head movement and visible tongue (Fig. 3 D–F). However,
histamine induced typical biting characterized by pulling on the
toes or scraping with their incisors, fast short head movement,
and the absence of tongue (Fig. 3 A–C and Movies S1–S4). We
then placed mice on a −2 °C cold plate to examine cold-induced
pain. The animals also displayed significant licking behavior, but
not biting (Fig. 3 G–I). These data suggest mice exhibit biting in
response to itch arising from glabrous skin. Mice also exhibit
significant flinching and guarding behaviors after both histamine
and capsaicin injection. These results indicate that flinching and
lifting/guarding behaviors represent nocifensive responses to
noxious stimuli and are not good criteria to differentiate pain
and itch sensation (SI Appendix, Fig. S3 F–I). We categorized the
above behaviors in regard to total time (Fig. 3) and total num-
bers of episodes (SI Appendix, Fig. S2 A–C) and found that the
data were consistent regardless of quantification method. We
chose to use total time in all following tests since it better presents
the dose-dependent effect of both histamine- and capsaicin-
induced responses. To confirm that the injected chemicals did
not diffuse into the hairy side of the hindpaw, we performed in-
tradermal injections with saline mixed with trypan blue into gla-
brous skin. The blue color was restricted within the glabrous skin
side (Fig. 3J).
It is well known that mice exhibit frequent grooming behavior

toward their hindpaw. Indeed, our saline-injected control groups
showed an average of 2.29 ± 0.57 s background licking in 10 min.
However, background biting behavior is rare (average 0.30 ±
0.16 s). These data suggest that biting is not a grooming behavior
and is instead a nocifensive behavior induced by itch sensation.
We next examined a glabrous skin allergic contact dermatitis

model using squaric acid dibutylester (SADBE) (38). The treat-
ment induced dryness, redness, and scabbing of the glabrous side
of the hindpaws (Fig. 3 K and L). Since mice exhibited baseline
grooming behavior, we presented the results as the percentage of
the baseline to clearly show behavioral changes (Fig. 3M). Robust
biting started to be observed ∼5 d into the hindpaw SADBE
treatments. Significant biting was observed on day 17. We did not
observe a significant increase in licking behavior. In summary, our
results from both acute and chronic itch models suggest that biting
behavior directed to the plantar hindpaw indicates itch sensation
arising from the glabrous skin.

Activation of MrgprC11+ Neurons Induces Itch in Glabrous Skin. We
employed a Cre-dependent chemogenetic approach to examine
if the activation of MrgprA3+, MrgprD+, or MrgprC11+ neu-
rons induces itch sensation in glabrous skin. We confirmed the
expression of Dreadd within MrgprA3+ and MrgprD+ neurons
using in situ hybridization (SI Appendix, Fig. S4 A and B) and
within MrgprC11+ neurons using immunostaining (SI Appendix,
Fig. S4C). Clozapine N-oxide (CNO) injection to the nape of the
neck skin induced robust scratching behavior in MrgprA3DREADD,
MrgprDDREADD, and MrgprC11DREADD, demonstrating the func-
tionality of the chemogenetic system (SI Appendix, Fig. S4D).
CNO injection to the cheek hairy skin of those mice also induced
strong scratching, but not wiping, confirming that MrgprA3+,
MrgprD+, and MrgprC11+ nerves in the hairy skin mediate itch
sensation (SI Appendix, Fig. S4 E and F). However, CNO in-
jection to the glabrous skin of the hindpaw did not produce any
significant response in MrgprA3DREADD or MrgprDDREADD mice
compared to ROSA26DREADD control littermates (Fig. 4 A–C). In
contrast, we foundMrgprC11DREADD mice exhibited robust biting
when injected with CNO. These data suggest that MrgprC11+

neurons mediate glabrous skin itch sensation. Increased licking
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Fig. 2. Molecular characterization of MrgprC11+ neurons. (A–E) Lumbar DRG sections from adult WT mice stained with the indicated markers. (Scale bar: 50
μm.) (F–I) RNAscope fluorescent in situ hybridization detecting indicated markers. Arrows indicate the cells expressing both markers. In I, arrows indicate that
cells coexpress MrgprA3 and MrgprC11. Stars indicate that cells coexpress Nppb and MrgprC11. Venn diagrams on the right of each panel illustrate the
relative expression patterns. The sizes of the circles are proportional to the sizes of the cell populations. (Scale bar: 25 μm.)
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Fig. 3. Mice exhibit biting behavior in response to pruritogens in glabrous skin. (A) Histamine-induced dose-dependent biting behavior after glabrous skin
injection (n = 6 to 20 mice for each concentration). Data are nonparametric and analyzed using a Kruskal–Wallis test with Dunn’s post hoc test. (B and C)
Histamine-induced biting (B) and licking (C) responses over time. Data are nonparametric and analyzed using a Kruskal–Wallis test. (D) Capsaicin-induced
dose-dependent licking behavior after glabrous skin injection (n = 10 to 14 mice for each concentration). Data are nonparametric and analyzed using a
Kruskal–Wallis test with Dunn’s post hoc test. (E and F) Capsaicin-induced biting (E) and licking (F) responses over time. Data are nonparametric and analyzed
using a Kruskal–Wallis test. (G) Cold-induced pain sensation evoked robust licking behavior, but not biting behavior (n = 7 to 12 mice for each condition). Data
are nonparametric and analyzed using a Mann–Whitney test. (H and I) Cold-induced biting (H) and licking (I) responses over time. Data are nonparametric and
analyzed using a Mann–Whitney test. (J) Cross-section of a mouse plantar hindpaw showing trypan blue dye restricted in the glabrous skin side after the
injection. (K) Images of hindpaws of WT mice treated with vehicle control or SADBE. Contact dermatitis in the plantar hindpaw is evidenced by the dryness
and scabbing. (L) A clinical score was given for each paw (the sum of three 0-to-4 scores given for scabs, dryness, and redness). Data are nonparametric and
analyzed using a Mann–Whitney test. (M) Percentage change in biting and licking behavior after contact dermatitis treatment in the plantar hindpaw.
Dermatitis induced strong biting behaviors on day 17 and did not induce significant licking behaviors (n = 8 mice in each group). Data are parametric and
analyzed using a two-way ANOVA with Bonferroni post hoc. Data are presented as mean ± SEM (*P < 0.05, **P < 0.01, ***P < 0.001).
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was also observed, indicating the role of MrgprC11+ neurons in
glabrous skin pain sensation. Consistently, low concentrations of
Bam8-22 (10 μM and 50 μM) injection into the plantar hindpaw
of WT mice induced dose-dependent biting behavior. Significant
licking behavior was observed from a high concentration of
Bam8-22 (2 mM; Fig. 4 D–F). We did not observe any significant
glabrous skin behavior after chloroquine or β-alanine injection
(Fig. 4G).

Ablation of MrgprC11+ Neurons Reduces Itch in Glabrous Skin. To
examine if MrgprC11+ neurons are required for pain and itch
sensation in glabrous skin, we generated MrgprC11DTR mice to
perform ablation of MrgprC11+ neurons. A total of 77.8% of
MrgprC11+ neurons were ablated after diphtheria toxin (DTX)
administration (16.3 ± 0.11% in ROSA26DTR mice vs. 3.64 ±
0.08% in MrgprC11DTR mice; SI Appendix, Fig. S5 A and B).
Since about 27.7% of TRPV1+ neurons express MrgprC11, the
percentage of TRPV1+ neurons was slightly reduced inMrgprC11DTR

mice compared to the control mice. The majority of TRPV1+

neurons are still intact, suggesting that the DTX treatment did not

induce any nonspecific neurotoxic effects (SI Appendix, Fig. S5 A
and B). We first tested the sensitivity of MrgprC11DTR mice to
potentially painful stimuli. MrgprC11DTR and ROSA26DTR mice
showed similar thermal sensitivities as measured by hot plate, cold
plate, and Hargreaves tests (SI Appendix, Fig. S5 C–E). Capsaicin
injection into the glabrous hindpaw induced comparable licking
behavior in both groups (SI Appendix, Fig. S5G). These results
suggest that MrgprC11+ neurons are not required for sensing
thermal and chemical stimuli in glabrous skin. Both groups also
exhibited equivalent threshold in response to von Frey filaments,
suggesting that the ablation of MrgprC11+ neurons did not affect
mechanical sensitivity of the mice (SI Appendix, Fig. S5F).
We next compared the itch behavior between MrgprC11DTR

and ROSA26DTR mice. We first injected histamine and Bam8-22
into the nape of the neck of the mice to examine their hairy skin
itch sensation. The cell-ablated mice showed reduced scratching
in response to both histamine and Bam8-22 (Fig. 4 H and I). We
next examined the glabrous skin itch and found that ablation of
MrgprC11+ neurons did not affect histamine-induced biting, sug-
gesting that MrgprC11+ neurons are not required for histaminergic

Fig. 4. MrgprC11+ neurons mediate glabrous skin itch. (A) Chemogenetic activation of MrgprC11+ nerve in the hindpaw glabrous skin (CNO, 0.2 mM, 4 μL)
induced significant biting and licking behavior. Activation of MrgprA3+ and MrgprD+ nerves did not induce significant glabrous skin behavior (CNO, 7.5 mM, 4
μL; n = 8 to 13 mice for each genotype). Data are nonparametric and analyzed using a Kruskal–Wallis test with Dunn’s post hoc. (B and C) Biting (B) and licking
(C) responses in A over time. Data are nonparametric and analyzed using a Kruskal–Wallis test. (D) Low concentration of Bam8-22 (10 μM and 50 μM) induced
specific biting, but not licking, after glabrous skin injection. A high concentration of Bam8-22 (2 mM) induced both biting and licking (n = 9 to 11 mice for
each group). Data are nonparametric and analyzed using a Kruskal–Wallis test with Dunn’s post hoc. (E and F) Bam8-22–induced biting (E) and licking (F)
responses over time. Data are nonparametric and analyzed using a Kruskal–Wallis test. (G) High concentrations of chloroquine (12 mM) and β-alanine (300
mM) did not induce significant biting or licking (n = 8 to 11 mice for each group). Data are nonparametric and analyzed using a Kruskal–Wallis test with
Dunn’s post hoc. (H and I) Ablation of MrgprC11+ neurons significantly decreased both histamine-induced (H) and Bam8-22–induced (I) biting in hairy skin (n =
7 to 9 mice for each group). Data are parametric and analyzed using Welch’s t test. (J–K) Ablation of MrgprC11+ neurons did not affect histamine-induced
biting (J), but abolished Bam8-22–induced biting (K; n = 12 to 18 mice for each group). Data are nonparametric and analyzed using a Mann–Whitney test. (L
and M) Ablation of MrgprC11+ neurons abolished biting behavior induced by contact dermatitis (L), but did not affect baseline licking (M; n = 10 to 12 mice
for each group). Data are parametric and analyzed using Welch’s t test. Data are presented as mean ± SEM (*P < 0.05, **P < 0.01, ***P < 0.001). n.s., not
statistically significant.
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glabrous skin itch (Fig. 4J). However, the biting responses induced
by Bam8-22 were almost lost in MrgprC11DTR mice compared to
ROSA26DTR mice (Fig. 4K). Moreover, biting behavior induced by
glabrous skin allergic contact dermatitis was almost abolished in
the cell-ablated animals, suggesting that MrgprC11+ neurons are
required for glabrous skin chronic itch (Fig. 4 L and M). In sum-
mary, our results demonstrate that MrgprC11+ neurons are key
mediators for both acute and chronic glabrous skin itch.

Discussion
The mechanisms of hairy skin itch have been extensively studied.
However, there are numerous dermatological conditions such as
contact dermatitis, plantar and palmar psoriasis, tinea capitis,
dyshidrosis, and cholestasis associated with glabrous skin itch
(3–5, 39). Here, we present evidence showing that different
mechanisms exist for hairy and glabrous skin itch. MrgprA3+ and
MrgprD+ neurons mainly mediate hairy skin itch, whereas
MrgprC11+ neurons are key mediators for glabrous skin itch.
Both MrgprA3+ and MrgprD+ neurons are defined itch-sensing

neurons for hairy skin (12, 18–20). Consistently, chemogenetic
analysis from our current study and others showed that activation
of MrgprA3+ and MrgprD+ nerves in the hairy skin (cheek and
nape of the neck) induced robust scratching behavior (40, 41).
However, MrgprA3+ neurons sparsely innervate the glabrous skin
and are unable to evoke glabrous skin behavior when directly
stimulated using a chemogenetic approach or chloroquine. There-
fore, we conclude that MrgprA3+ neurons are not the main me-
diator for glabrous skin itch. Sharif et al. recently showed that
optogenetic stimulation of MrgprA3+ nerves in the plantar hindpaw
triggered nocifensive behaviors including paw withdrawal, flinching,
and licking (40). Optogenetic approach allows observation of im-
mediately evoked behavioral responses without chemical injection
and animal handling during the stimulation. MrgprA3+ nerves in
the glabrous skin, although sparse, may evoke transient nocifensive
behaviors that can be easily missed during our hindpaw injection
procedure.
Although MrgprD+ neurons densely innervate the glabrous

skin, they failed to produce any nocifensive behavioral responses
after chemogenetic activation or β-alanine injection. This is in
line with the previous studies suggesting that MrgprD+ nerves in
the plantar hindpaw mediate innocuous mechanical sensation
(42–45). Optogenetic or chemogenetic activation of MrgprD+

nerves in the plantar hindpaw evoked “nonpainful” withdrawal
reflex of the hindpaw and did not induce pain sensation or aver-
sive behavior. The different functional roles of MrgprD+ neurons
in hairy and glabrous skin support the hypothesis that different
subtypes of DRG sensory neurons are recruited for itch in hairy
skin and glabrous skin.
We observed dense MrgprC11+ nerves in the glabrous skin of

the mouse plantar hindpaw. MrgprC11 agonist Bam8-22 directly
excited 14.1% of sensory neurons innervating the glabrous skin.
Activation of MrgprC11+ nerves in the glabrous skin by either
specific agonist Bam 8-22 or the chemogenetic approach pro-
duced robust biting responses. Moreover, ablation of MrgprC11+

neurons almost abolished glabrous skin itch sensation induced by
both Bam8-22 and allergic contact dermatitis. These results
demonstrate that MrgprC11+ neurons are key mediators for
glabrous skin itch.
Ablation of MrgprC11+ neurons significantly reduced histamine-

induced itch in hairy skin, which is expected since histamine-
sensitive neurons largely overlap with Bam8-22–sensitive neurons.
However, loss of MrgprC11+ neurons did not affect histamine-
induced biting, indicating that different mechanisms exist mediat-
ing histaminergic itch in glabrous skin. These data present another
example suggesting different itch mechanisms in hairy and gla-
brous skin. Histamine receptors are widely expressed in many cell
types, including sensory neurons and resident skin cells such as
keratinocytes and mast cells (46–48). Subcutaneous injection of

histamine can directly stimulate histamine-sensitive nerves to in-
duce behavioral responses. It may also act upon resident skin cells,
which in turn contribute to the activation of sensory nerves.
Therefore, it is possible that ablation of MrgprC11+ nerves in the
glabrous skin inhibits the direct nerve stimulation by histamine,
but did not block the indirect effects mediated by resident
skin cells.
MrgprC11 is expressed in ∼18% of DRG neurons, which is a

large and heterogeneous population. Although lower concen-
trations of Bam8-22 induced specific biting behavior, a high con-
centration of Bam8-22 also induced a slight increase of licking,
suggesting that a subpopulation of MrgprC11+ neurons can evoke
pain sensation upon activation. Consistently, we observed both
biting and licking behavior after chemogenetic activation of
MrgprC11+ nerves. Ablation of MrgprC11+ neurons did not affect
the thermal and mechanical sensitivities of the mice, suggesting
that MrgprC11+ neurons are not required for acute pain sensation.
Indeed, the majority of TRPV1+ neurons, the major pain media-
tor, were not affected by the ablation of MrgprC11+ neurons.
Interestingly, MrgprC11 labels almost all MrgprA3+ neurons

and most Nppb+ neurons, suggesting that MrgprC11+ neurons
cover a large portion of the itch-sensing neurons in DRG that
control both hairy and glabrous skin. It is likely that MrgprA3+/
MrgprC11+ neurons mediate hairy skin itch and MrgprA3−/
MrgprC11+ neurons mediate glabrous skin itch. Further inves-
tigations examining molecular and physiological differences be-
tween the MrgprC11+ neurons innervating hairy and glabrous
skin will provide insights into the mechanistic differences of itch
in hairy and glabrous skin.

Materials and Methods
Animals. All experiments were performed with approval from the Georgia
Institute of Technology Animal Use and Care Committee.MrgprA3GFP-Cre (19,
24) and PirtGCamp3 lines (28) were generated by previous studies. MrgprDEGFP

knock-in line (24) and MrgprC11CreERT2 BAC transgenic line was provided
by Xinzhong Dong at the Johns Hopkins University (Baltimore, MD).
MrgprC11CreERT2 line was generated by the Gene Targeting & Transgenic
Facility at Janelia Farm. Mice listed below were purchased from Jackson
Laboratory: wild type C57BL/6 mice (stock no. 000664), MrgprDCreERT2 (stock
no. 031286), ROSA26tdTomato (stock no. 007909), and ROSA26DREADD (stock
no. 026220). All mice used for these experiments have been backcrossed to
C57BL/6 mice for at least 10 generations. All experiments were conducted
using 2- to 4-mo-old (20 to 30 g) mice except mice used for Ca2+ imaging
assays, which were 4 to 5 wk old. Mice were housed in a vivarium with a 12-h
light/dark cycle, housing groups of 5 maximum, with food/water ad libitum.

Tamoxifen Treatments. To specifically label MrgprC11+ neurons,MrgprC11CreERT2

mice were treated daily via oral gavage (22 g × 25 mm; FTP-22-25; Instech
Laboratories) with 100 mg/kg of tamoxifen (T5648; Sigma) dissolved in sun-
flower seed oil (S5007; Sigma) for 5 d at 2 to 3 wk of age. To label MrgprD+

neurons, MrgprDCreERT2 mice were treated daily via oral gavage with 40 mg/kg
of tamoxifen for 6 d at 5 to 6 wk of age (23). At least 1 wk was then given to
drive recombination and reporter gene expression.

Retrograde Tracing of Skin-Innervating Neurons. DiI (0.2%, dissolved in 10%
dimethyl sulfoxide and 90% saline; Invitrogen D3911) was injected into the
skin of PirtGCaMP3 mice to retrogradely label skin-innervating neurons. Hind-
paw plantar glabrous skin was injected to label glabrous-skin innervating
neurons, and back hairy skin was injected to label hairy skin-innervating
neurons. Lumbar (for glabrous skin) or thoracic (for hairy skin) DRGs were
isolated for calcium imaging 1 wk after DiI injection. DRG sensory neurons
were dissected, dissociated, and cultured on 8-mm glass coverslips. At 48 h
after dissection, cells were imaged with calcium imaging buffer (NaCl 130 mM,
KCl 3 mM, CaCl2 2.5 mM, MgCl2 0.6 mM, Hepes 10 mM, glucose 5 mM, NaHCO3

1.2 mM, pH 7.4, osmolarity 290 to 300 mOsm/kg) at 488-nm excitation to
detect the fluorescent intensity level of GCaMP3. Chemicals were then applied
to the cells by perfusion for 30 s, and a 20% increase in GCaMP3 fluorescence
intensity was set as the threshold to identify responding cells. Chemicals used
are listed as follows: chloroquine (Sigma PHR1258; 1 mM), Bam8-22 (custom-
synthesized by Genscript; 1 μM), and histamine (Sigma H7250; 20 μM). Three
mice were used for the analysis of each pruritogen.
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Immunostaining. Immunohistochemistry stainingwas performed as previously
described (19). Briefly, adult mice (8 to 12 wk old) were transcardially per-
fused with fixative (ice-cold 4% formaldehyde and 14% picric acid in
phosphate-buffered saline solution). DRG, spinal cord, or skin were dis-
sected, cryoprotected in 30% sucrose, and sectioned at a thickness of 20 μm.
Primary antibodies used were rabbit polyclonal anti-MrgprC11 (made by
Proteintech Group; 1:500; validated in previous studies [49]), guinea pig anti-
TRPV1 (Chemico ab5566; 1:500), chicken anti-GFP (Aves GFP-1010; 1:1,000),
chicken anti-NF200 (Aves NFH; 1:1,000), rat anti-subP (Millipore MAB356;
1:500), rabbit anti-HA to detect hM3Dq expression (Cell Signaling Technol-
ogies 3724S; 1:500), goat anti-CGRP (Bio-Rad no. 1720-9007; 1:500), and
rabbit anti-PKCγ (Santa Cruz Biotechnology sc-211; 1:2,000). Secondary an-
tibodies used (all from Invitrogen and used at 1:500) were donkey anti-
rabbit IgG-Alexa Fluor 555 (A-31572), goat anti-chicken IgY-Alexa Fluor
488 (A-11039), goat anti-guinea pig IgG-Alexa Fluor 488 (A-11073), donkey
anti-rat IgG Alexa Fluor 488 (A-21208), goat anti-mouse IgG-Alexa Fluor 488
(A11001), and donkey anti-rabbit IgG-Alexa Fluor 488 (A-11056). To detect
IB4 binding, sections were incubated with 1:200 diluted IB4-Alexa 488
(I-21411; Invitrogen) during secondary antibody incubations.

RNAscope In Situ Hybridization. RNAscope in situ hybridization was performed
using the RNAscope fluorescent multiplex kit (ACD no. 320850) according to
the manufacturer’s instructions. The following probes were used: MrgprA3
(no. 548161), MrgprC11 (no. 488771), MrgprD (no. 417921), Nppb (no. 425021),
Lpar3 (no. 432591), Cysltr2 (no. 452621), and Dreadd (hM3Dq; no. 407971).

Images for immunostaining and RNAscope in situ hybridization were
acquired on a Zeiss LSM700 confocal microscope and analyzed in Fiji.

Behavior Tests. All experiments were performed with an experimenter blind
to genotype using protocols approved by the animal care and use committee
of Georgia Institute of Technology School of Biology. All behavior tests were
performed from 8 AM to 1 PM in the light cycle in our animal facility. All mice
were acclimated for 30 to 60 min to their testing environment the day before
the behavioral tests.
Back/cheek injections. Behavioral assessment of hairy skin scratching behavior
was performed as previously described (50). Briefly, mice were injected
subcutaneously into the nape of the neck (50 μL) or the cheek (10 μL).
Plantar glabrous skin injections. A total of 4 μL of chemicals was injected into
the center of the planter hindpaw using custom-made 10 μL Hamilton sy-
ringes with 30-gauge needles. The needle was inserted into the superficial
glabrous skin area to limit the injected chemicals to the glabrous side of the
paw. After the injection, the animal was immediately placed in a plastic
cylinder on the clear acrylic platform. The behavioral responses were recorded
using a single Sony HD camcorder (FDRAX33, 4K/24P) from a mirror under-
neath the clear platform to better visualize all behaviors directed to the
hindpaw. The behavioral videos were analyzed in slow motion (0.25× normal
speed) using Media Player Classic to differentiate behavioral responses.
Chemicals used include histamine (Sigma H7250; 50 to 300 mM), capsaicin

(Sigma M2028; 8 to 16 μM), Bam8-22 (custom synthesized by Genscript; 10 μM
to 2 mM), and CNO (Cayman no. 16882; 0.2 to 7.5 mM).
Cold plate to observe glabrous skin licking behavior. The mice were placed in a
plastic cylinder on the −2 °C cold plate for 2 min, and behavioral responses
were recorded for analysis.
Glabrous skin contact dermatitis. Contact dermatitis was produced by treating
the mice with the allergen SADBE (Sigma no. 339792; 0.5% in acetone), and
the procedure included 7 d of the elicitation phase and 10 d of the induction
phase. During the elicitation phase, 20 μL of SADBE was applied to the
shaved abdomen once a day for 3 d to initiate T lymphocyte sensitization.
The induction phase started 1 wk after the first treatment on the abdomen.
SADBE was applied to the plantar hindpaw skin once a day for 10 d to in-
duce dermal inflammation. To limit dermatitis in the glabrous side of the
paw, we only applied 2 μL of SADBE to the plantar skin. Since SADBE is
dissolved in acetone, which evaporates quickly after application, we rarely
observed any SADBE solution flow to the hairy side of the paw. Clinical
scores of the glabrous skin (summation of three scores, 0-4 for dryness, 0-4
for redness, and 0-4 for scabbing) were evaluated on day 17.
Hot plate and cold plate for pain sensitivity. Mice were placed inside a clear
Plexiglas cylinder on a plate set at different temperatures (55 °C for hot plate
and −2 °C for cold plate). The onset of brisk hindpaw lifts and/or flicking/
licking of the hindpaw was assessed.
Hargreaves test.Mice were placed under a transparent plastic box (10 × 5 × 4.5
cm) on a glass floor, and infrared light was delivered to the hindpaw. The
latency for the animal to withdraw its hindpaw was measured.
von Frey filament test. Mice were placed under a transparent plastic box on a
metal mesh. von Frey filaments were applied to the hindpaw using the up/
down method, and the threshold force corresponding to 50% withdrawal
was determined.

Statistical Analysis. Data are presented as mean ± SEM. GraphPad Prism
scientific software version 9.0.0 was used for statistical analysis. Statistical
significance was determined using both nonparametric (Mann–Whitney,
Kruskal–Wallis test with Dunn’s multiple-comparisons post hoc test or χ2

test) and parametric methods (Welch’s t test, one-way ANOVA with post
hoc, or two-way ANOVA with Bonferroni post hoc analysis) due to differ-
ences in the normality and sample size of the data. The specific tests used to
analyze each data set is indicated within the individual figure legends. Dif-
ferences were considered as statistically significant at a value of P < 0.05, P <
0.01, P < 0.001, or P < 0.0001.

Data Availability. All study data are included in the article and/or supporting
information.
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Movie S1  

Short video showing biting behavior at 0.25X speed. 

Movie S2  

Short video showing licking behavior at 0.25X speed. 

Movie S3  

Longer video showing mouse behaviors in one minute. Three different biting episodes 

induced by Bam8-22 were slowed down to 0.25X speed and other parts of the video were 

played at 2X speed.  

Movie S4  

Longer video showing mouse behaviors in one minute. A single licking episode induced by 

capsaicin was slowed down to 0.25X speed and other parts of the video were played at 2X 

speed.   



 

Supplemental Figure 1. Characterization of MrgprC11+ neurons, related to Figure 1.  

(A) Spinal cord cross-sections from the thoracic region of adult MrgprC11CreERT2; 

ROSA26tdTomato mice labeled with IB4 or CGRP (green). MrgprC11+ axons, visualized by 

tdTomato fluorescence, co-terminated with IB4+ fibers in the spinal lamina IImiddle, dorsal of 

PKCγ lamina and ventral to CGRP+ lamina. Scale bar represents 100 μm.  

(B) Lumbar DRG sections from WT mice at different ages. The percentage of MrgprC11+ 

neurons declines while the mice age. Scale bar represents 100 μm. 

(C) A lumbar spinal cord section from a P5 mouse labeled with MrgprC11 antibody. MrgpC11 

is highly expressed in the DRG and is absent from the spinal cord except for central DRG 

terminal innervation in the dorsal horn. Scale bar represents 100 μm. 

(D) The percentage of MrgprC11+ DRG neurons by age.  

(E) The percentage of MrgprC11+ neurons in adult mice by size compared to all DRG neurons.  



 

Supplemental Figure 2. Calcium imaging analysis of MrgprC11+ neurons.  

(A) DRG sensory neurons isolated from PirtGCaMP3 mice were challenged with Bam8-22 (1 

µM) first, and then one of the four chemicals listed: CQ (1 mM), β-alanine (1 mM), 5-HT (100 

µM), and Capsaicin (1 µM).  Venn Diagrams illustrating the overlapping patterns. The sizes of 

the circles are proportional to the percentages of neurons responded.  

(B) Table showing percentages of CQ, β-alanine, 5-HT, or Capsaicin-sensitive neurons that 

responded to Bam8-22. The numbers of neurons analyzed are shown in parenthesis. Cells from 

4 mice were pooled together for analysis of each chemical. 

 

 

 



 
Supplemental Figure 3. Mice exhibit biting behaviors in response to pruritogens in 

glabrous skin. 

(A-C) Episode data for the histamine, capsaicin, and cold plate-induced behavior tests 

respectively. Episode data is consistent with total time data shown in Figure 3. (A) Histamine 

induced significant biting after glabrous skin injection. (B) Capsaicin induced dose-dependent 

licking after glabrous skin injection. (C) Cold-induced pain sensation evoked robust licking 

behavior, but not biting behavior. N numbers are the same as shown in main Figure 3. 

(D-E) 10-30 minutes post injection mice exhibited no major behavioral responses to Capsaicin, 

Histamine, or Bam8-22 compared to Saline control. N = 6 mice for each group.  

(F-G) Both histamine and capsaicin induced guarding (lifting of the paw and holding it above 

the platform without licking or biting). N = 6 mice for each group. 

(H-I) Both histamine and capsaicin induced flinching (rapid shaking of the hindpaw). 

N numbers are the same as shown in main Figure 3. 

Data are represented as mean ± SEM. Data for all figures (A-I) are non-parametric and (A-B, 

D-I) were analyzed using Kruskal-Wallis tests with Dunn’s post-hoc. Figure C was analyzed 

using a Mann-Whitney test.*p < 0.05, **p < 0.01, ***p < 0.001.  

 

 

 

 

 

 

 



 

Supplemental Figure 4. Activation of MrgprA3+, MrgprD+ and MrgprC11+ nerve in the 

hairy skin induce itch 

(A-B) RNAscope fluorescent in situ hybridization of lumbar DRG sections collected from adult 

MrgprA3GFP-Cre; ROSA26DREADD (A) and MrgprDCreERT2; ROSA26DREADD (B) mice detecting the 

indicated markers. DREADD was faithfully expressed in both MrgprA3+ (A) and MrgprD+ (B) 

neurons.      

(C) Immunostaining of lumbar DRG sections collected from adult MrgprC11CreERT2; 

ROSA26DREADD mice using MrgprC11 antibody and GFP antibody. The hM3Dq transgene in 

ROSA26DREADD mice was fused with mCitrine that can be detected by GFP antibody. 

(D) Chemogenetic activation of MrgprA3+, MrgprC11+, and MrgprD+ nerves in the back hairy 

skin (CNO, 7.5 mM, 50 l) induced scratching behaviors. N = 6-10 mice for each genotype. 

(E-F) Chemogenetic activation of MrgprA3+, MrgprC11+, and MrgprD+ nerves in the cheek 

hairy skin (CNO, 7.5 mM, 10 l) induced scratching behaviors (E), and did not induce wiping 

behavior (F). N = 5-11 mice for each genotype. 

All data (D-F) are parametric and analyzed with a one-way ANOVA with post-hoc test. Data 

are represented as mean ± SEM.*p < 0.05, **p < 0.01, ***p < 0.001. n.s.: not statistically 

significant. 



 

Supplemental Figure 5. Ablation of MrgprC11+ neurons did not affect acute pain 

(A) Immunostaining of lumbar DRG sections collected from DTX-treated MrgprC11CreERT2; 

ROSA26DTR and ROSA26DTR control mice. 77.8% of MrgprC11+ neurons were ablated after 

DTX treatments. Scale bar represents 100 μm. 

(B) Percentage of MrgprC11+ and TRPV1+ neurons in DRG after DTX treatments.  

(C-F) Ablation of MrgprC11+ neurons did not affect pain sensitivity. DTX-treated 

MrgprC11CreERT2; ROSA26DTR and ROSA26DTR mice exhibited comparable thermal sensitivity 

measured by the hot plate (55°C) (C), cold plate (0°C) (D), and Hargreaves tests (E). Both 

groups showed similar mechanical sensitivity measured by von Frey test (F). N = 9-11 mice 

for each group.  

(G) Ablation of MrgprC11+ neurons did not affect capsaicin-induced licking. N = 9 mice for 

each group.  

Data are presented as mean ± SEM. All data (B-F) are parametric and analyzed using Welch’s 

t-test. Data (G) are nonparametric and analyzed using a Mann-Whitney test. ****p < 0.0001. 

n.s.: not statistically significant. 

 


