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TO THE EDITOR

The nervous system allocates dispro-
portional neuronal resources to sensory
information critical for an organism’s
survival and reproduction. The most
striking feature of the somatosensory
homunculus is the enlarged area rep-
resenting the distal limbs, especially the
hairless glabrous skin regions such as
the palms of the hands and soles of the
feet, to facilitate environmental explo-
ration. Heightened tactile and pain
sensitivity in glabrous skin has been
well-established (Mancini et al, 2014).
However, whether regional differences
exist in itch signal processing is not
clear. Interestingly, cholestatic pruritus,
itching due to reduced or blocked bile
flow, is particularly intense in glabrous
skin, suggesting sharpened itch sensi-
tivity to endogenous pruritic stimuli in
the glabrous skin (Beuers et al, 2014).
Our recent study demonstrated that
MrgprC11* dorsal root ganglion sen-
sory neurons mediate both hairy and
glabrous skin itch (Steele et al, 2021),
providing a cellular target to investigate
regional differences in itch. This study

revealed heightened itch sensitivity in
the glabrous skin, supported by the
unique axonal branching pattern of
itch-sensing neurons.

We generated MrgprC1 mice
and employed an optogenetic approach
to test itch sensitivity in different skin
locations (Figure Ta—d). Light stimula-
tion of MrgprC117 nerves in trunk hairy
skin evoked significant scratching,
whereas activation of MrgprC11"
nerves in plantar glabrous skin induced
strong biting, both of which demon-
strate itch sensations. Interestingly,
much lower laser power is required to
evoke glabrous skin biting, suggesting
heightened itch processing for glabrous
skin (Figure 1b). To rule out the possi-
bility that different expression levels of
channelrhodopsin-2  contribute  to
different light thresholds, MrgprC11*
skin-innervating neurons were retro-
gradely labeled and collected for gPCR.
Comparable  expression levels  of
channelrhodopsin-2 were observed in
trunk  skin  and glabrous  skin-
innervating  neurons  (Figure  Te).
Consistently, we found that plantar

7ChR2

Abbreviations: CreERT2, Cre recombinase-estrogen receptor fusion protein 2; MrgprC11, Mas-related G

protein-coupled receptor C11
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glabrous skin is much more sensitive to
Bam8-22, a MrgprC11 agonist, than
other skin locations. Although 10 uM of
Bam8-22 is enough to evoke robust
biting behavior toward glabrous skin, at
least 1.5 mM and 0.3 mM of Bam8-22
are required to induce scratching
behavior toward thoracic back skin and
the nape of the neck skin respectively
(Figure 1f and g).

To gain a mechanistic understanding
of the cellular basis of regional differ-
ences in itch transmission we per-
formed morphological analysis of
MrgprC117" nerves. We first quantified
PGP 9.5% and MrgprC11* intra-
epidermal nerve density in different
skin locations in  MrgprC11tdTomato
mice. Both PGP 9.5" and MrgprC117"
intraepidermal nerve densities in paw
skin, including hairy and glabrous
sides, are significantly lower than those
in thoracic trunk skin (Figure 2a and b).
This suggests that heightened itch
sensitivity is not attributable to an
increased density of peripheral nerves.

We next examined MrgprC11"
axonal arborizations in the skin and the
spinal cord using axonal tracer alkaline
phosphatase. CreERT2 in mice generate
background recombination in approxi-
mately 1% of dorsal root ganglion
sensory neurons without tamoxifen
treatment (Xing et al, 2021), allowing
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Figure 1. Higher itch sensitivity of glabrous skin. (A) Generation of MrgprC11“"®? mice. (a) DRG or hind paw plantar skin sections showing the expression of
ChR2(H134R)-EYFP in MrgprC117" neurons and epidermal skin nerves. Epi: epidermis. Der: dermis. Scale bar: 50 um. (b) Percentage of responses induced by
different intensities of 473 nm blue light in MrgprC11°"%2 mice. A much lower laser power is required to evoke glabrous skin biting. (c) Littermate control
R26"%2 mice did not show any nocifensive behaviors after blue light application. (d) Pictures showing the blue light application to the trunk hairy skin (top) or
glabrous skin (bottom) of MrgprC11<"®2 mice. (e) qPCR analysis showing the expression levels of ChR2 is comparable in glabrous skin-innervating and trunk
hairy skin-innervating MrgprC11* neurons. (f—h) Concentrations of Bam8-22, a MrgprC11 agonist, are required to induce itch behaviors in glabrous skin (f),
thoracic trunk skin (g), and nape of the neck skin (h). Data are represented as mean + SEM. Welch'’s t-test for b and e. One-way ANOVA for f—h. *P < .05, **P <
.01. Bam8-22, bovine adrenal medulla 8—22 peptide; ChR2(H134R)-EYFP, chlamydomonas reinhardtii-derived channelrhodopsin-2; DRG, dorsal root
ganglion; MrgprC11, Mas-related G protein-coupled receptor C11.

visualization of individual axonal ar-
borizations in the trunk hairy skin
(Figure 2c and d) and spinal cord
(Supplementary Figure ST). CreERT2
background recombination does not
label any glabrous skin-innervating
neurons (Xing et al., 2021); therefore,
skin arbors in the hind paw glabrous
skin were visualized after a low dose of
tamoxifen  treatment  (Figure  2d).
MrgprC117" skin arbors in different lo-
cations are all typical “free endings”
featuring extensive axonal branching
inside of the arbor. However, the arbors
are larger in the paws and the largest
ones are observed in hind paw glabrous
skin (Figure 2e). To understand if other
subtypes of sensory neurons exhibit
similar regional effects, we examined
MrgprB4* skin arbors using
MrgprB4” A mice. MrgprB4* neurons
are C-fiber touch sensors that detect the
stroking of hairy skin and do not

innervate the glabrous skin (Liu et al,
2007; Vrontou et al, 2013). Interest-
ingly, MrgprB4™ arbors exhibit the
opposite  trend with significantly
smaller arbors in the paw skin
(Figure 2f). In addition, a previous study
showed that MrgprD™ sensory neurons,
nociceptors mediating pain sensation in
glabrous skin, exhibit comparable skin
arbor sizes in the trunk and plantar
glabrous skin (Olson et al, 2017). These
results suggest that different types of
skin sensory arbors have distinct
regional effects.

We also found that glabrous skin-
innervating MrgprC117 neurons exhibit
distinct central arbor morphology in the
spinal cord. Whole-mount placental
alkaline phosphatase histochemistry of
the spinal cord isolated from
MrgprC11"" mice without tamoxifen
treatment allowed us to visualize itch-
sensing central arbors across the

Journal of Investigative Dermatology (2024), Volume 144

somatotopic  map  (Supplementary
Figure S1). Central projections of sen-
sory neurons are somatotopically orga-
nized along the rostrocaudal and
mediolateral axis of the spinal cord.
MrgprC117" central axons normally turn
rostrally after entering the spinal cord,
terminate within the segment of entry,
and arborize in the superficial dorsal
horn (Supplementary Figure Sla—d).
Arbors in the spinal regions controlling
the trunk (thoracic) and proximal limbs
(lateral lumbar) show long morphology
with  rostrocaudal elongation and
mediolateral compression, which is
consistent with the previously examined
C-type arbors (Sugiura et al, 1993).
However, arbors showing round
morphology with a much lower Height/
Width ratio are observed in regions
controlling the distal parts of the body
including head/face (upper cervical and
medulla), distal limbs (medial cervical
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Figure 2. Regionally distinct morphological organization of itch-sensing arbors in both skin and spinal cord. (a—b) PGP 9.5™ (a) and MrgprC11™" (b)
intraepidermal nerve density in different body locations. (c) Whole-mount PLAP histochemistry of a lumbar DRG from MrgprC11"" mice without tamoxifen
treatment. (d) MrgprC11* arbors in the trunk skin and hind paw plantar glabrous skin. () MrgprC117 arbor area in different body locations. (f) MrgprB4* arbor
area in different body locations. (g) Spinal cord segments from AAV2/1-CMV-FLEX-PLAP injected MrgprC11<*® mice showing sparsely labeled MrgprC11™*
central arbors. Skin locations injected were indicated. Two or three injections were performed in each skin location to achieve the labeling of at least one DRG
neuron. More than one central arbor was observed in some spinal cords. Hind paw glabrous skin-innervating neurons exhibit round arbors in the medial lumbar
spinal region. Long arbors were observed when AAV2/1-CMV-FLEX-PLAP was injected into the thoracic back skin or proximal hindlimb skin. (h—i)
Quantification of the Height/Width ratio (h) and arbor area (i). Data are represented as mean & SEM. Welch'’s t-test for f. One-way ANOVA for other panels. *P <
.05. ¥*P < .01. ***P < .005. ****P < .001. ns: not significant. Scale bar in d and g: 500 um. A, Anterior; AAV2/1-CMV-FLEX-PLAP, adeno-associated virus
serotype 2/1-cytomegalovirus-flip-excision-placental alkaline phosphatase; DRG, dorsal root ganglion; MrgprC11, Mas-related G protein-coupled receptor
C11; P, posterior; PGP9.57, Protein Gene Product 9.5.

and lumbar), tail, and genital area
(sacral) (Supplementary Figure S1h—d).
Arbors in the sacral region are notably
larger, while those in the other segments
show similar areas (Supplementary
Figure S1g). Since CreERT2 background
recombination does not label glabrous
skin-innervating ~ neurons,  round
MrgprC117* central arbors in the medial
lumbar region likely represent neurons
innervating the hairy side of the hind
paw and ankle area.

To directly correlate central arbor
morphologies and the represented skin
locations, we injected AAV2/1-CMV-

FLEX-PLAP  into  the skin  of
MrgprC11< R mice.  MrgprC117"
central  arbors  were exclusively

observed in spinal segments corre-
sponding to injected skin locations
(Figure 2g). Round arbors were
observed in medial lumbar segments

following injections into the hind paw
glabrous skin, whereas long arbors
appeared in thoracic and lateral lumbar
segments after injections into the
thoracic and proximal hindlimb skin
respectively (Figure 2g). Round and
long arbors share a similar area
(Figure 2h and i).

In summary, our results demonstrate
regional differences in itch processing,
with higher itch sensitivity in glabrous
skin, aligning with the regionally distinct
morphological organization of itch-
sensing neurons. MrgprC11" neurons
exhibit low intraepidermal nerve density
and larger axonal arborization in
glabrous skin, and regionally distinct
central arbors in the spinal cord. Previ-
ous studies have linked regional-specific
central arbor morphology to enhanced
signal transmission of touch and pain in
glabrous skin (Lehnert et al, 2021; Olson

et al, 2017). Conversely, peripheral
nerve organization contrasts with higher
innervation density and smaller recep-
tive field observed in touch sensors of
distal limbs (Brown and Koerber, 1978).
Taken together, our findings suggest that
region-specific morphological organi-
zation serves as a fundamental somato-
topic mechanism to facilitate regional
differences in  sensory processing,
although distinct organizations were
employed by different  sensory
modalities.
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SUPPLEMENTARY MATERIALS AND
METHODS

Mice and Tamoxifen Treatment

All experiments were performed with
approval from the Georgia Institute of
Technology Animal Use and Care
Committee. BAC  transgenic line
MrgprC11<*R72 \was generated by a
previous study (Xing et al, 2021). The
MrgprB4” ¥ line (Liu et al, 2007) was
provided by Dr Xinzhong Dong at
Johns Hopkins University. Mice listed
below were purchased from Jackson
Laboratory: wild-type C57BL/6 mice
(Stock No: 000664), ROSA26'/Tomato
(Stock No: 007909), and ROSA26"”
(Stock No: 009253), ROSA26"%*"
HIS4REYFP mice (Stock No: 024109,
Ai32). Mice were housed in a vivarium
with a 12-hour light/dark cycle, hous-
ing groups of 5 maximum, and food/
water ad libitum. To label MrgprC11*
neurons with Cre-dependent reporters
tdTomato and ChR2, the mice were
treated daily via oral gavage (22 g x 25
mm, FTP-22-25, Instech Laboratories)
with 100 mg/kg of tamoxifen (T5648,
Sigma) dissolved in sunflower seed oil
(55007, Sigma) for 5 days at 3—4 weeks
of  age. The CreERT2 in
MrgprC11<"**R7? mice generates back-
ground recombination in approxi-
mately 1% of dorsal root ganglion
sensory neurons without any tamoxifen
treatment (Xing et al, 2021). Sparsely
labeled MrgprC11™" arbors in the spinal
cord and trunk skin were visualized
using  MrgprC11""  mice  without
tamoxifen treatment. The background
recombination of ~ MrgprC11¢ kT2
mice does not label glabrous skin-
innervating ~ MrgprC11"  neurons.
Sparsely labeled MrgprC11* arbors in
the glabrous skin were visualized using
MrgprC11"*" mice treated with low-
dose tamoxifen once (0.5 mg/kg, oral
gavage).

Skin Injection of Adeno-Associated
Virus

To visualize the central arbors of
glabrous skin-innervating MrgprC117"
neurons, AAV2/1-CMV-FLEX-PLAP
(Addgene 80422, packaged at Emory
University Vector Core, titer = 2E4+12)
was injected into the hind paw plantar
glabrous skin, proximal hindlimb skin,
or  thoracic  back  skin of
MrgprC11<ERT2 mice using beveled
glass capillary needles. Two or 3
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injections were performed in each skin
location to achieve the labeling of at
least one dorsal root ganglion neuron.
Mice were treated with tamoxifen (100
mg/kg, intraperitoneally, once daily for
5 days) to activate CreERT2 5 days after
the skin injection, and PLAP whole
mount histochemistry staining was
performed 6 weeks after the skin
injection.

Placental Alkaline Phosphatase

(PLAP) Whole Mount Histochemistry
Staining

The procedure was performed as pre-
viously described (Xing et al, 2021).
Briefly, adult mice (8—12 weeks old)
were transcardially perfused with ice-
cold 4% formaldehyde. To visualize
skin arbors, hair removal, and tape
stripping were performed to remove the
stratum corneum before the perfusion.
Tissues were dissected and postfixed in
4% formaldehyde on ice (30 minutes
for dorsal root ganglion and 2 hours for
the skin and spinal cord) and incubated
in HBSS at 65—68 °C for 30 minutes to
inhibit the endogenous alkaline phos-
phatase. Tissues were washed and
incubated with NBT and BCIP to visu-
alize the PLAP signals. The tissues were
cleared in BABB (Benzyl Alcohol and
Benzyl Benzoate, 1:2 mixed together)
before imaging on a ZEISS SteREO
Discovery V12 stereomicroscope with
a color camera.

Immunohistochemistry Staining

Immunohistochemistry  staining was
performed as previously described
(Xing et al, 2021). The following
antibodies were used: rabbit anti-
MrgprC11  (custom-made by Pro-
teintech groups, validated by a previous
study, 1:500) (Han et al, 2018), chicken
anti-GFP (AVES), rabbit anti- Protein
Gene Product 9.5 (Abcam ab108986).

Optogenetics Analysis

Two to five-month-old MrgprC11<"?
mice were used for the optogenetic
analysis. We generated ChR2 homo-
zygous mice for this assay since ChR2
heterozygous mice did not show sig-
nificant behavioral responses after light
stimulation. 473 nm blue light laser
(Shanghai Laser and Optics Century,
Blue Diode Laser) is guided through a
0.2 mm-diameter optical fiber and the
tip of the fiber was placed 2—5 mm
away from the skin. Ten trains of 10 Hz

pulses with different powers (0.1—10
mW) were applied to the shaved trunk
skin (T6—T10) or the glabrous skin
with a cutoff time of 10 seconds to
avoid non-specific behavior effects
induced by laser heat. Laser power
applied to the skin was measured at
the tip of the optical fiber using a po-
wer meter.

qPCR of Skin-Innervating Neurons
Skin-innervating neurons were labeled
by injection of neuronal tracer CTB-555
(Cholera Toxin Subunit B conjugated
with Alexa Fluor 555, red color) into
the skin of MrgprC11"%? mice. Dorsal
root ganglia innervating the injected
area were collected and dissociated 10
days after the injection. MrgprC11"
skin-innervating neurons labeled by
both ChR2-H134R-EYFP and CTB-555
were collected using FACS sorting and
first strand cDNA was synthesized using
Invitrogen  Cells-to-cDNA™ |l Kit
(AM1723). Quantitative RT-PCR was
performed using a StepOnePlus RT-PCR
System (Thermo Fisher Scientific) with
the SYBR Green detection method. The
CT values were analyzed by the 274¢7
method to determine the normalized
expression ratio of target genes. Primer
sequence:ChR2-Forward:  GTCGGAC
GCGAACTTTTGTTChR2-Reverse: ACC
ATTTCAATGGCGCACAC

Behavioral Analysis

All experiments were performed with
an experimenter blind to genotype us-
ing protocols approved by the Animal
Care and Use Committee of Georgia
Institute of Technology School of
Biology. All behavior tests were per-
formed from 8:00 AM to 1:00 PM in the
light cycle in our animal facility. All
mice were acclimated for 30—60 mi-
nutes to their testing environment the
day before the behavioral tests. To
evaluate scratching behavior, 50 pl
Bam8-22 (Genscript) was injected into
the nape of the neck or the thoracic
back skin. To evaluate glabrous skin
itch behavior, 4 pl Bam8-22 was
injected into the center of the planter
hind paw using a custom-made 10 pl
Hamilton syringe with a 30 gauge
needle. The behavioral responses were
recorded and quantified. The glabrous
skin biting behavior was quantified in
slow motion (0.25x normal speed).
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Supplementary Figure S1. MrgprC11™ central arbors exhibit regionally distinct morphology. (@) Whole-mount PLAP histochemistry of a spinal cord from
MrgprC11"* mice without tamoxifen treatment. (b—c) Part of the thoracic (b) and lumbar (c) spinal segments in a are shown in higher magnification. All
MrgprC117 central arbors in the thoracic segments exhibit long morphology with rostrocaudal elongation and mediolateral compression. MrgprC11* central
arbors in the lateral lumbar segments exhibit long morphology, whereas arbors in the medial lumbar segments show round morphology. (d) All MrgprC11*
central arbors in the upper cervical and medulla regions exhibit round morphology. (e) All MrgprC117 central arbors in the sacral spinal segments exhibit round
morphology and are larger than arbors in other regions. (f—g) Quantification of the Height/Width ratio (f) and arbor area (g). Arbors from 5 mice were analyzed.
Data are represented as mean £ SEM. One-way ANOVA for f—g. **P < .01. ***P < .005. ****P < .001. A, anterior; ns, not significant; P, posterior.

2608.e2 Journal of Investigative Dermatology (2024), Volume 144


http://refhub.elsevier.com//sref13
http://refhub.elsevier.com//sref13
http://refhub.elsevier.com//sref13
http://refhub.elsevier.com//sref13
http://refhub.elsevier.com//sref13
http://refhub.elsevier.com//sref13
http://refhub.elsevier.com//sref11
http://refhub.elsevier.com//sref11
http://refhub.elsevier.com//sref11
http://refhub.elsevier.com//sref11
http://refhub.elsevier.com//sref11
http://refhub.elsevier.com//sref11
http://refhub.elsevier.com//sref12
http://refhub.elsevier.com//sref12
http://refhub.elsevier.com//sref12
http://refhub.elsevier.com//sref12

	Regional Differences in Itch Transmission
	Data Availability Statement
	Ethics Statement
	Conflict of Interest
	Acknowledgments
	Author Contributions
	Supplementary Material
	References
	Supplementary Materials and Methods
	Mice and Tamoxifen Treatment
	Skin Injection of Adeno-Associated Virus
	Placental Alkaline Phosphatase (PLAP) Whole Mount Histochemistry Staining
	Immunohistochemistry Staining
	Optogenetics Analysis
	qPCR of Skin-Innervating Neurons
	Behavioral Analysis

	Supplementary References


