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DRG neurons are classified into distinct types to mediate the somatosensation with different modalities. Recently, transcrip-
tional profilings of DRG neurons by single-cell RNA-sequencing have provided new insights into the neuron typing and func-
tional properties. Zinc-finger CCHC domain-containing 12 (Zcchcl2) was reported to be the representative marker for a
subtype of galanin-positive (Gal") DRG neurons. However, the characteristics and functions of Zcchc12" neurons are largely
unknown. Here, we genetically labeled Zechel2t neurons in Zcchcl2-CreERT2::Ai9 mice, and verified that Zcchel2 repre-
sented a new subpopulation of DRG neurons in both sexes. Zcchc12" neurons centrally innervated the superficial laminae in
spinal dorsal horn, and peripherally terminated as free nerve endings in the epidermis and cluster-shaped fibers in the der-
mis of footpads and nearby. In addition, Zcchc12" neurons also formed circumferential endings surrounding the hair follicles
in hairy skin. Functionally, in vivo calcium imaging in DRGs revealed that Zcchc12" neurons were polymodal nociceptors
and could be activated by mechanical and noxious thermal stimuli. Behavioral tests showed that selective ablation of
ZccheI2® DRG neurons reduced the sensitivity to noxious heat in mice. Together, we identified a new subpopulation of
Zcchel2™ nociceptors essential for noxious heat sensation.
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Zcchel 2 represents a new subpopulation of DRG neurons. The characteristics and functions of Zcchc12" neurons are largely
unknown. Here we genetically labeled Zcchc12™ neurons, and showed that the fibers of Zcchc12™ DRG neurons projected to
superficial lamina at spinal dorsal horn, and innervated skin as free nerve endings in the epidermis and cluster-shaped fibers
in the dermis of footpads and nearby. Functionally, Zcchc12* DRG neurons responded to noxious mechanical and heat stim-
uli. Ablation of Zcchc12™ DRG neurons impaired the sensation of noxious heat in mice. Therefore, we identify a new subpo-
pulation of DRG neurons required for noxious heat sensation. /
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Introduction

Primary sensory neurons located in the DRGs are usually
divided into small-size peptidergic neurons containing cal-
citonin-gene related peptide (CGRP), small-size nonpepti-
dergic neurons labeled by isolectin B4, and large-size
neurons expressing neurofilament 200 (NF200) (Basbaum
et al., 2009). Only the functions of CGRP-positive (CGRP™)
DRG neurons were explored (McCoy et al., 2013). McCoy
et al. (2013) demonstrated that they could mediate the sen-
sation of noxious heat and itch, and tonically suppress cold
sensitivity. The functional diversity suggests that CGRP™"
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DRG neurons might be divided into different subtypes with
distinct functions.

The expression of functional genes in DRG neurons could
indicate the properties of the neurons. For example, transient re-
ceptor potential (TRP) channels participate in thermal sensation
(Dhaka et al., 2006; Julius, 2013). Piezo2, acid-sensing ion chan-
nels (ASICs), and members of potassium channel subfamily K
(KCNK) are reported to be mechanotransduction channels
(Noel et al.,, 2009; W. G. Li and Xu, 2011; Woo et al., 2015).
Members of voltage-gated sodium channels (Na,) contribute to
noxious heat sensation (Akopian et al., 1999; Nassar et al., 2004;
Yang et al., 2017). Members of MAS-related G-protein-coupled
receptor (MRGPR) family play an important role in itch sensa-
tion (Han and Dong, 2014; Meixiong and Dong, 2017). Thus,
the classification of DRG neurons based on the transcriptional
profile of individual cell might achieve functional specificity.

Recent advances in single-cell RNA-sequencing (scRNA-seq)
have provided a powerful tool to get a global view of single-cell
transcriptomes at high resolution (Stuart and Satija, 2019).
Several studies have classified DRG neurons by scRNA-seq
(Usoskin et al,, 2015; C. L. Li et al,, 2016; Zheng et al,, 2019;
Sharma et al., 2020; K. Wang et al., 2021). Our previous study
classified DRG neurons into 10 types based on the high-coverage
scRNA-seq and functional annotation (C. L. Li et al., 2016).
The Sst™ and Mrgpra3™ neurons were identified as distinct
itching neurons (Han et al., 2013; Stantcheva et al., 2016),
while the feature of Gal” DRG neurons is still unclear. The
Gal" small-diameter could be further divided into two sub-
types (C. L. Li et al,, 2016). One subtype with the smallest
diameter was marked by the zinc-finger CCHC domain-
containing 12 (Zcchcl2). Zechel2 is a transcriptional coacti-
vator of bone morphogenic protein signaling (Cho et al,,
2008), which may be involved in cancer genesis (Q. L. Li et
al., 2012; O. Wang et al., 2017) and X-linked mental retar-
dation (Cho et al., 2011). The features of Zcchcl2-express-
ing DRG neurons are unknown.

In the present study, we characterized the morphologic and
functional properties of ZcchcI2* DRG neurons. Zcchel2™ fibers
terminated widely in hairy and glabrous skins, and innervated
superficial laminae of spinal dorsal horn. Zcchc12™ DRG neu-
rons functioned as polymodal nociceptors sensitive to thermal
and mechanical stimulation, and were required for noxious heat
sensation.

Materials and Methods

Animals

All animal studies and experimental procedures were approved by the
Animal Care and Use Committee of the Institute of Neuroscience, Chinese
Academy of Sciences, Shanghai, China. The Zcchc12-CreERT2 transgenic
mouse line was generated by introducing a 2A-CreERT?2 into the 3" UTR of
Zcchel2 gene. To ablate Zcechc12™ DRG neurons, Zechc12-CreERT? line
was crossed with Avil”"™® line to generate Zcchcl2-CreERT2:Avil®™ mice.
Avil®™ (EM: 10409) mice were purchased from the European Mutant
Mouse Archive. Ai9 (JAX007909) mice were purchased from The Jackson
Laboratory. All animals were housed under a 12 h light/12 h dark cycle at
22°C-26°C.

Models and surgery
In complete Freund’s adjuvant (CFA) model, 20 ul CFA (Sigma, F5881)
was intraplantarly injected into the left hind paw of mice of either sex.
The noxious heat and mechanical threshold were measured before and
1,2, 4, and 7 d after the injection, respectively.

In the spared nerve injury (SNI) model, mice of either sex were anes-
thetized by isoflurane. The skin and muscles on the left thigh were
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incised to expose the sciatic nerve and its branches. The peroneal and
tibial branches of the sciatic nerve were transected with ~1 mm nerve
removed, leaving the sural nerve intact. The mechanical threshold was
measured 2, 4, 7, and 14 d after the surgery.

Drugs

Diphtheria toxin (DTX; List Biological Laboratories, Product 150) was
dissolved in 0.9% saline to make 2 mg/ml stock solution and stored at
—70°C in aliquots. For Zcchc12® DRG neuron ablation, tamoxifen
(Sigma, T5648) was dissolved in corn oil to make 20 mg/ml solution,
and was intraperitoneally injected for 5 consecutive days to induce the
expression of Cre in Zcchcl2-CreERT2: Avil'®™ mice of either sex at the
age of 3-7 weeks. Then 200 ng/g DTX was injected intraperitoneally into
the mice at the age of 10 weeks to 4 months.

ISH

Mice of either sex were anesthetized and killed; lumbar 4/5 DRGs were
dissected and sectioned. For ISH, the probes were labeled with digoxige-
nin (DIG), while for double fluorescent ISH, the probes were labeled
with DIG and FITC. DRG sections were first fixed with 4% PFA in
DEPC-PBS, followed by acetylation and prehybridization in the hybrid-
ization buffer for 2.5 h at 70°C, then incubated with the hybridization
buffer containing the antisense probes for 16 h at 70°C. After hybridiza-
tion, the sections were washed and blocked, and sections for double
FISH were pretreated with 3% H,O,. For ISH, sections were incubated
with anti-DIG-AP antibodies (1:2000) at 4°C overnight, then were devel-
oped in a solution of 1 ul/ml NBT and 3.5 ul/ml BCIP in alkaline phos-
phatase buffer. For double FISH, the sections were incubated with anti-
FITC-HRP (1: 4000) overnight at 4°C, then amplified with TSA-Plus
(DNP, 1:100), then incubated with anti-DIG-AP (1: 1000) and anti-DNP
Alexa-488 (1:500) in 1% blocking reagent overnight at 4°C. Finally, the
sections were developed with HNPP/FR (1:1:100) in TS 8.0.

RNAscope ISH

DRG slides were pretreated with hydrogen peroxide at room tempera-
ture for 10 min and washed with DEPC-ddH,O twice. Then, slides were
slowly immersed into boiling retrieval reagent for 5min and rinsed in
the DEPC-ddH,O. Then, slices were treated with ethanol for 3 min and
dried completely at room temperature. Protease digestion was per-
formed in the 40°C hybridization oven for 10-15min and rinsed in the
DEPC-ddH,O twice. Then the slides were hybridized with the pre-
warmed probe at 40°C for 2 h. TSA-based signal amplification was fol-
lowed, and the slices were finally mounted and imaged.

In vivo calcium imaging

To express GCaMP6s specifically in Zcchc12* DRG neurons, AAV2/9-
CAG-FLEX-GCaMP6s was injected intraperitoneally into newborn
Zcchel2-CreERT2 mice of either sex or injected into L4/5 DRGs of adult
Zcchel2-CreERT2 mice of either sex.

The lumbar 4/5 DRG was exposed by surgery. Various stimuli were
applied to the hind paw of mice. The intensity of calcium fluorescence
was recorded in real time by a Leica Microsystems SP8 DIVE multipho-
ton microscope and Prairie (Ultima-IV) two-photon microscope. The
laser was set to 920 nm for GCaMP6s imaging. For thermal stimulation,
we used hot water at 50°C-60°C. For mechanical stimulation, we chose
nocuous pinch and pressure, and innocuous brush and air puff. There
were 3-5 min intervals between any two thermal or mechanical stimuli
to avoid sensitization.

Whole-mount immunohistochemistry

Before hair skin dissection, the mice of either sex were treated with hair
remover, wiped clean with tissue paper, and tape stripped until glisten-
ing. Glabrous skin of hind paw and hairy skin of back were dissected af-
ter mice were anesthetized. The skin was then flattened and fixed in
Zamboni’s buffer overnight at 4°C. The tissues were washed with PBS
containing Triton X-100 (0.3% PBST every 30 min for hairy skin and 1%
PBST every hour for glabrous skin) for 5-8 h, and then incubated with
primary antibodies in PBST containing 5% donkey serum and 20%
DMSO for 5d at room temperature. After the conjunction of primary
antibodies, tissues were washed with PBST for 5-8 h, and then incubated
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with secondary antibodies (dilution buffer the same with primary anti-
bodies) for 2d at room temperature. Tissues were washed with PBST
and dehydrated with methanol. Hairy skin was dehydrated in 50% meth-
anol for 5 min and then in 100% methanol for 20 min, 3 times, while gla-
brous skin was dehydrated in methanol overnight. Finally, the tissues
were cleared and stored in BABB (benzyl alcohol, Sigma 402834; benzyl
benzoate, Sigma B-6630; 1:2). The tissues were imaged by Leica
Microsystems SP8 confocal microscope and processed in Image]
software.

Immunohistochemistry

Mouse glabrous and hairy skin was dissected and fixed as men-
tioned above. The skin was dehydrated in 30% sucrose solution at
4°C, then sectioned into 50 um by Leica Microsystems CM 1950,
and floated in PBS. For skin section staining, the floating slices
were blocked in PBS containing 0.5% Triton X-100 and 5% BSA for
1 h at room temperature. Then the sections were incubated with
primary antibodies in PBS containing 3% BSA overnight at 4°C.
The sections were then washed with PBS and incubated with sec-
ondary antibodies for 1 h at room temperature. Finally, the sec-
tions were washed with PBS and mounted on glass slides.

For the DRG staining, mice were fixed with 4% PFA, and the DRGs
were dissected and sectioned. After blocked with PBS containing 0.05%
Triton X-100 and 10% donkey serum, sectioned slices were incubated
with primary antibodies overnight at 4°C, followed with secondary anti-
bodies for 40 min at room temperature, and finally mounted. The slides
were imaged by Leica Microsystems SP8 confocal microscope.

Behavior tests
All behavior tests were conducted blindly. Mice of either sex were habi-
tuated in the experimental environment for over 3 d before formal be-
havioral tests.

Hargreaves test. Mice were habituated in plastic chambers, the radi-
ant light was applied to the left hind paw of mice when they were resting
quietly, and the latency to paw withdraw was measured. The cutoff time
was set at 20 s.

Hot plate test. Mice were put on a hot plate at a temperature of 52°C.
The latency to jump, shake, or lick the hind paw was measured. The cut-
off time was set at 30 s.

Tail immersion test. One-third of mouse tail was immersed in water
bath at 52°C, and the latency to flick the tail was measured. The cutoff
time was set at 10 s.

von Frey test. Mice were habituated in small plastic chambers on a
mesh floor, and the mechanical threshold was assessed by measuring the
50% paw withdrawal with a series of von Frey filaments or the frequency
of withdrawal.

Acetone test. Mice were placed on a mesh floor, 50 ul of acetone was
add to the left hind paw, and the number of lickings was measured for
1 min.

Icilin test. Icilin (60 ug in 25 ul volume) was injected into the left
hind paw of mice, and the number of flinches in 10 min was counted.
Icilin is dissolved in 10% DMSO, 40% PEG400, 5% Tween-80, and 45%
saline.

Cotton swab assay. The left plantar surface of mice was stroked with
fluffy cotton swab for 20 times with intervals over 10 s. The number of
paw withdrawals was recorded.

Experimental design and statistical analysis

Analyses were performed with the person analyzing the data blind to ex-
perimental condition. Data are presented as mean = SEM. Sample num-
ber (n) values are indicated in the figure legends and in Results. For
morphologic analyses, sections of 3 mice (three sections/mouse) were
used. Two groups were compared by a two-tailed, unpaired Student’s ¢
test. Comparisons between two groups with multiple times were per-
formed by a two-way ANOVA with Bonferroni’s correction. Statistical
analysis was performed using PRISM (GraphPad Software). The differ-
ence was considered significant at p < 0.05. All statistical analyses were
two-tailed, 95% CI.
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Results

Zcchel2 represents a subpopulation of Gal ™ peptidergic
DRG neurons

Classification of DRG neurons based on single-cell transcrip-
tomes has revealed that ZcchcI2" and Cldn9™ DRG neurons
were two subtypes of Gal* neuron type (C. L. Li et al., 2016).
Zcchel2 was expressed in 12.60 = 0.77% of DRG neurons.
The majority of them were small-diameter neurons (cross-
section area < 800 ,umz) (Fig. 1A). We compared the average
size of Zcchc12' DRG neurons with other types of small-diameter
DRG neurons. The average cross-section areas of Zcchcl2™,
Cldn9*, Gal", Nppb™, Th", Mrgpra3", and Mrgprd" DRG neu-
rons were 209.8 * 5.8, 453.7 * 21.94, 3134 * 8.12, 346.6 * 14.0,
3784 = 14.1,412.2 + 24.2, and 529.2 = 11.1 um?, respectively (Fig.
1B). Thus, Zcchel2" neurons are the smallest DRG neurons.

In WT mice, most of Zcchel2t neurons (87.8 = 1.4%) were
Gal" and Cldn9, and 55.7 = 3.1% of Gal" neurons coexpressed
Zcchel2 (Fig. 1C). To validate the expression specificity of
Zcchel2, we examined the coexpression of Zcchcl2 with the
marker genes of other types of small-diameter DRG neurons
(Fig. 1C). Most of Zcchc12™ DRG neurons (98.1 * 0.5%) were
Tacl™, but only 39.9 +2.0% of Tacl” neurons coexpressed
Zcchel2 (Fig. 1D,G). In addition, only about half of the Zcchc12™
DRG neurons (54.9 = 3.8%) were Calca™ (Fig. 1E,G), and none
of them was Nppb' (Fig. 1F). This evidence showed that
Zcchcl2 represents a new subtype of peptidergic neurons.

Zcchel2-CreERT? transgenic mice were constructed and bred
with the Ai9 mice to visualize Zcchc12" neurons. The expression
of tdTomato could be detected in the DRG, spinal cord, and
brain (Fig. 1H-J). In the lumbar DRG, ~69% Zcchc12* DRG
neurons were labeled by tdTomato (Fig. 1H). The distribution of
the tdTomato " neurons was similar with that of Zcchc12" neu-
rons. The types of DRG neurons and the percentage of each type
in the transgenic mice were in accordance with those in WT
mice. Zcchcl2 mRNA was detected in 78.66 +3.3% of
tdTomato-labeled neurons (Fig. 1H). To evaluate the ectopic Cre
recombination, we examined the expression of tdTomato in
other types of DRG neurons. Double fluorescent ISH showed
that tdTomato was mainly expressed in Gal™ and Cldn9™ neu-
rons (Fig. 1K) but rarely expressed in the I31ra™, Th™,
Mrgpra3™, or Mrgprd " neurons (Fig. 1K). As expected, Zcchcl2-
CreERT2::Ai9 mouse line could be used to examine the feature
of Zcchel2™ neurons. Together, Zcchel2 in the DRG genetically
represents a subpopulation of Gal" neurons, which are the
smallest somatosensory neurons.

Zcchcl2™ DRG neurons project to the superficial laminae of
spinal cord

The spinal cord is organized into anatomic and electrophysiolog-
ical laminae (Kandel et al., 2013). Different laminae receive infor-
mation from distinct types of DRG neurons mediating different
types of stimuli (Meyer et al., 2006; Basbaum et al., 2009; Abraira
and Ginty, 2013). Given that Zcchcl2 is expressed not only in
the DRG but also in the spinal cord, we specifically labeled
Zcchel2" DRG neurons in Zcchel2-CreERT?2 transgenic mice by
either DRG micro-injection or intraperitoneal injection with a
Cre-depended adeno-associated virus (AAV2/9-CAG-DIO-
mCherry) (Fig. 2A). Zcchel2® DRG neurons infected by AAV
could be labeled by the fluorescent protein mCherry after tamox-
ifen induction (Fig. 2B). Zcche12" fibers mainly innervated lami-
nae I and II gy of spinal cord, and most of them were
colocalized with CGRP (Fig. 2C). Some CGRP-negative
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Figure 1. ZcchcT2 genetically represented a subpopulation of Gal™ DRG neurons. A, ISH showed the expression of Zcchc12 in a lumbar DRG. Histogram represents the size distribution of
Zeche12™ DRG neurons. Scale bar, 50 um. B, Histogram represents the size distribution of Zcchc12™, Cldn9™, Gal™, Nppb™, Th™, Mrgpra3™, and Mrgprd™ DRG neurons. €, RNAscope ISH
showed the localization of the Zcchc2 with Gal, Cldn9, Nppb, Vglut3, Mrgpra3, Mrgprd, and $700b in the lumbar DRG of the WT (57 mouse. Scale bar, 50 m. D-F, RNAscope ISH showed coex-
pression of Zcchc12 with Tac7, Calca, and Nppb. Scale bar, 50 .m. G, Histogram represents the percentage of the colocalization with Zcchc72™ neurons. H-J, Expression of tdTomato in the lum-
bar DRG, spinal cord, and brain of the Zcchc12-CreERT2::Ai9 transgenic mouse. Scale bar, 100 xm. K, RNAscope ISH showed the expression of tdTomato and Gal, Cldn9, Nppb, Vglut3, Mrgpra3,
Mrgprd, and 7006 in the lumbar DRG of Zcchc12-CreERT2::Ai9 transgenic mice. Scale bar, 50 m.
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Figure 2.  Zcchc12™ terminals centrally projected to the superficial laminae of the spinal dorsal hom. 4, Schematic paradigm showing infection strategy of DRG neurons by AAV intraperito-
neal injection. B, Zcchc12™™ DRG neurons were labeled by AAV injected intraperitoneally. Scale bar, 100 um. €, Colocalization of mCherry and CGRP in the spinal cord. Scale bar, 100 um. D,
Colocalization of mCherry and IB4 in spinal cord. Scale bar, 100 .m. i.p., Intraperitoneal; TAM, tamoxifen.

Zechel2" fibers have also been observed in the most superficial
lamina, indicating that there were two types of Zcchc12™ fibers.
Zcchel2™ fibers rarely terminated in spinal lamina I, Which
was labeled by the IB4 (Fig. 2D). Together, this projection pat-
tern indicated that ZcchcI2® DRG neurons could function as
peptidergic nociceptors.

Zcchel2" DRG neurons innervate the skin with diverse
terminals

Using the viral strategy, we examined the cutaneous termi-
nals of Zcchc12™ DRG neurons in the skin of Zcchcl2-
CreERT2 transgenic mice (Fig. 3). Immunostaining of
whole-mount skins or tissue sections was performed to
determine the distribution of ZcchcI2™ nerve terminals in
the skin (Fig. 3A,B). Peptidergic CGRP™" neurons innervate
skin (McCoy et al., 2012). Since most of the Zcchcl2 was
colocalized with CGRP in central terminals, we also deter-
mined the peripheral targets of Zcchcl2™ neurons using
CGRP as a positive control. In the glabrous skin, Zcchc12™
free nerve endings were observed in the epidermis (Fig.
3Aal,B). Most of the labeled free nerve endings were

coexpressed with the CGRP in free nerve endings (Fig. 3B).
This observation supported the hypothesis that Zcchc12™
DRG neurons could function as peptidergic nociceptors. In
addition, specialized Zcchcl2" terminals shaping like a
dense cluster could be observed in the glabrous skin. The
clustered dense terminals were observed within and sur-
rounding the derma of the footpad (Fig. 3Aa2,a3,B). The
specialized cluster has never been termed or functionally
studied before. Furthermore, CGRP did not colocalize with
Zcchel2 in the specialized cluster (Fig. 3B).

Zcchel2® DRG neurons also innervated the hairy skin.
Whole-mount immunohistochemistry for mCherry showed that
Zcchel2”" free nerve endings were in hairy skin (Fig. 3C). The
direction of the free nerve endings was paralleled to the hair fol-
licles (Fig. 3DdI). Thus, in addition to the glabrous skin,
Zcche12' DRG neurons might also mediate noxious stimulation
of the hairy skin. We also observed Calca/Zcchc12”" circumfer-
ential endings surrounding hair follicles (Fig. 3Dd2). Two types
of circumferential endings have been reported before. One is
Nefh™ myelinated low-threshold mechanoreceptors (L. Li et al.,
2011; Bai et al., 2015), and the other is Calca” high-threshold
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Figure 3. Zcchc12™ DRG neurons peripherally innervated various cutaneous receptors in skin. A, Whole-mount immunostaining of the hind paw of a mouse showed the morphology of
ZCCHC12™ terminals in glabrous skin. Scale bar, 1 mm. Enlarged images showed the free nerve endings (a7), the dustered dense terminals in the footpad (a2), and the specialized terminals
surround footpad (a3). Scale bars: a7-a3, 100 wm. B, Representative image of sections of the glabrous skin showed the ZCCH(12™ free nerve endings in the glabrous skin (top) and the clus-
tered dense terminals in the footpad (bottom). Scale bar, 100 wm. €, Whole-mount immunostaining showed the Z((HC12™ terminals in the hairy skin. Scale bar, 50 um. D, Representative
image of sections showed the Zcchc72™ terminals in the hairy skin. Enlarged images showed the circumferential endings (d7) and free nerve endings (d2) in hairy skin. Scale bars: d1, 20 um;

d2,10 um.

mechanoreceptors (Ghitani et al,, 2017). The ZCCHCI2" cir-
cumferential endings were neither of them, which suggested a
new type of ZCCHCI12" circumferential endings.

Together, Zcchc12® DRG neurons innervate glabrous and
hairy skin with various structures, including free nerve ending,
specialized nerve cluster, and circumferential endings. These
results indicate that Zcchc12® DRG neurons could mediate the
sensations of different modalities in both glabrous and hairy skin.

Zcchcl2™ DRG neurons respond to noxious thermal and
mechanical stimuli

To explore the functions of Zcche12™ DRG neurons, we adopted
in vivo two-photon calcium imaging to evaluate the physiological
features of Zcchc12" DRG neurons. We injected AAV2/9-CAG-
FLEX-GCaMPé6s, a Cre-dependent recombinant AAV encoding
the calcium sensor GCaMP6s, into L4 or L5 DRG of Zcchel2-
CreERT2 mice. After inducing the expression of GCaMP6s, we
conducted in vivo two-photon calcium imaging on DRG to
determine the responses of GCaMP6s-expressing neurons to

noxious heat, cold, mechanical stimuli, as well as innocuous puff
and brush. We delivered the stimulation on the hind paw of
mice. The real-time calcium signals were recorded and analyzed.
In total, 130 responsive neurons were analyzed. In general,
Ca’" signals in ZcechcI2™ DRG neurons were induced by noxious
heat, cold, and mechanical stimuli but not by innocuous puft and
brush (Fig. 4A-C). Of the 130 responsive neurons, ~68% of the re-
sponsive neurons responded to noxious heat (52°C), 54% to nox-
ious mechanical stimuli (pressure or pinch), and 16% to noxious
cold (0°C) (Fig. 4D). Thus, Zcchc12™ DRG neurons were nocicep-
tors that could detect noxious thermal or mechanical stimuli. A
large proportion of neurons (84 of 130) responded to only one type
of stimulation. Among them, 59 neurons were sensitive to thermal
stimuli and 25 to mechanical stimuli (Fig. 4C,E,F). Other neurons
(46 of 130 neurons) responded to at least two types of stimulation
(Fig. 4C,E,F). However, only a few (4 of 130) responded to heat,
cold, and mechanical stimuli (Fig. 4D-F). Among these responsive
neurons, >60% of either mechanical-sensitive or cold-sensitive
neurons were polymodal, whereas ~40% of heat-sensitive
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Figure 4. Zcchc12™ DRG neurons were nociceptors responding to noxious thermal and mechanical stimuli. 4, Heatmap of a typical imaging field showing Ca**
to noxious heat, cold, noxious mechanical, and innocuous mechanical stimuli. Color scale represents the maximum AF. Scale bar, 100 m. B, Heatmap of Ca* "
imaging field to a series of stimuli. Color scale represents the AF/FO. Calibration: 10 s. €, Representative Ca®*
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Different AF/FO scales for different neurons. Arrows indicate beginning of stimuli. D, Proportion of neurons activated by each type of stimulus. E, Proportions of neurons with distinct responsive
modality in heat-, mechano-, and cold-sensitive neurons. F, Diagrams represent overlap in neurons responsive to heat, mechanical, and cold stimuli.

Zcchel2™" neurons were polymodal. Therefore, these results indicate
that Zcche12™ DRG neurons are polymodal nociceptors and could
be divided functionally. A small portion of Zcchc12™ DRG neurons
could participate in cold sensation.

Ablation of Zcchc12” DRG neurons causes the defect in heat
sensitivity

To explore the functions of Zcchc12™ DRG neurons, we selec-
tively ablated ZcchcI2™ neurons in the peripheral nervous sys-
tem. We adopted a transgenic mouse with a Cre-dependent DTX

receptor (DTR) driven from the Avil locus (Stantcheva et al.,
2016), and generated Zcchcl2-CreERT2:Avil'®™ mice. After the
induction of DTR, the application of DTX could lead to selective
deletion of ZcchcI2™ neurons in sensory ganglia. First, we found
that the homozygous (Cre*’'™), heterozygous (Cre’"), and
hemizygous (Cre"/Y) of transgenic mice showed similar noci-
ceptive threshold to their littermate control mice in responding
to thermal and mechanical stimuli (Fig. 5A-D). DTX treatment
did not cause heat hypoalgesia in genetic control animals (Fig.
5E,F). Then, we ablated Zcchcl2™ DRG neurons by injecting
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that DTX injection did not affect the noxious heat sensation in WT mice. G, H, The percentage of tdTomato™ (tdT™) neurons was significantly decreased in the Zcchcl2-CreERT2::Avif""™::Ai9

mice after DTX treatment. Scale bar, 50 em. **p =0.0019.

DTX in Zcchcl2-CreERT2:Avil®™ mice. DTX administration
ablated about half of the tdTomato-labeled neurons in L5 DRG
compared with that treated by saline (Fig. 5G,H). We performed
behavioral tests before and after the injection to evaluate the
effect of genetic ablation on pain behavior. The sensation of nox-
ious heat was examined by the Hargreaves and hot plate tests.
Before the toxin administration, mice presented comparable
withdraw latency in both tests. The ablation of Zcchc12™ DRG
neurons significantly increased the latency of withdrawal of
the hind paw receiving noxious heat stimulation (Fig. 64,
B). There was no significant change in withdrawal behavior
induced by icilin or acetone administration after the abla-
tion of Zechel2™ DRG neurons (Fig. 6C,D). For mechanical
nociception, the selective ablation had no significant effect
on withdrawal threshold (Fig. 6E) or withdrawal percentage

at von Frey test (Fig. 6F). The cotton swab and tape
response assay were used to test the sensitivity to innocuous
mechanical stimulation (Garrison et al., 2012). No signifi-
cant difference could be found in the innocuous mechanical
test after toxin administration (Fig. 6G,H). Therefore, the
results indicate that Zcchc12" DRG neurons play important
roles in thermal nociception under physiological condition.

Then we asked whether Zcchc12™ DRG neurons contributed
to pain sensitization under pathologic conditions. In the CFA
inflammatory model that causes mechanical and heat hypersen-
sitivity, the toxin- and saline-treated mice showed equivalent
heat and mechanical hypersensitivity (Fig. 6I-K). In the SNI
model of neuropathic pain, the ablation of Zcchc12™ DRG neu-
rons did not alter the mechanical allodynia in the toxin-treated
mice (Fig. 6L). In conclusion, Zcchcl2* DRG neurons played
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roles mainly in physiological heat nociception but not in the ini-
tiation or maintenance of pathologic pain.

Discussion

The present study demonstrates the peripheral and central inner-
vations, and the functions of Zcchc12™ DRG neuron. In spinal
dorsal horn, the fibers of Zcchc12® DRG neurons innervate su-
perficial laminae. In skin, Zcchel2" fibers terminate in multiple
shapes. Functionally, Zcchc12® DRG neurons are polymodal
nociceptors. Behaviorally, they are required for the sensation of
noxious heat, but not noxious mechanical and cold stimuli.

I-L, Two-way ANOVA test followed by Bonferroni correction.

These findings reveal that the Zcchc12™ DRG neuron, a new sub-
population of nociceptors, is required for noxious heat sensation.

Zcchel12™ DRG neuron is a new subpopulation of nociceptor

Nociceptors are known as small-diameter DRG neurons with
unmyelinated C-fibers or thinly myelinated Ad fibers that con-
vey peripheral nociceptive signals to laminae I and II of the spi-
nal cord. The present study showed that Zcchcl2™ DRG neurons
could be a specific type of peptidergic nociceptors. The peptider-
gic neurons release a variety of neuropeptides to modulate the
pain transmission (Basbaum et al., 2009). Genetically, Zcchcl 2"
DRG neurons could express Calca, Gal, tachykinin 1 (Tacl), and
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adenylate cyclase activating polypeptide 1 (Adcyapl). They are
all well-known modulators for nociceptive perception (Lang et
al., 2007; Lang and Kofler, 2011). The Gal-KO mice showed
abnormal nociceptive responsiveness (Kerr et al., 2000). Lack of
Tacl prevents nociceptors from properly encoding the nocicep-
tive stimulus in mice (Gutierrez et al., 2019). Moreover,
Zechel2™ neurons also expressed important functional channels
for nociceptors, such as the Scn9a, Scn10a, Scnlla, and Trpvi
(Dib-Hajj et al.,, 2010). The gene profile in Zcchcl12* DRG neu-
rons implies that they could function as peptidergic nociceptors.
Zcchel2" neurons were the smallest DRG neurons, and
centrally projected to lamina I-II,,, of the spinal dorsal
horn, which was inconsistent with the projection pattern of
CGRP ™ peptidergic C fibers transmitting nociceptive signals.
Peripherally, Zcchc12™ neurons innervated the glabrous skin
by free nerve endings, which provided the structural basis for
noxious heat sensation (Zylka et al., 2005). We also observed
the clustered nerve terminals of Zcchc12* DRG neurons sur-
rounding the footpads. Morphologically, the Zcchc12™ clus-
ter of endings in the footpad might innervate sweat glands,
which may imply a possible function of the Zcchc12* DRG
neurons in interaction with sympathetic neurons for regulat-
ing the functions of sweat glands. Since humans did not have
the footpads, the specialized clustered nerve terminals were
not reported in human tissue. In addition, the Zcchcl2™ cir-
cumferential endings were observed in hairy skin. Since
Zcchel2" DRG neurons could function as peptidergic noci-
ceptors, the specific circumferential endings might mediate
mechanical pain as Calca™ circumferential endings as
reported by Ghitani et al. (2017). This evidence provides the
distribution pattern of Zcchel12™ fibers in the skin and spinal
dorsal horn, a basis that Zcchc12™ DRG neurons might be
involved in the sensation of heat and mechanical pain.

Zcchel2™ DRG neuron is essential for noxious heat sensation
A large portion of DRG neurons function as polymodal mecha-
noheat nociceptors with different sensitivity to peripheral stimu-
lations. For example, Sst*, Mrgpra3”, and Mrgprd” DRG
neurons present higher sensitivity to pruritic stimuli. Mrgprd
DRG neurons also play a vital role in mediating mechanical pain.
In this study, we identified that Zcchc12” DRG neurons dis-
played the feature of polymodal nociceptors and were more sen-
sitive to noxious heat than to mechanical stimuli. The molecular
basis of this feature could be attributed to thermal-related genes
highly expressed in ZcchcI2® DRG neurons. The TRP genes,
which play essential roles in thermal sensation, including
TRPV1, TRPA1, TRPM3, and TRPV2, were detected to be
expressed in Zcchcl2t DRG neurons (C. L. Li et al,, 2016; K.
Wang et al., 2021). TRPV1-deficient mice showed impaired be-
havioral responses to noxious thermal stimuli (Caterina et al,,
1997, 2000). TRPV2 was activated by high temperatures
(>52°C) and contributed to heat-evoked nociception (Lewinter
et al., 2004; Yao et al., 2011). However, TRPV2 gene deficiency
has no significant effect on thermal nociception (Park et al,
2011). TRPM3 could be activated by heating, and lack of TRPM3
hampered the nociceptive responses to noxious heat (Vriens et
al,, 2011). TRPA1 was only expressed in a subset of Zcchcl2™
DRG neurons. Thus, TRPA1 might not be the main component
in our present study. We considered that selective ablation of
Zcchel12™ DRG neurons might abolish the functions of Trpvl,
Trpm3, and other genes in mice, which led to mouse insensitive
to noxious heat.
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Zcchel2" DRG neurons could also express the mechanosen-
sors, including KCNKs, ASICs, and TACAN, a newly identified
ion channel involving sensation of mechanical pain (Beaulieu-
Laroche et al., 2020). However, selective ablation of Zcchcl2™
DRG neurons did not impair the mechanical sensation under
physiological or pathologic conditions, implying that the mecha-
nosensors were also contained in other types of DRG neurons. A
previous report showed that ablation of Mrgprd" neurons in the
DRG caused the defect of mechanosensation but not thermal sensa-
tion (Cavanaugh et al, 2009), although Mrgprd" DRG neurons
could respond to noxious heat and mechanical stimuli in ex vivo
electrophysiological recording (Rau et al., 2009). Additionally, a rel-
atively high level of Trpms8, a gene encoding a cold-sensing mole-
cule, was specifically expressed by a subtype of ZcchcI2™ neurons in
the DRG (K. Wang et al,, 2021). Nevertheless, selective ablation of
Zcchel2™" neurons was not able to affect the cold sensation in mice,
suggesting that Zcchc12* DRG neurons were not essential for cold
sensation. There might be other DRG neurons that express TRPM8
at a low level, or other molecules may be involved in cold sensation.
Therefore, the ability of Zcchc12* DRG neurons responsive to me-
chanical and cold stimuli may serve as a substitutive effect.

In vivo calcium imaging in the DRG showed that Zcchcl2™®
neurons could be activated not only by noxious heat, but also by
mechanical stimuli and noxious cold. According to our 10x
Genomics scRNA-seq data, Zcchc12™ DRG neurons could fur-
ther be divided into four subtypes, including Zcchc12"/Sstr2™,
Zechel2" |Den2”™,  Zechel2®/Trpm8™, and  Zcechel2" [Rxfpl™
neurons (K. Wang et al., 2021). About half of Zcchc12* DRG
neurons express CGRP. Zcchcl2"/Trpm8* DRG neurons
express substance P, a neuropeptide encoded by Tacl, but not
CGRP (K. Wang et al,, 2021), which is in accordance with the
data reported by Ginty’s laboratory (Sharma et al., 2020). The
heterogeneity of ZcchcI2™ DRG neurons indicated their func-
tional variety, which requires further investigation. Trpm8 was
only contained in a part of Zcchcl2® neurons, which could be
the reason that only 16% of recorded Zcchcl2® neurons
responded to noxious cold.
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