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Gastrin-releasing peptide (GRP) receptor-expressing (GRPR)* neurons have a central role in the
spinal transmission of itch. Because their fundamental regulatory mechanisms are not yet
understood, it is important to determine how such neurons are excited and integrate itch
sensations. In this study, we investigated the mechanisms for the activation of itch-responsive
GRPR™* neurons in the spinal dorsal horn (SDH). GRPR* neurons expressed the a.-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) containing the GIuR2 subunit. In
mice, peripherally elicited histaminergic and non-histaminergic itch was prevented by intrathecal
(i.t.) administration of the AMPAR antagonist NBQX, which was consistent with the fact that
firing of GRPR™ neurons in SDH under histaminergic and non-histaminergic itch was completely
blocked by NBQX, but not by the GRPR antagonist RC-3095. Because GRP* neurons in SDH
contain glutamate, we investigated the role of GRP* (GRP*/GIu™) neurons in regulating itch.
Chemogenetic inhibition of GRP* neurons suppressed both histaminergic and non-histaminergic
itch without affecting the mechanical pain threshold. In nonhuman primates, i.t. administration of
NBQX also attenuated peripherally elicited itch without affecting the thermal pain threshold. In a
mouse model of diphenylcyclopropenone (DCP)-induced contact dermatitis, GRP, GRPR, and
AMPAR subunits were upregulated in SDH. DCP-induced itch was prevented by either silencing
GRP* neurons or ablation of GRPR* neurons. Altogether, these findings demonstrate that GRP
and glutamate cooperatively regulate GRPR* AMPAR™ neurons in SDH, mediating itch sensation.
GRP-GRPR and the glutamate-AMPAR system may play pivotal roles in the spinal transmission
of itch in rodents and nonhuman primates.
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1. Introduction

Itch (pruritus) is an uncomfortable sensation that evokes a desire to scratch. Given that itch
is a key symptom of numerous systemic disorders, it is imperative to study the mechanisms
underlying sensory processing of itch (Hay et al., 2014; Yosipovitch and Bernhard, 2013).
To date, several lines of evidence have uncovered the major transmission pathway of itch. In
the skin, each pruritic molecule activates its corresponding pruriceptor located on the nerve
ending of a C-fiber (Bautista et al., 2014; Green and Dong, 2016). Then, transferred itch
sensation is integrated and processed by a variety of interneurons in the spinal dorsal horn
(SDH) (Bautista et al., 2014; Dong and Dong, 2018). However, the detailed mechanisms
have yet to be determined, and there is a strong unmet need to develop novel therapeutics
because standard antipruritic agents have limited effectiveness (Dong and Dong, 2018;
Leung and Lowery, 2017; Yosipovitch and Bernhard, 2013).

Gastrin-releasing peptide (GRP) is a key central mediator of itch. GRP consists of bombesin
family peptides (Anastasi et al., 1971; McDonald et al., 1979), and these peptides cause
scratching/grooming behaviors in animals (Cowan et al., 1985; Masui et al., 1993). Notably,
the GRP receptor, a G protein-coupled receptor (GPCR) (Jensen et al., 2008), is the primary
regulator of itch transmission in the SDH (Sun and Chen, 2007). Intrathecal (i.t.) injection of
GRP elicits robust scratching behaviors not only in rodents but also in primates (Lee and Ko,
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2015; Sukhtankar and Ko, 2013; Sun and Chen, 2007). Moreover, ablation or dysfunction of
GRPR™* neurons in the SDH abolishes most scratching behaviors induced by several types of
pruritogens in the skin (Aresh et al., 2017; Sun et al., 2009). These findings indicate that
GRPR* neurons in the SDH are responsive to itch. On the other hand, knockout of either
GRP or GRPR only partially decreases scratching behaviors induced by intradermal (i.d.)
injection of several types of pruritogens (Wan et al., 2017; Zhao et al., 2014), which is
supported by the finding that i.t. administration of a GRPR antagonist can only attenuate a
part of scratching behaviors induced by such pruritogens (Akiyama et al., 2013; Kiguchi et
al., 2016). Hence, neurotransmitters other than GRP may activate itch-responsive GRPR*
neurons in the SDH.

Glutamate conveys pain and touch sensations (Basbaum et al., 2009; Todd, 2010). The i.t.
administration of CNQX, an antagonist of the a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptor (AMPAR)/kainite receptor, prevents excitation of itch-
related superficial neurons in the SDH and scratching behaviors caused by i.d. chloroquine
or histamine (Akiyama et al., 2014). Furthermore, the activation of the neurons responding
to GRP in laminae I/11 of the SDH C-fiber stimulation is blocked by CNQX (Koga et al.,
2011). In contrast, conditional knockout of vesicular glutamate transporter 2 (VGLUT2) in
nociceptive C-fibers decreases pain but increases itch (Lagerstrom et al., 2010; Liu et al.,
2010), possibly because glutamate derived from nociceptive C-fibers activates inhibitory
interneurons, which suppress itch processing in the SDH. Given that GRP* neurons are
classified as spinal excitatory neurons that contain glutamate (Haring et al., 2018), glutamate
may play an important functional role in the regulation of itch-responsive neurons in the
SDH. Recently, the spinal gating mechanism for itch by the repetitive activation of GRP*
neurons resulting in the release of GRP and glutamate has been demonstrated (Pagani et al.,
2019). Nevertheless, further study is needed to demonstrate how glutamate conveys the
diverse peripherally elicited itch to itch-responsive neurons in the SDH. To understand the
detailed role of glutamate as well as the relationship between the two itch-responsive
mediators, GRP and glutamate, in this study we investigated the mechanisms underlying the
activation of itch-responsive GRPR™ neurons in the SDH.

2. Materials and methods
2.1. Mice

All animal experiments were approved by the Animal Research Committee of Wakayama
Medical University and were carried out in accordance with the in-house guidelines for the
care and use of laboratory animals of Wakayama Medical University and the ARRIVE
guidelines. Male ICR (20-25 g) and C57BL/6J (5-6 weeks old) mice were purchased from
SLC (Hamamatsu, Japan). R26-LSL-Gi-DREADD mice [B6N.129-
Gt(ROSA)26SortMmL(CAG-CHRM4*,-mCitrine)Ute/ 3. stock #026219] (Zhu et al., 2016) and GRP-
Cre (Tg) mice [B6.FVB(Cg)-Tg(Grp-cre)KH288Gsat/Mmucd; stock #037585] were
purchased from The Jackson Laboratory and Mutant Mouse Resource & Research Centers
(MMRRC), respectively. R26-LSL-Gi-DREADD mice and R26-LSL-tdTomato were
maintained as heterozygous or homozygous genotype. For Cre-dependent expression of
tdTomato or Gi-designer receptors exclusively activated by designer drugs (DREADD)
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system in the Rosa locus in GRP-expressing cells, R26-LSL-tdTomato mice or R26-LSL-Gi-
DREADD mice were crossed with GRP-Cre mice, respectively. Subsequently, male mice
heterozygous for ROSA26 and GRP-Cre (transgenic) were used for the experiments. Mice
were housed in plastic cages in a temperature-controlled room (23°C-24°C, 60%-70%
humidity) with a 12-h dark/light cycle and provided with water and food ad /ibitum.

2.2. Drug administration in mice

Drugs were dissolved in sterile water or sterile phosphate-buffered saline (PBS) and diluted
as needed. GRP (Tocris Biosciences, Bristol, UK), RC-3095 (Sigma-Aldrich, St. Louis, MO,
USA), NBQX (Tocris Biosciences), bombesin-saporin (Bom-Sap; Advanced Targeting
Systems, San Diego, CA, USA), and blank-Sap (Advanced Targeting Systems) were
administered i.t. in a volume of 5 pl as described previously (Kiguchi et al., 2016). Under
isoflurane anesthesia, mice were secured by a firm grip on the pelvic girdle, and drugs were
injected by lumbar puncture between L5 and L6 vertebrae using a 30-gauge needle fitted
with Hamilton microsyringe. Clozapine-N-oxide (CNO; Enzo Life Sciences, Farmingdale,
NY, USA) was also administered i.t. to isoflurane-anesthetized mice, or by intraperitoneal
(i.p.) injection to awake mice in a volume of 0.1 ml/10 g body weight. Chloroquine
diphosphate (Sigma-Aldrich), SLIGRL-NH, (Tocris Biosciences), bovine adrenal medulla
(BAM) 8-22 (Abcam, Cambridge, MA, USA), compound 48/80 (Sigma-Aldrich), and
HTMT (Abcam) were administered i.d. in the nape of isoflurane-anesthetized mice. The
drugs were administered in a volume of 100 ul using a 30-gauge needle fitted to a 1-ml
syringe after having shaved the fur at the injection site. To minimize the effects of isoflurane
on the scratching behaviors, exposure time was kept as short as possible, and isoflurane
administration was terminated immediately after drug administration.

2.3. Scratching behaviors in mice

Mice were habituated for 60 min in plastic cages (20 x 12 x 12 cm3) with a small amount of
bedding. After the administration of each pruritic agent, the number of scratching bouts was
measured in 10-min intervals for 30 min as reported previously (Kiguchi et al., 2016). One
scratching bout was defined as lifting the hind paw to scratch the trunk area of body or nape
regions following i.t. or i.d. injection, respectively, and then returning the paw to the floor or
to the mouth for licking. Analyses were carried out in a blinded fashion.

2.4. Paw-withdrawal test in mice

To evaluate mechanical allodynia, the 50% withdrawal threshold was determined by the von
Frey test as described previously (Kiguchi et al., 2018). Briefly, mice were individually
placed on a 5 x 5-mm wire mesh grid floor and covered with an opaque acrylic box. After
adaptation for 2-3 h, calibrated von Frey filaments (Neuroscience, Tokyo, Japan) were
applied to the middle of the plantar surface of the hind paw through the bottom of the mesh
floor. In the paradigm of the up-down method, testing was initiated with a 0.4-g force in the
middle of the series (0.02, 0.04, 0.07, 0.16, 0.4, 0.6, 1.0, 1.4, and 2.0 g). Stimuli were always
presented in consecutive fashion, either ascending or descending. In the absence of a paw
withdrawal response to the selected force, a stronger stimulus was applied. In the presence
of paw withdrawal, the next weaker stimulus was chosen. After the response threshold was
first crossed (the two responses straddling the threshold), four additional stimuli were
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applied. Based on the responses to the series of the von Frey filament, the 50% paw
withdrawal threshold was calculated.

2.5. Contact dermatitis

Diphenylcyclopropenone (DCP; Wako, Osaka, Japan) was dissolved in acetone. For
sensitization, 0.2 ml of 2% DCP were used after having shaved the fur at the back of
isoflurane-anesthetized mice. Seven days after sensitization, mice were challenged with 0.2
ml of 1% DCP. The number of scratching bouts was measured for 40 min immediately after
each DCP application.

2.6. Immunohistochemistry

The lumbar dorsal root ganglia (DRG), lumbar (L4-5) or cervical (C3-5) spinal cord was
collected from mice after transcardiac perfusion in PBS and fixed in 4% paraformaldehyde.
Then, specimens were post-fixed in 4% paraformaldehyde and cryoprotected in 30% sucrose
at 4°C overnight. Frozen tissues embedded in freezing compound (Sakura, Tokyo, Japan)
were cut longitudinally into 30-um-thick sections with a cryostat and allowed to float in
PBS. The sections were treated with PBS containing 0.3% Triton X-100 (PBST) for 1 h and
then blocked with 5% normal donkey serum in 0.3% PBST at 15-25°C for 2 h. The sections
were incubated with primary antibodies against GRPR (rabbit polyclonal, 1:400; MBL
International, Woburn, MA, USA), GIuR2 (mouse monoclonal, 1:100; Thermo Fisher
Scientific, Waltham, MA, USA), GRP (rabbit polyclonal, 1:1000; ImmunoStar, Hudson, WI,
USA), VGLUT2 (guinea pig, 1:400; Frontier Institute, Hokkaido, Japan), transient receptor
potential cation channel subfamily V1 (TRPV1, rabbit polyclonal, 1:400; Abcam),
hemagglutinin (HA) epitope-tag (mouse monoclonal, 1:250; BioLegend, San Diego, CA,
USA), and c-fos (rabbit polyclonal, 1:50; Santa Cruz Biotechnology, Santa Cruz, CA, USA)
at 4°C overnight. All antibodies were diluted in 1% normal donkey serum in 0.1% PBST.
Subsequently, sections were rinsed in PBST, and incubated with fluorescence-conjugated
secondary antibodies (1:300; Abcam) or isolectin-B4 (1B4; 1:200, Thermo Fisher Scientific)
at 15-25°C for 2 h. Sections were rinsed in PBST, and then incubated with Hoechst 33342
(Thermo Fisher Scientific) at 15-25°C for 10 min. Finally, sections were air-dried on glass
slides for 30 min, and coverslipped with mounting medium. Fluorescence images of SDH
were detected using a confocal laser scanning microscope (Carl Zeiss, Oberkochen,
Germany). For quantification of c-fos in each mouse, the number of positive cells in the
superficial laminae of the lumbar spinal cord was the average of three randomly selected
sections from one segment of each mouse before c-fos staining was viewed. All images of c-
fos labeling were taken at the same time with the same camera settings, and the persons
performing the counts were blinded to the treatment groups. Brightness and contrast of
fluorescent micrographs were minimally processed and colorized as needed, using Adobe
Photoshop.

2.7. RT-gPCR

Mice were euthanized by decapitation, and the fresh lumbar DRG, lumbar SDH (L4-5), or
cervical (C3-5) SDH was collected in RNAlater solution (Thermo Fisher Scientific). The
TRIzol® Plus RNA Purification Kit (Thermo Fisher Scientific) was used for the isolation of
total RNA from the tissues following the manufacturer’s instructions. Briefly, tissues were
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placed in a 1.5-ml RNase-free tube and homogenized with TRIzol reagent. Chloroform was
added to each sample, and samples were then centrifuged at 4°C for 15 min. The aqueous
phase containing RNA was transferred to a fresh tube, and RNA was isolated using a
purification column. Total RNA extract was used for the synthesis of cDNA by reverse
transcription as follows. Total RNA was incubated with Random Primers (Promega,
Madison, WI) at 70°C for 5 min and then was cooled on ice. Samples were converted to
cDNA by incubation with M-MLV Reverse Transcriptase and dNTPMix (Promega) at 37°C
for 50 min. gPCR was performed using AriaMx Real-Time PCR System (Agilent
Technologies, Santa Clara, CA, USA) by using the cDNA as the template, primers for each
gene (Thermo Fisher Scientific) and SYBR® Premix Ex Tag™ Il (Takara Bio, Shiga,
Japan). The primer sequences are listed in Table S1. Reactions were performed under the
following conditions: 3 min at 95°C, followed by 45 cycles of two steps (10 s at 95 °C and
30 s at 60°C). The fluorescence intensities were recorded, and data were normalized to p-
actin (ACTB).

2.8. Electrophysiology

The methods used for the /n vivo extracellular recording from the superficial SDH were
similar to those described previously (Akiyama et al., 2009; Andoh et al., 2017). Briefly,
adult male ICR mice (5-6 weeks old; SLC) were anesthetized with urethane (1.5 g/kg, i.p.).
Urethane produces a long-lasting steady level of anesthesia that does not require
administration of additional doses. A thoracolumbar laminectomy was performed exposing
the level from L1 to L6, and the animal was then placed in a stereotaxic apparatus. After
removing the dura and cutting arachnoid membrane to create a window large enough to let a
tungsten microelectrode, the surface of spinal cord was irrigated with 95% O,-5% CO»-
equilibrated Krebs solution (10 ml/min) containing the following (in mM): 117 NaCl, 3.6
KCI, 2.5 CaCl,, 1.2 MgCly, 1.2 NaH,POy, 11 glucose, and 25 NaHCOg3, through glass
pipettes at 37 = 1°C. Extracellular single-unit recordings of superficial SDH (lamina | and
I1) neurons were performed as described previously (Akiyama et al., 2009; Andoh et al.,
2017). Recordings were obtained from superficial SDH neurons at a depth of 20-150 um
from the surface. Unit signals were acquired with an amplifier (EX1; Dagan corporation,
Minneapolis, MN, USA). The data were digitized with an analog-to-digital converter
(Digidata 1400A, Molecular Devices, Union City, CA, USA), stored on a personal computer
with a data acquisition program (Clampex version 10.2; Molecular Devices), and analyzed
with a special software package (Clampfit version 10.2; Molecular Devices). We searched
the area on the skin where a touch (with a cotton wisp) or noxious pinch (with forceps)
stimulus produced the neural response. Compound 48/80 or chloroquine were injected into
the receptive area through a 30-gauge needle. GRP, RC-3095, and NBQX were perfused to
the surface of the spinal cord as described previously (Funai et al., 2014; Ohashi et al.,
2017). First, the responsiveness of SDH neurons to GRP application was tested. If the
recorded neurons produced firing on bath applications of GRP, RC-3095 was applied to
them after washing out of the applied GRP (Figure S2). Baseline was measured for 30 sec at
2 min before GRP application, and then effects of RC-3095 and/or GRP were evaluated for
30 sec at 5 min thereafter. Firing of GRP-responsive neurons was also measured for 30 sec at
10 min after i.d. administration of compound 48/80 or chloroquine, and then effects of
RC-3095 and/or NBQX were also tested at 5 min after each application (Figure 2). Three to
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six neurons were recorded in each mouse, and single cell recording was continued for up to
3 h depending on outcomes. Frequency (Hz) was calculated from measurements for 30 sec
in all experiments.

2.9. Data analysis in mice

Data are presented as mean + standard error of the mean (S.E.M.). Statistical analyses were
performed using Student’s t-test, one-way analysis of variance followed by Tukey’s multiple
comparison test, or two-way analysis of variance followed by Bonferroni’s multiple
comparison test as appropriate. Statistical significance was established at £< 0.05.

2.10. Nonhuman primates

All animal care and experimental procedures were conducted in accordance with the Guide
for the Care and Use of Laboratory Animals as adopted and promulgated by the US National
Institutes of Health (Bethesda, MD, USA) and approved by the Institutional Animal Care
and Use Committee of Wake Forest University (Winston-Salem, NC, USA). This study is
reported in accordance with the ARRIVE guidelines for reporting experiments involving
animals (Kilkenny et al., 2010). Five adult male and female rhesus monkeys (Macaca
mulatta), aged 9-16 years, weighing 9-13 kg, were kept at an indoor facility accredited by
the Association for Assessment and Accreditation of Laboratory Animal Care International
(Frederick, MD, USA). Animals were individually housed in species-specific rooms with
environmental controls set to maintain 21-25°C, 40-60% relative humidity, and a 12-h light-
dark (light: 06:30-18:30) cycle. Their daily diet consisted of approximately 22-30 biscuits
(Purina Monkey Chow; Ralston Purina Co., St. Louis, MO, USA), fresh fruit, and water ad
libitum. Small amounts of primate treats and various cage-enrichment devices were supplied
as forms of environmental enrichment.

2.11. It. administration in monkeys

Monkeys with i.t. catheters and subcutaneous access port were used to evaluate effects of i.t.
administered test compound as described previously (Ding et al., 2015). A total volume of 1
ml saline or NBQX (1 or 3 nmol; Cayman Chemical, Ann Arbor, MI, USA) was
administered through the subcutaneous access port followed by 0.35 ml of sterile saline to
flush out the dead volume of the port and catheter. Drugs were administered i.t. with a 1-
week inter-injection interval.

2.12. |.d.administration and itch scratching responses in monkeys

Monkeys were seated in primate chairs and both lateral sides of the upper part (i.e., the skin
area over the vastus lateralis muscle) of hindlimbs were shaved 24 h before the experiment.
The solution of the test ligand was prepared on the testing day. I.d. administration of
BAMB8-22 (Tocris Biosciences) was performed 30 min after i.t. administration of NBQX.
The marked area was cleaned with an alcohol swab, wiping with firm pressure from the
injection site outward in a circular motion and allowing skin to dry. The monkey’s hindlimb
was held tight by another experimenter before and during the injection. A precision guide
needle (30G1/2, Becton Dickinson, Franklin Lakes, NJ) connected to a 50-ul microsyringe
(Hamilton Co., Reno, NV) was placed almost flat against skin, bevel up; and then was
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inserted 1/8 inch into skin. The test ligand BAM8-22 (50 nmol in 20 pl sterile water) was
slowly injected and was watched for a wheal to appear. Once the injection was completed,
the monkey immediately returned to his/her home cage and their potential site-specific
scratching activity was recorded and scored 1-16 min after injection. A scratch was defined
as one brief (<1 sec) episode of scraping contact of the forepaw or hind paw on the skin
surface. Before collecting data, monkeys had been habituated with the injection procedure
and experimenter for several times. As noted, the test ligand was administered i.d. with a 1-
week inter-injection interval. The injection site was rotated for subsequent injections.

2.13. Tail-withdrawal assay in monkeys

The warm water tail-withdrawal assay (Ding et al., 2016) was used to evaluate thermal
antinociceptive effects of NBQX. Through the positive reinforcement techniques, monkeys
were trained to cooperate for the pole-and-collar transfer to a primate restraint chair. They
were seated in primate restraint chairs and the lower parts of their shaved tails (~15 cm)
were immersed in a thermal flask containing water maintained at 42, 46, or 50°C, which was
randomly presented. Through numerous training sessions, monkeys have become adapted to
this experimental setting. Water at 42°C and 46°C was used as non-noxious stimuli (i.e., no
tail-withdrawal movement), and water at 50°C was used as an acute noxious stimulus (i.e.,
2-3 sec tail-withdrawal latency). All tail-withdrawal latencies were measured at each
temperature using a computerized timer by individuals who were blinded to the
experimental conditions. If a monkey did not remove its tail within 20 sec (cutoff), the flask
was removed and a maximum time of 20 sec was recorded. Test sessions began with
baseline measurements at each temperature. Subsequent tail-withdrawal latencies were
measured at 30 min after intrathecal administration of the test ligand.

2.14. Data analysis in monkeys

Mean values + S.E.M. were calculated from individual data for all study endpoints.
Comparisons were made for the same monkeys across all test sessions in the same
experiment. Data were analyzed by either two-way analysis of variance (ANOVA) with
repeated measures (tail-withdrawal data) or one-way ANOVA with repeated measures (itch
data), followed by Bonferroni’s multiple comparisons test. The criterion for significance for
all tests was set at £< 0.05.

3. Results

3.1. Roles of the spinal GRP-GRPR system in acute itch

First, we determined whether GRP elicits scratching behaviors through GRPR signaling in
the spinal cord. In naive mice, compared to vehicle administration, i.t. administration of
GRP (0.02-0.1 nmol) rapidly elicited scratching behaviors in a dose-dependent manner
[F(3,24) = 35.25, P < 0.0001; Tukey’s test, P < 0.001] (Fig. S1A). GRP (0.1 nmol, i.t.)-
induced scratching behaviors were inhibited by pretreatment with RC-3095 (0.1 nmol, i.t.), a
GRPR antagonist [t(12) = 3.164, P = 0.0082] (Fig. S1B). Next, we investigated whether i.t.
administration of RC-3095 (0.1 nmol) affects peripherally elicited histaminergic and non-
histaminergic itch. Scratching behaviors caused by i.d. injection of either chloroquine [t(8) =
4.155, P =0.0032] or SLIGRL [t(8) = 2.839, P = 0.0219] (non-histaminergic pruritogens)

Neuropharmacology. Author manuscript; available in PMC 2021 June 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kiguchi et al.

Page 9

were partially but significantly attenuated by pretreatment with RC-3095. In contrast,
RC-3095 attenuated neither compound 48/80 nor HTMT (histaminergic pruritogens, i.d.)-
caused scratching behaviors (Fig. 1A). On the other hand, both non-histaminergic and
histaminergic itch were markedly suppressed in mice after i.t. administration of Bom-Sap
(250 ng), that can ablate GRPR* neurons [chloroquine, t(8) = 10.79, P < 0.0001; SLIGRL,
t(8) = 12.30, P < 0.0001; compound 48/80, t(8) = 7.458, P < 0.0001; HTMT, t(8) = 6.795, P
=0.0001] (Fig. 1B).

3.2. Expression of AMPAR in spinal GRPR* neurons

To identify the glutamate receptor that regulates GRPR* neurons in the SDH following C-
fiber activation, we evaluated the mRNA expression level of AMPAR by reverse
transcription quantitative polymerase chain reaction (RT-qPCR). In the SDH, at 2 weeks
after Bom-Sap treatment (250 ng, i.t.), mMRNA expression levels of GRPR[t(11) = 16.43, P <
0.0001], but not NKZR (substance P receptor), were markedly downregulated in comparison
with blank-Sap treatment. Notably, the mRNA expression level of AMPAR subunit G/luR2
[t(11) = 2.875, P = 0.0151] was significantly decreased in Bom-Sap-treated mice. G/uR1
was also slightly decreased, but no significant change was observed (Fig. 1C). By
immunohistochemistry (IHC), we observed co-localization of GIuR2 and GRPR in the SDH
of naive mice (93.4 + 1.6% of GRPR* neurons expressed GIUR2; 44.7 + 3.4% of GIuR2*
neurons expressed GRPR), supporting that GRPR* neurons also express AMPAR (Fig. 1D).
To investigate the contribution of AMPAR to peripherally elicited itch, AMPAR antagonist
NBQX was i.t. administered to mice. Scratching behaviors elicited by i.d. administration of
non-histaminergic (chloroquine [F(2,12) = 13.02, P = 0.0010; Tukey’s test, P < 0.01] and
SLIGRL [t(8) = 2.715, P = 0.0264]) or histaminergic (compound 48/80 [F(2,12) = 8.940, P
=0.0042; Tukey’s test, P < 0.01] or HTMT [t(8) = 4.010, P = 0.0039]) pruritogens were
attenuated by the pretreatment with NBQX (0.1-0.3 nmol) (Fig. 1E).

3.3. Firing of spinal GRPR* neurons through AMPAR

We further examined whether the glutamate~AMPAR system directly activates GRPR*
neurons in the transmission of histaminergic and non-histaminergic itch in an
electrophysiological study. If the recorded neurons produced firing by bath applications of
GRP, we regarded those as GRP-responsive neurons. As expected, bath applications of GRP
(500 nM) increased spontaneous firing of some SDH neurons [total, t(98) = 3.600, P =
0.0005; positive, t(22) = 8.239, P < 0.0001] (Fig. 2A-B, S2A-B), and GRP-induced firing
was completely blocked by RC-3095 (3 uM), indicating that GRP can activate such neurons
through GRPR signaling [F(4,20) = 14.52, P <0.0001; Tukey’s test, P < 0.001] (Fig. S2A~
B). Moreover, we checked the location of GRP-responsive and nonresponsive neurons in the
SDH. Compared to GRP-nonresponsive neurons, the majority of GRP-responsive neurons
were located mainly on the superficial layer of the SDH (Fig. 2C). Importantly, i.d.
administration of histaminergic (compound 48/80; Fig. 2D, E) or non-histaminergic
(chloroquine; Fig. 2F, G) pruritogens elicited firing in the majority of GRP-responsive
neurons. Both compound 48/80- and chloroquine-evoked firing were slightly inhibited by
application of RC-3095 to the surface of the spinal cord, and combined application of
RC-3095 and NBQX (20 uM) completely blocked compound 48/80- [F(3,16) = 17.43, P <
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0.0001; Tukey’s test, P < 0.001] and chloroquine- [F(3,20) = 11.49, P = 0.0001; Tukey’s
test, P < 0.001] evoked firing (Fig. 2D-G).

Localization of GRP* neurons in the SDH

Subsequently, we demonstrated the expression of GRP in the SDH. By RT-gPCR, we
showed that the mRNA expression level of GRPin the SDH was markedly greater than that
in the DRG [t(6) = 14.42, P < 0.0001] (Fig. S3A). To evaluate the anatomical relationship
between GRP and glutamate, protein expression of GRP in the SDH was visualized by IHC.
GRP was mainly localized on the surface area of the SDH and was partially co-localized
with VGLUTZ2, a marker of glutamatergic neurons, but not 1B4, which labels non-
peptidergic C-fibers. These results suggested that some GRP* neurons may also release
glutamate as a co-neurotransmitter (Fig. S3B). For Cre-dependent expression of tdTomato in
GRP* neurons, R26-LSL-tdTomato mice were crossed with GRP-Cre mice (Fig. 3A).
tdTomato was clearly expressed in the SDH of GRP-Cre/R26-LSL-tdTomato mice (19.8 +
0.6% neurons expressed tdTomato), but not R26-LSL-tdTomato (heterozygous) mice (Fig.
3B, S4A), indicating that the cell bodies of GRP* neurons are located in the SDH. On the
other hand, tdTomato expression in the DRG of GRP-Cre/R26-LSL-tdTomato mice was
markedly lower than that in SDH (Fig. S4B).

Effects of chemogenetic silencing of spinal GRP* neurons

To reveal the functional significance of GRP* (GRP*/GIu*) neurons in itch transmission in
the SDH, we evaluated the effects of chemogenetic silencing of such neurons on peripherally
elicited itch using the Cre-dependent DREADD system. For Cre-dependent expression of
Gi-DREADD in GRP* neurons, R26-LSL-Gi-DREADD mice were crossed with GRP-Cre
mice (Fig. 3C). HA-tag was highly expressed in the SDH of GRP-Cre/R26-Gi-DREADD
mice compared to R26-LSL-Gi-DREADD (heterozygous) mice (Fig. 3D). Moreover, in
GRP-Cre/R26-Gi-DREADD mice, HA-tag overlapped with GRP, and partially co-localized
with VGLUTZ2, but not IB4 or TRPV1, indicating that the expression of Gi-DREADD was
restricted to GRP* neurons in the SDH (Fig. 3E).

Roles of spinal GRP* neurons in acute itch

Since i.p. administration of CNO at higher doses (=1.0 mg/kg) attenuated chloroquine-
[F(4,20) = 15.31, P < 0.0001; Tukey’s test, P < 0.001] or compound 48/80- [F(2,12) = 27.35,
P < 0.0001; Tukey’s test, P < 0.001] induced scratching behaviors in wild-type mice (Fig.
S5), 0.3 mg/kg of CNO was used for selective activation of the GRP-Gi-DREADD system.
In GRP-Gi-DREADD mice, i.p. administration of CNO significantly suppressed
chloroquine- [t(12) = 2.936, P = 0.0125], SLIGRL- [t(12) = 2.473, P = 0.0293], BAM8-22-
[t(11) = 2.363, P = 0.0376], and HTMT- [t(12) = 2.263, P = 0.0430] induced scratching
behaviors (Fig. 4A), while i.t. administration of CNO (3 nmol) suppressed chloroquine-
[t(10) = 2.627, P = 0.0253] and compound 48/80- [t(10) = 2.342, P = 0.0412] induced itch
(Fig. 4B). No suppressive effects of systemic CNO on chlorogquine-or compound 48/80-
induced scratching behaviors were observed in R26 heterozygous mice (Fig. S6). To confirm
the suppressive effects of the GRP-Gi-DREADD system on peripherally elicited itch, the
expression of c-fos, an indicator of neural excitation, in the SDH was evaluated by IHC. The
number of c-fos™ cells was increased in the ipsilateral SDH following i.d. chloroquine
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treatment in comparison with that in the contralateral SDH, and attenuated by i.p. CNO
treatment, consistent with the behavioral study [F(3,20) = 89.25, P < 0.0001; Tukey’s test, P
< 0.001] (Fig. 4C). On the other hand, i.p. CNO administration did not affect mechanical
pain thresholds in either R26 heterozygous or GRP-Gi-DREADD mice (Fig. S7).

3.7. Roles of AMPA receptor in acute itch in monkeys

In addition, we obtained proof-of-concept evidence that the glutamate—AMPAR system
regulates acute itch in the SDH of rhesus monkeys. A previous study has demonstrated that
BAMB8-22 elicits itch sensations in humans (Sikand et al., 2011). Therefore, we chose
BAMB8-22 as a pruritogen to test the inhibitory effects of the AMPAR antagonist, NBQX.
Consistent with findings in mice, i.t. administration of NBQX (1, 3 nmol) dose-dependently
attenuated scratching responses elicited by i.d. administration of BAM8-22 (50 nmol) in
monkeys [F(2,12) = 3.986, P = 0.0471; Tukey’s test, P < 0.05] (Fig. 5A). There was no
difference in tail-withdrawal latencies to 42, 46, and 50°C between i.t. NBQX (3 nmol) and
vehicle treatment, indicating that NBQX did not affect the thermal nociceptive threshold in
monkeys (Fig. 5B).

3.8. GRP-GRPR and glutamate-AMPAR systems in pathological itch

Finally, to validate the roles of the GRP—-GRPR and glutamate—AMPAR systems in
pathological itch, we induced contact dermatitis by application of DCP. Repeated application
of DCP elicited scratching behaviors in a time-dependent manner, compared to acetone
control [F(1,30) = 25.93, P < 0.0001; Bonferroni’s test, P < 0.001] (Fig. 6A, B). In the SDH,
on days 7 and 14 after DCP application, the mRNA expression levels of GRP[F(1,31) =
60.70, P < 0.0001; Bonferroni’s test, P < 0.001] and GRPR[F(1,31) = 20.03, P < 0.0001;
Bonferroni’s test, P < 0.01] were significantly increased, consistent with scratching
behaviors (Fig. 6C). The upregulation of GRP and GRPR in the SDH after DCP application
was confirmed by IHC (Fig. 6D). Moreover, the mRNA expression levels of G/uR1 [t(11) =
2.324, P =0.0403] and G/uR2[t(11) = 2.681, P = 0.0214] in the SDH were upregulated on
day 14 after DCP application (Fig. 6E). Like acute itch, DCP-induced pathological itch was
also suppressed by either silencing of GRP* neurons using GRP-Gi-DREADD [t(14) =
2.243, P = 0.0416] or ablation of GRPR* AMPAR™* neurons after Bom-Sap treatment [t(15)
=2.890, P = 0.0112] (Fig. 6F-H).

4. Discussion

Histamine has long been considered a typical mediator of itch through H1 and H4 receptors
(Green and Dong, 2016; Simons and Simons, 2011). Compound 48/80 and HTMT are often
used for evaluating histaminergic itch, even though compound 48/80 also drives histamine
receptor-independent mechanisms (Meixiong et al., 2019). On the other hand, non-
histaminergic pruritogens such as chloroquine and SLIGRL elicit itch through their
corresponding pruriceptors (Mas-related GPCRs and protease-activated receptors,
respectively) (Liu et al., 2009; Liu et al., 2011). Once C-fibers are activated by diverse
pruriceptors and downstream signaling such as TRPV1 and TRPA1 (Bautista et al., 2014;
Dong and Dong, 2018), itch information drives GRP-GRPR system activation in the SDH.
Despite the functional significance of GRP in eliciting itch (Akiyama et al., 2013; Mishra
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and Hoon, 2013; Nattkemper et al., 2013; Sukhtankar and Ko, 2013; Sun and Chen, 2007), it
remains unclear whether the primary or the spinal neurons are the main source of itch-
mediating GRP. A genetic study using GRP promoter-driven expression of fluorescent
proteins revealed that GRP* neurons are present abundantly in the SDH (Gutierrez-Mecinas
et al., 2014), where they receive monosynaptic input from primary neurons (Sun et al.,
2017). Even if the expression levels of GRP are higher in the SDH than in the DRG
(Fleming et al., 2012; Solorzano et al., 2015), GRP expression in the DRG has been shown
by IHC (Barry et al., 2016; Kiguchi et al., 2016; Takanami et al., 2014). However, recent
studies using RNA sequencing at single-cell resolution reported that the GRP gene product
is synthetized in the SDH but not in primary sensory neurons (Goswami et al., 2014; Haring
et al., 2018; Usoskin et al., 2015). We also found that GRP-tdTomato expression was mainly
observed in the SDH, whereas it was not clear in the DRG, suggesting that the cell bodies of
GRP* neurons, at least, are located in the SDH. Notably, it is important to mention that GRP
is certainly released from the surface of the SDH.

An in vivo electrophysiological study revealed that GRPR* neurons that responded to GRP
application were distributed mainly within the superficial layer of the SDH, and the majority
of those GRPR* neurons were depolarized by i.d. administration of either chloroquine or
compound 48/80. Furthermore, activation of GRPR™ neurons by peripherally elicited itch
was not affected by RC-3095, while it was completely blocked by a combination of
RC-3095 and NBQX, indicating that glutamate may be a main activator for GRPR* neurons
under physiological conditions. Consistent with this observation, it was also recently
reported that GIUR2 is highly expressed on GRPR™* neurons (Freitag et al., 2019), indicating
a critical role of AMPAR in the activation of GRPR™ neurons. Although behavioral
experiments demonstrated that i.t.-administered RC-3095 (0.1 nmol) partially but
significantly attenuated non-histaminergic itch, the concentration of GRP released by itch
stimuli could not induce depolarization of GRPR* neurons in the SDH. As higher doses of
RC-3095 (= 0.3 nmol, i.t.) caused motor dysfunction, 0.1 nmol was chosen as the maximum
dose for evaluating GRPR-specific roles in scratching behaviors (Kiguchi et al., 2016;
Sukhtankar and Ko, 2013). Optogenetic burst stimulation of GRPR* neurons in the SDH
opens the gate for itch (Pagani et al., 2019), and transmitter-dependent complicated
mechanisms may underlie the activation of GRPR™ neurons, ultimately resulting in itch.
Given that GRP and glutamate can activate GRPR* neurons, the distribution and relationship
between GRP and glutamate are important to understand the excitation pattern of such
neurons. Our result that GRP expression was partially overlapped with VGLUT?2 is also
supported by other reports using fluorescently labelled GRP* neurons controlled by a GRP
promoter (Gutierrez-Mecinas et al., 2014; Sun et al., 2017) and single-cell RNA sequences
(Haring et al., 2018). GRP expression did not overlap with that of 1B4 or TRPV1, indicating
that GRP* neurons act as interneurons that receive the itch sensation from nociceptive C-
fibers and then convey it to GRPR™* neurons in the SDH. As primary sensory neurons also
release glutamate, i.t.-administered NBQX might also block the synaptic transmission
between primary neurons and GRP* neurons. Nevertheless, accumulating evidence
demonstrates that GRP* neurons also release glutamate as a co-neurotransmitter to activate
GRPR* AMPAR™ neurons in the SDH.
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In order to present direct evidence of the role of GRP* (GRP*/GIlu*) neurons in the spinal
transmission of itch, using the Gi-DREADD system we determined the effects of
chemogenetic silencing of GRP* neurons on peripherally elicited itch. Exogenous
administration of CNO can only induce canonical Gi pathway signaling leading to neuronal
silencing, which has been helpful for demonstrating cell-specific functions (Roth, 2016;
Wess et al., 2013). We demonstrated that HA expression, reflecting hM4Di expression,
overlapped with that of endogenous GRP, and is partially co-localized with VGLUT2,
confirming that HA-hM4Di expression was restricted to GRP* neurons. It is noteworthy that
recent reports show that the metabolite of CNO, clozapine, reduces locomotor activity, and
higher doses of CNO might have off-target effects (Gomez et al., 2017). Likewise, systemic
administration of CNO (=1.0 mg/kg) attenuated scratching behaviors elicited by chloroquine
or compound 48/80 in wild-type mice, whereas i.t. CNO (3 and 10 nmol) did not affect
scratching behaviors. Thus, we used 0.3 mg/kg (i.p.) or 3 nmol (i.t.) as suitable doses for
evaluating GRP* neuron-specific functions. Compared to the effects of i.t. RC-3095,
induction of the GRP-Gi-DREADD system attenuated not only non-histaminergic itch but
also histaminergic itch. These results suggested that glutamate derived from GRP* neurons
contributes to transmission of itch from C-fibers to itch-responsive GRPR* AMPAR™
neurons in the SDH. Furthermore, behavioral outcomes were also supported by the finding
that GRP-Gi-DREADD attenuated c-fos expression in the SDH after i.d. chloroquine. On
the other hand, a previous study reported that GRP* cells seldom express c-fos in the SDH
following i.d. chloroquine (Bell et al., 2016). It remains a possibility that glutamate released
from SDH neurons lacking GRP contributes to the depolarization of GRPR* AMPAR*
neurons in the SDH under physiological conditions. This possibility might explain why
Bom-Sap treatment suppressed peripherally elicited itch to a greater extent than
chemogenetic silencing of GRP* neurons did.

Despite scientific advances in knowledge on the physiology of itch, the spinal mechanisms
for pathological itch are poorly understood. The mMRNA expression levels of GRP, GRFR,
and AMPAR subunits (G/uR1 and G/luR2) in the SDH were significantly upregulated in
parallel with scratching behaviors after DCP application, indicating that these two systems
might be critical for pathological itch by contact dermatitis. Previous studies reported that
GRP expression and the number of GRPR™ cells in the SDH were increased in rodents and
primates under abnormal itch state (Kagami et al., 2013; Nattkemper et al., 2013; Zhao et
al., 2013). Nevertheless, due to diversity of pathological itch, further analyses for each
disease are required for understanding spinal transmission of pathological itch. A key
question that still needs to be answered is how such phenomena in the SDH are maintained
through the skin or neurological events. While the upregulation of GRPR and AMPAR
subunits in the SDH after DCP application suggest enhancement of two ligand—receptor
systems, chemogenetic silencing of GRP* neurons or ablation of GRPR* AMPAR™* neurons
suppressed DCP-induced itch. These findings indicate that the GRP-GRPR and glutamate—
AMPAR systems play a pivotal role in not only physiological but also pathological itch.

Since glutamate is a well-characterized neurotransmitter for pain (Basbaum et al., 2009;
Todd, 2010), it is interesting that it discriminates between pain and itch in the SDH. Here,
we found that selective inhibition of GRP* neurons by Gi-DREADD attenuated peripherally
elicited itch, but did not affect mechanical pain thresholds in mice. Recently, it was reported
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that selective activation of GRP* neurons by Gg-DREADD results only in itch-related
behaviors (Albisetti et al., 2019). Nevertheless, a previous report demonstrated that selective
excitation of spinal GRP* neurons elicited both itch- and pain-related behaviors in an
intensity-dependent manner (Sun et al., 2017), supporting the notion that GRP* neurons, but
not GRP itself, may regulate not only itch but also pain in rodents. Based on
pharmacological assays, i.t. administration of GRP has been shown to elicit scratching
behaviors without affecting pain threshold in primates (Lee and Ko, 2015). Therefore, unlike
glutamate, GRP may act mainly in itch. Moreover, GRPR knockout mice and Bom-Sap-
treated mice showed normal response to different pain stimuli (Sun and Chen, 2007; Sun et
al., 2009). Electrophysiological experiments revealed that GRP-responsive GRPR* AMPAR
* neurons were mainly distributed more at the surface of the SDH in comparison with
neurons that did not respond to GRP, being consistent with the expressions of GRP and
GRPR by IHC. These lines of evidence suggest that itch-responsive neurons and pain
neurons may exhibit different properties modulated by responses to GRP and their locations,
and that they also respond to glutamate derived from itch-related input from upstream
neurons.

Given the anatomical and functional differences of the ligand-receptor systems between
rodents and primates (Phillips et al., 2014), it is important to determine if the findings
obtained in mice can be translated to primates. To address such concerns, we have
established several experimental settings and techniques for evaluating /n vivo
pharmacological profiles of ligands in nonhuman primates (Ding et al., 2016; Ding et al.,
2015; Ding et al., 2018). BAM8-22 has been shown to elicit itch sensation in humans
(Sikand et al., 2011). We found that i.d. BAM8-22 elicited scratching responses in
nonhuman primates within a short period of time (i.e., first 15 min after application), which
is the same duration of action as reported in humans (Sikand et al., 2011). Pretreatment with
i.t. NBQX dose-dependently attenuated i.d. BAM8-22-induced scratching responses. Even
though AMPAR largely contributes to the transmission of pain in the SDH of rodents
(Basbaum et al., 2009; Todd, 2010), the dose of NBQX used here did not affect the thermal
pain threshold of primates. If there are intensity-dependent differences between pain and
itch, the amount of neurotransmitter release might also be associated with nociceptive
modalities. Hence, it is hypothesized that lower doses of NBQX could block the activation
of AMPAR conveying itch but not pain, supporting the notion that the glutamate—-AMPAR
system also plays a critical role in the spinal transmission of itch in primates.

In conclusion, we clearly demonstrated that AMPAR was co-expressed with GRPR on the
itch-responsive neurons in the SDH, and GRP and glutamate cooperatively regulated GRPR*
AMPAR™* neurons, mediating itch sensation. Glutamate derived from GRP* neurons played
pivotal roles in the spinal transmission of not only peripherally elicited non-histaminergic
and histaminergic itch under physiological conditions, but also pathological itch by contact
dermatitis. Given that GRP—-GRPR and glutamate—AMPAR systems are key components for
regulating itch-responsive neurons, it is imperative to know how these systems are
modulated under a variety of pathological conditions. Importantly, we also confirmed the
functional significance of the glutamate—AMPAR system in the spinal transmission of itch in
nonhuman primates. These lines of evidence provide a great opportunity to uncover the
comprehensive regulatory systems of itch.
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Highlight

. Firing of GRPR* neurons in the dorsal horn was blocked by AMPAR
antagonist.

. Peripherally elicited itch was attenuated by AMPAR antagonist in mice and
monkeys.

. Peripherally elicited itch was attenuated by silencing of GRP*/Glu* neurons.

. GRP-GRPR and glutamate-AMPAR systems may be enhanced under contact
dermatitis.
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Fig. 1.

Localization of AMPAR on GRPR* neurons in the spinal dorsal horn (SDH) and itch
regulation. (A) GRPR antagonist, RC-3095 (0.1 nmol) or vehicle was intrathecally (i.t.)
administered 10 min prior to intradermal (i.d.) injection of pruritogens. (B) Bombesin-
saporin (Bom-Sap, 250 ng), GRPR* cell-targeting toxin, or blank-saporin (Sap, 250 ng) was
administered i.t. 2 weeks before i.d. injection of pruritogens. (A, B, E) Non-histaminergic
pruritogens [chloroquine (300 nmol) and SLIGRL (100 nmol)] and histaminergic
pruritogens [compound 48/80 (300 nmol) and HTMT (300 nmol)] were used. Scratching
bouts were observed immediately after i.d. administration up to 30 min. (A, B) Total number
of scratching bouts for 30 min are shown. n = 5. ##p < 0,001, #P < 0.01, *P < 0.05 vs
vehicle or Sap. (C) The mRNA expression levels of GRPR, NK1R, and AMPAR subunits
(GluR1—-4) in the lumbar SDH at 2 weeks after i.t. administration of Bom-Sap (250 ng) or
blank-Sap (250 ng) were evaluated by RT-qPCR. n = 5-8. ***P < 0.001, *P < 0.05 vs Sap.

Neuropharmacology. Author manuscript; available in PMC 2021 June 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Kiguchi et al.

Page 22

(D) Protein expression of GRPR and GIuR2 in the lumbar SDH were visualized by
immunohistochemistry in naive mice. Representative micrographs from four mice are
shown. Scale bars = 100 um. (E) AMPAR antagonist, NBQX (0.1, 0.3 nmal), or vehicle was
i.t. administered 10 min prior to i.d. injection of pruritogens. Time course in 10-min intervals
(left) and total number of scratching bouts for 30 min are shown (right). n = 5. #P < 0.01, #P
< 0.05 vs vehicle. (A-C, E) Each value represents the mean + S.E.M.
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Fig. 2.
AMPAR is critical for peripherally evoked firing of GRPR* neurons in the SDH.

Spontaneous firing in the absence and presence of GRP (500 nM) in Krebs solution obtained
from lumbar SDH neurons using /n vivo extracellular recording. (A) Responsiveness of GRP
application on spontaneous firing from 50 SDH neurons. (B) Percentage of GRP-responsive
neurons. (C) Summary of recording depth on GRP-responsive and nonresponsive neurons.
(A-C) n = 12-50. ***P < 0.001 vs baseline. Representative traces (D, F) and summaries (E,
G) showing the effects of RC-3095 (3 pM) and NBQX (20 uM) on compound 48/80-(300
nmol) or chloroquine- (300 nmol) evoked firing of GRP-responsive SDH neurons. n = 5-6.

Neuropharmacology. Author manuscript; available in PMC 2021 June 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Kiguchi et al.

Page 24

***P < 0,001 vs baseline. #P < 0.01 vs control. (A-C, E, G) Each value represents the mean
+ S.E.M.

Neuropharmacology. Author manuscript; available in PMC 2021 June 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Kiguchi et al. Page 25

A O Veh

Chloroquine @ cNo SLIGRL BAMS-22
200+ 200+ 600 - 400+
w 6004 [o] 123 0 1004
5 5 o ‘g
.8 .8 4004 © # o [e3)
o 400 1 e o #
£ 1001 £ 1001 ® £ 2004
S S o S 501 ®
w© © 200 4 @
3] 200+ 3] 3] i
w [72] [72]
I+ I+ 3+
e s s S+ B s 0 d—r — 0 e o DA T T 0 oo
O N Veh CN QO e S O Veh
D '\Q,'L (1?"9 o ’\Q,"b & & .\qu’ ’19,"9
Time (min) Time (min) Time (min)
Compound 48/80 HTMT
C contralateral ipsilateral
2 2 200 4 604 ©
b= J =)
2 8
= 2 400 4
7 L
S ]
% § 100
3 3 =
3% 3+
) v Veh CNO % =
Q eh CN S P Veh CNO
AR A '19‘09 AN ,)9'@
Time (min) Time (min)
B . O Veh Number of c-fos* cells
Chloroquine [l CNO Compound 48/80 0 10 20
zm. 1 1
2 o £ 2004 600'
3 o = o]
o o
K] [e) L0 o] #
=2 400 1 # e 4004 B .| Veh 8 wxx
£ 100 i = & ipsi
3} (<] S 1004 CNO O ##
® ©
5 200 1 5 2004
[} o w
3t 3*
T Voo ® 0 Ven cro
e O Vel o O e
& ,Lo?? AR A ,19'“’0
Time (min) Time (min)
Fig. 3.

Expression of the Cre-dependent fluorescence and Gi-DREADD system on GRP* neurons
in the SDH. (A) R26-LSL-tdTomato mice were crossed with GRP-Cre mice for generation
of GRP-tdTomato mice. (B) Cre-dependent expression of tdTomato in the SDH of GRP-
tdTomato mice but not ROSA26 heterozygous mice. The protein expression of GRP was
visualized by immunohistochemistry. (C) R26-LSL-Gi-DREADD mice were crossed with
GRP-Cre mice for generation of GRP-Gi-DREADD mice. (D) The Cre-dependent
expression of HA-tagged hM4Di in the SDH of GRP-Gi-DREADD mice but not of
ROSA26 heterozygous mice was visualized by immunohistochemistry. (E) Double
immunostaining of HA, GRP, TRPV1, VGLUT?2, or 1B4-labeled non-peptidergic C-fibers in
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the SDH of GRP-Gi-DREADD mice. Representative micrographs from four mice are
shown. Scale bars = 100 pm.
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Fig. 4.

Ct?emogenetic silencing of GRP™* neurons in the SDH prevents peripherally elicited itch.
Clozapine-/N-oxide (CNO) was intraperitoneally (A, C; i.p., 0.3 mg/kg) or i.t. (B; 3 nmol)
administered 40 min prior to i.d. injection of pruritogens in GRP-Gi-DREADD mice. Non-
histaminergic pruritogens [chloroquine (300 nmol), SLIGRL (100 nmol), and BAM8-22 (50
nmol)] and histaminergic pruritogens [compound 48/80 (300 nmol) and HTMT (300 nmol)]
were used. Scratching bouts were observed immediately after i.d. administration up to 30
min. Time course in 10-min intervals (left) and total number of scratching bouts for 30 min
are shown (right). n = 6-7. #P < 0.05 vs vehicle. (C) Chloroquine (300 nmol) was i.d.
administered to the right calf of GRP-Gi-DREADD mice, and the protein expression of c-
fos in the lumbar SDH at 2 h after administration was visualized by immunochistochemistry.
Representative micrographs and mean number of c-fos* cells in each group are shown. n =
6. ***P < 0.001 vs contralateral/vehicle. *P < 0.05 vs ipsilateral/vehicle. (A-C) Each value
represents the mean + S.E.M.
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(A) Effects on peripherally elicited itch. NBQX (1, 3 nmol) was i.t. administered 30 min
prior to i.d. administration of BAM8-22 (50 nmol). Scratching was recorded 1 min after i.d.
administration up to 16 min. Total number of injection site-specific scratching for 1-16 min

is shown. Each value represents the mean £ S.E.M. n = 5. *P < 0.05 vs vehicle. (B)
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on thermal nociception. Temperature-response curves were measured by using the tail-
withdrawal latency at 30 min after i.t. administration of NBQX (3 nmol). Each value

represents the mean £ S.E.M. n =4,
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Fig. 6.

Rgles of GRP-GRPR and glutamate-AMPAR systems in pathological itch by contact
dermatitis. (A) Schedule of the diphenylcyclopropenone (DCP) application and photo of the
acetone- or DCP-treated mice on day 7. (B, F, G) Scratching bouts were observed
immediately after DCP application up to 40 min, and the total number of scratching bouts
are shown. (B) Time course of DCP-induced scratching behavior. The mRNA expression
levels of GRPand GRPR (C) on indicated days and AMPAR subunits (G/uR1-4; E) on day
14 in the cervical SDH were evaluated by RT-qPCR. n = 6. ***P < 0.001, **P < 0.01, *P <
0.05 vs acetone. (D) Protein expression of GRR and GRPR in the cervical SDH on day 14
were visualized by immunohistochemistry. Representative micrographs from four mice are
shown. Scale bars = 100 um. (F) Inhibition of DCP-induced scratching behavior by CNO
administration (0.3 mg.kg, i.p., 30 min prior to DCP) in GRP-Gi-DREADD mice. (G)
Prevention of DCP-induced scratching behavior in mice after Bom-Sap treatment (250 ng,
i.t., 7 days before experiment). n = 8-9. P < 0.05 vs control or saporin. E-G) Each value
represents the mean + S.E.M. (H) Schematic spinal transmission of itch. Under
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physiological and pathological condition, GRP and glutamate released from SDH neurons
activate itch-responsive spinal neurons through GRPR and/or AMPAR.
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Table 1.
Primer sequences for RT-qPCR

Gene Forward (5' to 3") Reverse (5" to 3")

ACTB CAGCTGAGAGGGAAATCGTG TCTCCAGGGAGGAAGAGGAT
GRP ~ GGAAGAAGCTGCAAGGGATT GATCCCAAGTAGGCTGGAGA
GRPR CCCTGCAGTTTATGGGCTTA  GAACAGGTTTGGCACGTTTC
NKIR CTGATCTCTTCCCCAACACC  ACCACGATGACCGTATAGGC
GluR1 ACAGGAACATGCGGCTTTTA  TCTCAAAGCTGTCGCTGATG
GluR2 TGCTATCAATGTGGGGAACA  TCGCAGTCAAGGATTACACG
GluR3 GAAGCAGCAGTGCAAAACAA TCCTGCCTTCTGTCCATTTC
GluR4 TTGTGAGTGTTGGGAAGCAC  TGACATTTGCTCCTCCATGT
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