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Chemokine receptor CXCR2 in
primary sensory neurons of
trigeminal ganglion mediates
orofacial itch
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!College of Life Sciences, Northwest University, Xi'an, China, 2Institute for Biomedical Sciences of Pain,
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The CXCR2 chemokine receptor is known to have a significant impact on
the initiation and control of inflammatory processes. However, its specific
involvement in the sensation of itch is not yet fully understood. In this study,
we aimed to elucidate the function of CXCR2 in the trigeminal ganglion (TG)
by utilizing orofacial itch models induced by incision, chloroquine (CQ), and
histamine. Our results revealed a significant up-regulation of CXCR2 mRNA and
protein expressions in the primary sensory neurons of TG in response to itch
stimuli. The CXCR2 inhibitor SB225002 resulted in notable decrease in CXCR2
protein expression and reduction in scratch behaviors. Distal infraorbital nerve
(DION) microinjection of a specific shRNA virus inhibited CXCR2 expression in
TG neurons and reversed itch behaviors. Additionally, the administration of the
PI3K inhibitor LY294002 resulted in a decrease in the expressions of p-Akt, Akt,
and CXCR2 in TG neurons, thereby mitigating pruritic behaviors. Collectively,
we report that CXCR2 in the primary sensory neurons of trigeminal ganglion
contributes to orofacial itch through the PI3K/Akt signaling pathway. These
observations highlight the potential of molecules involved in the regulation of
CXCR2 as viable therapeutic targets for the treatment of itch.
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Introduction

Itching is an unpleasant sensation that provokes the desire to scratch (Stander et al., 2003;
Cevikbas and Lerner, 2020). Pruritic stimuli-induced hindlimb scratch was an indicator of itch,
and forelimb wipe was an indicator of pain (Shimada and LaMotte, 2008). Cheek injections of
pruritogens and algogens have proven reliable in confirming itch and pain. For instance,
chloroquine (CQ) and histamine primarily induce scratching behaviors, while not eliciting
significant wiping behaviors (Akiyama et al., 2010; Klein et al., 2011). f2-Microglobulin
(B2-MG) and miR-711 cheek injections elicited scratching behaviors (Andoh et al., 2017; Han
et al., 2018). Facial injection of lysophosphatidic acid has been found to induce itch behaviors
(Kittaka et al., 2017). Robust scratching responses have also been observed following intradermal
injection of compound 48/80 or HTMT (Zhu et al., 2020). Studies have shed light on the
involvement of IL-13 receptor and IL-20 in facial itch and atopic dermatitis (Xiao et al., 2021;
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Luetal, 2022). In a recent study, researchers utilized an experimental
mouse model of nape wound healing and investigated the roles of
TGF-p and IL-31 in itch (Xu et al, 2020). Given the existing
knowledge, it is intriguing to explore whether facial incision induces
pruritus and to reveal the underlying mechanisms.

Trigeminal ganglion (TG) neurons are integral to the sensory
response of the face, as established by previous research (Cho et al.,
2020). The trigeminal nerve predominantly serves to innervate the
facial region, contributing to both motor and sensory functions (Graff-
Radford et al., 2015). Electrophysiological investigations have revealed
that a majority of primary and higher-order trigeminal sensory neurons
are activated by both pruritic and algesic stimuli (Akiyama et al., 2010;
Klein et al., 2011). Notably, recent studies have shed light on the role of
specific TG neuron subtypes, such as somatostatin and MrgprA3-
expressing neurons, in mediating itch sensations and selective
induction of scratching behaviors (Huang et al., 2018; Sharif et al.,
2020). Gaining a comprehensive understanding of the cellular and
molecular mechanisms in orofacial itch would open up possibilities for
identifying potential therapeutic targets for itch treatment.

Chemokines are a class of small secreted proteins characterized by
the presence of conserved cysteine residues within their amino acid
sequences (Silva et al., 2017). These proteins can be categorized into
different subfamilies based on the position of their N-terminal cysteine
residues, which include CC, CXC, XC, and CX3C (van der Vorst et al.,
2015). Chemokines are known to bind and activate various chemokine
receptors. These receptors belong to the family of seven-transmembrane
G protein-coupled receptors and are classified into subfamilies
including CCR, CXCR, XCR, and CX3CR (Zhang et al, 2017).
Chemokines and their receptors expressed in neurons of the dorsal root
ganglia (DRG) play significant roles in itch and pain (Deftu et al., 2017;
Jing et al., 2018; Su et al., 2020). Numerous studies have provided
evidence supporting the involvement of chemokines and receptors in
DRG neurons in the regulation of itch. For instance, CCL2/CCR2
signaling in DRG neurons has been shown to be activated in contact
hypersensitivity and contribute to the development of itch behavior
(Jiang et al., 2019). CXCL1 and CXCL2, which act specifically through
CXCR2, activate a sub-population of DRG neutrons and are associated
with itch sensations (Deftu et al., 2017). Additionally, CXCL10 and its
receptor CXCR3 have been found to be upregulated in the DRG and
spinal cord and contribute to the development of chronic itch (Qu et al.,
2015; Jing et al., 2018; Walsh et al., 2019). Existing evidence suggests
that CXCL12 and its receptor CXCR4 in TG are involved in allergic
contact dermatitis, and blockade of this signaling pathway alleviates
itch sensations (Su et al., 2020). However, the understanding of
chemokines and receptors in TG neurons is currently limited.

The CXCR2 chemokine receptor plays pivotal roles in initiating
and regulating inflammatory responses and modulating neuronal
signaling (Piotrowska et al., 2021). Upon activation, CXCR2 can
initiate signal transduction through the phosphatidylinositol-4,
5-bisphosphate 3-kinase (PI3K) protein kinase B (PKB)/Akt pathway
(Korbecki et al., 2022). Additionally, the expression and function of
CXCR?2 are subject to regulation by various intracellular signaling
pathways, including the AMP-activated protein kinase, protein kinase,
and extracellular signal-regulated kinase pathways (Yang et al., 2022).
Studies have reported the involvement of CXCR2 in the maintenance
of neuropathic pain and inflammatory pain (Gao and Ji, 2010; Cao
etal, 2016; Xu et al., 2017). However, the specific role of CXCR2 in
TG neurons in the context of itch sensation remains largely unexplored.
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In the present study, we aimed to elucidate the roles of chemokine
receptor CXCR?2 in the primary sensory neurons of the trigeminal
ganglion in orofacial itch models induced by incision, chloroquine,
and histamine. To achieve this, we employed a novel approach
involving microinjection of the distal infraorbital nerve (DION) to
assess the effects of chemical interventions on trigeminal sensory
neurons. The functions of CXCR2 in orofacial itch were evaluated
using a CXCR2 inhibitor and a specific shRNA virus. Additionally,
we investigated the involvement of the PI3K/Akt signaling pathway in
CXCR2 expression and orofacial itch behaviors. Our study highlighted
the potential of molecules that regulate CXCR2 as promising
therapeutic targets for the treatment of itch.

Materials and methods
Experimental animals

Adult male C57BL/6 mice (8weeks) were prepared from
Laboratory Animal Center of Air Force Medical University (AFMU).
The animals had access to water and food ad libitum and were
maintained at room temperature (22-26°C) with a light/dark cycle of
12h. The number of animals used and their suffering were minimized.
All animal experiments were carried out according to the ARRIVE
guidelines and approved by the Institutional Animal Care and Use
Committee of AFMU.

Cheek itch models

The cheek incision itch model was modified as previously described
(Xu et al.,, 2020). C57BL/6 mice were anesthetized with 2% isoflurane
and the right sides of their cheeks were shaved. A 5-mm-long full-
thickness cheek incision was made one the cheek. Scratch behavior was
recorded at specific time points, including 6h, day 1, day 3, and day 5.
In line with our previous study (Yu et al., 2017), intradermal injections
of chloroquine (CQ, 100 pg/20 pL, Sigma, USA, C6628) and histamine
(100 pg/20 pL saline, Sigma, USA, H7125) were administered into the
cheek. For the cheek model of itch discrimination, mice were placed in
transparent plastic recording chambers, and their behaviors were
recorded using video for subsequent offline analysis. Each scratching
bout was defined as rapid brushing of the face by the hindpaw on the
ipsilateral side. Scratching or wiping behaviors on the contralateral side
were not included in the analysis.

Drug delivery

Intrathecal (i.t.) and intraperitoneal (i.p.) delivery methods were
previously described (Wei et al., 2022). CXCR2 antagonist SB225002
(5mg/kg, Sigma, USA, SMLO0716) or saline was administered via 1.p.
delivery once daily for two consecutive days. PI3K inhibitor LY294002
(2mM/10pL, MCE, USA, HY-10108) was administered via i.t.
delivery twice daily for three consecutive days. SB225002 and
LY294002 were pre-injected 30 min before pruritic stimuli challenge.

DION microinjection

Distal infraorbital nerve (DION) was prepared according to a
previous report (Hardt et al, 2019). Briefly, the animal was
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anesthetized with 2% pentobarbital sodium, and a 5-mm-long skin
incision was made below the infraorbital foramen. Then the distal
infraorbital nerve (DION), which is a branch of the medial trunk of
the trigeminal nerve, was then exposed for microinjection.

For the microinjection of the retrograde tracer into DION, 1,
1’-dioctadecyl-3, 3, 3’, 3"-retramethy-lindocarbo-cyanine perchlorate
(Dil, Fluka, Japan) was dissolved in dimethylsulfoxide (DMSO) at a
concentration of 170 mg/mL, and then diluted to 17 mg/mL with 0.9%
sterile saline. To retrograde label TG neurons, a microinjection of 1 pL
of Dil into DION was performed following the method described in
our previous study (Yu et al., 2013).

For the DION virus microinjection, an adeno-associated virus
serotype 9 (AAV9) encoding shRNA was designed based on mouse
CXCR2 (NM_009909.3). The AAV scramble or CXCR2 shRNA virus,
with a concentration of 1 x 10" viral genomes (vg)/mL, was engineered
to express the green fluorescence protein (GFP) (BrainVTA, China).
The sequence for the scramble shRNA is CCTAAGGTTAAGT
CGCCCTCG, and the sequence for the CXCR2 shRNA is GGGAGAA
TTCAAGGTGGATAA. A microsyringe was used to inject 1 pL of the
scramble or CXCR2 shRNA virus into DION. The mice were allowed
to recover for 3-4weeks before conducting behavioral and
other experiments.

Real-time quantitative PCR

The total RNA of the TG was extracted using TRIzol reagent
(Thermo Fisher Scientific). 1 ug of total RNA was reverse transcribed
to cDNA using the Transcriptor First Strand cDNA Synthesis Kit
(Roche, Switzerland, 04897030001). Quantitative polymerase chain
reaction (QPCR) analysis was performed using a CFX96TM Real-
Time system (Bio-Rad) with Power SYBR Green PCR Master Mix
(Life Technologies). The following primers were used: CXCLI forward,
5-TGGCTGGGATTCACCTCAAG-3’; CXCLI reverse, 5'-CCGTT
ACTTGGGGACACCTT-3"; CXCRI forward, 5-CCAGCTGGTGCC
TCAGATCAA-3’; CXCRI reverse, 5-AAATAATCTCCAGTGGGC
AGCA-3’; CXCR2 forward, 5-TCTGCTCACAAACAGCGTCGT
A-3’; CXCR2 reverse, 5-GAGTGGCATGGGACAGCATC-3"; CXCR3
forward, 5-TACCTTGAGGTTAGTGAACGTCA-3’; CXCR3 reverse,
5-CGCTCTCGTTTTCCCCATAATC-3"; CXCR4 forward, 5'-AGG
AAACTGCTGGCTGAAAAGG-3’; CXCR4 reverse, 5-GGAATT
GAAACACCACCATCCA-3"; CXCR5 forward, 5-TGGCCTTCT
ACAGTAACAGCA-3"; CXCRS5 reverse, 5'-GCATGAATACCGCC
TTAAAGGAC-3"; CXCR6 forward, 5-TCTGCCCTTTTGGGCC
TATG-3’; CXCR6 reverse, 5-TTGAAGGCCTTGGTAGCCTG-3';
GAPDH forward, 5'-CCCAGCAAGGACACTGAGCAA-3"; GAPDH
reverse, 5'-TTATGGGGGTCTGGGATGGAAA-3". All primer pairs
were designed for the same cycling conditions: 10 min at 95°C for
initial denaturation, 40 cycles of 10s at 95°C for denaturation, 15s at
61.2°C for annealing, and 20s at 72°C for extension.

Immunohistochemistry staining

Immunohistochemistry staining was performed as previously
described (Wei et al., 2022). TGs were dissected, postfixed for 8h, and
cryoprotected in 30% sucrose in PBS overnight at 4°C. Transverse
frozen sections (20pm thick) were cut on a CM1900 freezing
microtome (Leica, Germany), incubated for 4h in 0.05% Triton X-100
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and 2% donkey serum in phosphate buffered saline (PBS) at room
temperature, and incubated with primary antibodies at 4°C overnight
with agitation. After three washes with PBST, the sections were
incubated with secondary antibodies for 3h at room temperature. The
following primary antibodies were used: rabbit anti-CXCR2 (1:100,
Boster, USA, A004555347), chicken anti-GFP (1:500, Abcam, USA,
ab13970), mouse anti-Akt (1:200, Proteintech, USA, 60203-2-Ig). The
secondary antibodies were Cy3 Donkey Anti-rabbit IgG (1:500, Jackson
ImmunoResearch, USA, 711-165-152), Alexa Fluor 488 Donkey Anti-
chicken IgG (1:500, Jackson ImmunoResearch, USA, 703-545-155).
Alexa Fluor 488 Donkey Anti-mouse IgG (1:500, Jackson
ImmunoResearch, USA, 715-545-151) and lectin from Bandeiraea
simplicifolia BS-I isolectin B4 FITC conjugate (1:100, Sigma, USA,
12895). The nuclei were stained with DAPI (1:2,000, Sigma, USA,
D9542). Photomicrographic images were obtained under a laser scan
confocal fluorescent microscope (Olympus FV1000, Japan). Images
were analyzed by Image-Pro Plus digitizing software (Olympus, Japan).

Western blot

Western blotting was performed as previously described (Wei et al.,
2022). Total proteins from mice TGs were extracted by homogenization
in ice-cold RIPA lysis buffer (Applygen Technologies, China). Membrane
proteins and cytoplasmic proteins from mice TGs were extracted by
homogenization. Protein concentrations were determined by using a
BCA™ protein assay kit (Thermo Scientific, USA). The samples were
heated for 10min at 95°C with SDS-PAGE sample buffer, and the same
amounts of proteins (50ug) were separated by 10% SDS-PAGE
separation gels and subsequently transblotted onto PVDF membranes
(Immobilon P, Millipore, Billerica, MA). We used rabbit anti-CXCR2
(phosphor-IL8 Beta) (1:1,000, Boster, USA, A004555347), mouse anti-
p-Akt1/2/3 antibody (B-12) (1:500, Santa Cruz Biotechnology, USA,
sc-377556) and mouse anti-Aktl Antibody (B-1) (1:500, Santa Cruz
Biotechnology, USA, sc-5298) as primary antibodies and goat anti-rabbit
IgG conjugated to horseradish peroxidase (HRP) and goat anti-mouse
IgG conjugated to HRP (1:2,000, ZSGB-Bio, Beijing, China) as the
secondary antibodies. Mouse anti-GAPDH antibody (1:2,000,
Proteintech, USA, 60004-1-Ig) was used as an internal control.

Statistical analysis

For behavioral experiments, # refers to the number of animals.
For immunohistochemistry imaging data, the number of animals and
sections used is indicated in the legend. Statistical analyses were
performed using GraphPad Prism software. All data are expressed as
mean + standard error (SEM) unless otherwise specified. Descriptions
of the tests used and n are located in the figure legends. Significance
was defined as follows: *p <0.05, **p <0.01, and **p <0.001.

Results

The expressions of CXCRs mRNA in TGs
with orofacial itch

To determine whether CXCR2 in TG is involved in orofacial itch,

we establish a cheek incision itch model and examine scratch behaviors
at individual time points 0, 6h, day 1, day 3, and day 5. The scratching
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behaviors increased significantly at 6h (3+1 versus 66 £18, p<0.001)
and day 1 (3+1 versus 37+8, p<0.05, Figure 1A). qPCR was used to
examine the mRNA expressions of chemokine CXCLI and six
chemokines receptors (CXCRI, CXCR2, CXCR3, CXCR4, CXCR5,
CXCR6) in TG during cheek incision itch. CXCR2 mRNA expression
was up-regulated at 6h (1.1+0.3 versus 5.7 £0.9, p<0.001) and day 1
(1.1£0.3 versus 3.7+0.1, p<0.05, Figure 1B). Compared to control, CQ
and histamine injections in the cheek evoked itch behavior (18+7 versus
102+34 and 1948 versus 55+6, p<0.05 and p<0.01, Figures 1C,E).
CXCR2 mRNA expression was significantly increased within 1h after
CQ (1.0£0.1 versus 3.0£0.5, p<0.05, Figure 1D) and histamine
(1.0£0.1 versus 18.8+3.9, p<0.05, Figure 1F). These results indicated
that the CXCR2 gene was up-regulated in TG under itch conditions.

Upregulation of CXCR2 protein expression
in TGs with orofacial itch

Based on the change in CXCR2 mRNA expression, we performed
immunohistochemistry and Western blot of CXCR2 in TGs.

10.3389/fnmol.2023.1279237

Compared to the control, the immunofluorescence density of CXCR2-
positive staining increased at 6h (94.5+6.3% versus 118.1+4.4%,
p<0.05) and day 1 after incision (94.5+6.3% versus 192.7 +8.2%,
p<0.001, Figures 2A,B). Western blot further confirmed that the
expression of CXCR2 protein was significantly increased in the same
time points (1.0£0.03 versus 1.9+0.2 and 2.1+0.3, p<0.05,
Figures 2C,D). Then, we examined the cellular localization of CXCR2
by double immunofluorescent labeling with IB4, a small-sized neuron
marker, after CQ or histamine injection (Figure 2E). We counted the
distribution of CXCR2-positive staining in the different size of TG
neurons from saline (367 neurons), CQ (383 neurons), and histamine
(338 neurons) treatments. The results indicated that the CXCR2-
positive neurons widely distributed in small, medium, and large
neurons in TGs (Figure 2F). Immunohistochemistry data analysis
revealed that the CXCR2 immunofluorescence density was increased
by CQ and histamine (96.0£0.9% versus 109.8+2.2% and
107.4+2.4%, p<0.001 and p<0.01, 2G).  'The
immunofluorescence density of IB4 was not changed by CQ and

Figure

histamine (Figure 2H). These results led us to examine the biological
function of CXCR2 in TG neurons for itch.
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injection (n =3 mice and 6-8 sections for each group). Scale bars, 50 pm. One-way ANOVA followed by Dunnett's multiple comparisons test in
(B,D,G,H). * p<0.05, ** p<0.01, *** p<0.001. Error bars represent the mean + SEM
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Effects of the CXCR2 Antagonist SB225002 on oroficial itch. (A) Double immunohistochemistry of CXCR2 and IB4 in the saline and SB225002
treatment groups. (B) Statistical analysis of the immunofluorescence density of CXCR2 in saline and SB225002 treatment (n = 3 mice and 11 sections
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and 2-way ANOVA in (E). * p<0.05, ** p<0.01, *** p<0.001. Error bars represent the mean + SEM.

Effects of CXCR2 a ntagonist on orofacial itch  The immunohistochemistry results showed that SB225002 significantly
reduced the immunofluorescence density of CXCR2 in TG (100.0 £7.8%

To dissect the functional contribution of CXCR2 to orofacial itch,  versus 67.8+3.8%, p<0.001, Figures 3A,B). Western blot confirmed the

we intraperitoneally (i.p.) administered the CXCR2 antagonist SB225002.  suppressive effects of SB225002 on the expression of CXCR2 protein
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(1.0+0.2 versus 0.5+0.02, p <0.05, Figures 3C,D). Incision itch behaviors
were attenuated by SB225002 at 6h (71+15 versus 21+5, p<0.001)
(Figure 3E). Additionally, the CXCR2 antagonist SB225002 significantly
inhibited scratching behaviors induced by CQ (87+21 versus 32+6,
p<0.01) and histamine (102+7 versus 76 £ 5, p<0.05) (Figure 3F). These
results supported the crucial role of CXCR2 in TG neurons, and its block
would reverse orofacial itch behaviors.

Effects of CXCR2 shRNA on orofacial itch

To specifically inhibit CXCR2, we generated the CXCR2 shRNA
virus and transmitted the virus into TGs using a distal infraorbital
nerve (DION) microinjection approach (Figure 4A). We used the
retrograde tracer Dil to examine the efficiency of DION microinjection.
The immunostaining result revealed that Dil labeled 79% of CXCR2-
positive TG neurons (Figures 4B,C). By DION microinjection
approach, we further confirmed the high transfection efficiency of the
virus (Figure 4D). The immunostaining results showed that the
immunofluorescence density of CXCR2 in TG was significantly
decreased by shRNA virus (100.0+4.0% versus 78.7 £3.1%, p<0.001,
Figure 4E). Western blot confirmed the inhibitory effect of the CXCR2
shRNA virus (1.2£0.1 versus 0.6+0.1, p<0.01, Figures 4EG).

10.3389/fnmol.2023.1279237

Behavioral assays indicated that CXCR2 shRNA treatment suppressed
incision-induced scratches at 6h (153+24 versus 68+16, p<0.001,
Figure 4H). In cheek itch models, we revealed that the CXCR2 shRNA
virus caused a significant reduction in itching responses induced by CQ
(10717 versus 38+ 7, p<0.01) and histamine (115+7 versus 72+ 11,
p<0.01) (Figure 4I). These results verified the viral transduction
efficiency of CXCR2 shRNA in TG neurons and DION microinjection
could provide a novel strategy in modulating orofacial itch.

Effects of PI3K/Akt signal pathway on
CXCR2 expression and orofacial itch

Then we investigate the potential roles of PI3K/Akt signal pathway
in CXCR2-mediated itch. Coexpressions of CXCR2 and Akt in primary
sensory neurons of TG were validated by double immunofluorescent
staining (Figure 5A). Western blot showed that the PI3K inhibitor
LY294002 attenuated incision-evoked upregulations of p-Akt (1.1+0.1
versus 3.2+0.6 versus 1.5+0.1, p<0.05, Figures 5B,C), Akt (1.0+0.3
versus 3.9+0.5 versus 1.6 £0.5, p<0.01 and p<0.05, Figures 5B,D), and
CXCR2 (0.8+0.2 versus 1.9+0.3 versus 0.6 + 0.2, p<0.05, Figures 5B,E).
Furthermore, LY294002 dramatically inhibited incision itch behaviors
at 6h (127 +35 versus 308, p<0.001) (Figure 5F). Additionally, PI3K
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inhibitor LY294002 suppressed scratching behaviors induced by CQ
(96+21 versus 47 £7, p<0.05) and histamine (59+ 10 versus 27 +6,
p<0.05) (Figure 5G). Taken together, these results suggested that PI3K/
Akt signal pathway was involved in the expression of CXCR2 and
contributed to modulation of orofacial itch.

Discussion

The trigeminal ganglion (TG) is responsible for the sensory
response of the face (Cho et al., 2020). The cellular and molecular
mechanisms of orofacial itch mediated by TG neurons are complex.
Previous studies have shown that endothelin receptor (Gomes et al.,
2012) and transient receptor potential ion channel A1 (Wilson et al.,
2011; Liu et al., 2021) play roles in mediating pruritus. Additionally,
somatostatin or MrgprA3 neurons in TG have been found to
be pruriceptors that mediate scratching behaviors (Huang et al., 2018;
Sharif et al., 2020). The endogenous lipid mediator resolvin D3 has
been shown to reduce TRPV1-dependent acute itch and chronic
psoriasis itch (Lee et al., 2020). In the present study, we reveal the
novel contribution of CXCR2 in TG neurons for itch modulation.

CXCR2
inflammatory diseases. For examples, the CXCL1/CXCR2 axis has

is well known for its involvement in various
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been implicated in colon cancer metastasis and gastric cancer
progression (Cheng et al., 2019). CXCR2 activation has also been
linked to nociceptive behavior, bladder inflammation, and
endothelial cell function (Singh et al., 2011; Dornelles et al., 2014).
In terms of somatosensory modulation, CXCR2 has been associated
with neuropathic pain and inflammatory pain (Gao and Ji, 2010; Cao
et al., 2016; Xu et al,, 2017). In our study, we found that CXCR2
mRNA and protein levels were upregulated in TG neurons during
orofacial itch modulation induced by incision, CQ, and histamine.
Importantly, inhibition of CXCR2 expression using an inhibitor and
shRNA virus reversed the itch behaviors. These findings suggest that
molecules targeting CXCR2 could be promising therapeutic targets
for itch treatment.

When CXCL1 binds to CXCR2 on the cell surface, the associated
G protein is activated, leading to the activation of PI3K/Akt and RAS-
ERK signal pathways (Cheng et al., 2019). In the present study,
we showed that the PI3K inhibitor LY294002 suppressed the
expression of CXCR2 in TG and scratching behaviors, indicating that
the PI3K/Akt signal pathway modulated CXCR2 expression and
orofacial itch. However, whether the PI3K/Akt signal pathway affects
CXCR2 membrane trafficking or gene expression remains an exciting
question. Future experiments might investigate the intracellular
mechanism of CXCR2 expressions in TG neurons.
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Interventions in the trigeminal somatosensory system offer
potential therapeutic options for orofacial diseases. Peripheral nerve
neuromodulation techniques, such as invasive epidural cortical
stimulation and peripheral surgical neurectomy, have shown promise
in alleviating neuropathic pain (Wei and Jensen, 2018). In addition to
these approaches, phenol/glycerol injections into the trigeminal nerve
have been explored as an alternative therapeutic option (Wilkinson,
1999). Repetitive transcranial magnetic stimulation (rTMS) is a
relatively new technology that offers the possibility of assessing the
responsiveness of patients with trigeminal neuropathic pain to invasive
epidural cortical stimulation (Obermann, 2019). A subgroup of highly
disabled patients with trigeminal autonomic cephalalgias have not
responded well to drug treatments and have to sought alternative
options, including injectable treatments, nerve blocks, and various
surgical procedures. Unfortunately, these alternative treatments, such
as microvascular decompression, glycerol rhizotomy, trigeminal nerve
radiofrequency ablation, balloon compression of the Gasserian
ganglion, and Gamma knife therapy, have had limited success, with the
adverse effects outweighing the benefits (Miller and Matharu, 2014).
Therefore, further evaluation is needed to determine the overall
efficacy of interventions in the trigeminal somatosensory system.

Directly controlling the activity of trigeminal ganglion (TG)
neuronal soma is a complex and challenging procedure. For instance,
a paramedian neck incision is made to visualize the trigeminal nerve
by exposing and opening the tympanic bulla and tympanic cavity
(Hara and Kobayashi, 1992). In another approach, a small hole is
created in the skull without disturbing the meninges, and a guide
cannula is implanted in the left TG (Shore et al., 2000; Han et al., 2012).
Alternatively, a needle connected to a syringe is inserted medially into
the zygomatic process through the infraorbital foramen at an angle of
approximately 10° relative to the midline of the head. The needle then
passes through the foramen rotundum and reaches the trigeminal
ganglion (Gomes et al., 2018). In our study, we successfully manipulate
CXCR?2 expressions in TG neurons through DION microinjection.
This approach manipulated a majority of CXCR2-positive TG neurons
and effectively reduced CXCR2 expression and itch behaviors. DION
microinjection holds promise as a novel therapeutic approach for
orofacial itch and other intractable diseases.

Data availability statement

The original contributions presented in the study are included in
the article/supplementary material, further inquiries can be directed
to the corresponding author.

References

Akiyama, T., Carstens, M. I, and Carstens, E. (2010). Facial injections of pruritogens
and algogens excite partly overlapping populations of primary and second-order
trigeminal neurons in mice. J. Neurophysiol. 104, 2442-2450. doi: 10.1152/jn.00563.2010

Andoh, T, Maki, T, Li, S., and Uta, D. (2017). f2-Microglobulin elicits itch-related
responses in mice through the direct activation of primary afferent neurons expressing
transient receptor potential vanilloid 1. Eur. J. Pharmacol. 810, 134-140. doi: 10.1016/j.
¢jphar.2017.07.007

Cao, D. L, Qian, B., Zhang, Z. ]., Gao, Y. J., and Wu, X. B. (2016). Chemokine receptor
CXCR?2 in dorsal root ganglion contributes to the maintenance of inflammatory pain.
Brain Res. Bull. 127,219-225. doi: 10.1016/j.brainresbull.2016.09.016

Cevikbas, E, and Lerner, E. A. (2020). Physiology and pathophysiology of itch. Physiol.
Rev. 100, 945-982. doi: 10.1152/physrev.00017.2019

Frontiers in Molecular Neuroscience

10.3389/fnmol.2023.1279237

Ethics statement

The animal study was approved by Institutional Animal Care and
Use Committee of AFMU. The study was conducted in accordance
with the local legislation and institutional requirements.

Author contributions

D-JL: Data curation, Formal analysis, Investigation, Methodology,
Writing - original draft, Writing - review & editing. Z-JZ: Data
curation, Investigation, Methodology, Writing - original draft. X-LW:
Data curation, Investigation, Methodology, Writing - review &
editing. NW: Data curation, Investigation, Methodology, Writing —
review & editing. S-JZ: Data curation, Investigation, Methodology,
Writing - review & editing. T-TS: Data curation, Investigation,
Methodology, Writing — review & editing. Y-PL: Data curation,
Investigation, Methodology, Writing - review & editing. Y-QY:
Conceptualization, Data curation, Formal analysis, Funding
acquisition, Project administration, Resources, Supervision, Writing
- original draft, Writing - review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. The study was
supported by National Natural Science Foundation of China (grant
31871067) and AFMU (grant 2021HKYX29) (Y-QY).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Cheng, Y., Ma, X., Wei, Y., and Wei, X. (2019). Potential roles and targeted therapy of
the CXCLs/CXCR2 axis in cancer and inflammatory diseases. Biochimica et Biophysica
Acta (BBA) 1871, 289-312. doi: 10.1016/j.bbcan.2019.01.005

Cho, H,, Jeon, H., Park, S., Park, C., and Chung, E. (2020). Neurite growth of
trigeminal ganglion neurons in vitro with near-infrared light irradiation. J. Photochem.
Photobiol. B Biol. 210:111959. doi: 10.1016/j.jphotobiol.2020.111959

Deftu, A. E, Filippi, A., Shibsaki, K., Gheorghe, R. O., Chiritoiu, M., and Ristoiu, V.
(2017). Chemokine (C-X-C motif) ligand 1 (CXCL1) and chemokine (C-X-C motif)
ligand 2 (CXCL2) modulate the activity of TRPV1+/IB4+ cultured rat dorsal root ganglia
neurons upon short-term and acute application. J. Physiol. Pharmacol. 68, 385-395.

Dornelles, F. N., Andrade, E. L., Campos, M. M., and Calixto, J. B. (2014). Role of
CXCR2 and TRPV1 in functional, inflammatory and behavioural changes in the rat

frontiersin.org


https://doi.org/10.3389/fnmol.2023.1279237
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://doi.org/10.1152/jn.00563.2010
https://doi.org/10.1016/j.ejphar.2017.07.007
https://doi.org/10.1016/j.ejphar.2017.07.007
https://doi.org/10.1016/j.brainresbull.2016.09.016
https://doi.org/10.1152/physrev.00017.2019
https://doi.org/10.1016/j.bbcan.2019.01.005
https://doi.org/10.1016/j.jphotobiol.2020.111959

Lietal.

model of cyclophosphamide-induced haemorrhagic cystitis. Br. J. Pharmacol. 171,
452-467. doi: 10.1111/bph.12467

Gao, Y. J., and Ji, R. R. (2010). Chemokines, neuronal-glial interactions, and central
processing of neuropathic pain. Pharmacol. Ther. 126, 56-68. doi: 10.1016/].
pharmthera.2010.01.002

Gomes, L. O., Chichorro, J. G., Araya, E. L, de Oliveira, J., and Rae, G. A. (2018). Facial
hyperalgesia due to direct action of endothelin-1 in the trigeminal ganglion of mice. J.
Pharm. Pharmacol. 70, 893-900. doi: 10.1111/jphp.12905

Gomes, L. O., Hara, D. B, and Rae, G. A. (2012). Endothelin-1 induces itch and pain
in the mouse cheek model. Life Sci. 91, 628-633. doi: 10.1016/j.1fs.2012.03.020

Graff-Radford, S., Gordon, R., Ganal, J., and Tetradis, S. (2015). Trigeminal neuralgia
and facial pain imaging. Curr. Pain Headache Rep. 19:495. doi: 10.1007/
s11916-015-0495-y

Han, Q,, Liu, D., Convertino, M., Wang, Z., Jiang, C., Kim, Y. H,, et al. (2018).
miRNA-711 binds and activates TRPA1 extracellularly to evoke acute and chronic
pruritus. Neuron 99, 449-463. doi: 10.1016/j.neuron.2018.06.039

Han, S. R,, Yang, G. Y., Ahn, M. H,, Kim, M. ], Ju, J. S, Bae, Y. C,, et al. (2012).
Blockade of microglial activation reduces mechanical allodynia in rats with compression
of the trigeminal ganglion. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 36, 52-59. doi:
10.1016/j.pnpbp.2011.10.007

Hara, H., and Kobayashi, S. (1992). Glycerol injection to the rat trigeminal nerve:
histological and immunohistochemical studies. Acta Neurochir. 119, 111-114. doi:
10.1007/BF01541793

Hardt, S., Fischer, C., Vogel, A., Wilken-Schmitz, A., and Tegeder, I. (2019). Distal
infraorbital nerve injury: a model for persistent facial pain in mice. Pain 160, 1431-1447.
doi: 10.1097/§.pain.0000000000001518

Huang, J., Polgar, E., Solinski, H. J., Mishra, S. K., Tseng, P. Y., Iwagaki, N, et al. (2018).
Circuit dissection of the role of somatostatin in itch and pain. Nat. Neurosci. 21,
707-716. doi: 10.1038/s41593-018-0119-z

Jiang, H., Cui, H., Wang, T., Shimada, S. G., Sun, R, Tan, Z., et al. (2019). CCL2/CCR2
signaling elicits itch-and pain-like behavior in a murine model of allergic contact
dermatitis. Brain Behav. Immun. 80, 464-473. doi: 10.1016/j.bbi.2019.04.026

Jing, P,, Cao, D., Li, S., Zhu, M., Bai, X., Wu, X,, et al. (2018). Chemokine receptor
CXCR3 in the spinal cord contributes to chronic itch in mice. Neurosci. Bull. 34, 54-63.
doi: 10.1007/s12264-017-0128-z

Kittaka, H., Uchida, K., Fukuta, N., and Tominaga, M. (2017). Lysophosphatidic acid-
induced itch is mediated by signalling of LPA (5) receptor, phospholipase D and TRPA1/
TRPV1. J. Physiol. 595, 2681-2698. doi: 10.1113/JP273961

Klein, A., Carstens, M. L, and Carstens, E. (2011). Facial injections of pruritogens or
algogens elicit distinct behavior responses in rats and excite overlapping populations of
primary sensory and trigeminal subnucleus caudalis neurons. J. Neurophysiol. 106,
1078-1088. doi: 10.1152/jn.00302.2011

Korbecki, J., Kupnicka, P, Chlubek, M., Goracy, ], Gutowska, I, and
Baranowska-Bosiacka, I. (2022). CXCR2 receptor: regulation of expression, signal
transduction, and involvement in cancer. Int. . Mol. Sci. 23:2168. doi: 10.3390/
{jms23042168

Lee, S. H., Tonello, R., Im, S., Jeon, H., Park, J., Ford, Z., et al. (2020). Resolvin D3
controls mouse and human TRPV1-positive neurons and preclinical progression of
psoriasis. Theranostics 10, 12111-12126. doi: 10.7150/thno.52135

Liu, X,, Zhang, ], Hu, Y., Shan, W., Wang, Z., Fu, Q,, et al. (2021). Formalin itch test:
low-dose formalin induces histamine-independent, TRPA1-mediated itch in mice.
Front. Med. 8:7725. doi: 10.3389/fmed.2021.627725

Lu, Z,, Xiao, S., Chen, W, Zhu, R., Yang, H,, Steinhoff, M., et al. (2022). IL-20 promotes
cutaneous inflammation and peripheral itch sensation in atopic dermatitis. FASEB J.
36:1800. doi: 10.1096/1).202101800R

Miller, S., and Matharu, M. (2014). Trigeminal autonomic cephalalgias: beyond the
conventional treatments. Curr. Pain Headache Rep. 18:438. doi: 10.1007/
s11916-014-0438-z

Obermann, M. (2019). Recent advances in understanding/managing trigeminal
neuralgia. F1000Res 8:16092. doi: 10.12688/f1000research.16092.1

Piotrowska, A., Ciapala, K., Pawlik, K., Kwiatkowski, K., Rojewska, E., and Mika, J.
(2021). Comparison of the effects of chemokine receptors CXCR2 and CXCR3
pharmacological modulation in neuropathic pain model—In Vivo and In Vitro study.
Int. J. Mol. Sci. 22:11074. doi: 10.3390/ijms222011074

Qu, L., Fu, K., Yang, J., Shimada, S. G., and LaMotte, R. H. (2015). CXCR3 chemokine

receptor signaling mediates itch in experimental allergic contact dermatitis. Pain 156,
1737-1746. doi: 10.1097/j.pain.0000000000000208

Frontiers in Molecular Neuroscience

09

10.3389/fnmol.2023.1279237

Sharif, B., Ase, A. R, Ribeiro-da-Silva, A., and Seguela, P. (2020). Differential coding
of itch and pain by a subpopulation of primary afferent neurons. Neuron 106, 940-951.
doi: 10.1016/j.neuron.2020.03.021

Shimada, S. G., and LaMotte, R. H. (2008). Behavioral differentiation between itch
and pain in mouse. Pain 139, 681-687. doi: 10.1016/j.pain.2008.08.002

Shore, S. E., Vass, Z., Wys, N. L., and Altschuler, R. A. (2000). Trigeminal ganglion
innervates the auditory brainstem. J. Comp. Neurol. 419, 271-285. doi: 10.1002/ (sici
)1096-9861(20000410)419:3<271::aid-cnel>3.0.co;2-m

Silva, R. L., Lopes, A. H., Guimaraes, R. M., and Cunha, T. M. (2017). CXCL1/CXCR2
signaling in pathological pain: Role in peripheral and central sensitization. Neurobiol.
Dis. 105, 109-116. doi: 10.1016/j.nbd.2017.06.001

Singh, S., Wu, S., Varney, M., Singh, A. P, and Singh, R. K. (2011). CXCR1 and CXCR2
silencing modulates CXCL8-dependent endothelial cell proliferation, migration and
capillary-like structure formation. Microvasc. Res. 82, 318-325. doi: 10.1016/j.
mvr.2011.06.011

Stander, S., Steinhoff, M., Schmelz, M., Weisshaar, E., Metze, D., and Luger, T. (2003).
Neurophysiology of pruritus: cutaneous elicitation of itch. Arch. Dermatol. 139,
1463-1470. doi: 10.1001/archderm.139.11.1463

Su, W, Yu, J., Liu, Q., Ma, L., and Huang, Y. (2020). CXCL12/CXCR4 signaling
induced itch and pain sensation in a murine model of allergic contact dermatitis. Mol.
Pain 16:1940659938. doi: 10.1177/1744806920926426

van der Vorst, E. P. C,, Doring, Y., and Weber, C. (2015). Chemokines. Arterioscler.
Thromb. Vasc. Biol. 35:6359. doi: 10.1161/ATVBAHA.115.306359

Walsh, C. M., Hill, R. Z., Schwendinger-Schreck, J., Deguine, J., Brock, E. C,,
Kucirek, N., et al. (2019). Neutrophils promote CXCR3-dependent itch in the
development of atopic dermatitis. elife 8:48448. doi: 10.7554/eLife.48448

Wei, D. Y, and Jensen, R. H. (2018). Therapeutic approaches for the management of
trigeminal autonomic cephalalgias. Neurotherapeutics 15, 346-360. doi: 10.1007/
s13311-018-0618-3

Wei, N, Yu, Y., Yang, Y., Wang, X. L., Zhong, Z.J., Chen, X. E, et al. (2022). Inhibitions
and down-regulation of motor protein Eg5 expression in primary sensory neurons
reveal a novel therapeutic target for pathological pain. Neurotherapeutics 19, 1401-1413.
doi: 10.1007/s13311-022-01263-2

Wilkinson, H. A. (1999). Trigeminal nerve peripheral branch phenol/glycerol
injections for tic douloureux. J. Neurosurg. 90, 828-832. doi: 10.3171/
jns.1999.90.5.0828

Wilson, S. R., Gerhold, K. A., Bifolck-Fisher, A., Liu, Q., Patel, K. N., Dong, X.,
et al. (2011). TRPA1 is required for histamine-independent, Mas-related G
protein-coupled receptor-mediated itch. Nat. Neurosci. 14, 595-602. doi: 10.1038/
nn.2789

Xiao, S., Lu, Z., Steinhoff, M., Li, Y., Buhl, T,, Fischer, M., et al. (2021). Innate immune
regulates cutaneous sensory IL-13 receptor alpha 2 to promote atopic dermatitis. Brain
Behav. Immun. 98, 28-39. doi: 10.1016/j.bbi.2021.08.211

Xu, T, Yu, X., Wang, T, Liu, Y,, Liu, X, Ou, S, et al. (2017). The effect of CXCR2
inhibition on seizure activity in the pilocarpine epilepsy mouse model. Brain Res. Bull.
134, 91-98. doi: 10.1016/j.brainresbull.2017.07.003

Xu, J., Zanvit, P, Hu, L., Tseng, P. Y., Liu, N., Wang, E, et al. (2020). The cytokine TGF-
beta induces Interleukin-31 expression from dermal dendritic cells to activate sensory
neurons and stimulate wound itching. Immunity 53, 371-383. doi: 10.1016/j.
immuni.2020.06.023

Yang, J., Liu, E, Zhang, Y. Y, Lin, ], Li, Y. L., Zhou, C,, et al. (2022). C-X-C motif
chemokine ligand 1 and its receptor C-X-C motif chemokine receptor 2 in trigeminal
ganglion contribute to nerve injury-induced orofacial mechanical allodynia. J. Oral
Rehabil. 49, 195-206. doi: 10.1111/joor.13273

Yu, Y., Barry, D. M, Hao, Y, Liu, X., and Chen, Z. (2017). Molecular and neural basis
of contagious itch behavior in mice. Science 355, 1072-1076. doi: 10.1126/science.
aak9748

Yu, Y., Zhao, Z., Chen, X,, Xie, F, Yang, Y., and Chen, J. (2013). Activation of
tetrodotoxin-resistant sodium channel NaV1.9 in rat primary sensory neurons
contributes to melittin-induced pain behavior. Neuro. Mol. Med. 15, 209-217. doi:
10.1007/s12017-012-8211-0

Zhang, Z., Jiang, B., and Gao, Y. (2017). Chemokines in neuron-glial cell interaction
and pathogenesis of neuropathic pain. Cell. Mol. Life Sci. 74, 3275-3291. doi: 10.1007/
s00018-017-2513-1

Zhu, Y. B., Xu, L., Wang, Y,, Zhang, R., Wang, Y. C,, Li, J. B,, et al. (2020). Posterior
thalamic nucleus mediates facial histaminergic itch. Neuroscience 444, 54-63. doi:
10.1016/j.neuroscience.2020.07.048

frontiersin.org


https://doi.org/10.3389/fnmol.2023.1279237
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://doi.org/10.1111/bph.12467
https://doi.org/10.1016/j.pharmthera.2010.01.002
https://doi.org/10.1016/j.pharmthera.2010.01.002
https://doi.org/10.1111/jphp.12905
https://doi.org/10.1016/j.lfs.2012.03.020
https://doi.org/10.1007/s11916-015-0495-y
https://doi.org/10.1007/s11916-015-0495-y
https://doi.org/10.1016/j.neuron.2018.06.039
https://doi.org/10.1016/j.pnpbp.2011.10.007
https://doi.org/10.1007/BF01541793
https://doi.org/10.1097/j.pain.0000000000001518
https://doi.org/10.1038/s41593-018-0119-z
https://doi.org/10.1016/j.bbi.2019.04.026
https://doi.org/10.1007/s12264-017-0128-z
https://doi.org/10.1113/JP273961
https://doi.org/10.1152/jn.00302.2011
https://doi.org/10.3390/ijms23042168
https://doi.org/10.3390/ijms23042168
https://doi.org/10.7150/thno.52135
https://doi.org/10.3389/fmed.2021.627725
https://doi.org/10.1096/fj.202101800R
https://doi.org/10.1007/s11916-014-0438-z
https://doi.org/10.1007/s11916-014-0438-z
https://doi.org/10.12688/f1000research.16092.1
https://doi.org/10.3390/ijms222011074
https://doi.org/10.1097/j.pain.0000000000000208
https://doi.org/10.1016/j.neuron.2020.03.021
https://doi.org/10.1016/j.pain.2008.08.002
https://doi.org/10.1002/ (sici)1096-9861(20000410)419:3<271::aid-cne1>3.0.co;2-m
https://doi.org/10.1002/ (sici)1096-9861(20000410)419:3<271::aid-cne1>3.0.co;2-m
https://doi.org/10.1016/j.nbd.2017.06.001
https://doi.org/10.1016/j.mvr.2011.06.011
https://doi.org/10.1016/j.mvr.2011.06.011
https://doi.org/10.1001/archderm.139.11.1463
https://doi.org/10.1177/1744806920926426
https://doi.org/10.1161/ATVBAHA.115.306359
https://doi.org/10.7554/eLife.48448
https://doi.org/10.1007/s13311-018-0618-3
https://doi.org/10.1007/s13311-018-0618-3
https://doi.org/10.1007/s13311-022-01263-2
https://doi.org/10.3171/jns.1999.90.5.0828
https://doi.org/10.3171/jns.1999.90.5.0828
https://doi.org/10.1038/nn.2789
https://doi.org/10.1038/nn.2789
https://doi.org/10.1016/j.bbi.2021.08.211
https://doi.org/10.1016/j.brainresbull.2017.07.003
https://doi.org/10.1016/j.immuni.2020.06.023
https://doi.org/10.1016/j.immuni.2020.06.023
https://doi.org/10.1111/joor.13273
https://doi.org/10.1126/science.aak9748
https://doi.org/10.1126/science.aak9748
https://doi.org/10.1007/s12017-012-8211-0
https://doi.org/10.1007/s00018-017-2513-1
https://doi.org/10.1007/s00018-017-2513-1
https://doi.org/10.1016/j.neuroscience.2020.07.048

	Chemokine receptor CXCR2 in primary sensory neurons of trigeminal ganglion mediates orofacial itch
	Introduction
	Materials and methods
	Experimental animals
	Cheek itch models
	Drug delivery
	DION microinjection
	Real-time quantitative PCR
	Immunohistochemistry staining
	Western blot
	Statistical analysis

	Results
	The expressions of CXCRs mRNA in TGs with orofacial itch
	Upregulation of CXCR2 protein expression in TGs with orofacial itch
	Effects of CXCR2 antagonist on orofacial itch
	Effects of CXCR2 shRNA on orofacial itch
	Effects of PI3K/Akt signal pathway on CXCR2 expression and orofacial itch

	Discussion
	Data availability statement
	Ethics statement
	Author contributions

	References

