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A Novel Role for Lymphotactin (XCL1) Signaling in the Nervous
System: XCL1 Acts via its Receptor XCR1 to Increase Trigeminal
Neuronal Excitability

Emma V. Bird, *® Tommaso lannitti,”'" Claire R. Christmas, ®" llona Obara, ®* Veselin I. Andreev,®’ Anne E. King"* and
Fiona M. Boissonade *

@ School of Clinical Dentistry, University of Sheffield, Sheffield S10 2TA, UK

b School of Biomedical Sciences, University of Leeds, Leeds LS2 9JT, UK

Abstract—Chemokines are known to have a role in the nervous system, influencing a range of processes includ-
ing the development of chronic pain. To date there are very few studies describing the functions of the chemokine
lymphotactin (XCL1) or its receptor (XCR1) in the nervous system. We investigated the role of the XCL1-XCR1 axis
in nociceptive processing, using a combination of immunohistochemical, pharmacological and electrophysiolog-
ical techniques. Expression of XCR1 in the rat mental nerve was elevated 3 days following chronic constriction
injury (CCIl), compared with 11 days post-CCl and sham controls. XCR1 co-existed with neuronal marker
PGP9.5, leukocyte common antigen CD45 and Schwann cell marker S-100. In the trigeminal root and white matter
of the brainstem, XCR1-positive cells co-expressed the oligodendrocyte marker Olig2. In trigeminal subnucleus
caudalis (Vc), XCR1 immunoreactivity was present in the outer laminae and was colocalized with vesicular gluta-
mate transporter 2 (VGlut2), but not calcitonin gene-related peptide (CGRP) or isolectin B4 (IB4). Incubation of
brainstem slices with XCL1 induced activation of c-Fos, ERK and p38 in the superficial layers of V¢, and enhanced
levels of intrinsic excitability. These effects were blocked by the XCR1 antagonist viral CC chemokine macro-
phage inhibitory protein-Il (vMIP-Il). This study has identified for the first time a role for XCL1-XCR1 in nociceptive
processing, demonstrating upregulation of XCR1 at nerve injury sites and identifying XCL1 as a modulator of cen-
tral excitability and signaling via XCR1 in V¢, a key area for modulation of orofacial pain, thus indicating XCR1 as a
potential target for novel analgesics. © 2018 The Authors. Published by Elsevier Ltd on behalf of IBRO. This is an open
access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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INTRODUCTION

Chemokines are a large family of small, secreted proteins
divided into four subgroups — CXC, CC, C and CX3C —
according to the number and positioning of the highly
conserved cysteine residues in their amino acid
sequence (White et al., 2005). They exert their biological
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effects by binding to cell surface receptors belonging to
the G-protein-coupled receptor superfamily, the receptor
classes being designated CXCRn, CCRn, XCRn and
CX3CRn (Kufareva et al., 2015). Chemokines have a
well-established role regulating the migration of leuko-
cytes and coordinating inflammatory responses. An
increasing number of studies have demonstrated an
important role for chemokine signaling in the nervous sys-
tem (Rosténe et al., 2007), where they have diverse
effects in a range of physiological and pathological pro-
cesses, regulating neuronal development, neuroinflam-
mation and synaptic transmission. Consequently, they
have been implicated in a variety of neurological disorders
including multiple sclerosis, Parkinson’s, Huntingdon’s

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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and Alzheimer’s diseases (Mines et al., 2007; Hamann
et al., 2008; Wild et al., 2011; Cheng and Chen, 2014;
Savarin-Vuaillat and Ransohoff, 2007). Some chemoki-
nes have also been shown to be critical in the develop-
ment and maintenance of chronic pain, via their roles in
altered excitability and nociceptive processing (Grace
et al., 2014; Mélik Parsadaniantz et al., 2015; Tsuda,
2017). Chronic pain, including that from the orofacial
region, represents a major health issue, impacting on
health and quality of life, and on economic and employ-
ment issues (Phillips and Harper, 2011; Patel et al,
2012; Duefias et al., 2016; Rice et al., 2016). Despite
improved knowledge of mechanisms underlying pain,
there are still considerable gaps in our understanding of
chronic pain — including neuropathic pain — occurring as
a consequence of pathology or injury affecting the ner-
vous system. Treatment for this type of pain is limited
and often ineffective (Rice et al., 2016). As outlined
above, some chemokines act as neuromodulators within
the nervous system, where they are expressed by both
glia and neurons (Miller et al., 2009; Old and Malcangio,
2012), and thus may provide novel potential therapeutic
targets for chronic pain.

Lymphotactin (XCL1) — a member of the least
examined C class of chemokines (Kelner et al., 1994) —
is produced by subsets of T cells and natural killer cells
in response to infection and inflammation, and is chemo-
tactic for T lymphocytes through binding to its receptor
(XCR1) (Huang et al., 2001; Dorner et al., 2002; Lei and
Takahama, 2012). Initial studies indicated expression of
XCR1 within a range of immune cells, however more
recent work indicates that it is selectively expressed in
subsets of dendritic cells (reviewed in Lei and
Takahama, 2012). Increased levels of XCL1 and XCR1
have been reported in joint fluid of rheumatoid arthritis
patients (Wang et al., 2004), and XCL1 is also present
in oral mucosal endothelial cells in oral cancer (Khurram
et al.,, 2010; Kiaii et al., 2013), suggesting that XCL1
may be present in other cell types and is upregulated in
disease conditions. Other reports demonstrate involve-
ment of XCL1-XCR1 in Crohn’s disease (Middel et al.,
2001) and in suppression of HIV-1 infection (Guzzo
et al., 2013). There is little evidence to date for the pres-
ence of XCL1-XCR1 in the nervous system or of its poten-
tial role in nociceptive processing. Therefore the overall
aims of this study were to investigate the role of lympho-
tactin and its receptor in hyperexcitability and signaling,
and establish their potential contribution to the develop-
ment of orofacial neuropathic pain.

In this study we used immunohistochemistry to
examine which components of the orofacial pain
pathway express XCR1. Specifically, we determined the
expression of XCR1 in specific cell types at the site of a
trigeminal nerve injury and in the trigeminal subnucleus
caudalis (Vc), a region of the brainstem involved in the
central processing of orofacial pain. Using a
combination of pharmacological and electrophysiological
studies, we investigated the novel role for XCL1-XCR1
axis in the modulation of increased neuronal activity and
altered intracellular signaling (specifically c-Fos, pERK,

pp38) within V¢, and determined the potential
contribution of this axis to the development of trigeminal
neuropathic pain.

EXPERIMENTAL PROCEDURES
Animals

A total of 47 rats were used in the study: 22 male
Sprague-Dawley rats (age 7-9 weeks; 225-250 g);
6 female Wistar rats (age 3-5 weeks; 70-80 g); 3 male
Wistar rats (age 7-9 weeks; 200-250 g); and 16 male
Wistar rats (age 3-5 weeks; 70-80 g). Details of animal
use for different elements of the study are described in
the relevant sections below; in all cases animal numbers
were based on power calculations using data from
previous studies that employed similar protocols. All
animals were obtained from Harlan Laboratories Ltd
(Bicester, UK). They were allowed to acclimatize to the
colony room (Biological Services, University of Sheffield
or Central Biological Services, University of Leeds) for
at least 7days after arrival and were housed in
polyethylene cages (4 per cage), controlled for
temperature (21 °C) and humidity (55%) under a regular
12-h light/dark cycle (lights on 08:00; lights off 20:00).
Standard laboratory rodent chow and water were
available ad libitum. All efforts were made to minimize
animal suffering and to reduce the number of animals
used in the study. Experimental protocols were
performed under appropriate UK Home Office Licences,
with local ethical approval, and in accordance with
current UK legislation as defined in the Animals
(Scientific  Procedures) Act 1986. The ARRIVE
guidelines (Kilkenny et al., 2010) have been followed in
reporting this study.

Characterization of XCR1 expression in the
trigeminal system

Mental nerve injury. Adult male Sprague—Dawley rats
(n = 16; 225-250 g) received a chronic constriction injury
(n = 8, CCI) to the mental nerve or a sham procedure (n
= 8, Sham). The CCI procedure has been described
previously in studies carried out in our laboratories (Bird
et al., 2002; Evans et al., 2014), and the techniques used
were in keeping with Bennett and Xie’s original descrip-
tion of the CCI (Bennett and Xie, 1988). Under general
anesthesia (isoflurane; 4% induction and 2—3% mainte-
nance) the left mental nerve was exposed and constricted
with two loosely tied 6/0 chromic catgut sutures (Ethicon,
Norderstedt, Germany), with a spacing of 1 mm between
the sutures. In the Sham group the mental nerve was
exposed, but no constriction performed. In all animals
the subcutaneous tissue and overlying skin were closed
with 4/0 vicryl sutures (Ethicon). The animals were left
to recover for periods of 3 or 11 days (n = 8 [4 CClI, 4
Sham] per recovery period). Naive adult male Sprague—
Dawley rats were also used as unoperated controls
(n = 4; 225-250 g).
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Tissue collection. At the end of the recovery period
rats were deeply anesthetized with pentobarbital
(500 mg/kg, i.p.; J M Loveridge Ltd, Andover, UK) and
perfused transcardially with 500 ml phosphate-buffered
saline (PBS), followed by 500 ml 4% paraformaldehyde
(PFA) fixative. Right and left mental nerves and
trigeminal ganglia, and brainstems were removed, post-
fixed in 4% PFA for 4h and cryoprotected in 30%
sucrose overnight, both at 4 °C. A small groove was
made along the ventral surface of the brainstem to allow
identification of the left and right sides. All the tissues
were then embedded (brainstem transversely, ganglia
and nerves longitudinally) in Tissue-Tek OCT compound
(Sakura Finetek, Alphen aan den Rijn, Netherlands) and
stored at —80°C. Frozen serial brainstem sections
(30 um) were sectioned on a microtome cryostat
(Microm HM560; Thermo Scientific, Walldorf, Germany),
from 5 mm caudal to 10 mm rostral to obex (the point at
which the central canal opens up into the fourth
ventricle) and collected free-floating in 24-well plates.
Mental nerves and trigeminal ganglia were serially
sectioned at 14 um and thaw-mounted onto poly p-lysine
(Sigma—Aldrich Company Ltd, Gillingham, Dorset, UK)-
coated glass microscope slides.

Immunohistochemistry. Free-floating brainstem
sections, and nerve and ganglia slides were blocked in
PBS containing 0.5% Triton X-100 (PBST) and 20%
normal donkey serum (NDS; Jackson ImmunoResearch
Labs Cat# 017-000-001; RRID:AB_2337254; Jackson
ImmunoResearch Laboratories Inc., West Grove, PA,
USA) for 1 h at room temperature and then incubated
overnight at 4 °C with rabbit anti-XCR1 primary antibody
(1:500; LifeSpan Cat# LS-A158-50; RRID:AB_1116636;
LifeSpan Biosciences, Inc., Seattle, WA, USA) diluted in
PBST and 5% NDS. They were then incubated for
90 min at room temperature with donkey anti-rabbit
secondary antibody conjugated to indocarbocyanine
(Cy3) (1:500; Jackson ImmunoResearch Labs Cat#
711-165-152; RRID:AB_2307443; Jackson
ImmunoResearch Laboratories Inc., West Grove, PA,
USA) diluted in PBST containing 1.5% NDS. If no
further labeling was required (i.e. XCR1 alone), tissue
was mounted and coverslipped using fluorescence-free
Vectashield medium (Vector Laboratories, Burlingame,
CA, USA). For double-labeling studies, tissue was then
incubated overnight at 4 °C with antibodies raised in
mouse to Olig2 (1:200; R and D Systems Cat#
BAF2418; RRID:AB_2251803; R&D Systems,
Minneapolis, MN, USA), calcitonin gene-related peptide
(CGRP) (1:250; Sigma—Aldrich Cat# C7113; RRID:AB_
259000; Sigma—Aldrich, St. Louis, MO, USA), CD45
(1:2000; AbD Serotec Cat# MCA43GA; RRID:AB_
566759; Bio-Rad, Oxford, UK), S-100 (1:100; Millipore
Cat# MABO079-1; RRID:AB_571112; Merck Millipore,
Watford, UK) or PGP 9.5 (1:1000; UltraClone Cat#
RA95101; RRID:AB_2313685; UltraClone, Histon,
Cambridge, UK) or with isolectin B4 (IB4) (1:4000;
Molecular Probes Cat# 121411; RRID:AB_2314662;
Thermo Fischer Scientific, Waltham, MA, USA); diluted
in PBST and 5% NDS. The sections were next

incubated with a donkey anti-mouse secondary
antibody, conjugated to fluorescein isothiocyanate
(FITC) (1:300; Jackson ImmunoResearch Labs Cat#
715-095-150; RRID:AB_2340792i; Jackson
ImmunoResearch Laboratories Inc., West Grove, PA,
USA) diluted in PBST containing 1.5% NDS for 90 min
at room temperature prior to being mounted and
coverslipped as described above. Immunohistochemical
controls for XCR1 were performed by liquid-phase
preabsorption of the primary antibody with its respective
ligand (10 nmol/ml). Images were acquired with a Zeiss
Axioplan 2 imaging fluorescence microscope, fitted with
a HBO 50 mercury lamp. Image acquisition and
processing were performed with Image Pro-Plus (v5.1,
Media Cybernetics, Rockville, MD, USA). For
quantitative analysis of the constricted nerves, the
specimen was divided into three regions (proximal,
middle and distal; Fig. 1B) and the percentage area of
positive immunofluorescence within the nerve was
calculated for each region. The percentage area of
positive immunofluorescence within the proximal and
distal sections of the nerve was calculated over a
distance of 500 um from the most proximal or distal
suture. Quantification was undertaken of a single
section in each animal; analysis was carried out blind to
the recovery period (i.e., 3 or 11 days) following CCI.
Confocal images were obtained using a Nikon A1
confocal microscope.

XCR1 and glutamatergic synaptic terminals. In an
additional group of animals XCR1 in the spinal
trigeminal subnucleus caudalis (Vc) was localized with
the markers of glutamatergic synaptic terminals
vesicular glutamate transporter 1 and 2 (VGlut1 and
VGlut2, respectively). Naive adult male Wistar rats
(n=3; 200-250g) were deeply anesthetized and
perfused transcardially with PFA. The brainstems were
dissected out, post-fixed in the same PFA solution for 2
h at 4°C and transferred into PBS containing 0.01%
azide for a minimum of 24 h. Serial 50-um transverse
brainstem sections were incubated for 72h at 4 °C in
PBS containing rabbit anti-XCR1 (1:250; Abcam Cat#
ab67342; RRID:AB_2217066; Abcam, Cambridge, UK)
and guinea-pig anti-VGlut1 (1:2500; Millipore Cat#
AB5905; RRID:AB_2301751; Merck Millipore, Germany)
or guinea-pig anti-VGlut2 (1:5000; Millipore Cat#
AB2251; RRID:AB_1587626; Merck Millipore, Germany)
antibodies. Appropriate direct secondary antibodies
were applied, sections were mounted with Gel Mount
aqueous mounting medium (Sigma—Aldrich, UK) and
visualized using a fluorescence microscope. Images
were captured using an inverted confocal microscope
(LSM 700; Carl Zeiss Microscopy, USA) in conjunction
with Zen 2.1 (Black) software (Carl Zeiss Microscopy,
USA).

Reverse transcriptase—polymerase chain reaction
(RT-PCR). To determine the expression of rat XCR1
mRNA, adult male Sprague-Dawley rats (n = 2; 225—
250 g) underwent mental nerve CCl as described
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Fig. 1. XCR1 is not expressed in naive or sham-operated rat mental nerve, however it is present following peripheral nerve injury. (A) XCR1
immunofluorescent labeling in rat mental nerve, 3 days (3 d) following chronic constriction injury (CCI) to the nerve (far left and center left) and in an
uninjured nerve (naive, center right), and following preabsorption of the XCR1 primary antibody with its respective hapten. Scale bars = 100 pm.
(B) Montage of photomicrographs showing XCR1 expression in the three distinct regions of the mental nerve, 3 days after CCl. The bright red
circular structures at the proximal end are the sutures used to perform the CCI. Scale bar = 100 um. (C) XCR1 immunofluorescent expression
appeared to be more abundant 3 days following CCI (3 d) compared with 11 days after injury (11 d) and in sham control mental nerve. Scale bars =
100 pm. (D) Levels of XCR1 fluorescent immunoreactivity were significantly higher in the middle region of the constricted nerve 3 days after CCl
compared with the proximal and distal regions (left panel, p < 0.05). XCR1 immunoreactivity was higher in 3 days post-injury nerves, compared with
11 days post-injury nerves (right panel, p < 0.0001); after 3 days, XCR1 labeling was also significantly higher in the CCI group than in the Sham
group (no labeling) (p < 0.0001). Data are expressed as the mean + SEM; statistical analysis by ANOVA with post-hoc Tukey’s multiple
comparisons test. Note that the second panel of (C) is a higher magnification image of the same section shown in the first panel of (A).

above, and after 3 days were culled by pentobarbital (500 at —80°C. Total RNA was isolated from rat mental
mg/kg, i.p.; J M Loveridge Ltd, UK). The right and left nerve and brainstem using TRI REAGENT (Sigma—
mental nerves and brainstem were removed and stored Aldrich, USA) following the manufacturer’s instructions.
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GAPDH was used as the housekeeping gene. The cDNA
was amplified using the following primer sequences:

XCR1: sense AGCTGGGGTCCCTACAACTT, anti-
sense GACCCCCACGAAGACATAGA;

GAPDH: sense AAATGGTGAAGGTCGGTGTGAAC,
anti-sense CAACAATCTCCACTTTGCCAC.

The PCR cycles were performed at 94 °C for 1 min,
annealing at 60 °C for 2 min and extension at 72 °C for
3min for a total of 35 cycles. A 1% agarose gel
containing ethidium bromide was used to separate the
PCR fragments and the gel was visualized and
photographed using an imaging system (Syngene,
Cambridge, UK).

Assessment of c-Fos, pERK and pp38 activation
following application of XCL1

In vitro activation of c-Fos, pERK and pp38. In order to
identify the effect of XCL1 and its antagonist viral CC
chemokine macrophage inhibitory protein-Il (VMIP-II;
Shan et al., 2000) on the activity of c-Fos, pERK and
pp38, naive male Wistar rats (n = 16; 70-80 g) were irre-
versibly anesthetized with pentobarbital (40-50 mg/kg,
i.p.; Sigma—Aldrich, UK) and then received 0.1 ml Lignol
(2.0% lignocaine wjv with adrenalin; Dechra Veterinary
Products Ltd, UK) s.c. into the neck scruff at the base of
the skull to reduce incisional sensory activation. The rats
were then perfused transcardially with ice-cold hep-
arinized (0.1%) artificial cerebrospinal fluid (aCSF; in
mM: NaCl, 128; KCI, 1.9; KH,PO,, 1.2; MgSO,, 1.3;
CaCl,, 2.4; NaHCO3, 26; glucose, 10; pH 7.4) and the
brainstem was removed, dissected free of meninges
and placed into a plastic holding chamber containing
aCSF maintained at a constant 37 °C using a water bath.
The tissue was left to rest for 2 h in aCSF containing the
sodium channel blocker tetrodotoxin (TTX) (1 uM; Tocris-
Cookson, Bristol, UK) added to prevent non-specific
neuronal activation and indirect conducted excitation.
Brainstems were maintained for an additional 2 h in aCSF
containing TTX plus XCL1 (0.1 uM; n = 4), vMIP-II
(0.1 uM; n = 4), or XCL1 (0.1 uM) plus vMIP-II (0.1 pM;
n = 4). Controls (n = 4) were incubated in aCSF and
TTX only. The tissue was then retained in aCSF
containing TTX for 1 h, before fixation overnight in 4%
PFA prior to processing for immunohistochemistry.

Immunohistochemistry. Tissue was cut into serial 50-
um transverse sections, between obex and ~1600 pm
caudal to obex, using a vibratome (Leica Microsystems,
Wetzlar, Germany). Sections were blocked in 0.1%
PBST containing 10% NDS for 1 h at room temperature
and then incubated in one of: rabbit anti-pp38 (1:300;
Cell Signaling Technology Cat# 9211; RRID:AB_
331641; Cell Signaling Technology, Danvers, MA, USA);
rabbit anti-pERK (1:500; Cell Signaling Technology Cat#
4370; RRID:AB_2315112; Cell Signaling Technology,
Danvers, MA, USA); or goat anti c-Fos (1:1000; Santa
Cruz Biotechnology Cat# sc-52-G; RRID:AB_2629503;
Santa Cruz Biotechnology Inc., Dallas, TX, USA) diluted
in 0.1% PBST and 5% NDS overnight at 4 °C or room
temperature. Sections were next incubated with

appropriate secondary antibodies (1:1000) for 2h,
mounted with Vectashield mounting medium (Vector
Laboratories, CA, USA) and cover-slipped. For dual-
labeling studies, brainstem sections were incubated
overnight with antibodies to the neuronal marker NeuN
(rabbit anti-NeuN, 1:1000; Millipore Cat# MAB377;
RRID:AB_2298772; Millipore, Billerica, MA, USA), the
microglial marker ionized calcium-binding adapter
molecule 1 (Iba1) (goat anti-lba1, 1:500; Abcam Cat#
ab5076; RRID:AB_2224402; Abcam, Cambridge, UK),
or the astrocyte marker glial fibrillary acidic protein
(GFAP) (mouse anti-GFAP, 1:1000; Millipore Cat#
IFO3L; RRID:AB_212974; Merck Millipore, Watford, UK),
and then with appropriate secondary antibody. Controls
included omission of the primary or secondary
antibodies. Immunolabeling was visualized using an
inverted confocal microscope (LSM 700; Carl Zeiss
Microscopy, USA) in conjunction with Zen 2.1 (Black)
software (Carl Zeiss Microscopy, USA). For semi-
quantification of pp38 expression levels, the mean
intensity of staining from a fixed-size region of Vc
visualized at low magnification (x10) was calculated
using ImagedJ software and plotted as a total mean +
standard error of the mean (SEM) value calculated
across a portion of Vc running from obex to 1600 um
caudal to obex (eight sections per animal at 200-um
intervals throughout Vc). For quantification of c-Fos and
pERK, positive nuclei within the trigeminal subnucleus
caudalis were counted from obex to 1600 um caudal to
obex (eight sections per animal at 200-um intervals
throughout Vc). Sections were counted blind by the
same investigator.

Electrophysiology. Female Wistar rats (n = 6; 65-75
g) were deeply anesthetized and perfused transcardially
with ice-cold aCSF containing sucrose. The brainstem
was removed quickly and placed in oxygenated
(95% 0O4/5% CO,) ice-cold standard aCSF to remove
meninges. The brainstem was trimmed rostrocaudally to
isolate an area 2-3 mm caudal to obex (including Vc)
and embedded in 3% agar solution (Alfa Aesar,
Haverhill, MA, USA). Transverse brainstem slices (350
um) were cut using a vibratome (Leica VT1000S, Leica
Microsystems, Germany) and placed into ice-cold,
oxygenated aCSF. Slices were transferred to a holding
chamber, where they were submerged in oxygenated
aCSF maintained at 35 °C and incubated for 1 h. The
slices were then incubated for 2h with one of the
following, diluted in aCSF: mouse recombinant XCL1
(0.1 uM; Sigma—Aldrich, UK); XCL1 antagonist vMIP-I|
(0.1 uM; R&D Systems, Minneapolis, MN, USA); normal
aCSF; or vMIP-II (0.1 uM) plus XCL1 (0.1 uM) prior to
the electrophysiological recordings.

For recordings, brainstem slices were transferred to a
custom-built Perspex chamber that maintained tissue in
an interface between a warm (32°C), humidified
carbogen (95% 05,/5% CO,) environment and aCSF at
an average flow rate of 1-1.5 mil/min. Extracellular field
recordings of baseline and drug-induced subthreshold
rhythmic activity were made using borosilicate
glass microelectrodes (Harvard Apparatus, Kent, UK;
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10-20 MQ) filled with normal aCSF and placed at a depth
of 15 um into the superficial laminae of trigeminal Vc.
Voltage waveforms were recorded and amplified (x10)
by an Axoclamp 2A system (Molecular Devices, CA,
USA), with further amplification (x1000) provided by a
Neurolog NL106 module (Digitimer, Welwyn Garden
City, UK). The voltage signals in all experiments were
filtered using a low-pass band filter setting of 40 Hz
(Neurolog NL125; Digitimer). Voltage waveforms were
digitized at 5 kHz and captured for further analysis with
Spike 2 software (Cambridge Electronic Design,
Cambridge, UK). To extract characteristics of
subthreshold low-amplitude voltage oscillations, power
spectra were generated using 1-second epochs and the
amplitude of the peak frequency measured to give the
power of the oscillation. Power amplitude (measured as
maximum peak height in spectra) and area values
(calculated as the area under the curve for two cursors
set at 4 and 12Hz in spectra) were derived from an
average of five consecutive 1-second epochs. The
sampling rate was 5 kHz, which was divided by the
8192 points in the fast Fourier transform, to provide an
overall resolution of 0.6 Hz.

Statistical analysis

Data analysis and statistical comparisons were performed
using GraphPad Prism (version 5.0d; RRID:SCR_
002798; GraphPad Software, Inc., La Jolla, CA, USA).
Analysis of variance (ANOVA) with a post-hoc Tukey’s
multiple comparisons test was performed to assess the
difference in the level of XCR1 expression at the injury
site between experimental groups. A one-way ANOVA
with Dunnett’s post-hoc test was used to analyze
parameters of power amplitude and power area and
levels of c-Fos, pERK and pp38. Data values are
expressed as the mean = SEM. Values of p < 0.05
were considered statistically significant.

RESULTS
XCR1 is expressed in the peripheral nervous system

Immunohistochemical labeling for XCR1 was present in
the rat mental nerve 3 days following CCI (Fig. 1); no
labeling was present in the mental nerves of sham-
operated or naive animals. Two types of XCR1 labeling
were observed in the injured mental nerve: beaded
fiber-like staining indicative of labeling within a nerve
fiber, and irregular dense punctate labeling (Fig. 1A). At
3 days post injury, immunoreactive labeling for XCR1
was present in the proximal, middle and distal regions of
the constricted nerve (Fig. 1B): quantitative image
analysis revealed significantly higher levels of XCR1
immunoreactivity in the middle region of the constricted
mental nerve (6050 + 2292 uym? [SEM]), compared
with the proximal (2033 + 453 um?) and distal (282 +
153 um?) regions (p < 0.05; Fig. 1D). Levels of
XCR1 labeling appeared higher 3 days after CClI,
compared with 11 days after (Fig. 1C), with quantitative
analysis revealing a statistically significant difference

between the two recovery periods (2788 + 567 pm?
[3days] vs 218 + 135um? [11days]: p < 0.0001;
Fig. 1D). The quantity of XCR1 labeling after 3 days
was significantly higher in the CCI group than in
the Sham group (no labeling) (p < 0.0001). Positive
XCR1 labeling was abolished following liquid-phase
pre-absorption of the antibody with its respective antigen,
indicating specificity of the XCR1 antibody (Fig. 1A).
The time course of increased XCR1 expression seen
here correlates with the development of spontaneous
activity at sites of trigeminal nerve injury (Bongenhielm
and Robinson, 1996, 1998; Yates et al., 2000).

As illustrated in Fig. 2A, dual labeling of the mental
nerve for XCR1 and the neuronal marker PGP9.5
revealed that while a proportion of XCR1 labeling was
co-localized within PGP9.5-labeled nerve fibers, there
was a substantial proportion that was not. Further
labeling of the mental nerve with the leukocyte common
antigen CD45 (Fig. 2B) and Schwann cell marker S-100
(Fig. 2C) indicated that XCR1 also showed some
degree of co-localization with these two cell types.

In addition, quantitative RT—PCR analysis of tissue
collected from rats 3 days following CCI revealed that
the level of XCR1 mRNA in the injured (left) mental
nerve was much higher when compared with the
uninjured (right) side, where mRNA was barely
detectable (Fig. 2D). XCR1 mRNA was also detected in
the brainstem of CCl rats (Fig. 2D).

XCRH1 is expressed in the central nervous system

A population of XCR1-positive cells was observed in a
region of the trigeminal root, central to the transition
zone (the boundary between the peripheral and central
nervous systems) (Fig. 3A, B). This population of XCR1-
positive cells also expressed the oligodendrocyte
marker Olig2 thus indicating that these cells were
oligodendrocytes (Fig. 3B). In addition,
immunohistochemical staining of central nervous tissue
revealed XCR1-positive labeling in two distinct areas of
the brainstem, the white matter and the trigeminal
nucleus. In the white matter, XCR1 was specifically co-
localized with  Olig2, indicating expression in
oligodendrocytes (Fig. 3A, C); there was no evidence of
XCR1 expression in either microglia or astrocyte glial
cells. In the trigeminal nucleus, XCR1 labeling was
confined to subnucleus caudalis (Vc), with no
expression observed in either interpolaris or oralis.
XCR1 appeared to be localized to nerve terminals in Vc,
in the lamina | and llo region that contains CGRP-
positive primary afferent terminals (Fig. 3D); however,
when observed using high-magnification confocal
microscopy there was little evidence of colocalization of
XCR1 and CGRP (Fig. 3E). The region of XCR1
labeling was distinct from that for isolectin 1B4, seen in
the lamina Ili region of Vc, as illustrated in Fig. 3D, E.
Positive XCR1 labeling was abolished following liquid-
phase pre-absorption of the antibody with its respective
antigen, indicating specificity of the XCR1 antibody
(Fig. 3E).
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Fig. 2. XCR1 co-exists with the neuronal marker PGP9.5, the leukocyte common antigen CD45 and the Schwann cell marker S-100 in injured
mental nerve, 3 days following chronic constriction injury (CCI). (A) Immunofluorescent labeling of PGP9.5, highlighting viable nerve axons (green),
XCR1 within the mental nerve (red), and co-localization of XCR1 within PGP9.5-labeled axons of the mental nerve (yellow). Scale bars = 100 pum.
(B) Expression of CD45-positive cells expressing XCR1-like immunoreactivity (yellow) in injured mental nerve. Scale bars = 100 um. (C) Co-
localization of XCR1 with structures positively labeled with S-100 (yellow). Scale bars = 50 um. (D) 3 days following CCl, RT-PCR revealed much
higher levels of XCR1 mRNA in injured left mental nerve (LMN) compared with the uninjured right mental nerve (RMN), where mRNA was barely

detectable; XCR1 mRNA was also present in the brainstem.

XCR1 is expressed in the superficial laminae of
trigeminal subnucleus caudalis and co-exists with
VGlut2

Confocal imaging of Vc in the caudal brainstem sections
of naive rats revealed intense labeling for XCR1 in the
most superficial layers of Vc (Fig. 4). The diffuse pattern
of labeling was indicative of an axonal or fiber
localization rather than in cell bodies. In double-labeling
studies with the vesicular glutamate transporters VGlut1
or VGIut2 (which mark glutamatergic synaptic
terminals), labeling for XCR1 in Vc showed
colocalization with VGIlut2 in superficial layers whereas
VGlut1 staining was distributed to deeper regions with
little evidence of overlap (Fig. 4A-D).

XCL1-mediated induction of c-Fos, pERK and pp38
within trigeminal subnucleus caudalis

Expression of c-Fos, pERK and pp38 was much greater
following direct exposure of brainstem tissue to XCLA1,
compared with that in control tissue. As illustrated in
Fig. 5A—C, immunofluorescence for c-Fos, pERK and
pp38 following incubation of the brainstem in vitro for
2h in aCSF containing XCL1, revealed localized and
profuse labeling in the superficial laminae (laminae I-ll)
of Vc. XCL1-induced immunolabeling for c-Fos (118.6
+ 11.1 cells/section), pERK (7.29 = 1.05 cells/section)
and pp38 (mean intensity 134.4 + 8.9) was significantly
increased when compared with that in matched Vc
tissue incubated with XCL1 in presence of the XCL1
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Fig. 3. XCR1 is expressed in the trigeminal root and brainstem. (A) Immunofluorescent XCR1 positively labeled cells (red) in the trigeminal root
(red) and co-localized in oligodendrocytes (yellow) in the brainstem. (B) Positive co-localization of XCR1 with ollgodendrocyte marker Olig2, in the
central part of the transition zone. (C) XCR1 immunoreactive-positive cells (red) in the white matter of the brainstem, co-localized (yellow) with
Olig2-positive cells (green). (D) XCR1 is expressed in the Vc region of the trigeminal nucleus, showing expression within laminae | and llo and in the
same region as CGRP, but not in laminae lli or in the same region as IB4. (E) Following pre-absorption of the XCR1 primary antibody with its
respective antigen, no XCR1 labeling was observed. Confocal analysis showed XCR1 does not co-localize with CGRP- or IB4-labeled fibers. All
scale bars = 50 pm.
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Fig. 4. XCR1 immunoreactivity in Vc was found to overlap extensively with the vesicular glutamate transporter 2 (VGIut2). (A—D) Confocal images
of 50-um transverse sections of brainstem cut caudally from obex. (A, B) Co-localization of XCR1 (red) and VGIlut1 (green) in the caudal brainstem.
(C, D) Co-localization of XCR1 (red) and VGIlut2 (green) in the caudal brainstem. (B, D) Show enlargement of squared boxes in A and C,
respectively. In (A-D) the single staining for each antibody and the merged image are shown from left to right and double staining appears in yellow.
All scale bars = 100 pm.

antagonist vMIP-Il (44.5 + 3.0 cells/section [p < 0.001], (57.4 £ 5.6 cells/section [p < 0.01], 0.60 + 0.29 cells/
2.26 + 0.31 cells/section [p < 0.01] and mean intensity section [p < 0.001] and mean intensity 81.6 + 4.3
84.7 +£ 8.7 [p < 0.01], respectively), vMIP-II alone [p < 0.01], respectively) or untreated controls incubated
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Fig. 5. XCL1 increases expression of c-Fos, pERK and pp38 in Vc that is blocked by the XCR1 antagonist viral CC chemokine macrophage
inhibitory protein-Il (vMIP-Il). Distribution of immunolabeling for (A) c-Fos, (B) pERK and (C) pp38 in Vc following a 2-hour incubation with drug-free
aCSF (control), XCL1, XCL1 + vMIP-Il, or vMIP-II. c-Fos, pERK and pp38 labeling is localized to the most superficial layers of Vc and is more
pronounced in XCL1-exposed Vc tissue. Incubation of trigeminal brainstem slices with XCL1 (2 h) resulted in an increased activation of c-Fos (D),
pERK (E) and pp38 (F) in the superficial layers of Vc. vMIP-II blocked XCL1-induced activation of c-Fos (D), pERK (E) and pp38 (F) in the superficial

layers of Vc. Numbers in parenthesis indicate animals used. “p < 0.01,

are expressed as the mean + SEM. Scale bar = 500 pm.

in drug-free aCSF (29.9 + 7.30 cells/section [p < 0.0001],
1.47 + 0.28 cells/section [p < 0.001] and mean
intensity 73.6 + 3.90 [p < 0.01], respectively) (Fig. 5D—
F). Since in vitro Vc tissue was co-incubated with TTX,
which  effectively uncoupled axonally conducted
excitation, it is likely that expression of c-Fos, pERK and
pp38 was directly induced by XCL1 rather than by
indirect non-specific excitation. Expression of c-Fos,
pERK and pp38 was most pronounced in the superficial
regions of Vc, though it clearly extended to deeper Vc
laminae (laminae IlI-1V; Fig. 5). Using a double-labeling
protocol that combined c-Fos, pERK and pp38
immunofluorescence with that for the neuronal marker

b < 0.001,

.

p < 0.0001 (ANOVA with Dunnett’s post-hoc test). Data

NeuN, microglial marker Ibal and astrocyte marker
GFAP, positive labeling for c-Fos, pERK and pp38 was
only colocalized with that for NeuN (Fig. 6).

XCL1 acting via XCR1 increases neuronal excitability
in trigeminal subnucleus caudalis

Functional electrophysiology recordings showed that in
rat brainstem slices bathed in control aCSF for 2 h, a
minimal level of subthreshold spontaneous rhythmic
(4—12 Hz) excitatory activity was recorded within Vc
(Fig. 7A,B). In brainstem slices pre-incubated and
bathed in XCL1 for 2 h, an increased level of ongoing
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c-Fos + NeuN

pERK + NeuN

pp38 + NeuN

Fig. 6. c-Fos, pERK and pp38 are expressed in neuronal cells in Vc. Immunolabeling for c-Fos (A), pERK (B) and pp38 (C) co-localizes with
neuronal marker NeuN in Vc. Representative figures are from brainstem slices incubated for 2 h in aCSF containing TTX plus XCL1 (see Methods)
prior to processing for immunohistochemistry. (A—C) Confocal images of 50-um transverse sections of brainstem caudal to obex. (A) Co-localization
of c-Fos (red) and NeuN (green) in Vc. (B) Co-localization of pERK (red) and NeuN (green) in Vc. (C) Co-localization of pp38 (red) and NeuN (green)
in Vc. In (A—C) the single staining for each antibody and the merged image are shown from left to right; co-localization appears in yellow.

Scale bars = 10 um.

4-12 Hz neuronal activity was recorded within Vc; this
activity was blocked by the potent XCL1 antagonist
vMIP-1I (Fig. 7A, B). Data quantification revealed that
the parameters of peak power amplitude and integrated
power area of the 4-12Hz rhythmic activity were
significantly increased in Vc of brainstem slices bathed
in XCL1 when compared with control (Fig. 7C; p <
0.01). Compared with control values (expressed as
107°V?) of 0.016 + 0.001 for power amplitude and
0.087 + 0.012 for power area (n = 6), the corresponding

values increased to 0.040 + 0.008 and 0.178 + 0.038,
respectively (both p < 0.01), in the presence of XCL1
(2 h, n = 6). This low-amplitude subthreshold oscillatory
behavior possessed characteristics similar to those
induced by the epileptogenic drug 4-AP (25 uM), as
previously reported for spinal dorsal horn (Chapman
et al., 2009). The XCL1-induced increases in power
amplitude and power area were blocked by vMIP-II
(0.012 £ 0.002 10~®V? and 0.059 + 0.009 10~° V2, respec-
tively [n = 5]; both p < 0.01) (Fig. 7C). Neither vMIP-II



E. V. Bird et al. /| Neuroscience 379 (2018) 334-349 345

RN N T

AR AN A O 3 C 1

10 0Vl o

15 IR A

AP ke V11 |

C * %
.
t
* %
b
* %
—
=
§
0.04
S
=2
Q
o°
=]
=
g— 0.02
<
e
(]
]
)
o
0.00 T T
Q N N N
N N N N
© O PN N
X Q Q
o ] N N
o° ¥ S S
x
\:s
9
+

B
0.07
0064 Control
—_ — XCL1
& 0059 — XCL1 + vMIP-II
S 0.04{— vMIP-II
2
= 0.03
§ 0.024
o
0.014 JRSIIEE -
0.00 ——=="eerrt” |.. T 1
0 4 8 12
Frequency (Hz)
T .x 1
P
* %
P
. 0.2+
S
2
(1]
o
<
; 0.1 1
S
o o
o
0.0 T T
o Q QA o
> A N N
<& +o" N L
o° xﬁ S
N
0\«

Fig. 7. XCL1 acting via XCR1 increases neuronal excitability in Vc. (A) Exemplar raw data trace from a single trigeminal brainstem slice showing:
low-level spontaneous subthreshold voltage oscillations recorded in V¢ in vitro in control aCSF (top trace); enhanced ongoing 4- to 12-Hz oscillatory
activity in a single brainstem slice incubated in XCL1 (0.1 uM, 2 h) (upper middle trace); reduced intensity of XCL1-induced oscillatory activity by co-
incubation of XCL1 and the antagonist vMIP-II (0.1 uM, 2 h) (lower middle trace). (B) Power spectra derived from raw data shown in (A) of low-
amplitude rhythmic oscillations reveal a dominant frequency within 4- to 12-Hz frequency band and enhanced 4- to 12-Hz activity after exposure to
XCL1 that is reduced by vMIP-II. Note that, relative to the drug-free control, MIP-II alone did not enhance baseline oscillatory activity. (C) The peak
power amplitude and power area of the 4- to 12-Hz rhythmic activity was significantly increased within Vc in slices bathed in XCL1 (p < 0.01); this
effect was blocked by vMIP-II. Data are expressed as mean + SEM and the number of slices used for each is shown in parenthesis on the x-axis

(ANOVA with Dunnett’s post-hoc test).

nor XCL1 had an effect on the dominant frequency of
spontaneous rhythmic activity, which remained con-
strained to the 4-12 Hz range (Fig. 7B).

DISCUSSION

This is the first study to identify XCR1 in the trigeminal
system, to demonstrate that XCR1 is upregulated at
sites of nerve injury, and to describe a role for the
XCL1-XCR1 axis in modulating intracellular signaling
and neuronal excitability.

XCR1 is upregulated at sites of nerve injury

We have demonstrated that the expression of XCR1 in
the rat mental nerve is elevated 3 days following CClI,
compared with 11 days post-CCl and sham controls. At

this site XCR1 co-exists with neuronal marker PGP9.5,
leukocyte common antigen CD45, and Schwann cell
marker S-100. The time course of altered XCR1
expression relates closely to that of the development of
spontaneous (ectopic) activity at sites of trigeminal
nerve injury (Bongenhielm and Robinson, 1996, 1998;
Yates et al., 2000). Ectopic activity at these sites plays
a role in the development of pain following nerve injury
(Devor and Seltzer, 1999). A number of modulators of
neuronal excitability show increased expression at trigem-
inal nerve injury sites, including neuropeptides, ion chan-
nels, nitric oxide synthase and TRP channels (Bird et al.,
2002, 2003; Davies et al., 2004, 2006; Biggs et al., 2007),
and other chemokines and their receptors (discussed
below). Many of these molecules have been implicated
in the development of spontaneous activity, but the pre-
cise mechanisms are not yet established. Upregulation
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of XCR1 in a number of cell types at the injury site could
also implicate the XCL1-XCR1 axis in the development of
ectopic activity, via neural-immune and/or neural—glial
interactions; thus, this axis has potential to contribute to
the development of neuropathic pain.

At the nerve injury site, XCR1 was present in nerve
fibers, CD45-positive leucocytes and Schwann cells.
Other chemokine receptors have also been reported in
a range of cell types in the peripheral nervous system,
and shown to be upregulated following nerve injury. For
example, the CXCL12 receptor CXCR4 has been found
within sciatic nerve fibers where it is partially colocalized
with  CGRP-positive axons (Reaux-Le Goazigo et al.,
2012). Increased expression of CXCR4 has been
observed in macrophages following sciatic nerve injury
(Dubovy et al., 2007, 2010), and CXCR4 activation con-
tributes to persistent pain via regulating the excitability
of peripheral nociceptive neurons (Yang et al., 2015).
The CCL2 receptor CCR2 is also expressed in macro-
phages — at the injury site and in the DRG following nerve
injury (Abbadie et al., 2003) — and has been implicated in
the development of neuropathic pain. Thus both the
CXCL12-CXCR4 and the CCL2-CCR2 chemokine axes
have been shown to contribute to peripheral mechanisms
of nociception and neuropathic pain. Similarly, altered
expression of XCR1 in neurons and immune cells at sites
of nerve injury indicates the potential of the XCL1-XCR1
axis to influence development of neuropathic pain via a
peripheral mechanism.

XCR1 is expressed in glial cells involved in
myelination

The expression of XCR1 in Schwann cells at the nerve
injury site, and in oligodendrocytes in the trigeminal root
and white matter of the brainstem is of potential interest.
These cells have a well-established role in myelination
but there also is growing evidence that they have an
important role in regulating local immune responses and
can contribute to the development of inflammatory
peripheral neuropathies (Ydens et al., 2013) and a range
of central nervous system (CNS) disorders. Chemokine
expression has been reported in Schwann cells (eg
MCP-1/CCL2) and linked to neuroinflammatory disease
(eg Guillain—Barré syndrome) (Orlikowski et al., 2003).
Several chemokine receptors (eg CXCR1, CXCR2,
CXCR3) are expressed in oligodendrocytes and show
increased expression in MS, stroke and amyotrophic lat-
eral sclerosis (Omari et al., 2005), and have been impli-
cated in disorders in which myelin damage is associated
with immune activation in the CNS. The particular associ-
ation between XCR1 and myelinating glia suggests a
potential role for XCR1 in diseases linked with myelination
disorders.

XCR1 is expressed in nerve terminals in the outer
laminae of Vc

In Ve, XCR1 immuno-positive labeling was distributed
most strongly across the outer superficial laminae and
was found only sparsely in deeper laminae. The lack of
clearly labeled cell bodies and the diffuse pattern of

XCR1 immuno-positive staining were suggestive of an
association with axonal arborizations, fibers or local
terminals. In relation to nociceptive primary afferent
terminals, no association or overlap was found between
immunolabeling for IB4-positive terminals and XCR1,
thus excluding a strong association for XCR1 with this
class of non-peptidergic C-afferent. Immuno-positive
staining for both XCR1 and CGRP co-existed within
lamina | and llo but there was little evidence of clear co-
localization so it is not possible to associate XCR1 with
CGRP-expressing peptidergic C-afferents. Examination
of the expression patterns for either vGlut1 or vGlut2
transporters indicated a clear regional separation with
the highest density of immunolabeling for vGlut1 across
deep laminae whereas vGlut2 was within superficial
laminae, particularly laminae Il. Double-immunolabeling
with XCR1 indicated a strong co-localization with vGlut2
but not vGlut1. Thus these data show that XCR1 is
expressed in vGlut2- but not vGlut1-, CGRP-, or I1B4-
containing terminals. This is consistent with previous
studies reporting that few vGlut2-containing terminals
express either CGRP or IB4, and that these three
markers are typically expressed in separate populations
of terminals in dorsal horn and Vc (Todd et al., 2003;
Morris et al., 2005; Hegarty et al., 2010). In spinal dorsal
horn, many vGlut2-containing terminals originate from
local glutamatergic interneurons (Todd et al.,, 2003).
Taken together, this suggests that XCR1 may be
expressed in terminals of A-delta afferents, C-fiber affer-
ents that are non-peptidergic and non-IB4 binding, and/
or within excitatory interneurons. While the presence of
chemokine receptors in the spinal cord and Vc is well doc-
umented, their expression is generally reported in micro-
glia and/or neuronal cell bodies — eg CCR2 (Abbadie,
2005; Zhang et al.,, 2012) and CX3CR1 (Lindia et al.,
2005; Kiyomoto et al., 2013). Thus the pattern of labeling
for XCR1 appears somewhat different to that reported for
other chemokine receptors. The only previous study to
report XCR1 expression in the CNS (Zychowska et al.,
2016) describes increased levels in a mouse model of
type 1 diabetes (streptozotocin model). The study
reported XCR1 to be present in neuronal cell bodies in
the lumbar spinal cord but did not provide further detail
as to the location of the XCR1-containing cell bodies.

XCL1 induces physiological and cellular indices of
central sensitization in Vc

The chemokine XCL1 is produced in infectious and
inflammatory processes but its role in mechanisms of
central sensitization in Vc is unknown. Two different
in vitro methodologies indicated that XCL1 could
potentially and substantially drive central sensitization
within trigeminal dorsal horn circuitry. Firstly, c-Fos,
pERK and pp38 immunolabeling localized to laminae |-
Il of Vc was significantly increased in trigeminal
brainstem tissue exposed to XCL1. The colocalization of
these markers with neurons in Vc provides further
evidence that XCR1 is expressed on terminals of Vc
interneurons (discussed above). Expression of c-Fos,
pERK and pp38 in Vc is used widely as a marker of
central sensitization in models of persistent orofacial
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pain (Anton et al., 1991; Hathaway et al., 1995; Worsley
etal., 2014) and, in spinal cord, expression of these mark-
ers is induced by noxious stimulation or tissue injury (Hunt
et al., 1987; Gao and Ji, 2009; Ji et al., 2009). Secondly,
XCL1 directly and significantly enhanced spontaneous
rhythmic 4-12Hz low-amplitude voltage oscillations
recorded extracellularly in the Vc region. Spontaneous
subthreshold neuronal activity of this type has been char-
acterized in the spinal dorsal horn (Chapman et al., 2009;
Kay et al., 2016). This behavior can be induced by 4-
aminopyridine (4-AP), a convulsant used in a model of
spinal hyperexcitability (Ruscheweyh and Sandkuhler,
2003). These electrophysiological functional data reveal
that application of XCL1 induces increased spontaneous
low-threshold activity, which may represent a form of
hyperexcitability within the Vc nociceptive circuitry. Spon-
taneously hyperactive neuronal discharges are an estab-
lished characteristic of chronic pain and a known driver for
central sensitization (Suzuki and Dickenson, 2006).
Enhanced expression of molecular markers of pain and
increased neuronal excitability were both significantly
attenuated by the specific XCR1 antagonist vMIP-II,
thereby directly linking these effects of XCL1 to its cog-
nate receptor. There is evidence that application of
CXCL12, CCL2 or CX3CL1 to the spinal cord (intrathe-
cally) andfor Vc (intracisternally) produces behavioral
changes such as mechanical allodynia and thermal
hyperalgesia (Abbadie 2005; Kiyomoto et al., 2013), indi-
cating a role for these chemokines in modulation of cen-
tral nociceptive processing. The data we present here
infer a putative role for the XCL1-XCR1 axis in central
modulation of nociceptive processing and the develop-
ment of central sensitization in the trigeminal pain system.
However, further studies of the effects of XCL1 on Vc
synaptic excitation and sensory afferent inputs will be
required to confirm this.

The data in this paper were obtained using different
strains of rats, which reflect the working practices of the
two labs, our established protocols and the specific
requirements for the techniques used. For example, the
slice preparation experiments are most reliable in young
animals (65-80 g), whereas the CCI injury requires the
use of larger animals (225-250g). However, of
particular relevance in relation to this is that the laminar
distribution of XCR1 in Vc and that of XCL1-mediated
induction of c-Fos, pERK and pp38 across these
variations are the same, thus demonstrating further the
robust nature of the data, with reproducibility across
strains and ages.

In conclusion, we have demonstrated that XCR1 is
upregulated at sites of trigeminal nerve injury with a
time course that correlates with the development of
spontaneous activity at these sites. In Vc, XCR1
immunoreactivity is present in the outer laminae in a
manner consistent with XCR1 expression in terminals of
A-delta afferents, C-fiber afferents that are non-
peptidergic and non-IB4 binding, and/or excitatory
interneurons. Exposure of trigeminal brainstem tissue to
XCL1 induces expression of c-Fos, pERK and pp38
immunolabeling in laminae |-l of V¢, and induces
increased spontaneous low-threshold activity indicative

of hyperexcitability within the Vc nociceptive circuitry.
Taken together the data from this study provide the first
evidence that the XCL1-XCR1 axis may play a role
within peripheral and central trigeminal pain pathways,
and indicate that this axis may provide a potential target
for novel analgesics.

AUTHOR CONTRIBUTIONS

FMB with AEK and EVB conceived and supervised the
project. EVB, CRC and VA carried out
immunohistochemical studies for XCR1 and S-100,
PGP9.5, CD45, CGRP, IB4 and Olig2 in mental nerve,
trigeminal root and brainstem. 10 and TI carried out
immunohistochemical studies for XCR1 and vGlut1/2,
c-Fos, pERK and pp38. Tl carried out the
electrophysiological studies. EVB, CRC, TI, 10, AEK
and FMB contributed to the preparation of the manuscript.

ACKNOWLEDGMENT

The authors would like to thank Drs Gordon McMurray
and Rie Suzuki (previously Pfizer Neusentis) for support
and encouragement.

FUNDING

This study was supported by an Industrial Partnership
Award to FMB, AEK, EVB and CRC from the
Biotechnology and Biological Sciences Research
Council, UK (BBSRC, BB/I0113223/1) in conjunction
with Pfizer Neusentis, UK; and funding to EVB, CRC
and VA from the Sheffield University Research
Experience Scheme and the Wellcome Trust Vacation
Scholarship Scheme.

CONFLICT OF INTEREST

This work was supported by an Industrial Partnership
Award from the BBSRC and Pfizer Neusentis. The
authors declare no competing financial interests.

REFERENCES

Abbadie C (2005) Chemokines, chemokine receptors and pain.
Trends Immunol 26:529-534.

Abbadie C, Lindia JA, Cumiskey AM, Peterson LB, Mudgett JS,
Bayne EK, DeMartino JA, Maclntyre DE, Forrest MJ (2003)
Impaired neuropathic pain responses in mice lacking the
chemokine receptor CCR2. Proc Natl Acad Sci USA
100:7947-7952.

Anton F, Herdegen T, Peppel P, Leah JD (1991) c-FOS-like
immunoreactivity in rat brainstem neurons following noxious
chemical stimulation of the nasal mucosa. Neuroscience
41:629-641.

Bennett GJ, Xie YK (1988) A peripheral mononeuropathy in rat that
produces disorders of pain sensation like those seen in man. Pain
33:87-107.

Biggs JE, Yates JM, Loescher AR, Clayton NM, Boissonade FM,
Robinson PP (2007) Changes in vanilloid receptor 1 (TRPV1)
expression following lingual nerve injury. Eur J Pain 11:192-201.

Bird EV, Long A, Boissonade FM, Fried K, Robinson PP (2002)
Neuropeptide expression following constriction or section of the
inferior alveolar nerve in the ferret. J Peripher Nerv Syst
7:168-180.


http://refhub.elsevier.com/S0306-4522(18)30221-5/h0005
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0005
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0010
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0010
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0010
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0010
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0010
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0015
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0015
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0015
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0015
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0020
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0020
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0020
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0025
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0025
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0025
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0030
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0030
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0030
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0030

348 E. V. Bird et al. /Neuroscience 379 (2018) 334-349

Bird EV, Boissonade FM, Robinson PP (2003) Neuropeptide
expression following ligation of the ferret lingual nerve. Arch
Oral Biol 48:541-546.

Bongenhielm U, Robinson PP (1996) Spontaneous and mechanically
evoked afferent activity originating from myelinated fibres in ferret
inferior alveolar nerve neuromas. Pain 67:399-406.

Bongenhielm U, Robinson PP (1998) Afferent activity from
myelinated inferior alveolar nerve fibers in ferrets after
constriction or section and regeneration. Pain 74:123-132.

Chapman RJ, Cilia La Corte PF, Asghar AU, King AE (2009)
Network-based activity induced by 4-aminopyridine in rat dorsal
horn in vitro is mediated by both chemical and electrical synapses.
J Physiol 587:2499-2510.

Cheng W, Chen G (2014) Chemokines and chemokine receptors in
multiple sclerosis. Mediators Inflamm 2014:659206.

Davies SL, Loescher AR, Clayton NM, Bountra C, Robinson PP,
Boissonade FM (2004) nNOS expression following inferior
alveolar nerve injury in the ferret. Brain Res 1027:11-17.

Davies SL, Loescher AR, Clayton NM, Bountra C, Robinson PP,
Boissonade FM (2006) Changes in sodium channel expression
following trigeminal nerve injury. Exp Neurol 202:207-216.

Devor M, Seltzer Z (1999) Pathophysiology of damaged nerves in
relation to chronic pain. In: Wall PD, Melzak R, editors. Textbook
of Pain. Edinburgh: Churchill Livingstone. p. 129-164.

Dorner BG, Scheffold A, Rolph MS, Huser MB, Kaufmann SH,
Radbruch A, Flesch IE, Kroczek RA (2002) MIP-1a, MIP-1b,
RANTES, and ATAC/lymphotactin function together with IFN as
type 1 cytokines. Proc Natl Acad Sci USA 99:6181-6186.

Dubovy P, Tuckova L, Jancélek R, Svizenska |, Klusakova | (2007)
Increased invasion of ED-1 positive macrophages in both ipsi-
and contralateral dorsal root ganglia following unilateral nerve
injuries. Neurosci Lett 427:88-93.

Dubovy P, Klusakova |, Svizenska |, Brazda V (2010) Spatial-
temporal changes of SDF1 and its CXCR4 receptor in the dorsal
root ganglia following unilateral sciatic nerve injury as a model of
neuropathic pain. Histochem Cell Biol 133:323-337.

Duenas M, Ojeda B, Salazar A, Mico JA, Failde | (2016) A review of
chronic pain impact on patients, their social environment and the
health care system. J Pain Res 9:457—467.

Evans LJ, Loescher AR, Boissonade FM, Whawell SA, Robinson PP,
Andrew D (2014) Temporal mismatch between pain behaviour,
skin nerve growth factor and intra-epidermal nerve fibre density in
trigeminal neuropathic pain. BMC Neurosci 15:1.

Gao YJ, Ji RR (2009) c-Fos and pERK, which is a better marker for
neuronal activation and central sensitization after noxious
stimulation and tissue injury? Open Pain J 2:11-17.

Grace PM, Hutchinson MR, Maier SF, Watkins LR (2014)
Pathological pain and the neuroimmune interface. Nat Rev
Immunol 14:217-231.

Guzzo C, Fox J, Lin Y, Miao H, Cimbro R, Volkman BF, Fauci AS,
Lusso P (2013) The CD8-derived chemokine XCL1/lymphotactin
is a conformation-dependent, broad-spectrum inhibitor of HIV-1.
PLoS Pathog 9(12):e1003852.

Hamann |, Zipp F, Infante-Duarte C (2008) Therapeutic targeting
of chemokine signaling in multiple sclerosis. J Neurol Sci
274:31-38.

Hathaway CB, Hu JW, Bereiter DA (1995) Distribution of Fos-like
immunoreactivity in the caudal brainstem of the rat following
noxious chemical stimulation of the temporomandibular joint. J
Comp Neurol 356:444-456.

Hegarty DM, Tonsfeldt K, Hermes SM, Helfand H, Aicher SA (2010)
Differential localization of vesicular glutamate transporters and
peptides in corneal afferents to trigeminal nucleus caudalis. J
Comp Neurol 518:3557-3569.

Huang H, Li F, Cairns CM, Gordon JR, Xiang J (2001) Neutrophils
and B cells express XCR1 receptor and chemotactically respond
to lymphotactin. Biochem Biophys Res Commun 281:378-382.

Hunt SP, Pini A, Evan G (1987) Induction of c-fos-like protein in spinal
cord neurons following sensory stimulation. Nature 328:632—634.

Ji RR, Gereau 4th RW, Malcangio M, Strichartz GR (2009) MAP
kinase and pain. Brain Res Rev 60:135-148.

Kay CW, Ursu D, Sher E, King AE (2016) The role of Cx36 and Cx43
in 4-aminopyridine-induced rhythmic activity in the spinal
nociceptive dorsal horn: an electrophysiological study in vitro.
Physiol Rep 4:€12852.

Kelner GS, Kennedy J, Bacon KB, Kleyensteuber S, Largaespada
DA, Jenkins NA, Copeland NG, Bazan JF, Moore KW, Schall TJ,
Zlotnik A (1994) Lymphotactin: a cytokine that represents a new
class of chemokine. Science 266:1395—1399.

Khurram SA, Whawell SA, Bingle L, Murdoch C, McCabe BM,
Farthing PM (2010) Functional expression of the chemokine
receptor XCR1 on oral epithelial cells. J Pathol 221:153-163.

Kiaii S, Kokhaei P, Mozaffari F, Rossmann E, Pak F, Moshfegh A,
Palma M, Hansson L, Mashayekhi K, Hojjat-Farsangi M,
Osterborg A, Choudhury A, Mellstedt H (2013) T cells from
indolent CLL patients prevent apoptosis of leukemic B cells in vitro
and have altered gene expression profile. Cancer Immunol
Immunother 62:51-63.

Kilkenny C, Browne WJ, Cuthill IC, Emerson M, Altman DG (2010)
Improving bioscience research reporting: the ARRIVE guidelines
for reporting animal research. PLoS Biol 8:e1000412.

Kiyomoto M, Shinoda M, Okada-Ogawa A, Noma N, Shibuta K,
Tsuboi Y, Sessle BJ, Imamura Y, Iwata K (2013) Fractalkine
signaling in microglia contributes to ectopic orofacial pain
following  trapezius muscle inflammation. J  Neurosci
33:7667-7680.

Kufareva 1, Salanga CL, Handel TM (2015) Chemokine and
chemokine receptor structure and interactions: implications for
therapeutic strategies. Immunol Cell Biol 93:372—-383.

Lei Y, Takahama Y (2012) XCL1 and XCR1 in the immune system.
Microbes Infect 14:262-267.

Lindia JA, McGowan E, Jochnowitz N, Abbadie C (2005) Induction of
CX3CL1 expression in astrocytes and CX3CR1 in microglia in the
spinal cord of a rat model of neuropathic pain. J Pain 6:434—438.

Mélik Parsadaniantz S, Rivat C, Rostéene W, Réaux-Le Goazigo A
(2015) Opioid and chemokine receptor crosstalk: a promising
target for pain therapy? Nat Rev Neurosci 16:69-78.

Middel P, Thelen P, Blaschke S, Polzien F, Reich K, Blaschke V,
Wrede A, Hummel KM, Gunawan B, Radzun HJ (2001)
Expression of the T-cell chemoattractant chemokine
lymphotactin in Crohn’s disease. Am J Pathol 159:1751-1761.

Miller RJ, Jung H, Bhangoo SK, White FA (2009) Cytokine and
chemokine regulation of sensory neuron function. Handb Exp
Pharmacol:417-449.

Mines M, Ding Y, Fan GH (2007) The many roles of chemokine

receptors in neurodegenerative disorders: emerging new
therapeutical strategies. Curr Med Chem 14:2456-2470.

Morris JL, Konig P, Shimizu T, Jobling P, Gibbins IL (2005) Most
peptide-containing sensory neurons lack proteins for exocytotic
release and vesicular transport of glutamate. J Comp Neurol
483:1-16.

Old EA, Malcangio M (2012) Chemokine mediated neuron-glia
communication and aberrant signalling in neuropathic pain
states. Curr Opin Pharmacol 12:67-73.

Omari KM, John GR, Sealfon SC, Raine CS (2005) CXC chemokine
receptors on human oligodendrocytes: implications for multiple
sclerosis. Brain 128:1003-1015.

Orlikowski D, Chazaud B, Plonquet A, Poron F, Sharshar T, Maison
P, Raphaél JC, Gherardi RK, Créange A (2003) Monocyte
chemoattractant protein 1 and chemokine receptor CCR2
productions in Guillain-Barré syndrome and experimental
autoimmune neuritis. J Neuroimmunol 134:118-127.

Patel AS, Farquharson R, Carroll D, Moore A, Phillips CJ, Taylor RS,
Barden J (2012) The impact and burden of chronic pain in the
workplace: a qualitative systematic review. Pain Pract
12:578-589.

Phillips CJ, Harper C (2011) The economics associated with
persistent pain. Curr Opin Support Palliat Care 5:127—-130.

Reaux-Le Goazigo A, Rivat C, Kitabgi P, Pohl M, Melik
Parsadaniantz S (2012) Cellular and subcellular localization of
CXCL12 and CXCR4 in rat nociceptive structures: physiological
relevance. Eur J Neurosci 36:2619-2631.


http://refhub.elsevier.com/S0306-4522(18)30221-5/h0035
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0035
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0035
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0040
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0040
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0040
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0045
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0045
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0045
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0050
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0050
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0050
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0050
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0055
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0055
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0060
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0060
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0060
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0065
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0065
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0065
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0070
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0070
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0070
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0075
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0075
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0075
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0075
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0080
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0080
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0080
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0080
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0085
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0085
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0085
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0085
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0090
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0090
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0090
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0095
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0095
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0095
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0095
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0100
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0100
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0100
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0105
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0105
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0105
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0110
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0110
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0110
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0110
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0115
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0115
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0115
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0120
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0120
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0120
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0120
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0125
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0125
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0125
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0125
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0130
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0130
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0130
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0135
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0135
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0140
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0140
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0145
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0145
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0145
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0145
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0150
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0150
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0150
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0150
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0155
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0155
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0155
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0160
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0160
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0160
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0160
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0160
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0160
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0165
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0165
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0165
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0170
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0170
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0170
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0170
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0170
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0175
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0175
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0175
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0180
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0180
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0185
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0185
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0185
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0190
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0190
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0190
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0195
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0195
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0195
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0195
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0200
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0200
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0200
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0205
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0205
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0205
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0210
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0210
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0210
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0210
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0215
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0215
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0215
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0220
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0220
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0220
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0225
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0225
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0225
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0225
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0225
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0230
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0230
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0230
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0230
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0235
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0235
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0240
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0240
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0240
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0240

E. V. Bird et al. /Neuroscience 379 (2018) 334-349 349

Rice AS, Smith BH, Blyth FM (2016) Pain and the global burden of
disease. Pain 157:791-796.

Rostene W, Kitabgi P, Parsadaniantz SM (2007) Chemokines: a new
class of neuromodulator? Nat Rev Neurosci 8:895-903.

Ruscheweyh R, Sandkihler J (2003) Epileptiform activity in rat spinal
dorsal horn in vitro has common features with neuropathic pain.
Pain 105:327-338.

Savarin-Vuaillat C, Ransohoff RM (2007) Chemokines and
chemokine receptors in neurological disease: raise, retain, or
reduce? Neurotherapeutics 4:590-601.

Shan L, Qiao X, Oldham E, Catron D, Kaminski H, Lundell D, Zlotnik
A, Gustafson E, Hendrick JA (2000) Identification of viral
macrophage inflammatory protein (vMIP)-Il as a ligand for
GPR5/XCR1. Biochem Biophys Res Commun 268:938—-941.

Suzuki R, Dickenson AH (2006) Differential pharmacological
modulation of the spontaneous stimulus-independent activity in
the rat spinal cord following peripheral nerve injury. Exp Neurol
198:72-80.

Todd AJ, Hughes DI, Polgar E, Nagy GG, Mackie M, Ottersen OP,
Maxwell DJ (2003) The expression of vesicular glutamate
transporters VGLUT1 and VGLUT2 in neurochemically defined
axonal populations in the rat spinal cord with emphasis on the
dorsal horn. Eur J Neurosci 17:13-27.

Tsuda M (2017) P2 receptors, microglial cytokines and chemokines,
and neuropathic pain. J Neurosci Res 95:1319-1329.

Wang CR, Liu MF, Huang HC, Chen HC (2004) Up-regulation of
XCR1 expression in rheumatoid joints. Rheumatology
43:569-573.

White FA, Bhangoo SK, Miller RJ (2005) Chemokines: integrators of
pain and inflammation. Nat Rev Drug Discov 4:834-844.

Wild E, Magnusson A, Lahiri N, Krus U, Orth M, Tabrizi SJ, Bjorkqvist
M (2011) Abnormal peripheral chemokine profile in Huntington’s
disease. PLoS Curr 3:RRN1231.

Worsley MA, Allen CE, Billinton A, King AE, Boissonade FM (2014)
Chronic tooth pulp inflammation induces persistent expression of
phosphorylated ERK (pERK) and phosphorylated p38 (pp38) in
trigeminal subnucleus caudalis. Neuroscience 269:318-330.

Yang F, Sun W, Yang Y, Wang Y, Li CL, Fu H, Wang XL, Yang F, He
T, Chen J (2015) SDF1-CXCR4 signaling contributes to persistent
pain and hypersensitivity via regulating excitability of primary
nociceptive neurons: involvement of ERK-dependent Nav1.8 up-
regulation. J Neuroinflammation 12:219.

Yates JM, Smith KG, Robinson PP (2000) Ectopic neural activity from
myelinated afferent fibres in the lingual nerve of the ferret
following three types of injury. Brain Res 874:37-47.

Ydens E, Lornet G, Smits V, Goethals S, Timmerman V, Janssens S
(2013) The neuroinflammatory role of Schwann cells in disease.
Neurobiol Dis 55:95-103.

Zhang ZJ, Dong YL, Lu Y, Cao S, Zhao ZQ, Gao YJ (2012)
Chemokine CCL2 and its receptor CCR2 in the medullary dorsal
horn are involved in trigeminal neuropathic pain. J
Neuroinflammation 9:136.

Zychowska M, Rojewska E, Piotrowska A, Kreiner G, Mika J (2016)
Microglial inhibition influences XCL1/XCR1 expression and
causes analgesic effects in a mouse model of diabetic
neuropathy. Anesthesiology 125:573-589.

(Received 30 July 2017, Accepted 13 March 2018)
(Available online 26 March 2018)


http://refhub.elsevier.com/S0306-4522(18)30221-5/h0245
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0245
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0250
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0250
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0255
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0255
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0255
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0260
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0260
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0260
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0265
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0265
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0265
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0265
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0270
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0270
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0270
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0270
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0275
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0275
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0275
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0275
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0275
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0280
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0280
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0285
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0285
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0285
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0290
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0290
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0295
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0295
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0295
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0300
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0300
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0300
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0300
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0305
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0305
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0305
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0305
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0305
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0310
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0310
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0310
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0315
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0315
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0315
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0320
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0320
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0320
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0320
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0325
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0325
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0325
http://refhub.elsevier.com/S0306-4522(18)30221-5/h0325

	A Novel Role for Lymphotactin (XCL1) Signaling in the Nervous �System: XCL1 Acts via its Receptor XCR1 to Increase Trigeminal �Neuronal Excitability
	Introduction
	Experimental procedures
	Animals
	Characterization of XCR1 expression in the trigeminal system
	Mental nerve injury
	Tissue collection
	Immunohistochemistry
	XCR1 and glutamatergic synaptic terminals
	Reverse transcriptase–polymerase chain reaction (RT–PCR)

	Assessment of c-Fos, pERK and pp38 activation following application of XCL1
	In vitro activation of c-Fos, pERK and pp38
	Immunohistochemistry
	Electrophysiology

	Statistical analysis

	Results
	XCR1 is expressed in the peripheral nervous system
	XCR1 is expressed in the central nervous system
	XCR1 is expressed in the superficial laminae of trigeminal subnucleus caudalis and co-exists with VGlut2
	XCL1-mediated induction of c-Fos, pERK and pp38 within trigeminal subnucleus caudalis
	XCL1 acting via XCR1 increases neuronal excitability in trigeminal subnucleus caudalis

	Discussion
	XCR1 is upregulated at sites of nerve injury
	XCR1 is expressed in glial cells involved in myelination
	XCR1 is expressed in nerve terminals in the outer laminae of Vc
	XCL1 induces physiological and cellular indices of central sensitization in Vc

	Author contributions
	ack28
	Acknowledgment
	Funding
	Conflict of interest
	References


