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Editorial on the Research Topic

Cytokines and Pain

Cytokines are released by immune and non-immune cells to orchestrate a great variety of
physiological and disease processes. In special, cytokines can both directly and indirectly activate
nociceptor sensory neurons modulating pain development. In turn, nociceptors also function as
cellular regulators of the immune response in sterile and infectious diseases. All these aspects were
within the aims of this Research Topic entitled “Cytokines and Pain”. There were two review articles
and nine research articles published. Starting with the two reviews, they used different approaches.
Vanderwall and Milligan discuss the contribution of cytokines to pain as molecules that link the
immune and nervous system cells from peripheral tissues to the spinal cord (SC) triggering pain
with the underlying contribution of neuroimmune interactions. Another focus of the review is the
current gene therapies targeting cytokines to reduce pathological pain. Sexual dimorphism in pain
and some additional inflammatory pathways are discussed. Santos et al. address the contribution of
cytokines to nociceptor activation at four levels; in the peripheral tissues, at the dorsal root ganglia
(DRG) in which the cellular bodies and nucleus of primary afferent neurons reside, and at spinal
cord (SC) and supra-SC levels. The discussion approaches cellular interactions and role of cytokines
to pain at each level. Their table one also brings a comprehensive view of cytokine families, cellular
sources, and roles in pain and diseases.

We organized the nine research papers in this editorial from the periphery to the CNS.
Napimoga et al. investigated the inflammatory and nociceptive effects of secreted
osteoclastogenic factor of activated T cells (SOFAT), a novel cytokine, in collagen-induced
arthritis (CIA). The intra-articular injection of 10 ng of SOFAT induced a four days-lasting
mechanical hyperalgesia. SOFAT levels were higher in joint samples of CIA mouse than naive
mouse, and in synovial samples of rheumatoid arthritis patients than in osteoarthritis patients.
Thus, bringing the first insight about the role of SOFAT in pain and inflammation in arthritis.

Guo et al. demonstrate that the injection of NGF in the trigeminal ganglia (TG) reduces the bite
force upon tooth movement, a surrogate measure of pain. Inhibiting NGF enhanced the bite force,
indicating reduced pain. NGF and tooth movement increased CGRP and CCL19 expression in the
TG as well as CCL19 injection in the TG induced pain. Anti-CCL19 inhibited tooth movement pain
and NGF enhanced tooth movement pain. Thus, demonstrating a novel role for CCL19 in tooth
movement- and NGF-dependent pain.

Gongalves et al. asked what was maintaining pain in a model of antigen-induced monoarthritis
(AIA) after articular inflammation resolution. Mechanical hyperalgesia was accompanied by c-Fos
activation in the DRG by the 8% day when peripheral inflammation has already ended. At the DRG
(L4 level) there was enhanced mRNA expression of TNF-a and TNFR2, and TNF-o levels. And
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etanercept (a soluble TNFR2) inhibited the persistent pain. Thus,
DRG TNEF-o and TNFR2 explain the persistent pain in AIA after
peripheral inflammation resolution.

Patients with Chagas disease caused by Trypanosoma cruzi
report pain in the acute phase of the disease. Borghi et al.
demonstrate for the first time that pain during T. cruzi
infection involves the activation of DRG neurons and SC
microglia and astrocytes. There is interaction of SC glial cells
and neurons that via NFkB control the expression of CX3CRl,
TNEF-o and IL-1B since the inhibition of glial cells reduces the
expression of those chemokines and cytokines both at the DRG
and SC. Thus, unveiling a previously unknown mechanism of
pain in T. cruzi infection.

Fonseca et al. identified the cytokine IL-27 as an important
endogenous mediator that counteracts the development of
neuropathic pain following spared nerve injury (SNI). Peripheral
nerve injury induces IL-27 expression in the SC and DRG that
activates IL-27 receptor-expressing cells (macrophages, microglia,
and astrocytes), thus, triggering the production of IL-10 and
controlling the intensity of pain. Piotrowska et al. observed that
CXCL3 and CXCR2 co-localize with neurons in the SC of naive
and chronic constriction injury (CCI) animals. And that microglia
could also be a source of CXCL3 in CCI. NVP CXCR2 20 (a
selective CXCR2 receptor antagonist) treatment reduced SC
production of CXCL3 and satellite glial cells activation in the
DRG. Primary microglial and astroglial cultures corroborated
microglia would be the main source of CXCL3. Thus, CXCL3/
CXCR?2 signaling has a role in CCI neuropathic pain that can be
targeted by NVP CXCR2 20.

Nerve damage is also a key feature of multiple sclerosis (MS),
an extremely debilitating neurodegenerative disease that is often
accompanied by the development of chronic neuropathic pain.
By analyzing the electroencephalography (EEG) of patients with
central neuropathic pain and comparing the results with those
from patients without neuropathic pain, Krupina et al. identified
changes in the power spectral density (PSD) that were specific
signatures of patients with neuropathic pain. The authors
observed alterations in spectral EEG patterns and peak
frequencies of MS patients with neuropathic pain, including
increased PSD for the theta, betal, and beta2 frequencies in
most regions of interest. This work demonstrates the existence of
putative alterations in cortical communication that are specific
for MS patients with neuropathic pain and that could be the basis
of the sensory dysfunction observed in these patients. The
mechanisms involved in MS were also evaluated in a model of
experimental autoimmune encephalomyelitis (EAE). Xiao et al.
observed that HMGBI1 (high mobility group box 1 protein)
induced shh (sonic hedgehog) release in astrocytes culture,
through RAGE (receptor for advanced glycation end-
products)-mediated JNK, p38, and STAT3 phosphorylation.
Furthermore, HMGBI1 also promotes shh in EAE, and shh
treatment was able to alleviate the progress of EAE in mice.

Thus, this study suggests HMGB1/shh has a protective role
in EAE.

Neural pain is an important symptom in leprosy patients. In a
retrospective study, Angst et al. assessed serum levels of
cytokines in leprosy patients with or without pain as well as
diabetic neuropathy pain. The authors observed an increased
level of IL-1f, TNF, TGF-P and IL-17 in leprosy patients with
neuropathic or nociceptive pain when compared with painless
leprosy patients. Moreover, serum levels of IL-6 were increased
in both leprosy and diabetic neuropathic pain patients, being an
interesting target to control pain. IL-1f was identified as a key
cytokine associated with neural leprosy pain when compared to
diabetic neuropathic pain and can be used as a biomarker for
patient follow-up.

Concluding, the two review papers, seven research papers
using animal models and two clinical research papers addressed
peripheral, DRG, SC and supra-SC mechanisms focusing on
cytokines and neuro-immune interaction mechanisms in pain.
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Pharmacological Blockade of Spinal
CXCL3/CXCR2 Signaling by NVP
CXCR2 20, a Selective CXCR2
Antagonist, Reduces Neuropathic
Pain Following Peripheral Nerve

Injury

Anna Piotrowska', Ewelina Rojewska', Katarzyna Pawlik’, Grzegorz Kreiner?,
Agata Ciechanowska', Wioletta Makuch', Irena Nalepa? and Joanna Mika ™

! Department of Pain Pharmacology, Maj Institute of Pharmacology, Polish Academy of Sciences, Krakow, Poland,
2 Department of Brain Biochemistry, Maj Institute of Pharmacology, Polish Academy of Sciences, Krakéw, Poland

Recently, the role of CXCR2 in nociception has been noted. Our studies provide
new evidence that the intrathecal administration of its CINC ligands (Cytokine-Induced
Neutrophil Chemoattractant; CXCL1-3) induces pain-like behavior in naive mice, and
the effect occurring shortly after administration is associated with the neural location of
CXCR2, as confirmed by immunofluorescence. RT-gPCR analysis showed, for the first
time, raised levels of spinal CXCR2 after chronic constriction injury (CCI) of the sciatic
nerve in rats. Originally, on day 2, we detected escalated levels of the spinal mRNA of
all CINCs associated with enhancement of the protein level of CXCLS3 lasting until day
7. Intrathecal administration of CXCL3 neutralizing antibody diminished neuropathic pain
on day 7 after CCl. Interestingly, CXCL3 is produced in lipopolysaccharide-stimulated
microglial, but not astroglial, primary cell cultures. We present the first evidence that
chronic intrathecal administrations of the selective CXCR2 antagonist, NVP CXCR2 20,
attenuate neuropathic pain symptoms and CXCL3 expression after CCl. Moreover, in
naive mice, this antagonist prevented CXCL3-induced hypersensitivity. However, NVP
CXCR2 20 did not diminish glial activation, thus not enhancing morphine/buprenorphine
analgesia. These results provide novel insight into the crucial role of CXCR2 in neuropathy
based on CXCL3 modulation, which may become a potential therapeutic target in
pain treatment.

Keywords: CXCL1, CXCL2, glia, microglia, astroglia

INTRODUCTION

Neuropathic pain, triggered by peripheral nerve injury, is associated with the plasticity of the
nociceptive pathway, where this pain remains, even after the injured tissue has healed (1-5).
Mainstream analgesics are not sufficiently successful in achieving selective palliation of neuropathic
pain. In fact, these treatments only cause a greater number of side effects. To identify novel
alternatives for more effective treatment, it is necessary to clarify the underlying mechanisms.
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Piotrowska et al.

CXCL3/CXCR2 Signaling in Neuropathic Pain

Cytokines, including interleukins and chemokines, are major
inflammatory molecules that play an essential role in pain
sensitization and have been recently investigated as key mediators
in the induction and maintenance of neuropathic pain (6-12).
Chemokines are small cytokines (13), and their participation
in neuropathic pain is not limited to their chemotactic activities
because these factors also affect the functions of glial and
neuronal cells. The evidence of the contribution of chemokines to
neuropathic pain includes CX3CL1, CCL2, CCL5, CCL7 CXCLS5,
CXCL9, CXCL12, and XCLI, and their respective receptors:
CCR2, CCR5, CXCR3, CXCR4, and XCR1 (2, 11, 14-28). It
has recently been published that a blockade of CCR1 (27),
CCR2 (25), CCR5 (28), and CXCR3 (29) restores the analgesic
effects of morphine and/or buprenorphine under neuropathy.
However, the question of the role of spinal CXCR2 and its
endogenous ligands from the CXC (C-X-C motif) family,
called cytokine-induced neutrophil chemoattractants (CINCs),
belongs to future studies. Among CINCs, three types have
been distinguished and are referred to as CINC-1 (chemokine
CXC ligand 1, CXCLI1; growth-regulated GRO protein alpha,
GROw; melanoma growth stimulating activity alpha, MSGA-
a; keratinocyte-derived chemokines, KC), CINC-2 (chemokine
CXC ligand 3, CXCL3; growth-regulated GRO protein gamma,
GROY; macrophage inflammatory protein-2-beta, MIP2p), and
CINC-3 (chemokine CXC ligand 2, CXCL2; growth-regulated
protein beta, GROB; macrophage inflammatory protein 2-alpha,
MIP2a). In 2018, Gulati et al. (30) showed that the CINC
family arose as a result of two rounds of gene duplication in
the course of evolution. The family members are closely related
to each other, and biological studies reported their differential
tissue expression and regulation. Comparative studies on CXCR2
chemotactic activity have provided evidence of the highest
efficacy for CXCL1 and intermediate efficacy for CXCL2 and
CXCL3. A previous study showed that all CINCs are expressed by
macrophages and play important roles in neutrophil infiltration
(31). CINCs act specifically through CXCR2, a G protein-
coupled receptor (32, 33), and induce calcium mobilization dose-
dependently in CXCR2-transfected cells (34). In vitro studies
proved that anti-CXCR2 serum almost entirely inhibits the
neutrophil chemotactic activities of the three types of CINCs (34).
Therefore, the goal of our studies was to examine the
comprehensive roles of all CINCs (CXCL1, CXCL2, and CXCL3)
in the pathogenesis of neuropathic pain. Using RT-qPCR and
Western blots, we assessed the changes in mRNA expression
and protein levels of CXCR2 and its ligands in a rat spinal
cord on days 2, 7, 14, and 28 after chronic constriction
injury (CCI) of the sciatic nerve. We recognized the origin
of CINGCs in rat primary cultures of microglia and astroglia
by Western blotting. In addition, we made an attempt to
visualize the cellular location of CXCR2 and CXCL3 by
immunohistochemistry in the lumbar spinal cord on day 7 after
CCI. Furthermore, we determined the significance of CXCLI,
CXCL2, and CXCL3 in nociceptive transmission in naive mice
and the influence of CXCL3 neutralizing antibody in mice
on day 7 after CCIL. Additionally, another goal of our study
involved the determination of how the blockade of CXCR2
signaling through the intrathecal administration of NVP CXCR2

20 affects neuropathic pain-related behavior, glia activation,
and the levels of CXCR2 and its endogenous ligands in rats.
Eventually, we examined if the CXCR2 antagonist might improve
the effectiveness of opioids, such as morphine and buprenorphine
in a neuropathic pain model.

MATERIALS AND METHODS

Animals

Adult male Wistar rats (250-300g) and Albino Swiss mice
(20-22g) from Charles River Laboratories International, Inc.
(Germany) were used in our experiments. The rats and mice were
housed in cages lined with sawdust under a standard 12/12h
light/dark cycle (lights on at 8.00a.m.) temperature of 22 =+
2°C with food and water available ad libitum. The animals were
allowed to acclimate to the environment for ~5 min prior to the
behavioral testing. All experiments were performed according to
the recommendations of the International Association for the
Study of Pain (IASP) by Zimmermann (35) and the National
Institutes of Health (NIH) Guide for the Care and Use of
Laboratory Animals. The study protocol was approved by the
IT Local Bioethics Committee branch of the National Ethics
Committee for Experiments on Animals based at the Maj
Institute of Pharmacology, Polish Academy of Sciences (Krakow,
Poland), permission number: 1277/2015 and 262/2017. Care was
taken to minimize animal suffering and reduce the number
of animals used (3R policy). Animal studies are reported in
compliance with the ARRIVE guidelines (36, 37).

Intrathecal (i.t.) Injection

The rats were readied for i.t. injection: catheter implants were
inserted according to the method described by Yaksh and Rudy
(38) and our earlier publications (11, 39, 40). Just before the
operation, each rat was anesthetized with sodium pentobarbital
(60 mg/kg) administered intraperitoneally (i.p.). The i.t. catheter
included a 13 cm-long polyethylene tubing (PE 10, Intramedic;
Clay Adams, Parsippany, NJ, USA). Prior to the insertion for
the injection the dead space of 10 ]l was sterilized—immersed
in 70% (v/v) ethanol and fully flushed with water. Subsequently,
7.8 cm of catheter was introduced through the atlanto-occipital
membrane and into the subarachnoid space at the rostral level of
the spinal cord lumbar enlargement (L4-L5). The first injection
of water (10 pl) was slowly performed after implantation, and
the catheter was tightened. All rats recovered after the surgery
for 1 week before the establishment of a neuropathic pain model.
Repeated i.t. drug administration can be achieved due to the
catheter implantation. The studies are carried out in a rat model
of neuropathic pain, because it allows studying changes in many
mediators in one animal at the spinal cord and DRG level in
parallel. Regarding the ethical principles of the 3RS, we are
obliged to limit the suffering of animals. For this reason, in
order to lower the number of animals (rats) subject to a catheter
implantation, following the method described by Hylden and
Wilcox (41), we performed single drug administrations in mice.
Hamilton syringe and a thin needle were used to inject 5 pl
of each chemokine between the L5-L6 vertebrae in the spinal
cord. The tail reflex indicates the correct drug administration.
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At the same time, we emphasize that both species of rodents,
rats and mice, are commonly used to study the mechanisms of
neuropathic pain.

Neuropathic Pain Model—Chronic
Constriction Injury (CCI)

Seven days after the intrathecal catheter insertion in rats,
chronic constriction injury to the sciatic nerve was performed
according to the method of Bennett and Xie (42). The operation
was performed in rats under sodium pentobarbital anesthesia
(60 mg/kg; i.p.) and in mice under isoflurane anesthesia. An
incision was performed under the hipbone, and the separation
of biceps femoris and gluteus superficialis. After exposing the
proper sciatic nerve, ligatures (4/0 silk) in rats and mice, four
and three, respectively, were loosely tied around that nerve
at 1-mm intervals until a little twitch in the operated hind
limb was obtained. After the surgery, sustained tactile, and
thermal hypersensitivity in the injured hind paw developed in
each animal.

Drug Administration

All Substances Used in Rats

NVP CXCR2 20 (NVP, Tocris, Janki/Warsaw, Poland), morphine
(M; TEVA, Kutno, Poland), and buprenorphine (B; Polfa
Warszawa S.A., Warsaw, Poland). NVP CXCR2 20 was dissolved
in DMSO, and morphine and buprenorphine were dissolved
in water for injections (40, 43, 44). These substances were
administered gently through the i.t. catheter in a volume of 5
l, followed by an injection of 10 pl of water, which flushed the
catheter. Before the drug injections, the baseline behaviors of the
animals were determined using von Frey and cold plate tests. For
the single i.t. treatment, the behavioral tests were conducted at
0.5, 1, 2, 4, 6 and 24 h after NVP CXCR2 20 injection at a dose
of 10, 20, and 30 pg/5 pl. For the repeated i.t. treatment, the
behavioral tests were carried out 120 (von Frey test) or 125 min
(cold plate test) subsequent to NVP CXCR20 20 administration
at the selected dose of 10 pg/5 pl according to the following
scheme: preemptively at 16 and 1 h following CCI and then once
daily for 7 days (28, 40, 45). The dose was chosen based on the
results from single i.t. treatment behavioral results. For the co-
treatment, on the 7th day post-CCI, single V-treated and NVP-
treated rats received a single dose of morphine or buprenorphine
(2.5 1g/5 pl) at 4 h after the NVP/vehicle injection, and then both
behavioral tests were repeated (experimental schedule included
in Figure 9A). The control groups received vehicle (injection
of water or dimethyl sulfoxide, DMSO) according to the same
schedule. Our previously study published by Rojewska et al. (46)
demonstrated that water for injection- and DMSO-treated CCI-
exposed rats developed similarly strong allodynia (11.8 £ 0.4 and
11.9 + 1.3 g; respectively) and hyperalgesia (6.3 £ 0.5 vs. 6.6 £+
1.6s; respectively), as demonstrated in the von Frey and cold
plate tests. Also in 2016, Rojewska et al. (44) published that 100%
DMSO did not influence on hypersensitivity in CCI-exposed rats.
In current experiments, an attempt was made to prepare drugs at
lower DMSO concentrations, but they precipitate.

All Substances Used in Mice

CXCL1, CXCL2, and CXCL3 proteins were obtained from
R&D Systems (USA) and dissolved in water for injection. The
reconstituted chemokines were intrathecally injected into naive
mice at the following concentrations: 2, 400, and 800 ng/5 1. The
behavioral tests were performed at 1.5, 5, and 24 h following the
administration of chemokine.

The CXCL3 neutralizing antibody was acquired from R&D
Systems (USA) and further dissolved in water for injection. The
reconstituted neutralizing antibodies were intrathecally injected
into CCI-exposed mice at the following concentrations: 1, 4, and
8 ig/5 pl. The behavioral tests were carried out at 1.5, 5, 24, and
48 h after neutralizing antibody administration.

NVP CXCR2 20 was dissolved in DMSO and intrathecally
injected into naive mice at a concentration of 60 png/5 pl
The behavioral tests were performed at 2h after CXCR2
antagonist administration. Single V-treated and NVP-treated
mice received a single dose of CXCL3 (2 ng/5 pl) at 2h after
the NVP/vehicle injection, and then both behavioral tests were
repeated after 1, 5, 5 and 24 h (experimental schedule included
in Figure 7A).The animals were randomly assigned to groups,
based on a single sequence of random assignments, simple
randomization—odd/even methods (47, 48).

Behavioral Tests

Tactile Hypersensitivity Measurement (Von Frey Test)
In rats, tactile hypersensitivity was assessed in naive rats and rats
subject to CCI with an automated von Frey apparatus (Dynamic
Plantar Anesthesiometer, Cat. No. 37400, Ugo Basile, Italy) as
previously described (11, 12, 43, 46). Five minutes before the
experiment, each rat was placed in a plastic cage with a wire
net floor to promote behavioral accommodation. The weight of
the von Frey stimuli used in our experiments was up to 26g.
The mid-plantar ipsilateral and contralateral hind paw areas were
tested, and the measurements were recorded automatically as
described previously (46). No significantly different contralateral
hind paw reactions were observed between the CCI and naive
rats. Tactile hypersensitivity was assessed at 30 min after the final
drug administration.

In mice, the response to non-noxious stimuli was evaluated
with von Frey filaments—calibrated nylon monofilaments of
increasing strength (from 0.6 to 6g; Stoelting, USA). The
filaments were successively applied to the plantar surfaces of
the hind paws until withdrawal responses, as already described
(23, 49, 50).

Thermal Hypersensitivity Measurement (Cold Plate
Test)
In rats, thermal hypersensitivity was determined with a cold/hot
plate analgesia meter (Cat. No. 05044/230 VAC, Columbus
Instruments, USA) as described previously (11, 12, 43). The rats
were placed on a cold stainless steel plate maintained at 5°C, and
the latency to lift or shake the injured hind paw was measured.
The cut-off latency was 30 s.

In mice, the response to noxious stimuli in the naive and CCI-
exposed animals was evaluated using a cold/hot plate analgesia
meter (Cat. No. 35 100-001, Columbus Instruments, USA), as
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previously described (24, 50). The mice were placed on the cold
plate at a temperature of 2°C. The latency of hind paw elevation
was recorded. The cut-off latency was 30 s.

Microglial and Astroglial Cell Cultures
Neonatal models of primary cultures of microglial and astroglial
cells were used in our in vitro studies as shown previously
(11, 12, 51). Both cell types cultures were prepared from 10 1-
day-old Wistar rats according to the procedure by Zawadzka and
Kaminska (52). The cells were taken from the cerebral cortex
and put in poly-L-lysine-coated 75-cm? culture bottles at 3 x
10° cells/cm? density, in high-glucose DMEM with GlutaMAX
(Gibco, New York, USA), heat-inactivated 10% fetal bovine
serum, 0.1 mg/ml streptomycin, and 100 U/ml penicillin (Gibco,
New York, USA). The cultures were maintained at 37°C in
5% CO;. On day 4, the medium was changed. On day 9, the
cultures were softly shaken and centrifuged to reclaim any loosely
adherent microglia. On day 12, the medium was changed, and the
microglia were retrieved again. Then, the medium was changed
once more, and the cultures were left to grow on a rotary shaker at
37°C for 24 h (200 rpm) to remove the remaining non-adherent
cells. The medium was then removed, and the astrocytes were
cultured for 3 days and further trypsinized (0.005% trypsin EDTA
solution, Sigma-Aldrich, St. Louis, USA). Microglia/astrocytes
were seeded in culture medium onto 6-well plates at a final
density of 1.2 x 10° cells per well for protein analysis. Primary
microglial and astrocyte cell cultures were treated with NVP
CXCR20 20 [100 nM] at 30 min before LPS (lipopolysaccharide
from Escherichia coli 0111:B4; Sigma-Aldrich, St. Louis, USA)
administration [100 ng/ml]. The LPS dose was selected basing
on the literature (52, 53) and our experience (12, 44, 51). They
were then incubated for 24h for the Western blot analysis
(11, 12, 39, 44, 51). We used immunostaining for IBA1l (a
microglial marker, SC-327 225, Santa Cruz Biotechnology Inc.,
Santa Cruz, USA) and GFAP (an astrocyte marker, SC-166 458,
Santa Cruz Biotechnology Inc., Santa Cruz, USA) to identify
microglia and astrocytes in the cultures. We obtained highly
homogeneous microglial and astroglial populations (more than
95% were positive for IBA1 and GFAP, respectively) Zawadzka
and Kaminska (52). Only the minimal essential number of
animals was used, and all of the procedures were performed
according to the recommendations of IASP (35) and the NIH
Guide for the Care and Use of Laboratory Animals. The study
was carried out in accordance with the recommendations of the
local Ethics Committee (Krakow, Poland), permission number:
1277/2015 and 262/2017.

Biochemical Tests

Analysis of Gene Expression by gRT-PCR

Ipsilateral fragments of the dorsal part of the lumbar (L4-L6)
spinal cord were collected immediately after decapitation on
days 2, 7, 14, and 28 after CCIL. Total RNA was extracted
with TRIzol reagent (Invitrogen; USA) compliant with the
method by Chomczynski and Sacchi (54). A NanoDrop ND-
1000 spectrometer (NanoDrop Technologies, Wilmington, USA)
measured the RNA concentration in each sample. Reverse
transcription was performed at 37°C for 60 min with Omniscript

reverse transcriptase (Qiagen Inc., Hilden, Germany) and 1 pg
of total RNA from the tissue. The reaction was performed in the
presence of an RNAse inhibitor (rRNasin, Promega, Mannheim,
Germany) and oligo (dT16) primers (Qiagen Inc., Hilden,
Germany). The obtained cDNA templates were diluted 1:10 with
H,0, and ~50 ng of cDNA templates from each animal were
used for each quantitative real-time PCR (RT-qPCR) assay. RT-
qPCR was performed with Assay-On-Demand TagMan probes
(Applied Biosystems, Foster City, CA, USA) on an iCycler device
(Bio-Rad, Hercules, Warsaw, Poland) in compliance with the
manufacturers’ protocol. A standard dilution curve established
the amplification efficiency in case of each assay. TagMan primers
and probes were used: Rn01527838_gl (HPRT, hypoxanthine-
guanine phosphoribosyltransferase); Rn02130551_s1 (CXCR2,
chemokine (C-X-C motif) receptor 2); Rn00578225_m1 (CXCLI,
CINC-1, chemokine (C-X-C motif) ligand 1); Rn00586403_m1
(CXCL2, CINC-3, Mip-2, chemokine (C-X-C motif) ligand
2); and Rn01414231_ml (CXCL3, CINC-2, chemokine (C-X-
C motif) ligand 3). A standard dilution curve established the
amplification efficiency for each assay (between 1.7 and 2). The
cycle threshold values were automatically calculated by CFX
Manager v.2.1 software with the default parameters. The RNA
content was calculated using the formula 2 (threshold cycle). The
level of the HPRT transcript was not significantly changed in
the CCl-exposed rats (55), and for this reason it served as an
adequate housekeeping gene.

Analysis of the Protein Levels (Western Blot)

Ipsilateral fragments of the dorsal part of the lumbar (L4-L6)
spinal cord and the DRG (L4-L6 polled into one sample) were
collected immediately after decapitation on days 2, 7, 14 and
28 after CCI or at 6h after the last injection of NVP CXCR2
20 on the 7th day after CCI. The cell lysates (in RIPA buffer
with a protease inhibitor cocktail) from primary microglial and
astroglial cultures for Western blot analysis were collected at
24h after LPS stimulation. We collected the lysates from the
cell cultures and tissues in RIPA buffer supplemented with a
protease inhibitor cocktail. The reaction mixtures were cleared
by centrifugation (14,000 x g for 30 min at 4°C). All samples
(20 pg of protein from tissue and 10 pg of protein from
primary cells) were heated in a loading buffer (4 x Laemmli
Buffer, Bio-Rad, Warsaw, Poland) for 8 min at 98°C. Next, the
samples were resolved on 4-15% Criterion™ TGX™ precast
polyacrylamide gels (Bio-Rad, Warsaw, Poland) and placed on
Immune-Blot PVDF membranes (Bio-Rad, Warsaw, Poland)
with a semidry transfer (30 min, 25 V). Membranes were blocked
with 5% non-fat dry milk (Bio-Rad, Warsaw, Poland) in Tris-
buffered saline with 0.1% Tween 20 (TBST) for 1 h at RT, washed
with TBST, and incubated with the following commercially
available primary antibodies (reactivity of rat and specified by
the producer of the observed molecular weight) overnight at
4°C: rabbit anti-Iba-1 (1:1,000, Proteintech, 10904-1-AP), anti-
CXCR2 (1:2,000, LSBio, LS-C388292), anti-CXCL1 (1:200, LSBio,
LS-C104778), anti-CXCL2 (1:200, Novus, MAB525), anti-CXCL3
(1:250, Novus, AF516), anti-GFAP (1:10,000, Novus, NB300-
141), and mouse anti-GAPDH (1:5,000, Millipore, MAB374).
Next, the membranes were incubated with 1:5,000 dilutions
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of horseradish peroxidase-conjugated anti-rabbit or anti-mouse
secondary antibodies for 1h. We used the solutions from a
SignalBoost™ Immunoreaction Enhancer Kit (Merck Millipore
Darmstadt, Germany) in order to dilute the primary and
secondary antibodies. The membranes underwent washing twice
with TBST for 2min each, and 3 times for 5min each. In
the final step, immune complexes were detected with the
Clarity™ Western ECL Substrate (Bio-Rad, Warsaw, Poland)
and visualized with a Fujifilm LAS-4000 FluorImager system.
Fujifilm Multi Gauge software quantified the relative levels of
immunoreactive bands. In Figures 8D-F, the blots are cropped
which was shown with a dotted line on the representation bands
below the figures.

Immunofluorescence Staining

Immunofluorescent staining was performed on lumbar (L4-
L6) spinal cord samples from neuropathic rats on day 7
after CCIL. The tissues were fixed in 4% PFA, embedded in
paraffin blocks, cut at 7 um thick slices on a rotary microtome
(Leica, Germany), followed by immunofluorescent staining as
described by Rafa-Zabltocka et al. (56). After deparaffinization
followed by antigen retrieval (microwave method with citrate
buffer), the sections were briefly incubated for 30 min in 5%
normal pig serum (Vector Labs, USA) in a PBST buffer
(0.2% Triton X-100 in phosphate-buffered saline). The sections
were incubated overnight at 4°C with the following primary
antibodies: anti-CXCR2 (1:100, LSBio, LS-C388292), anti-CXCL3
(1:100, Abcam, ab10064), anti-NeuN (neuronal marker, 1:500,
Millipore, MAB377), anti-IBA1 (1:1,000, Abcam, ab139590), and
anti-GFAP (1:500, Millipore, AB5541). Antigen-bound primary
antibodies were visualized with anti-rabbit Alexa-488-, anti-
mouse Alexa-594-, anti-goat Alexa-594-, and anti-chicken Alexa-
594-coupled secondary antibodies. The stained sections were
assessed and photographed under a fluorescence microscope
(Nikon Eclipse 50i, Netherlands). The dorsal part of the lumbar
spinal cord was visualized by using representative images of
naive and CCI rats. The immunohistochemical study added new
information regarding the possible co-localization of CXCR2 and
CXCL3 with markers of neurons, micro- and astroglia. These
data do not allow quantitative analyses of staining intensity
since the experiments were designed to address co-localization
only. Factors such as the number of animals per group refrain
staining quantitation.

Statistical Analyses

The number of animals used in the behavioral and biochemical
studies was selected based on an earlier study on a similar field
(29). All graphs and analyses were prepared using GraphPad
Prism 7 software. The data and statistical analysis comply with
the recommendations on experimental design and analysis in
pharmacology (57).

Behavioral Study

The data (Figures 3A-F, 4A-D, 6A,B, 7B,C, 9B,C) are presented
in grams and seconds for each group, including the naive
groups. The intergroup differences were analyzed via one-way
analysis of variance (ANOVA), followed by Bonferroni’s test

for multiple comparisons. Bartlett’s test for homogeneity of
variances assessed if the assumption of equal variances was
true before employing further statistical tests. Additionally, the
results were evaluated using two-way ANOVA to determine
the time x drug interaction, if applicable (Figures3, 4, 6).
In accordance with the 3R rule, the minimum number of
animals necessary for conducting statistical analyzes was used in
the research.

qRT-PCR and Western Blot Studies

In vivo studies: The results of the analyses (Figures 1A-H, 5A-I)
are presented as a fold change compared with the control group
(naive rats) and were calculated for the ipsilateral side of the
spinal cord and/or the DRG on days 2, 7, 14, and/or 28 after
CCI or 4/6h after the last injection of NVP CXCR2 20 on
day 7 after CCI. The data are presented as the means == SEM
and represent the normalized averages derived from analyses of
each group performed with the Multi Gauge analysis program.
Intergroup differences were analyzed using ANOVA, followed
by Bonferroni’s multiple comparison tests. In vitro studies: In
case of glial cell cultures, the results of the Western blot analyses
(Figures 8 A-F) are shown as a percentage of the control (vehicle-
treated non-stimulated cells) shown as the means & SEM of 3-4
independent experiments. The results were evaluated with a one-
way analysis of variance (ANOVA) with Bonferroni’s post-hoc test
to see the differences between the treated groups. One of the
graphs is presented as the relative protein level, and the result
was evaluated using a t-test to assess the differences between the
treatment groups (Figure 8C). The variability in the number of
samples used in the studies is due to the lack of measurements
for technical reasons.

RESULTS

The Time Course of Changes in the Levels
of CXCR2, CXCL1, CXCL2, and CXCL3
mRNA and Protein in the Spinal Cord on
the 2nd, 7th, 14th, and 28th Days After CCI

in Rats

In the spinal cord, qRT-PCR analysis showed that the level of
CXCR2 mRNA was upregulated 2.1-fold (p < 0.001), 2.3-fold
(p < 0.001), and 2-fold (p < 0.001) at 2, 7, and 14 days after
CCI, respectively (Figure 1A). The level of CXCL1 mRNA in the
spinal cord was significantly enhanced (2.2-fold, p < 0.001) only
on the 2nd day (Figure 1B). Similarly, the CXCL2 mRNA level
was strongly increased (5.4-fold, p < 0.001) only on the 2nd day
(Figure 1C). The level of CXCL3 mRNA was slightly enhanced
(1.4-fold) at 2 days after CCI (Figure 1D).

In the spinal cord, the Western blot analysis showed that
no significant changes in the levels of the CXCR2, CXCLI,
and CXCL2 proteins were observed post-CCI (Figures 1E-G,
respectively). A great increase in the level of CXCL3 protein was
detected on the 2nd (1.4-fold, p < 0.05) and 7th (1.3-fold, p <
0.05) days after CCI (Figure 1H; Data Sheet 1).
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FIGURE 1 | The time course of changes in CXCR2, CXCL1, CXCL2, CXCL3 mRNAs (A-D) and proteins (E-H) in the spinal cord tissues on the 2nd, 7th, 14th, and
28th days after chronic constriction injury (CCI) in rats. The RT-gPCR and Western blot data are presented as the means + SEM of 6-10 and 4-6 samples per group
in each method, respectively. Intergroup differences were analyzed using ANOVA with Bonferroni’s multiple comparisons test. *p < 0.05, ***p < 0.001 indicate
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The Spinal Localization of CXCR2 and Its
Ligand CXCL3 on the 7th Day After CCl in
Rats

The immunofluorescent staining provided clear evidence that
both CXCR2 and CXCL3, regardless of treatment (naive vs.
CCI) co-localize with neurons, as shown by double staining
using the neuronal marker, NeuN (Figures 2A-D, upper rows).
Co-staining with microglia marker, IBA1, and astroglia marker,
GFAP, showed lack of co-localization of CXCR2 or CXCL3
with Ibal or GFAP (Figures 2A-D, middle and bottom rows),
however in CCI-induced animals there were possible to find a

few, singular cells co-stained with CXCL3 and IBA1 (Figure 2D,
indicated by arrows), revealing that at least under enhanced
inflammatory response some CXCL3-positive cells may also
expressed activated microglia.

The Influence of the Single Intrathecal
Administration of CXCL1, CXCL2, and
CXCL3 on Nociceptive Transmission in

Naive Mice
The single intrathecal administration of different doses of
CXCL1, CXCL2, and CXCL3 induced the development of

naive

merged

Ibal merged

-GFAP

merged

naive

FIGURE 2 | The spinal localization of CXCR2 and its ligand CXCL3 in naive and CCl-exposed rats. Immunofluorescent staining was performed on paraffin-embedded
7 wm (A,B) co-staining of CXCR2 (green) and neuronal marker NeuN (red; upper row); astroglial marker GFAP (red, middle row), and microglial marker IBA1 (red,
bottom row). (C,D) co-staining of CXCL3 (green) and neuronal marker NeuN (red; upper row); astroglial marker GFAP (red, middle row), and microglial marker IBA1
(red, bottom row). White arrows indicate representative CXCL3-positive cells that co-localize with IBA1-positive cells. Scale bar for all pictures: 25 um.
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FIGURE 3 | Effects of single administrations of CXCL1, CXCL2, and CXCL3 (A-F) on nociceptive transmission in naive mice. The effects of single intrathecal
administrations of CXCL1, CXCL2, CXCL3 (2, 400, or 800 ng/5 wl) on mechanical hypersensitivity (von Frey test, A=C) and thermal hypersensitivity (cold plate test,
D-F) were measured at 1.5, 5, and 24 h after administration. Data are presented as the means 4+ SEM (6 mice per group). The results were evaluated using one-way
ANOVA, followed by Bonferroni’s test for comparisons of selected pairs measured separately at each time point. *o < 0.05, **p < 0.01, **p < 0.001 for the
comparison of vehicle-treated naive animals with all groups at the indicated time points. Additionally, the results were evaluated using two-way ANOVA to determine
the time x drug interaction (please see results in Chapter 3.3). V, vehicle.
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mechanical and thermal hypersensitivity, as measured using
the von Frey (Figures 3A-C) and cold plate (Figures 3D-F)
tests, respectively.

In the von Frey test, no significant pronociceptive effects were
observed after a low dose of CXCL1 (2 ng/5 pl) at all studied
time points (1.5-24h). However, the high doses (400 and 800
ng) evoked mechanical hyperalgesia 1.5h (p < 0.001) or 5h (p <
0.001) after injection (Figure 3A). This effect vanished after 24 h.
For CXCL2 and CXCL3, no significant reactions were observed at
1.5 h after the injection of all doses (2, 400, and 800 ng). However,
at 5h after the injection of CXCL2, the effects of all doses were
strong (p < 0.001), which nevertheless disappeared altogether at
24h (Figure 3B). Similarly, the pronociceptive effect of CXCL3
appeared later, and the strongest mechanical hypersensitivity was
observed for all doses after 5h (p < 0.001 for 400 ng; p < 0.01
for 800 ng; p < 0.01 for 2 ng). The effect faded after 24 h, except
for one dose (400 ng) (Figure 3C). Two-way ANOVA confirmed
a significant interaction [F(g 119y = 5.783, p < 0.0001; F(g 104)
= 2,689, p = 0.0075; F(g, 104y = 3.331, p = 0.0013; respectively]
between the investigated treatments for CXCL1, CXCL2, CXCL3,
and the investigated time points. CXCL1, CXCL2, and CXCL3
significantly decreased the nociceptive threshold [F(3 119y =
6.268, p = 0.0006; F(3, 104y = 26.87, p < 0.0001; F(3 104y = 20.32,
p < 0.0001], showing a pronociceptive dose-dependent effect of
CXCL1, CXCL2, and CXCL3 in the von Frey test.

In the cold plate test, no significant pronociceptive effects were
observed after low (2 ng/5 pl) and intermediate (400 ng/5 pl)
doses of CXCL1 (Figure 3D) and after an intermediate (400 ng/5
nl) dose of CXCL2 (Figure 3E) at all studied time points (1.5-
24h). The mice displayed thermal hypersensitivity to stimuli at
1.5h (p < 0.001) and 5h (p < 0.01) after the injection of the
highest dose of CXCL1 (800 ng), which nevertheless disappeared
until 24 h (Figure 3D). Similarly, at 1.5h (p < 0.01) and 5h (p
< 0.01) after CXCL2 injection, we observed the highest peak
reaction for the highest dose and in addition to the low dose
after 5h (p < 0.05) (Figure 3E). All tested doses of the CXCL3
injection caused comparable reactions to thermal stimuli after
1.5h (p < 0.001 for 2 and 800 ng; p < 0.01 for 400 ng). Only
the reaction after the intermediate dose was also maintained
after 5h (p < 0.01) (Figure 3F). Two-way ANOVA confirmed
a significant interaction [F(g 124y = 2.605, p = 0.0087] between
the investigated treatment for CXCL1 and the investigated time
points. In the case of CXCL2 and CXCL3, two-way ANOVA did
not show a time x drug interaction [F(g, 120) = 0.8918, p = 0.5349;
F(9,118) = 1.905, p = 0.0577, respectively]. CXCL1, CXCL2, and
CXCL3 significantly decreased the nociceptive threshold [F3, 124
= 2.605, p = 0.0087; F(3 120) = 9.048, p < 0.0001; F(3 115 =
10.31, p < 0.0001, respectively], showing a pronociceptive effect
of CXCL1, CXCL2, and CXCL3 in the cold plate test.

Effect of the Single and Repeated
Intrathecal Administrations of the CXCR2
Antagonist NVP CXCR2 20 on Mechanical
and Thermal Hypersensitivity in the
CClI-Induced Model of Neuropathic Pain

A single i.t. administration of NVP CXCR2 20 at concentrations
of 10, 20 and 30 pg/5 wl was performed at 7 days

after CCI. The influence of the NVP CXCR2 20 on the
development of hypersensitivity to mechanical and thermal
stimuli was measured by von Frey (Figure 4A) and cold plate
(Figure 4B) tests, respectively, at 0.5, 1, 2, 4, 6, and 24 h after
administration. NVP CXCR2 20 injection at the lowest dose
did not diminish mechanical hypersensitivity (Figure 4A) and
only slightly diminished thermal hypersensitivity (Figure 4B).
However, higher doses showed significant analgesic effects at 2,
4 and 6 h after injection measurement by cold plate and von Frey
tests (Figures 4A,B). Two-way ANOVA confirmed a significant
interaction [F(IS,IIO) = 4.054, P < 0.0001; F(18, 133) = 2.716, P
= 0.0006, respectively] between the investigated treatment and
the investigated time points in von Frey and cold plate tests.
The mechanical and thermal hypersensitivity were significantly
diminished after NVP CXCR2 20 treatment [F(g 119y = 16.29; P
< 0.0001; Fg, 133) = 25.58; P < 0.0001; respectively]. Based on the
obtained behavioral results and our pharmacological experience
for the repeated treatment, we have chosen the dose of 10 Lg/5
il so the lowest possible dose with analgesic effect to avoid
side effects.

Repeated it administration of NVP CXCR2 20 at a
concentration of 10 pg/5 wl has analgesic effects in CCI-
treated rats (Figures 4C,D). After CCI, all rats exhibited strong
mechanical hypersensitivity in the paw ipsilateral to the injury
(as demonstrated by the von Frey test results on days 2 and
7 after CCI (p < 0.001) (Figure4C), and compared to the
control group of naive animals, all rats exhibited potent thermal
hypersensitivity (as demonstrated by the response latency in the
cold plate test (p < 0.001; Figure 4D). NVP CXCR2 20 reduced
mechanical (p < 0.001) (Figure4C) and thermal (p < 0.01)
hypersensitivity at 120 and 125 min after the last injection on day
2 after CCI (Figure 4D). On day 7 after CCI, NVP CXCR2 20
also diminished mechanical (p < 0.01) (Figure 4C) and thermal
(p < 0.01) hypersensitivity (Figure4D) at 125min after the
last injection.

The Influence of the Repeated
Administration of NVP CXCR2 20 on
CXCR2, IBA1, GFAP, CXCL1, CXCL2, and
CXCL3 Protein Levels in the Spinal Cord

and DRG at 7 Days After CCI in Rats

In the spinal cords of vehicle- and NVP-treated CCI-exposed rats,
the level of the CXCR2 protein remained unchanged compared
with that in the spinal cords of naive rats (Figure 5A). In the
spinal cord of vehicle-treated, CCI-exposed rats, the levels of
the IBA1 and GFAP proteins were increased (4.24-fold, p <
0.01; 2.5-fold, p < 0.01, respectively) compared with naive rats
(Figures 5B,C, respectively). NVP CXCR2 20 did not change
the up-regulation of the IBA1 protein (5.3-fold in relation to
control; Figure 5B) and GFAP protein (3.44-fold in relation
to control; Figure 5C) levels in the spinal cord after CCI. No
changes were observed in the spinal levels of the CXCLI and
CXCL2 proteins (Figures 5D,F, respectively), which corresponds
well with the time-course study presented in Figures 1IF,G. NVP
CXCR2 20 also did not change the CXCL1 and CXCL2 protein
levels (Figures 5D,F). Compared with naive rats, the level of the

Frontiers in Immunology | www.frontiersin.org

September 2019 | Volume 10 | Article 2198


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Piotrowska et al.

CXCL3/CXCR2 Signaling in Neuropathic Pain

Single NVP CXCR2 20

different doses (10, 20, 30 pg/Sul)
on day 7 after CCI

injection (i.2.)

A
26
25
I
Z20
=
-
@
1
=
Sis
> .
¥ CXCR210
4 CXCR220
== CXCR2 30
10
2 -1 0 1 2 3 4 5 6 7 23 24
hours after injection
7" after CCI
B
30
26
=30 ‘ T
e 1
=
=2
=
S -
¥ CXCR210
4 CXCR220
~ CXCR2 30
U-2~10123456723 24

hours after injection

7™ after CCI

Chronic NVP CXCR2 20

injection (i.7.)

one dose (10 pg/Sul) administered
for 2 or 7 days after CCI

1
[}
]
]
]
[}
]
]
[}
[}
]
]
]
]
]
]
]
! C
' 26
l 25- --i -------------- uu R
]
: " s 44
: ) kek sk
] @
" 3 154 sk kkx
P
| e
| “é 10
' 2
' 5
]
[} 0 T T
' -V NVP -V NVP
: N ond day N 7th day
' after CCI
|
]
| D
|
] R
] e i s 1
' 254 #it
! _ K
. — 204
: Z #H
' £ 159 e Kook
1 = sk
! = 101
' S
' 5
]
! 0
! -V NVP -V NVP
' L O R N <l Y
' N 2™ day N 7" day
: after CCI
]
]
]
]

FIGURE 4 | Effects of single (A,B) (different doses: 10, 20, and 30 g/5 ) intrathecal NVP CXCR2 20 administration on mechanical (A; von Frey test) and thermal (B;
cold plate test) hypersensitivity as measured 0.5, 1, 2, 4, 6, 24 h after NVP CXCR2 20 injection on day 7 in CCl-exposed rats. Effects of repeated (C,D) (one dose: 10
ng/5 wlit.; 16h and 1 h before CCl and then once a day for 7 days) intrathecal NVP CXCR2 20 administration on mechanical (C; von Frey test) and thermal (D; cold
plate test) hypersensitivity as on day 2 or 7 in CCl-exposed rats. Tactile and thermal hypersensitivity were assessed at 120 and 125 min after the last NVP CXCR2 20
injection, respectively. The horizontal dotted line shows the cut-off value. Data are presented as the means + SEM of 10-18 rats after single administration and 8 rats
after repeated administration per group. Intergroup differences were analyzed using ANOVA with Bonferroni’s multiple comparisons test measured separately at each
time point. *p < 0.05, **p < 0.01, **p < 0.001 indicate differences between vs. naive rats. ##p < 0.01, ###p < 0.001 indicate differences between V- and
NVP-treated, CCl-exposed rats. CCl, chronic constriction injury; N, naive; V, vehicle; NVP, NVP CXCR2 20. Additionally, the results presented on graphs A and B were
additionally evaluated using two-way ANOVA to determine the time x drug interaction (please see results in chapter 3.4).
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FIGURE 5 | Effects of the repeated administration of NVP CXCR2 20 (NVP; 10 wg/5 wl; i.t.; 16h and 1h before CCl and then once a day for 7 days) on the protein
levels of CXCR2, IBA1, GFAP, CXCL1, CXCL2, and CXCL3 proteins (A-l) in the spinal cord (A-F) and DRG (G-I) on the 7th day after CCl in rats. The data are
presented as the mean fold changes relative to the control + SEM (5-6 samples per group). Intergroup differences were analyzed using ANOVA with Bonferroni’s
multiple comparisons test. *p < 0.05, *p < 0.01, **p < 0.001 indicate differences vs. naive rats. #p < 0.05, indicate differences between V-treated and NVP-treated
rats. CCl, chronic constriction injury; N, naive; V, vehicle; NVP, NVP CXCR2 20.
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CXCL3 protein was increased 1.4-fold (p < 0.05) in vehicle-
treated, CClI-exposed rats (Figure 5F), and importantly, NVP
CXCR2 20 significantly attenuated CXCL3 protein expression to
the level of control (1.7-fold; p < 0.05; Figure 5F).

In the DRG, as in the spinal cord, the levels of the CXCL1 and
CXCL2 proteins remained unaltered in CCI-exposed rats, and
NVP CXCR2 20 did not influence these factors (Figures 5G,H,
respectively). The level of the CXCL3 protein was raised 1.4-
fold (p < 0.01) in the vehicle-treated, CCI-exposed rats as
compared to naive rats (Figure 5I), and again, the NVP CXCR2
20 significantly attenuated CXCL3 protein expression to the
level of control (1.2-fold; p <0.05) in the DRG (Figure 5I;
Data Sheet 2).

The Influence of the Single Intrathecal
Administration of CXCL3-Neutralizing
Antibody on Pain-Related Behaviors on the
7th Day After CCl in Mice

CXCL3-neutralizing antibodies were administered (i.t.) once on
day 7 after CCI at the following concentrations: 1,4 and 8 pg/5 pl
(Figures 6A,B). The control group, CCI-exposed mice received
vehicle (V; water for injection). Reactions to mechanical and
thermal stimuli were assessed by von Frey (Figure 6A) and cold
plate (Figure 6B) tests, respectively.

In the von Frey test, all doses (1, 4, and 8 pg) of CXCL3-
neutralizing antibodies (Figure 6A) diminished the pain-related

behavior. For the 1 pug dose (p < 0.001), the effect was observed
only in the 5th hour (Figure6A), while for doses 4 and 8
ng, the effect was already observed after 1.5h (p < 0.01, p
< 0.001; respectively) and strongly persisted after 5h (p <
0.001). The analgesic effects of neutralizing antibody for doses
1 and 4 pg were reversed after 24h and for the 8 pg dose
only after 48h, as measured by von Frey test (Figure 6A).
Two-way ANOVA confirmed a significant interaction [F g, 103)
= 5555 p < 0.0001] between the investigated treatment
for CXCL3-neutralizing antibody and investigated time points.
The CXCL3-neutralizing antibody significantly increased the
nociceptive threshold [F(4 193y = 12,65, p < 0.0001], showing an
antinociceptive dose-dependent effect of the CXCL3-neutralizing
antibody in the von Frey test.

In the cold plate test, after all doses (1, 4, and 8 jLg) of CXCL3-
neutralizing antibodies were used, the pain-related behavior was
diminished (Figure 6B). This strong analgesic effect could be
seen after 1.5 and 5 h for all tested doses (1, 4, and 8 pug) (p < 0.05;
p < 0.001; p < 0.001, respectively) (Figure 6B). This effect was
still observed after 24 h, but only for the highest dose, 8 g (p <
0.01) (Figure 6B). The analgesic effects of 1 and 4 jLg doses were
reversed after 24 h as measured by the cold plate test (Figure 6B).
Two-way ANOVA confirmed a significant interaction [F(j3 111)
= 2,723 p = 0.0029] between the investigated treatment for
CXCL3-neutralizing antibody and the investigated time points.
The CXCL3-neutralizing antibody significantly increased the
nociceptive threshold [F(4 111y = 9,512 p < 0.0001], showing
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FIGURE 8 | Effects of on NVP CXCR2 20 levels of the CXCL1, CXCL2, and CXCLS3 proteins (A-F) in primary rat microglial (A-C) and astroglial (D-F) cell cultures.
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dotted line on the representation bands below the figures.

FIGURE 8 | independent experiments. Intergroup differences were analyzed using ANOVA with Bonferroni's multiple comparisons test. *p < 0.05, **p < 0.01, **p <
0.001 indicate differences in comparison with the control group (vehicle-treated non-stimulated cells); #p < 0.05, ##p < 0.01, ###p < 0.001 indicate differences
between vehicle-treated and NVP-treated LPS-stimulated cells. Relative protein level: Inter-group differences in relative protein level were analyzed using a t-test.
###p < 0.001 indicates differences compared to the vehicle-treated LPS-stimulated cells. LPS-, vehicle-treated non-stimulated cells; NVP-, NVP-treated
non-stimulated cells, LPS+, vehicle-treated LPS-stimulated cells; NVP+, NVP-treated LPS-stimulated cells. In (D-F) the blots are cropped which was shown with a

administration: V-treated group 7.96 £ 0.5s vs. IgG-treated
group 8.4 £ 0.47 s) hypersensitivity.

The Influence of Single Intrathecal
Administration of CXCL3 Preceded by NVP
CXCR2 20 Injection on Nociceptive

Transmission in Naive Mice

The reactions to non-noxious (Figure7B) and noxious
(Figure 7C) stimuli in naive, vehicle + vehicle-treated and
vehicle + NVP-treated (60 pg/5 l) mice were similar
(Figures 7B,C). At 2 h after substance administration, behavioral
tests were conducted, and the mice received CXCL3 (2 ng/5
ul) following the testing (Figure 7A). The behavioral tests were
performed at 1.5, 5, and 24h after CXCL3 injection (3.5, 7,
and 26h after NVP CXCR2 20 administration) (Figure 7A).
The vehicle + CXCL3-treated group (800 ng/5 1) developed
mechanical and thermal hypersensitivity (Figures 7B,C,
respectively), which was prevented by pretreatment with NVP
CXCR2 20 (Figures 7B,C).

The Influence of NVP CXCR2 20 on the
Levels of the CXCL1, CXCL2, and CXCL3
Proteins in Rat Microglial and Astroglial
Cell Cultures at 24 h After

Lipopolysaccharide Stimulation

In microglial cell cultures, we observed an expressive increase
in the levels of CXCL1 (1.6-fold, p < 0.05; Figure 8A) and
CXCL2 (15.6-fold, p < 0.01; Figure 8B) proteins at 24 h after
LPS stimulation. CXCL3 protein levels were not detected
in non-stimulated cells, but we observed strongly increased
CXCL3 protein levels in LPS-stimulated microglia (Figure 8C).
NVP CXCR2 20 decreased the CXCL1 (4.4-fold, p < 0.01;
Figure 8A), CXCL2 (6.3-fold, p < 0.05; Figure 8B), and
CXCL3 (4.3-fold, p < 0.001; Figure 8C) protein levels in LPS-
stimulated cells compared with those in vehicle-treated LPS-
stimulated microglia.

In astroglial cell cultures, we observed a considerable increase
in the levels of the CXCL1 (1.9-fold, p < 0.05; Figure 8D) and
CXCL2 (3.5-fold, p < 0.01; Figure 8E) proteins at 24 h after LPS
stimulation. NVP CXCR2 20 decreased the CXCL1 (2-fold, p
< 0.05; Figure 8D) and CXCL2 (1.8-fold, p < 0.05; Figure 8E)
protein levels in LPS-stimulated cells compared with those in
vehicle-treated LPS-stimulated microglia. CXCL3 protein levels
were not detected in astrocytes (in non-stimulated or LPS-
treated) (Figure 8F; Data Sheet 3).

The Influence of Single Administrations of
NVP CXCR2 20 on Opioid Effectiveness on
the 7th Day Post-CCl in Rats

In the von Frey test, single injections of the respective opioids
caused similar analgesic effects as single injections of NVP
CXCR2 20 (10 pg/5 pl). The combined administration of NVP
CXCR2 20 and morphine (2.5 pg/5 pl) or buprenorphine (2.5
pg/5 pl) did not change the effectiveness of the individual
substances (Figure 9B).

In the cold plate test, single injections of the respective
opioids caused similar analgesic effects as single injections of
NVP CXCR2 20 (10 pg/5 pl). The single administration of
the combination of NVP CXCR2 20 and morphine (2.5 pg/5
ul) or buprenorphine (2.5 pg/5 pl) did not change their
efficacy (Figure 9C).

DISCUSSION

First, we observed that intrathecal injections of CINCs induced
pain-related behaviors in naive mice, which is related to the
CXCR2 neuronal response. Second, RT-qPCR and Western blot
results of the time course changes in chemokines indicated
CXCL3 involvement in the development of neuropathic pain,
whereas only the mRNA expression of the two other ligands
was increased in the initial phase. Moreover, the neutralizing
antibody for CXCL3 reduced neuropathic pain symptoms in
mice on day 7 after CCI. Third, immunofluorescence staining
indicated that in the spinal cord, CXCR2 and CXCL3 are
expressed mainly in neurons as measured at 7 days after
sciatic nerve injury. Fourth, we proved that a potent and
selective CXCR2 receptor antagonist, NVP CXCR2 20, reduces
the symptoms of neuropathic pain and the CCI-upregulated
levels of CXCL3 in the spinal cord and DRG and prevents
the development of hypersensitivity to stimuli after CXCL3
administration. Finally, we provided evidence that the chronic
intrathecal administration of NVP CXCR2 20 did not attenuate
microglial activation, and this is probably the reason why these
compounds do not enhance morphine/buprenorphine analgesia,
which was observed in our previous studies on the CXCR3
antagonist (4)-NBI-74330 (29). Notably, to the best of our
knowledge, this study is the first to present the comparison
of these three chemokines in a single experiment involving a
neuropathic pain model. Our findings provide evidence that, out
of all investigated CINCs, spinal CXCL3 plays an important role
in CXCR?2 signaling in neuropathic pain.

Our results obtained in a neuropathic pain model are
consistent with other findings (58-61), which suggests that
CXCR2 is important for nociception transmission. First, it was
shown that the expression of CXCR2 becomes upregulated in

Frontiers in Immunology | www.frontiersin.org

21

September 2019 | Volume 10 | Article 2198


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Piotrowska et al

CXCL3/CXCR2 Signaling in Neuropathic Pain

" DRUG COADMINISTRATION
NVP CXCR2 20=fy »
BUPRENORPHINE (2.5 pg, i.t.)
® o—
-7 7 60 min
IT. IMPLANTATION BEHAVIORAL TESTS
B 267 rm=
#H ##
oS %%
~ #
20201 4 %otk
- JOROSONE X%
172]
Y
= wkk
T
5]
L
B 10
=
=
>
0
. V NVP V NVP V NVP
+ + + + + +
\% A% M M B B
N CCI
(]
30+ ——
~ 261
oz #ittt wat TR
: L ROSOSOREE 3 33 USSR
Q 20"
~—
?)
~—
o] Fekk
L
=y i o
=
e
=
(5}
0
- V NVYP V NP V NVP
+ + + + =+ +
A\ A" M M B B
N CCI
FIGURE 9 | Scheme of drug co-administration (A). Effects of single (B,C) administration of NVP CXCR2 20 (NVP; 10 g/5 pl; single dose i.t.; on the 7th day
post-CCl) (A) on pain-related behaviors (von Frey test A; cold plate test B) and the analgesic effects of morphine (M; 2.5 ug/5 wl; single dose i.t.; on the 7th day
post-CCl, 4 h after NVP or V injection) and buprenorphine (B; 2.5 ng/5 ul; single dose i.t.; on the 7th day post-CCl, 4 h after NVP or V injection) on CCl-exposed rats.
The data are presented as the means + SEM of 6 rats per group. Intergroup differences were analyzed using ANOVA with Bonferroni’s multiple comparisons test. **p
< 0.01, **p < 0.001 indicate differences compared with naive rats. #p < 0.05, ##p < 0.01, ###p < 0.001 indicate differences compared V+V-treated,
CCl-exposed rats. B, buprenorphine; CCl, chronic constriction injury; M, morphine; N, naive; NVP, NVP CXCR2 20; V, vehicle.
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macrophages and neutrophils infiltrated locally at a nerve injury
site (62). Immunohistochemical studies demonstrated that under
neuropathic conditions, the majority of spinal CXCR2 molecules
are located on dorsal horn neurons (15, 63); however, their
upregulation also occurs in non-neuronal cells (15, 63, 64).
Second, it has recently been published that under homeostatic
conditions, spinal microglia do not express CXCR2, but it
can be upregulated upon its activation in central nervous
system (CNS) pathologies, such as Alzheimer’s disease, multiple
sclerosis, traumatic brain or nerve injuries, and inflammation,
including Complete Freund’s Adjuvant injection (15, 65-70). Our
immunohistochemical staining proved the presence of spinal
CXCR2 in neurons. Our results show the upregulation of CXCR2
mRNA on days 2, 7, and 14 after CCI in rats, which is in line
with Xu et al. (26). The protein changes in CXCR2 are not
measurable, which is not surprising because many GPCRs may
rapidly internalize upon agonist stimulation and subsequently
become replaced by newly synthesized receptors. Like other
GPCRs, CXCR?2 is rapidly internalization following a burst of
agonist-mediated signaling. The mechanism appears to be similar
to that used by many other GPCRs (71). During receptor
activation, the induction of internalization of CXCR2 depends
on the interactions between the N-terminal of the chemokine
and the N-domain of the chemokine receptor (72). After agonist
removal, internalized CXCR2 is associated with different cellular
trafficking regulators and may be recycled to the cell surface,
thereby enabling a subsequent round of signaling (71, 73) or
may enter lysosomal sorting pathway of CXCR2 (74). These
various receptor-mediated events are directly dependent on the
CXCL1 or CXCL2 concentration (75), and dysregulation of
these processes e.g., in the pathogenesis of neuropathic pain
could switch the cell phenotype. Changes in ligand levels during
neuropathic pain may lead to disorders in receptor activation
and signaling, but this requires further study. In our recent
studies using the CCR4 antagonist (Kujacz et al., submitted),
we observed an increase in mRNA levels, in parallel with no
change in protein levels in the neuropathic pain model. However,
blocking these receptors causes strong analgesic effects—this
requires further molecular studies—while the importance of
these receptors in the nociceptive transmission is beyond doubt,
as is CXCR2. The neuronal location of CXCR2 suggested by
some authors (15, 63, 70, 76) correlates well with our behavioral
results and explains why intrathecally injected CXCR2 ligands
induce very fast and strong pain-like behavior in naive mice.
Kiguchi et al. (62) reported that the administration of the
histone acetyltransferase inhibitor anacardic acid suppressed the
upregulation of CXCR2 at an injured sciatic nerve site after
its partial ligation. Liang et al. (77) showed that the spinal
administration of the CXCR2/CXCRI antagonist, SCH527123,
potently reversed sensitization after traumatic brain injury. Our
study provides, for the first time, evidence that intrathecal
injections of a potent and selective CXCR2 antagonist, NVP
CXCR2 20, reduce neuropathic pain symptoms by modulating
the release of CXCL3 at the spinal cord and DRG level. Based
on these results and previously published data, we propose that
the spinal blockade of CXCR2 signaling may produce efficient
analgesic effects under neuropathy.

CXCL1 was the first discovered endogenous ligand of CXCR2.
However, its role in nociception remains unclear. Our results
indicate that in naive mice, the intrathecal administration of
a high dose (800 ng) of CXCL1 causes hypersensitivity to
mechanical and/or thermal stimuli, which suggests a confirmed
spinal neuronal location of CXCR2. In 2007, Li et al. (78) reported
that injuries of the spinal cord and sciatic nerve induce the
upregulation of CXCL1 in DRG neurons (76) at 3 but not
7 days after surgery. Subsequently, it was shown that CXCL1
sensitizes primary neurons by triggering an increase in calcium
ion influx, modulating potassium and sodium currents (15, 59,
79-81). In the CNS, however, CXCL1 astrocyte expression has
already been shown in animal models after brain (82) and
spinal cord (15, 83) injury, as well as in humans with multiple
sclerosis (84). This observation was later confirmed by in vitro
results showing that CXCL1 is released from primary astroglial
cells following TNFa (15, 85) and IL-1beta (84) stimulation.
Similarly, we showed the LPS-induced release of CXCL1 from
primary astroglia cultures and, for the first time, microglial
cells. Nevertheless, under neuropathic pain conditions, CXCL1
mRNA does not increase in parallel with microglia activation
(10, 25, 44). We observed a spinal increase in CXCL1] mRNA
only on day 2 after sciatic nerve injury, similar to Manjavachi
et al. (86) after partial sciatic nerve ligation in Swiss mice. In
our experiments, the spinal protein changes of CXCL1 in Wistar
rats remained undetectable, which corresponds to the results in
BALB/c mice after spinal nerve transection (87). Nevertheless,
after spinal nerve ligation, some authors observed elevated
CXCLL1 protein levels in Sprague-Dawley rats and Albino Swiss
mice (15, 88). Such discrepancies may arise due to the applied
model of neuropathic pain or as a result of the specific genomic
characteristics of the abovementioned rodent strains.

CXCL1 is 90% identical in amino acid sequence to its
related chemokine, CXCL2. Based on our data, we were the
first to indicate that, similar to other CINCs, the intrathecal
administration of CXCL2 causes the rapid development of
hypersensitivity to thermal and mechanical stimuli in naive mice,
which confirms the spinal neuronal location of CXCR2. In 2012,
Haraguchi et al. (89) showed that CXCL2 is produced in an
injured sciatic nerve by partial ligation and suggested that this
chemokine is secreted by monocytes and acts as chemotactic for
leukocytes, which was confirmed by Kiguchi et al. (62). These
authors observed that CXCL2 mRNA became elevated in an
injured sciatic nerve during the first 24 h after damage, but no
further changes were detected until day 14. Similarly, we showed
an increase in CXCL2 mRNA at the spinal cord level only shortly
(day 2) after sciatic nerve injury. However, the spinal protein
level of CXCL2 did not change after injury, suggesting that
under neuropathy, CXCL2 plays an important role in the PNS
(peripheral nervous system) rather than the CNS. The lack of
spinal CXCL2 upregulation was unexpected, since earlier in vitro
studies showed an increase in CXCL2 in activated mouse primary
microglia (89), which is in agreement with our in vitro results
obtained in rat microglia and astroglia cultures. Nonetheless, we
did not observe any spinal upregulation of CXCL2 protein in
parallel with glial activation under neuropathic pain, as measured
on days 2-28. Based on the literature and our current data,
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we hypothesize that the induction of the CXCL2/CXCR2 axis
is extremely important at the periphery after nerve injury but
probably not at the spinal cord level.

CXCL3 is another member of CINCs, and it is the least
researched chemokine in the context of nociception processes.
Despite the fact that structural details and receptor binding
interactions in the case of CXCL1 and CXCL2 have been
elucidated for years, the information regarding the structural
and biophysical characteristics of CXCL3 became available as late
as 2018, when Gulati et al. (30) successfully cloned, expressed,
and purified the recombinant CXCL3. The authors revealed
that although the overall structural and oligomerization features
of CXCL3 and CXCL1/2 are similar, prominent differences
can be observed on their characteristic surface structures, thus
indicating a functional divergence. CXCL3/CXCR2 signaling
exerts its functions through a number of signaling pathways,
including p38MAPK, ERK1/2, and JAK2/STAT3 (90, 91). The
involvement of these pathways in the development of neuropathy
has been known for many years, also in our model (11, 39, 40).
CXCL3 is strongly expressed in a number of tumorous conditions
(30, 92); however, its role in the context of neuropathy has yet
to be studied. Our results regarding time course changes of
mRNA and protein indicate that of all CINCs, CXCL3 is the
most important in the development of neuropathic pain, and its
protein level undergoes upregulation up to 7 days. In addition,
our results regarding naive mice showed for the first time
that intrathecal CXCL3 administrations cause hypersensitivity
to mechanical and/or thermal stimuli, appearing quickly after
injection and lasting up to 24 h because of its location in neurons,
what can be confirmed by immunofluorescent staining. What is
more, the antibody neutralization of endogenous CXCL3 results
in reductions of these symptoms in mice on day 7 after CCL
Moreover, we showed that CXCL3-induced pain behavior is
abolished by pretreatment with NVP CXCR2 20, which proves
an important role for CXCR2 in the effects of this chemokine.
CXCL1 and CXCL2 are strongly related to each other, both
structurally and functionally. They play a pivotal role in the
immune response by recruiting and activating neutrophils in
PNS with the highest concentration 1-3 days after injury (93,
94). CXCL3 helps neutrophil recruitment to inflamed areas and
functions as an important mediator of macrophage chemotaxis
(95). Our results provide the first evidence that spinal CXCL3
plays an important role in the development of neuropathic pain,
since its protein is the only protein whose upregulation can be
observed 2-7 days after CCL. Within the same time frame, we
were able to observe the strongest microglia activation (10, 44).
Additionally, our in vitro studies were the first to indicate the
release of CXCL3 by stimulated microglial primary cells. In
the case of CINGs, it is not expressed in the microglia at rest,
and LPS strongly induces its release, suggesting that CXCL3
may act as a proinflammatory factor in activated microglia by
insults (e.g., infection, injury, stress). Our immunohistochemical
staining indicates mainly the neuronal origin of CXCL3 in the
spinal cord, however, what's interesting, we observe the release of
CXCL3 by activated microglial cells on day 7 after injury. The
in vitro and in vivo results suggest that the microglia cells are
able to produce this compound in some circumstances, which

requires further in-depth research. On the other hand, CXCL3, as
a strongly pronociceptive mediator, is not produced by astrocytes,
which play an important role in restoring homeostasis in the
CNS (96, 97). Our results indicate for the first time an important
contribution of CXCL3 both in the initiation and development
of neuropathic pain, and modulation of CXCL3 release can have
beneficial effects, which may help in relieving the symptoms of
neuropathic pain.

While opioids are commonly used in the treatment of chronic
pain, in neuropathic pain they exhibit rather weak effectiveness
(98). Previous reports suggest that, the CXCR2 receptor is capable
of forming heterodimers with opioid receptors, and a change
in the conformation of receptors may have an effect on their
activation or ligand binding (99). The interaction of CXCR2
with DOR has been confirmed so far (99), which, however,
may not be sufficient and significant for the effectiveness of
morphine and buprenorphine during neuropathic pain. In the
literature, it is well-established that microglial activation is
essential for opioid analgesia under neuropathic pain (8, 100-
103). It has been shown that the activation of microglia and
subsequent increased level of pronociceptive cytokines, which
have anti-opioid properties, e.g., IL-lbeta (104), IL-18 (10)
decreased opioid effectiveness and the development of morphine
tolerance (8, 105). Recently, we have shown that blockade of
CCR2 [RS504393, (25)], CCR5 [maraviroc, (28)], and CXCR3
[(£)-NBI-74330]; (29) can restore the analgesic activities of
morphine and/or buprenorphine. Therefore, initially, it was
surprising that the CXCR2 antagonist NVP CXCR2 20 did not
enhance the analgesia of these opioids. However, in contrast
to the antagonists of CCR2, CCR5, and CXCR3 (25, 28, 29),
repeated administration of NVP CXCR2 20 did not diminish
spinal microglia activation as well as important kinases associated
with the activation of these cells, e.g., p38MAPK, ERK1/2 (own
unpublished results). Our earlier findings support the view
that activated spinal microglia through the modulation of the
production of cytokines, including chemokines, are important
not only in the development of neuropathic pain but also in a
diverse efficacy of opioid analgesics (106-109).

CONCLUSIONS

As far as we are concerned, our study is the first to show
strong pronociceptive properties of CXCL3. Moreover, chronic
administrations of the CXCR2 antagonist (NVP CXCR2 20)
can diminish hypersensitivity (and simultaneously CXCL3
expression) at the spinal cord and DRG level in a rat neuropathic
pain model. Importantly, NVP CXCR2 20 does not influence
microglia or astroglia activation, and probably for this reason,
this substance is not responsible for increasing opioid analgesia
under neuropathic pain. In summary, neuronal spinal CXCL3-
CXCR2 signaling plays a crucial role in the pathogenesis of
neuropathy after peripheral nerve injury, and we propose this
site of action as a promising target for enabling the inhibition
of its development in patients suffering from neuropathic pain.
However, more research is needed on the role of all CXCR2
ligands (including CXCL8), not just those of the CINC family.
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Current pain therapeutics offer inadequate relief to patients with chronic pain. A growing
literature supports that pro-inflammatory cytokine signaling between immune, glial, and
neural cells is integral to the development of pathological pain. Modulation of these
communications may hold the key to improved pain management. In this review we
first offer an overview of the relationships between pro-inflammatory cytokine and
chemokine signaling and pathological pain, with a focus on the actions of cytokines and
chemokines in communication between glia (astrocytes and microglia), immune cells
(macrophages and T cells), and neurons. These interactions will be discussed in relation
to both peripheral and central nervous system locations. Several novel non-neuronal
drug targets for controlling pain are emerging as highly promising, including non-viral
IL-10 gene therapy, which offer the potential for substantial pain relief through localized
modulation of targeted cytokine pathways. Preclinical investigation of the mechanisms
underlying the success of IL-10 gene therapy revealed the unexpected discovery of
the powerful anti-nociceptive anti-inflammatory properties of D-mannose, an adjuvant
in the non-viral gene therapeutic formulation. This review will include gene therapeutic
approaches showing the most promise in controlling pro-inflammatory signaling via
increased expression of anti-inflammatory cytokines like interleukin-10 (IL-10) or IL-4,
or by directly limiting the bioavailability of specific pro-inflammatory cytokines, as with
tumor necrosis factor (TNF) by the TNF soluble receptor (TNFSR). Approaches that
increase endogenous anti-inflammatory signaling may offer additional opportunities for
pain therapeutic development in patients not candidates for gene therapy. Promising
novel avenues discussed here include the disruption of lymphocyte function-associated
antigen (LFA-1) activity, antagonism at the cannabinoid 2 receptor (CB2R), and toll-like
receptor 4 (TLR4) antagonism. Given the partial efficacy of current drugs, new strategies
to manipulate neuroimmune and cytokine interactions hold considerable promise.

Keywords: cytokines, chemokines, gene therapy, chronic pain, IL-10, IL-4, TNF-«, CCL2

INTRODUCTION

Pain is the evolutionarily protective perception of a nociceptive stimulus indicative of actual or
potential bodily harm. However, when pain occurs outside the window of usefulness it is termed
pathological. It is considered chronic when it lasts 3 months or greater (1). Chronic pain is a global
problem affecting more than 1.5 billion people, and in 2015 was the leading cause of disability in
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most countries (2, 3). Unfortunately, clinically available
medications offer insufficient long-term analgesia in many
pain patients (4). Furthermore, as is the case with opioids like
morphine, they can be associated with unwanted effects (e.g.,
sedation and constipation), rapid onset of tolerance, a high
potential for abuse, and even risk of death (5).

Physiologic pain is mediated by neuron-to-neuron signaling
with classical neurotransmitters and neuropeptides like
glutamate, calcitonin-gene related protein (CGRP), and
substance P (6). However, considerable evidence indicates
that neurons are not alone in the development of pathological
pain. Rather, numerous immunological pathways mediated
by glia (e.g., astrocytes and microglia), immune cells, and
pro-inflammatory cytokines and chemokines modify neuronal
communication leading to pathological pain (7-9). Current
pain therapeutics neglect the actions of these non-neuronal
contributors. Therefore, development of interventions designed
to target neuroimmune communication will likely improve
patient outcomes.

The goal of this review is to provide an overview of the
immune contributions to pathological pain with a particular
focus on the role of cytokines and chemokines. The authors
discuss advances in gene therapeutics and novel small molecule
therapeutics that relieve chronic pain through modification of
neuroimmune cytokine signaling pathways.

OVERVIEW OF IMMUNE CONTRIBUTIONS
TO PATHOLOGICAL PAIN

Peripheral Immune Actions in Pathological

Pain

Following peripheral nerve injury or infection, receptors referred
to as pattern recognition receptors expressed on immune cells are
activated. Specifically, pattern recognition receptors are triggered
by pathogen associated molecular patterns (PAMPs), exogenous
signals indicative of pathogen invasion, or by danger associated
molecular patterns (DAMPs), endogenous signals indicative of
sterile tissue injury. Common pattern recognition receptors
include toll-like receptors (TLRs) and Nod-like receptors (NLRs)
(10). Ligand interaction with TLRs and NLRs activate pro-
inflammatory intracellular pathways mediated by transcription
factors like nuclear factor-kB (NF-kB) and activator protein-1
(AP-1), as well as activation of the inflammasome. This leads
to increased synthesis of pro-inflammatory cytokines, including
tumor necrosis factor-o (TNF-a), interleukin (IL)-6, and IL-1p.
Additionally, chemotactic cytokines, referred to as chemokines,
like C-C motif chemokine ligand 2 (CCL2; aka MCP-1) and C-
X3-C Motif Chemokine Ligand 1 (CX3CL1; aka Fractalkine),
and other immune mediators like nitric oxide (NO) are also
produced (9).

Within 3 days of injury, macrophages and neutrophils are
recruited to the site and secrete cytokines which aid helper
T cells and B cells as well as sensitize peripheral nociceptors
(11). These inflammatory mediators include pro-inflammatory
cytokines like TNF-a, IL-1f, IL-6, and IL-17, nerve growth
factor (NGF), serotonin, histamine, and prostaglandins like

prostaglandin E2 (PGE2) (12). Activated immune cells also
release anti-inflammatory molecules, such as the cytokine IL-10
and pro-resolution mediators derived from omega-3 unsaturated
fatty acids (e.g., resolvins, protectins, and maresins) as a method
of autoregulation in the healing process and reestablishment of
homeostasis (12-14).

Interestingly, sensory neurons express receptors for many
of these mediators, such as cytokine receptors (IL-18R, TNEF-
aR, IL-6R, and IL-17RA), NGF receptors (TrkA), and G
protein coupled receptors for serotonin, histamine, and PGE2
(12, 15). Recent reports of single cell RNA-sequencing using
peripheral nociceptors located in dorsal root ganglia (DRG) have
identified numerous potential neuronally expressed cytokine
and chemokine receptor targets, further supporting that direct
immune modulation of neuronal action is a likely driver of
pathological pain (16). Activation of these receptors expressed
by nearby nociceptive neurons (e.g., C fibers and A3 fibers)
leads to enhanced membrane excitability and sensitization
to subsequent stimulation (15, 17). This process is termed
peripheral sensitization and results in primary nociceptors that
become overly responsive to previously subthreshold levels of
peripheral stimulus (6).

Peripheral nerve sensitization can in turn lead to enhanced
nociceptor release of excitatory neurotransmitters at their
terminal synapses within the spinal cord dorsal horn, a site of
significant sensory signal modulation. This enhanced signaling
within the dorsal horn further sensitizes second order sensory
neurons through a mechanism known as central sensitization,
a neurobiological plasticity process first characterized by Woolf
in the early 1980s (18). Following development of central
sensitization, nociceptive neurons now potently signal to higher
order structures in the brain and brainstem, resulting in
pathological pain perception including hyperalgesia (enhanced
response to normally noxious stimuli) and allodynia (pain in
response to normally non-noxious stimuli, such as to light touch)
(19). Furthermore, expansion of receptive fields is often observed,
resulting in pain perception from stimulation of uninjured tissue
(secondary hyperalgesia) (6, 19). Pathological pain can arise if
these nociceptive pathways remain excitable beyond the period
of healing.

Central Immune Actions in Pathological
Pain

Astrocytes arise from neuroepithelium and are found throughout
the brain and spinal cord (20), outnumbering neurons and
accounting for 40-50% of all central nervous system (CNS)
glia (21). In contrast, microglia have mesodermal hematopoietic
origin, constituting only 5-10% of all glia, and are considered the
resident mononuclear phagocytes of the CNS (7, 20).

As with injury or infection of the CNS, damage to peripheral
nerves incites glia in the spinal cord dorsal horn to express
increased markers of activation (22). These spinal glia assume
“activated” phenotypes, with changes in morphology (e.g., switch
from highly ramified to amoeboid appearance) as well as
upregulation of astrocytic activation markers like glial fibrillary
acidic protein (GFAP), and microglial activation markers like
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complement receptor 3 (CR3), cluster of differentiation 11b
(CD11b), or ionized calcium binding adaptor molecule 1 (Ibal)
(8, 23, 24). Of note, the recently identified microglial-specific
marker transmembrane protein 119 (TMEM119) (25) may
offer newfound utility in discriminating between microglia vs.
macrophages/monocytes (26-28), as prior markers are expressed
by both.

Glial Activation in Pathological Pain

Lumbar astrocytes undergo changes in morphology and
increased GFAP expression, indicating a state of increased
activation following chronic constriction injury (CCI) of the
rat sciatic nerve (29). Since this initial study demonstrating
anatomical evidence that spinal glia play a role in pain
modulation, later studies documented that spinal glia are
closely associated with neural synapses, express many of
the same neurotransmitter receptors as neurons, and are
known to assume “activated” phenotypes in response to
abnormal or heightened neuronal signaling (8, 9, 15, 23, 30-32).
Astrocytes and microglia express pain-relevant neurotransmitter
receptors, like ~AMPA  (a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid) receptors, metabotropic glutamate
receptors (mGluR), purinergic receptors (e.g., P2X4R or P2X7R),
or neurokinin 1 receptors (NKI1R), which are activated by
neurotransmitters released from presynaptic nerve terminals.
These neurotransmitters include glutamate, ATP and substance
P (9). Following peripheral nerve damage, neurons also release
chemokines like CCL2 (33) and CX3CL1(34), and other immune
mediators like colony-stimulating factor 1 (CSF-1) (35) and
ATP (36, 37). These released factors potently activate astrocytes
and microglia (9), which in turn release pro-inflammatory
cytokines (e.g., IL-1B, TNF-a, and IL-6) (38), chemokines (e.g.,
CCL2) (33), ATP, excitatory amino acids (EAAs), and NO (7).
As in the periphery, dorsal horn neurons express receptors
for many of these factors, including the pro-inflammatory
cytokines, IL-18, TNF-a, IL-6, and IL-17 (12, 15). Activation
of neuronally-expressed cytokine receptors modifies neuronal
function. For example, the pro-inflammatory cytokines TNF-
a and IL-1B enhance excitatory synaptic transmission and
suppress inhibitory synaptic transmission in neurons of spinal
cord lamina II (31, 39). Whereas, TNF-a enhances spontaneous
excitatory post-synaptic current (SEPSC) frequency, IL-6 reduces
frequency of the spontaneous inhibitory post-synaptic current
(sIPSC). Notably, IL-1B is able to enhance both SEPSC frequency
and amplitude while reducing sIPSC frequency and amplitude.
Additionally, TNF-a and IL-1f enhance excitatory AMPA-
and NMDA-induced currents, and IL-1f and IL-6 suppress
inhibitory GABA- and glycine-induced currents (39). Therefore,
activation of these cytokine receptors further sensitizes local
neurons leading to a feed-forward cycle of nociceptive signaling.

Trafficking Immune Cells and Pathological
Pain

Macrophages in Pathological Pain

While it is clear that peripheral immune cells migrate to local
sites of nerve damage, a growing body of evidence supports
that they also traffic to more remote pain-relevant neural

tissues and play a role in the development of pathological
pain. For instance, macrophages are recruited to sites remote
from the initial insult, such as to the spinal cord (40, 41)
and DRG (41-43), following peripheral nerve trauma in
response to chemotactic factors like CCL2 (42-44) and
CX3CL1 (33, 45) derived from injured neurons with their
cell bodies or central projections in these distant locations.
Macrophages present in the DRG are most likely important for
maintenance of chronic pain. This is supported by evidence
that depletion of peripheral macrophages partially reverses
established paclitaxel-induced or ligation-induced
mechanical hyperalgesia and reduces TNF-a expression
in DRG (43, 46).

nerve

T Cells in Pathological Pain

In addition to macrophages, T cells may also be important in
the mechanisms that underlie pathological pain. For instance,
activated CD4™ T cells, specifically Th1 and Th17 cells, migrate
to associated lumbar DRG and/or the lumbar spinal cord dorsal
horn in animal models of sciatic nerve transection (47-49),
spared nerve injury (50, 51), partial sciatic nerve ligation (52, 53),
and sciatic nerve chronic constriction injury (54).

Increased T cell trafficking in these animal models of
neuropathic pain has been associated with concurrent increases
in pro-inflammatory T cell-related cytokine signaling. For
example, Costigan et al. identified T cell infiltration of the
spinal cord dorsal horn following a spared nerve injury (SNI)
in rats with concurrent increases in spinal interferon-y (IFN-y)
expression (50). IFN-y is the signature pro-inflammatory
cytokine released by activated Thl cells (55). In a related
study, neuropathic pain resulting from spared nerve injury is
significantly diminished in both Ragl knockout (Ragl~/~; T-
cell deficient) mice and IFN-y receptor null mutant mice as
compared to wildtype controls (50).

T helper cell-mediated IL-17 expression also appears to
be important for pain pathology. Compared to wild-type
mice, IL-17 knockout mice display significantly less mechanical
hypersensitivity as well as decreased T cell accumulation at both
the site of partial sciatic nerve ligation and within the relevant
lumbar DRG (L3-L5) (52). Similarly, increased CD4™ T cells
were observed in the rat spinal cord in a model of spinal nerve
ligation (e.g., peripheral nerve damage), with double-positive
CD41/IL-17 T cells located in superficial laminae of the spinal
cord dorsal horn by immunofluorescence staining (51). This was
accompanied by significant upregulation of IL-17, IL-1f, and
IL-6 (51).

Sexual Dimorphism in Pathological Pain
Much of what is known about the mechanisms of pain was
identified in male animal models. However, recent reports
indicate that mechanisms of pain may differ between the sexes
(56, 57). While microglial activation is required for preclinical
models of pathological pain in males, this does not seem to be
the case for females who instead appear to be more vulnerable to
the actions of T cells (54, 58-61).

Recent work from Noor et al. demonstrates that males
and females exhibit divergent T cell-associated actions within
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discrete pain-relevant anatomic regions in a rodent model of
sciatic neuropathy (54). During neuropathy, females display
more profound Th17 specific responses with higher levels of
IL-17A than males, both at the injured nerve and in the
corresponding lumbar spinal cord. When neuropathic animals
were treated with a P2-integrin antagonist, BIRT377, pain-
relieved females expressed dramatically reduced IL-17A levels in
sciatic and lumbar spinal cord tissues as compared to their male
counterparts (for further discussion, see section “Lymphocyte
Function-Associated antigen-1” below). This not only supports
a role for IL-17A in mechanisms of neuropathic pain, it
offers evidence of a T cell differentiation bias toward a pro-
inflammatory status that is significantly greater in females than
males (54).

There is growing evidence that other cytokines may also be
differentially regulated in males vs. females following peripheral
nerve injury. For instance, recent RNA-seq analysis of lumbar
DRG following rat sciatic CCI identified that the cytokine CSF-1
is 1.7 times higher in females than males (62).

GENE THERAPEUTIC MODULATION OF
CYTOKINES FOR CONTROL OF
PATHOLOGICAL PAIN

Gene Therapeutic Approaches and
Challenges

Gene therapy offers the advantage of anatomically targeted
long-duration expression of a desired protein, thereby limiting
possible unwanted systemic effects observed in other types
of pharmacologic interventions. Currently available gene
therapeutic approaches aim to treat disease through modification
of gene expression by cells, often via viral transduction or non-
viral transfection, though newer gene editing approaches,
such as through CRISPR/Cas9, may become more common
(63). To date, there are three FDA approved gene therapies,
including Spinraza (nusinersen; anti-sense oligonucleotide for
treatment of spinal muscular atrophy type 1) (64, 65), Kymriah
(tisagenlecleucel; CAR T-cell therapy for treatment of B-cell
precursor acute lymphoblastic leukemia) (66), and Luxturna
(voretigene neparvovec; adeno-associated virus-mediated
delivery of RPE65 for treatment of RPE65-mediated inherited
retinal dystrophy) (67). Various gene therapies first began to enter
clinical trials in the 1990s, but these early forays were plagued by
unexpected toxicities, limited clinical benefit, and even cases of
patient deaths (63). Further investigations revealed obstacles to
using viral vectors, including insertional mutagenesis, immune-
targeted destruction of genetically modified cells, and potentially
fatal immunogenicity associated with the viral vectors themselves
(68-70). While more modern viral vector approaches aim to
limit these toxicities, non-viral approaches have become an
appealing alternative. Specifically, viral approaches rely on viral
vectors to mediate cellular transfection and subsequent gene
expression. In contrast, non-viral gene therapies gain cellular
access through a wide variety of mechanisms ranging from
simple cellular uptake of naked plasmid DNA, to more formal
packaging of genetic material within carriers like liposomes,

polymers, or basic proteins to facilitate transfection (69-72).
These packaging modifications are often aimed at limiting
immune detection, protecting the payload (e.g., plasmid DNA)
from degradation by endonucleases, targeting to the therapy to
cells of interest, as well as promoting cellular entry (73).

Given that sustained functional suppression of pain-relevant
pro-inflammatory cytokines may ameliorate chronic pain
conditions, gene therapeutic expression of targets leading to
improved anti-inflammatory function has been explored. A
summary of reports in which gene therapeutics encoding anti-
inflammatory mediators induce pain relief observed in pre-
clinical pain models and in which changes in inflammatory
mediators were also evaluated is provided here (Table 1).

Gene Therapy for Pathological Pain
Interleukin-4 Signaling

Interleukin-4 (IL-4) is an important regulator of immunity,
with diverse roles in processes, such as T-cell proliferation,
activated B-cell stimulation, activation of macrophages, chronic
inflammation, and wound repair (88). IL-4 is primarily
produced by macrophages, T-cells (especially Th2 cells), mast
cells, eosinophils, and basophils (89). This cytokine exerts a
variety of effects through actions at two receptor subtypes.
The IL-4R-I receptor is expressed by T cells, and B cells,
monocytes/macrophages, and fibroblasts (90), and is involved in
the regulation of maturation and proliferation of Th2 cells, and
in IgE synthesis by B cells (88).

IL-4 signaling has been shown to decrease the production
and actions of several pain-relevant pro-inflammatory
mediators. For instance, IL-4 suppresses NLR protein 3
(NLRP3) inflammasome-dependent caspase-1 activation and
the subsequent IL-1B secretion by macrophages (91). NLRP3
serves as a sensor protein capable of initiating assembly of
the intracellular inflammasome protein complex, resulting in
caspase-1 activation and consequent conversion of pro-IL-1f
to mature bioactive IL-1f (92, 93). IL-4 has also been shown
to increase expression of endogenous IL-1 receptor antagonist
(IL-1ra) mRNA and protein (94), thus diminishing the actions
of pro-inflammatory IL-18. Additionally, IL-4 directly inhibits
the induction of nitric oxide synthase (NOS) and levels of
cyclooxygenase 2 (COX-2), thereby decreasing the production of
NO and PGE2, respectively (95).

In contrast to IL-10, which is predominantly characterized
as an anti-inflammatory cytokine, IL-4 exerts some pro-
inflammatory actions. In vascular endothelial cells, IL-4 induces
expression of CCL2 and IL-6 (96). It also synergistically increases
IL-18, TNF-a, and vascular cell adhesion protein 1 (VCAM-
1; aka. CDI106) in lipopolysaccharide-stimulated vascular
endothelium (96). IL-4-induced IL-6 expression is mediated via a
reactive oxygen species (ROS)-dependent mechanism in human
aortic endothelial cells (96).

IL-4 Gene Therapy as a Pain Therapeutic

Despite some evidence that it can serves as a facilitator
of pro-inflammatory cytokine expression (97-99), IL-4 is an
attractive candidate for treatment of pathological pain due to its
broad spectrum of anti-inflammatory actions. Additionally, IL-4
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TABLE 1 | Anti-inflammatory gene therapies for treatment of pathological pain.

Target References Vector/Delivery Model organism Pain model Inflammatory mediators
IL-4 Hao et al. (74) HSV/Subcutaneous Male Sprague-Dawley L5 Spinal Nerve Lumbar Spinal Cord DH: | IL-1B, p-p38, PGE2
Rats Ligation Lumbar DRG:1 IL-4
TNFSR Peng et al. (75) HSV/Subcutaneous Female Spinal Cord Injury Lumbar Spinal Cord: | TNF-a, p-p38
Sprague-Dawley Rats Lumbar Spinal Cord DH: | p-p38
Hao et al. (76) HSV/Subcutaneous Sprague-Dawley Rats ~ Sciatic Nerve Ligation Lumbar Spinal Cord DH: | TNF-q, IL-18, p-p38
Huang et al. (77) HSV/Subcutaneous Male Sprague-Dawley  Perineural HIV gp120 Lumbar Spinal Cord DH: | TNFa, CXCL12, CXCR4,
Rats 4+ TNFSR
Lumbar DRG: | TNF, CXCL12, CXCR4, 1+ TNFSR
Ortmann and HSV/Subcutaneous Sprague-Dawley Rats  Diabetic Neuropathy — Lumbar Spinal Cord DH: | TNF-a, p-p38
Chattopadhyay (78) Lumbar DRG: | TNF-a, p-p38, 1 TNFSR
Sciatic Nerve: | TNF-a
IL-10 Milligan et al. (79) Adenovirus/Intrathecal Male Sprague-Dawley — Sciatic Inflammatory ~ CSF: | IL-18, 1 IL-10
Rats Neuropathy
Lau et al. (80) HSV/Subcutaneous Male Sprague-Dawley  Spinal Cord Injury Lumbar Spinal Cord DH: | TNF-a
Rats
Zheng et al. (81) HSV/Subcutaneous Male Sprague-Dawley  Perineural HIV gp120 Lumbar Spinal Cord DH: | TNF-«, p-p38, CXCL12,
Rats with DDC CXCR4
Lumbar DRG: | TNF-a, p-p38, CXCL12, CXCR4
Zheng et al. (82) HSV/Subcutaneous Male Sprague-Dawley  Perineural HIV gp120 Lumbar Spinal Cord DH: | TNF-a, p-p38, CXCL12,

Rats

CXCR4
Lumbar DRG: | TNF-a, p-p38, CXCL12, CXCR4

Milligan et al. (83) Naked Plasmid Male Sprague-Dawley — Sciatic CCl Lumbar Spinal Cord DH: 1 IL-10
DNAVIntrathecal Rats Cauda Equina:t IL-10

Ledeboer et al. (84) Naked Plasmid Male Sprague-Dawley ~ Chemotherapy- Lumbar DRG: | IL-18, p-p38, TNF-; 1 IL-10
DNAVIntrathecal Rats induced Peripheral Meninges: 1 IL-10

Neuropathy

Sloane et al. (85) Naked Plasmid Male Sprague-Dawley  Sciatic CClI CSF: 1 IL-10
DNAVIntrathecal Rats

Soderquist et al. (86)  PLGA Encapsulated Male Sprague-Dawley  Sciatic CClI Lumbar Spinal Cord: 1 IL-10
Plasmid DNA/Intrathecal Rats CSF: 1 IL-10

Dengler et al. (87) Naked Plasmid DNA with Male Sprague-Dawley  Sciatic CCl Lumbar Spinal Cord: | IL-18, 1 IL-10
D-mannose Rats Lumbar DRG: 1 IL-10
Pre-treatment/Intrathecal

Vanderwall et al. (28)  Naked Plasmid DNA Male IL-10 Knockout  Sciatic CCI Lumbar Spinal Cord:| TNFa, CCL2; no change IL-18,

co-injected with
D-mannose/Intrathecal

Mice

TGF-p1

Lumbar DRG: | TNF; 1 IL-10, TGF-1, IL-10Ra; no
change IL-18

Cauda Equina: 1 IL-10

Sciatic nerve: 1+ TNF, IL-1p, CCL2, IFN-y, IL-6, CXCL1,
TGF-B1; no change IL-12p70

This table includes data from reports in which gene therapeutics encoded anti-inflammatory mediators that induced pain relief in pre-clinical pain models and also evaluated changes in
inflammatory mediators (e.g., cytokines, chemokines, transcription factors, etc.) in pain-relevant tissues. Relative changes are indicated in the level of inflammatory mediators identified

in tissues collected from pain relieved vs. control animals.

CXCL1 (C-X-C motif chemokine ligand 1, aka KC/GRO), CXCL12 (C-X-C motif chemokine ligand 12; pro-inflammatory chemokine), CXCR4 (C-X-C motif chemokine receptor 4), DDC

(2,3 -dideoxycytidine; nucleoside reverse transcriptase inhibitor), IL-10Ra (IL-10 Receptor a),

deficiency in naive IL-4 knockout mice exhibit increased tactile
allodynia (100). However, IL-4 protein replacement therapy is
precluded from use for systemic administration due to IL-4’s
short protein half-life as well as its pleiotropic effects on
immune and vascular function (74). Therefore, gene therapeutic
approaches offer the best avenue for application.

IL-12p70 (Interleukin-12 p70; bioactive form), PLGA (Poly lactic-co-glycolic acid).

IL-4 gene therapy has been examined for control of
neuropathic pain in an animal model of spinal nerve ligation.
Work by Hao et al. demonstrated that herpes simplex viral
vector-mediated expression of IL-4 administered after the onset
of mechanical allodynia results in 5 weeks of pain relief with
concurrent increases in IL-4 protein expression in DRG (74).
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Similar effects were observed following a repeat injection.
Interestingly, prophylactic treatment at 1 week prior to sciatic
nerve ligation appeared to delay the onset of mechanical
allodynia by about 5 weeks (74).

IL-4 gene therapy has also been examined in an animal model
of painful inflammatory arthritis (101). Intra-articular injection
of IL-4 gene therapy using a retroviral vector led to a reduction
in paw swelling and decreased radiographic evidence of bone
destruction, though differences only achieved significance about
2 weeks post-injection and paw edema measurements were not
assessed throughout the entire timecourse of the inflammatory
model (101), which can last several months (102), so duration
of effect is speculative. Potential sex differences in IL-4 efficacy
as a therapeutic to control chronic pathological pain has not
been reported.

Tumor Necrosis Factor and Pathological
Pain

Tumor necrosis factor-a (TNF-a) is a classic pro-inflammatory
cytokine that exerts actions on two cell-surface receptors which
are either constitutively expressed (TNFR1, p55-R) or inducible
(TNFR2, p75-R), with most cells expressing constitutively low
levels of TNFR1 (103). TNF-a signaling regulates apoptotic
pathways, NF-kB-induced inflammation, and stress-induced
activation of protein kinases (103, 104). Of note, TNF-a drives a
positive regulatory feedback loop in which TNF-induced NF-«B
signaling drives further expression of TNF-a (104).

Approaches that interfere with TNF-a signaling hold promise
for the treatment of neuropathic pain, as demonstrated
by pre-clinical work in animal models. Many studies have
demonstrated that pain behaviors can be attenuated by local or
spinal administration of agents that antagonize TNF-a (105-
108). TNF soluble receptor (TNFSR), commercially known as
etanercept, is previously approved by the FDA for treatment of
painful inflammatory conditions including rheumatoid arthritis,
psoriatic arthritis, and ankylosing spondylitis (109). While
preclinical trials with recombinant TNFSR have shown promise,
randomized clinical trials have had limited success (109).
Clinical translation may be limited by the potential loss of
beneficial neuroprotective and neuroregenerative properties of
TNF-a, and by its impermeability at the blood-brain-barrier (9).
Interestingly, while TNFR1-mediated signaling is associated with
neurotoxicity, TNFR2 signaling may by neuroprotective (110-
112). Some controversy over the roles of TNFR1 vs. TNFR2 in
chronic pain remains (113). The role of TNF-a in pathological
pain has been extensively reviewed elsewhere (104, 113).

TNFSR Gene Therapy as a Pain Therapeutic

Gene therapeutic approaches may bypass some of the obstacles
faced by application of recombinant TNFSR. When applied
subcutaneously to the hindpaw 1 week following sciatic nerve
ligation, herpes simplex virus (HSV)-mediated TNESR is
associated with transient improvements in mechanical allodynia
and reversal of thermal latency (76). HSV-mediated TNFSR
has also been shown to improve pain behaviors in models of
diabetic neuropathy, spinal cord injury, HIV gp120-mediated

inflammation of the sciatic nerve, and neuropathy secondary to
antiretroviral therapy (75, 77, 78).

Interleukin-10

Interleukin-10 Pleiotropically Inhibits
Pro-inflammatory Signaling

Interleukin-10 (IL-10) is a powerful anti-inflammatory cytokine
that binds to the IL-10 receptor (IL-10R), with IL-10R1
(ak.a. IL-10Ra) being the high affinity subunit necessary for
signal transduction (114). Importantly, the IL-10R1 subunit is
expressed by astrocytes, microglia, oligodendrocytes, endothelial
cells, and trafficking leukocytes (115). Despite IL-10 R1 having
been identified by RNA-sequencing analysis of lumbar spinal
and DRG neurons in several reports (16), these findings have
not yet been convincingly validated by confirmed neuronal
protein expression. Two separate reports provide evidence of IL-
10R1 protein expression in embryonic (E16-18) rat neurons in
vitro (116, 117). Post-natal rodent protein analyses have been
somewhat mixed, with one report identifying IL-10R1 protein
expression in DRG neurons (118), and another report failing
to identify IL-10R1 in brains (115). Due to ongoing uncertainty
of neuronal IL-10 receptor expression, it remains possible that
the pain-relieving actions of IL-10 and other anti-inflammatory
cytokines may provide therapeutic benefit through actions at
neuronal receptors.

IL-10 pleiotropically inhibits the actions of many pro-
inflammatory factors by numerous mechanisms briefly described
here, but thoroughly discussed elsewhere [for review, see (119,
120)]. IL-10 signaling leads to decreased bioavailability of pro-
inflammatory cytokine proteins through upregulation of both IL-
Ira and TNF-a decoy receptor (119). This is also accomplished
through reduced gene transcription, decreased mRNA stability,
and reduced translation for pro-inflammatory cytokines and
chemokines, many of which are downstream of toll-like receptor
4 (TLR4) (121, 122). Additionally, IL-10 destabilizes mRNA
transcripts for the pro-inflammatory cytokines TNF-o and IL-1f
(119, 123). IL-10 signaling also induces suppressor of cytokine
signaling 1 (SOCS1) and SOCS3 production, thereby further
suppressing pro-inflammatory cytokine production by targeting
the p65 NF-kB subunit (a key transcriptional regulator in the
inflammatory process) for degradation (124).

The anti-inflammatory effects of IL-10 come about by
blocking downstream signaling of TLR4, the actions of which
normally promote a pro-inflammatory environment critical
for the development of neuropathic pain (125). For instance,
IL-10 inhibits translation of MyD88, an adaptor protein used by
TLR4 that leads to pro-inflammatory cytokine production and
release (126). IL-10 also increases ubiquitination and subsequent
proteasomal degradation of MyD88-dependent signaling
molecules (127). Interestingly, IL-10 induces microRNA-146b,
which negatively regulates TLR4-mediated pro-inflammatory
cytokine and chemokine induction, with targets including IL-6,
TNF-a, IL-8, CCL3, CCL2, CCL7, and CXCL10 (128). IL-10
signaling also increases transcription of numerous effector
proteins that inhibit TLR-induced downstream signaling
molecules. For instance, IL-10 increases expression of Abin-3
and DUSP-1, leading to inhibition of p38 MAP kinase (MAPK)
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phosphorylation as well as increased nuclear translocation and
DNA binding of p50/p50 homodimers of NF-«kB, a form of
NF-kB insufficient for induction of pro-inflammatory cytokine
transcription (129).

IL-10 Gene Therapy as a Pain Therapeutic
Several studies indicate that under some chronic pain states,
patients suffer from suppressed IL-10 expression (114). Similarly,
animal studies also support a link between IL-10 dysregulation
and pathological pain. Following peripheral nerve injury, IL-10 is
briefly upregulated in what is thought to be a compensatory effort
for homeostatic conditions to return. However, as pathological
pain develops, IL-10 expression falls below baseline levels in
pain-relevant anatomic locations (130-134). Direct application
of IL-10 protein to the site of pathology is capable of producing
immediate symptom relief, effects are often transient and may
require repeated injections (79). These findings support that
returning IL-10 expression to near-basal levels may be key to
treatment for pathological pain.

Like IL-4, IL-10 has a short half-life, thus making gene therapy
a desirable route of administration, particularly in patients
requiring local IL-10 expression, such as in individuals with
low back radiculopathy. Initial studies utilized viral vectors for
lumbar spinal (intrathecal) delivery of the IL-10 gene, including
non-replicating adenovirus, adeno-associated virus, and herpes
simplex viral vectors. While potent pain relief was observed in
animal models of chronic sciatic pain, effects were short-lived
(79-82, 135, 136). The transience of the pain relief in these studies
may be a result of possible complications associated with the use
of a viral vector itself, such as an immune response following
exposure to viral antigens (68, 120). To circumvent these possible
viral obstacles, non-viral IL-10 gene therapy was explored.

Paradoxically, though non-viral gene therapies are considered
the least efficient methods of gene transfer, spinal non-viral
IL-10 gene therapy has been repeatedly demonstrated to
provide profound and long-lasting pain relief in a variety
of animal models (28, 83-87, 114, 137-139). Spinal non-
viral IL-10 gene delivery in neuropathic animals produces
pain relief through elevated peri-spinal IL-10 production with
corresponding reduction of pro-inflammatory mediators (84, 87,
138, 140). The intriguing possibility that the protein derived
from the IL-10 transgene could be capable of dimerizing with
available endogenous IL-10 protein followed by receptor binding
was considered a potential mechanism for the observed enduring
efficacy of this unique non-viral approach. Prior work identified
a non-silent point mutation in the IL-10 gene being applied
in the previously published reports, and there had been some
concern that it might disrupt the ability of plasmid-derived
IL-10 to engage endogenous IL-10 (28). However, a recent
report demonstrates that non-viral IL-10 gene therapy applied
to neuropathic IL-10 knockout mice following sciatic chronic
constriction injury provides long-lasting relief of allodynia,
indicating that endogenous IL-10 is not required for these effects
(28). Expression of the IL-10 transgene expression in pain-
relieved IL-10 knockout mice was identified in lumbar DRG
with concurrent increases in anti-inflammatory transforming
growth factor (TGF)-pl1 and decreases in pro-inflammatory

TNF-o. mRNA. While no IL-10 transgene was identified in
the lumbar spinal cord, anti-inflammatory changes in the
DRG appear to drive concordant decreases in lumbar TNF-a,
CCL2, and markers of both astrocytic (GFAP) and microglial
(TMEM119) activation (28). This provides compelling evidence
that modification of cytokines within the DRG may be sufficient
for relief of spinal mechanisms of neuropathic pain following
peripheral nerve damage. To date, sex differences in IL-10 efficacy
for treating chronic pathological pain have not been reported.
Non-viral IL-10 gene therapy holds significant promise for
clinical translation. At this time the non-viral IL-10 gene therapy
XT-150 is currently in phase I/II clinical trials (ClinicalTrials.gov
Identifiers: NCT03282149; NCT03769662; NCT03477487).

Adjuvants for Non-viral Gene Therapy

While non-viral IL-10 gene therapy has been shown to
effectively relieve pathological pain in numerous animal models,
initial studies required repeated large doses of DNA, thereby
making clinical translation less feasible. To ameliorate the dose
limitations, various carriers for non-viral gene therapy have been
explored but are limited by adverse effects or added levels of
complexity (71, 72, 141). Co-delivered adjuvants may offer a
simpler alternative to carrier-type approaches.

D-mannose as an Adjuvant for Non-viral Gene
Therapy

D-mannose is an inexpensive and commonly available dietary
supplement (142) that has been assessed via phase III clinical
trial for prevention of recurrent urinary tract infections
(ClinicalTrials.gov Identifier: NCT01808755) (143). D-mannose
is a known mannose receptor agonist. The mannose receptor
(MR; CD206) is a c-type lectin receptor that functions in
endocytosis and pathogen recognition (144). MR is expressed
by macrophages, dendritic cells, and microvascular endothelial
cells (145), as well as astrocytes, microglia, Schwann cells, and
some neurons (146-148). MR is commonly used as a macrophage
marker, though increased expression of MR is often associated
with anti-inflammatory macrophages (149).

D-mannose was initially explored for use as an adjuvant due to
the hypothesis that it may increase intracellular uptake of naked
plasmid (87). Interestingly, D-mannose greatly increases gene
therapeutic efficacy allowing for long-lasting pain relief following
a single co-injection of D-mannose with plasmid DNA encoding
the gene for IL-10 in neuropathic rats (87). Work by Dengler
et al. also suggests that D-mannose exposure itself increases anti-
inflammatory signaling, possibly through actions of endogenous
IL-10. However, work by Vanderwall et al. identifies that D-
mannose-mediated anti-inflammatory effects do not require IL-
10, as intrathecal D-mannose alone induces transient pain relief
in IL-10 knockout mice (28).

Historically MR was not considered to possess signaling
ability due to the receptors absence of a clear intracellular
signaling motif. Further, if signaling was identified, it was
reported as pro-inflammatory in nature. However, many of these
studies were performed under inflammatory states which likely
predispose MR toward pro-inflammatory signaling pathways
(150-152). New evidence supports that MR activation is also
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capable of increasing anti-inflammatory cytokines under the
right conditions (144, 153). For instance, treatment of dendritic
cells with “activating” anti-MR monoclonal antibodies potently
increases endogenous IL-10 and IL-1ra while decreasing IL-
18 and TNF-a production (154). Furthermore, D-mannose
treatment prior to LPS stimulation of RAW 264.7 mouse
macrophages reduces release of pro-inflammatory TNF-a, IL-18,
and NO, but increases IL-10 secretion (87).

While D-mannose was initially explored as an adjuvant
for gene therapy, its modulation of pain-relevant cytokine
signaling pathways make it a novel pain therapeutic in its own
right. D-mannose and MR-mediated anti-inflammatory signaling
may be clinically relevant for the treatment of a variety of
chronic pain conditions due to its engagement of both IL-10-
independent and IL-10-mediated anti-inflammation (28, 87).
These characteristics may make D-mannose useful for pain
relief in patients with known IL-10 gene polymorphisms that
would prevent normal IL-10 production in response to other
therapeutic approaches. It may also be beneficial for treatment of
pain pathologies associated with decreased IL-10 expression, like
fibromyalgia (114, 155).

HARNESSING ENDOGENOUS
ANTI-INFLAMMATORY CAPACITY FOR
TREATMENT OF CHRONIC PAIN

While gene therapy offers many advantages in for treatment
of chronic pain, it may not be appropriate for all patients.
Therapeutics must balance between homeostasis vs.
immunocompromise. For example, excessive or mistimed IL-10
secretion can inhibit a sufficient pro-inflammatory response to
pathogens like Leishmania spp. (leishmaniasis), Plasmodium
spp. (malaria), T. cruzi (Chagas disease), Mycobacterium
spp. (tuberculosis), and lymphocytic choriomeningitis virus
(lymphocytic  choriomeningitis), effectively enabling the
pathogens to escape immune control (156). This can result in
fatal or chronic infections.

Whereas gene therapeutics are designed to be expressed
independently of host transcriptional regulation, therapeutics
that engage expression of endogenous anti-inflammatory
functions may instead allow for dampened pro-inflammatory
signaling without detriment to the body’s immune-activating
homeostatic mechanisms. A number of therapeutics exist
that support the intriguing approach of harnessing the cell’s
anti-inflammatory processes. We have chosen only a subset
based on recent preclinical evidence of altering glial and immune
cell proinflammatory activation and corresponding regulation
of anti-inflammatory cytokine production. Several promising
targets for treatment of chronic neuropathic pain through
engagement of endogenous anti-inflammatory capacity are
reviewed below.

Cannabinoid Receptors

The two best characterized cannabinoid receptors are CBI1R
and CB2R, both of which belong to the G-protein coupled
receptor (GPCR) superfamily and couple to the inhibitory

Gi/o and Gj proteins, respectively (157). CBIR was first
discovered as the receptor for A9-tetrahydrocannabinol (THC),
the major psychoactive ingredient in Cannabis sativa (158).
Peripherally, CBIR is primarily expressed by neurons within
the heart, small intestine, urinary bladder and vas deferens,
while centrally CBIR is expressed at the highest concentrations
by neurons in the cerebellum, hippocampus, basal ganglia
and cerebral cortex (157, 159, 160). Clinical application of
CBIR agonists are limited by development of tolerance,
psychotropic effects (e.g., cognitive impairment, catalepsy, and
negative impacts on learning and memory), and risk of
hypothermia (157).

CB2R is abundantly expressed by peripheral immune
cells (e.g., lymphocytes, neutrophils, and macrophages),
and at lower levels within the CNS primarily on microglia,
but has also been identified on some neurons (e.g., in the
hippocampus, cortex, and substantia nigra) (159-163). CB,R
signaling, while less well-understood, appears to primarily
promote anti-inflammatory effects (164), and lack the unwanted
psychotropic effects observed with CBIR activation (132).
CB2R agonism has been associated with increased expression
of IL-10 and decreased production of pro-inflammatory
mediators like TNF-o, CCL2, and nitric oxide (164).
These characteristics make CB2R a potential target for pain
therapeutic development.

CB2R agonists reduce pathological pain with corresponding
decreases in pro-inflammatory signaling in several animal
pain models, including chronic constriction injury (132), paw
incision (165), L5 spinal nerve transection (166), diabetic
peripheral neuropathy (167), and chemotherapy induced
neuropathic pain (168-171). The pre-clinical and clinical use of
cannabinoid receptor agonists in pain has been well-reviewed
elsewhere (157, 172-174).

A key CB2R ligand used in these studies, AM1710, does not
cross the blood brain barrier and is 57-fold more selective for
the CB2R than CBIR (175). Intrathecal AM1710 was shown to
both reverse bilateral mechanical hypersensitivity in a model
of peripheral nerve injury, and to prevent bilateral mechanical
hypersensitivity in a model if spinal gp120 inflammatory pain.
While IL-10 immunoreactivity was decreased in neuropathic
animals, relief of mechanical sensitivity was associated with a
return to basal levels of IL-10 expression (132). This supports that
targeting the body’s endogenous anti-inflammatory capabilities
may relieve pathological pain through re-establishment of
homeostatic conditions.

More recently, several orphan receptors, including the
GPCRs GPR18, GPR55, and GPR119, have been identified as
putative members of the cannabinoid receptor family, with
growing evidence that GPR18 and GPR55 may be novel targets
for therapeutic modulation of chronic pain (160). GPR18 is
expressed in spleen, lymphocytes, neutrophils, macrophages, and
lymph nodes (176-179), while GPR55 is expressed in tonsil,
spleen, and by CNS neurons (160, 180, 181). The immune-
relevant roles of these receptors is not well-understood, though
there is some evidence to suggest that GPR55 may alleviate
inflammatory pain through altered expression of IL-4, IL-10, and
IFN-y (180).
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Lymphocyte Function-Associated
Antigen-1

Lymphocyte function-associated antigen-1 (LFA-1;
CD11a/CD18) is a P2-integrin expressed on myeloid cells,
T cells, and microglia (182-184). LFA-1 is most widely
understood to be important for the leukocyte-endothelial
cell interaction, which involves leukocytic rolling, firm
adhesion, transmigration, and sub-endothelial migration
(185). In addition to the widely characterized roles of LFA-1
in cell adhesion and migration, evidence reveals that LFA-1
expression levels following immune challenge are inversely
correlated with serum IL-10 expression in experimental
mice (186). Reports demonstrate LFA-1 engagement with
T cells results in T cell activation, T cell differentiation,
and stabilization of T «cell cytokine mRNA transcripts
including TNF-a (186-189). For example, LFA-1 deficient
mice are resistant to LPS-induced acute liver injury, and the
mechanism appears to rely on increased IL-10 expression
(186). In vitro pretreatment of RAW 264.7 macrophages with
BIRT-377, an LFA-1 antagonist, prior to LPS stimulation
results in a dose-dependent increase in IL-10 protein with a
simultaneous decrease in IL-1f and TNF-a (190). Activation
of LFA-1 beyond T cell interaction stimulates a variety
of downstream signaling cascades in a context-dependent
manner modified by the local cytokine milieu (191). In
point of fact, these recent reports demonstrate in vivo pro-
inflammatory cytokine contribution driven by activated LFA-1
on innate immune cells (e.g., macrophages) and T cells during
chronic disease.

The dual actions of LFA-1 in cell migration and pro-
inflammatory cytokine signaling make it a reasonable target
for development of pain therapeutics. The role of LFA-1 in
pathological pain was first explored in work by Noor et al.
that revealed prenatal alcohol exposure (PAE) predisposes adult
rats to develop neuropathic pain in response to a minor injury.
They found that LFA-1 expression is increased on microglia
and trafficking immune cells in the lumbar spinal cords and on
peripheral immune cells of neuropathic PAE rats (192). It was
later identified that intrathecal or intravenous administration of
BIRT-377, a small molecule non-competitive LFA-1 antagonist,
relieves allodynia in neuropathic rats, which was associated with
decreased immunoreactivity for spinal markers of glial activation
and IL-1p and concurrent increases in IL-10 immunoreactivity
(193, 194). Additionally, BIRT-377 intravenous administration
in female neuropathic rats reduces Th17 cytokines and elevates
FOXP3, a T cell-specific transcription factor necessary for
inducing the generation of T regulatory cells characterized by
their secretion of IL-10 [(193); Noor et al., under review].

Given the potential for sexual dimorphism in pathological
pain, it is noteworthy that intravenous administration of BIRT-
377 relieves sciatic neuropathic pain in both male and female
mice to a similar degree (54). Pain relief in neuropathic mice of
both sexes was concurrent with reductions in pro-inflammatory
IL-1p and TNF-a and increases in anti-inflammatory IL-10
and TGF-B1. Interestingly, female-derived T cell cytokines were
found to be transcriptionally regulated by LFA-1 antagonism, as

demonstrated by reduced pro-inflammatory IL-17A production
and increases in IL-10, TGF-B, as well as FOXP3 (54).

The Potential Role of TLR4 Underlying
Opioid-Induced Hyperalgesia

A common and unfortunate clinical side effect of chronic
opioid use is the development of a paradoxical increase in
pain sensitivity, termed opioid-induced hyperalgesia (195-201).
Studies demonstrate in both humans and animal models that a
number of key factors affect the development of opioid-induced
hyperalgesia including anatomical projections from supra-spinal
regions onto spinal pain projection neurons (an axonal route
where pain facilitation can occur), variants in the mu-opioid
receptor, sex differences, prior experience with pain, and even
local activation of microglia and astrocytes (201). Given this
worK’s emphasis on glial and immune factors, a brief review of
the literature that supports opioid-induced hyperalgesia resulting
from the production of pro-inflammatory immune mediators
(e.g., cytokines, chemokines, and NO) that produce hyperalgesia
(202) is provided below.

TLR4 actions may play a role in opioid-induced hyperalgesia.
For instance, TLR4 signaling blockade attenuates opioid-induced
hypersensitivity due to morphine or morphine metabolites
(e.g., M3G) (203-208). Further, inhibition of glial activation
(e.g., with pharmacologic glial inhibitors like minocycline and
ibudilast, or by utilization of a microglial targeted Designer
Receptor Exclusively Activated by a Designer Drug [DREADD]
system) or direct inhibition of specific pro-inflammatory
mediators (e.g., TNF-a, IL-18, IL-6, CX3CL1, NOS, and p38
MAPK) after repeated morphine attenuates opioid-induced
hyperalgesia (207-212).

Not only do opioids induce hyperalgesia, recent work by
Grace et al.,, implicates that repeated opioid exposure prolongs
neuropathic pain symptoms. They showed that morphine
administered to neuropathic rats leads to persistent nociceptive
sensitization through induction of spinal microglial NLRP3
inflammasome via activation of TLR4. This sensitization
can be prevented or reversed. Naloxone is famous for its
application as a rescue agent in cases of opioid overdose.
While (-)-naloxone has antagonistic actions at both the -
opioid receptor and TLR4, the (4)-naloxone isomer retains
only the ability to block TLR4 signaling due to (-)-naloxone
stereoselectivity at the p-opioid receptor (213, 214). TLR4-
mediated signaling has been repeatedly implicated in opioid
tolerance and opioid-induced hyperalgesia (203-208, 215). These
findings indicate that use of (4)-naloxone as an adjuvant to
opioid therapy may enable opioid-analgesia while limiting the
negative effects caused by TLR4-mediated pro-inflammatory
signaling that would ordinarily result in opioid tolerance and
opioid-induced hyperalgesia.

Finally, given the growing literature that supports pro-
inflammatory cytokine actions in the development of opioid-
induced hyperalgesia, gene therapeutics that aim to decrease
such pro-inflammatory factors or increase anti-inflammatory
cytokines may offer a novel tool for both the study and treatment
of this unwanted side effect.
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CONCLUDING REMARKS

The worldwide opioid crisis has brought public awareness
to the concept that clinically available therapeutics for pain
management are not adequate and come with significant health
risks. To address this, new approaches must be developed,
but this cannot occur without a better understanding of the
underlying mechanisms of various chronic pain pathologies.
There is now a greater appreciation for actions by non-neuronal
support and immune cells, including astrocytes, microglia, and
leukocytes that mediate the development and maintenance of
chronic pain. Here we have described what is known about the
methods of immunological communication between neurons,
glia, and immune cells leading to pathological pain, with a focus
on the role of pro- and anti-inflammatory cytokines. We also
offer potential targets for development of novel non-opioid pain
therapeutics that aim to relieve pathological pain by augmenting
the body’s own anti-inflammatory potential. Future studies will
continue to benefit from exploring the roles of neuro-immune
interactions and allow for improved patient outcomes.
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Joint pain is a distressing symptom of arthritis, and it is frequently persistent even after
treatments which reduce local inflamsmmation. Continuous production of algogenic factors
activate/sensitize nociceptors in the joint structures and contribute to persistent pain, a
challenging and difficult condition to treat. TNF is a crucial cytokine for the pathogenesis
of several rheumatic diseases, and its inhibition is a mainstay of treatment to control joint
symptoms, including pain. Here, we sought to investigate the inflammatory changes and
the role of TNF in dorsal root ganglia (DRG) during persistent hypernociception after the
resolution of acute joint inflammation. Using a model of antigen-induced arthritis, the peak
of joint inflammation occurred 12-24 h after local antigen injection and was characterized
by an intense influx of neutrophils, pro-inflammatory cytokine production, and joint
damage. We found that inflammatory parameters in the joint returned to basal levels
between 6 and 8 days after antigen-challenge, characterizing the resolving phase of joint
inflammation. Mechanical hyperalgesia was persistent up to 14 days after joint insult.
The persistent nociception was associated with the inflammatory status of DRG after
cessation of acute joint inflammation. The late state of neuroinflammation in the ipsilateral
side was evidenced by gene expression of TNF, TNFR2, IL-6, IL-1p, CXCL2, COX2,
and iNOS in lumbar DRG (L3-L5) and leukocyte adhesion in the lumbar intumescent
vessels between days 6 and 8. Moreover, there were signs of resident macrophage
activation in DRG, as evidenced by an increase in Ibal-positive cells. Intrathecal or
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systemic injection of etanercept, an agent clinically utilized for TNF neutralization, at
day 7 post arthritis induction, alleviated the persistent joint hyperalgesia by specific
action in DRG. Our data suggest that neuroinflammation in DRG after the resolution of
acute joint inflammation drives continuous neural sensitization resulting in persistent joint
nociception in a TNF-dependent mechanism.

Keywords: resolution of inflammation, arthritis, pain, TNF, neuroinflammation, dorsal root ganglia

INTRODUCTION

The inflammatory process, a protective response against various
infectious and sterile noxious stimuli, is responsible for the
elimination of the stressor agent resulting in a return to tissue
homeostasis (1, 2). However, continuous inflammation is
associated with persistent harmful stimuli or failed inflammatory
resolution (3-5). The resolution of inflammation is a well-
controlled process resulting in a reduction of leukocyte
accumulation and an increase in neutrophil apoptosis,
macrophages reprogramming, and functional recovery of
tissue. In joint inflammation, pain is an important cardinal
signal associated with loss of function. Previous studies have
demonstrated that articular hyperalgesia may persist after
resolution of inflammation in a model of antigen induced-
arthritis (6, 7). The mechanism which coordinates this persistent
articular pain following inflammatory cessation is unknown.

Joint pain is initiated by the activation of specialized neuronal
fibers called nociceptors, these include afferent C and A3 fibers
(8-11). These peripheral sensory nerve terminals in the joints
detect a plethora of algogenic molecules during inflammation,
including several immune mediators, such as cytokines released
by activated resident and migrated cells, in different contexts
of arthritis (12-14). In this context, the elicited response to
nociceptive stimuli is exacerbated (15) resulting in an increased
intensity and frequency of transduced action potentials from
the affected joint neurons to the central nervous system,
which modulate the pain pathways (16). Patients affected by
arthritis can experience persistent pain in the joint without any
obvious signs of inflammatory activity (17-20). The response
in the central nervous system is one of the most studied
mechanisms underlying this phenomenon, and both spinal
cord neuroinflammation and microglial cell activation drive
hyperresponsivity of nociceptive pathways (16, 21-23).

TNF is a crucial cytokine for the development of articular pain
during arthritis (12, 24). The neutralization of TNF by anti-TNF
drugs is an important pharmacological strategy for decreasing
disease activity and joint pain (25, 26). Experimentally, the
neutralization of spinal TNF by intrathecal treatment with
infliximab, an anti-TNF monoclonal antibody, decreased joint
nociception in a mouse model of antigen-induced arthritis (AIA)
(27). Moreover, the intraarticular injection of etanercept, a fusion
protein based on the TNF receptor type 2 (TNFR2), reduces the
responsivity of articular nociceptors to mechanical stimulation.
This suggests that TNF acts in peripheral neuronal terminals
during inflammatory phases in AIA (28, 29). However, despite
central and peripheral mechanisms producing articular pain,

the role of TNF in driving persistent joint pain in the dorsal
root ganglia (DRQG) after resolution of joint inflammation is still
poorly understood.

The hyperalgesia observed during active joint inflammation
is associated with the actions of TNF in the peripheral sites (6)
and hyperexpression of its receptors, TNFR1 and TNFR2, in
the DRG (30, 31). Furthermore, nociceptive responses decrease
following TNF neutralization by systemic injection of anti-TNF
drug (6) or etanercept (30, 31). However, the specific site where
this cytokine was neutralized, leading to pain relief has, until now,
remained unknown. In addition, the role of TNF in maintaining
pain during the late stages of an inflammatory response when
the productive phase of cell recruitment and cytokine production
have subsided remains unknown. Therefore, in this work we
aimed to investigate the role of TNF expressed in the DRG in
driving persistent joint nociception even during the resolving
phase of joint inflammation in an experimental model of arthritis
in mice.

METHODS

Animals

Seven to twelve-week-old male age-matched C57Bl/6 mice (20
to 25g) were used in animal experiments. These animals were
housed in ventilated micro isolator cages in a temperature-
controlled room (22 to 25°C), under a 12h light/dark cycle
with ad libitum access to water and food. All procedures
were approved by the animal ethics committee of the Federal
University of Minas Gerais (51/2018).

Antigen-Induced Arthritis

The immunization procedure was performed as previously
described (7, 32). Anesthetised (100 pl of a mixture of 100
mg/kg of ketamine and 15 mg/kg of xylazine, intraperitoneally)
mice were sensitized by intradermal (i.d.) injection of 500 g
of methylated bovine serum albumin (mBSA) dissolved in an
emulsion containing 50 pl of phosphate buffer solution (PBS)
and 50 pl of complete Freund’s adjuvant (CFA; 1 mg/mL of
Mycobacterium tuberculosis). For AIA induction, 14 days after
emulsion injection, the right knees of mice were challenged with
an intra-articular injection solution containing 10 pg of mBSA
dissolved in 10 pl of sterile PBS.

Analysis of Cell Accumulation in the Joint

Groups of mice were culled with an overdose of anesthesia
(100 I of a mixture of 180 mg/kg of ketamine and 24 mg/kg
of xylazine, intraperitoneally) and the knee joint cavity was
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surgically exposed and washed with 10 L of PBS contained 3%
(w/v) of bovine serum albumin. The total number of leukocytes
were determined using a Neubauer chamber and TurK’s solution.
Neutrophil and mononuclear cell counts were performed
using Cytospin (Shandon III) preparations by evaluating the
percentage of each leukocyte type on a slide stained with Panoptic
solutions (Laborclin, PR, Brazil) and subsequently differentiated
by light microscopy for quantification.

Histology

Tibiofemoral joint samples were collected for histopathological
evaluation. The samples were fixed in 10% (v/v) buffered
formalin (pH 7.4), decalcified in 14% EDTA (w/v) for 4 weeks,
embedded in paraffin, sectioned, placed in slides, and stained
with H&E. The H&E sections were examined and scored by a
pathologist in a blinded manner for the following parameters:
inflammatory infiltrate intensity, severity of synovial membrane
hyperplasia, presence of inflammatory cells in the synovial
space, and bone resorption. The grades were summed to
obtain a histologic score (ranging from 0 to 12) as previously

described (33).

Intravital Microscopy

After AIA induction, synovial (34) or spinal cord venules
were exposed for the quantification of rolling and adhesion
leukocytes by intravital microscopy. For knee joint analysis, the
quadriceps tendon was carefully sectioned and rebounded to the
opening target area presenting venules underlying the synovial
tissue. For the spinal cord analysis, we used a laminectomy
of vertebrates that involved lumbar intumescence exposing
dorsal microvasculature of the dorsal horn of the spinal cord.
Following the surgery, the knee was slightly flexed, or mice were
correctly positioned allowing examination of articular or spinal
microcirculation, respectively, using a 20-fold objective from
intravital microscope (ECLIPSE 50i; Nikon). A digital camera
(DS-QilMC; Nikon) was used to capture images. Registration
of experiment were performed using Nikon imaging software.
Rolling leukocytes were defined as cells that moved at a velocity
less than that of the erythrocytes within a given vessel. The rolling
cell flux was measured in venules with 20-40 pwm, determined
as the number of rolling cells that passed by a given point
per minute. Leukocytes were considered to be adherent if they
remained stationary for >30s, and total leukocyte adhesion was
quantified as the number of adherent cells in the intravascular
space within an area of 100 pm.

Hyperalgesia Articular Evaluation

For environmental adaptation, mice were placed in acrylic
cages (12 x 10 x 17 cm in height) with a wire-grid floor, in a
noised controlled room, for 60 min. After this time, exploratory
behavior manifestation was abrogated, and all mice remained
quiet allowing for nociceptive response evaluation. To identify
the withdrawal threshold, we used an electronic von Frey
algesimeter (INSIGHT Instruments, Ribeirdo Preto, SP, Brazil).
Using a hand-held force transducer, fitted with a polypropylene
tip (4.15mm), the observer applied a vertical and constant
force in central plantar surface of mice paw. This procedure

was intended to produce an articular mechanical stimulus for
knee flexion. The sufficient force in grams (g) to trigger a
paw withdrawal movement, the characteristic aversive behavior
to avoid the incident stress, was recorded by an electronic
component of the apparatus. The withdrawal threshold was
calculated by replicating the procedure in triplicate for each
mouse (and averages were expressed in absolute values). Basal
response was measured 24 h before saline or mBSA injections.
After AJA induction, the nociceptive response was measured
within 24 h, and subsequent time points with 48 h of interval.

Intrathecal Injection

Intrathecal injection was performed in intervertebral space
between the fifth and sixth lumbar vertebrates (L5/L6). A volume
of 5 pL was injected with a 30G needle in anesthetised animals.
The injection was considered correct when mice presented a tail
reflex after needle insertion (35).

Gene Expression by qRT-PCR

DRG and spinal cords were collected for mRNA expression
analyses. Briefly, mice were anesthetised and culled at different
time points after AIA induction or PBS challenge. Subsequently,
vertebrae laminectomy was performed to allow removal of the
lumbar DRG (L3-L5) and its respective spinal cord segments.
These segments were separated in ipsi- and contralateral
portions, or only the dorsal horn section of the ipsilateral
portion. We used Trizol reagent (Invitrogen Life Technologies
Corporation- Carlsbad, CA, USA) for total RNA extraction from
collected tissues according to the manufacturer’s instructions.
Total RNA purity was determined using a Nanodrop 1000
spectrophotometer (Thermo Scientific- Waltham, MA, USA).
The wavelength absorption rate (260/230 nm and 280 /260 nm)
between 1.8 and 2.0, respectively, was presented for all samples.
A mix containing the reserve transcriptase, SuperScript III,
ribonuclease recombinant inhibitor (RNAse Out; Invitrogen
Life Technologies Corporation- Carlsbad, CA, USA) and
dithiothreitol (DTT; 1 mM) were used for reverse transcription
of total RNA into cDNA. For quantitative PCR the Power SYBR
Master Mix reagent (Invitrogen Life Technologies Corporation-
Carlsbad, CA, USA) and initiators pars (Integrated DNA
Technologies- Coralville, IA, EUA) plus cDNA were placed into
a 96-well plate in duplicate. Next, a 7500 Fast Real-Time PCR
System (Applied Biosystems, Waltham, MA, EUA) was used for
performing the programmed reaction: initial heating at 95 °C
for 10 min, following by 40 cycles at 95°C for 60 seconds and
60°C for 1 min. The 2-AACT method (36) was used to calculate
the cycle threshold (CT), and the fold change was normalized to
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) levels and
expressed as fold change compared to the PBS-treated controls.

Western Blot

Lumbar DRG were homogenized in a lysate solution buffer (1%
Triton X-100, 100mM Tris/ HCl, pH 8.0, 10% (v/v) glycerol,
5mM EDTA, 200 mM NaCl, 1 mM DTT, 1 mM PMSE, 2.5 pg/mL
leupeptin, 5pug/mL aprotinin, 1 mM sodium orthovanadate).
Each poll of ganglia contained L4 from three different animals.
The lysate protein concentration was quantified with a Bradford
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assay (Bio-Rad, Hercules, CA, USA). Sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) was carried
with 30 pug of proteins per sample. After separation by SDS-
PAGE, proteins were transferred onto a nitrocellulose membrane
(Hybond ECL, GE Healthcare). The membrane was then
incubated with a goat monoclonal primary antibody against
TNF (1:1000, Cat: sc1348, Santa Cruz Biotechnology, Inc) and
GAPDH (HRP conjugate; 1:1000, Cat: #3686, Cell Signaling, Inc)
over night at 4°C. After incubation with the anti-TNF primary
antibody, the membrane was washed 3 times for 5 min each wash
with PBS 0.1% Tween-20 before being incubated with a rabbit
anti-goat IgG-HRP secondary antibody (1:3000, Cat: sc2768,
Santa Cruz Biotechnology, Inc) for 3h at room temperature.
Immunoreactive bands were visualized on photosensitive film
after exposure to enhanced chemiluminescence (ECL) solution.

ELISA

The protein concentration of cytokines from articular tissue,
namely the infrapatellar fat pad, meniscus, synovial membrane,
joint capsule, patella, patellar tendon, and synovia, was measured
at different time points after AIA induction. The collected tissues
were mixed in a homogenizer (Quiagen, Biotecnologia Brasil
Ltda, Sao Paulo, SP, Brazil) for 5min with a solution that
contained antiproteases (0.1 mM PMSF), 0.1 nM benzethonium
chloride, 10 mM EDTA, 20 Kallikrein inhibitor units, aprotinin
A, and 0.05% (v/v) Tween-20. The samples were centrifuged
for 10min at 10,000 rpm at 4°C. The supernatants were
analyzed by enzyme-linked immunosorbent assay (ELISA). The
concentrations of analyzed cytokines were measured according
to the manufacturer’s instructions (R&D systems). Colorimetric
reactions were analyzed with a spectrophotometer at 492 nm.

Immunofluorescence

L4 DRGs were dissected, post-fixed, and incubated overnight
with 30% (w/v) sucrose. DRGs were embedded in optimum
cutting temperature, and 20 um sections were cut in a cryostat
and processed for immunofluorescence. The primary antibodies
used in this study were: anti-cfos (1:500, cat #MA1-21190,
Thermo Fisher Scientific, Waltham, MA, USA) and anti-Iba
1 (1:100, cat #PA5-21274, Thermo Fisher Scientific, Waltham,
MA, USA). Secondary antibodies were: Alexa Fluor 647 (1:500,
cat #A32733, Thermo Fisher Scientific, Waltham, MA, USA),
Alexa Fluor 488 (1:1000, cat #A11001, Thermo Fisher Scientific,
Waltham, MA, USA. DAPI (1:1000, Thermo Fisher Scientific,
Waltham, MA, USA) was used as a nucleus marker. The
coverslips were fixed on slides with Fluormount (00-4958-02,
Thermo Fisher Scientific, Waltham, MA, USA). Imaging was
performed using a confocal microscope (Leica TCS SP8, Leica
Microsystems, Mannheim, Germany). The fluorescence intensity
was quantified using LAS X Software (Leica Microsystems,
Mannheim, Germany) and macrophages present in DRG were
quantified by counting the total ibal positive marked cells in the
histological sections.

Statistical Analysis
Graph-Pad Prism version 6 was used for statistical analysis. Data
are expressed as the means & SEM. Comparisons among the

groups were performed by unpaired Student’s t test or ANOVA,
followed by Dunnett post-hoc analysis. Two-way ANOVA was
adopted to compare the nociceptive response among the groups
and/or doses at different times in the curve. The post-hoc tests
were determined in accordance with recommendation of utilized
statistical software. Statistical significance was set as p < 0.05.

RESULTS

Temporal Characterization of Resolution of

Acute Joint Inflammation in the AIA Model
The AIA model is characterized by a rapid and massive
accumulation of leukocytes, mostly neutrophils, into the
challenged joint (6, 7). The time course and intensity of the
inflammatory response in this model is shown in Figure 1. We
found that there was a peak of neutrophil accumulation in the
articular cavity at 12h and 1 day after AIA induction. Moreover,
mononuclear cells peaked 2 days after intraarticular challenge
(Figure 1A). The intravital analysis of the joint microvasculature
showed an increase in rolling cells from 12 h after joint insult that
was still elevated after up to 2 days (Figure 1B). The increase in
adherent cells started from 6 h after AIA induction (Figure 1C).
Importantly, 4 days after AIA induction, the number of rolling
and adherent cells returned to basal levels.

Leukocyte depuration and pro-inflammatory cytokine
clearance are important steps for the efficient resolution of acute
joint inflammation and return to tissue homeostasis (37, 38).
Here, neutrophils were gradually removed from inflamed cavity
between 2 and 6 days after arthritis induction. Mononuclear cells
depuration started at a later time point. However, both cells types
had been eliminated from the joint at day 8 after AIA induction
(Figure 1A), characterizing an effective resolution of acute joint
inflammation. The levels of TNF in the articular tissue increased
12 to 48 h after AIA induction, but returned to the control levels
within 4 to 8 days (Figure 1D). In addition, levels of IL-1p and
IL-6 were increased at 12h and 1 day after AIA induction and
returned to basal levels on day 2 (Figures 1E,D).

The histopathological analysis corroborated previous
findings, indicating an intense leukocyte infiltrate,
predominantly of neutrophils, both in the synovial tissue
and cavity at 1 day and 2 days post-challenge (Figures 2A,B).
Focal hyperplasia of the synovial membrane and scarce lacunae
of bone resorption were also detected. Altogether, this set of
results evidences a regression of tissue inflammation in this acute
model of arthritis, indicating a complete resolution of acute joint
inflammation 8 days after arthritis induction.

Prolonged Joint Nociception During the
Resolving Phase of Arthritis Is Associated
With an Inflammatory State in DRG

Mechanical joint nociception reached its peak at 2 days after
joint challenge. However, although there was complete resolution
of acute joint inflammation at day 8 post arthritis induction,
mechanical joint nociception was persistent until day 14,
returning to basal levels at day 16 (Figure3A). In parallel,
we confirmed the activation of the sensorial system in DRG
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FIGURE 1 | Time course of inflammatory response in AIA model. (A) Number of neutrophils and mononuclear cells in the knee joint cavity at different time points after
injection of 10 g of MBSA (10 ng/10 wl of PBS), as well as 12 h after injection of 10 .l of sterile phosphate buffered saline (PBS) into the knee joints of immunized
mice (n = 4-6). (B) Rolling and (C) adhesion of leukocytes in knee joint microvasculature (n = 5). Concentration of (D) TNF, (E) IL-18 and (F) IL-6 in the joint tissue
homogenate were evaluated by ELISA (n = 5). The results are represented as mean & SEM; *p < 0.05, ****(to neutrophils), and #### (to mononuclear cells) p <
0.0001 (A) or p = specified value in the graph (B-F) compared to control group (PBS) using one-way ANOVA following by Dunnett post-hoc analysis.

by evaluating c-Fos expression after the inflammatory phase
of AIA (Figures3B,C). These findings suggest that sensory
neuron excitability might be altered even after the resolution
of acute joint inflammation. Several pain conditions can induce
neuroinflammation in the sensory ganglion (21). DRG are the
anatomical site where the cellular bodies of C and A3 thin fibers,
which sense nociceptive stimulus, are found. We observed an
increase in Ibal™ cells (resident macrophage marker) in the
DRG at 6 and 8 days (Figures 4A,B). This macrophage activation
was accompanied by increased IL-1p gene expression at 8 days
after ATA induction (Figure 4C). Moreover, expression of IL-
6, CXCL1, COX2, and iNOS genes in the lumbar DRG (L3-
L5) were also upregulated 6 and 8 days post joint challenge
(Figures 4D-G). We also detected an increase in IL-10 gene
expression at the same time points (Figure 4H). These results
demonstrate that resolution of acute joint inflammation is
restricted to the peripheral site in the first days after AIA
induction and is followed by a transient inflammatory state in
the sensory ganglia at later time points.

In summary, after resolution of acute inflammation in the
challenged joint of immunized mice, there is an inflammatory
environment in the DRG. This persistent local inflammatory state

may be providing the nociceptive trigger factors that potentially
sensitize neurons that maintain increased joint hyperalgesia
following natural remission of AIA.

Prolonged Joint Nociception Is Dependent
on TNF in the Sensory Ganglia

TNE, a pro-nociceptive cytokine, is directly involved in various
pain disorders, including joint pain in different forms of arthritis,
due to central and peripheral actions (6, 27). However, without
conditional peripheral inflammation, TNF has not been shown
to elicit persistent pain in arthritis. Following the resolution of
acute inflammation in the joint, there was an increase in TNF
and TNFR2 gene expression 6 and 8 days after AIA induction
in lumbar DRG (L3-5; Figures 5A,B,D). Moreover, increased
TNF protein expression was detected in L4 DRG at day 8
(Figures 5E,F). However, this was not seen in the L3 or L5 DRG
(data not shown). Additionally, there was no increase in TNFR1
gene expression (Figure 5C).

In order to demonstrate the active contribution of TNF
expression in DRG for joint mechanical nociception, we
neutralized TNF by intrathecal injection of etanercept at day
7 after AIA induction. This treatment permanently reversed

Frontiers in Immunology | www.frontiersin.org

48

January 2020 | Volume 10 | Article 3120


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Gongalves et al.

Neuroinflammation in DRG and Persistent Nociception

) 5
: Q‘?gj‘

B
12.0
<4
8 96 ® g
= 3 8
3 o o
@ B D 72 I Il
P 2 [P
,55’1 £ 48
(e g 24
I

control group (PBS) using one-way ANOVA following by Dunnett post-hoc analysis.

FIGURE 2 | Histopathological analyses of the knee joint in AIA model. Immunized mice received either i.a. injection of mMBSA (10 ng/10 pl of PBS) to AlA induction or
PBS (10 pl) in control group. (A) Representative histological slide to H&E of challenged knee joint. (B) Histopathological score quantification of (A). Knee joint samples
from the control group were extracted 24 h after i.a. injection (n = 4-5). The results are represented as mean + SEM; p = specified value in the graph compared to
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the nociceptive response of AIA mice (Figure 6). Intrathecal
injection allows injected substance to spread through the
subarachnoid space to reach the DRG body-rich area (39, 40).
However, this route also permits injected substances to access the
spinal cord structures (e.g., the dorsal horn) (40). To eliminate
the hypothesis that the anti-nociceptive effect of etanercept
was due to its action in the surficial laminae of the dorsal
horn of the spinal cord, we investigated TNF expression at
this site. No changes were observed in TNF gene expression
on the ipsilateral spinal cord (Figures 7A,B) or dorsal horn
(Figures 7C,D) during the time points evaluated in this model.
Additionally, neither TNFR1 nor TNFR2 gene expression were
increased in the dorsal horn of the spinal cord (Figures 7E,F,
respectively). In addition, there were no changes in IBA-1 and
GFAP gene expression (Figures 8B,C), indicating normal activity

of microglia and astrocytes within the dorsal horn of the spinal
cord (Figure 8A). Although there were no changes in these two
activating glial cells markers, there was slight vascular activation
in the spinal cord. We observed an increase in leukocyte adhesion
in the posterior region of lumbar intumescence by intravital
microscopy (Figures 8D,E). The analyzed vessels are located near
the dorsal roots of the sensitive ganglia that penetrate the dorsal
horn of the spinal cord.

Therefore, we have demonstrated that TNF affects
neutralization after intrathecal etanercept administration,
specifically in the DRG but not in the nociceptive spinal
cord regions. In a separate experiment, etanercept was given
systemically 7 days after AIA induction. Similar to the intrathecal
treatment, systemic neutralization of TNF also reversed joint
nociception (Figure 9A). DRG have an extensive and fenestrated
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FIGURE 3 | Persistent articular nociception in AIA model. Immunized mice received either i.a. injection of mMBSA (10 pg/10 pl of PBS) to AIA induction or PBS (10 pl)
in the control group. (A) Time course of nociceptive responses was recorded by electronic von Frey algesimeter. BL (baseline) (n = 6). (B) Confocal microscopy slides
show c-Fos positive neurons within DRG (L4) 8 days after AIA induction and (C) its quantification. DRG samples from the control group were extracted 8 days after i.a.
injection (n = 5-6). The results are represented as mean + SEM; ***o < 0.0001 (A) or p = specified value in the graph (C) compared to control group (PBS) using
two-way ANOVA following by Sidak post-hoc analysis (A) or by Dunnett post-hoc analysis (C).

vasculature (41). To determine whether systemic anti-TNF  of tissue injury. These results highlighted that AIA presents an
treatment could reach the DRG structure, we evaluated vascular ~ orchestrated series of events that eventually lead to self-limited
permeability in the DRG. Intravenous injection of Evans  resolution of inflammation (38). However, our results showed
blue penetrated DRG, confirming its vascular permeability to  that nociception was persistent for several days after neutrophilic
high molecular weight molecules (Figure 9B). These results resolution in the challenged knee. Of note, this sensorial response
indicate a consistent possibility for systemic treatment with TNF ~ was not triggered by peripheral action of sensitizing cytokines,
inhibitors for pain relief even in the remission phase of joint ~ TNEF IL-1f and IL-6, which are important mediators of the
inflammation due to the blockade of persistent TNF expressionin  hyperalgesia evoked by AIA (6, 42-44). This persistent articular

the DRG. nociception was associated with continuous activation of non-
neuronal cells and inflammatory status in the DRG, with crucial
DISCUSSION participation of TNF. The blockade of TNF with etanercept

delivered by intrathecal or systemic routes was able to reverse the
Joint pain is a common and debilitating symptom in arthritic ~ persistent nociception evoked by TNF in the DRG. It has been
patients and different molecules produced in inflammatory  demonstrated that T cells may be involved in the transition from
environment directly activate peripheral sensory innervation, acute to chronic pain after inflammatory stimulus, indicating a
reducing the threshold for the nociceptor signal transduction.  role in pain maintenance of several inflammatory diseases (45).
Using an acute model of arthritis in mice, we demonstrated =~ However, in our model, the number of mononuclear cells, which
here that joint nociception is detected for several days after  includes monocytes and lymphocytes, present after AIA did not
complete resolution of acute joint inflammation and that acute  differ from the basal level of cells from cavities injected with
neutrophilic inflammation in an AIA model was spontaneously ~ PBS. Thus, lymphocytes do not appear to be involved in pain
resolved. In line with previous studies, the decreased number of ~ maintenance in our model. Together, our findings suggest that
neutrophils in our model is directly correlated to the resolving  delayed and continuous TNF production in the sensorial ganglia
phase of joint inflammation and tissue repair (7). Here, there ~ may drive persistent joint pain after the resolution of acute
was also a decrease of cytokine production and improvement inflammation associated with arthritis.
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in AIA model. Immunized mice received either i.a. injection of MBSA (10 ng/10 pl of PBS) to AIA induction or PBS (10 pl) in control group. (A) Confocal microscopy
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There have been a number of studies which have tried
to decipher neuro-immune interactions in the nociceptive
apparatus and how that leads to increased pain sensitivity (21,
46). Changes in the DRG environment that explain persistent
pain following arthritis remission are not fully understood.
Hence, we had asked whether inflammatory stimuli in the
DRG after the resolution of acute joint inflammation in AIA
could be associated with persistent joint nociception. Our
results show an increase in Ibal™ cells in DRG associated with
elevated TNF, IL-1f, IL-6, COX2, and iNOS gene expression
in situ. Our observations are consistent with the role of
inflammatory molecules for the sensitization of neurons in
DRG and the development of hyperalgesia (47-53). Interestingly,
this neuroinflammation within the DRG was corroborated with
the activation of leukocyte-endothelium interactions in the
lumbar intumescence.

The presence of TNF in peripheral and central structures is
fundamental for joint pain in arthritis (6, 14, 27, 44). During joint
inflammation in experimental models of arthritis, up-regulated

TNF in the spinal cord is implicated in increased articular
nociception (27, 54). Quadros et al. (27) demonstrated that
challenging the joints of immunized mice with a high dose
of mBSA produce marked articular hypernociception that
is associated with increased TNF expression and microglial
activation in the spinal cord. These authors have also shown
that TNF neutralization by intrathecal administration of
infliximab, or spinal prevention of microglial activation by
minocycline or fluorocitrate injection, ameliorates AIA-induced
hypernociception. Similarly, reversion of persistent pain
hypersensitivity in a model of collagen antigen-induced arthritis
was induced by spinal inhibition of microglia and astrocyte
activation after intrathecal minocycline and pentoxifylline
administration, respectively (55). In contrast, we did not
observe spinal overexpression of TNF, TNFR1, and TNFR2,
nor did we observe overexpression of Ibal™ and GFAP™ cells,
which are glial cell activation markers, during the persistent
joint nociception. Therefore, we eliminated the hypothesis
that etanercept could neutralize TNF produced in the spinal
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cord. However, intrathecal injection of etanercept after a
complete resolution of acute joint inflammation was able to
reverse persistent joint nociception. To explain our findings,
we evaluated TNF expression in the DRG. We found increased
TNF expression in the sensory ganglia after resolution of
acute inflammation in the challenged joint. The action of
TNF in the DRG is expected to produce a pro-nociceptive
effect (21), and its overexpression in this sensorial organ is
involved with pathological pain sensitization in models of
neuropathic pain (56), acute herpetic neuralgia (57), and
diabetes neuropathy (58). Thus, our work suggest that the source
of TNF is Ibal™ macrophages within DRG 6 and 8 days post
ATA. At these time points, we also observed both elevated TNF
gene expression in lumbar ganglions (L3-L5) and increased
amounts of TNF in L4 DRG. Our observations are consistent
with a previous study showing that TNF expression in the
DRG environment is produced by macrophages (47, 59). As a
result, we suggested that articular hyperalgesia remaining after

the resolving phase in AIA is triggered by overexpression
of TNE possibly from non-neuronal cells activated in
the DRG.

Within the DRG, inflammatory conditions also enhances
TNFR1 expression in either non-neuronal cells and nociceptors,
while increased TNFR2 expression is restricted in non-neuronal
cells (59). In arthritis, the profile of changes in TNF receptors
in DRG is not clear in the literature. In a model of arthritis
induced by complete Freund’s adjuvant, Inglis et al. (30)
had demonstrated that both TNFRI and TNFR2 expression
were increased in neurons and infiltered macrophages into
the DRG, respectively. However, Boettger et al. (28) showed
expression of both receptors on small- and medium-sized
DRG neurons, but the proportion of TNFR1 and TNFR2
positives cells did not alter the course of AIA. Here, TNFR1
gene expression in DRG was decreased after the resolving
phase 6 and 8 days after AIA. On the other hand, increased
TNFR2 gene expression was observed in DRG 8 days after
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AIA induction. In fact, macrophages infiltrating the DRG
during arthritis express TNFR2 and are associated with articular
pain (30, 31). In addition, these TNFR2 expressing immune
cells could be a second pathway to neuronal modulation by
TNF (30). Since local and systemic neutralization of TNF by
etanercept decreased the persistent articular hypernociception,
our data suggest that expression of both TNF and TNFR2
in DRG might be necessary to maintain hypernociception. Of
note, TNF produced peripherally contributes to inflammation
and sensitizes nociceptive endings in the joints structures (6,
13). Therefore, systemically delivered etanercept could target
articular tissue. We also evaluated the antinociceptive effect
of this drug when TNF levels returned to basal level in
articular sites. Thus, we eliminated the hypothesis that decreased
nociceptive response after systemic administration of etanercept
could be associated with articular TNF neutralization. Taken
together, systemic administration of etanercept may be beneficial
against clinical manifestation of both articular inflammation
and pain. These perspective highlight the potential advantages
for systemic drug administration in clinician practice, that
includes easy application and widespread actions of injected
agents (39). In order to improve the clinical translation,
the use of humanized chimeric mouse models needs to
be explored.

In conclusion, we have demonstrated that natural
resolution may not contribute to pain recovery once TNF
remains active in the DRG. However, whether exogenous
treatment with pro-resolving mediators decrease the levels
of TNF in the DRG and alleviate pain still needs to be
clarified. Our data show that TNF targeting DRG represents
a mechanism independent of spinal sensitization which
elicits articular hypernociception after resolution of acute
joint inflammation.
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Pain has a significant impact on the quality of life of patients with multiple sclerosis
(MS). However, the neurophysiological mechanisms of central neuropathic pain in a
MS course are not known. We hypothesized that changes in power spectral density
(PSD) that take place in the electroencephalography (EEG) of MS patients with and
without the central neuropathic pain (CNP) would differ. The study aimed to assess the
features of quantitative EEG using the PSD indicator along with peak frequencies in the
standard frequency bands in MS patients with and without CNP. We have analyzed
the quantitative spectral content of the EEG at a resting state in 12MS patients with
CNP, 12MS patients without CNP, and 12 gender- and age-matched healthy controls
using fast Fourier transformation. Based on the ANOVA, at the group level, the theta
band absolute and relative PSD showed an increase, whereas alpha band relative PSD
showed a decrease in MS patients both with and without CNP. However, only in MS with
CNP group, the absolute and relative PSD in the beta1 and beta2 bands increased and
exceeded that in patients without pain. Only MS patients with CNP demonstrated the
significantly increased absolute PSD for the theta, betal, and beta2 frequency bands in
most regions of interest. In the theta band, MS patients with CNP displayed the increase
in absolute spectral power for the mid-temporal derivation of the right hemisphere and the
increase in relative spectral power for the prefrontal derivation of this hemisphere. In the
betal band, the increase in absolute spectral power was observed for the three temporal
derivations of the right hemisphere, whereas in the beta2 band, for the occipital, parietal,
and temporal lobes of both hemispheres. In the alpha band, only a relative spectral power
decrease was revealed for the occipital lobes of both hemispheres and parietal lobe of
the right hemisphere. In MS patients with CNP, the frequencies of the dominant spectral
power (peak frequencies) in the high-frequency beta band were higher than in the healthy
control in posterior areas of the left hemisphere. Data could represent central nervous
system alterations related to central neuropathic pain in MS patients that lead to the
disturbances in cortical communication.

Keywords: multiple sclerosis, central neuropathic pain, quantitative EEG, spectral power, peak frequency
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Krupina et al.

QEEG in MS With Pain

INTRODUCTION

Pain has a significant impact on the quality of life of patients
with multiple sclerosis (MS) (1-6). According to various data,
pain occurs in 50-85% of MS patients, of whom 30-58% suffers
from central neuropathic pain (CNP) (7-10). However, so far, it
is unclear whether central neuropathic pain affects the multiple
sclerosis electroencephalography (EEG) patterns, and, if so, how.

The International Association for the Study of Pain defines
neuropathic pain as pain originating from a lesion or disease
of the somatosensory nervous system (11). There is no definite
view of the genesis of CNP, including MS (12-14). The
lesions of spinothalamic—cortical tracts and failure to conduct
nociceptive information are believed to be determinants for CNP
development (15, 16). This view was based on the results of the
studies where clinical and neurophysiological methods were used
(9, 17). The predisposing role of psychological and behavioral
factors for CNP in MS patients is a matter of debate (18).

MS pathophysiology contains two dissimilar arms: the
inflammatory demyelination and the neurodegeneration running
in parallel (3). Axonal damage along with neuronal loss occurs
from the beginning of disease process and leads to progressive
and permanent disability. MS potentially affects human CNS at
all levels. Magnetic resonance imaging studies show cortical and
corpus callosum damages in MS patients (19, 20). As a result
of axonal damage and widespread gray matter pathology, one
can expect a deficit in cortico-cortical and cortico-subcortical
connectivity leading to EEG alterations. Numerous studies point
to EEG abnormalities in 20-60% (21, 22) or even in 40-79%
of MS patients (23). More typical findings are an increase in
slow frequencies (theta and delta) and a decrease in the alpha
band especially related to cognitive dysfunctions; occasionally,
paroxysmal activity, and focal slow waves or localized flattened
EEG activity may be found (22-25). Different works have looked
at possible relationships between EEG activity and some aspects
of the MS disease. There are conflicting data on the correlation
between EEG changes and the disability score in MS patients
(26, 27). In recent studies assessing cognitive impairment in
MS, changes in the high EEG spectrum (beta2 and gamma)
localized to the anterior regions of the right hemisphere and
bilaterally to the posterior areas of the scalp were revealed
(28, 29). No significant correlations between quantitative EEG
(QEEG) changes and the other variables analyzed, including
behavioral performance, were observed. In general, EEG spectral
power is considered to be of little use in MS (30).

As for CNP, EEG changes in patients with neuropathic pain
are thought to occur due to the development of thalamocortical
dysrhythmias (15, 31-34). EEG analysis for neuropathic pain
revealed changes not only in the standard frequency ranges in
general but also in some subbands. In patients with neurogenic
pain, Sarnthein and Jeanmonod (35) determined the EEG
power peak in the standard theta band (6, 4-9Hz), when
the alpha peak in the standard alpha band (o, 9-13 Hz) was
reduced or even not present. Vuckovic et al. (36) identified
predictors of neuropathic pain in patients with spinal cord
injury showing the reduction in the EEG reactivity to opening
eyes in the alpha band and reduced alpha power. Slowing of

the dominant peak and EEG spectral power overactivations
in the theta (with maximal differences in the high theta
frequencies) and beta (in the low beta frequencies, betal
band) power localized to multiple pain-associated areas were
the most apparent characteristics in patients with neurogenic
pain (37, 38). Under painful stimulation, healthy volunteers
demonstrated a most pronounced decrease in alpha amplitude
and several changes evidenced for the increase in the high
beta frequencies (18.5-24 Hz) (32). Neurofeedback training for
treatment of central neuropathic pain showed the association
between pain reduction and suppression of theta power in the
standard band and beta2 power in the 20-30Hz band (39).
A number of EEG studies have also shown the association
between neuropathic pain and beta/gamma overactivations
(32-34). However, changes in the power spectral density in
the gamma frequency range are often associated with the
attentional processing and cognitive impairment (28, 40). In
patients with severe chronic neuropathic pain, higher pain
ratings correlated consistently positive with EEG power values,
while larger psychopathology correlated with lower frequency
values (4).

Given the above, patients with MS and patients with CNP
have several similar changes in the EEG. First of all, one might
draw attention to an increase in spectral power in the theta range
and a decrease in the alpha activity. However, only patients with
CNP demonstrated an increase in the spectral power in the high-
frequency bands. The question remains how the neuropathic
pain could change the EEG pattern characteristic for MS, and
vice versa, that is, what is the interaction between MS and
chronic neuropathic pain as judging by the EEG indices? How
will thalamocortical dysrhythmia related to CNP manifest in
patients with multiple sclerosis? What mechanisms can underlie
the influences if they appeared? Comparative neurophysiological
studies in MS with and without CNP may be a new approach
to improving our knowledge of both MS and CNP genesis. We
consider the present study as the first step in finding answers to
questions posed.

This work aimed to identify the features of QEEG using
the PSD indicator along with peak frequencies in the standard
frequency bands in MS patients with and without CNP.

MATERIALS AND METHODS
Patients and Healthy Controls

This study was carried out in accordance with the
recommendations of the Ethical Committee of the Institute
of General Pathology and Pathophysiology (the project approval
protocol Number 5 of November 25, 2016) and was approved
by the Ethical Committee (final approval protocol Number la
of April 03, 2018). All participants signed informed consent
after a complete explanation of the study in accordance with the
Helsinki Declaration of 1964 with all subsequent amendments.

All the patients underwent complex assessment, which
included a clinical neurological examination. Neurological
impairment was estimated according to Kurtzke's Expanded
Disability Status Scale (EDSS scores) (41).
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Diagnosis of definite MS was based on clinical and
neuroradiological data, according to the criteria of McDonald
et al. (42).

Inclusion criteria for our study were clinical remission of the
disease in the last 1 month before the study and the absence of
corticosteroid treatment for at least 1 month. No cases of epilepsy
were diagnosed in MS patients included.

The group of MS patients was divided into two clinical
subgroups based on CNP presence. MS patients were classified
as either having CNP or not. Most of the patients reported pain
in more than one anatomical location. The most commonly
reported pain areas were lower extremities and the upper
extremities. Five patients reported pain on the left side of the
body and five on the right side, and two patients experienced
pain both on the right and on the left. Assessment took
place according to the complaints of pain with descriptors
for the neuropathic pain, symptoms of CNS lesion that is
sensation disorders (hypoesthesia, hyperesthesia, paresthesia, or
dysesthesia) in a body territory with decreased or increased
sensation to touch, pinprick, warmth or cold at bedside
examination, and had no history or clinical evidence of peripheral
neuropathic pain. Furthermore, nociceptive musculoskeletal,
spasticity-related, and visceral pain conditions had to be
either excluded. Pain syndrome was assessed using the 10-
point Visual Analog Scale (VAS). The mean VAS score for
the group of MS patients with CNP was 54 £ 0.6 (mean
+ SEM).

Exclusion criteria for MS patients with and without
CNP were the same: other known neurological diseases
(including peripheral nerve damage), cancer, renal disease,
severe psychiatric disease, diabetes mellitus, and Mini-Mental
State Examination score <24 (43).

Among comorbid disorders, some patients in MS groups
with and without CNP had occasional tension headaches,
migraines, arterial hypertension, biliary dyskinesia, irritable
bowel syndrome, peptic ulcer disease, and psoriasis.

The healthy control (HC) group included volunteers with no
history of neurological disorders and not allowed to suffer from
any pain.

The characteristics of the groups examined are given in
Table 1. All study participants were right-handed.

EEG Recording

EEG was administered to MS patients during remission, usually
after the course of corticosteroids. MS patients with CNP did not
complain of pain sensations during EEG recording.

All participants underwent EEG while subjects were sitting
in a dark room, fully awake but with the eyes closed. Unipolar
recordings were performed from 16 electrodes (Fp1, Fp2, F3, F4,
F7, F8, C3, C4, T3, T4, T5, T6, P3, P4, O1, O2) according to
the International 10-20 system. Linked-ear reference was used
for recording. Impedances were below 10 kQ in all electrodes
processed in the further analysis. EEG signals were registered
using the “Neuro-KM21” system (analog-to-digital converter
with amplifier; sampling rate, 200 Hz, 0.5-30 Hz band pass filter,
notch filter at 50 Hz; Russia) and continuously viewed on a
PC monitor.

Twenty minutes of EEG were recorded, including resting
wakeful eyes closed state (usually 3-4 min) followed by routine
activation maneuvers according to standard clinical EEG
protocol. In present work, we focused our analysis on the
spontaneous EEG before EEG activation, i.e, on a resting
state eyes closed EEG activity since it has been shown that
clinical dysfunction altered resting-state networks in MS (45).
The electroencephalographer was blind to the diagnosis of the
subject at the time of recording, processing, and interpretation
of electrophysiological data.

EEG Processing

EEGs were reviewed and analyzed offline with the commercial
software “BRAINSYS” (Version 2.0 for Windows, Russia) (46).
EEG was visually inspected, and segments contaminated with
eye movements, electromyography, or other artifacts of technical
origin were manually removed. Preprocessed EEG data were then
processed using the BRAINSYS algorithm for advanced artifact
search when the EEG amplitude is considered as a random
variable, and its deviation from the zero lines by 4-5 SD serves
as criteria for identifying an artifact. These marked sites were
additionally inspected.

Data were segmented into 4-s epochs (without overlapping);
for each participant, 15-25 free of artifact segments were
included in further analyses: (mean 4+ SEM; 20.2 £ 1.0 epochs
of 80.8 £ 4.2 s duration on the average). Epoch’s number did not

TABLE 1 | Baseline characteristics of the groups.

Groups Males/females  The average age, years The number of patients with a The average duration of the EDSS scores
(number of participants) (min - max) clinical type of the disease disease, years
course

MS with CNP (n = 12) 3/9 36.6 +£ 3.2 RRMS - 10 72+12 2.8[2.0; 3.0]

(23-57) PPMS - 2
MS without CNP 4/8 429+28 RRMS -9 72+18 2.5[2.0; 3.0]
(h=12) (30-55) PPMS - 1

SPMS -2

Healthy control (HC) 4/8 40.3 +4.0 - - -
(n=12) (22-65)

RRMS, relapsing-remitting multiple sclerosis; PPMS, primary progressive multiple sclerosis; SPMS, secondary progressive multiple sclerosis, according to Lublin and Reingold (44). The
average age and the average duration of the disease presented as Mean + S.E.M; EDSS scores—as Median with lower and upper quartiles.
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significantly differ between groups: 23.3 £ 2.0, 20.3 £ 1.8, and
17.4 £ 1.6 in MS group with CNP, MS group without CNP, and
HC, correspondingly [F, 33y = 2,740; p = 0.079].

Analysis of the power spectral density of electrical activity
(EA) of the brain was carried out according to fast Fourier
transform algorithm, in the frequencies of five physiological
ranges: § (delta, 0.5-4.0 Hz), 0 (theta, 4.0-8.0 Hz), « (alpha, 8.0—
13.0 Hz), B1 (betal, 13.0-20.0 Hz), and 2 (beta2, 20.0-30.0 Hz).

In every frequency band, we identified the following
characteristics: absolute power spectral density (aPSD, pwV?),
relative power spectral density (rPSD, %) defined by the ratio
of the absolute power spectral density in the actual frequency
band to the overall absolute spectral power computed as the
sum of power spectral density’ values within all empirically
defined bands of interest (in percent), and peak frequency—
the frequency of the dominant spectral power in the frequency
band (Hz—per se the frequency of the amplitude maximum
of spectral power in the band). Simultaneous evaluation of
aPSD and rPSD increases the information content of the
analysis since rPSD allows evaluating the contribution of
each rhythm component to the total EEG power in the
analyzed segment.

Data Analysis and Statistics

All  statistics were calculated with statistical package
“STATISTICA 7.0” for Windows and “BRAINSYS” software.
We tested all variables comparing between patients and controls
for normal distribution by the Kolmogorov-Smirnov test.
If they proved to be normally distributed, we applied the
parametric tests for independent samples; otherwise, we used the
non-parametric tests.

Logarithmic transformation was used for any power spectral
density value to achieve a valid normal distribution of these data
and allow an ANOVA analysis (47); for absolute spectral power,
we calculated Ln(aPSD); for relative spectral power:

Ln (rPSD) = Ln[(power (%))/(100 — power (%))] (1)

where Ln is the natural logarithm and power (%) is the relative
spectral power (%).

Ln(absolute spectral power) and Ln[(relative spectral
power)/(100 - relative spectral)] for absolute and relative
spectral power, respectively. The homogeneity of variances in
compared samples was verified with Bartlett’s test. Differences
in spectral power between groups were assessed using analysis
of variance (ANOVA) followed by pairwise post-hoc comparison
using Duncan test to account for multiple comparisons. Regional
normalized power spectral density values were used as dependent
variable of the ANOVAs. The three-way ANOVA factors were
the following: group [levels (3): MS with CNP, MS without CNP,
healthy control; independent variable], region of interest (ROI)
[levels (8): prefrontal (Fpl, Fp2), frontal (F3, F4), central (C3,
C4), parietal (P3, P4), occipital (O1, O2), anterior temporal (F7,
F8), mid-temporal (T3, T4), and posterior temporal (T5, T6);
independent variable], and hemisphere [levels (2): left and right;
independent variable]. For the test statistics of ANOVA, we

calculated eta-squared (n?) as effect size (ES) measurement using
the standard formula (48, 49):

n” = SSefect/SSTotal 2)
where SSgect is the sum of squares of effect and SSty) is the total
sum of squares.

ES interpretation was the following: ES < 0.02 indicates a weak
effect, 0.02 < ES < 0.13 indicates a moderate effect, and ES > 0.13
indicates a strong effect (50). When ANOVA showed 0.050 < p
< 0.085 and ES was moderate, we considered a trend.

Differences in peak frequency between groups were estimated
using Kruskal-Wallis ANOVA followed by multiple comparisons
of mean ranks (two-tailed). For the test statistics of Kruskal-
Wallis H, we calculated eta-squared (n?) and Cohen’s d (dcohen)
as effect size (ES) measurement using an ES calculator (51).
Cohen’s d of 0.20-0.40 indicates a small effect, 0.50-0.70 indicates
a medium-sized effect, and 0.80-1.0 and more indicates a large
effect; eta-squared of 0.010-0.039 indicates a small effect, 0.060-
0.110 indicates a medium-sized effect, and 0.140-0.200 indicates
a large effect (51, 52). When ANOVA showed 0.050 < p < 0.085
and Cohen’s d was more than 0.8 or > was more than 0.140, we
considered a trend.

Differences between groups (EDSS, the clinical score of
neurological signs) were evaluated using Wilcoxon-Mann-
Whitney rank sum test (two groups). Pearson chi-square (x2
criterion) was applied to test the difference between the two
groups in terms of percentages of female/male (gender index).
The non-parametric Spearman’s rank correlation coefficient rho
(ps) with false discovery rate control (53) to correct for multiple
comparisons was used for correlation analyzes. All the tests were
two-tailed. The « level was set at 0.05.

RESULTS

Sample Characteristics

In all the groups, neither the mean age [F, 33y = 0.899; p = 0.416,
one-way ANOVA] nor the gender index (p > 0.05, 2 criterion)
significantly differed (see Table 1). Thus, the controls were age-
and gender-matched clinically normal subjects. MS groups with
and without CNP were fully comparable in the frequency of the
occurrence of the disease course and comorbid disorders. The
mean number of years since MS diagnosis in groups with and
without CNP also did not significantly differ [F(; 2,y = 0,001; p =
0.982, one-way ANOVA] same as the disease severity as judged
by EDSS scores (p = 0.843, Wilcoxon-Mann-Whitney test).

Analysis of EEG Power Spectra

Analysis of Absolute Power Spectral Density

In the § band, the three-way ANOVA showed a group effect
on aPSD of the scalp EEG [F(y, 5) = 3.501, p = 0.031; n* =
0.012]. Only in MS with CNP group, absolute spectral powers
significantly increased as compared with HC: according to the
post-hoc Duncan test, p = 0.011 (Figure 1A). The main effect of
the ROI factor was significant [F(7, 5o5) = 4.177, p < 0.001; n?
= 0.051] and revealed higher aPSD in the prefrontal region as
compared with occipital, posterior, and mid-temporal regions (in
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FIGURE 1 | Group factor effects on the absolute and relative power spectral density in the five frequencies ranges. (A) A vertical row on the left side, the vertical axis
on the graphics indicate normalized absolute power spectral density; (B) a vertical row on the right side, the vertical axis on the graphics indicate normalized relative
power spectral density. HC, healthy control; MS + CNP, multiple sclerosis patients with CNP; MS-CNP, multiple sclerosis patients without CNP. *p < 0.05 as
compared with the HC group; Tp < 0.05 as compared with MS patients without CNP (three-way ANOVA followed by post-hoc Duncan test).
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FIGURE 2 | Topographical differences between the groups in the absolute (A) and relative (B) power spectral density in the five frequencies ranges. The graphics
show the normalized PSD values in the following ROI: prefrontal (Fp), frontal (F), central (C), parietal (P), occipital (O), anterior temporal (Ta), mid-temporal (Tm), and
posterior temporal (Tp). HC, healthy control; MS 4+ CNP, multiple sclerosis patients with CNP; MS-CNP, multiple sclerosis patients without CNP. *o < 0.05, #p <
0.08 —comparing the MS + CNP group vs. the HC group; Tp < 0.05, *p<0.08 —comparing the MS + CNP group vs. MS-CNP group; p < 0.05—comparing the
MS-CNP group vs. the HC group (three-way ANOVA followed by post-hoc Duncan test).
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all cases, p < 0.05) with the least power in the posterior temporal
region. However, we did not observe significant differences
between aPSD in any of the ROIs (Figure 2A) and derivations in
MS groups and HC. The hemisphere factor did not affect aPSD
either in the § band or in the other frequency ranges studied.

In the 6 band, aPSD in both MS groups increased as compared
with HC [group factor: F(y 535y = 24.372, p < 0.001, three-
way ANOVA; n? = 0.080; in both cases, p < 0.01] (Figure 1A).
Besides, power density in MS with CNP group exceeded that in
MS without CNP group (p < 0.001, Duncan test). ROI factor
[F(7, 528) = 4.349, p < 0.001; n* = 0.050] showed the decreased
power density in the temporal regions as compared with the
other areas except for the occipital cortex (in all cases, p < 0.05,
Duncan test). MS patients with CNP demonstrated increased
absolute power density for the prefrontal, central, parietal (a
trend), and all temporal regions as compared with the HC group
(Figure 2A). Besides, we revealed higher aPSD for the mid-
temporal derivation of the right hemisphere (T4) as compared
with the control (results of post-hoc analysis are presented in
Figure 3). We saw no difference between MS patients with and
without CNP or MS patients without CNP and HC in any ROI
and derivation.

In the o band, ANOVA showed no group effect on EEG
aPSD [F(y, 528) = 1.026, NS; n? = 0.003] (Figure 1A). ROI effect
was significant [F(7, 55y = 16.490, p < 0.001; n* = 0.175] that

expectedly manifested as a higher EEG power in the occipital and
parietal regions compared with other brain regions. Between-
group differences were not revealed (Figure 2A).

In the A1 band, only MS patients in group with CNP showed
increased EEG aPSD compared with HC and MS patients without
CNP as accounted by the ANOVA main effect group factor
[F(2, 528) = 27.635, p < 0.001; n? = 0.084; in both cases; Duncan
test, p < 0.001] (Figure 1A). ANOVA main effect for ROI
factor was significant [F(7, 5,5y = 8.332, p < 0.001; n* = 0.089]:
in anterior temporal region, aPSD was lower than in frontal,
central, parietal, and occipital regions; also, in prefrontal and
mid-temporal regions, it was lower than in central, parietal, and
occipital regions (in most cases, p < 0.001). Post-hoc Duncan
test revealed differences in power spectral density between the
groups. MS patients with CNP showed a statistically significant
increase in aPSD in prefrontal and all temporal regions and a
trend to increase aPSD in frontal, parietal, and occipital regions
as compared with the HC group (Figure 2A). In addition, in the
posterior (T6), mid- (T4), and anterior temporal derivations (F8)
of the right hemisphere, the spectral power in MS with CNP
group was higher than in HC (see Figure 3). In the posterior
temporal derivation (T6), absolute power in MS patients without
CNP tended (p = 0.059) to be lower than in MS patients with
CNP. We did not reveal any statistically significant differences
for this band between MS without CNP and HC groups.
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Beta2

FIGURE 3 | Absolute power spectral density of the scalp EEG in the theta (the upper row), betal the middle row), and beta2 bands (the bottom row) in MS patients
with and without central neuropathic pain. Topographic view of each scalp electrode positions used in this study. Heads are shown in top view. L, left hemisphere; R,
right hemisphere. In each row: MS with CNP—to the left; MS without CNP—to the right. The large bold letters represent the following: red—the channels where the
absolute spectral power increased as compared with control; blue—the channels where the absolute spectral power decreased as compared with MS patients with
CNP; black—the channels where a trend toward difference with one of the groups was revealed. Boundaries of frequency ranges, Hz; see Materials and Methods; n
= 12 for each group. post-hoc results for spectral analysis of the frequency bands (Duncan test) are shown. Statistically significant differences: *p < 0.05; *p < 0.01
as compared with control; *p < 0.05; **p < 0.01 as compared with MS patients with CNP. # Indicates a trend (0.05 < p < 0.06) to increase as compared with
control; x indicates a trend (0.05 < p < 0.06) to decrease as compared with MS with CNP. See the Supplementary Table for more information.
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In the B2 band, similar to the 81 band, EEG aPSD increased
in MS with CNP group compared with MS without CNP group
and HC [ANOVA main effect for group factor: F(y s524) =
56.856, p < 0.001; n> = 0.167; in both cases, Duncan test:
p < 0.001] (Figure 1A). ANOVA showed a significant ROI
effect [F(7 528 = 3.374, p = 0.002; »n*> = 0.035]: in anterior
temporal region, power density was lower than in the central,
parietal, and occipital regions (in most cases, p < 0.05, Duncan
test). In the most ROIs, aPSD increased as compared with
HC (Figure 2A); also, in central, parietal, occipital, mid-, and
posterior temporal regions, absolute power density was higher
than in the MS without CNP group. In MS with CNP group,
we noted an upward trend for aPSD in the frontal region
compared with the HC and MS without CNP groups. In the
cortical derivations (excluding central, frontal, and prefrontal in
both hemispheres and anterior temporal derivation in the left
hemisphere), spectral power exceeded the corresponding values
in the HC group (see Figure 3). In the mid- and posterior
temporal, parietal, and occipital derivations, EEG aPSD in MS
without CNP group was lower than in MS with CNP group
(except for the occipital derivation of the left hemisphere and the
posterior temporal derivation of the right hemisphere). Similar
to the other frequency bands, aPSD in MS patients without CNP
did not significantly differ from the HC group in any region
and derivation.

ANOVA showed no statistically significant interaction effect
on EEG aPSD for group x ROI, group x hemisphere, ROI
x hemisphere, and group x ROI x hemisphere in any
frequency band.

Analysis of Relative Power Spectral Density

In the § band, EEG rPSD decreased in MS with CNP group
compared with HC and MS without CNP groups as accounted
by the ANOVA main effect group [F(,, 524) = 4.979; p = 0.007;
n? = 0.014; according to post-hoc Duncan test, p = 0.013 and p =
0.005, respectively] (Figure 1B). Relative power density increased
from the posterior areas of the cortex to the anterior regions as
accounted by the ANOVA main effect ROI [F(7, 558) = 20.333; p
< 0.001; n? = 0.206]. We did not observe significant differences
between rPSD in any of the ROIs (Figure 2B) and derivations
in MS groups and HC. The é-band rPSD showed no significant
main effect for hemisphere [F(;, 558) = 0.210; NS].

In the 6 band, rPSD, similar to aPSD, increased in both MS
groups as compared with HC [ANOVA main effect group factor:
F(, 508) = 22.146, p < 0.001; n*> = 0.064; in both cases, p <
0.001] (Figure 1B). Power density in MS with CNP group also
exceeded that in MS without CNP group (p = 0.007). Three-
way ANOVA main effect for ROI factor [F7 58y = 15.668,
p < 0.001; n* = 0.158] showed decreased rPSD in posterior
areas compared with central, prefrontal, and frontal regions; in
posterior temporal region, rPSD were lower than in anterior and
mid-temporal regions (in most comparisons, p < 0.01, Duncan
test). In the prefrontal region, rPSD in MS with CNP patients was
higher than in the HC group and stronger than in MS without
CNP patients (Figure 2B). In the anterior temporal region, a
trend toward an increase in rPSD was observed in the MS with
CNP group compared with the other groups. In parietal and

occipital regions, spectral power exceeded control values in both
MS groups. Between groups, a statistically significant difference
was only found for the anterior frontal derivation in the right
hemisphere (Fp2): the relative power density in MS patients with
CNP was higher than that in the HC group (Figure 4). In MS
without CNP group, post-hoc Duncan test showed a trend to
increase rPSD as compared with HC in the occipital derivations
of the left hemisphere (p = 0.082). There were no significant
differences in rPSD in any of the derivations between MS groups
with and without CNP. The 0-band rPSD showed no significant
main effect for hemisphere [F (; 555) = 0.090; NS].

In the @ band, in contrast, a decrease in relative spectral power
in MS groups with and without CNP as compared with HC was
found as accounted by the ANOVA main effect group [F(;, s25) =
15.033; p < 0.001; > = 0.040; according to Duncan test, p < 0.001
and p = 0.007, respectively] (Figure 1B). In MS patients with
CNP, relative PSD also was lower than in MS patients without
CNP (p = 0.006, Duncan test). ROI effect was significant and
strong [F(7, 508) = 25.973; p < 0.001; n* = 0.239]: power density,
as expected, was decreasing toward the frontal areas. In both
MS groups, rPSD in parietal and occipital regions decreased
as compared with the HC group (Figure 2B). However, the
detailed analysis showed that only in MS patients with CNP, rPSD
was significantly less than in HC in the occipital derivations of
both hemispheres and parietal lobe of the right hemisphere (see
Figure 4), whereas in MS patients without CNP, rPSD in occipital
derivations only showed a trend to decrease as compared with
the control (for O1, p = 0.082; for O2, p = 0.084, Duncan test).
MS groups with and without CNP did not statistically differ
from each other in any ROIs and derivations. The «-band rPSD
showed no significant main effect for hemisphere [F(; 58 =
1.550; NS].

In the B1 band, the main effect of the group factor was
found [F(y, 528y = 6.937; p = 0.001; n> = 0.024]. According to
Duncan test, relative PSD in MS with CNP group exceeded power
density in HC and MS without CNP group: p < 0.001 and p
= 0.008, respectively (Figure 1B). ANOVA main effect for ROI
factor [F(7, 58y = 2.761, p = 0.008; n> = 0.034] showed the
strongest power in the mid-temporal region as compared with
prefrontal and posterior areas (in most comparisons, p < 0.01,
Duncan test). MS groups did not differ between themselves in any
ROIs (Figure 2B) and derivations. The 81-band rPSD showed no
significant main effect for hemisphere [F(;, 55y = 0.012; NS].

In the B2 band, similar to the effect in 81 band, rPSD in
MS patients with CNP increased as compared with HC (p <
0.001) and MS patients without CNP (p < 0.001) as accounted
by the ANOVA main effect group [F(,, 5,7y = 13.293; p < 0.001;
n? = 0.045] (Figure 2B). In addition, the main effect for ROI
factor was statistically significant [F(;, 557y = 2.116; p = 0.040; n*
= 0.026] with the least power in parietal region. Relative PSD
in the parietal and occipital regions was stronger in MS with
CNP patients as compared with the control and tended to exceed
rPSD in MS patients without CNP (Figure 2B). Moreover, in MS
with CNP group, relative PSD in both occipital derivations (O1
and O2) exceeded control values (see Figure 4). The $2-band
rPSD showed a significant although weak ANOVA main effect
for hemisphere [F(1, 527 = 2.116; p = 0.040; n> = 0.026] with the
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FIGURE 4 | Relative power spectral density (%) of the scalp EEG for Fp2, P4, O1, and O2 electrodes positions in MS patients with and without central neuropathic
pain. HC, healthy control; MS + CNP, multiple sclerosis patients with CNP; MS-CNP, multiple sclerosis patients without CNP. Post-hoc results for spectral analysis of
the frequency bands (Duncan test) are shown. Statistically significant differences: *o < 0.05; **p < 0.01 as compared with control; # indicates a trend (0.05 < p <
0.084) as compared with control. See the Supplementary Table for more information.

stronger power in the left hemisphere (p = 0.039, Duncan test).
In MS with CNP group, rPSD in both hemispheres was stronger
than in the other groups: in all cases (p < 0.05, Duncan test).

ANOVA did not show any statistically significant interaction
effect on EEG rPSD for group x ROI, group x hemisphere,
ROI x hemisphere, and group x ROI x Hemisphere in any
frequency band.

Analysis of Peak Frequency
Table 2 shows the changes in peak frequency. In the § band, in
the MS with CNP group, peak frequencies in the left frontal area
(F3) were higher than in the control group. In the MS without
CNP group, in contrast, peak frequency in a posterior temporal
derivation of the left hemisphere (T5) was lower than in the
control group. Peak frequency in MS patients without CNP was
lower than in MS patients with CNP in a variety of derivations—
the right posterior temporal (T6) and both mid-temporal (T3,
T4), the right frontal (F4) and occipital (O2), and both central
(C3, C4) derivations.

In the B2 band, in the MS with CNP group, peak frequencies
in the occipital, parietal, and posterior temporal derivations of the
left hemisphere (O1, P3, and T5) were higher than in the control

group. In addition, we saw a strong tendency to increase peak
frequency for the frontal derivation of the left hemisphere (F7) in
comparison with the control group.

No changes of peak frequency were detected in the other
frequency bands.

Analysis of Correlations
We failed to reveal any statistically significant correlations
between absolute spectral power in the five frequency bands
and the intensity of pain on the VAS scale in MS patients
with CNP.

We also did not find any correlation between absolute or
relative spectral power for any derivations in the frequency bands
and EDSS score in MS patients with and without CNP.

DISCUSSION

The present study used a new approach to the analysis of EEG
peculiarities in patients with MS, based on whether they have
CNP. Although the theta band absolute PSD showed an increase
in MS patients both with and without CNP (see Figure 1A), the
power in the theta as well as betal, and beta2 ranges in MS
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TABLE 2 | Peak frequency (Hz) in the § and B2-bands in patients with multiple sclerosis.

Electrodes Results of Kruskal-Wallis ANOVA Effect size Healthy control MS with CNP MS without CNP
H(2,N =36); p 12; dcohen
3 B2 3 B2 3 B2 3 B2 3 B2

o1 5.72; 0.06 7.72;0.02 0.113;0.713  0.173;0.916 5(0.8) 21420 22(0.8 24625 18(0.9 226(25)
02 7.81;0.02 5.61;0.06 0.176;0.924  0.109; 0.701 7(0.8) 21.8(2.3) 20(0.7) 24225 14(1.0F 22428
P3 5.20; 0.07 9.92; 0.01 0.097;0.655  0.240; 1.124 0(1.1) 215(2.3) 2.3(0.8) 252(1.8)* 15(0.8) 22.6(2.5)
P4 1.63; 0.44 0.02; 0.99 0.011;0.214  0.060; 0.505 9(0.9) 220(2.5 2108 22728 1809 22022
C3 7.35;0.03 0.16; 0.92 0.162;0.880  0.056; 0.486 8(0.8) 222(25) 23(0.7) 22927 1.6(0.7)+r 226(2.5
C4 10.78; 0.00 0.35; 0.84 0.266; 1.204  0.050; 0.460 8(0.8) 22.1(26) 24(0.7) 22527 1.3(0.6)*F 21.2(1.6)
F3 6.89; 0.03 4.16;0.12 0.148;0.834  0.066; 0.529 6 (0.8) 222 (2.4) 23(0.7)" 24324 1.7(1.0 22123
F4 6.83; 0.03 0.35; 0.84 0.146;0.828  0.050; 0.459 .6(0.9) 21923 23(0.7) 22928 1.5(01.1)r 220(2.0
Fp1 5.21;0.07 4.00; 0.14 0.097;0.656  0.061; 0.508 1.2(0.6) 22.2 (2.6) 1.6(05) 24.4(24) 1.3(0.9) 22.4(2.6)
Fp2 3.63;0.16 1.19;0.55 0.049; 0.455  0.024; 0.316 1.4 (0.5) 22.7 (3.2) 1.9(0.9 23427 1.3(0.4) 21.62.0
5 6.57; 0.04 7.06; 0.03 0.138;0.802  0.153; 0.851 1(0.9 22.4 (2.4) 1.9(0.7) 24.7(2.1)" 1.3(0.6)" 22.7(2.4)
T6 6.10; <0.05 0.91; 0.64 0.124;0.7563  0.033; 0.370 1.5(0.9) 223((2.4) 21(0.9 23228 13(0.5*t 222(2.3
T3 6.26; 0.04 2.21;0.33 0.129;0.770  0.006; 0.161 7(0.8) 22422 1.9(0.7) 2402.6) 1.2(0.6)t 22.4(2.6)
T4 10.95; 0.00 0.09; 0.95 0.271;1.220  0.058; 0.495 1.6 (0.9) 23.0(2.6) 22(0.7) 23.0(2.7) 1.2(0.4)* 22422
F7 4.00; 0.14 6.73; 0.03 0.061;0.508  0.143;0.818 1.3(0.6) 22.6 (3.2 1.7(0.7) 25.0(21)% 1.2(0.4) 227 (2.4)
F8 0.35; 0.84 3.86; 0.15 0.050; 0.459  0.056; 0.488 1.3(0.6) 22.5(3.1) 1.3(0.7) 24123 1.4(0.8) 22.6(2.1)

Peak frequency is shown as Mean (Standard Deviation). *p < 0.05; *p < 0.05; ¥p = 0.052 as compared with «Control>; *p < 0.05; +*p < 0.01 as compared with <MS with
CNP>> by multiple comparisons of mean ranks (2-tailed). Statistically significant differences are shown in bold.

with CNP group exceeded that in patients without pain. Only
MS patients with CNP demonstrated the significantly increased
absolute spectral powers for the theta, betal, and beta2 frequency
bands in most regions of interest (see Figure 2A). Moreover, in
the beta2 frequency range, the power exceeded that in patients
without pain in almost all the regions examined. Detailed analysis
of derivations showed the peculiarities of the differences between
MS patients with and without CNP: only MS patients with CNP
demonstrated the increased absolute spectral powers for the theta
and betal frequency bands in the temporal lobes of the right
hemisphere, and the increased powers for the beta2 band in the
occipital, parietal, and temporal lobes of both hemispheres (see
Figure 3).

On the basis of EEG and functional low-resolution
electromagnetic tomography, peak overactivation mainly within
the theta (6-9Hz) and low beta frequency bands (12-16 Hz)
localized to multiple pain-associated areas (primarily to insular,
anterior cingulate, prefrontal, and inferior posterior parietal
cortices, as well as to primary, secondary, and supplementary
somatosensory cortices) and slight overactivation in the high
beta frequency band (16-30Hz) localized to the occipital
lobe have been reported for neurogenic pain patients (38).
Only using EEG, we observed similar overactivation for the
theta (4.0-8.0 Hz) and betal (13.0-20.0 Hz) bands in the right
hemisphere and the beta2 (20.0-30.0 Hz) band in the posterior
areas (including occipital lobes) in MS patients with CNP. Of
interest, the main changes in theta and low beta bands frequency
ranges were found in the right hemisphere, although there was
an equal number of patients with pains on the left and right
sides in the group. Below, we consider the possible ways and
mechanisms of the revealed EEG changes.

Vazquez-Marrufo et al. (28) identified the increase in high-
frequency bands [for beta (22-30 Hz) and gamma (31-45Hz),
not for low beta (13-21Hz) or theta (5-8 Hz) bands] in
both the occipital regions (O1 and O2) and the frontal right
hemisphere region (F4) in the relapsing-remitting multiple
sclerosis (RRMS) group of patients when the subjects were being
stressed during a visuospatial task. Although the authors did not
report neuropathic pain in patients, we assume CNP to be a stress
factor, the effect of which reflects in the increment of high bands
in the EEG.

The increment of high bands could be caused in different
ways, for example, by the increase in anxiety (54) [especially
in the central part of frontal cortex (55)], by administration
of some psychotropic drugs (56, 57) or by physiological
artifacts—due to muscle activity in temporal lobes (28). In
our research, MS patients with and without CNP did not
differ in anxiety (58, 59). All included patients were free of
any psychotropic medication during the participation in the
study at least for a month. Besides, the changes in the high-
frequency band were observed not only in temporal but also
in occipital, parietal, central, frontal, and prefrontal regions,
which allows discarding muscle influence. Thus, the increment
of the beta2 band might be an additional indicator for CNP in
MS patients.

The lack of correlation between the degree of disability score
and EEG values in any of the brain areas and spectral power
bands in MS patients with and without CNP in the present study
in principle agreed with the results reported by the other authors
for MS patients, regardless CNP (26, 28). Thus, it is unlikely that
the overactivation of beta and theta bands in the cortex associated
with neurological impairment.
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ANOVA revealed the decrease in relative power spectral
density in the alpha band in MS patients in posterior areas
regardless of the pain. The effect was stronger in MS with CNP
group (see Figures 1B, 2B). This finding is in good agreement
with the data of Babiloni et al. (60), who demonstrated abnormal
cortical sources of resting state in MS patients with both RRMS
and SP subtypes compared to the HC group: increase in delta
(higher amplitude) and decreased in alpha (lower amplitude)
rhythms as estimated by LORETA (normalized relative current
density at the cortical voxels). Decrement in the relative spectral
power in the alpha band in the posterior brain areas of the right
hemisphere, which we identified with a detailed analysis in MS
patients with CNP, may testify to a reorganization of the brain EA,
which appears as the increase in spectral power in the theta and
beta bands in the right hemisphere. This assumption conforms
to functional MRI exploration, where patients at the earliest
stage of MS showed significantly higher activation in the right
frontopolar cortex, the bilateral lateral prefrontal cortices, and
the right cerebellum during a cognitive task (13). Lenne et al. (61)
found a significant decrease in mutual information in a network
of brain areas in patients with RRMS during resting condition.
Interhemispheric and right hemisphere mutual information was
significantly lower in patients with MS than in control subjects
that can reflect the global disconnection of cortico-cortical or
cortico-subcortical areas in RRMS. However, the authors did not
report whether any patients suffered from CNP.

In the present study, the clinical course of the disease was
defined as RRMS in most patients, and there were no cognitively
deficient patients according to Mini-Mental State Examination in
both experimental groups. However, only MS patients with CNP
showed the increase in EA power in the theta band and the low
beta band for temporal lobes of the right hemisphere as well as a
significant decrease in relative power spectral density in the alpha
band in the occipital region.

According to the concept of thalamocortical dysrhythmia,
the chronic neurogenic pain mechanism may be triggered at
thalamic levels when a decreased excitatory input into the
thalamus results in a shifted mode of thalamocortical processing,
consisting of a functionally disconnected rhythmic activity at
both slow (theta, 4-9Hz) and fast (beta, 12-30 Hz/gamma,
30-80 Hz) rhythms (33, 36-38). In experiments, Hughes and
Crunelli (62) demonstrated that the thalamus could act as
an independent pacemaker of « and 6 rhythms. Thus, the
shifts in the EEG revealed in our study, namely, a decrease
in PSD in the alpha band and, on the contrary, an increase
in PSD in the theta band, could associate with thalamic
deactivation (dysfunction). We said above that all the examined
patients were right-handed subjects. Recent MR studies have
revealed neuroanatomical features and specifics of the cerebral
asymmetry in right-handers. Barrick et al. (63) showed gray
matter rightward asymmetry of the thalamus and inferior parietal
lobe. MRI diffusion tensor imaging tractography revealed a
lateralized right-sided upper brainstem-thalamic function as
part of the dominant right-sided cortical/subcortical vestibular
system in healthy right-handed subjects (64). Right-lateralized
white matter connectivity between the temporoparietal junction
and insula was found in the right-handers (65). The authors

suggested that disruption of the temporoparietal junction-
insula pathway in the right hemisphere affects the salience
system in persons with chronic pain. We suggest that
the dysfunction in pain connectome-including areas (e.g.,
thalamus, insula, inferior parietal lobe) in the right-handed MS
patients with CNP may manifest by the EEG changes in the
right hemisphere.

As for the QEEG analysis in the alpha band, MS patients with
and without CNP had no statistically significant difference for the
absolute power spectral density and peak frequency compared to
each other and the HC group in any regions of the scalp. The
findings are contrary to the data of Kim et al. (66) who showed the
alpha peak in the EEG to be reduced or not present in MS patients
with neuropathic pain: alpha peak frequencies were lower than
in the age-matched healthy control within the thalamus and
the posterior insula and in the posterior cingulate cortex of the
default mode network (the pain connectome-including areas).
In previous studies of the other authors, the “slowing down”
phenomenon manifesting as a shift toward a lower dominant
frequency in patients with neuropathic pain was also noted
(36, 67). What could the reason be for the lack of a difference in
the alpha band in our study? One of the explanations comes from
the early research that has demonstrated significant improvement
in the clinical state of the patients with MS and a marked increase
in the mean alpha frequency in the parietooccipital region after
short intensive immunosuppressive therapy (27). In our study, all
the patients, including those with CNP, had previously received
corticosteroid therapy that resulted in neurological improvement
and could consequently normalize alpha activity. In addition,
we cannot exclude that RRMS subtype affects EEG changes that
primarily relate to CNP.

Of note, with increasing relative PSD in the $2 band in
the left hemisphere, f2-peak frequencies increased in the left
hemisphere only in MS patients with pain. To interpret the facts
mentioned above, we can use the findings of the study, which
shows that the left hemisphere closely relates to desynchronizing
mesencephalic structures, whereas the right hemisphere, on the
contrary, refers to synchronizing diencephalic brain structures
(68). Authors assumed that, in a case of CNS disorder, functional
state of diencephalon and brainstem structures would determine
the role of each hemisphere in compensatory processes. In our
studies, the changes in peak frequency in the high beta band
in the left hemisphere may provide an additional indicator of
disorders of the cortico-subcortical integration in MS patients
with CNP and testify for the mid-stem dysfunction. In these
patients, the modification of EA in the right hemisphere could be
a compensatory response. In general, changes in a resting-state
EEG in MS with CNP could reflect the disturbances in cortical
communication. This suggestion partly conforms to the data on
the decrease in mutual information in brain EA in patients with
RRMS (61). Authors suppose that averaged interhemispheric
mutual information obtained in a resting state is a marker
for the neurological damage induced by RRMS. Meanwhile, in
our study, we saw the signs of putative alterations in cortical
communication only in patients with CNP.

Remarkably, spectral power in MS patients with CNP differed
from the control and rarely from MS patients without CNP.
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Spectral power of EA in MS patients without CNP did not
significantly differ from the control except for the group effect
on absolute and relative PSD in the theta band and group
and ROI effects on relative PSD in the alpha band. The fact
is that EEG in MS patients without central neuropathic pain
tended to change similarly to EEG in MS patients with CNP
in the theta and alpha ranges (see Figures2, 4) but hardly
ever reached the significant difference from the other groups.
Thus, spectral power in MS patients without CNP occupy an
intermediate position between spectral power in MS patients
with CNP and the control. We should keep in mind that all of
the patients completed the course of treatment before testing
and showed significant improvement in suppressing both MS
symptoms and neuropathic pain. Several studies reported more
severe MS, as assessed by EDSS in patients with neuropathic
pain (8, 69). In the present study, in MS patients with and
without CNP, EDSS score did not differ, which confirms clinical
improvement. Significant EA changes in MS patients with CNP
assume to consider central neuropathic pain as a stressful factor
that enhances spectral power (not peak frequency) alterations
typical for MS.

We have previously observed the increase in absolute spectral
power in the high-frequency bands in other types of pathology,
associated with a malfunction in the nervous regulation, for
example, in patients with brain-gut dysregulation burdened by
CNP (70, 71). We cannot exclude that the beta bands increment
in the EEG might be a marker of CNS pathology that appears
as neuropathic and psychosomatic disorders. The difference
between spectral EEG patterns and peak frequencies in MS
patients with and without CNP could represent CNS alterations
related to central neuropathic pain in MS patients.

However, a small number of patients in the groups with
the well-known high variability of MS courses are a potential
limitation of the study. Another limitation lies within EEG
recording after the course of corticosteroids in MS patients,
although the period after corticosteroid withdrawal was at least
a month. We could not find direct experimental evidence that
corticosteroid therapy can affect the main EEG frequencies.
However, polysomnographic recordings showed that during
prolonged treatment with corticosteroids (for 10 days), early
RRMS patients demonstrated several sleep-EEG alterations, in
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Pain is a frequent symptom in leprosy patients. It may be predominantly nociceptive, as
in neuritis, or neuropathic, due to injury or nerve dysfunction. The differential diagnosis
of these two forms of pain is a challenge in clinical practice, especially because it is
quite common for a patient to suffer from both types of pain. A better understanding of
cytokine profile may serve as a tool in assessing patients and also help to comprehend
pathophysiology of leprosy pain. Patients with leprosy and neural pain (n = 22),
neuropathic pain (n = 18), neuritis (nociceptive pain) (n = 4), or no pain (n = 17),
further to those with diabetic neuropathy and neuropathic pain (n = 17) were recruited
at Souza Araujo Out-Patient Unit (Fiocruz, Rio de Janeiro, RJ, Brazil). Serum levels of
IL1B, IL-6, IL-10, IL-17, TNF, CCL-2/MCP-1, IFN-y, CXCL-10/IP-10, and TGF-B were
evaluated in the different Groups. Impairment in thermal or pain sensitivity was the most
frequent clinical finding (95.5%) in leprosy neuropathy patients with and without pain,
but less frequent in Diabetic Group (88.2%). Previous reactional episodes have occurred
in patients in the leprosy and Pain Group (p = 0.027) more often. Analysis of cytokine
levels have demonstrated that the concentrations of IL-1p, TNF, TGF-g, and IL-17 in
serum samples of patients having leprosy neuropathy in combination with neuropathic
or nociceptive pain were higher when compared to the samples of leprosy neuropathy
patients without pain. In addition, these cytokine levels were significantly augmented in
leprosy patients with neuropathic pain in relation to those with neuropathic pain due to
diabetes. IL-18 levels are an independent variable associated with both types of pain in
patients with leprosy neuropathy. IL-6 concentration was increased in both groups with
pain. Moreover, CCL-2/MCP-1 and CXCL-10/IP-10 levels were higher in patients with
diabetic neuropathy over those with leprosy neuropathy. In brief, IL-1 is an independent
variable related to neuropathic and nociceptive pain in patients with leprosy, and could
be an important biomarker for patient follow-up. IL-6 was higher in both groups with pain
(leprosy and diabetic patients), and could be a therapeutic target in pain control.
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INTRODUCTION

Despite ongoing efforts to eradicate leprosy in Brazil, it remains
an endemic disease and a public health challenge (1). Nerve trunk
involvement in leprosy results in debilitating deformities in 20%
of all patients (2). The accompanying neural pain, experienced
by up to 70% of these patients, presents as nociceptive (neuritis)
or neuropathic pain resulting from damage or disease of sensory
pathway (2-5). Currently, pain is a functional disability not
regarded an inability when leprosy patients are monitored by
the Brazilian Department of Health. As a result, the disability of
leprosy patients may be underestimated.

Leprosy is a chronic infectious disease caused by
Mpycobacterium  leprae, an intracellular pathogen that
preferentially infects macrophages and Schwann cells.

Mycobacterium  leprae  alters mitochondrial  glucose
metabolism in Schwann cell (SC). This affects the complicated
modulation of Schwann cell and axons, resulting in a reduction
of axonal metabolism, demyelination, and loss of axons (6).

Schwann cells also play an important role in pain modulation.
SC can proliferate and secrete soluble mediators which control
Wallerian degeneration and regeneration. Amongst the soluble
mediators are pro-inflammatory cytokines that function as
chemoattractant, but may also sensitize nociceptors (7).

Some studies have indicated cytokines as possible pain
biomarkers. A number of preclinical and clinical studies are being
developed (8) by using biomarkers in a correlation with patients
with pain. For example, IL-6 is a prominently pro-inflammatory
cytokine secreted by mast cells, macrophages, lymphocytes,
neurons, and glial cells (9). Under certain conditions, however,
it can modulate anti-inflammatory responses (10).

In animal models, IL-6 has been shown to mediate
neuropathic pain development (11). In fact, some studies
have demonstrated that patients with neuropathic pain due to
intervertebral disc herniation or the carpal tunnel syndrome
had increased serum IL-6 and TNF (12, 13). Similar reports
of increased serum IL-6 have occurred in patients with post-
herpetic neuralgia, which have also correlated quantitatively
with pain intensity in neuralgia (14). In rats, TNF seems to
be responsible for the neuropathic pain caused by nerve injury
(15). In animal models of neuropathic pain, the involvement of
proinflammatory cytokines such as TNE, IL-1B, and IL-6 after
peripheral nerve involvement has been well-documented (15,
16). Regional complex pain syndromes, peripheral neuropathy,
and neuropathic pain associated with spinal cord injury are
known to be associated with increased serum IL-6 and TNF
levels (17-19).

IL-1 is a pluripotent cytokine produced and secreted under
conditions of stress by immune cells including macrophages,
monocytes, and microglia (9). This cytokine is one of many
agents involved in neuropathic pain, and its production may also
be related to the presence of specific immunological markers (4).

A study with rats and mice undergoing transient focal
demyelination of sciatic nerve have reported increased
expression of CCL-2/MCP-1 and CXCL-10/IP-10 receptors (20).

Although prior studies have investigated pain in
leprosy (2, 21, 22), no study has currently provided

alternatives to  better  differentiate from
neuropathic pain.

In addition, the evaluation of cytokines in most studies
was limited to the pain resulting from acute inflammatory
episodes known as leprosy reactions. However, high levels of pro-
inflammatory cytokines during a reaction episode can mistake
the accurate understanding of the mechanisms involved in
leprosy pain. Furthermore, the treatment of pain is not specific,
highlighting the need of studies focusing on the examination
of neural pain mediators and mechanisms. The present report
has investigated the cytokine profile in serum samples of leprosy

patients with pain.

nociceptive

METHODOLOGY
Study Design

This retrospective cross-sectional study is based on data collected
from Souza Araujo Out-Patient Unit (ASA) (Fiocruz, Rio de
Janeiro, RJ, Brazil) and Diabetes Outpatient Clinic of Pedro
Ernesto University Hospital (State University of Rio de Janeiro,
Rio de Janeiro, R]J, Brazil). Medical records and a database of
leprosy neuropathy patients evaluated at ASA from January
1998 to December 2017 were also the source of data collection,
together with data regarding histopathology of nerve biopsy
to determine neuropathy etiology. During the aforementioned
period of time, 662 biopsies were performed. Within the biopsied
patients, 311 were diagnosed with leprosy. Out of the 311
leprosy patients, 89 had pain during the evaluation prior to
nerve biopsy, while 222 had no pain. All the biopsied patients
having confirmed leprosy neuropathy in combination with
neural pain were selected to the study. The other patients were
selected to take part into two comparative groups, namely, one
group consisting of painless leprosy neuropathy patients, the
other group consisting of patients with diabetic neuropathy in
combination with neuropathic pain. The total number of patients
was divided up into three groups, as follows:

Group A: Leprosy Neuropathic Pain Group (89 patients);
Group B: Painless Leprosy Neuropathy Comparative Group (50
patients); and Group C: Diabetic Neuropathic Pain Comparative
Group with Type II Diabetes Mellitus (23 patients).

Patients with comorbidities known to cause peripheral
neuropathy such as rheumatologic diseases, alcoholism,
hypothyroidism, diabetes (except Group C patients), B12
hypovitaminosis, HIV or viral hepatitis, patients in corticosteroid
treatment or in reaction, further to patients with incomplete
medical records or without a laboratory-stored blood sample
were excluded from this study. Accordingly, 106 patients were
excluded. Out of them, 67 patients were excluded from Group
A, 33 patients were excluded from Group B, and 6 patients from
Group C. After applying the exclusion criteria, 56 patients have
remained in the study: 22 in Group A; 17 in Group B; and 17
in Group C.

The following flowchart describes the methodology used
in the present study (Figurel). As soon as the inclusion
and exclusion criteria were met, epidemiological, clinical,
immunological, and neurophysiological data were collected.
Epidemiological, clinical, and immunological data were obtained
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FIGURE 1 | Methodology flowchart. Group A: Leprosy neuropathic pain group; Group B: painless leprosy neuropathy comparative group; Group C: diabetic

from all patients. Neurophysiological data were not collected
from diabetic patients, considering these patients were not
submitted to such examinations.

Case Definitions

Neuropathic pain was defined as pain caused by damage or
disease affecting the somatosensory nervous system, according to
International Association for the Study of Pain. Neuropathic pain
diagnosis was based on European Federation of Neurological
Societies (EFNS) guidelines (23). Patients were selected in case
of pain classified as probable or definite. “Probable” neuropathic
pain requires supporting evidence obtained from a clinical
examination of sensory signs. Probable criteria was confirmed
by physical examination. “Definite” neuropathic pain requires an
objective diagnostic test to confirm the somatosensory nervous
system lesion or disease. Definite criteria was confirmed by
electromyography. All patients having neuropathic pain in
combination with leprosy have filled-in definite criteria. All
patients having neuropathic pain in combination with diabetes
have filled-in probable criteria. Nociceptive pain was defined as
the pain resulting from nociceptor activation, secondary to tissue
damage or potential tissue-damaging stimuli. Nociceptive pain is
the most important pathological mechanism related to neuritis,

defined as the presence of one or more nerves with enlargement,
pain, or loss of function (24).

Clinical Evaluation

Information on the neurological examination performed prior
to nerve biopsies was gathered from medical records. The
type of pain (stinging, burning, electric shocklike, cold, other),
pain intensity (numerical pain rating scale from 0 to 10
or 11 point scale) (25), and pain location were recorded.
Furthermore, the presence of neural thickening, previous
reactional episodes (type I or II), further to information on
sensitive and motor neurological examination were gathered
from database.

Type 1 reaction or reversal reaction (RR) is a type IV delayed
hypersensitivity reaction characterized by ulcerative, red, swollen
skin lesions followed by fever (26). Type II reaction, or erithema
nodosum leprosum (ENL), is an acute inflammatory condition,
characterized by nodules and painful, raised red papules. These
nodules are accompanied by neuritis, uveitis, iridocyclitis,
episcleritis, arthritis, dactilitis, lympohadenitis, and/or orquitis.
Fever, prostration, anorexia and other constitutional symptoms
are frequent (27).
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Neurophysiological Evaluation
Data were collected from examinations performed via a 4-
channel Nihon-Koden-Neuropack S1 equipment, in accordance
with standard procedures (28). Amplitude, velocity, and latency
were recorded for the median, radial, ulnar, and sural sensory
nerves, further to the median, ulnar, and peroneal motor nerves.
According to the results, the following six pathophysiological
classifications were determined:

(a) No injury, or normal: when the findings were within the
reference values;
(b) Axonal injury: when there was a sharp decrease in compound
muscle action potential (CMAP) amplitude (more than 30%
of the lower limit), or a moderate decrease with a slight
reduction in conduction velocity (>70% the lower limit of
normality), or a slight prolongation of latency (<130% the
upper limit of normality);
Demyelinating lesion: when there was a sharp decrease
in conduction velocity (below 70% the lower limit of
normal), or an evident prolongation of CMAP latencies
(>130% the upper limit of normal) with slightly reduced
amplitude including the presence/absence of demyelination
markers such as conduction block (CB) and temporal
dispersion (TD);
Demyelinating lesion with secondary axonal damage, or
mixed lesion: when there was either axonal or demyelinating
impairment, i.e., sharp decrease in amplitudes with greatly
reduced velocities and quite prolonged latencies, further to
demyelination markers, such as CB and TD, with a sharp
reduction in amplitudes;
Not fulfilled: sensory or motor alterations that did not fit the
criteria above; and
Unclassified/unresponsive: in case of absent sensory and
motor responses (29).

(©)

(d)

(e)
()

The clinical and neurophysiological diagnosis of neuropathy
was defined as a clinically or neurophysiologically detectable
impairment of sensory and/or motor nerve.

Histopathological Evaluation

The selection of which sensory nerves to be biopsied in each
patient was based on the findings regarding their clinical and
neurophysiological involvement. Nerve biopsies were performed
in accordance with institutional protocol and leprosy etiology
in pure neural leprosy patients, and confirmed by Antunes
et al. (30).

Serum Cytokine Levels

Serum samples used to measure cytokine concentrations
were stored at —70°C, according to Good Laboratory
Practices. Serum concentrations of IL1-f, IL-6, IL-10,
IL-17, TNE CCL-2/MCP-1, IEN-y, CXCL-10/IP-10, and
TGF-B in the samples were evaluated via ELISA, as
specified by the manufacturer (eBioscience-San Diego, CA,
United States). Serum levels were measured in picograms per
mL (pg/mL).

Data Analysis
All the collected patient data were recorded on the database
spreadsheets commonly used in outpatient clinic. Data analysis
was performed using SPSS statistics 22 program. A descriptive
analysis of explanatory variables described below was performed.
Comparisons between groups were carried out by means of Chi-
square and Fisher’s tests for categorical variables, and Kruskal-
Wallis test for continuous variables. A logistic regression using
a stepwise method was performed to evaluate any possible
pain variables.

Explanatory Variables:

The following variables were analyzed:

(a) Demographic data: age (in years), gender (female or male),
and ethnicity (white, brown, or black);

Clinical data: clinical form of leprosy (in groups A and B)
according to Ridley and Jopling (31) criteria, pain intensity
(by means of the numerical pain scale from 0 to 10,
wherein 0 is the absence of pain and 10 refers to the
most intense one), pain characteristics (burning, stinging,
electric shocklike, stabbing), pain extension (localized in up
to two or more nerves), the presence of neural thickening,
reactional episodes, sensory alterations according to the
size of affected fibers (small or large involvement), and
motor alterations;

Nerve conduction study: lesion pattern (axonal,
demyelinating, demyelinating with secondary axonal
degeneration, not fulfilled, or unclassified/unresponsive);
Cytokine and chemokine serum concentrations: The
concentrations of IL1-B, IL-6, IL-10, IL-17, TNE CCL-
2/MCP-1, IFN-y, CXCL-10/IP-10, and TGF-B were recorded
in picograms per mL (pg/mL).

(b)

(©

(d)

Ethical Considerations

Our research was carried out in compliance with the
International Compilation of Human Research Standards, and
approved by the Ethics Committee of Oswaldo Cruz Foundation.
Approval number: 2.972.967 CAAE 94630718.7.0000.5248. All
patients have signed informed consent before any procedure.

RESULTS

Demographic Characteristics

Demographic data of the three Groups are described in Table 1.
The mean age was significantly higher in type II Diabetes Group
than in Leprosy Group. There was no statistically significant
difference between the mean ages in Leprosy Groups with or
without pain (45 and 47 years old, respectively).

Clinical Characteristics
A history of previous reactional episodes was noted in 6
patients (27.3%) from Group A and none from Group B, a
statistically significant finding (p = 0.019). Neural thickening was
noted in both Groups at a similar frequency. Out of patients
from Group A, 18 (81.8%) had neuropathic pain and 4 had
neuritis (Table 2).

As to pain characteristics among leprosy patients, the most
frequently mentioned was a burning sensation (50%), followed
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TABLE 1 | Demographic data of group A (leprosy neuropathy with neural pain),
group B (leprosy neuropathy without pain), group C (diabetic neuropathy with
neuropathic pain).

Demographic data Group A Group B Group C p-Value
Gender Female 9 (40.9%) 8 (47.1%) 9 (52.9%) 0.755
Male 13(69.1%) 9(52.9%) 8(47.1%)
Ethnicity ~ White 9 (42.9%) 10 (68.8%) 6 (35.3%) 0.482
Brown 5 (23.8%) 1(5.9%) 3(17.6%)
Black 7 (33.3%) 6(35.3%) 8(47.1%)
Age Mean (years) 45.2 47.4 74.0 <0. 00001
TABLE 2 | Clinical characteristics of patients with leprosy neuropathy.
Clinical characteristics Group A Group B p-Value
Clinical form NP 13 (65%) 17 (100%) N.A
LL 5 (25%) 0
BB 1(5%) 0
BL 1(5%) 0
Leprosy reactional episodes Yes 6 (27.3%) 0 0.027
No 16 (72.6%) 17 (100%)
Neural thickening Yes 8 (36.4%) 6 (35.3%) 0.945
No 14 (63.5%) 11 (64.7%)

N.A, not applicable; NR, neural pure leprosy form; LL, lepromatous leprosy form,; BB,
boderline borderline form; BL, boderline lepromatous form.

TABLE 3 | Description of neural pain characteristics in group A (N = 22).

Intensity Mean 7.95 (£2.20)
Severe (more than 7) 17 (81%)

Type of pain Burning Sensation 11 (50%)
Electric Shock Sensation 9 (40.9%)
Other 2 (9%)

Number of nerves affected by pain Less than 2 nerves 9 (40.9%)
More than 2 nerves 13 (59.1%)

by pain similar to an electric shock (40.9%). Pain was considered
severe (intensity higher than 7) in 81% of all cases; and most
of patients have experienced pain in more than 2 nerves
according to their neuroanatomical distribution. These findings
are summarized in Table 3.

Nerve thickening was present in 36.4% of Group A and
35.3% of Group B patients. Sensory changes characterized by
small fibers impairment (such as impaired thermal and pain
sensitivities) were present in 95.5% (21 patients) of Group A,
88.2% (15 patients) of Group B, and 70.6% (12 patients) of
Group C. Large fibers involvement (characterized by impaired
vibration sensitivity) was noted in 18.2% (4 patients) of Group
A, 11.8% (2 patients) of Group B, and 100% (17 patients) of
Group C. The involvement of large-caliber fibers was significantly
higher in Diabetic Group (p < 0.00001), whereas there was
no statistically significant difference between Groups A and B
(p = 0.883 and p = 0.582, respectively). Motor impairment
was noted in 59.1% of Group A and 47.1% of Group B (
0.455) (Table 4).

TABLE 4 | Principal neurological examination in patients with leprosy neuropathy
with (Group A) and without pain (Group B).

Nerve involvement Group A Group B p-Value
N =18 N =17

Small fiber Yes 21 (95.5%) 15 (88.2%) 0.426
No 1(4.5%) 2 (11.8%)

Large fiber Yes 4 (18.2%) 2 (11.8%) 0.582
No 18 (81.8%) 15 (88.2%)

Motor Involvement Yes 13 (69.1%) 8 (47.1%) 0.455
No 14 (63.6%) 11 (64.7%)

Serum Cytokines in Patients With Pain

Mean values for IL-18, TNE TGF-f, and IL-17 cytokine
concentrations were higher in the Group of leprosy neuropathy
in combination with neural pain than in the other Groups.
Regarding mean values, IL-10 concentrations in Group A were
lower than in Groups B and C, with a statistically significant
difference between Groups A and C (p 0.001). IL-1B
concentrations were significantly higher in Group A than in
Groups B and C (p = 0.0001 in both comparisons). No difference
was noted between Groups B and C (p = 0.46).

IL-6 concentrations were higher in patients with diabetic
neuropathy in combination with neuropathic pain, further to
those with leprosy neuropathy in combination with neural pain
in a comparison with leprosy neuropathy patients without pain.
This difference was considered statistically significant (p =
0.041). Even so, no difference was found between Groups A and
C (p = 0.75); and TNF was higher in Group A than in Group
B. There was no statistical difference between Groups A and B
(p = 1.0), however Groups A and C were significantly different
(p = 0.02). Mean values of IL-17 were significantly higher in
Group A than in Group B (p = 0.01). However, there was no
statistical difference in the other group comparisons, although
CCL-2/MCP-1 mean values had been higher in Group C than
in the other Groups. There was a significant difference when
comparing CCL2/MCP-1 values in Group C to Groups A and B
(p = 0.001 and p = 0.01 respectively). No difference was noted
between Groups A and B; but the differences between IFN-y
values in Group C (p = 0.0001) were higher and significant when
compared to the ones in Group A.

CXCL-10/IP-10 concentrations were higher in Diabetes
Group, intermediate in Group B, and lower in Group A. These
data were statistically significant between Groups A and B (p
= 0.02) and Groups A and C (p = 0.0001). The opposite have
occurred with regard to TGF-f concentration levels, which were
higher in Group A and significant between both Groups A and
B (p = 0.01), further to Groups A and C (p = 0.0001). Figure 2
shows the differences in cytokine serum concentrations between
the Groups and their significance in each comparison. Logistic
regression was performed to Groups A and B regarding variables,
age, clinical form, presence of previous history of reaction, nerve
conduction pattern, and serum concentration levels of cytokines.
IL-1B levels plays the rule of an independent variable when
comparing Groups A and B.
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FIGURE 2 | Mean values of serum cytokines in all groups. The graph shows the very high concentration of serum IL-1b levels in the neural pain leprosy group
compared to the other groups. Statistically significant differences between groups with leprosy with and without pain were also found regarding IL-6, IL-17,
CCL-2/MCP-1, CXCL-10/IP-10 concentrations. *o < 0.05, **p < 0.005, and ***p < 0.0005.

In Neural Pain Group, 18 patients had neuropathic pain and Previous reactional episodes were not noted in Painless
4 had neuritis. Serum concentrations were averaged in patients =~ Neuropathy Group, but in the Group of leprosy neuropathy
with neuropathic pain and neuritis. Similar mean concentrations  in combination with neural pain, which consists mostly of
were found for IL-17, IL-10, IL-6, IL-1B, TNE and TGF-f  multibacillary patients. Many authors believe that the reactional
cytokines. The concentrations of CCL-2/MCP-1, IFN-y and, episodes accompanying leprosy are among the risk factors for
CXCL10 / IP-10 were slightly higher in patients with neuropathic ~ neuropathic pain (2, 4, 22, 32, 37).

pain, as opposed to those with neuritis. In view of the small In the present study, during neurological examination, small
number of participants having neuritis, a mere descriptive  fiber neuropathy was the most frequent finding among leprosy
analysis of concentrations was performed. patients. These data are similar to the ones previously described

(2, 32). Unmyelinated and poorly myelinated fibers could be
DISCUSSION affected (38). Small fiber neuropathy correlates with neuropathic

pain by means of physiology (39, 40). On the other hand,
Neural pain is a quite common Symptom in leprosy patients‘ large—caliber sensory fiber involvement is uncommon in leprosy
In a cross-sectional study by Santos et al. (32), the 260  neuropathy (2).
participants included in their report were diagnosed with leprosy; As to nerve conduction studies, despite the absence of
out of them, 195 patients (75%) presented with pain during statistically significant differences between the groups with
evaluation, resulting in a lower life quality index. Considering ~ and without pain, there was a tendency toward prevalence
these data as a whole, leprosy pain is definitely a public ~ of demyelinating form in the group with pain. Jardim et al.
health problem. Data on the prevalence of neuropathic pain  (41) have described that, in the early stages of infection,
in leprosy fluctuates widely, from 11 to 78.9%, depending on  nerve conduction alterations of demyelination are commonly
the study (3, 4, 33). The presence of neuropathic pain depends  noted. The remarkable absence of evocative sensory and motor
on the moment it is detected, the antimicrobial treatment responses in the group of patients without pain denotes more
situation, and the clinical form of the disease (2, 5). In  severe nerve impairment in this group.

the present study, neural pain prior to the diagnostic biopsy Many studies have shown that cytokines are higher in
was evidenced in 89 out of the 311 (28.6%) patients treated  leprosy type I and II reactional episodes, defined as systemic
for leprosy. inflammatory complications in leprosy. One study suggests

Chances are that neuropathic pain is even more common  that TNF and IL-10 could possibly predict the occurrence of
subsequently to multidrug treatment (MDT), as demonstrated  type I and II reactions, respectively, while increased IL-1p and
by a different kind of study (4, 5, 34). A study by Nascimento ~ IFN-y might also predict the occurrence of both reactional
et al. (35) has reported cases in which symptoms of neuropathic  types acting as biomarkers (42). The increase of cytokine levels
pain have begun many years after the end of treatment. Another  during reactional episodes has also been described by other
study has traced the slow development of symptoms in a group  authors (43-45).

of six patients who had already finished treatment at least 10 Again, the present study ascertains that IL-1f is an
years before the appearance of any typical sensory signs or  independent variable related to neural pain group. Although
symptoms (36). most patients in the present study have neither presented
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with acute neuritis nor experienced acute reactional episodes,
a process of silent neuritis cannot be ruled out (4/56 patients
presented with neuritis). Proinflammatory cytokines such as
TNF and IL-1f are effective to directly stimulate and sensitize
A3 fibers and type C fibers (46). In rats with neuropathic
pain due to chemotherapy-induced neuropathy, these abnormal,
spontaneous discharges of A and C fibers are associated
with neuropathic pain pathogenesis (47). Increased levels
of IL-1f in leprosy and neural pain patients may also be
associated with an analogous mechanism, wherein the increased
inflammatory response maintains the nociceptive stimulus by
peripheral sensitization.

Moreover, increased levels of TNFE TGF-8, and IL-17 in
leprosy and neural pain patients have also been detected. One
report has shown that, in leprosy, TNF and TGF-B induce
apoptosis in Schwann cells, with a consequent damage to
peripheral nerve (48). Although no statistical difference in TNF
levels in Groups A and B has been found, a difference was
noted between Groups A and C, indicating that such a cytokine
may be associated with the pathophysiological mechanisms of
nerve damage in leprosy, but not in a non-infectious clinical
condition like diabetes. TGF-f was significantly higher in leprosy
and neural pain group. Studies have reported an increase of this
protein in multibacillary patients (25% of group A). Therefore,
such a difference may be related to the clinical form and the
extent of nerve damage. Higher TGF-p expression in patients
with the lepromatous form of the disease is associated with a
higher frequency of apoptosis in the lesions (48, 49), further to
fibrogenesis (50).

IL-17 levels were increased in Pain Group. The association
between higher IL-17 and pain has been previously described
in relation to both nociceptive (51) and neuropathic
pains (52-54). This cytokine seems to be involved in the
maintenance of neuropathic pain due to the activation
of astrocytes and the secretion of proinflammatory
cytokines (55).

Lower levels of IL-10, an anti-inflammatory cytokine,
were noted in the group of patients with leprosy neuropathy
in combination with neural pain. IL-10 causes the negative
regulation of proinflammatory cytokines (56), presenting
reduced levels in chronic pain (19). However, higher
values of IL-10 were noted to patients with neuropathic
pain as a result of diabetes. The intake of metformin or
the use of insulin may increase IL-10 levels in diabetic
patients, so that it may have been a confounding factor.
Furthermore, increased IL-6 concentrations in the groups
of patients with pain secondary to leprosy and diabetes
were noted.

IL-6 has been related to postherpetic neuralgia, neuropathic
pain secondary to disc herniation, and the carpal tunnel
syndrome (12, 13). It may also be a biomarker for chronic
pain (8). IFN-y levels were surprisingly low in leprosy patients.
Increased levels of this cytokine have been previously described
in the paucibacillary and pure neural forms (42, 57). High IFN-
y levels were noted within diabetic patients, seeming to be
related to the pathophysiology of type II diabetes (58). Higher
concentrations were found in patients with neuropathic pain

secondary to leprosy as opposed to neuritic patients, when
comparing patients with neuropathic pain and neuritis. In a study
with rats, increased IFN-y concentrations have been described as
key elements in the pathophysiology of neuropathic pain due to
hyperexcitability of dorsal horn (59).

Increased CCL2/MCP-1 and CXCL-10/IP-10 levels were
noted in diabetic patients with neuropathic pain. Studies indicate
that CCL-2/MCP-1 may regulate the excitability in neurons
of dorsal ganglion root (DRG) as it is associated with the
development of chronic, painful hypersensitivity states (60, 61). A
study in rats and mice undergoing transient focal demyelination
of sciatic nerve has demonstrated an increased expression
of CCL-2/MCP-1 and CXCL-10/IP-10 receptors (20). Patients
with neuropathic pain, secondary to leprosy neuropathy, have
also had higher concentrations over patients with neuritis,
what may be linked to an analogous mechanism of GER
hyperexcitability (62).

Furthermore, the present study reaffirms that the
immunological profile of patients with neural pain has shown
an increased level of pro-inflammatory cytokines. IL-1f3 is
an independent variable related to neural pain and may be
an important biomarker for patient follow-up. The lack of
differences in neurological examination may indicate that the
cytokine profile is more closely related to pain than to nerve
damage itself.

Regarding serum levels comparison within the different
groups, increased levels of IL-6 were noted in patients with
neural pain secondary to leprosy and type II diabetes mellitus
in combination with neuropathic pain, indicating that IL-6 may
be a pain biomarker. Anti-IL-6 drugs have been investigated as
possible targets to pain control. A new drug called tocilizumab
has been used in cases of inflammatory arthritis and acute
optic neuritis followed by inflammatory and neuropathic pains,
respectively (63, 64). An additional study has demonstrated that
the new drug was effective to alleviate depression, fatigue, and
pain (65).

Finally, the fact that this is a retrospective study is an
important limitation. Many patients were excluded due to
lack of data or absence of blood samples, which greatly
reduced the sample of patients. Moreover, the fact that data
were collected from assessments of different examiners is
another limitation.

In conclusion, further prospective studies with larger numbers
of patients are needed to confirm the role of cytokines in neural
pain. However, this study highlights a possible biomarker for
follow-up and brings new perspectives in the management of
patients with neural pain in leprosy.
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Neuraxial Cytokines in Pain States
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A high-intensity potentially tissue-injuring stimulus generates a homotopic response
to escape the stimulus and is associated with an affective phenotype considered to
represent pain. In the face of tissue or nerve injury, the afferent encoding systems display
robust changes in the input-output function, leading to an ongoing sensation reported
as painful and sensitization of the nociceptors such that an enhanced pain state is
reported for a given somatic or visceral stimulus. Our understanding of the mechanisms
underlying this non-linear processing of nociceptive stimuli has led to our appreciation of
the role played by the functional interactions of neural and immune signaling systems
in pain phenotypes. In pathological states, neural systems interact with the immune
system through the actions of a variety of soluble mediators, including cytokines.
Cytokines are recognized as important mediators of inflammatory and neuropathic pain,
supporting system sensitization and the development of a persistent pathologic pain.
Cytokines can induce a facilitation of nociceptive processing at all levels of the neuraxis
including supraspinal centers where nociceptive input evokes an affective component
of the pain state. We review here several key proinflammatory and anti-inflammatory
cytokines/chemokines and explore their underlying actions at four levels of neuronal
organization: (1) peripheral nociceptor termini; (2) dorsal root ganglia; (3) spinal cord;
and (4) supraspinal areas. Thus, current thinking suggests that cytokines by this action
throughout the neuraxis play key roles in the induction of pain and the maintenance of the
facilitated states of pain behavior generated by tissue injury/inflammation and nerve injury.

Keywords: cytokine, chemokine, pain, neuroimmune crosstalk, neuraxis

INTRODUCTION

High-intensity mechanical or thermal stimuli will selectively increase the activity of populations of
primary afferents, referred to as nociceptors, with the frequency of discharge reflecting the intensity
of the stimulus. This input drives activation of second-order neurons, many of which project to
the brain. The consequence of this input is to drive a pain state, which at its simplest results in
a protective response (e.g., withdrawal of the affected limb) mediated by spinal and supraspinal
organization (e.g., nociception) and then at higher-order levels of processing drives a state of
negative affect (e.g., pain/suffering) (1). Of note, it is appreciated that in the face of persistent
afferent input, as after tissue or nerve injury, there is an increased activation of the afferent and
the second-order spinofugal neuron, which drives an enhanced pain response. Such “hyperalgesic”
states variously reflect increased responsiveness of the primary afferent and/or the second-order
projection neurons, leading to the enhanced pain report. The biology of systems underlying this
change in input-output functionality of the spinal dorsal horn has been the subject of considerable
interest. One underlying element of this facilitated processing reflects the role played by cytokine
signaling in system function.
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Classically, three considerations have characterized the
actions of cytokines.

(1) They are peptides released from immunocompetent cells,
notably T cells and monocyte family members (2).

(2) This increased production and release is driven by
pathological conditions such as tissue injury and infection,
which initiate activation of these inflammatory cells.

(3) Their perceived role is largely to engage immune signaling
and pathologic targets, serving as entities involved in
autocrine, paracrine, and endocrine signaling.

Advances in our understanding of cytokine biology have
considerably expanded this original profile. It is now clear that
aside from immune cells (resident and recruited macrophages,
lymphocytes, and mast cells present throughout the neuraxis),
cytokines are released from peripheral afferents (Schwann cells
and peripheral termini of sensory fibers), as well as from cells
within the dorsal root ganglia (DRG) and spinal cord (3).
As will be reviewed, this release can indeed be initiated by
injury or inflammation, and also by neuronal activity otherwise
driven by these injury conditions (4). Cytokine signaling is
now known to exert direct effects upon neural signaling
through eponymous receptors located on neurons, microglia,
and astrocytes, in the spinal parenchyma and in the DRG and
brain. Further, while neuronal activation might be the result
of receptor-mediated and direct cell-to-cell contact-dependent
mechanisms (e.g., gap junction contacts in DRG neurons and
satellite cells) (5), soluble extracellular molecules serve to create
broader gradients of paracrine- and autocrine-like regulatory
networks. These cytokines thus comprise a communication
network between immune and neuronal cells. In the context
of high-frequency afferent traffic generated by tissue injury, a
wave of inflammatory cytokines acts on the terminals of sensory
nerve fibers (nociceptors), triggering activation of corresponding
pain pathways while neuronal activation leads to a reciprocal
activation of a variety of cytokine-generating cells (3). Of
note, prolonged inflammation alters nociceptive processing in
such a fashion as to yield a persistent pain phenotype even
after the inflammation and wounding has resolved, creating a
“neuropathic”-like phenotype (6).

A further intriguing complexity is that several of these
cytokines, as will be reviewed below, act through signaling
to suppress excitatory signaling (e.g., they have an anti-
inflammatory phenotype). Finally, current work raises the
likelihood that signaling secondary to sustained cytokine and
chemokine release and the recruitment of migratory effector
cells into the DRG and spinal cord can initiate a feedback
loop that results in neuronal injury and subsequently chronic
pain. Thus, the balance between repair and proinflammatory
factors may determine the rate of progression and outcome of
a neurodegenerative process.

Cytokines thus play important roles at the systems
level in regulating the functionality of neuraxial systems
regulating neurodevelopment, neuroinflammation, and synaptic
transmission. Here, we seek to provide an overview focused
on a curated list of cytokines identified in the context of
neuronal modulation and damage, to play a role in changes

in pain processing after tissue and nerve injury, and discuss
roles that cytokines play at the interface of the neuronal and
immune system interfaces divided across four levels of neuronal
organization: (1) peripheral termini; (2) DRG; (3) spinal cords;
and (4) supraspinal areas.

CYTOKINE FAMILIES

Cytokines, from the combination of two Greek words cyto
(cell) and kinos (movement), are defined as a family of low-
molecular-weight bioactive proteins or glycoproteins secreted
by immune cells and non-neuronal cells (e.g., epithelial cells,
fibroblasts, and Schwann cells). Interferon was the first cytokine
discovered more than 60 years ago (7). In the absence of a
unified classification, cytokines are classified by numeric order of
discovery, by kinetic or functional role in inflammatory/immune
responses, by primary cell of origin, or by structural homologies
shared with related molecules (8). According to structural
homologies, cytokines can by classified into groups: tumor
necrosis factors (TNFs), interleukins (ILs), interferons (IFNs),
colony-stimulating factors, transforming growth factors (TGFs),
and chemoattractant cytokines, also called chemokines.

Chemokines are small proteins that direct the movement of
circulating leukocytes and immune cells. They constitute a family
of more than 50 structurally homologous proteins classified in
four families according to the location of N-terminal cysteine
residues (i.e., CXC, CC, CX3C, or XC). Chemokines affect cells
by activating surface receptors that are seven-transmembrane
domain G-protein-coupled receptors (GPCRs) and have been
implicated in a wide range of inflammatory diseases, such as
multiple sclerosis and atherosclerosis (9). These ligands and
their respective receptors participate in neuronal and microglial
crosstalk (10, 11). The temporal expression of chemokines and
their receptors may directly or indirectly contribute to the
development of acute pain and the maintenance of chronic
pain states.

Historically, cytokines were simply classified according to
the functional T-helper (Th) cell group (Thl or Th2) that
produced them. However, recent studies show that cytokines
and chemokine display anti-inflammatory and proinflammatory
properties producing inhibitory and stimulatory effects in the
immune system. As shown in Table 1, properties of a cytokine
are dependent on the microenvironment, and most have dual
effects according to their context (38, 112, 113). For example,
IL-1B is considered a proinflammatory cytokine and can increase
neuronal sensitization (17, 18), but it can also regulate inhibitory
neurotransmission (15, 16). IL-10 is typically considered to be an
immunosuppressive cytokine, which attenuates proinflammatory
cytokine release and can reduce antigen presentation. However,
IL-10 can also support the activation and proliferation of B cells
(39), which can sustain autoimmune attacks. One of the most
complex cytokines is TGF-B, which under certain conditions
is involved in the differentiation of regulatory T cells (Treg)
or in conjunction with IL-6 can drive the differentiation of
proinflammatory T cells that produce IL-17 (Th17) (38). Hence,
cytokines are characterized by (1) pleiotropy (i.e., a specific
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TABLE 1 | Dual effects of cytokines involved in chronic pain*.

Cytokines Major source Receptors Antinociceptive properties Pronociceptive properties Diseases Biologic DMARD
(year approved)

INTERLEUKINS

IL-1B Macrophages, mast IL-1R1 At physiological level, acts as a +Neuronal sensitization (17, 18), RA, OA, Anakinra (2001)
cells, Schwann cells,  IL-1R2 neuromodulator of LTP (13), +mechanosensitivity of C fibers (19),  neuropathic pain, Rilonacept (2008)
microglia, IL-1Ra assists host defense against ATRPV1 receptor expression in DRG  IBD, MS, AD, Canakinumab (2009)
astrocytes (12) infection (14), and can regulate neurons (20), trelease of atherosclerosis

inhibitory neurotransmission proinflammatory cytokines (14) (14, 21)

IL-5

IL-10

IL-13

IL-17

IL-18

IL-27

IL-33

Activated T cells (22)

Eosinophils, Tx2 cells,

mast cells, NK
cells (29)

Monocytes,
macrophages (32)

Macrophages, DCs, B

cells, mast cells, T
cells (38)

Th2 cells, CD8+ T
cells, mast cells,
eosinophils,
basophils (44)

T cells (Th17),
fibroblasts (49)

Monocytes,
macrophages,
microglia, astrocytes
(58, 59)

Activated APC (62)

Macrophage, mast
cell, astrocyte,
microglia,
oligodendrocyte (69)

(15, 16)
IL-4R1 4T cell proliferation, activation of B
IL-4R2 cells, macrophages, inflammation,

and wound repair (22)

IL-6R None

IL-6R Regenerative processes (classical

sIL-6R signaling via IL-6R) (33)
gp130

IL-10R1
IL-10R2

Immunosuppressive activity|, of
proinflammatory release, | antigen
presentation, trelease of
anti-inflammatory cytokines
(89),1spinal microglial expression
of p-endorphin (40)
IL-10-deficient mice developed
mechanical allodynia (41)

IL-13Ra1 Inhibition of the release of

proinflammatory cytokines and

prostaglandins (45), modulation of

pain-facilitating macrophages (46)

I17RA Anti-inflammatory effect in the
development of experimental
autoimmune uveitis (50),
maintenance of the epithelial tight
junction barrier in the intestinal
epithelium during inflammation
(51), protection against
bacterial-inflammation-induced
bone loss (51)

IL-18R None

IL-27 Suppression of inflammatory

Ra/WSX-1  immunity via polarization of Tregs

TCCR (63), Jexpansion of Th17 and

gp130 IL-17 levels (63-66), and inhibition
of osteoclastogenesis (67)

ST2 Single intrathecal treatment with

(IL1RLT) sST2 reduces ongoing

IL-1RAcP  CCl-induced hyperalgesia (70)

Promote the differentiation of
monocytes into DCs that support Th1
cell response (23), exacerbate a
Th1-dependent model of colitis (24)

Promote allergic response via

teosinopoiesis (29)

Recruitment of mononuclear cells,
inhibition of T cells apoptosis, and
Treg cell differentiation (trans-signaling
via sIL-6R) (33), 4TRPV1 in DRG (34),
sensitization of nociceptive C-fibers

(35)

+Activation and proliferation of
immune cells (39), 1IFN-y production
(42), +MHCII expression on B cells,
inhibition of the suppression of B cells

(38)

Drive skin inflammation (26), potent
growth and differentiation factor for B

cells (47)

4Transcription of proinflammatory
cytokines (49), direct activation of
nociceptors (52), induced
hyperalgesia by a TND-dependent
neutrophil infiltration (53, 54)

fAllodynia and hyperalgesia after
intrathecal injection (60) induces
astroglial activation (58) and mediates
microglia/astrocyte and
microglia/neuron interactions (58, 61)

Trigger IFN-y production by naive

CD4* T cells (62)

Oligodendrocytes release IL-33 that
activates both astrocytes and
microglia to further produce TNF-a
and IL-18 (70) and contribute to
spinal pain processing (71)

Atopic dermatitis
Asthma, chronic
itch, AD,

MS (25-28)
Asthma, headache
(30, 31)

Arthritis, cancer
pain
(383, 34, 36, 37)

RA, MS, SLE,
psoriasis, IBS, IBD,
post-operative
pain, pelvic pain,
neuropathic pain
(40, 43)

Asthma, breast
cancer, chronic
itch, RA (26, 45, 48)

Psoriasis, arthritis
(55-57)

RA, SLE, psoriasis,
IBD, bone cancer,
neuropathic pain
(58, 59, 61)

Asthma, cancer,
metabolic
disorders,
arthritis (68)

RA, cancer (72-74)

Benralizumab (2017)
Dupilumab (2017)

Mepolizumab (2015)
Reslizumab (2016)

Tocilizumab (2010)
Siltuximab (2014)
Sarilumab (2017)

None

Dupilumab (2017)
Lebrikizumab (2017)

Ustekinumab (2009)
Secukinumab (2015)

Ixekizumab (2016)
Brodalumab (2017)

None

None

None

(Continued)
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TABLE 1 | Continued

Cytokines Major source Receptors Antinociceptive properties Pronociceptive properties Diseases Biologic DMARD
(year approved)
IL-35 Treg, B cells (75, 76) IL-35R Suppression of T-cell proliferation  Release of proinflammatory cytokines RA, MS, None
(77) from mononuclear cells in vitro (79) neuropathic pain
JExpression of proinflammatory (78, 80)
cytokines, | spinal neuronal
apoptosis via inhibiting JNK
signaling pathways, 1production
of IL-10 (78)
TUMOR NECROSIS FACTOR
TNF-a Macrophages, TNFR1 Nerve demyelination (via TNFR1 +Neuronal sensitization and CGRP RA, cancer, Etanercept (1988)
astrocytes, TNFR2 signaling) (84) release (85-87), stimulation of diabetes, IBD (88)  Infliximab (1998)

microglia (81-83)

TRANSFORMING GROWTH FACTOR

TGF-g1 Macrophages, Th3 TGF-BR1 Development, differentiation, and
cells (38) TGF-BR2  polarization of Treg (38); inhibition
of spinal microgliosis and spinal
and astrocyte activation (89)
INTERFERON
IFN-1a Macrophages, IFN-a/BR  Analgesic properties: | glutamate
monocytes, T cells, and substance P release (94)
glial cells, neurons (93)
IFN-y CD4* T cells, IFN-yR Neuroprotective role and
astrocytes, microglia regulation of immunity (97, 98)
(38, 96)
CHEMOKINES
CCL2/MCP- Macrophages, CCR2 Global suppressive effects on
1 monocytes (103) T-cell trafficking and
differentiation (38)
CXCL1/ Macrophages, CXCR2 None
GRO-«a astrocytes (105)
CXCL8/IL-  Macrophages, CXCR1 Participate in tissue homeostasis
8 monocytes, T cells CXCR2 (e.g., skin, lung, and joint) via
cD8t, angiogenesis, neutrophil

osteoclasts (108) migration, and recruitment (109)

oligodendrocyte regeneration (via
TNFR2 signaling) (84)

Adalimumab (2002)
Certolizumab pegol
(2008)

Golimumab (2009)

In association with IL-6, drive the Neurological Galunisertib (2019)
differentiation of Th17 cells to a disorders, arthritis,
proinflammatory state (38) neuropathic pain,
chronic pancreatitis
(89-92)
Potentialization of excitatory synaptic = SLE (95) None
transmission (93)
Recruitment and activation of Neuropathic pain, Emapalumab (2018)
microglia (99), texcitatory synaptic lupus, RA, MS,
transmission (94) IBD, HLH (99-102)
Activation of microglia (104), tactivity OA, MS, asthma None
of NMDA receptors in dorsal horn RA, cancer pain,
neurons (11), recruitment of IBD (38, 103)
macrophages (103)
Involve in astroglial-neuronal Neuropathic pain None
interaction, central sensitization via (106, 107)
NMDA receptors activity (106), attract
polymorphonuclear cells toward
inflammatory sites (105)
Neutrophil recruitment (109) and Atherosclerosis, None
angiogenesis (110) in pathological cancer, IBD
conditions, direct activation of (109, 111)

nociceptors in arthralgia (68, 108)

*For biologic treatment agents, the date in parentheses represents the initial U.S. approval according to the Food and Drug Administration (FDA). AD, Alzheimer’s disease; APC,
antigen-presenting cells; DCs, dendritic cells; DRG, dorsal root ganglia; GRO, growth-related oncogene; HLH, hemophagocytic lymphohistiocytosis; IBD, intestinal bowel disease; IFN,
interferon; IL, interleukin; MCR, macrophage inflammatory protein; MS, multiple sclerosis; NK, natural killer; NMDA, N-methyl-d-aspartate; RA, rheumatoid arthritis; OA, osteoarthritis;
SLE, systemic lupus erythematosus; TGF, transforming growth factor; TNF, tumor necrosis factor; TRPV1, transient receptor potential cation channel subfamily V type 1.

cytokine can affect several types of cells), (2) redundancy (i.e.,
overlapping functions), and (3) cascading signal activation (i.e.,
one cytokine stimulates the production of additional cytokines)
(113, 114).

Physiologically, cytokines are involved in multiple biological
functions such as cell differentiation, survival, growth, and
metabolism (115). Although broad characterizations of cytokine
behavior were aligned with adaptive immune functions, cytokine
responses of the innate immune system are important to prevent
damage during and following autoimmune attack, inflammation,
and infections. In pathological conditions, the imbalance of
cytokines participates in the development of the disease and

progression leading to damage (114). In the context of the
nervous system, some cytokines are considered to function as
pain mediators as well as messengers of the immune system. This
level of pleiotropy underscores the elegant role these molecules
play in communication between the immune system and the
nervous system.

SIGNALING PATHWAYS

Although the receptors for individual cytokines display
specificity for their respective ligands, the subsequent signaling
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pathways often converge, resulting in nuclear translocation of
transcription factors and a secondary transcription of additional
downstream mediators. Common signaling pathways activated
following cytokine receptor ligation and activation include
(1) nuclear factor-kB (NF-kB), (2) the mitogen-activated
protein kinases (MAPKs), (3) the Janus kinase (JAK) and signal
transducer and activator of transcription (STAT), and (4) the
Smad family signaling pathways (114, 116).

NF-kB Signaling

The most widely studied signaling cascade associated with
cytokine signaling is the NF-kB (NF kappa light chain enhancer
of activated B cells) family (117). These are a family of highly
conserved transcription factors including NF-kB2 p52/p100,
NF-kB1 p50/p105, c-Rel, RelA/p65, and RelB, which form
functional dimers. Receptors that can activate this cascade
include IL-1R and the TNF receptors. In the cytoplasm, NF-
kB family members are bound to IkB. In the classical or
canonical pathways, proinflammatory cytokine receptors activate
an IkB kinase complex (IKKP, IKKa, and NEMO), which
phosphorylates IkB proteins, leading to IkB degradation and
the release and translocation of the NF-kB/Rel complexes to
the nucleus. In the nucleus, these transcription factors can
induce gene transcription alone or in combination with other
transcription factors including AP-1 and STATs (118).

Some of the target genes include other proinflammatory
cytokines, like IL-6 and IL-8. In some instances, there is an
alternative pathway through signaling of cytokine receptors like
the lymphotoxin-p receptor (LTBR and TNFRSF3) (119). These
activate Nck-interacting kinase [NIK; MAPK kinase kinase
(MAPKKK) 14], which in turn activates IKKa complexes that
phosphorylate NF-kB2 p100. Phosphorylation of NF-kB2 p100
then leads to its ubiquitination and proteasomal processing to
NF-kB2 p52/RelB complexes that translocate to the nucleus and
induce target gene expression (117).

MAPK Signaling

The MAPKs are generally divided into the p38 stress-
activated protein kinase (SAPK)/Jun amino-terminal kinase
(JNK) and extracellular signal-regulated kinase (ERK) pathways
(120). These kinase pathways are activated by a variety of
environmental stresses, growth factors, GPCR agonists, and
inflammatory cytokines. In the MAPK cascades, there are tiered
activation steps. The membrane proximal MAPKKK kinases
(MAPKKKKSs) or GTPases activate MAPKKK, which mediate
phosphorylation and activation of MAPK kinases (MAPKKs),
which in turn phosphorylate and activate MAPK. p38 MAPK is
activated by MKK3/MKKG6 and is involved in the regulation of
HSP27, MAPKAPK-2 (MK2), MAPKAPK-3 (MK3), and several
transcription factors including ATEF-2, Statl, the Max/Myc
complex, MEF-2, Elk-1, and indirectly CREB via activation of
MSK1 (121).

Stress signals are delivered to the JNK family cascade by small
GTPases of the Rho family (Rac, Rho, and cdc42). As with the
other MAPKSs, the membrane proximal kinase is a MAPKKK,
typically MEKK1-MEKK4, or a member of the mixed lineage
kinases (MLKs) that phosphorylate and activate MKK4 (SEK)

or MKK?7 and that phosphorylate the SAPK/JNK kinases, which
then translocate to the nucleus where they can regulate the
activity of multiple other transcription factors (122).

The ERK signaling cascade is activated by receptors involved
in growth and differentiation including receptor tyrosine kinases
(RTKs), integrins, and ion channels. The receptors signal through
cascades that include small GTP-binding proteins (Ras and
Rapl), which in turn activate a MAPKKK (Raf), a MAPKK
(MEK1/MEK2), and then Erk MAPK (123). Erk dimers can
regulate targets in the cytosol and also translocate to the
nucleus where they phosphorylate a variety of transcription
factors regulating gene expression related to growth, migration,
and differentiation. As an example of signaling complexity for
cytokines, TNF acts through two receptors, TNFR1 and TNFR2,
which drive MAP kinase activation and enhance inflammatory
responses by secondary IL-1, IL-6, and IL-8 release following the
transcription of their target genes (124).

Activation of neuronal TNF receptors drives MAPK
activation, which enhances inflammatory response by increasing
IL-1, IL-6, and IL-8 release. IL-1 for instance is involved with
cyclooxygenase (COX) upregulation within the DRG, inducing
neuronal sensitization. Moreover, sensitization of ion channels
in neuronal cells is involved with pain processing (125). IL-6
has been shown to induce JAK and protein kinase C (PKC)
activation, which enhances the ion channel transient receptor
potential (TRP) cation channel subfamily V member (TRPV1)
sensitivity. In fact, JAK and PKC inhibitors decrease TRPV1
sensitization (126, 127). However, not only does this sensitization
apply for the primary afferent, but it also seems that cytokines
can induce neuronal sensitization in other anatomical levels
such as cells in the DRG, dorsal horn of the spinal cord,
and supraspinal areas (128). In fact, peripheral inflammation
increases the expression of IL-18 and COX in the DRG, cascades
known to be involved with neuronal network sensitization (18).
It is thus noteworthy that TNF and IL-1f induced sensitization
of cells in the dorsal horn and increased pain hypersensitivity
(hyperalgesia) by enhancing «a-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid (AMPA)- or N-methyl-D-aspartate
(NMDA)-induced currents. Further, IL-1f and IL-6 suppressed
typical inhibitory gamma-aminobutyric acid (GABA)- and
glycine-induced currents (17). Accordingly, TNF and IL-18
enhanced NMDA receptor phosphorylation in the trigeminal
nucleus in mesencephalic (trigeminal nucleus) and also increased
NMDA current in the hippocampus (129).

Smad Signaling

The Smad family of transcription factors is largely downstream
of the TGF-B and bone morphogenetic protein (BMP)
superfamilies (130). In general, signaling is initiated with
ligand-induced activation of serine/threonine receptor
kinases and phosphorylation of the cytoplasmic signaling
molecules Smad2/Smad3 for the TGF-B/activin pathway, and
Smadl/Smad5/Smad9 for the BMP pathway. Activated Smads
regulate diverse biological effects by partnering with other
transcription factors, resulting in transcription of specific cell
state-associated target genes (131). This family has inherent
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regulatory negative feedback loops with inhibitory Smads (I-
Smads) 6 and 7, which are also induced by both TGF-$ and BMP
signaling. The TGF-B and BMP pathways are cross-regulated by
MAPK signaling. Moreover, in certain contexts, TGF-p signaling
can also affect the Erk, SAPK/JNK, and p38 MAPK pathways
independent of Smad activation (116).

JAK/STAT Signaling

Over 50 cytokines and growth factors use the JAK/STAT pathway
for signaling. After receptor ligation, the JAK proteins are
phosphorylated, and activated JAKs then phosphorylate STAT
monomers, leading to dimerization, nuclear translocation, and
DNA binding. Although there are four JAKs (JAK1, JAK2,
JAK3, and TYK2) and seven STATs (STAT1, STAT2, STATS3,
STAT4, STAT5a, STAT5b, and STAT6) in mammals, the number
of potential combinations alone does not fully explain the
pleiotropy in signaling (22, 34, 132). For example, IL-6R and
IL-10R signaling both result in STAT3 activation through JAK
activation; however, one cytokine is mostly proinflammatory,
and the other is considered anti-inflammatory. There may be
differences in STAT use for some cytokines, whereas other
cytokines like IL-27 strongly activate more than one STAT
protein (STAT1 and STAT3). To add to the complexity, multiple
STATSs may bind to the same target site due to shared specificities.
In addition STAT proteins can be phosphorylated on serine
residues to influence their DNA binding pattern, and STAT
signaling influences epigenetic changes. Some STAT proteins
have extra nuclear functions, for instance, at the mitochondrion
level (133, 134).

Cytokine-Induced Peripheral Transcription

While it is well-documented that nuclear translocation of
transcription factors is initiated by cytokine signaling, it has
recently been demonstrated that cytokines also can induce
nociceptive plasticity by local protein synthesis in the peripheral
processes of sensory afferents (135). It is well-established that
IL-6 expression is increased in arthritis and peripheral nerve
injury. Likewise, nerve growth factor (NGF) levels are elevated
in inflammatory and neuropathic pain states (36). IL-6- and
NGF-induced mechanical hyperalgesia is reversed by rapamycin
(135). Moreover, the IL-6R signals through the ERK pathway
and the NGF receptor signals primarily through the AKT/mTOR
pathway leading to phosphorylation of the CAP-binding protein
eIF4E. Finally, phosphorylation of e[F4E enhances rapid changes
in the translational control of gene expression in sensory
neurons, and this effect is linked to mechanical allodynia (136).
Although cytokines can induce nociceptive plasticity by local
protein synthesis in the peripheral processes of sensory afferents,
it remains unclear how these pathways directly intersect with the
activities of ion channels or GPCR. In Figure 1, we schematically
illustrate these pathways and actions in the cell body of a
nociceptor (Figure 1A) and the peripheral terminus (Figure 1B).

PERIPHERAL NOCICEPTOR TERMINAL

Irritants or immunogens such as carrageenan administered in
the hindpaw induce a transient hyperalgesia that is prevented

by non-steroidal anti-inflammatory drugs (NSAIDs). However,
inflammatory mediators such as prostaglandins into the same site
induced prolonged hyperalgesia, described as latent or “primed”
state, that is not prevented by NSAIDs (85, 137). In the same
manner, during chronic pathophysiological conditions such as
arthritis, cytokines induce neuronal sensitization and priming
of the primary afferent (85), of the DRG (18), and as reviewed
below at supraspinal levels (128). Indeed, in an arthritic murine
model [K/BxN passive serum transfer (138)], the mouse shows
an early phase characterized by inflammation, increased TNF
production, and pain and a late phase characterized by the
inflammation’s resolution, decreased TNF, but persistent pain
(41). These data suggest that cytokines play a role in priming
peripheral nociceptors.

Peripheral termini of nociceptors form arborization-like
structures in the skin, muscles, bone, joints, and viscera
(139). These locations, in proximity to many different cells
(e.g., keratinocytes and immune cells), facilitate the immune
modulation of nociceptor function. Among the many different
inflammatory diseases, arthritic diseases like rheumatoid arthritis
(RA) have been studied for the pathophysiology of localized
peripheral inflammation and pain. Notably, arthritic diseases
have been described to involve an imbalance of cytokines (114,
140). In RA, studies highlight an early alteration of cytokine
and chemokine levels months to years before the onset of
joint swelling, particularly in patients with arthralgia (i.e., joint
pain without observable clinical signs of disease such as joint
redness or swelling) (48, 141, 142). Serum cytokine profiles
also differ in RA patients with specific autoantibodies. Anti-
citrullinated peptide autoantibodies (ACPAs) are present in
a major subset of RA patients (around 60-70%) (143), are
serological markers for the diagnosis of RA (144), and are
prognostic factors for more aggressive joint diseases (145). In
the sera of RA patients with ACPAs, there was an increase in
the IL-5, IFN-1a, TNE and IL-13 levels. In contrast, there were
specific increases in eotaxin and RANTES (i.e., regulated on
activation normal T cell expressed and secreted) levels in the sera
of RA patients who did not have any detectable ACPAs (48). In
animal models of arthritis, including antigen-induced arthritis
(AIA), collagen antibody-induced arthritis (CAIA), and collagen-
induced arthritis (CIA), IL-6 has been implicated as a key factor
in peripheral pain mechanisms (36). Direct IL-6 or IL-6/sIL-6R
administration into knee joints in rodents induced a long-lasting
sensitization of nociceptive C-fibers, contributing to mechanical
hypersensitivity (35).

In models of inflammatory pain, such as carrageenan
administration in the hindpaw, infiltration of macrophages and
the local release of TNF play a key role in the development and
sensitization of peripheral afferents (85). Activation of neuronal
TNF receptors increases the production of IL-18, IL-6, and CCL2
[formerly known as monocyte chemoattractant protein-1 (MCP-
1)]. Both IL-1f and IL-6 have been shown to have activity in
acute inflammatory and chronic pain (146-148). Indeed IL-1P
enhanced pain transduction and conduction via modulation of
ion channels such as TRP ankyrin 1 (TRPA1l), TRPV1, and
Navl.7. CCL2 also contributes to macrophage recruitment (104,
149). Thus, these factors serve to perpetuate a feedback loop
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FIGURE 1 | Immune system and nociceptor activation. (A) Cytokines released in the vicinity of the cell body of nociceptors can induce specific receptor activation and
signaling cascades. Upon activation of nuclear factor (NF)-«kB, mitogen-activated protein kinase (MAPK)/Janus kinase (JAK), and Smad transcription factors present in
the cytoplasm are phosphorylated and translocated to the nucleus, leading to the expression of target genes, resulting in biological responses. Alternatively,
downstream modulators like protein kinase C (PKC) can sensitize neurons through effects on ion channels (e.g., TRPV1 or Na* channels). (B) In the peripheral
terminus, there are additional cytokines that signal through the extracellular signal-regulated kinase (ERK) pathway and the AKT/mTOR pathways leading to
phosphorylation of elF4E, which can regulate local protein synthesis in the peripheral processes of sensory afferents. It remains unknown how these pathways directly
intersect with the activities of ion channels.

between neuronal sensitization and cytokine production during As described above, IL-6 has pleiotropic roles associated
tissue injury or inflammation. with pain and inflammation. Another cytokine that also shares

Other studies have suggested that additional cytokines the gp130 common receptor chain and signals through the
play key roles in the induction of inflammatory pain in  JAK/STAT pathway is IL-27. IL-27 is a heterodimer formed
models of arthritis, including IL-8, IL-17, and IL-27 (55, by the Epstein-Barr virus-induced gene 3 (EBI3) and IL-
58, 68). The chemokine IL-8 and its receptor CXCR2 are 27 p28 subunits, which binds to a receptor composed of
involved in sensitization of afferent nociceptors in ACPA-  the gpl30 common receptor chain and IL-27Ra (i.e., WSX-
induced arthralgia. Interestingly, recent studies demonstrated 1 or TCCR) (62). Sasaguri et al. showed that IL-27 signaling
that a single injection of human IgG ACPA or monoclonal  constitutively contributes to control of thermal (heat and cold)
murinized IgG ACPA antibodies isolated from RA patients is  and mechanical sensitivity (151). In an arthritis model, IL-27
capable of initiating pain without paw swelling when injected  attenuates disease development and histological disease severity
into rodents (68). This effect of ACPAs is associated with  (i.e,, cell infiltration in the joint, synovial hyperplasia, and
osteoclast activation, at least in vitro, which via the release of  joint erosion) by reducing the expansion of Th17 cells and
the chemokine CXCL1 (an analog to human IL-8) mediates their ~ IL-17 levels (63-66), which can reduce nociception (Table 1).
pronociceptive effects (68, 108). IL-8 has also been implicated  In osteoimmunology, IL-27 plays a critical role in limiting
in conditions such as chronic low back pain (LBP). Krock  bone erosion by inhibiting osteoclastogenesis (67). Osteoclast
et al. showed a specific upregulation of this chemokine in the activity is directly involved in pain development and reduced
cerebrospinal fluid of LBP patients with degenerating disks and ~ with the use of osteoclast inhibitors such as bisphosphonates
a reduction of disk degeneration and chronic back pain in a  or denosumab (152). The suggested mechanisms of this action
mouse model (148). In a neuropathic orofacial pain condition,  include mechanical stabilization in bone pain from trauma and
the burning mouth syndrome, patients present an elevated also changes in pH and acidosis in bone pain from cancer.
level of plasma IL-8, and this signature directly correlates  Nociception could be promoted by acidosis in which HT protons

with pain and depressive symptomatology (150). Hence, IL-  can directly activate specific ionic or receptors sensitive to
8 has been implicated in the periphery for several different  protonssuch as TRPV1 and the acid-sensing ion channel (ASIC)
pain phenotypes. family (153, 154).
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DORSAL ROOT GANGLIA

It has become apparent that the excitability of the afferent
input circuitry reflects the functional complexity of the DRG
system. DRG neurons are supplied by a fenestrated vasculature
that lies outside the blood-brain barrier (BBB), slowing the
passage of molecules that are normally excluded from the
neuraxis (155). This exposure of the afferent cell bodies to
circulating products, including cytokines, may partly explain
why circulating neurotoxic agents (e.g., chemotherapeutics)
preferentially accumulate and injure cells within the DRG,
inducing a sensory rather than a motor neuropathy (156).
DRG neurons are additionally supported by satellite glial cells
(SGCs), which envelop them and display gap junction linkages
between these two cell types (157). During inflammation, SGCs
display enhanced activation, increased TNF production, and
neuronal excitability (73). An increase of gap junctions has been
observed in pain-generating conditions, and this correlates with
enhanced neuronal excitability (157). Importantly, peripheral
inflammation or nerve injury causes DRG neuronal sensitization,
leading to a spreading activation of SGCs through gap junctions
and to the expression and release of IL-18 from SGCs.

Current work highlights an important role of macrophages
in response to inflammation and cytokine signaling. A major
source of endogenous cytokine production is from these resident
and migratory DRG macrophages. In arthritic conditions (e.g.,
osteoarthritis and RA), macrophages infiltrate into the DRG
and acquire a phenotype resembling that of TNF-stimulated
macrophages, suggesting a role of these cells in the maintenance
of arthritic pain (158). In vitro, macrophages stimulated with
TNF promote release of calcitonin gene-related peptide (CGRP)
by nociceptors, which is consistent with their pronociceptive
effect (159). In vivo, TNF is involved with sensitization of
nociceptive fibers and elicits a rapid increase of CGRP release
from the peripheral termini of nociceptors (86, 87). Other than
macrophages, during inflammation, SGCs become activated,
increasing TNF production, and enhancing neuronal excitability
(73). In neuropathic pain, a key role of TNF in the DRG has been
demonstrated by lentivirus-mediated silencing of TNF in DRG,
which attenuated the pain phenotype and reduced neuronal cell
death in mice with an L5 transection (160).

DRG cells produce additional cytokines such as IL-1p and IL-
6 and chemokines such as CCL2 or CXCL1 within the DRGs
that are involved in pain signaling (3, 161). Interestingly in
osteoarthritis, a high CCL2 production is associated with elevated
numbers of macrophages in the DRG and a high level of CGRP in
DRG neurons (162, 163). Mice lacking the CCR2 receptor (global
knockout) fail to develop mechanical allodynia in nerve injury
models (164). Accordingly, we suggest that during inflammation,
a neuro-crosstalk can occur in the DRG where inflammation
triggers cytokine and chemokine release from local/infiltrating
macrophages and neurons, contributing to development and
maintenance of facilitated states of excitability in the local
DRG circuit. Such enhanced excitability would contribute to an
enhanced afferent input into dorsal horn second-order neurons.

Several cytokines, IL-6 for example, can excite DRG neurons
directly by rapid effects that do not require gene transcription but

are likely to involve phosphorylation of different ion channels,
such as the TRP family. IL-6 is a pleiotropic cytokine with
a pivotal role in the pathophysiology of arthritis and pain
sensitization through increasing neuronal calcium mobilization,
action potential generation, and ion channel sensitization. IL-6
acting through IL-6R and gp130 drives JAK and PKC activation,
which enhances TRPV1, inducing excitability of nociceptive
TRPV1* DRG neurons (34, 124). Correspondingly JAK and PKC
inhibitors decrease TRPV 1 sensitization (34).

Gap junctions in the DRG can provide direct communications
between neuronal cell bodies and SGCs. An increase in gap
junctions has been observed in pain condition and seems
to enhance neuronal excitability and thus elicit pain (157).
Importantly, peripheral inflammation or nerve injury causes
sensitization of neurons, innervating peripheral tissues, and
spreading of activation of SGCs through gap junctions, which
leads to the expression and release of IL-1p from SGCs. IL-1f
has been shown to increase TRPV1 expression in DRG neurons.
Moreover, IL-1RI antagonism reduces thermal hyperalgesia
antigen-induced arthritis (20). IL-1B has been shown to act in
a p38 MAPK-dependent manner, to increase the excitability of
nociceptors. Indeed, IL-1p relieves resting slow inactivation of
tetrodotoxin-resistant voltage-gated sodium channels and also
enhances persistent TTX-resistant current near the threshold
(165). These IL-1f actions on nociceptors have facilitatory
effects in neurotransmission, which at least in part explains the
hyperalgesic effect seen with the direct application of IL-1f or the
endogenous production and release of IL-1f within the DRG.

Beyond the effect of IL-18 on ion channel sensitization, it
has been shown that intraplantar IL-1f can induce persistent
hyperalgesia, which is dependent on GPCR kinase 2 (GRK2)
and IL-10 downregulation. GRK2 plays a regulatory role in the
inflammatory response as studied in arthritis models. Reduction
of GRK2 in peripheral macrophages markedly prolonged
hyperalgesia and pain behavior in response to an intraplantar
injection of IL-1f or the inflammatory agent carrageenan (166).
The reduction of GRK2 in macrophages is associated with the
transition from acute to persistent hyperalgesia due to the lack
of IL-10 production. Moreover, local anti-IL-10 treatment in the
paw did not influence IL-1B-induced hyperalgesia, indicating
that IL-10 signaling in the spinal cord or DRG is required
for spontaneous resolution of hyperalgesia. Corroborating these
data, our group recently showed that mice deficient in IL-10
rapidly developed mechanical allodynia that did not recover,
suggesting that this cytokine also plays a key role in the acute and
chronic phases of pain-like behavior (41).

These data suggest that beyond changes in the peripheral
terminus nociceptor, the DRG plays an important role in
the development of pain states. Thus, cytokines produced by
local cells or released into the DRG are involved with the
facilitation of nociceptive stimulus, inducing subsequent dorsal
horn spinal activity.

SPINAL CORD

The peripheral nociceptor forms an excitatory synapse with
second-order neurons in the dorsal horn of the spinal
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cord to initiate transmission in the central nervous system
(CNS). This synapse can be modulated by local interneurons,
microglia, and astrocytes. These last cells constitute a component
serving to alter the input-output function of the dorsal
horn. Inflammatory cytokines maintain enhanced pain signaling
through modulating the central terminals of nociceptors
and/or spinal cord neurons. In naive animals, intrathecal
delivery of cytokines can induce a direct pronociceptive
effect, leading to mechanical, and/or thermal hyperalgesia,
which has been observed after intrathecal injection of IL-
1B (15, 16, 167, 168), IL-18 (60), TNF (15, 16, 167), IL-6
(15), CXCL1 (107), CX3CL1/fractalkine (169), or CCL2/MCP-1
(170) among others. Conversely, a pronociceptive phenotype is
reduced in mice lacking such cytokine or chemokine signaling
or after the administration of anti-cytokine antibodies or
cytokine receptor antagonists. In pathologic conditions, chronic
intrathecal administration of IL-1 receptor antagonist (IL-
Ira) prevents pain induced by nerve injury in mice, and a
single intrathecal injection of IL-1ra induced a long-lasting
attenuation of mechanical hypersensitivity in the same model
(171). Intrathecally, coadministration of IFN-f and anti-TNF
antibodies permanently reversed mechanical allodynia in males
in the murine K/BxN serum transfer model of RA (41).
Moreover, intrathecal delivery of cytokines such as TGF-p or IL-
13 can also induce an antinociceptive effect in neuropathic pain
condition (46, 89, 158). TGF-B can inhibit excitatory synaptic
transmission in the spinal cord (172) and neuropathic pain
along with glial activation and neuroinflammation in the spinal
cord (89, 172).

Considering that cytokines play a role in the development
and maintenance of pain at the spinal cord level, we raise the
question of where these neuraxial cytokines are produced and
where they act. Microglia serve as spinal-resident macrophage-
like cells and display a rapid response to increased afferent
traffic and to pathological changes in the CNS. Spinal microglial
activation has been demonstrated in several pain conditions [for
review, see (173), including mononeuropathies after peripheral
nerve injury (174), polyneuropathies after chemotherapy (175,
176), or in diabetic models (177), chronic inflammatory pain
(178), and cancer pain (179), although some data are conflicting
(180)]. Microglia participate notably in the regulation of
neuroinflammation that contributes to the pathogenesis of pain
(173). Signals that activate microglia converge on intracellular
signaling cascades frequently involving the phosphorylation of
p38 MAPK, triggering production and release of TNFE, IL-1f, and
IL-18; increased expression of COX; and subsequent synthesis of
prostaglandin E2 (PGE;) (18, 181, 182). These neuromodulators
then lead to enhanced dorsal horn excitability, which ultimately
serves to enhance receptive fields, increase output of the pain-
relevant sensory message to supraspinal areas, and enhance
pain behavior.

Astrocytes have a key role in neurotransmitter recycling,
regulation of blood flow, energy metabolism, synaptogenesis,
and synaptic transmission (183-187). Astrocytes signal physically
through gap junctions (e.g., connexin Cx43), facilitating
intercellular transmission (188, 189). Moreover, it has been
demonstrated that upregulation of Cx43 triggers release of

chemokines, ATP, and glutamate, which ultimately induces
nociceptor sensitization (185, 186). Astrocytes have been shown
to play both beneficial and detrimental roles, depending on
the nature of the injury or disease, that differ in their
functions (190). Thus, spinal cord astrocytes can generate
IFN-a, which have an antinociceptive effect mediated through
the mu opioid receptor (94). In addition, recent data from
our group have shown that the post-inflammatory allodynia
from an arthritis model may be robustly regulated by
downstream effectors activated through IFN-$ and interferon-
inducible factors, including IL-10 and IL-1ra (41). In this
model, the allodynia only subsided when anti-TNF therapy
was combined with supplemental IFN-B, indicating that
chronic pain treatment might require modulation of multiple
pathways (41).

Astrocytes can also modulate pain through IL-33 production.
IL-33 is a member of the IL-1 superfamily but is active after
transcription and is deactivated by caspase cleavage. It binds
to the ST2 (Il1rl1) receptor, encoded by the ILIRLI gene, and
the coreceptor IL-1 receptor accessory protein (IL-1RAcP). After
receptor engagement, the MyD88 signal cascade is activated
similarly as after IL-1R and IL-18R activation. This cytokine has
a pronociceptive effect with intrathecal injection (191, 192). In
addition, inhibiting the IL-33/ST2 pathway reduced nociceptive
behavior in murine models of pain, including cancer and
chemically induced inflammation (72, 192, 193).

The effects of the intrathecal injection of cytokines cited above
directly support the key roles played by spinal cord cytokines in
pain states. As these cytokines are not acting independently, it is
not surprising that these agents display important interactions in
different pain states reflecting their facilitatory and suppressive
interactions. As an example, intrathecal administration of
recombinant IL-27 induced antinociception dependent on IL-10
during the maintenance phase of peripheral neuropathy (194).
Also, intrathecal delivery of IL-35 in an experimental murine
model of autoimmune encephalomyelitis (EAE) reduced pain
behaviors (i.e., facial allodynia and grimacing), which was noted
to occur through an upregulation of an inflammatory cytokine,
IL-10 (195). IL-35 has been very recently highlighted as a
candidate target for diabetic neuropathic pain (DNP) treatment
(78). In fact, in a streptozotocin-induced DNP rat model, other
than a protective effect against inflammatory response, IL-35
injected intrathecally reduced allodynia via inhibition of JNK
signaling (78).

Second-order dorsal horn neurons express cytokine receptors
such as TNFR1, TNFR2, IL-1R, and IL-6R. Cytokine released at
the spinal cord level by resident cells (e.g., microglia/astrocytes)
can induce sensitization of the secondary neuron, leading to
supraspinal areas of activation where pain is processed and
perceived as an uncomfortable sensation (139). In fact, IL-
6, TNE and IL-B enhance spontaneous post-synaptic current
(sEPSCs) in the spinal cord by both increasing excitatory
synaptic neurotransmission and suppressing inhibitory synaptic
transmissions (160). Taken together, these studies show that
therapeutically targeting peripheral inflammation will not
necessarily affect persistent pain. However, modulating multiple
pathways at the spinal level might be an effective way to
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prevent the development of chronic pain and to alleviate
ongoing pain.

SUPRASPINAL AREAS

Changes in higher-order functions such as anxiety or depression
are critical components of pain phenotypes, especially in the
context of a chronic pain state (196, 197). Studies in animal
models (99, 198, 199) and in vivo positron emission tomography
(PET) associated with magnetic resonance imaging (MRI) in
humans (200, 201) are consistent with the fact that chronic
pain states lead to an alteration of glial function in the brain.
Current thinking emphasizes the critical role that cytokines can
play in regulating depressive states, through their effects upon
key aminergic pharmacological systems regulating depressive
states such as increased monoamine transporter activity (202),
reduced cofactor availability (203), and reduced expression of
glutamate transporters and increased glutamate release from
astrocytes (204).

Cytokines play key roles in supraspinal modulation of pain
transduction. Consistent with this assertion are the findings
that intracerebroventricular (ICV) injection of TNE IL-1f,
and IL-6 induced hyperalgesia (205-207) and that blocking
these cytokines in the brain reduced the behaviorally defined
expression of a pain state (208). Of note, mechanistically, it is
not clear whether this pain state reflects the role of an enhanced
supraspinal response to the ascending pain stimulus or an
activation of descending facilitatory/loss of descending inhibitory
system (209).

Microglial activation (Ibal marker) after nerve injury is
observed in specific brain regions involved in pain and affect.
These regions include not only the thalamus and somatosensory
cortex but also limbic regions considered to be affiliated
with the affective component of the pain response (210).
Importantly, as in the spinal cord, glial cells are thought
to be a major source of cytokines and chemokines in the
brain (204), and the activation of these cells is considered
to play a key role in anxiety and depression, comorbidities
associated with chronic pain states (211, 212). Other works
support the involvement of microglial activation in prefrontal
cortex, amygdala, and hippocampal neurons associated with an
overproduction of TNF in neuropathic pain and chronic-pain-
associated depression (211, 213). Moreover, upregulation of IL-
10 and IL-1B is found in the contralateral-ventrolateral orbital
cortex (VLO) of rats with spared nerve injury (SNI), and IL-1f
expression and glutamatergic neurotransmission are enhanced
in the prefrontal cortex (PFC) of mice with neuropathic
pain (214).

Cytokine activation in the brain on the affective-motivation
component of pain processing is an exciting component of the
role played by cytokines in pain processing. Considerable work
has demonstrated that circulating inflammatory markers (e.g., IL-
18, TNE IL-6, and C-reactive protein) are important covariates
for depression and anxiety in humans (215, 216).

CYTOKINES AS THERAPEUTIC TARGETS

Although not the focus of this review, it would seem remiss not to
briefly comment on some of the advances seen with the advent of
approved biologic therapies. As described previously, cytokines
and chemokines have a key role in disease-associated pain and
therapies exerting an action on cytokine release or activity, which
is really effective [Table 1; (182, 183)]. Accumulating data suggest
that in a variety of pain states, there is a strong covariance
between circulating proinflammatory cytokine messages and the
pain states in fibromyalgia (217) or painful (vs. non-painful)
neuropathies (218, 219). Of note, TNF antagonism improved
depressive symptoms in patients with high baseline inflammatory
biomarkers (220). While these endpoints do not directly impact
upon pain signaling, they provide an important covariate
between chronic pain and comorbidities that can enhance the
chronic pain states (221).

The bulk of clinical data describe the relief of pain in
the treatment of inflammatory states like RA using agents
that block the activity of key cytokines like IL-6 and TNF.
Conventional synthetic disease-modifying antirheumatic drugs
(csDMARDs) such as methotrexate or sulfasalazine can attenuate
cytokine release (222-226), but the biologic disease-modifying
antirheumatic drugs (bDMARDs), which have a direct effect on
the function and levels of circulating cytokines, have been shown
to be more effective alone or in combination with csDMARDs
[Table 1; (124, 227-229)]. The success of these agents is reflected
in the development of agents with similar targets. Notable groups
of agents include anti-TNF (including infliximab, adalimumab,
certolizumab pegol, etanercept, or golimumab) and anti-IL-
6 or IL-6 receptor antagonists (i.e., tocilizumab, sarilumab,
clazakizumab, and olokizumab) (115). However, remission of
inflammation by clinical parameters has not universally been
associated with complete relief of pain, and residual pain with
neuropathic features can persist (178). More recently, agents that
intercede with signaling, notably the JAK inhibitors, may add to
the armamentarium of agents that can reduce pain as well as
inflammation (230, 231). The development of therapeutic agents
that target individual cytokines and their signaling pathways is a
promising and exciting area that has been extensively reviewed
by others (232, 233). These therapies hold significant promise
for the future, and further investigations into their level of
anatomic activity will hopefully yield insights into individualized
therapeutic plans.

CONCLUSION

The primary emphasis of this review has been on reviewing
the role of cytokines at the levels of the peripheral terminus,
the DRG, the spinal dorsal horn, and supraspinal circuits
(Figure 2). Although pain arises from different conditions, some
mechanistic components are conserved across pain states:

(i) Peripheral nerve fibers (nociceptors) are directly
exposed to circulating products like cytokines and detect
environmental stimuli (thermal, mechanical, or chemical
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FIGURE 2 | Anatomic levels of cytokine interactions with nociceptive processing. Upon injury or infection, mediators such as immune cytokines are released locally by
resident or blood-derived immune cells. The peripheral terminals of nociceptors, dorsal root ganglia (DRGs), and spinal cords have several receptors for these
mediators, which activate signaling cascades that modulate nociceptive activity. Cytokines are displayed as pronociceptive (red) or antinociceptive (blue).

nature) and stimulate excitation of second-order neurons  function. It is clear, however, that this position does not exclude
at the spinal cord. the likelihood that the circulating cytokine profile observed in
(if) In the DRG, the somata of nociceptors are surrounded by  a variety of inflammatory and injury states might contribute to
SGCs and macrophages. As noted, the DRG lies outside of ~ the abnormal pain and depression though a circulating delivery.
the conventional BBB restriction, leading it to be directly =~ Of note, the presence of these circulating proinflammatory
exposed to these circulating proteins and other danger  products and the accessibility of these products to neuraxial
signals. These peripheral stimuli drive cytokine secretion = components such as the peripheral terminal and the DRG point
from SGCs and macrophages, contributing to inflammatory ~ to potential interactions. The ability of glia such as astrocytes

signaling cascades and persistent pain. and perivascular macrophages to sample circulating products,
(iii) The dorsal horn in the spinal cord receives information  along with the evident role played by glia in CNS function, points
from nociceptors. to the likelihood that circulating products can modify function

(iv) The incoming information is processed by complex circuits  throughout the neuraxis. We therefore conclude that targeting
involving excitatory and inhibitory interneurons and  inflammatory cytokine and chemokine signaling may provide
transmitted to projection neurons to several supraspinal  additional strategies in the therapeutic intervention of chronic
areas in the CNS. Spinal cord astrocytes and microglia are  pain. However, we note that despite recent promising advances,
described as key cells in the mechanism of pain processing  any single agent is unlikely to be uniformly effective, and future
in several pain models (234). studies in this area are warranted.

In Figure 2, we graphically summarize key cytokines that play a
role in these four major neuraxial components (i.e., the peripheral  AUTHOR CONTRIBUTIONS
terminal, DRG, spinal cord, and brain). At each anatomic level,
we note the relevance of the several local systems (neuronal, All authors contributed to the drafting and revision of
glial, and inflammatory cells) that contribute both as a source of the manuscript.
cytokines and as a target for these molecules functioning in an
autocrine-/paracrine-like fashion. FUNDING
This review serves to emphasize the multiple levels at which
cytokines may be released and act to alter the nociceptive  This work was funded in part by grants from NTH/NINDS 1 R01

phenotype and reflect the role of a local paracrine or autocrine ~ NS099338 (TY) and 1 R01 NS102432-01.
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Neuroimmune—glia interactions have been implicated in the development of neuropathic
pain. Interleukin-27 (IL-27) is a cytokine that presents regulatory activity in inflammatory
conditions of the central nervous system. Thus, we hypothesized that IL-27 would
participate in the neuropathic pain process. Here, we found that neuropathic pain
caused by peripheral nerve injury (spared nerve injury model; SNI), was enhanced
in IL-27-deficient=/~) mice, whereas nociceptive pain is similar to that of wild-type
mice. SNI induced an increase in the expression of IL-27 and its receptor subunit
(WsxT1) in the sensory ganglia and spinal cord. IL-27 receptor was expressed mainly
in resident macrophage, microglia, and astrocytes of the sensory ganglia and spinal
cord, respectively. Finally, we identify that the antinociceptive effect of IL-27 was not
observed in IL-10~/~ mice. These results provided evidence that IL-27 is a cytokine
produced after peripheral nerve injury that counteracts neuropathic pain development
through induction of the antinociceptive cytokine IL-10. In summary, our study unraveled
the role of IL-27 as a regulatory cytokine that counteracts the development of neuropathic
pain after peripheral nerve damage. In conclusion, they indicate that immunotherapies
based on IL-27 could emerge as possible therapeutic approaches for the prevention of
neuropathic pain development after peripheral nerve injury.

Keywords: neuropathic pain, cytokines, IL-27, IL-10, glial cells, macrophages

INTRODUCTION

Chronic neuropathic pain is caused by diseases or lesions affecting the somatosensory nervous
system. Often resistant to different types of therapies, neuropathic pain affects ~3-17% of the
chronic pain population in the world (1). Many studies have shown that neuroimmune response
in nociceptive pathway has an important role for the development of neuropathic pain (2-4).
Different forms of injury to the peripheral nervous systems, evoked by traumatic, metabolic, or
toxic events, can lead to abnormal neuronal response from the site of damage to the sensory ganglia
and then the central nervous system (CNS), inducing an intense neuroinflammation response in
these sites (5, 6). Non-neuronal cells, including satellite glial cells, macrophages, microglia, and
astrocytes, along the nociceptive pathway can be activated, which influence the neuronal excitability
and consequently participate in the establishment of chronic pain states (7-9). In the local of
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nerve injury, sensory ganglia, and spinal cord, non-neuronal cells
can release a diverse range of proinflammatory mediators, which
may directly or indirectly amplify pain signaling (10, 11). On the
other hand, in order to control the inflammatory and nociceptive
responses, these cells can also release anti-inflammatory
mediators, such as IL-4, IL-10, IL-13, and transforming
growth factor beta (TGF-p) and pro-resolving mediators
such as resolvins, lipoxins, protectins, and maresins, which
regulate the response to nerve damage and might attenuate
pain behavior in animal models of chronic pain (12-16).
Another cytokine that appears to control the inflammatory
response in the periphery and CNS is interleukin-27
(IL-27) (17).

IL-27 is a member of the IL-6/IL-12 heterodimeric cytokine
family, formed by two subunits, Epstein-Barr virus-induced
gene 3 (EBI3) and p28. It binds to a receptor composed of
gpl30 (shared with other cytokine receptors, including IL-
6R) and IL-27Ra (also known as WSX-1 or TCCR), which
is specific for IL-27 (18, 19). IL-27 is generally produced by
antigen-presenting cells, such as macrophages and dendritic
cells; however, some studies suggest that it can be released by
astrocytes and microglia in CNS (20, 21), and the signaling for
IL-27 subunit production is induced by immune stimuli and
different pathogens (18, 22). IL-27 is remarkably characterized by
immunosuppressive and anti-inflammatory functions mediated
by the production of IL-10 and suppression of IL-17 expression
(20, 23, 24). IL-27 can suppress the differentiation of naive T
cells toward IL-17-producing T cells (Th17). It also promotes
differentiation of activated T cells to T cells able to secrete IL-
10 in an antigen-specific manner, named type 1 regulatory (Tr1)
T cells (25, 26).

The immunomodulatory activity of IL-27 has been
demonstrated in several in vivo models. WSX-1-deficient
mice develop an excessive inflammatory response during
infections and in autoimmune disease models (27, 28). In a
model of infection in the CNS induced by the JHM strain
of mouse hepatitis virus, IL-27 promotes the production
of IL-10, which is essential for controlling inflammation
response (29). In addition, in a murine model of experimental
encephalomyelitis (EAE), treatment with recombinant IL-27
delays the onset of EAE and improves the clinical signs of the
disease (30). Furthermore, IL-27 has demonstrated potential
therapeutic action in the rheumatoid arthritis model (31-33).
Although many studies are showing the importance of IL-27 in
neuroimmune-mediated diseases, there is no study investigating
its role in the pathophysiology of neuropathic pain. Herein,

Abbreviations: CNS, central nervous system; CX3CR1, motif chemokine receptor
1; DRG, dorsal root ganglion; EAE, experimental autoimmune encephalomyelitis;
EBI3, epstein-barr virus-induced 3; ELISA, enzyme-linked immunosorbent assay;
GFAP, glial fibrillary acidic protein; i.p, intraperitoneal injection; i.t, intrathecally
injection; IBA-1 (Aifl), ionized calcium-binding adapter molecule 1; IL-4,
interleukin 4; IL-10, interleukin 10; IL-13, interleukin 13; IL-17, interleukin 17;
IL-18, interleukin 18; IL-1f, interleukin 1 beta; IL-27, interleukin 27; IL-27r,
recombinant mouse IL-27 protein; mg, milligram; PBS, phosphate-buffered saline;
PFA, paraformaldehyde; pg, picogram; Sham, false-operated animals; SNI, spared
nerve injury; TGF-B, transforming growth factor beta; Th17, T helper 17 cell;
TNFa, tumor necrosis factor alpha; Trl, type 1 regulatory cells; WT, wild type.

we showed that IL-27 is upregulated in the dorsal root ganglia
(DRGs) and spinal cord of mice after peripheral nerve injury
(spared nerve injury, SNI). Moreover, we showed that IL-27
counteracted the development of neuropathic pain through the
induction of IL-10 production.

METHODS

Animals

The experiments were performed in C57BL/6 wild-type (WT)
male mice (6-8 weeks old) and C57BL/6 mice deficient (~/7)
in the following proteins: IL-27 (EBI3) (34) and IL-10 (35), as
well as in transgenic animals expressing the green fluorescent
protein (GFP) in cells that express CX3C chemokine receptor
1 (CX3CR1CFP/+) (36). Local colonies of transgenic mice were
then established and maintained on a C57BL/6 background
at the animal care facility of Ribeirdo Preto Medical School,
University of Sdo Paulo. The controls and transgenic mice were
not littermates. The animals were taken to the testing room at
least 1 h before the experiments. Food and water were available
ad libitum. All behavioral tests were performed between 8:00 a.m.
and 5:00 p.m.

Drugs and Chemicals

The following drugs were obtained from the sources indicated:
recombinant mouse IL-27 (NSO-expressed) protein (IL-27r)
(2799-ML-010, R&D, Minneapolis, USA) and diazepam (D0899,
Sigma, St Louis, MO, USA). Acetone (Fisher Chemical, Gell,
Belgium). Formalin solution (1%) was prepared using 37%
formaldehyde (Fisher Chemical Gell, Belgium) in 0.9% sodium
chloride saline solution (Baxter hospitalar, Sao Paulo, Brazil).
To prepare 1L of phosphate-buffered saline (PBS), 0.1 M was
used with 9g of NaCl, 0.122g of KH,POy4, and 0.814g of
Na,HPO4 (Sigma-Aldrich, St. Louis, NO, USA) in distilled
water (pH = 7.4).

Neuropathic Pain Model

A model of persistent peripheral neuropathic pain, the spared
nerve injury (SNI), was induced as previously described (37).
Briefly, under isoflurane anesthesia, the sciatic nerve and their
three terminal branches (the sural, common peroneal, and tibial
nerves) were exposed at lower-thigh level by blunt dissection
through the biceps femoris muscle. The common peroneal
and tibial nerves were tightly ligated with 6.0 silk, while the
sural nerve was spared. The nerves distal to the ligature were
sectioned. The experimental control group consisted of false-
operated animals (Sham). In these animals, there was exposure
of the sciatic nerve similarly to the SNI group, but without any
manipulation of nerves. Muscle and skin were closed in layers.
Then, mechanical pain hypersensitivity and cold allodynia were
evaluated on specific days.

Behavioral Nociceptive Tests
An investigator blinded to group allocation performed all the
behavior tests.
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Formalin Assay

We assessed formalin-evoked nociception by injection of 20 pl of
formalin (1%) into the dorsal surface of the right hind paw of two
groups of male mice: IL-27~/~ and WT-naive mice. The time in
seconds spent licking or flinching the injected paw was recorded
and expressed as the total time of nociceptive behaviors in the
early phase (0-10 min) and late phase (10-50 min) after formalin
injection (38).

Hot Plate Test

The noxious thermal thresholds of the hind paws were examined
in IL-277/~ and WT-naive mice via hot plate test using an
electrically heated surface (Ugo Basile, model 35100, Gemonio
VA, Ttaly) at different temperatures (48, 50, 52, and 56°C). For
each specified temperature, each animal was placed on the heated
plate, and time responses to the thermal stimulus (jumping,
withdrawal, and licking of the hind or front paws) were recorded
in seconds. The cutoff time used was 20 s to avoid possible injury
in the animal paws (39).

Acetone Test

In different days after SNI, IL-27~/~, and WT mice were placed
in a clear plastic box with a wire mesh floor and allowed to
habituate for 30 min prior to testing. Then, 50 1 fluid (acetone)
was sprayed on the plantar surface of the right hind paw using a
syringe of 1 ml (Tuberculin slip tip, BD, Franklin Lake, NJ, USA).
Paw withdrawal response, defined as flinching, licking, or biting
of the limb, was measured within 1min after the application
of acetone (40). The acetone test was measured after the paw
mechanical withdrawal threshold test was done.

Mechanical Nociception Test

The mechanical nociceptive threshold was evaluated in WT, IL-
277/~, and IL-10~/~ mice that were placed on an elevated wire
grid, and the plantar surface of the ipsilateral hind paw was
stimulated perpendicularly with a series of von Frey filaments
(Stoelting, Chicago, IL, USA), with logarithmically increasing
stiffness (0.008-2.0g) (41). The withdrawal frequency was
calculated as a percentage of withdrawals after 10 applications of
0.008 g von Frey filament in the right hind paw.

Rota-rod Test

To discard possible non-specific muscle relaxant or sedative
effects of recombinant mouse IL-27, mice motor performance
was evaluated on the rota-rod test (42). The apparatus consisted
of a bar with a diameter of 2.5cm, subdivided into six
compartments by disks 25cm in diameter (Ugo Basile, Model
7600). The bar rotated at a constant speed of 22 rotations
per minute. WT-naive animals were selected 24h previously
by eliminating those mice that did not remain on the bar for
two consecutive periods of 120s. Then, those animals were
treated intrathecally with vehicle (saline) or recombinant IL-
27 (100 ng) in a final volume of 5 pl using a BD Ultra-
Fine® (29G) insulin syringe (BD, Franklin Lakes, NJ, USA).
Diazepam (5 mg/kg, intraperitoneal) was used as a positive
control. To inject diazepam solution, 1 ml sub-Q syringe and

needle 26G x 5/8 (BD, Franklin Lakes, NJ, USA) were used. The
cutoff time used was 120 s.

Intrathecal Injection

Under isoflurane (2%) anesthesia, recombinant IL-27 (100 ng) or
vehicle (saline) was administered intrathecally (i.t.) in WT and
IL-10~/~ mice. The technique used for intrathecal injection was
described by Papir-Kricheli et al. (43), modified by holding the
mice securely in one hand by the pelvic girdle and inserting a BD
Ultra-Fine® (29G) insulin syringe (BD, Franklin Lakes, NJ, USA)
directly on the subarachnoid space (close to L4-L5 segments) of
the spinal cord. A sudden lateral movement of the tail indicated
proper placement of the needle in the intrathecal space. For all
administrations, 5-pl volume was used. Then, the syringe was
held in the specific position for a few seconds and progressively
removed to avoid any outflow of the drug.

Quantitative Real-Time PCR
At the indicated times after nerve injury, mice were anesthetized
and then perfused with 0.1M PBS. DRGs and spinal cord,
ipsilateral to the lesion, were collected from the region
correspondent to lumbar segments (L3-L5) and homogenized
in TRI Reagent® (Life Technologies Corporation, Carlsbad, CA,
USA) reagent at 4°C. Then, total cellular mRNA was purified
from whole tissues, according to the manufacturer’s instructions.
After FACS sorting procedure, ~25,000 cells were used to isolate
mRNA using RNeasy micro kit® (Qiagen, Hiden, Germany).
To convert the mRNA in ¢cDNA, high-capacity cDNA Reverse
Transcription Kit (Thermo Fisher Scientific, Graiciuno, Vilnius,
LT) was used. The level of each gene was normalized to the levels
of the mouse Gapdh gene, and the results were analyzed by the
method of quantitative relative expression 2~AA€T as previously
described (44). Primer pairs for mouse Gapdh, Aifl, Gfap, Tnf,
I11b, Ebi3, p28, Wsx1, 1112p35, and 1110 were as follows:

Gapdh fwd: 5'-CATCTTCTTGTGCAGTGCCA-3’

Gapdh rev: 5-CGGCCAAATCCGTTCAC-3'

Aifl fwd: 5-TGAGGAGCCATGAGCCAAAG-3'

Aifl rev: 5-GCTTCAAGTTTGGACGGCAG-3'

Gfap fwd: 5'-AGGGCGAAGAAAACCGCATCACC-3

Gfap rev: 5'-TCTAAGGGAGAGCTGGCAGGGCT-3'

Tnf fwd: 5-TGTGCTCAGAGCTTTCAACAA-3’

Tnf rev: 5'-CTTGATGGTGGTGCATGAGA-3'

111b fwd: 5'-TGACAGTGATGATGAGAATGACCTGTTC-3'

Il1b rev: 5-TTGGAAGCAGCCCTTCATCT-3'

1127 (Ebi3) fwd: 5'-TGCCATGCTTCTCGGTATCC-3’

1127 (Ebi3) rev: 5-AGGGTCCGGCTTGATGATTC-3

1127 (p28) fwd: 5'-GGCTATGTCCACAGCTTTGCT-3'

1127 (p28) rev: 5'-CGAAGTGTGGTAGCGAGGAA-3/

Wsx1: Tagman®: Mm00497259_m1

1112p35 fwd: 5'-AAGACATCACACGGGACCAAA-3'

1112p35 rev: 5'-CAGGCAACTCTCGTTCTTGTGTA-3’

1110 fwd: 5'-AACAAAGGACCAGCTGGACAAC-3

1110 rev: 5-GCAACCCAAGTAACCCTTAAAGTC-3

Immunofluorescence
At day 10 after surgery, WT and CX3CRIS*/* mice were
deeply anesthetized with ketamine and xylazine and perfused
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transcardially with phosphate buffer 0.1 M, followed by fresh
4% paraformaldehyde (PFA) in PBS 0.1 M (pH 7.4). After the
perfusion, segments of spinal cord lumbar correspondent L3,
L4, and L5 were dissected out, post-fixed for 2h in PFA, and
then replaced with 30% sucrose overnight. Transverse spinal
sections (free-floating, 60 wm) were cut in a cryostat. The
floating sections were used for immunofluorescence assays as
previously described (45). Then, the sections were incubated
overnight at 4°C with polyclonal primary antibodies: anti-WSX-
1 (1:250) (5996—Abcam), anti-GFAP (1:500) conjugated with
alexa fluor 488 (MAB 3042X—Millipore), anti-NeuN (1:250)
(MAB377—Millipore), and anti-GFP (1:500) conjugated with
FITC (ab6662—Abcam), for the tissue from CX3CR1GFF/+
mice. After washing, the sections were then incubated with
the appropriate secondary antibody solution for 2h at room
temperature; all secondary solutions were diluted 1:500: Alexa
fluor 594, Alexa fluor 488, or Alexa fluor 647 (Invitrogen). The
sections were washed with PBS as described earlier, mounted
on glass slides, and covered with coverslips with Fluromount™
Aqueous Mounting Medium (Sigma). The sections of spinal cord
were acquired using a SP5 confocal laser scanning microscope
(Leica, Wetzlar, Germany). Colocalization was ensured with
confocal Z stacks at 1-pm intervals and visualization in three-
dimensional orthogonal planes.

Cell Sorting

Cell sorting of CD11b* and CD45~ cells from DGRs was
performed as described previously (46). Briefly, the ipsilateral
DRGs (L3, L4, and L5 pooled from eight animals) were collected
at day 10 from WT or IL-277/~ mice submitted to SNI or
Sham surgery, as well as from WT mice submitted to SNI
and treated for five consecutive days (starting on day 10 up to
day 14) with recombinant IL-27 (100 ng/in a final volume of
5 wl) or vehicle (i.t). DRGs were incubated in 5ml of RPMI
medium containing 2 mg/ml of collagenase type II (Sigma
Aldrich) for 1h at 37°C. After this time, the tissues were passed
through a cell strainer (40 pum), followed by centrifugation with
RPMI medium containing 10% fetal bovine serum (FBS, Gibco).
Cells obtained were resuspended in 0.1 M PBS containing 10%
of rabbit serum, to avoid non-specific background staining,
and specific monoclonal antibodies for 30 min at 4°C. The
following monoclonal antibodies (BD Biosciences) were used for
staining: CD45-BV421 (clone 30-F11), Ly6G-FITC (clone 1A8),
and CD11b-APCCy?7 (clone M1/70); the antibodies were diluted
1:250. Cells were isolated using FACSAria III (BD Biosciences),
and then the pellets obtained were resuspended in lysis buffer
to isolate mRNA. For all of the experiments, sample purity was
~70% for CD11b+ Ly6G- cells and ~90% for CD45- cells. The
data were analyzed using FlowJo 10 software (Treestar, Ashland,
USA). The gating strategy used to perform cell sorting from
sensory ganglia is depicted in Figure S1.

Cytokine Measurement by ELISA

At 7 and 10 days after nerve injury, mice were anesthetized
and then perfused with 0.1 M PBS. The ipsilateral DRGs and
lumbar segments of the spinal cord (L3, L4, and L5 pooled
from two animals) from WT or IL-27"/~ mice were collected

and homogenized in lysis buffer containing protease inhibitors
(to each 10 mg of tissue, 100 pl of lysis buffer was used); the
supernatant without dilution was used to measure IL-10. Mouse
DuoSet ELISA kit to IL-10 was purchased from R&D Systems
and performed as instructed by the manufacturer. The results
are expressed as picogram (pg) of cytokines per milligram (mg)
of tissue protein. The protein concentration of the lysate was
determined using a Pierce™ bicinchoninic acid assay protein
assay kit (Thermo Scientific, Rockford, IL, USA).

Data Analyses and Statistics

Data are reported as means £ SEM. The normality of the
distribution of data was analyzed by D’Agostino and Pearson
tests. Two-way ANOVA followed by Bonferroni’s t-test was used
to compare the groups and doses at different times (curves) when
the responses (nociception) were measured. The factors analyzed
were treatment, time, and time vs. treatment interaction.
Alternatively, if the responses (nociception, protein expression,
mRNA expression) were measured only once after stimulus
injection, the differences between responses were evaluated by
one-way ANOVA followed by Bonferroni’s ¢-test (for three or
more groups), comparing all pairs of columns. For comparisons
of groups across two groups, an unpaired Student ¢-test was
used. P < 0.05 were considered significant. Statistical analysis
was performed with GraphPad Prism (GraphPad Software, San
Diego, CA, USA).

RESULTS

IL-27 Counteracts the Development of
Neuropathic Pain but Is Not Involved in

Basal Control of Nociception Threshold

We first characterized the physiological nociceptive response
of IL-277/~ mice. WT and IL-277/~ mice were assessed
behaviorally after acute peripheral application of different
stimuli. IL-277/~ mice exhibited the same intensity of
mechanical pain threshold (using von Frey filament) and
thermal pain threshold (temperatures of 48, 50, 52, and 56°C)
compared to WT mice (Figures 1A-C). Furthermore, IL-
277/~ mice also showed no difference in nociceptive behaviors
in the early and late phase of the formalin test compared
to WT mice (Figure1D). These data indicate that, under
normal physiological conditions, IL-27 is not involved in acute
nociception. Next, we determined whether IL-27 plays a role
in the development of chronic neuropathic pain induced by
SNI. The injured WT mice (WT-SNI) showed an increase in
mechanical hypersensitivity (more percentage of frequency
response), starting on day 3 and reaching the maximal response
at day 10, which persists until day 21 compared to sham-operated
WT mice (WT-Sham). In contrast, IL-27~/~ mice submitted
to SNI (IL-277/~-SNI) displayed a significant increase in
mechanical hypersensitivity after nerve injury on day 5 until day
10 compared to WT-SNI mice (Figure 1E). Similarly, WT-SNI
mice showed an increase in cold hypersensitivity, starting on
day 3 until day 21, compared to Sham-WT mice. Furthermore,
IL-277/7-SNI animals also showed increased levels of cold
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hypersensitivity when compared to WT-SNI mice (Figure 1F).
Taken together, these data indicate that IL-27 signaling might
be negatively controlling the development of neuropathic pain
but is not involved in the detection of mechanical, thermal, and
chemical nociception in basal conditions.

Peripheral Nerve Injury Triggers an
Increase in the Expression of IL-27 and Its
Receptor-Specific Subunit, WSX-1, in
Spinal Cord and Dorsal Root Ganglia

To explore the role of IL-27 signaling in the development of
neuropathic pain, we evaluated the levels of mRNA expression
of IL-27 subunits (p28 and Ebi3) and WsxI, a specific subunit
of its receptor, in ipsilateral lumbar DRGs (L3-L5) and spinal
cord of WT animals after SNI induction. We detected that
P28 expression was upregulated between days 7 and 14 in the
DRGs and spinal cord of WT-SNI mice compared to WT-Sham
mice (Figures 2A,E). Ebi3 expression increased either in DRGs
and spinal cord after SNT at all times evaluated (Figures 2B,F).
Wsx1 expression was also upregulated in the DRGs (10 days
after SNI) and at day 7 in the spinal cord of WT-SNI mice
compared to WT-Sham mice (Figures 2C,G). To exclude the
participation of IL-35 cytokine because it is formed by EBI3
and IL12p35, we analyzed the gene expression of 1/12p35 in the
same tissues; however, we did not detect any difference in all
times analyzed (Figures 2D,H). Altogether these results indicate
that after peripheral nerve injury, IL-27 and its specific receptor
subunit, but not IL-35, are upregulated in the sensory ganglia and
spinal cord.

WSX-1 Is Expressed in Microglia and
Astrocytes in the Spinal Cord and in the
Macrophages of DRGs After Peripheral

Nerve Injury

Next, we sought to analyze which cell type might be expressing
the IL-27 receptor in the sensory ganglia and spinal cord after
peripheral nerve injury. In naive animals, the immunoreactivity
for WXS-1 is very low in the dorsal horn of the spinal cord
(Figure 3A), corroborating the mRNA data; however, WSX-1
expression is upregulated in the spinal cord at 10 days after SNI.
WSX-1 is expressed in the spinal cord cells that also express
CX3CRI and GFAP, but not NeuN (Figure 3B). Thus, these data
suggest that after peripheral nerve injury, WXS-1 expression
might be upregulated in microglia and astrocytes, but not in
neurons of the spinal cord.

In an attempt to evaluate in which cell type WSX-1 might
be expressed in sensory ganglia, at day 10 after SNI or Sham
surgeries, DRGs were harvested and CD45~ and CD11b* Ly6G™
cells (macrophages) were purified using FACS sorting. Then, we
analyzed Wsx1 gene expression in these cells. It was found that
Wsxl mRNA was only detected in CD11b™ Ly6G™~ cells, and
the expression was upregulated after SNI in these cells compared
to cells from Sham-operated mice (Figure 3C). These results
suggest that, in the sensory ganglia, Wsx1 is mainly expressed in
macrophages, and peripheral nerve injury induces an increase in
its expression.

The Impact of IL-27 Deficiency in the
Activation of Immune/Glial Cells and
Cytokine Production in the DRGs and
Spinal Cord After Peripheral Nerve Injury

Peripheral nerve injury induces the activation of resident
macrophages in the sensory ganglia and glial cells (microglia and
astrocytes) in spinal cord that account for the development of
neuropathic pain through the production of pro-inflammatory
cytokines such as TNF and IL-1p (2, 4, 47, 48). Since the
expression of IL-27 receptor is mainly observed in glial/immune
cells of the spinal cord and DRGs after peripheral nerve injury, we
hypothesize that the role of IL-27 in counteracting neuropathic
pain might be through regulating these neuroimmune-glia
processes. Thus, we analyzed the gene expression of Aifl (IBA-1)
and Gfap as indicators of the macrophages/microglial cell and
satellite glial/astrocyte activation in the DRGs and spinal cord,
respectively. In all times and tissues evaluated, the expression
of Aifl and Gfap in IL-27/~-SNI mice was not different from
WT-SNI mice (Figures 4A,E,B,F). Furthermore, the expression
of Tnf and Il1b was also not different between IL-27~/~-SNI and
WT-SNI mice (Figures 4C,D,G,H).

There is evidence that the immunoregulatory role of IL-27 is
dependent on its ability to induce IL-10 production (23, 28, 29).
Furthermore, IL-10 is a well-known anti-nociceptive cytokine
that reduces the development of pathological pain, including
neuropathic pain (49-51). Based on these evidences, we analyzed
next the interference of IL-27 deficiency on IL-10 production in
DRGs and spinal cord after peripheral nerve injury. Notably, it
was found that the expression of IL-10 (mRNA and protein) in
the DRGs and spinal cord was reduced in IL-27~/~-SNI mice
when compared to WT-SNI mice (Figures 5A-D). Collectively,
these results indicate that IL-27 is a triggering mechanism
of IL-10 production after peripheral nerve injury; however, it
has minimum effect on immune/glial cell activation and pro-
nociceptive cytokine production.

Exogenous IL-27 Reduced Neuropathic
Pain Through the Induction of IL-10

Since IL-277/~ animals presented higher signs of neuropathic
pain, it might indicate that exogenous IL-27 would be a useful
tool to reduce neuropathic pain. In this context, we analyzed
whether the intrathecal administration of recombinant IL-27
could affect the mechanical pain hypersensitivity induced by
SNI. Previously, we conducted a long series of experiments in
an attempt to find the best dose and time for recombinant
IL-27 treatments (data not shown). We found that on day
10 after SNI induction, the treatment of animals intrathecally
with recombinant IL-27 (100 ng/site), twice a day, was able
to reduce mechanical pain hypersensitivity (Figure 6A). It is
noteworthy that this dose of recombinant IL-27 neither changed
the mechanical withdrawal threshold of naive mice nor caused
motor impairment, discarding possible non-specific muscle
relaxant or sedative effects of recombinant IL-27 (Figures 6B,C).

Next, we sought to evaluate whether the antinociceptive effect
of exogenous IL-27 on neuropathic pain would be dependent
on IL-10. For this, WT and IL-107/~ mice were submitted
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FIGURE 1 | IL-27 signaling is not involved in nociceptive pain but protects the animals in neuropathic pain condition. Different behavior tests were realized in WT and
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to peripheral nerve injury (SNI), and at day 10 after surgery
we detected mechanical hypersensitivity development in these
animals. Different groups of mice were treated with daily doses
of recombinant IL-27 (100 ng/site) or vehicle up to day 14
(Figure 7A). As already shown, the treatment with recombinant
IL-27 reduced the mechanical pain hypersensitivity in WT-
SNI. However, this antinociceptive effect of IL-27 has not been
observed in IL-107/~-SNI mice (Figure7B). Corroborating
these data, the treatment of WT-SNI mice with recombinant IL-
27 promoted an upregulation of 1110 expression in the DRGs
and spinal cord when compared to mice submitted to SNI
treated with vehicle (Figures 7C,D). Supporting our previous
finding that IL-27 receptor is mainly expressed in CD11b*
cells in the DRGs (Figure 3C), we found that the upregulatory
effect of recombinant IL-27 treatment on IL-10 expression is
only observed in CD11b™ cells compared to non-immune cells
(CD457 cells) (Figure 7E). Lastly, we sought to confirm that IL-
10 cytokine expression after peripheral nerve injury depends on
IL-27 action in myeloid cells in the DRGs. WT and IL-27/~
mice were submitted to SNI or Sham surgeries. At day 10 after
injury, DRGs were collected, and CD45~ (non-immune cells)
and CD11b™* cells (macrophages) were isolated by FACS sorting.

Then, we analyzed the gene expression of 1110 in these types of
cells. It was found that only CD11b* cells from WT animals
submitted to SNI expressed 1110, which was reduced in CD11b™
cells from IL-27~/~ SNI animals (Figure 7F). Altogether these
results indicate that the antinociceptive effect of exogenous and
endogenous IL-27 upon neuropathic pain caused by peripheral
nerve injury depends on the induction of IL-10 expression on
myeloid cells in the DRGs.

DISCUSSION

Neuropathic pain is a challenging condition often refractory
to different therapies. It is well-known that neuroimmune-glia
interactions play a crucial role in the development of neuropathic
pain. In this context, understanding the function of each
cytokine in neuropathic pain pathophysiology might provide
potential opportunities to amplify the arsenal of treatment
options available (52). The main signaling molecules of the
immune system are cytokines, which can be largely categorized
as either pro- or anti-inflammatory. Elevated pro-inflammatory
cytokine signal has been associated with symptoms of pain after
nerve injury, whereas cytokines such as IL-10 and IL-4 are
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associated with the downregulation of the immune system and
neuropathic pain relief (47, 52-54). Here, we provided evidence
that IL-27 counteracts neuropathic pain development through
the induction of anti-inflammatory cytokine IL-10.

Our findings demonstrate that IL-27 protects animals
against the development of mechanical and cold pain
hypersensitivity after peripheral nerve injury, two major
symptoms of neuropathic pain. On the other hand, our data
indicate that IL-27 did not participate in the nociceptive pain
caused by different stimuli modalities, which was different
from a previous report showing that the deficiency of IL-27
and its signaling constitutively control thermal and mechanical
nociceptive thresholds (19). Although the explanation for these
differences is not immediately apparent, it could be due to the
difference in the source of the mutant mice. Nevertheless, our
data show that the expression of IL-27 receptor is very low in
the nociceptive pathway at naive condition, favoring the idea
that IL-27 would have little or no participation in nociceptive
pain. Despite this controversy, it was shown that IL-27-deficient
mice present higher mechanical sensitivity when submitted
to inflammatory and neuropathic pain models compared to
WT animals (19), supporting our data. Furthermore, the data

showing that peripheral nerve injury induced upregulation of
IL-27 subunits (EBI3 and p28) and its receptor subunit (WSX-1)
in important structures of the nociceptive pathway (DRGs and
spinal cord) argue in favor of the regulatory role of IL-27 in the
development of neuropathic pain.

The neuroimmune-glia interactions across the pain pathway
play a crucial role in the development of neuropathic
pain (4). For instance, peripheral nerve injury triggers the
activation/proliferation of macrophages in the DRGs and glial
cells (microglia and astrocytes) in the spinal cord (4). These
glial cells mediate the development of neuropathic pain through
the production of several neuroactive molecules (55-58). It
is noteworthy that IL-27 receptor-specific subunit WXS-1
(17) is expressed in different leukocyte populations such as
macrophages (18, 59, 60), microglia, and astrocytes from the
brain of multiple sclerosis patients (21). Our results extend these
findings, indicating that after peripheral nerve injury, WSX-1
expression in the DRGs and spinal cord was mainly observed
in immune or glial cells. Based on those findings and on the
fact that IL-27 is an important immunoregulatory cytokine
(24, 28), we analyzed whether IL-27 counteracts neuropathic
pain development through the modulation of macrophage/glial
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FIGURE 4 | Activation of immune/glial cells and cytokine expression in the DRGs and spinal cord after peripheral nerve injury in the absence of IL-27. Real-time PCR
analysis of the expression of glial markers and pro-inflammatory cytokines relative to Gapdh at days 7, 10, and 14 after SNI or Sham surgery in WT and IL-27~/~
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means + S.E.M. Data were analyzed by one-way ANOVA followed by Bonferroni post-test.
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cell (microglia and astrocytes) activation in the DRGs and
spinal cord, respectively. However, no significant changes in
the expression of macrophage/glial cell activation markers and
their derived pro-nociceptive cytokines (INF and IL-1B) were
detected after peripheral nerve injury in the DRGs and spinal
cord from IL-27 null mice compared to WT mice. Thus, although
IL-27 receptor seems to be confined in macrophage/microglia
and astrocyte after peripheral nerve injury, IL-27 effect on
neuropathic pain process appears to be independent on the
regulation of these cells' activation/proliferation. These data
corroborate with the previous study showing no role for IL-
27 signaling in spinal cord microgliosis after peripheral nerve
injury (19).

Concomitantly to the production of pro-inflammatory
molecules by immune and glial cells at the sensory ganglia
and spinal cord after peripheral nerve injury, there is also

evidence suggesting the production of anti-inflammatory/anti-
nociceptive molecules (12, 13, 50). Among these molecules, IL-
10 seems to be one of the most important (15, 61, 62). The
antinociceptive role of IL-10 has been extensively explored in
different models of pathological pain (63-66). We found that
the regulatory role of IL-27 in the development of neuropathic
pain is dependent on IL-10 production in the DRGs and spinal
cord. At least in the DRGs, IL-27 triggers the induction of
IL-10 in macrophages. It is important to point out that IL-10
upregulation after peripheral nerve injury was not exclusively
dependent on IL-27 since IL-10 production was not abrogated
in IL-27 null mice. Thus, other direct or indirect mechanisms
might be involved in the induction of IL-10, such as A2A
and A3 adenosine receptor activation (67, 68). In addition,
our data corroborate with a recent finding showing that the
antinociceptive effect of IL-10 is not dependent on inhibition
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of neuroinflammation (69). Therefore, it is plausible to suggest
that IL-10 might reduce neuropathic pain by acting directly on
sensitive neurons. In fact, IL-10R1 is expressed in neurons, and its
activation directly regulates the functions of the primary sensory
neurons (70, 71).

The use of exogenous IL-27 has been recognized as a
novel biological tool to treat a vast range of inflammatory
and autoimmune disease (28, 30, 31, 72, 73). In addition
to the endogenous involvement of IL-27 in counteracting
peripheral nerve injury-induced neuropathic pain development,
exogenously administered recombinant IL-27 was also able to
reduce neuropathic pain. It is noteworthy that the effective
dose of recombinant IL-27 did not alter the mechanical pain
threshold, in contrast to previous findings (19). These might
be explained by the different dose or route (intrathecal vs.
systemic) of IL-27 administration. In addition, the dose of
recombinant IL-27 used did not cause any sedative/motor
impairment. Then, these data might indicate that IL-27 could
be a useful tool to prevent/reduce neuropathic pain in
clinical settings.

In summary, our study unraveled the role of IL-27 as
a regulatory cytokine that counteracts the development of
neuropathic pain through the induction of anti-nociceptive
cytokine IL-10. In conclusion, these data provide new
insights into the neuroimmune-glia interaction mechanisms
involved in the development of neuropathic pain. Finally,
they indicate that immunotherapies based on IL-27
could emerge as possible therapeutic approaches for the
prevention of neuropathic pain development after peripheral
nerve injury.
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Rheumatoid arthritis (RA) has an inflammatory milieu in the synovial compartment, which
is regulated by a complex cytokine and chemokine network that induces continuously
degenerative and inflammatory reactions. The secreted osteoclastogenic factor of
activated T cells (SOFAT) is a unigue cytokine and represents an alternative pathway for
osteoclast activation. In this study, we examined whether SOFAT is able to induce joint
pain and investigated the presence of SOFAT in a Collagen-induced Arthritis (CIA) model
and in human subjects. Here, we found that an intra-articular stimulation with SOFAT
(1, 10, 100, or 1,000 ng/10 wl) in the knee joint significantly decreases the mechanical
threshold in the hind paw of mice (p < 0.05). Moreover, after a second injection of SOFAT,
the mechanical threshold decrease was sustained for up to 8 days (p < 0.05). In the
CIA model, the immunohistochemical assay of knee joint showed positivity stained for
SOFAT, and the mRNA and protein expression of SOFAT were significantly higher in the
affected-group (p < 0.05). Besides, the mRNA of RANKL, IL-18, IL-6, and IL-15 were
significantly higher in the affected-group (p < 0.05). Finally, SOFAT was detected in the
synovial fluid of RA patients, but not in OA patients (p < 0.05). In conclusion, SOFAT is
up regulated in inflammatory milieu such as RA but not in non-inflammatory OA. SOFAT
may be a novel molecule in the complex inflammatory phenotype of RA.

Keywords: inflammation, SOFAT, rheumatoid arthritis, pain, osteoclast

INTRODUCTION

The term arthritis is used to refer to a group of diseases that affect the joints with varied degrees of
inflammation in sterile and septic forms (1, 2). According to the Centers for Disease Control and
Prevention (CDC) and Arthritis Foundation, around 54 million people have any kind of arthritis
in the USA. Despite the well-recognized burdens of arthritis, such as pain, swelling, and stiffness,
60% of arthritis-affected report limitations in their daily activities (3). The decline in quality of life
as well as the risk of comorbid illness (obesity, diabetes, and heart disease) represent an individual
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and society public cost since a high percentage of occurrence is
in the working-age population (18-64 years old) (4, 5). Within
this set of diseases commonly called arthritis, osteoarthritis (OA)
represents the highest incidence; however, rheumatoid arthritis
(RA), gout, and fibromyalgia are equally relevant (6).

The immune system fails to recognize the self in RA. The
continuously degenerative and inflammatory reactions result
from an abnormal innate and adaptive immune responses
primarily affecting the joints but also extra-articular tissues
(7). Failure of therapy treatment could lead to an irreversible
stage of joint destruction and consequently disability of daily
activities (8). Intense joint pain is a clinical symptom that
profoundly decreases the quality of life of RA patients (9). OAisa
degenerative disease (10) primarily characterized by progressive
cartilage degeneration and secondarily by synovial inflammation.
Although OA was initially considered as a non-inflammatory
disease, associated especially with obesity, evidence demonstrates
an important role of the chondrocytes phenotype in cartilage
breakdown (10). In summary, RA or OA present destruction of
cartilage and underlying bone despite their different etiologies
and biological mechanism.

In this scenario, activated T cells stood out for their
modulatory activity of bone turnover and by representing an
important source of osteoclastogenic cytokines (11), including
in RA (12, 13). Moreover, T cells induce osteoclast formation
through RANKL (receptor activator of nuclear factor kappa-B
ligand) and TNF-a (tumor necrosis factor-a) (14). Also, IL-1
and IL-6 (interleukin) are released by T cells, leading to RANKL
expression by osteoblast (15). IL-15 recruits and activates T cells,
which will produce TNF-a in RA. TNF-q, IL-18, IL-6, and IL-15
induce pain in RA (16, 17).

A novel activated human T-cell-secreted cytokine, named as
the secreted osteoclastogenic factor of activated T cells (SOFAT),
has been characterized (11). Interestingly, SOFAT can induce
bone loss in a RANKL-independent manner in periodontal
disease (18, 19) as well as directly stimulate IL-6 by human
osteoblasts (11), modulate osteoblast activities sustaining the
inflammatory environment (20), and, finally, represent a putative
marker for osteoclast in bone lesions (21).

In the present study, we examined whether SOFAT could
induce joint pain. Other than this, we investigated the presence of
SOFAT in collagen-induced arthritis (CIA) model. We therefore
investigated whether the increase of SOFAT is an observed factor
in patients previously diagnosed with RA or OA.

METHODS

Animals Approved and Care

Male Swiss mice (25-30 grams) and male DBA/1] mice (6-
9 weeks) were used in this study. Animals were randomly
assigned and housed in plastic cages (n = 5/per cage) in a
temperature-controlled room (23 £ 1°C) at a 12:12 light cycle
with access to water and food ad libitum. All animal experiment
procedures and protocols were approved by the Committee on
Animal Research of Faculdade Sio Leopoldo Mandic, Brazil (No.
2019/019) or Committee on Animal Research of Universidade
Estadual de Londrina (approval under the number CEUA-UEL

28016.2014.91) and are in accordance with the guidelines by
the National Council for Control of Animal Experimentation
(CONCEA), ARRIVE (22), and the International Association
for the Study of Pain (IASP) for the study of pain in conscious
animals (23). All efforts were made to minimize animal suffering
and to reduce the number of animals used. Each experimental
group had a number of six animals in each experiment, and all
experimental procedures were repeated twice.

Mechanical Hyperalgesia
A mechanical hyperalgesia test was performed by an electronic
version of von Frey’s filaments, as previously described (24).
During the light phase (between 9:00 a.m. and 5:00 p.m.), the test
was carried out in a quiet, temperature-controlled room. Mice
were placed in acrylic cages with wire grid floors 30 min before
the experiment for acclimatization with the new environment.
The assessment of knee joint hyperalgesia in the femur-tibial
joint consist of an electronic pressure meter with a force
transducer fitted with polypropylene tip (Insight instruments,
Ribeirdo Preto, SP, Brazil). The articular pain was evaluated with
a large tip (4.15 mm?) due to the exclusion factor of cutaneous
nociception. A progressive pressure was applied to a central
area of plantar surface of hind paw to induce flexion of the
femur-tibial joint and subsequent hind paw withdrawal. The
pressure intensity of the withdrawal threshold (in grams) was
automatically recorded. Investigators were blinded to the groups.
For this study, mice were treated with an intra-articular
injection on knee joint, in different concentrations of SOFAT (1,
10, 100, or 1,000 ng/10 wl) as a noxious challenge or vehicle
(saline 10 pl). The intensity of mechanical hyperalgesia at the
intervals of 1, 3, 5, 7, 24, 48, 72, 96, and 120 h after the stimulus
was evaluated. A two-injection assay was carried out. The first
injection was performed in the baseline period (0 days), and the
second injection on the fifth day. The mechanical hyperalgesia
was then evaluated daily for 10 days.

Collagen-Induced Arthritis (CIA) in DBA/1J
Mice

CIA protocol was induced in mice as previously described by
Su and collaborators (25). Concisely, male DBA/1] mice (6-9
weeks) were immunized intradermally at 1.5cm from the tail
base with 100 pg of chicken sternal hyaline Collagen type 2 (CII)
(Sigma, #C9301), dissolved in 100 pl acetic acid (0.05 mol/l),
and mixed with an equal volume of Freund’s Complete Adjuvant
(CFA) (Difco Laboratories, Detroit, MI, USA). Twenty-one days
later, animals were boosted with 100 g of CII and emulsified
in incomplete Freund’s adjuvant (IFA). Mice were examined
daily for signs of arthritis as described (25). By the end of 15
days, all groups were anesthetized with xylalizine and ketamine
intraperitoneal and sacrificed by cervical dislocation. Knee and
paw joints were collected for histological analyses, western blot,
and RT-qPCR.

Subjects

Seven individuals diagnosed with rheumatoid arthritis (RA) (n
= 4) or with osteoarthritis (OA) (n = 3), were selected from the
General Hospital of the Medical School of Ribeirdo Preto of the
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University of Sdo Paulo (HCFMRP-USP). The subjects with an
indication for articular puncture were invited to participate of
this study. All admitted subjects signed their informed consent.
The Ethics Committee in Human Research at Ribeirdo Preto
General Hospital and Ribeirdo Preto Medical School (protocol
38156414.4.0000.5374) previously approved this study protocol.

Synovial Liquid Collection

Patients previously diagnosed with AR or OA who also displayed
indications of an articular puncture in the knee joint were
selected. The procedure was performed under aseptic and
antiseptic patterns (Povidone-iodine, PVP-I). The intra-articular
puncture was performed with a 10 ml syringe coupled with a 25 x
7 needle. The synovial liquid was immediately stored in ice until
the sample processing could occur.

Sample Preparation and Protein Extraction
Knee and paw samples for Western Blotting analysis (CIA
protocol) were homogenized in 500 pl of the appropriate
buffer containing protease inhibitors (Ripa Lysis Buffer, Santa
Cruz, Biotechnology, Dallas, Texas, USA) using a specific
sample homogenizer (BeadBlaster™ 24, Benchmark, Triple-Pure
High Impact Zirconium Beads, Beads, @: 1.0 mm). After four
cycles of 30s with resting period of 40s, the samples were
centrifuged for 10 min/10,000 rpm/4°C. The total amount of
extracted proteins was colorimetrically measured using the micro
bicinchoninic acid (BCA) protein assay kit (Thermo Scientific,
Rockford, IL, USA). The supernatants were stored at —20°C until
further analysis.

Samples used for quantitative PCR (knee and paw joint
mice; CIA protocol) were homogenized in TRIzol® reagent
(ThermoFisher, MA, USA) with the homogenizer as previously
detailed. Total RNA was extracted according to manufacturer’s
directions and stored at —70°C. The RNA concentration for each
sample was determined by optical density using a micro-volume
spectrophotometer (Nanodrop 1000, Nanodrop Technologies
LLC, Wilmington, NC, USA).

Synovial liquid samples were immediately stored in ice after
the intra-articular puncture. At the end of the surgical procedure,
samples were centrifuged for 5 min/10,000 rpm/4°C, and the
supernatant was collected and stored. The protein concentrations
were determined using the bicinchoninic acid protein assay kit
(Thermo Scientific, Rockford, IL, USA).

Reverse Transcription and Quantitative
Polymerase Chain Reaction (RT-qPCR)

Reverse transcription of total RNA to cDNA was performed
using DNase (Turbo DNA-frees, Ambion Inc., Austin, TX,
USA). The reaction was carried out using the First-Strand
cDNA synthesis kit (Roche Diagnostic Co., Indianapolis, IN,
USA) following the manufacturer’s recommendations. The
gPCR was performed using GoTaq® 2-Step RT-qPCR System
(Promega Corporation, W1, USA) and specific primers (Applied
Biosystems®, ThermoFisher, MA, USA). The mRNA level of
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used
as a reference gene.

Western Blotting

Equal amounts of protein (30 pg) from human synovial liquid
or mice samples were loaded onto 10% SDS/PAGE gel and
transferred to a nitrocellulose membrane. The membranes were
blocked in TBS (20mM Tris-HCI, 150 mM NaCl, and 1%
Tween 20, pH 7.53) containing 5% non-fat dry milk for at
least 2h. Membranes were incubated with specific primary
antibodies—anti-SOFAT (Rheabiotech), 1:500, overnight and
GAPDH (Cell Signaling), 1:1,000, for 2h. After incubation
period, the membranes were rinsed with TBS, and subsequently
incubated for 1h with the secondary antibody, peroxidase-
conjugated anti-rabbit IgG (Vector Laboratories, Burlingame,
CA, USA). The bands of the membranes were visualized
using the enhanced chemiluminescence (ECL) solution for
3min (Amersham Biosciences, Piscataway, NJ, USA), and
the digital image was obtained by CCD camera imaging for
chemiluminescence (ImageQuant LAS 4000 mini, GE Healthcare
Life Sciences, Pittsburgh, PA, USA). The program Image ]
(National Institutes of Health, Bethesda, USA) was applied to
measure the optical density of the bands.

Enzyme-Linked Immunosorbent Assay
(ELISA)

Levels of SOFAT were quantified in capture enzyme-linked
immunosorbent assays (ELISA) as previously described (19).
Briefly, microtiter plates (Costar 3590, Corning, NY) were
incubated for 24 h at 4°C with 5 pug/ml of rabbit IgG anti-human
SOFAT in carbonate-bicarbonate buffer, pH 9.6, following the
manufacturer instructions. All antibody reagents were affinity
purified and obtained from (Rheabiotech Laboratory, Campinas,
SP, Brazil). After incubation period, plates were washed and
blocked for 1h at room temperature with 0.1% of BSA (bovine
serum albumin). The washed process was repeated, and synovial
liquid samples were pipetted. The plate was incubated for
2h at room temperature. The assay included serial dilutions
(500, 250, 125, 62.5, 31.25, 15.62, 7.81, and 3.90 lg/ml) of
a standard sample of human SOFAT antibody (Rheabiotech).
The secondary antibody was biotin-conjugated rabbit IgG anti-
human SOFAT (Rheabiotech) at a dilution of 1:1,000. After
incubation with a solution of avidin-peroxidase (30 min) at room
temperature, a new series of washes was performed and substrate
solution (TMB) was added and incubated for 15min. The
reaction was stopped with Stop Solution and read immediately
in a spectrophotometer (Epoch, Biotek, Winooski, VT, USA) at
450 nm. Negative controls included an uncoated, no synovial
liquid sample and no primary antibody wells. The total amounts
of SOFAT were determined in nanograms per ml of synovial
liquid sample. The assay was carried out in a blind fashion.

Histological Sections

For histological analysis, the knee joints of mice (CIA protocol)
were used. The samples were fixed in 10% buffered neutral
formalin (48h) and decalcified in a solution of 10% EDTA.
Knee samples were washed in running water, dehydrated, and
embedded in paraffin wax. For hematoxylin-eosin staining,
sections of 3 um were sliced and dyed. For immunohistochemical
staining, a previously standardized protocol was used as reference
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(21). Briefly, samples sections (3um) were incubated with  96h when the mechanical threshold returned to normal
primary antibody of anti-SOFAT (1:300; Rheabiotech), followed ~ values. In a repetitive injection protocol, SOFAT induced
by EnVision polymer HRP and Envision+ (Dako, SA, Denmark)  hyperalgesia over 4 days upon the first administration,
for 1h at 37°C. Ten minutes were used for developing at 37 with  and, on the fifth day in which the hyperalgesia vanished,
3.3’-diaminobenzidine tetrahydrochloride and counterstained an additional administration of SOFAT induced enhanced
with Mayer hematoxylin (3 min; room temperature). Digital  hyperalgesia, which lasted up to the eighth day (p < 0.05;
photomicrographs were taking from representative areas (Zeiss  Figure 1B).
Axioskop 2 plus microscope, Carl Zeiss, Gottingen, Germany).

Collagen-Induced Arthritis Augments
Statistical Analysis SOFAT Levels
The statistical analyses were performed using a software program  Given the capacity of SOFAT to induce joint pain, we
(GraphPad Prism 6.0, La Jolla, CA, USA). To determine if there  pext assessed the presence of SOFAT in a CIA model
were significant differences (P < 0.05) among groups, the data  of arthritis. Histological sections with HE-staining were
were analyzed using the Student t-test. Data are presented in  made in the knee joint of affected- or naive-group

figures as mean = standard deviation (SD). (Figure 2). Intense leukocyte infiltrates, pannus formation,
cartilage, and bone breakdown were observed in the
RESULTS CIA model (Figures2D,E) but not in the naive group
(Figures 2A,B). Subsequently, immunohistochemistry
SOFAT Induce Mechanical Hyperalgesia in  for SOFAT exhibits high positive stain in the leukocyte
the Knee Joint infiltrate (Figure 2F). On the other hand, a weak or no

First, we investigated whether intra-articular injection  Stain was observed in the naive group (Figure2C). In
of SOFAT in the knee joint could induce mechanical —agreement with this, mRNA (Figure2G) and protein
hyperalgesia in mouse (Figurel). For that, titrated doses €Xxpression of SOFAT (Figure 2H) showed statistical higher
of SOFAT (1, 10, 100, or 1,000 ng/10 pl) were injected in  Values (p < 0.05) in the CIA model when compared to the
the knee joint. Mechanical hyperalgesia was evaluated at  Daive group.

the intervals of 1, 3, 5, 7, 24, 48, 72, 96, and 120h after the L.

stimulus (Figure 1A). We demonstrated here that intra- Collagen-lnduced Arthritis Enhances
articular injection 1 and 10, 100, and 1,000 nanograms Inflammatory and RANK/RANKL/OPG Axis
of SOFAT induce mechanical hyperalgesia 5 and 3h later, Once it was demonstrated that CIA model augments the
respectively (Figure 1A). The hyperalgesia lasted until  expression of SOFAT and leads to cartilage and bone breakdown,
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FIGURE 1 | SOFAT inhibits mechanical hyperalgesia in mice. Mice received intra-articular stimulation with SOFAT (1, 10, 100, or 1,000 ng/10 pl) and mechanical
hyperalgesia was evaluated at the intervals of 1, 3, 5, 7, 24, 48, 72, 96, and 120 h after the stimulus (A). The effect of two intra-articular injections of SOFAT (10 ng/10
wl) on mechanical hyperalgesia was evaluated daily for 10 days. Mice received the first injection immediately after baseline measurement (Time 0) and the second
injection immediately after the fifth day measurement, as indicated by the arrows (B). Results are expressed as mean + SEM (n = 6 per group per experiment,
representative of two experiments). The symbol () means difference compared to saline group (P < 0.05: Two-way ANOVA, Tukey’s test).
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FIGURE 2 | Collagen-induced arthritis showed a positive stain for SOFAT in the knee joint of mice. Histological sections of the knee joint were staining with
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hematoxylin-eosin (HE). Magnification of 20x (A,D) and 40x (B,F) were used. Images were taken from the naive group, demonstrating no leukocyte infiltrate and bone
or cartilage breakdown (A,B). Images were taken from the CIA group showing vast leukocyte infiltrate and bone or cartilage disrupted (D,E). Immunohistochemical
staining of SOFAT in the knee joint. Magnification of 40x (C) and 40X (F) were used. The arrows demonstrate leukocytes in the inflammatory infiltrate into the
synovium. Naive group does not show positive stained for SOFAT (C) and the CIA group shown positive stained for SOFAT (F). SOFAT mRNA expression in joints of
mice induced or not by CIA protocol (G). Representative bands of Western Blotting and protein fold changed (H) of SOFAT. The data are expressed as mean + SD (n
= 6 per group per experiment, representative of two experiments). The symbol (*) means mRNA or protein expression significantly higher than the naive group (P <

0.05: T-test, Tukey'’s test).

we investigated the presence of pro inflammatory mediators
and RANK/RANKL/OPG axis markers (Figure3). Our
results showed a statistical increase (p < 0.05) in mRNA
expression for RANKL (Figure3A), RANKL/OPG ratio
(Figure 3C), IL-6 (Figure3D), IL-15 (Figure3E), and IL-
18 (Figure 3F) in affected groups when compared to the
naive group. Only mRNA expression of OPG (Figure 3B)
did not show a statistical difference between naive and
CIA groups.

SOFAT Is Highly Expressed in Patients With
Rheumatoid Arthritis (RA) but Not
Osteoarthritis (OA)

Given the present animal model mimics RA, we investigated
the presence of SOFAT in the synovial liquid of the knee joint
of patients previously diagnosed with RA and OA (Figure 4).
Our results demonstrated that the protein levels of SOFAT were
significantly higher (p < 0.05) in patients diagnosed with RA than
OA (Figures 4A,B).

DISCUSSION

Rheumatoid arthritis is a chronic inflammatory disease
characterized by a vast lymphocyte infiltrate in the synovial
membrane over the joints (8). RA probably arises from
multiple hits, whereby an initial combination of lifestyle,
environmental, and stochastic insults occurring in a genetically
predisposed individual leads to breach of immunological
tolerance (3). In the past decade, a new cytokine was
described, namely, Secreted Osteoclastogenic Factor of
Activated T cells (SOFAT), which is capable of inducing
osteoclast formation in a RANKL-independent manner (11).
Previously, we demonstrated that SOFAT is an important
elicitor of bone breakdown when directly injected in mice,
and elevated levels of SOFAT were found in inflamed
gingival tissue from chronic periodontitis patients (19).
Considering that periodontal disease has an important
immunological feature in disease progression such as
arthritis, we speculate that SOFAT could be involved in
arthritic conditions.

Frontiers in Immunology | www.frontiersin.org

July 2020 | Volume 11 | Article 1442


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Napimoga et al.

SOFAT in RA Pathogenesis

A B C
40+ 2.54 40+
*
5
= = 2.04 [ *
=5 B0 S g 5 307
g2 S 3 3%
g0 T O 157 £9
O 2 20 S 22 20
2l o g o 8 3}
1.0
z g a s Q s
© € 101 - £ E 104
=4 = 0.5 g =
0- 0.0 0-
Naive CIA Naive CIA Naive CIA
D E F
8+ =
200- * . 80
—_ *
= S 61 < 604
S 150 T8 = 5 60
T o Qo a9
£¢ <5 44
&g 1007 0 84 Q 5 401
o - -<
it F- Lz
= Z 2 =
E 504 E 21 € 201
0- 0- 0-
Naive CIA Naive CIA Naive CIA
FIGURE 3 | Collagen-induced arthritis enhances inflammatories and osteolytic markers. mRNA expression of RANKL (A), OPG (B), RANKL/OPG ratio (C), IL-6 (D),
IL-15 (E), and IL-1B (F) were performed in joints mice. The data are expressed as mean + SD (n = 6 per group per experiment, representative of two experiments).
The symbol (*) means mRNA significantly higher than the naive group (P < 0.05: T-test, Tukey'’s test).

First, we investigate the noxious effect of SOFAT on
mechanical hyperalgesia response in the knee joints of mice.
We demonstrated that intra-articular injection of SOFAT in
the knee joint induces mechanical hyperalgesia. Specifically,
this nociceptive response initiates after 3h of injection, and
the two injections assay sustained this nociceptive stage for up
to 8 days. The delay to initiate the mechanical hyperalgesia
response could be associated with the fact that SOFAT does
not stimulate neuronal fibers directly. SOFAT induces IL-6
synthesis by synovium osteoblast, promotes osteoclast formation,
and triggers the activation of the nuclear factor of activated T
cells (NFAT) signal transduction pathway (11, 19). Depending
on the inflammatory molecule, it can activate the nociceptor
sensory neurons generating pain behavior and/or sensitize the
nociceptor sensory neurons facilitating neuronal depolarization
upon mechanical or thermal stimulation. Nociceptor sensory
neurons sensitization accounts for chronic pain (26).

Inflammatory bone disease, such as arthritis, is characterized
by massive lymphocyte infiltrate as a consequence of the initial
and uncontrolled inflammatory environment (3). Subsequently,
a variety of factors exacerbate inflammation, which, in turn, is
responsible for an irrecoverable bone loss and pain. Persistent
pain in arthritis can continue without signs of peripheral
inflammation due to altered expression of TNF-a in the dorsal
root ganglia with nociceptor sensory neurons activation (27).

In this sense, the CIA model was conducted to investigate
the expression of SOFAT in a specific model that resembles
rheumatoid arthritis. SOFAT was previously described in patients
with chronic periodontitis (19) and is associated with RA (11, 28)
since a feedback mechanism between T cells and osteoblasts
was observed.

The cellular composition of synovitis in rheumatoid arthritis
includes innate immune cells and adaptive immune cells,
including T and B cells. It is known that both cells are important
sources of pro-inflammatory cytokines (8) as well as major
RANKL producer (29). Previously data revealed that B cells,
in addition to T cells, are also important cellular sources of
bone destructive factors SOFAT besides RANKL (18). Thus, it
is possible to suggest that SOFAT may have a role, not yet fully
understood, in the inflammatory loop of RA.

Our data showed positive stain and high expression of the
mRNA and protein of SOFAT in the CIA group associated with
bone pits in the knee joint and aberrant leukocyte infiltrate. In
agreement with this, mRNA expression of RANKL, OPG, IL-
6, IL-15, and IL-1B was also found to be high in CIA. RA is
a chronic autoimmune disease that attacks multiple joints (8).
The RANK/RANKL/OPG is a well-known signaling pathway
for osteoclast activation and the ratio between RANKL and
OPG is pivotal to drive osteoclastic activation (14) as well
as IL-1f and IL-6 (30). IL-6 and IL-B are innate immunity
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FIGURE 4 | SOFAT is highly expressed in patients with Rheumatoid Arthritis
(RA) but not Osteoarthritis (OA). The protein level of SOFAT (A) was analyzed in
the synovial liquid of knee patients using ELISA. Representative bands and
protein expression (B) of SOFAT were analyzed in the synovial liquid of knee
patients using Western Blotting. The data are expressed as mean + SD. The
symbol (*) means protein level or expression significantly higher than the naive
group (P < 0.05: T-test, Tukey’s test).

cytokines which have an important role in the pathogenesis of
arthritis, by their chemotaxis and osteolytic capacities (31). For
this reason, inhibitors of IL-6 and TNF-o were proposed as
therapeutic strategies. However, around 50% are unresponsive to
treatment as well as biologics targeting these cytokines increase
the incidence of infection (8, 32). IL-15 contributes to RA
physiopathology by stimulating T-cell development and survival,
delaying the apoptosis of fibroblast-like synoviocytes as well as
by recruiting neutrophils and lymphocytes to the inflammatory
foci (17, 33, 34). A phase I-II clinical trial using a human IgG1
monoclonal antibody to target IL-15 reduced the disease activity
according to the American College of Rheumatology criteria by
20% (ACR20) in 63% of patients, ACR50 in 38% of patients,
and ACR70 in 25% of patients (35). This proof-of-concept study
confirms experimentally in a clinical setting the relevance of
IL-15 to RA disease. Considering that TNF-a, IL-1p, IL-6, and
IL-15 induce pain in RA (16, 17), it is conceivable that in the
CIA inflammatory context, SOFAT might also be an important
hyperalgesic molecule. Of note, the hyperalgesia caused by TNF-
a, IL-1B, IL-6, or IL-15 at 10 ng or a similar dose does not last in
the same way as that induced by SOFAT. Thus, although these are
proven hyperalgesic cytokines (16, 17), the 4 days of hyperalgesia
upon a single injection of 10 ng of SOFAT is unforeseen.

Finally, we addressed the presence of SOFAT in patients
previously diagnosed with RA and OA. This study presents
some limitations due to the small number of subjects and the
necessity for deeper understanding of the role of SOFAT in RA
disease. However, this pilot study showed newsworthy findings
and support the previous animal data. SOFAT protein was
detected in the synovial liquid of patients diagnosed with RA for
the first time. Our results showed a higher intensity of bands
in immunoblotting for SOFAT in patients with RA compared
to OA. ELISA assay also showed higher protein levels in RA

samples than OA samples in which SOFAT was undetectable.
Interestingly, patients with RA have OPG in increased levels,
leading to augment in the OPG/RANKL ratio. Thus, these results
reinforced the concept that SOFAT could be not only a possible
therapeutic target but also a biological marker for RA and
disease progression. Several new therapeutics are currently being
developed on the basis of immunopathogenic insights and are
being tested in trials. However, the main goal is to develop cause-
directed, curative therapies, but this will not be possible without
better understanding of the physiopathological mechanisms of
rheumatoid arthritis.

In conclusion, this study adds a novel molecule in the complex
inflammatory phenotype of RA. SOFAT induces pain per se
and is expressed in the rheumatoid arthritis condition in an
experimental mouse model and human samples.
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The neglected tropical infirmity Chagas disease (CD) presents high mortality. Its etiological
agent T. cruzi is transmitted by infected hematophagous insects. Symptoms of the acute
phase of the infection include fever, fatigue, body aches, and headache, making diagnosis
difficult as they are present in other illnesses as well. Thus, in endemic areas, individuals
with undetermined pain may be considered for CD. Although pain is a characteristic
symptom of CD, its cellular and molecular mechanisms are unknown except for
demonstration of a role for peripheral TNF-a. in CD pain. In this study, we evaluate the
role of spinal cord glial cells in experimental T. cruzi infection in the context of pain using
C57BL/6 mice. Pain, parasitemia, survival, and glial and neuronal function as well as NFxB
activation and cytokine/chemokine production were assessed. T. cruzi infection induced
chronic mechanical and thermal hyperalgesia. Systemic TNF-a and IL-1 peaked 14 days
postinfection (p.i.). Infected mice presented increased spinal gliosis and NFxB activation
compared to uninfected mice at 7 days p.i. Glial and NFxB inhibitors limited T. cruzi—
induced pain. Nuclear phosphorylated NFxB was detected surrounded by glia markers,
and glial inhibitors reduced its detection. T. cruzi-induced spinal cord production of
cytokines/chemokines was also diminished by glial inhibitors. Dorsal root ganglia (DRG)
neurons presented increased activity in infected mice, and the production of inflammatory
mediators was counteracted by glial/NFxB inhibitors. The present study unveils the
contribution of DRG and spinal cord cellular and molecular events leading to pain in
T. cruzi infection, contributing to a better understanding of CD pathology.
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INTRODUCTION

According to the World Health Organization, more than 1.5
billion people worldwide are infected with neglected tropical
diseases. Among them, 8 million people have Chagas disease
(CD; American trypanosomiasis) with a mortality rate reaching
10,000 deaths per year (1). More than 25 million people are at risk
of infection in endemic areas, and globalization contributes to the
propagation of CD to other areas besides America (1). There are
two well-established phases of CD upon infection, beginning with
an acute phase that starts 6-10 days after infection with the
parasite Trypanosoma cruzi (T. cruzi) and lasts for about 4-8
weeks, depending on mouse strain and parasite load and strain (2).
In the present experimental condition, the parasitemia ends by the
28th day postinfection (p.i.) as demonstrated by previous studies
by our group (3). During the acute phase of CD, high numbers of
parasites are found in the bloodstream and tissues, and after this
period, the parasite and the host reach an immunological balance
and a chronic phase settles in. In the chronic phase of CD,
parasitemia is substantially reduced, and patients become
asymptomatic until major organ pathology develops, affecting,
for instance, the heart (1, 2).

Immunoregulatory events found in the acute phase of CD
include an intense inflammatory response with high production
of inflammatory cytokines and nitric oxide (NO), which are
important to orchestrate immune cells to eliminate the parasite
(1, 4). These are key mediators in controlling infection because,
for instance, tumor necrosis factor-o. deficient (TNF-0t)”" and
inducible nitric oxide synthase deficient (iNOS)”" mice are
highly susceptible to T. cruzi infection (1, 5).

Clinical and epidemiological studies of patients with CD in
the acute phase report pain and inflammation as major
symptoms (6-11). In studies conducted in endemic areas of
Brazil, fever (98%), headache (92.3%), myalgia (80%), swelling of
the lower limbs (57.9%), facial edema (57.5%), abdominal pain
(54.1%), and painful lumps (17%) were the most reported
symptoms (7, 8). However, the cellular and molecular
mechanism underlying the pain in CD remains unknown.
There is evidence of high levels of peripheral TNF-o in CD
(12). TNF-a has a well-established function in triggering
hyperalgesia (13). Interleukin (IL)-1fB is another hyperalgesic
cytokine (14) that is speedily produced in response to T. cruzi
infection (12, 15). Thus, the systemic elevations in TNF-o and
IL-1P production during T. cruzi infection may account for the
nociceptor neuron sensitization/activation and consequent
prominent pain observed in CD patients. Further reinforcing
this concept, targeting TNF-o in experimental CD reduces
mechanical allodynia during the first week after infection (16).
C-X;-C motif chemokine ligand 1 (CX;CL1) is another
important molecule related to neuroinflammation and the
central sensitization processes leading to pain, which is crucial
for the neuron-glia interface during nervous system pathology
(17). Its serum concentration is increased in the acute phase of
CD (18); however, whether its signaling via C-X5-C motif
chemokine receptor 1 (CX3CR1) in the central nervous system
(CNS) has a role in CD pathology is unknown.

In addition to high serum levels of hyperalgesic cytokines,
chronic phase CD patients may present severe neurological
manifestations, resulting in elevated morbidity and mortality rates
(19). Amastigote forms and T. cruzi granular antigens (this last one
restricted to inflamed foci) can be abundantly detected in CNS
(cortex and basal nuclei) in the chronic phase of CD in inbred mice,
suggesting potential local actions (20, 21). There seems to occur an
active interaction between T. cruzi and the immune/nervous system
because the T. cruzi parasite can be found infecting mouse
peripheral glial cells (22-24); brain astrocytes (25-27); and spinal
cord astrocytes, microglia, and macrophages (24, 28) as well as
human peripheral glial cells (29), astrocytes (25, 30), and neurons
(29). In immunocompromised humans, such as patients with
human immunodeficiency virus (HIV) and cancer, T. cruzi
infection results in brain and spinal cord lesions, neurological
abnormalities, and parasite detection in the brain and
cerebrospinal fluid (25, 31). During the chronic phase of CD,
CNS parasitism may rise by reentry of blood parasites or
migration of infected macrophages (25). Spinal cord
neuropathology occurs with the presence of T. cruzi-enhanced
disease in mice lacking the IL-12p40 gene compared to wild type
(28). Cultured dorsal root ganglia (DRG) and spinal cord neurons of
mice infected with T. cruzi show altered morphology and can evolve
to death that occurs probably by phagocyte overt inflammation in
response to parasitism (24, 27). However, the neuro-immune
interactions in the spinal cord leading to pain during T. cruzi
infection are still unaddressed. This lack of information impairs the
comprehension of central immune inflammatory events in CD
considering that the spinal cord plays a pivotal role in the integrative
mechanisms of pain processing.

Our group recently demonstrated the role of spinal cord
astrocytes and microglia in neuroinflammation and central
processing of pain in another neglected tropical disease,
leishmaniasis, contributing to advance in the understanding of
neuroimmune interactions that occur in the host in response
to the parasite (32). However, although the evidence described
above strongly suggests that systemic immune and inflammatory
profiles of CD may account for the pain-related symptoms
observed in human patients, the central pathophysiological
mechanisms of the nociceptive activity in T. cruzi infection
remains poorly explored. Therefore, the present study investigates
the participation of spinal cord glial cells (microglia and astrocytes)
in the pathology of experimental CD-induced pain using C57BL/
6 mice.

METHODS

Animals

The experiments were performed on male C57BL/6 mice, 7-13
weeks, resistance prototype to T. cruzi infection, weighing between
20 and 30 g from TECPAR (Parana Technology Institute), PR,
Brazil. The choice of exclusively male mice for the study is based on
previous findings indicating gender dimorphism in nociception and
no effect of glial inhibitors in females in this specie (32). Pathogen-
free mice were housed in standard clear plastic cages appended to a
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ventilated rack (Alesco Indistria e Comércio LTDA, Monte Mor,
Sao Paulo, Brazil) with free access to water and food, a light/dark
cycle of 12/12 h, and controlled temperature. Shaving and feed
provision for the animals was always controlled by a sterilization
process. The mice were separated into a maximum of five per cage
and were maintained in the vivarium of the Department of
Pathology at the State University of Londrina for at least 2 days
before the experiments. Mice were used only once and were
acclimatized to the testing room at least 1 hour before the
experiments, which was conducted during the light cycle. At the
end of the experiments, mice were anesthetized with isoflurane 5%
only once by inhalation overdose, and terminally euthanized by
cervical dislocation followed by decapitation. Animals were
monitored regarding welfare-related assessment before, during,
and after the experiments. Clinical signs of severe illness,
including changes in body weight, erection of the back hairs
(reflecting irritation or agitation), diarrhea, lethargy, rapid/shallow
breathing, and paralysis, were also properly recorded. Animals
presenting clinical signs of severe disease before the end of the
model were immediately euthanized using isoflurane 5% followed
by cervical dislocation as per the guidelines of the Ethics Committee
on Animal Use (CEUA) of the State University of Londrina. The
euthanasia process used in the study for sample collection also
followed the protocol of anesthesia of animals with isoflurane 5%
followed by cervical dislocation according to the CEUA guidelines.
Efforts were maintained to narrowly minimize the total number of
animals used and their discomfort or suffering.

Drugs

Isoflurane was obtained from Abbot Park (Lake Bluff, IL, USA). L-2-
aminoadipic acid (o-aminoadipate; A7275), minocycline
hydrochloride (M9511), ammonium pyrrolidine dythiocarbamate
(PDTGC; P8765), dimethyl sulfoxide (DMSO; D8418), and tween 80
(P5188) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Mouse neutralizing antibody anti-CX;CL1 (AF472) was obtained
from R&D System (Minneapolis, MN, USA). Etanercept was
obtained from Wyeth (Enbrel®, Sao Paulo, SP, Brazil). IL-1
receptor antagonist was obtained from the National Institute for
Biological Standards and Control (IL-1ra; NIBSC, South Mims,
Hertfordshire, UK). Vehicle was obtained from LBS Laborasa
(sodium chloride 0.9%; Sao Paulo, SP, Brazil). a-aminoadipate,
minocycline, PDTC, etanercept, IL-1ra, antibody anti-CX3CLI, and
vehicle were injected only once by the intrathecal route (Ly-Lg
segment) in a final volume of 5 UL to obtain a local effect. We
avoid repeated intrathecal injections because they cause increased
nociceptive response via prostanoid production (33) and could, thus,
interfere with the analysis of the present model. Doses of treatments
used in the present model were chosen because they have analgesic
effects as demonstrated previously (32). Intrathecal injections were
performed in animals under a brief period of anesthesia induced by
inhalation of isoflurane 5%.

T. cruzi Infection Protocol, Blood Parasite
Count, and Survival Rate Analysis

Protozoan parasite T. cruzi (Kinetoplastea; Trypanosomatida;
Trypanosomatidae; Trypanosoma) infection was induced using

Y strain (TcIl) and was maintained by weekly intraperitoneal
inoculation in Swiss mice with 2x10° blood trypomastigotes as
described previously (34). Briefly, the blood of animals infected
anteriorly was obtained by cardiac puncture under anesthesia
without the use of anticoagulants. Samples were then centrifuged
followed by standing in 37°C, and serum supernatant containing
most parasites was centrifuged again for the resuspension of the
pellet using appropriate culture and compounds (GIBCO, Grand
Island, NY, USA). Trypomastigotes were derived from the
supernatant of T. cruzi-infected LLC-MKk2 culture cells (ATCC
CCL-7; American Type Culture Collection, Rockville, MD, USA)
and grown in appropriate culture (GIBCO, Grand Island, NY,
USA). Subconfluent cultures of LLC-Mk2 were infected with
5x10° trypomastigotes. Free parasites were removed after 24 h,
and cultures were maintained in medium. Five days after
infection, free trypomastigote forms could be found in the cell
supernatant, and the infection of animals was performed
between the 7th and 8th days afterward by the intraperitoneal
route. Blood parasitemia was assessed under standardized
conditions by direct microscopic observation at 400x
magnification of 50 fields. Counting the number of circulating
parasites was performed in a volume of 5 UL of blood collected
from the tail vein of infected animals. This result was expressed
as the number of parasites per mL™ in the blood samples. Blood
parasitemia was evaluated every 7 days, starting on the 7th day of
infection, and survival rates were monitored daily. Infection
outcomes in mice were monitored daily to assess their health
conditions during the experimental period.

General Experimental Procedures

Mice were infected with T. cruzi (5x10° infective
trypomastigotes) by one intraperitoneal inoculation, and the
following parameters at the respective time points evaluated in
comparison to uninfected mice are described in sequence.
Mechanical hyperalgesia and thermal hyperalgesia were
assessed every 2 days for a period of 28 days. Survival of
infected animals was recorded daily, and survival rate plotted
every 2 days as a percentage. Blood parasite load was monitored
every 7 days (7, 14, 21, and 28 days). Blood of the animals was
also used to determine TNF-ot and IL-1P protein levels on the
same days described for the assessment of parasitemia. Temporal
profile (7-28 days p.i.) of glial fibrillary acidic protein (Gfap) and
ionized calcium-binding adapter molecule 1 (Ibal) mRNA
expression or protein levels/staining (Western blot and
immunofluorescence) were evaluated in spinal cord samples of
uninfected and infected mice. The 7th day was selected because,
at this time point, we could evaluate the participation of
astrocytes (GFAP) and microglia (Iba-1) at the same time
using all three approaches if necessary as per the results
section. Next, infected animals were treated with vehicle, glial
(oi-aminoadipate and minocycline), and NFxB (PDTC)
inhibitors by the intrathecal route for the evaluation of Gfap
and Ibal mRNA expression, blood parasitemia, and mechanical
and thermal hyperalgesia (1-7 h after the treatments) on day 7
p.i; survival percentage was also assessed during this period to
ensure that no animals died during the spinal treatment protocol,
so certifying intrathecal treatments would not be harmful to the
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animals. We opted to evaluate drug treatment effects during 1-
7 h because we have previously standardized this approach to
study the acute effect of treatments in ongoing hyperalgesia (32).
Posteriorly, the effects of intrathecal treatments described above
(most effective dose of each inhibitor) upon NFkB activation (7 h
after the treatments) as well as double immunofluorescence
analysis using antiglial and -p-NFxB antibodies 7 days p.i.
were performed. The evaluation of the temporal profile of
Cx3crl, Tnfo, and II13 mRNA expression in the spinal cord
were conducted 7-28 days after the infection. In another round
of experiments, mice were treated by the intrathecal route with
vehicle, antibody anti-CX;CL1, etanercept, and IL-1ra and
mechanical and thermal hyperalgesia (1-7 h after the
treatments), and parasitemia was investigated at day 7 after the
infection; again, survival percentage was assessed during this
period to ensure that no animals died during the spinal treatment
protocol and that the intrathecal treatments would not be
harmful to the animals. After this measurement, infected
animals were treated with vehicle, glial (a-aminoadipate and
minocycline), and NFkB (PDTC) inhibitors (most effective
doses) by the intrathecal route to be evaluated; this time, the
Cx3crl, Tnfo, and Il13 mRNA expression in the spinal cord
samples at the 7th day p.i. 7 h after the treatments. The activation
of DRG neurons in response to infection alone and co-stimulus
with capsaicin were examined using the calcium influx test
through confocal microscopy as well as mRNA expression of
Trpvl (transient receptor potential cation channel subfamily V
member 1) at the 7th day p.i. The effects of intrathecal treatments
with vehicle, glial (a0-aminoadipate and minocycline), and NFxB
(PDTC) inhibitors (most effective doses) were also evaluated
over Cx3cll, Cx3crl, Gfap, Tnfa, 1113, and Cox2 mRNA
expression in DRG cells at the day 7 after infection 7 h after
the treatments.

Evaluation of Mechanical Hyperalgesia

Mechanical hyperalgesia was tested in mice as previously
described (35). Briefly, in a quiet room, mice were placed in
acrylic cages (12 X 10 X 17 cm) with wire grid floors, for at least
30 min before the test for adequate environmental adaptation.
Stimulations were performed only when the animals were quiet
without exploratory movements or defecation and not resting on
their paws. The test consisted of evoking a hind paw flexion
reflex with a hand-held force transducer (electronic von Frey
esthesiometer; Insight, Ribeirao Preto, SP, Brazil), adapted with a
4.15-mm?” (referred to as large probe) contact area polypropylene
tip (35). The experimenter applies the probe perpendicularly to
the central area of the hind paw with a gradual increase of
pressure. The applied pressure to the hind paw surface induces
movement of the ankle and knee joints, evoking stretching and/
or shortening of leg muscles, promoting a muscle contraction
response, which is enough to trigger muscle nociceptive activity
(movement-induced hyperalgesia) when the latter is sensitized.
The end point was characterized by the removal of the hindlimb
followed by clear flinch movements. The measurements were
standardized to be always measured on the right paw of the mice.
The electronic pressure meter apparatus automatically recorded

the intensity of the pressure applied when the paw was
withdrawn. The value for the response was an average of three
measurements. Only one experimenter started and ended the
same test in order to avoid differences in the application of the
pressure transducer force. The experimenter was always blinded
to the experimental groups. The results are expressed by
mechanical threshold in grams (g).

Evaluation of Thermal Hyperalgesia

The mensuration of thermal hyperalgesia in mice was conducted
as described previously (32). Mice were positioned on the heated
surface of a hot plate apparatus isolated by containment of a
transparent acrylic material (EFF 361, Insight, Ribeirdo Preto,
SP, Brazil). The temperature on the surface was always
maintained at 55 + 1°C. The reaction time was registered using
a conventional chronometer when the mouse presented the
behaviors of licking or flinching one of the hind paws. A time
limit of 15 s of maximum latency was defined as a cutoff with the
intention of avoiding potential tissue injuries. The assessment of
thermal hyperalgesia was performed before and after the
infection process. The experimenter was always blinded to the
experimental groups. The results were expressed by thermal
threshold in seconds (s).

Assessment of Cytokine Levels

The blood of infected mice was collected in sterile microtubes
containing the anticoagulant ethylenediamine tetraacetic acid
(EDTA) by cardiac puncture following anesthetization with
isoflurane 5%. Samples were then centrifuged for separation of
plasma, and the resultant supernatant was separated for the tests.
TNF-o and IL-1p levels were determined through an enzyme-
linked immunosorbent assay (ELISA) test using paired
antibodies following the manufacturer’s instructions
(eBioscience Inc.; Thermo Fisher Scientific, Waltham, MA,
USA) (36). In summary, 96-well plates were first coated
overnight in a refrigerator mixed with an immunoaffinity-
purified polyclonal sheep antibody specifically for each
cytokine. Plates were then blocked for 2 h. Subsequently,
recombinant murine TNF-o/ and IL-1p standards were added
to the plates using a serial dilution protocol for the standard
curve. For sample testing, 100 UL of samples in duplicate were
added and incubated for 1 h at room temperature followed by the
addition of rabbit biotinylated immunoaffinity-purified
antibodies anti-TNF-o, and anti-IL-1B and incubation for 1 h
at room temperature. In the next step, 50 UL of avidin-HRP
reagent were added to each well in a dilution of 1:5000 for 30 min
of incubation at room temperature. Plates were then washed, and
the o-phenylenediamine dihydrochloride substrate was added to
the plates at a volume of 200 UL per well to produce measurable
signals. Finally, after 15 min, the reaction was interrupted with 1
M H,SO, and measured spectrophotometrically at 450 nm. The
detection limit of TNF-o (cat. no. 147325) and IL-1f (cat. no.
147012) kits is 8 picograms (pg)/milliliter (mL). The results were
expressed as pg of target cytokine per mL of plasma (32).
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Reverse Transcription and Quantitative
Polymerase Chain Reaction (RT-qPCR)
Assay

RT-qPCR was carried out following the protocol as described
previously (32). Spinal cord (Ls-L¢ entire segments) and DRG
(bilateral Ly-Ls) samples were collected using TRIzol™ reagent
(#15596026, Invitrogen; Thermo Fisher Scientific, Waltham, MA,
USA) 7-28 days after the infection, depending on the experiment.
The purity of total RNA was measured with a spectrophotometer
(MultiSkan GO Microplate Spectrophotometer, ThermoScientific,
Vantaa, Finland), and the wavelength absorption ratio (260/280
nm) was between 1.8 and 2.0 for all preparations. Reverse
transcription of total RNA to cDNA and qPCR were performed
using the Go Taq® 2-Step RT-qPCR system (Promega Corporation,
Madison, W1, USA) according to the manufacturer’s guidelines.
The relative gene expression was measured using the comparative
27(42C9 method. The expression of B-actin RNA was used as a
reference gene to normalize data. The mouse primer pairs used were
as follows:

B-actin fwd: 5-AGCTGCGTTTTACACCCTTT-3’
B-actin rev: 5-AAGCCATGCCAATGTTGTCT-3
Gfap fwd: 5'-GCGCTCAATGCTGGCTTCA-3’

Gfap rev: 5'-TCTGCCTCCAGCCTCAGGTT-3"

Ibal fwd: 5'-TGGAGTTTGATCTGAATGGAAAT-3’
Ibal rev: 5'-CAGGGCAGCTCGGAGATAGCTTT-3’
Cx3crl fwd: 5-CACCATTAGTCTGGGCGTCT-3"
Cx3crl rev: 5'-GATGCGGAAGTAGCAAAAGC-3’
Tnfo twd: 5-TCTCATCAGTTCTATGGCCC-3’
Tnfo twd: 5'-GGGAGTAGACAAGGTACAAC-3’
1118 fwd: 5-GAAATGCCACCTTTTGACAGTG-3’
1113 rev: 5-TGGATGCTCTCATCAGGACAG-3’
Cx3cll fwd: 5"-ATTGGAAGACCTTGCTTTGG-3’
Cx3cll rev: 5'-GCCTCGGAAGTTGAGAGAGA-3’
Cox2 fwd: 5'-GTGGAAAAACCTCGTCCAGA-3’
Cox2 rev: 5'-GCTCGGCTTCCAGTATTGAG-3’
Trpvl fwd: 5'- TTCCTGCAGAAGAGCAAGAAGC-3’
Trpvl rev: 5'-CCCATTGTGCAGATTGAGCAT-3’

Western Blot Assay

Western blot analyses of the spinal cords were processed
according to the previous study by our group (32). Ly-Lg
entire segments of spinal cord were accurately dissected at the
7th day after the infection, and the whole samples were
homogenized in radioimmunoprecipitation assay (RIPA) buffer
containing a protease and phosphatase inhibitor cocktail (100X,
#5872S, Cell Signaling Technology, Danvers, MA, USA). The
lysates were then homogenized and centrifuged. The protein
extracts were separated by SDS-PAGE and transferred onto a
nitrocellulose membrane (GE Healthcare-Amersham,
Pittsburgh, PA, USA). Membranes were then incubated in
blocking buffer 95% nonfat milk in Tris-buffered saline with
Tween 20 or 1% bovine serum albumin (BSA) for different times

for each antibody at 4°C in the presence of the primary antibody.
B-actin and GFAP were purchased from Cell Signaling
Technology (Danvers, MA, USA). Iba-1 and the secondary
antibody were purchased from Thermo Fischer Scientific
(Waltham, MA, USA). Catalog numbers of products are
indicated below. The antibodies and dilutions used were B-
actin (#4970, Cell Signaling Technology, 1:1000) and blocked
with 5% BSA; GFAP (#12389, Cell Signaling Technology,
1:10,000) on 8% gel and blocked with 5% BSA; and Iba-1 (#16-
20001, Wako Chemicals, 1:800) on 15% gel and blocked with 5%
BSA. The molecular masses of protein were confirmed by
Precision Plus Protein Standards (Bio-Rad, Hercules, CA,
USA). After washing in tris buffered saline (TBS) with Tween
20, the membrane was incubated with secondary antibody
(peroxidase-conjugated AffiniPure goat anti-rabbit IgG (H+L),
#111-035-003, Jackson Immuno Research, 1:5000) on 5% BSA in
TBS-T for 2 h at room temperature. Protein was visualized by
chemiluminescence with an enhanced chemiluminescence ECL
detection reagent (Luminata'" Forte, Millipore, USA). The
membranes were stripped and re-probed with an antibody
against B-actin for use as a loading control in addition to
loading the same amount of protein in the case of Iba-1
protein. For GFAP protein analysis, a separate membrane
using an equivalent mirror gel was prepared for the quantification
of B-actin because the chemiluminescent signal for GFAP was still
detected after the stripping phase as the stripping buffer failed to
completely remove the GFAP antibody and ECL reagent from the
membrane in the tested dilutions (dilution between 1:1000 and
1:10,000). Results are presented as the mean of six animals per group
and compare noninfected and T. cruzi-infected groups at each time
point (7-14 days) because experiments were performed separately.
The images and analyses were performed in Image Lab 6.1 software
(Bio-Rad Laboratories).

Spinal Cord Immunofluorescence

The spinal cord immunofluorescence assay was performed at the
7th day of infection. For this, mice were perfused through the
ascending aorta with phosphate buffered saline (PBS) followed
by 4% of paraformaldehyde (PFA), and L,-Ls segments of the
spinal cord were accurately dissected out and postfixed in PFA
4% for 24 h. After this period, samples were replaced with 30%
saccharose solution for 3 additional days. The spinal cord
segments were then washed with PBS and embedded in
optimum cutting temperature (O.C.T.) using Tissue-Tek®
reagent (Sakura® Finetek USA, Torrance, CA), and 10-
micrometers (m) sections were cut in a cryostat (CM1520,
Leica Biosystem, Richmond, IL, USA) and processed for
immunofluorescence (four slides per mouse/four animals per
group). All the sections were initially blocked with a buffer
solution (500 UL per slide containing PBS plus 0.1% tween 20
plus 5% BSA) for 2 h at room temperature and subsequently
incubated overnight at -4°C with a solution containing primary
antibodies against the target protein. Next, a new incubation with
secondary antibodies was performed for 1 h at room
temperature. For double immunofluorescence, a mixture of
primary antibodies for target proteins as well as secondary
conjugated antibodies following the same sequence was
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performed. GFAP (#180063; 1:500 dilution; Invitrogen, Life
Technologies, Carlsbad, CA, USA), Iba-1 (#PA5-27436; 1:500
dilution, Invitrogen, Life Technologies, Carlsbad, CA, USA), and
phosphorylated NFkB p65 subunit (sc-136,548, 1:200 dilution,
Santa Cruz Biotechnology, Dallas, TX, USA) primary antibodies,
and Alexa Fluor 488 (#A-110088, 1:1000 dilution, Thermo
Fischer Scientific, Waltham, MA, USA) and Alexa Fluor 647
(#A28181, 1:1000 dilution, Thermo Fischer Scientific, Waltham,
MA, USA) secondary antibodies were used in the study. The slide
assembly was conducted using ProLong'" Gold Antifade
Mountant with 4’,6-diamidino-2-phenylindole, dihydrochloride
(DAPI) melting media (#P36931, Thermo Fischer Scientific,
Waltham, MA, USA). Analysis using slides with secondary
antibodies alone was conducted in parallel with the controls to
ensure that unspecified staining did not occur.
Immunofluorescence analyses were performed in the dorsal
horn of the spinal cord at a magnification of 20x. The images
and analysis were performed using a confocal microscope (TSC
SP8, Leica Microsystems, Mannheim, Germany) (32, 37). Results
of the fluorescence quantification in the samples (control
noninfected versus 7-day infected animals) are presented as the
mean of four animals per group.

NFxB Activation Test

The evaluation of NFxB activation in spinal cord samples was
performed following the protocol as described previously (32). For
this objective, spinal cord samples (L,~Ls entire segments) were
collected at the 7th day after the infection and the whole sample
homogenized in ice-cold lysis buffer (Cell Signaling Technology,
Beverly, MA, USA). The homogenates were centrifuged for 10 min
(16,000 g and 4°C), and the resultant supernatants used to assess
the levels of total and phosphorylated (p) NFxB p65 subunits by
ELISA using two PathScan kits (Cell Signaling Technology,
Beverly, MA, USA) specific for total and phosphorylated forms
of NF«B p65 according to the manufacturer’s instructions. The test
indicates the proportion between total NF-kB and p-NF-kB in the
analyzed samples. A low ratio indicates a great amount of p-NF-kB
relative to total NF-kB, which indicates NF-kB activation. On the
other hand, a high ratio indicates lessened activation because there
is less p-NF-kB relative to total NF-kB. The results were expressed
as a total-p65/phospho-p65 ratio measured spectrophotometrically
(MultiSkan GO Microplate Spectrophotometer, ThermoScientific,
Vantaa, Finland).

Calcium Imaging

The dissection and culture of DRG neurons for calcium imaging
was performed as previously described (38). Bilateral DRGs (six
mice per group) were dissected at the 7th day p.i. into
neurobasal-A medium (Life Technologies, Thermo Fisher
Scientific) and dissociated in collagenase A (1 mg-ml-1)/
dispase II (2.4 U-ml-1; RocheApplied Sciences, Indianapolis,
IN, USA) in HEPES-buffered saline (Millipore Sigma) for 70 min
at 37°C. After trituration with glass Pasteur pipettes of decreasing
size, DRG cells were centrifuged over a 10% BSA gradient and
plated on laminin-coated cell culture dishes. DRGs were then
loaded with 1.2 uM of Fluo-4AM in neurobasal-A medium,
incubated for 30 min at 37°C, washed with HBSS, and imaged in

a Confocal Microscope (TCS SP8, Leica Microsystems,
Mannheim, Germany). To assess TRPV1 activation, DRG
plates were recorded for 6 min, which was divided into 2 min
of initial reading (0-s mark, baseline values), followed by
stimulation with TRPV1 agonist capsaicin for 2 min at the
120-s mark (1 uM) and KCI for 2 min at the 240-s mark (40
mM, activates all neurons). Calcium flux was analyzed from the
mean fluorescence intensity measured with the LAS X Software
(Leica Microsystems, Mannheim, Germany).

Statistical Analysis

Results are presented as means + SEM of measurements made on
four to six mice in each group, depending on the analysis, per
experiment, and are representative of two independent
experiments. ANOVA (two-way analysis of variance) was
always used for comparison between groups and different
doses when responses were measured at varied times after the
parasite or treatments and/or stimulus injection. Analyzed
factors were treatments, time, and time vs. treatment
interaction, and when interaction was significant, one-way
ANOVA preceded by Tukey’s post hoc was performed for each
time point. Differences between responses were evaluated by
one-way ANOVA followed by Tukey’s post hoc for data of a
single time point. Differences between two groups were analyzed
by t-test. Statistical differences were considered significant when
P < 0.05.

RESULTS

Experimental T. cruzi Infection Induces
Chronic Mechanical and Thermal
Hyperalgesia Independent of Blood
Parasitemia as Well as Induces a
Transient Increase in Systemic TNF-o

and IL-1B Levels

Mice were infected with T. cruzi and mechanical hyperalgesia,
thermal hyperalgesia, blood parasitemia, survival, and TNF-o
and IL-1 levels were evaluated from 2 to 28 days p.i. (Figure 1).
Increased mechanical and thermal hyperalgesia in infected mice
were detected from the 2nd to the 28th days p.i. (Figures 1A, B).
The peak of blood parasitemia occurred at the 7th day p.i. with a
gradual decrease in subsequent days, and at the 28th day, the
parasites were no longer detected in the blood (Figure 1C).
Interestingly, in infected mice, the hyperalgesia persists even with
the decline of parasites in the blood (Figures 1A, B), suggesting
that not only the parasites per se are responsible for the pain
behavior, but possibly plastic changes are involved in the
prolonged hyperalgesia. No animals died during the
experiment due to T. cruzi infection, which is an expected
outcome due to the use of a nonlethal parasite load for the
C57BL/6 mouse strain (Figure 1D). TNF-o plasma levels were
not significant at the 7th day p.i. (Figure 1E). TNF-o. plasma
levels were significant at the 14th day with a gradual reduction
from the 14th day onward; however, they remained significant
until the 28th day p.i. compared to uninfected animals
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(Figure 1E). IL-1P plasma levels were significant at the 14th day
without significant levels in the other time points (Figure 1F).
Altogether, these results indicate that T. cruzi infection at the
tested dose induces chronic pain. However, factors other than
solely blood parasite load and circulating levels of TNF-o.and IL-
1B might explain T. cruzi infection-induced pain overtime.

Experimental T. cruzi Infection

Activates Astrocytes and Microglia

in the Spinal Cord

We evaluated whether T. cruzi infection activates glial cells in the
spinal cord of mice. First, we determined the temporal profile of
Gfap and Ibal mRNA expression (7-28 days p.i.; Figures 2A-F),
which are used as markers of astrocytes and microglial activation
in the spinal cord, respectively. The activation profile of these
two cells did not occur in a similar manner. Gfap mRNA
presented a biphasic increase, and for Ibal mRNA time-
dependent upregulation was observed until the 21st day p.i,
when it reached its peak (Figures 2A, F). At the 7th day, infected
mice presented increased Gfap and Ibal expression when
compared to uninfected mice. However, thenceforward Gfap
expression returned to the control level at days 14 and 21 p.i.
and increased again at day 28 (Figure 2A). Instead, Ibal mRNA
expression presented a sustained upregulation until the 21st day
p.i., decreasing and ceasing to be significant compared to
uninfected animals at day 28 p.i. (Figure 2F). A time course of
GFAP and Iba-1 protein levels was also performed by Western
blot analysis (Supplementary Figure S1), which showed that

GFAP was significantly upregulated in the infected group at the
7th day (Figures 2 B-G). GFAP was also upregulated at days 21
and 28, thus, partially aligning with the mRNA data
(Supplementary Figure S1A). A contrast between mRNA
and protein data for GFAP was observed at the 21st day
in which mRNA was not induced, but protein was increased
(Supplementary Figure S1A). Iba-1 protein was increased in the
infection group at all time points (Supplementary Figure S1B)
contrasting with the mRNA data in which, at the 28th day, no
upregulation was observed in the infected group (Figure 2F). An
immunofluorescence assay in spinal cord samples for GFAP and
Iba-1 was also conducted and showed a classical morphology of
activated astrocytes and microglia in infected animals 7 days p.i.,
which was not observed in uninfected animals (Figures 2C-E,
H-J, respectively). Time-response analysis (7-28) of GFAP and
Iba-1 immunofluorescence detected significant activation of both
glial cells in infected animals when compared to those uninfected
at all evaluated times (Supplementary Figures S2A, B).
Considering that concomitant activation of astrocytes and
microglia was observed at the 7th day p.i. for all tests used
(RT-qPCR, Western blot, and immunofluorescence), this time
point was chosen for the next experiments to focus on the
contribution of spinal cord glial cells to T. cruzi infection-
induced pain in mice. These methods (RT-qPCR, Western
blot, and immunofluorescence) quantitate different parameters
(mRNA vs. protein), and the methods’ sensibilities are different,
which might explain the variations observed and that mRNA and
protein data did not exactly align in the same way.
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Spinal Treatment With Glial Inhibitors
Reduces T. cruzi-Induced Mechanical and
Thermal Hyperalgesia

To investigate whether inhibiting spinal cord glial cells reduces
T. cruzi-induced hyperalgesia, mice were treated by the
intrathecal route with vehicle (saline); a selective astrocyte
inhibitor, o-aminoadipate (30-100 nmol); or a selective
microglial inhibitor, minocycline (50-150 pg), at day 7 after T.
cruzi infection, and mechanical and thermal hyperalgesia were
measured 1-7 h after the treatment (Figure 3). To validate o.-
aminoadipate and minocycline effects, mRNA expression of Gfap
and Ibal were also evaluated at the 7th day p.i. The two doses of
o-aminoadipate inhibited Gfap mRNA expression; on the other
hand, only the highest dose of minocycline inhibited Ibal mRNA
expression (Figures 3A-D). The doses of 30 and 100 nmol of o.-
aminoadipate inhibited mechanical hyperalgesia for up to 7 h
after the treatment; however, the effect of the dose of 100 nmol
was significantly higher than 30 nm between 3 and 7 h (Figure
3B). On thermal hyperalgesia, both doses of o-aminoadipate
presented similar activity and inhibited thermal sensitivity at 5
and 7 h after treatment (Figure 3C). A similar profile was
observed by the treatment with the microglia selective
inhibitor, minocycline, regarding mechanical (Figure 3E) and
thermal (Figure 3F) hyperalgesia. The fact that the lowest dose of
minocycline did not inhibit the mRNA expression of Iba-1 in the
spinal cord but inhibited hyperalgesia can be explained by the
fact that Iba-1 or even GFAP are used as markers of glial cell

activation and are not necessarily activity measures. Further, o-
aminoadipate and minocycline are inhibitors of glial cell
metabolism (39, 40), and it is reasonable that a higher dose
will have faster activity than a lower dose as well as that makers
of activation might change after actual downregulation of
activity. Intrathecal treatments with the tested doses of glial
inhibitors did not affect blood parasitemia (Figure 3G), and no
animal died due to infection or treatment protocols (Figure 3H).
These data corroborate the results presented in Figure 2 and
reinforce the concept of a role for spinal cord astrocytes and
microglia in T. cruzi-induced hyperalgesia.

Targeting Spinal Cord NFxB Inhibits

T. cruzi-Induced Glial Activation and
Hyperalgesia as Well as Glial Inhibitors
Reduce NFxB Activation in the Spinal Cord
The participation of the transcription factor NFkB in T. cruzi-
induced spinal cord glial activation and hyperalgesia was
evaluated. Mice were treated by the intrathecal route with
vehicle (saline) or NFxB inhibitor PDTC (300 pg) at day 7
after T. cruzi infection, and mRNA expression of glial markers
and mechanical and thermal hyperalgesia were measured.
Additionally, the effects of glial inhibitors upon spinal cord
NFkB activation and double staining using the phosphorylated
(p) NFkB p65 subunit and glial markers in spinal cord samples
were also performed (Figure 4). PDTC inhibited the increased
expression of Gfap and Ibal in infected animals (Figure 4A) as
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well as the mechanical and thermal hyperalgesia at all time points
evaluated (1-7 h) upon T. cruzi infection (Figures 4B, C). PDTC
treatment did not affect blood parasitemia (Figure 4D).
Furthermore, no animal died due to infection or treatment
protocols (Figure 4E). Extending these experiments, we notice
that the most effective doses of glial inhibitors (100 nmol of o
aminoadipate and 150 pg of minocycline) inhibited T. cruzi-
induced NF«B activation in the spinal cord (demonstrated here by
the ratio between total p65 subunits per phosphorylated p65
subunit), reaching similar levels of inhibition as positive control
PDTC (Figure 4F). Finally, using a confocal immunofluorescence
assay, we showed the concomitant expression of GFAP (Figure
4G, two top rows) or Iba-1 (Figure 4G, two lower rows) and
phosphorylated pNF«xB p65 (Figure 4G, last two columns on the
right and respective inserts) in infected animals, which was not
observed in uninfected mice (Figure 4G). As GFAP and Iba-1 are
cell membrane molecules, they do not co-localize with NF«kB,
which has cytoplasmic or, in case of phosphorylation, nuclear
localization. The 3-D images (inserts in Figure 4G) and videos
(Videos S1 and S2) allow visualization that part of pNFkB is
surrounded by GFAP and Iba-1 staining. Further supporting that
NF«xB activation aligns with glial cell activation, increased
fluorescence intensity of glial markers and pNFkB were detected
in infected animals when compared to those uninfected (Figures

4H, I). Therefore, these results evidence that T. cruzi infection
induces NF«B activation in spinal cord astrocytes and microglia,
contributing to hyperalgesia as a result of the disease.

Temporal Profile of Spinal Cord Cx3cr1,
Tnfa, and II1 Expression in Response to
Experimental T. cruzi Infection

NFkB is a central transcription factor in regulating cytokine
production as they are important signaling molecules in neuro-
immune regulation and pain (17). The chemokine receptor and
cytokine mRNA expression profile were investigated between 7
and 28 days after T. cruzi infection (Figure 5). T. cruzi infection
induced a progressive increase in mRNA expression of the
chemokine receptor Cx3crl (Figure 5A) and pro-inflammatory/
hyperalgesic cytokines Tnfor (Figure 5B) and Il1j3 (Figure 5C)
until the 21st day p.i. with a statistical difference compared to those
uninfected. After this period, their expression declined and
returned close to the baseline values (day 28) (Figures 5A-C).
These data, together with the glial and NFkB activation (Figs. 2-4),
depict spinal cord neuroinflammation in response to T. cruzi
infection. Microglia is the main cell expressing CX3CR1 in the
spinal cord, and both astrocytes and microglia are well known
sources of cytokines in the spinal cord (17).
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Targeting Spinal Cord CX3;CL1, TNF-a, and
IL-1B Reduces T. cruzi-Induced
Mechanical and Thermal Hyperalgesia

In addition to the mRNA expression data, we wanted to ascertain
the physiopathological contribution of spinal cord CX;CL1/
CX;CR1 signaling, TNF-a, and IL-1B in T. cruzi-induced
hyperalgesia. For this purpose, mice were treated by the
intrathecal route with vehicle (saline), anti-CX;CL1 antibody
(0.25-2.5 mg), soluble decoy receptor (STNFR2) etanercept (3-10
ng) and Interleukin-1 receptor antagonist (IL-1ra, 30-100 pg) at day
7 after T. cruzi infection. Mechanical and thermal hyperalgesia were
measured 1-7 h after the treatment (Figure 6). The dose of 0.25 mg
of anti-CX3CL1 antibody did not affect mechanical or thermal
hyperalgesia; however, treatment with the dose of 2.5 mg inhibited
mechanical hyperalgesia between 3 and 7 h and thermal
hyperalgesia between 5 and 7 h after the treatment (Figures 6A,
B). The dose of 3 ng of etanercept inhibited only thermal
hyperalgesia at 5 h without presenting effects on mechanical
hyperalgesia. On the other hand, treatment with the dose of 10

ng of etanercept inhibited both mechanical and thermal
hyperalgesia from 3 to 7 h after the treatment (Figures 6C, D).
Treatment with the dose of 30 pg of IL-1ra inhibited only
mechanical hyperalgesia at 1 h without showing effects upon
thermal hyperalgesia, and the anti-hyperalgesic effect of the dose
of 100 pg of IL-1ra was detected between 1 and 7 for mechanical
hyperalgesia and between 5 and 7 for thermal hyperalgesia (Figures
6E, F). All doses of the compounds tested in these experiments did
not affect blood parasitemia (Figure 6G), and no animal died as a
result of infection or treatment protocols (Figure 6H). These data
(Figure 6) line up well with the mRNA expression results presented
in Figure 5 and demonstrate a role for CX;CL1/CX3CR1 signaling,
TNF-0, and IL-1P in hyperalgesia induced by T. cruzi infection.

Targeting Spinal Cord Astrocytes,
Microglia, and NFxB Inhibits Cx3cr1, Tnfc,
and /I1B Expression in the Spinal Cord

The results of Figs. 1-6 show that T. cruzi infection induces
pain that is amenable by inhibition of spinal cord glial cells,
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NFxB, chemokines, and cytokines and that the activation of  significantly reduced T. cruzi-induced mRNA expression of
glial cells is NFxB dependent. In this section, we addressed Cx3crl (Figure 7A), Tnfo. (Figure 7B), and I11J3 (Figure 7C)
whether chemokine and cytokine expression would be  in the spinal cord. These data corroborate the results
dependent on NFxB and glial cells (Figure 7). Mice were  presented in Figs. 3-6 and indicate that spinal cord
treated by the intrathecal route with vehicle (saline) or the  astrocytes, microglia, and NFkB activation are responsible
most effective dose of each inhibitor tested earlier, which  for the production of major molecules related to the
include 100 nmol of a-aminoadipate, 150 ug minocycline,  sensitization and activation process of nociceptor sensory
and 300 pg of PDTC. Treatments with all inhibitors  neurons in T. cruzi infection.
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Experimental T. cruzi Infection Increases
Activation of DRG Neurons

The response of DRG neurons to experimental T. cruzi infection
was evaluated through calcium imaging and Trpvl mRNA
expression (an ion channel involved in nociceptor neuron
activation). DRG neurons from infected mice presented a
higher baseline level of calcium influx as well as a higher
response to capsaicin than DRG neurons of uninfected mice
(Figures 8A-H). In addition to a higher calcium baseline, DRG
neurons of infected mice presented a higher intensity of response
and higher percentage of responsive neurons upon capsaicin
stimulation than DRG neurons of uninfected mice (Figures 8H,
I). An explanation for a higher baseline and response to capsaicin
is that DRG neurons of infected mice presented increased Trpvl
mRNA expression compared to DRG neurons of uninfected
mice (Figure 8]). Therefore, the behavioral responses triggered
by T. cruzi infection parallel with activation of TRPV1-sensitive
DRG neurons further confirming the nociceptive nature of
behavioral responses.

Intrathecal Treatments With Inhibitors of
Astrocytes, Microglia, and NFxB
Downregulates the mRNA Expression of
Inflammatory Molecules in the DRG
Microenvironment

Intrathecal treatments reach the DRG, indicating that these
treatments could affect DRG cells (41) and spinal cord
neuroinflammation causes retrograde nociceptor neuron
sensitization (42), indicating that spinal cord treatments can affect
DRG cells through neuronal signaling. Therefore, we evaluated
whether intrathecal treatments with a-aminoadipate, minocycline,
and PDTC would affect DRG neuroinflammation. Mice were
treated by the intrathecal route with vehicle (saline) or the same
doses of glial and NF«B inhibitors used in Figure 7 experiments
(100 nmol of a-aminoadipate, 150 g minocycline, and 300 pug of

PDTC). The mRNA expression for Cx3cll, Cx3crl, Gfap (marker
for satellite glial cells activity), Tnfo, II1f, and Cox2 mRNA
expression were quantitated (Figure 9). Intrathecal treatments
targeting spinal cord astrocytes, microglia, and NFxB reduced T.
cruzi-induced Cx3cll (Figure 9A), Cx3crl (Figure 9B), Gfap
(Figure 9C), and Tnfor (Figure 9D) mRNA expression in DRG
samples. Regarding Il1f3, only treatments with minocycline and
PDTC inhibited its mRNA expression (Figure 9E). There was a
trend toward inhibition (P = 0.1236) by o-aminoadipate. This result
indicates that o-aminoadipate that selectively targets astrocytes
could not significantly affect Il13 mRNA expression. We did not
observe significant changes of Cox2 mRNA expression in the DRG
(Figure 9F). These data indicate that intrathecal treatments
targeting astrocytes, microglia, and NFkB result in reduced DRG
neuroinflammation after T. cruzi infection.

DISCUSSION

The infection of resistant mouse strain C57BL/6 with a nonlethal
load of T. cruzi resembles human acute CD (43). We show that it
induces another important symptom of human CD in mice: pain
(7-10). T. cruzi induced chronic mechanical and thermal
hyperalgesia for up to 28 days p.i. The hyperalgesia could not
be explained by simply correlating with blood parasite load,
suggesting that plastic changes might be responsible for
maintaining pain at later time points when blood parasitemia
declined and/or fluctuated drastically as in the chronic phase of
the infection, similarly to human CD. The investigation of
changes that would explain the disease pain phenotype led to
unveiling novel physiopathological mechanisms of T. cruzi
infection-induced pain.

TNF-o and IL-1P are well-known hyperalgesic molecules that
induce sensitization of nociceptors (13, 14, 17, 44, 45). High
peripheral levels of these cytokines can account for the observed

Frontiers in Immunology | www.frontiersin.org

January 2021 | Volume 11 | Article 539086


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Borghi et al.

Neuroinflammation Mediates T. cruzi-Induced Pain

Day 7 after T. cruzi infection

G Capsaicin Kcl
2160
‘@
g
3 2 120
2E
£g
€¢
8 804
23
g2 P
8 (:J') E 40- i
kst =
(9] Og
‘= Q
5 E o
=y . 0 120 240 360
8 H Time (sec)
° 160
k=
Q
[&] 120

DRG calcium influx
5

(mean fluorescence intensity)
©
8

o

Baseline Capsaicin KCI

[

3
3

*

~
o

«
8
~
°

*

« Capsaicin

k]
2
°
Q2
£

x
3
o

40-

o

[£] Control non-infected M Infected

Trpv1 fold-change
(normalized to B-actin)

N
S
o
o

m
2
=
3
&
g &
©
g8
2
T O
22
52
X c
o
Q
2
d

o
o
)

FIGURE 8 | Experimental T. cruzi infection induces the activation of DRG neurons. Seven days after the infection, DRGs were dissected for calcium imaging using
Fluo-4AM (A-1) and mRNA expression by RT-gPCR (J). Panels (A-F) display representative fields of DRG neurons from control noninfected (A, C) and infected
(D-F) mice. Panels (A, D): baseline fluorescence (first column); panels (B, E) fluorescence after capsaicin (second column); and panels (C, F) after KCI control (third
column). Panel G displays the mean fluorescence intensity traces of calcium influx from the representative DRG fields (A-F) throughout the 6 min of recording. The
representative traces show that DRG neurons of infected mice presented higher calcium levels in the baseline than those DRG neurons of control noninfected mice.
Panel (H) shows the mean fluorescence intensity of calcium influx of the baseline (0-s mark) and that following the stimulus, either capsaicin (120-s mark, TRPV1
agonist) or KCI (240-s mark, activates all neurons). Panels (I, J) shows the capsaicin-responsive DRG cells and RT-gPCR data, demonstrating that infected mice
present an increased percentage of responsive cells and Trpv1 mRNA expression, respectively. Results are expressed as mean + SEM; n = 4 DRG plates (each
plate is a neuronal culture pooled from six mice) per group per experiment, and RT-gPCR used n = 6 DRG per group per experiment and are representative of two

separate experiments. *p < 0.05 compared to control noninfected mice (one-way ANOVA followed by Tukey’s posttest).

mechanical and thermal hyperalgesia. Recently, it was reported
that bacterial infections may activate silent nociceptors via
cytokine production (including TNF-o and IL-1f), resulting in
bladder hyperalgesia (46). Thus, it is also likely that this is a
contributing mechanism to T. cruzi infection-induced pain
because there are high levels of TNFo. and IL-1f in this disease
(47). However, peripheral TNFotand IL-1B do not explain, alone,
the peripheral component of T. cruzi infection-induced pain
because hyperalgesia started by the 2nd day, and the production
of these cytokines peaked at the 14th day of infection without
significant levels at the 7th day p.i. These results raise the
possibility that other peripheral cytokines/molecules might also
be involved in T. cruzi pain. For instance, IFN-yis a hyperalgesic
cytokine (17, 48, 49). IFN-y levels increase in the serum of mice
at the 2nd day of T. cruzi infection (12), and spleen cells rapidly
produce IFN-yin response to T. cruzi (50). IL-12 is a well-known
inducer of IFN-v and also a hyperalgesic cytokine (51). IL-12
levels increase in response to T. cruzi in mice (52). Future studies
might exhaustively investigate the mechanistic contribution of
other peripheral cytokines to T. cruzi infection-induced pain.
We demonstrate here that experimental T. cruzi infection
induces an early acute activation (7th day p.i.) of spinal cord
astrocytes and microglia in an NFxB-dependent manner.

A previous study also showed the activation of mouse brain
astrocytes after T. cruzi (Colombian strain) infection in the
acute phase of the disease (26), indicating this phenomena is not
restricted to spinal cord astrocytes. Temporal differences in
microglia and astrocyte activation have been reported in
neuropathic and inflammatory pain (53, 54). We observed some
discrepancies in the temporal profile between mRNA and protein
data regarding glial cell activation. Overall, astrocyte and microglia
activation could be detected at all time points by at least two
techniques (RT-qPCR, Western blot, or immunofluorescence)
except by GFAP at the 14th day, which was not increased in the
infection group compared to the uninfected group as per RT-
qPCR and Western blot results. These variations between the
techniques may reflect the different sensitivity of each test for each
target molecule. Additional studies that go beyond the current
aims of the present work are necessary to elucidate this unique
profile, its consequences, and relation to disease phenotype. In
Leishmania amazonensis (L. amazonensis) infection, we observed
a different profile of spinal cord glial cell activation. Both astrocytes
and microglia were activated by the 30th day p.i (32). This
difference is certainly explained by the characteristic pathology
of each disease. L. amazonensis infection in BALB/c strain mice
induces a chronic infection with pain up to 40 days. After this time
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point, there is development of ulcerating skin lesions that become
painless (55). L. amazonensis infection presents this contrast of an
initial prolonged painful phase followed by painless ulcer
formation with reports of pain in other sites of the body in the
case of humans (32, 56). We opted to study the spinal cord events
in a CD mouse model at the 7th day p.i., considering astrocytes
and microglia could be studied at the same time, reducing the
number of animals.

Astrocytes, microglia, and the transcription factor NFkB are
essential for hyperalgesic cytokine production in the spinal cord,
contributing to central sensitization (17, 37). Indeed, T. cruzi
infection increased spinal cord mRNA expression of Cx3crl,
Tnfer, and 111, and inhibiting spinal gliosis and NFkB activation
as well as targeting NFkB-related spinal cord hyperalgesic
mediators (CX3CL1, TNF-0, and IL-1B) reduced T. cruzi-
induced hyperalgesia. Moreover, treatment with glial and
NFxB inhibitors also counteracted the increased expression of
Cx3crl, Tnfo, and II13 mRNA expression in the spinal cord.
Thus, expression and functional data support the contribution of
spinal cord glial cells to pain in T. cruzi infection via cytokine
production. CX;CL1 release by nociceptor neurons in the spinal
cord microenvironment acts on its receptor in microglia, leading
to the production of TNF-o and IL-1B by these cells. These
sequential events contribute to central sensitization (17). In
addition to inducing microglia activation, CX5CL1 can directly
mediate neuronal hyper-responsiveness (57). TNFo. makes a

priming of astrocytes, enhancing their susceptibility to T. cruzi
infection creating a cycle of infection and neuroinflammation
because astrocytes are producers of TNFo. in the spinal cord (25).
Treatment with etanercept, a soluble p75/TNFR2 receptor
reduces experimental CD pain (16), further corroborating the
concept that cytokines, such as TNFo,, have a role in immune cell
activation during CD, but also as a hyperalgesic function. IL-1f
can both activate and facilitate neuronal depolarization
depending on disease context and chronicity (58, 59); however,
this is the first evidence that it has a hyperalgesic role in CD.
DRG neurons of T. cruzi-infected mice showed increased
baseline levels of intracellular calcium as well as responded more
effectively to the stimulation with the TRPV1 agonist capsaicin
than DRG neurons of uninfected mice. The percentage of
capsaicin-responsive fibers and mRNA expression of TrpvI in
DRG neurons of infected mice were also higher than those of
uninfected mice. The enhanced Trpvl mRNA expression
explains, at least in part, the DRG neuron activity representing
the activation of the primary afferent neurons (17). The
peripheral inflammation with immune response and parasite
burden is certainly a contributing mechanism to the activation of
these neurons. Spinal cord neuroinflammation also induces a
retrograde neuronal sensitization (42). In this sense, we
questioned whether the intrathecal treatments that inhibited
spinal cord neuroinflammation would also diminish DRG
activation because intrathecal delivery of drugs may also reach
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spinal nerve roots and DRG exerting its effects directly in this site
(41). The intrathecal treatments with o-aminoadipate,
minocycline, and PDTC inhibited the T. cruzi infection-
induced mRNA expression of Cx3cll, Cx3crl, Gfap (marker of
satellite glial cells activation in the DRG), Tnfe, and I113 (except
by o-aminoadipate). In models, such as paclitaxel-induced
neuropathy, infiltrating macrophages produce IL-1B in the
DRG site (60), and the glycoprotein 120 of HIV-1 induces
enhanced production of IL-1P in satellite glial cells (61).
Moreover, minocycline reduced the activation of microglial
and satellite glial cells in a model of visceral pain induced by
colitis (62). Thus, infiltrating macrophages and satellite glial cells
may produce IL-1P in the DRG, depending on disease context
and minocycline effect, which seems to be more pronounced in
satellite glial cells than o-aminoadipate possibly explaining the
significant inhibition of Il13 expression by minocycline and not
o-aminoadipate. The participation of DRG-neuron derived
CX3CLLI in the maintenance of nociceptor neuron sensitization
during inflammatory pain was previously shown and occurs as a
result of a paracrine circuit that involves its interaction with its
receptor CX;CRI1 in satellite glial cells, which, in turn, produces
additional TNF-a, IL-1P, and prostanoids that act directly on
neurons perpetuating the hyperalgesic state (63). For instance,
indomethacin is a COX-1/2 inhibitor (64, 65) that diminished
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CX;CL1-induced pain and PGE, production by satellite glial
cells (63). In the present model, T. cruzi infection did not
increase the mRNA expression of Cox2 as well as the
intrathecal treatment with glial and NFkB inhibitors had no
effect on its expression. Thus, suggesting that prostanoids are not
major players in the neuronal sensitization in the DRG upon T.
cruzi infection at the 7th day p.i. It is possible that the different
stimulus applied in the models dictates which mediators will be
released in greater or lesser quantity and their contribution to the
physiopathology of disease.

In summary, the present data reveals the role of spinal cord
astrocytes, microglia, NFxB, and cytokines/chemokines in
experimental T. cruzi infection-induced pain. Glial reactivity
is already detected in the acute phase (7 days) of infection. An
early combined contribution of spinal cord astrocytes and
microglia that persists until the end of the experimental
protocol (28 days p.i.) was observed. To our knowledge, this
is the first report unveiling such cellular and molecular pain
mechanisms in T. cruzi infection. This study opens a novel
venue for future studies investigating pain mechanisms and
analgesic therapies to improve the quality of life of CD
patients. Figure 10 shows a schematic figure proposing the
pathophysiological mechanisms involving T.cruzi infection-
induced hyperalgesia.
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FIGURE 10 | Schematic proposition for T. cruzi infection-induced hyperalgesia-related mechanisms in mice. T. cruzi infection induces upregulation of systemic levels
of TNF-o and IL-1p (and yet undetermined hyperalgesic mediators). The interface between T. cruzi parasites and pro-inflammatory cytokines may sensitize
nociceptor neurons in peripheral tissue initiating nociceptive neurotransmission. Infection activates DRG cells and promotes increase in mRNA expression of Cx3cl1,
Cx3cr1, Gfap, Tnf-a,, I-1J, and Trpv1 at this site. In the spinal cord, T. cruzi infection leads to the activation of NFkB and increases mRNA expression of Cx3cr1, Tnf-
o, and [I-1. NFkB activation accounts for the gliosis in the spinal cord. These neuroinflammatory events contribute to central sensitization, resulting in increased pain
in infected animals. In DRG, treatments with c.-aminoadipate, minocycline, and PDTC inhibit the increased mRNA expression of hyperalgesic molecules with the
exception of a-aminoadipate that did not inhibit the increase of /I-7 mMRNA expression. In the spinal cord, a-aminoadipate, minocycline, and PDTC inhibit glial- and
NF«kB-dependent activities as well as increased mRNA expression of hyperalgesic molecules Cx3cr1, Tnf-e, and /I-1. Confirming the data of DRG and spinal cord
hyperalgesic molecule expression, spinal treatments with Ab anti-CX5CL1, etanercept, IL-1ra, a-aminoadipate, minocycline, and PDTC inhibit T. cruzi-induced
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University, Wuhan, China, & Key Laboratory of Organ Transplantation, Ministry of Education, NHC Key Laboratory of Organ
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High mobility group box 1 protein (HMGB1) is known to be a trigger of inflammation in
experimental autoimmune encephalomyelitis (EAE), an animal model of multiple sclerosis
(MS). However, it may play a different role in some way. Here we investigated the effect of
HMGB1 on promoting sonic hedgehog (shh) release from astrocytes as well as the
possible signal pathway involved in it. Firstly, shh increased in astrocytes after
administration of recombinant HMGB1 or decreased after HMGB1 was blocked when
stimulated by homogenate of the onset stage of EAE. Moreover, the expression of
HMGB1 receptors, toll-like receptor (TLR) 2 and receptor for advanced glycation end
products (RAGE) increased after HMGB1 administration in primary astrocytes. However,
the enhancing effect of HMGB1 on shh release from astrocytes was suppressed only after
RAGE was knocked out or blocked. Mechanistically, HMGB1 functioned by activating
RAGE-mediated JNK, p38, stat3 phosphorylation. Moreover, HMGB1 could induce shh
release in EAE. Additionally, intracerebroventricular injection of recombinant shh protein
on the onset stage of EAE alleviated the progress of disease and decreased demylination,
compared to the mice with normal saline treatment. Overal, HMGB1 promoted the
release of shh from astrocytes through signal pathway JNK, p38 and stat3 mediated by
receptor RAGE, which may provide new insights of HMGB1 function in EAE.

Keywords: sonic hedgehog (shh), HMGB1, astrocytes, experimental autoimmune encephalomyelitis (EAE), receptor
for advanced glycation end products (RAGE)
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GRAHPICAL ABSTRACT | Graphical abstract depicting the effect of HMGB1 on promoting shh release from astrocytes through signal pathway JNK, p38 and
stat3 mediated by receptor RAGE, which may provide new insights of HMGB1 function in EAE.

INTRODUCTION

High-mobility group box 1 protein (HMGBI) is a typical
damage-associated molecular pattern (DAMP) found in the
nucleus of nearly all eukaryotic cells (1). In physiological
conditions, HMGBI is located in the nucleus, binding to DNA
and participating in the transcription, replication, and repair of
DNA. When cells die or get injured in disease, HMGBI is
released outside the cells, binding to different receptors,
participating in innate or adaptive immune responses, and
repairing damaged tissue (2-4). Moreover, the three main
receptors implicated in HMGBI are the receptor for advanced
glycation end products (RAGE), toll-like receptor (TLR) 2 and
TLR4 (5, 6). In recent years, HMGB1 has brought much interest
for its pro-inflammatory role in diseases related to spinal cord
injury, such as multiple sclerosis (MS) and related animal
models-experimental autoimmune encephalomyelitis (EAE)
(5). We previously confirmed that the level of HMGBI in the
brain of mice varied during different stages of EAE and became
the highest on onset stage (7). The released HMGB1 in CNS can
initiate neuro-inflammation and drive the progress of EAE (1).

Despite growing number of publications that describe pro-
inflammatory effects of HMGBI, less is known about the role of
HMGBI in the repair of spinal cord injury (8). In fact, HMGBI is
also known as amphoterin, playing an important role in the early
development of organism (9, 10). In zebrafish embryos, both
forebrain neurons and brain size were significantly reduced after
down-regulating HMGB1 expression (11). In cerebral ischemia,
over-expression of HMGBI in astrocytes promotes the repair of
neurovascular units, while low expression of HMGB1 decreases
the density of microvessels around the infarct and inhibits the
repair of motor neurons (12).

The role of HMGBI is flexible because its sulthydryl in C23,
C45 and C106 are easily oxidized by active oxygen in external
environment. As reported, all-thiol-HMGBI1 can form a complex
with CXCL12. Then HMGBI1-CXCL12 binds to CXCR4 and
exerts its chemotaxis function. At the same time, the main
biological effect of HMGBI1 after binding to RAGE is
promoting cells migration through the expression of adhesion
molecules VCAM-1 and ICAM-1 or the secretion of CXCL12
(13, 14). Therefore, some studies indicate that all-thiol- HMGB1
mainly recognizes RAGE (15, 16). After the sulfydryl at C23 and
C45 are oxidized to form a disulfide bond, disulfide (ds)-HMGB1
can specifically bind to myeloid differentiation factor 2 (MD2)-
TLR4, promoting the secretion of chemokines and inflammatory
factors (17, 18). Since HMGB1 may play different roles through
different receptors, the exact role of HMGBI in spinal cord injury
remains to be further investigated. And until now, the underlying
mechanism for the effects of HMGBI1 remains unclear.

Astrocytes, the most abundant cell population in the central
nervous system (CNS), are essential for normal neurological
function. They respond to all forms of CNS damage and disease
by undergoing cellular, molecular and functional changes.
Astrocyte roles in CNS disorders exhibit diversity and a better
understanding of this diversity has the potential to impact on the
understanding and treatment of CNS injury and disease (19). In
MS/EAE, astrocytes not only recruit lymphocytes and contribute
to tissue damage but also confine inflammation and promote
lesion repair (20). Understanding the emerging roles of astrocytes
in MS/EAE will open up a new therapeutic opportunity.

Sonic hedgehog (Shh), a highly conserved secreted
glycoprotein, is a member of the Hedgehog protein family in
vertebrates (21, 22). It can activate the transcription of
downstream target genes by downstream signaling pathway
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(21, 22). In MS/EAE, shh was upregulated in astrocytes and
involved in promoting blood brain barrier (BBB) integrity or
supporting neural stem cell (NSC) differentiation toward
neurons and oligodendrocytes, facilitating remyelination and
controlling axon growth (23-26). These results affirmed the
important role of shh in improving functional recovery in MS/
EAE. But the regulation mechanism of shh release is deficient.
Among the limited researches, Hmgbl gene was reported to
regulate the embryonic development partly by Shh signaling.
However, the study was performed in the level of Hmgbl gene
and non-pathological status. Together with the role of HMGB1
and Shh in neural injury (8, 25, 27), the limited understandings
drive us to further characterize the relation of HMGBI and shh.
To validate the hypothesis, we design the experiment to
investigated the relationship of HMGBI1 and shh as well as the
possible signal pathways involved in it.

MATERIAL AND METHODS

Ethics Statement

All animal experiments in this study were performed in strict
accordance with the Institutional Animal Care and Use
Committee, Tongji Medical College, Huazhong University of
Science and Technology. All efforts were made to minimize
animal suffering.

Mice

Wild type (WT) C57BL/6 mice were purchased from SLAC
Laboratory Animal Co. Ltd. (Shanghai, China) and maintained
in a SPF facility for further used. TLR2”" mice were purchased
from Nanjing Biomedical Research Institute of Nanjing
University (Nanjing, China). TLR4”" mice were given as a gift
from Hui Wang professor in Tongji Medical College, Huazhong
University of Science and Technology, Wuhan, Hubei, PR China.
RAGE”" mice were made by the loxp/cre recombinase system.
RAGE"*P'**P and cre mice were given as a gift from Chongyi
Wang professor in the Organ Transplantation Institute of Tongji
Hospital, Tongji Medical College, Huazhong University of
Science and Technology, Wuhan, Hubei, PR China.

EAE Induction and Clinical Evaluation

Female C57BL/6] mice (8-9-week-old) were used for active
induction of EAE, as described previously (7, 28, 29). Briefly, the
mice were subcutaneously (s.c.) immunized with 200pg of MOG35-
55 (CL Bio-Scientific Co. LTD., Xian, China), emulsified in Freund’s
complete adjuvant containing 5 mg/mL of Mycobacterium
tuberculosis (strain H37Ra; Difco Laboratories, Detroit, MI, USA).
In addition, 200 ng pertussis toxin (Sigma, St. Louis, MO, USA) was
intraperitoneally (i.p.) injected at day 0 and 2 post immunization.
The mice were scored daily, according to the clinical symptoms. The
criteria were as follows: 0, asymptomatic; 0.5, loss of the distal half of
tail tone; 1, loss of entire tail tone; 2, hind limb weakness; 2.5, hind
limb paraplegia; 3, both hind limb paraplegia;3.5, forelimb weakness
and hind limb paraplegia; 4, forelimb and hind limb paraplegia; 5,
moribund or death.

GL Administration

The treatment of glycyrrhizin (Minophagen Pharmaceutical Co.,
Tokyo, Japan) was described previously (30). Briefly, a single
intra-peritoneal (i.p.) dose of 25 mg/kg glycyrrhizin (GL) was
administrated every other day from days 12 to 22 after induction
of EAE.

Interstitial Fluid Preparation

Brains from EAE were weighed and homogenized in sterile PBS
(100 mg tissue per 1 mL of 1xPBS) containing a protease
inhibitor 4-(2-Aminoethyl) benzenesulfonyl fluoride
hydrochloride (AEBSF, 0.1mM, Sigma, St. Louis, MO, USA)
on ice, then centrifuged at 12000 rpm for 20 min at 4°C. The
supernatant was removed in a new tube and the protein
concentration was detected using the BCA Protein Assay Kit
(Thermo Fisher).

Intracerebroventricular Injection

The procedure was performed as described previously (29).
Briefly, after anesthetized intraperitoneally, a 26-gauge guide
cannula (RWD life science, Shenzhen, China) was oriented
into the left lateral ventricle using the following coordinates
from Bregma: 0.5 mm posterior, 1.0 mm lateral, and 2.0 mm
ventral. The guide cannula was secured by dental cement,
anchored by stainless steel screws fixed to the skull, and sealed
with a stainless steel wire to prevent occlusion. EAE induction
was conducted 7 days later. During intracerebroventricular
injection, a 30-gauge injection cannula connected to a 10-puL
Hamilton syringe by a PE-20 catheter was filled with drug
solution and inserted into the guide cannula extending 0.5 mm
beyond the guide cannula tip. Recombinant mouse sonic
hedgehog (Shh) protein (R&D system, Minneapolis, MN, USA)
in 10 pL saline or 10 pL saline was delivered over a 2-min
period every day from day 11 to day 19 post immunization.

The Culture of Primary Astrocytes

The primary astrocytes were obtained from cerebral cortices of
C57BL/6 mouse pups (P1-P2) as described previously (29, 31).
Briefly, cerebral cortices were isolated, minced, and digested in
0.25% trypsin-0.01% EDTA for 45 minutes. Then 10% FBS was
used to terminate the digestion and the samples were passed
through a 70um filter. The mixed cortical cells were plated in 25
cm? (T25) culture flasks with DMEM/F12 medium (Gibco,
Waltham, MA, USA) supplemented with 10% FBS
(NATOCOR, Cordoba, Argentina) and cultured at 37°C in 5%
CO,. Medium was changed one day after plating the mixed
cortical cells and all 3 days thereafter. After 7 to 8 days, when
astrocytes reached confluence, the T25 flasks were shaked at 250
rpm for 24h on an orbital shaker to remove microglia and
oligodendrocyte precursor cells (OPC). Floating cells were
removed and the remaining confluent astrocyte layer were
digested by 0.25% trypsin-0.01% EDTA and plated in T75
culture flasks. 12-14 days after the first split, astrocytes were
plated in an appropriate cell concentration 24 hour before
performing the experiment. The purity of astrocytes was
identified by immunofluorescence and flow cytometry.
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Flow Cytometry

After digested by 0.25% trypsin-0.01% EDTA and washed by
1xPBS-0.5%BSA, cells were incubated with anti-CD16/32 (BD
Bioscience) for 15 minutes at room temperature to block the
Fcy receptors.

Staining of Cell Surface Antigens

All cells were resuspended in 1xPBS-0.5%BSA containing
adequate antibody and incubated for 45 minutes at room
temperature. The cells were then centrifuged for 5 min at 1000
rpm after washed by cold 1xPBS-0.5%BSA.

Intracellular Staining

The cells were permeabilized with Perm/Fix solution (BD
Bioscience) and incubated with mouse anti-GFAP for 45min at
room temperature. This was followed by a 30-min secondary
incubation in FITC-anti mouse IgG (all diluted in 1xpermwash).
Cells were then washed by cold 1xPBS-0.5%BSA prior to FACS
analysis by BD LSR II (BD Biosciences).

Astrocytes Treatment

Astrocytes were plated at 1.7x10° cells/well in 48-wells culture
plates and cultured for 18h-24h before experiment. Then they
were stimulated with HMGB1 (1-2pug/mL, Sigma, St. Louis, MO,
USA) or interstitial fluid (100pug/mL) with/without the
combination of antibody (HMGB1 Ab or IgG: 5 pg/mL) for
24 h. The culture supernatants were collected for ELISA while
the remaining cells were performed for the following RT-PCR or
Western blot assay.

Blocking agents for TLR4 (100nM TAK-242, Milipore,
Temecula, CA, USA) or RAGE (148nM FPS-ZM1, Milipore,
Temecula, CA, USA) in 10% FBS-DMEM/F12 medium were
incubated with astrocytes for 2h at 37°C, 5%CO2 incubator.
Inhibitor agents for p38 (3uM SB203580, MedChemExpress,
Monmouth Junction, NJ,USA), ERK (2uM SCH772984,
MedChemExpress, Monmouth Junction, NJ,USA), JNK (5uM
SP600125, MedChemExpress, Monmouth Junction, NJ,USA)
and stat3 (10uM SH-4-54, MedChemExpress, Monmouth
Junction, NJ,USA) in 10% FBS-DMEM/F12 medium were
incubated with astrocytes for appointed time at 37°C, 5%CO,
incubator. Subsequently appropriate HMGB1 were used to reach
to the final concentration 1-2pg/mL. The remaining steps are the
same as before.

ELISA

The level of shh in the cell culture medium of astrocytes was
measured by a mouse ELISA kit (R&D system, Minneapolis,
MN, USA) according to the manufacturer’s instructions.

Western Blot

The cells were lysed in RIPA buffer containing protease and
phosphatase inhibitors on ice. The lysed cells were collected by
cell scraper and then centrifuged for 30 min at 12000 rpm, 4°C.
After that, the concentration of protein in supernatant was
quantified using BCA Protein Assay Kit. Finally protein
samples were mixed with 5 x SDS loading buffer, boiled for
5 min and stored in -80°C for further use.

Spinal cords from EAE were washed for three times using
I1xPBS on ice to remove superficial blood, then single cell
suspension were obtained after mechanical shear and grind in
1xPBS on ice followed by centrifuging (4000 rpm, 5 min, 4°C). The
cell deposits were gathered and washed by 1xPBS on ice followed
by centrifuging (4000 rpm, 2 min, 4°C). After that, cytoplasmic
protein and nuclear protein were separated by cytoplasmic and
nuclear protein extraction kit (Beyotime Biotechnology, ShangHai,
China) according to the manufacturer’s instructions.

The protein was separated by 10%-12% SDS-PAGE and
blotted onto polyvinylidene fluoride (PVDF) membranes
(Hybond Inc., Escondido, CA, USA) as described (7). Blots were
visualized by an ECL system (Pierce Bio-Technology, Rockford,
IL) after incubating with horseradish peroxidase (HRP)
conjugated secondary antibody (Thermo, Massachusetts, USA),
and quantified by densitometry using the Biorad GelDoc XR
Image analysis system (Bio Rad, Hercules, California, USA).

Antibodies

Primary antibodies include rat anti-shh antibody (Abcam, UK),
and mouse anti-f-actin antibody (EASYBIO, Beijing, China),
mouse anti-GAPDH antibody (EASYBIO, Beijing, China), goat
anti-RAGE polyclonal antibody (R&D system, USA), rabbit anti-
AGER polyclonal antibody (Abcam, UK), rat anti-shh polyclonal
antibody (Abcam, UK), mouse anti-GAPDH monoclonal
antibody (EASYBIO, Beijing, China), mouse anti-GFAP
monoclonal antibody (Millipore, USA), mouse anti-HMGBI
monoclonal neutralizing antibody (Institute of Biophysics,
Chinese Academy of Sciences, Beijing, China), mouse IgG
(Santa Cruz, USA), rabbit anti phosphorylation-ERK antibody
(CST, USA), rabbit anti phosphorylation-p38 antibody (CST,
USA), rabbit anti phosphorylation-JNK antibody (CST, USA),
rabbit anti phosphorylation-stat3 antibody (Abcam, UK), rabbit
anti total-ERK antibody (CST, USA), rabbit anti total-p38
antibody (CST, USA), rabbit anti total-JNK antibody (CST,
USA), rabbit anti total-stat3 antibody (Abcam, UK). The
antibodies for flow cytometry include PE-anti-mouse-TLR2
(eBioscience, San Diego, CA; clone: 6C2), PE-cy7-anti-mouse-
TLR4 (Biolegend, San Diego, USA; clone: MTS510).

Statistical Analysis

Experimental data are expressed as the mean + standard deviation
(SD). The data for more than two groups was analyzed with one-
way analysis of variance (ANOVA) followed by Tukey’s multiple
comparison test. Other data were analyzed using two-tailed
unpaired Student’s t-test. A P value of <0.05 was considered to
be statistically significant (*P< 0.05, **P< 0.01, **P< 0.001).

RESULTS

HMGB1 Promotes the Expression and
Release of Shh in Primary Astrocytes
To investigate the effects of HMGB1 on shh expression and
release in astrocytes, western blot analysis and ELISA were
performed. The expression and release of Shh by astrocytes
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significantly increased, after HMGBI1 (1ug/ml) stimulation for
24h (Figures 1A, B). There was no significant change in cell
viability after HMGB1 stimulation, and cell survival controls
have been supplied in Supplemental Figure 1. To simulate the
microenvironment in EAE, we obtained the interstitial fluid of
brain from the onset stage of EAE, during which the level of
HMGBI reached to the highest as described in our previous
study (7). We found that shh levels increased in astrocytes when
simulated by the interstitial fluid (100pug/ml) compared to
medium group. And the effect was reversed after HMGBI1
antibody (5ug/ml) treatment. Moreover, when treated with
control IgG (5ug/ml) instead of HMGBI1 antibody, the shh
levels remained unchanged (Figure 1C). It is worth
mentioning that shh in EAE homogenate (cell-free) group was
less than 2pg/ml, which was much lower than that of the medium
group. The shh in EAE homogenate would not affect the result.
The data above indicated that HMGB1 could promote shh
expression and release in astrocytes.

The Effect of HMGB1 on Shh Release
From Astrocytes Is Mainly Through
Receptor RAGE

To investigate which receptor is changed in astrocytes after
HMGBI1 (2ug/ml) stimulation, flow cytometry was performed.
The surface TLR2 and RAGE increased significantly while TLR4
remained unchanged (Figure 2A). Considering that TLR4 may
internalized into endosomes after stimulation (32, 33), we
checked the change of total TLR4 protein in astrocytes. The
result demonstrated that total TLR4 protein significantly
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increased in astrocytes after HMGB1 (2ug/ml) stimulation
(Supplemental Figures 2A, B). Although HMGBI1 receptors
increased, it could not illuminate which receptor is crucial for
the effect of HMGBI on shh release from astrocytes.

To further explore the possible mechanism for shh release, we
next knocked out TLR2, TLR4 and RAGE respectively. Compared
to wild type astrocytes, the levels of shh in TLR2”, TLR4”" and
RAGE™”" astrocytes decreased (Figure 2B). We found that
spontaneous shh release in astrocytes existed in medium group,
the phenomenon reminded us spontaneous shh release was
dependent on TLR2, TLR4 and RAGE. But as for HMGBI, the
effect on shh release was weakened only after receptor RAGE was
knocked out. To further prove this conclusion, we next introduced
the blocking agents FPS-ZM1 and TAK-242, which could block
RAGE and TLR4 respectively. As shown in Figure 2C, the levels of
shh increased under the stimulation of HMGBI1 (1pug/ml)
comparing to that in medium group when TLR4 was blocked.
But the levels of shh had no statistically significant increase after
HMGBI stimulation comparing to that in medium group when
RAGE was blocked. It implied that HMGB1 promoted shh release
in astrocytes mainly through receptor RAGE.

p38, JNK, and stat3 Are Involved in the
Effect of HMGB1 on Promoting Shh Release
From Astrocytes Through Receptor RAGE
The downstream signal pathway for RAGE included MAP kinases
(p38, ERK, JNK) and stat3. In our results, the phosphorylation of
P38, ERK, JNK and stat3 significantly increased after HMGB1 (1ug/
ml) stimulation for 10 minutes (Figure 3A, Supplemental
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FIGURE 1 | The effect of HMGB1 on expression and release of shh in astrocytes. (A) The protein from astrocytes was obtained and detected by western blot (1ug/
ml recombinant HMGB1 was used). (B) The level of shh in supernatant from astrocytes after recombinant HMGB1 (1ug/ml) or (C) brain homogenate of EAE onset
stage (100ug/ml) with/without HMGB1 Ab/IgG (5ug/ml) stimulation for 24h were detected by ELISA. EAE homogenate (cell-free) group here indicates interstitial fluid
(100ug/mli) from the onset stage of EAE mice without cultured astrocytes. All the data are shown as mean + SD (**P < 0.001 compared with medium; P <0.05
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Figure 3). We next explored the effect of inhibitors for stat3 and
MAPK on shh release from astrocytes. As shown in Supplemental
Figure 4, 5uM SP600125 (JNK blocker), 10uM SH-4-54 (stat3
blocker), 2uM SCH772984 (ERK blocker), 3uM SB203580 (p38
blocker) were chosen according to our preliminary experiment.
When signal pathway JNK and stat3 were blocked, the level of shh
had no significant change after HMGB1 (1pg/ml) stimulation for
10min. (Figure 3B). At the same time, when signal pathway ERK
was blocked, shh release from astrocytes decreased, but the level of
shh could still increase after HMGB1 (1ug/ml) stimulation for
10 min. When signal pathway p38 was blocked, shh release from
astrocytes decreased and the level of shh did not increase after
HMGBI stimulation (1pg/ml) for 10 min (Figure 3C). The results
indicated that the signal pathway involved in shh release after
HMGBI stimulation were closely related to stat3, JNK and p38.
However, whether the above signal pathways depend on RAGE
remained unknown. To furtherly illuminate it, we next detected the
change of p-p38, p-JNK and p-stat3 in RAGE” astrocytes. The
result displayed that phosphorylation of p38, JNK and stat3 in
RAGE™ astrocytes were weakened after HMGB1 (1ug/ml)
stimulation for 10 min (Figures 3D-G). The above data revealed
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that the effect of HMGBI on promoting shh release from astrocytes
was through signal pathway stat3, JNK and p38 mediated by
receptor RAGE.

HMGB1 Promote Shh Expression in EAE
However, whether HMGBI1 could induce shh expression in EAE
is unknown. Next we use glycyrrhizin (GL), a HMGBI inhibitor,
to further detect it in vivo. Based on our previous study (34), dose
of 25 mg/kg glycyrrhizin (GL) was used in this study. As shown
in Figure 4, GL (25mg/kg) treatment by intraperitoneal (i.p.) on
the onset stage of EAE restrained shh expression compared to
normal saline group (Figures 4A, B). The data indicated that
HMGBI could promote shh expression in EAE.

Shh Treatment Alleviated the Progress of
EAE

In MS/EAE, shh can act on endothelial cells to repair blood brain
barrier (BBB). In our study, the progress of EAE was alleviated
when recombinant shh protein by intracerebroventricular
injection was performed from onset to peak stage of EAE
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(Figure 5A). Besides, demyelination during chronic stage was
ameliorated in shh group, compared to saline group (Figure 5B).
The data indicated that shh played a protective role in EAE.

DISCUSSION

Multiple sclerosis (MS) and related animal models-experimental
autoimmune encephalomyelitis (EAE) is an autoimmune disease of
the central nervous system (CNS), during which damaged neurons

can release large amounts of HMGB1 (7). In 1999, Wang et al.
found that HMGBI played an important role as a late mediator of
endotoxin lethality (35). Since then, numerous researches focused
on the pro-inflammatory effects of HMGBI in various diseases,
including MS/EAE. However, increasing studies indicated that
DAMPs are not only dangerous signals after tissue damage, but
also proteins that can repair tissue (9, 13, 14). It has been
demonstrated that HMGB1 can promote the regeneration of new
tissues by recruiting stem cells after its pro-inflammatory activity in
some diseases (36-39). Therefore, the exact role of HMGBI1 remains
to be further explored.
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In MS/EAE, abundance of immune cells infiltrate into CNS,
accompanied by demyelination, axonal damage, and local
inflammation (40). As we know, the peripheral immune cells
can infiltrate into CNS only when blood brain barrier (BBB) was
damaged (41). The BBB is composed of capillary endothelial
cells, basement membrane, and glial boundary membrane (the
terminal protuberance of astrocytes adhere to the capillary wall
to form a glial boundary membrane) (42). The connection
between endothelial cells directly determines the permeability
of BBB (43). For astrocytes, it not only forms a secondary barrier
that further restricts entry of peripheral immune cells into CNS,
but also maintains the integrity of BBB through self-secreting
cytokines (43-46). When encountering disease, astrocytes can
promote the differentiation of endothelial cells by secreting
cytokines such as TGF-B, GNDF, bFGF, VEGF, angiopoietin,
and then promote tissue repair furtherly (38, 47-51). In MS/
EAE, sonic hedgehog (shh) was largely expressed in astrocytes
(24, 52) and shh from astrocytes can act on endothelial cells by
receptor ptchl, reducing their permeability and repairing BBB

(53, 54). In our study, we were the first to demonstrate that
HMGBI could promote shh release in astrocytes.

Due to its sulthydryl in C23, C45 and C106 are easily oxidized by
active oxygen, HMGBI has different isoforms. In EAE, the level of
reactive oxygen increased on the peak stage and decreased on the
chronic stage (55, 56), indicating it was highly possible that the
redox state of HMGBI1 varied in EAE. HMGB1 under different
redox state would bind to different receptors and play different roles
(13, 14). To further investigate the underling mechanism of shh
release promoted by HMGBI, we used gene knockout mice. We
noticed that spontaneous shh release from astrocytes existed and the
level of shh in wild type astrocytes was higher than that in TLR2”",
TLR4”, RAGE™” astrocytes. It indicated that the spontaneous
release of shh was dependent on TLR2, TLR4 and RAGE. But the
effect of HMGBL1 on shh release was weakened only when RAGE
receptor was knockout. Considering that gene knockout may bring
unknown side effects, we further verified the above result using
receptor blocking agents. Consistently, HMGB1 could not promote
shh release after receptor RAGE was blocked. The result implied
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that the promoting effect of shh release from astrocytes via HMGB1
was mediated by RAGE. Together with other study that HMGB1
promoted axon growth by binding to RAGE in spinal cord injury
(57), HMGBI may play a protective role in disease via promoting
shh release through receptor RAGE.

As for the possible signal pathway involved in HMGB1-RAGE
axis, MAP kinases (JNK, p38, ERK) and stat3 were activated (58).
In our results, only the addition of inhibitors for p38, JNK and
stat3 could furtherly suppress the release of shh from astrocytes
after HMGB1 administration. And the phosphorylation of p38,
JNK and stat3 was inhibited in RAGE”" knockout astrocytes,
compared to wild type astrocytes. The results indicated that the
effect of HMGB1-RAGE-shh axis may be closely related with p38,
JNK and stat3. Moreover, NF-kB signal pathway was also involved
in HMGB1-RAGE axis in CNS and participated in
neuroinflammation (59-61). It provided another possibility for
HMGBI-RAGE-shh axis in astrocytes. Further researches are
needed to explore the possibility.

In other reports, some agents attenuating MS/EAE was
related to increased shh (62), we further proved it via shh
protein treatment in EAE mice. Accordingly, shh treatment
alleviated the progress of EAE, providing a direct evidence for
its protective role in EAE. Considering the phenomenon of
HMGBI1 promoting shh release, HMGB1 may play a protective
role in some way during the course of EAE. However, numerous
study proved that HMGBI1 exerted negative effects in EAE
overall. Our data suggest a novel effect of HMGBI, providing a
new understanding of DAMPs.

CONCLUSION

HMGBI1 promoted shh release from astrocytes through RAGE
and its downstream (p38, JNK and stat3), which may indicated a
new role of HMGBI in EAE.
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Hengyan Liang', Wenli Lai™ and Hu Long ™
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The nerve growth factor (NGF) plays an important role in the regulation of neuropathic
pain. It has been demonstrated that calcitonin gene-related peptide (CGRP), a
well-known contributor to neurogenic inflammation, increases neuroinflammatory pain
induced by NGF. The inflammatory mediator that NGF most strongly induces is C-C
chemokine ligand 19 (CCL19), which can recruit inflammatory cells by binding to the
receptor CCRY7 followed by promoting the response of neuroinflammation. However, the
regulatory mechanism of NGF and CCL19 in tooth movement orofacial pain and the
interaction between both are still unclear. In this study, male Sprague-Dawley rats were
used to study the modulation of NGF on orofacial pain through CCL19 and the role of
each in tooth movement pain in rats. The expression levels of CCL19 mRNA and protein
were determined by real-time PCR and immunofluorescence, respectively. Pain levels
were assessed by measuring the rats’ bite force, which drops as pain rises. Meanwhile,
by verifying the relationship between CGRP and CCL19, it was laterally confirmed that
NGF could modulate tooth movement-induced mechanical hyperalgesia through CCL19.
The results showed that the expression level of CCL19 rose with the increased NGF, and
neurons expressing CGRP can express stronger CCL19. Compared with the baseline
level, the bite force for all rats dropped sharply on day 1, reached its lowest level on day
3, and recovered gradually on day 5. All results indicated that NGF played an important
role in tooth movement orofacial pain via positively regulating CCL19 expression in the
trigeminal ganglia of rats. Additionally, CCL19 increased the sensitivity to experimental
tooth movement orofacial pain. NGF can regulate CCL19 expression, although it may
regulate other inflammatory pathways as well. This is the first report on the interactions
and modulations of tooth movement orofacial pain by NGF through CCL19 in rats.

Keywords: nerve growth factor, tooth movement pain, C-C chemokine ligand 19, trigeminal ganglion, rat

INTRODUCTION

Maxillofacial inflammatory pain caused by orthodontics presents as discomfort, dull pain, and
hypersensitivity of the teeth. It is generated by the gradual tooth movement induced by orthodontic
forces and the ensuing inflammatory reaction of periodontal tissue (1-3). In response to the
periodontal inflammation, numerous leucocytes and inflammatory cells are recruited to and
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activated in periodontal tissues where they release abundant
inflammatory mediators, chemokines, and cytokines including
but not limited to nerve growth factor (NGF), tumor necrosis
factor-alpha3, interleukin-1 (IL-1), IL-6, prostaglandins,
interferon-gamma, and macrophage-colony stimulating factors,
and ultimately result in tooth movement along with pain (4-8).
Among these mediators, NGF is a target-derived neurotrophic
factor that is mainly distributed within peripheral nerve tissue
(9). It plays a critical role in the sensitization of sensory
neurons to pain induced by peripheral nerve injury, especially
in the trigeminal ganglion (TG) (10-12). In the course of the
inflammatory reaction of periodontal tissue, activated mast cells
release a massive amount of NGF that binds to tyrosine kinase
A (TrkA). The NGF-TrkA complex is retrogradely transported
to the TG and activates neurons as well as satellite glial cells
(SGC) through interstitial links followed by upregulating NGF
expression (13, 14). Elevated NGF augments maxillofacial pain
by changing the expression of ion channels and neuropeptides in
the TG (15, 16). Blocking NGF function by periodontal injection
of anti-NGF antibody can completely abolish the orthodontic
pain, whereas periodontal administrations of NGF can mimic
the pain (17). All these findings indicate that NGF plays an
important role in the pain regulation caused by tooth movement
during orthodontic treatment.

In a previous study, we found that NGF participated in the
modulation of orofacial pain (17). The ensuing periodontal tissue
inflammation is accompanied by upregulated expression of a
series of inflammatory mediators including CC chemokine ligand
19 (CCL19), chemokine (C-X-C motif) ligand 17 (CXCL17),
CCL12, CXCL10, CXCL12, IL-15, CCL11, CXCL1, and IL-5
as identified both by isobaric tags for relative and absolute
quantitation and by Bio-Plex bead microarray analysis. Among
these meditators, CCL19 is expressed at the highest level (18).
CCL19 is a small cytokine in the CCL chemokine family that
is thought to maintain homeostasis in the internal environment
of cells (19). It is usually involved in various inflammatory
disorders and recognized as one of the pain-causing chemokines
that promote neuroinflammatory responses and regulate pain
by recruiting inflammatory cells after binding to its receptor,
CCR7 (20, 21).

It is well-known that calcitonin gene-related peptide
(CGRP) is evidenced to participate in the initiation and
maintenance of inflammatory pain (22). Our previous study
has demonstrated that CGRP participates in orthodontic pain
following experimental tooth movement (6). Recent research has
also proved that increased nociceptive neuropeptide expression
is most certainly involved as NGF has been associated with
the upregulation of CGRP, leading to neuroinflammatory pain
response (23, 24). At present, relatively little is known about
the relationship between CCL19 and NGF expression in oral
and macxillofacial pain, and the role of NGF in combination
with CCL19 in tooth movement pain is still unclear. However,
if we can verify that CCL19 and CGRP have the same variation
trend with NGF in tooth movement pain when exploring the
relationship between CCL19 and NGEF we may hypothesize
that NGF modulates tooth movement-induced mechanical
hyperalgesia through CCL19. Therefore, in the current study,

we extend our original observations in rats across multiple
time points by inoculating NGF or anti-NGF antibody, NGF
plus anti-CCL19 antibody, and anti-NGF antibody plus CCL19,
respectively, to study the role of CCL19 in the regulation of
orthodontic pain caused by NGF.

MATERIALS AND METHODS

Animals

Two hundred and thirty-two male Sprague-Dawley rats with
body mass of 200-250g were obtained from the Animal
Experimental Center at Sichuan University. They were
maintained in the animal facility in an air-conditioned room at
21°C with a 12-h light-dark cycle. Standard rat chow and water
were provided ad libitum. Animal experiments were performed
in accordance with protocols that were approved by the Ethics
Committee of the State Key Laboratory of Oral Diseases, Sichuan
University (protocol no. WCHSIRB-D-2016-201).

As shown in Supplementary Figure 1, in our first study, to
determine the effect of NGF injected into the TGs on CCL19
expression in the TGs after tooth movement, a total of 132 rats
were used. Of these, 108 were randomly assigned to three groups
of 36 each for the detection of CCL19 mRNA expression by
quantitative polymerase chain reaction (qQPCR): force + NGF
(group 1), force + anti-NGF antibody (group 2), and force +
normal saline (group 3). The remaining 24 rats were randomly
divided into two groups of 12 each for the measurement of
CCL19 protein expression by immunofluorescence: force + NGF
(group 4) and force + normal saline (group 5). In the second
study, to determine the functional role and contribution of
elevated CCL19 levels on pain induced by tooth movement, 24
rats were randomly assigned to three groups of 8 rats each: force
+ CCL19 (group 6), force + anti-CCL19 antibody (group 7),
and force + normal saline (group 8) (Supplementary Figure 2).
In the third study, to investigate the effect of NGF on
CCL19 expression following tooth movement, as displayed in
Supplementary Figure 3, 40 rats were randomly assigned to
five groups of 8 rats each: force + NGF (group 9), force +
anti-NGF antibody (group 10), force + NGF + anti-CCL19
antibody (group 11), force + anti-NGF antibody + CCL19
(group 12), and force + normal saline (group 13). Moreover,
to verify by immunofluorescence that NGF modulates tooth
movement-induced mechanical hyperalgesia through CCL19, 36
rats were randomly divided into 6 groups: force + NGF (group
14), force + anti-NGF antibody (group 15), force + normal
saline (group 16), pseudo-force + NGF (group 17), pseudo-
force + anti-NGF antibody (group 18), and pseudo-force +
normal saline (group 19) (Supplementary Figure 4). To induce
tooth movement, every rat was anesthetized with intraperitoneal
injection of 7% chloral hydrate in normal saline solution at
0.06 ml-g~!-body weight, after which a Ni-Ti alloy closed-coil
spring was fixed in place with ligation wires (0.2 mm in diameter)
between the left maxillary first molar and the upper incisor. The
fixed spring in all force groups delivered a 40 g force as measured
by a force meter (Xinya, Hangzhou, China) to simulate steady
orthodontic forces inducing tooth movement, while a 0g force
was used for all the pseudo-force groups. Rats in groups 1-13
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were euthanized by decapitation after being anesthetized with
pentobarbital sodium (50 mg-kg~!-body weight) on days 0, 1, 3,
5,7, and 14 (n = 6 per group per day), while rats in groups 14-19
were all sacrificed on day 3. Those rats that were euthanized on
day 0 without receiving any interventions serve as the baseline
controls for each study. All sections of this report adhere to the
ARRIVE guidelines for reporting animal research (25).

TG Injection

A microsyringe with a dose of 20 wl was used in trigeminal
ganglion injection. The injection point was located at the
midpoint of the line between the rats left condylar and the
posterior edge of the ascending ramus of the left mandible. The
trigeminal ganglion was reached 9 mm after the injection needle
was inserted at the injection site. Specific injection procedures
have been reported in the previous literature (26).

For the study of NGF effects on CCL19 in the TGs, 10 pl
aliquots of recombinant murine B-NGF (Peprotech, USA) and
anti-NGF antibody (Abcam, UK) solutions at concentrations of
0.1 pg/nl in phosphate buffered saline (PBS, pH 7.1) for each
were inoculated into the TG in groups 1 (force + NGEF), 2
(force + anti-NGF antibody), and 3 (force + normal saline),
respectively, on days 1, 3, 5, 7, and 14 following the experimental
tooth movement. Meanwhile, animals in each group that were
neither injected reagents nor had force on day 0 were used as
the baseline controls. On each injection day, all rats in these
three groups were injected, and six rats in each group were
euthanized 6h after inoculation on days 0, 1, 3, 5, 7, and 14.
TGs were harvested and rapidly placed in liquid nitrogen for
PCR and immunofluorescence assay. For the study of CCL19
effects on tooth movement-induced pain, the baseline bite force
for all animals in groups 6 (force + CCL19), 7 (force + anti-
CCL19 antibody), and 8 (force + normal saline) was measured
before spring fixation. This was followed by inoculations into the
TGs of 10 pl of 0.6 g/l recombinant rat CCL19 beta protein
(R&D Systems, USA) in PBS, 10 pl of 0.6 pg/pl rat CCL19
beta antibody (R&D Systems, USA) in PBS, or 10 !l of normal
saline solution on days 1, 3, 5, 7, and 14. For the study of the
activation of CCL19 expression by NGF as well as the interactions
between both, rats in groups 9 (force + NGF), 10 (anti-NGF
antibody), 11 (force + NGF + anti-CCL19 antibody), 12 (force
+ anti-NGF antibody + CCL19), and 13 (force 4+ normal saline)
received TG inoculations of 10 pl of NGF solution, 10 ul of
anti-NGF antibody solution, 10 w1 of NGF solution plus 10 pl
of anti-CCL19 antibody solution, 10 nl of anti-NGF antibody
solution plus 10 pl of CCL19 solution, or 10 pl of normal saline,
respectively, on days 1, 3, 5, 7, and 14 after a baseline of bite force
testing on day 0 followed by applying the orthodontic force to
induce tooth movement. It should be noted that the injection of
either anti-CCL19 antibody in group 11 or CCL19 in group 12
was given 2 h after either NGF or anti-NGF antibody injection.
Lastly, for the study of NGF regulating tooth movement pain
through CCL19, rats in groups 14 (force + NGF), 15 (force +
anti-NGF antibody), 16 (force + normal saline), 17 (pseudo-
force + NGF), 18 (pseudo-force + anti-NGF antibody), and
19 (pseudo-force + normal saline) received TG injections of
10 pl of NGF solution, 10 pl of anti-NGF antibody solution,

or 10 pl normal saline on days 1 and 3, respectively, after the
establishment of the tooth movement model.

Real-Time RT-PCR Assay

Total RNA was extracted from TGs using TaKaRa Minibest
Universal RNA Extraction Kit (Takara, Shiga, Japan) according
to the manufacturer’s protocols. Then, cDNA was reverse
transcribed using the PrimeScript™ RT reagent kit with gDNA
Eraser (Perfect Real Time) kit (TaKaRa, Shiga, Japan) following
the manufacturer’s recommendations.

Rat CCL19 mRNA expression was quantified in TG samples
using triplex RT-PCR performed in a LightCycler480 (Roche,
Switzerland) RT-PCR platform with TB Green™ Premix Ex
Taq (Perfect Real Time, TaKaRa, Dalian, China) according
to the manufacturer’s protocol. To quantify specific mRNA
expression in the samples, a standard curve was generated for
normal rat TG samples, and GAPDH served as an internal
standard, using specific primers for rat GAPDH (forward
primer CCAGCAAGGATACTGAGAGCAAG, reverse primer
TGATGGTATTCGAGAGAAGGGAGG, expected size: 114 bp)
and CCLI19 (forward primer TAACGATGCGGAAGACTGCT,
reverse primer CTGGTAGCCCCTTAGTGTGG, expected size:
139 bp). The final 20 pl reaction volume consisted of 10 .l of
TB Green™ Premix Ex Taq, 0.8 ul of the 10 WM primer mix, 4
! of the reverse transcription nucleic acid template, and 5.2 pl of
RNase-free H,O. The thermal profile was set at 95°C for 30 s and
95°C for 5, followed by 40 cycles at 60°C for 30 s and 72°C for
30s. Relative mRNA transcript level calculations were performed
using the comparative CT method (AACT). The average CT
values of the three complex holes for each sample were calculated
and marked as CTCCL19 and CTGAPDH» AACT = N(CTCCL19 -
CTgarpn) - (CTccris - CTgarph)-

Immunofluorescence Assay
For CCL19 protein detection, TGs embedded in OCT were
cut at 10 um thickness along the TG long axis in a freezing
microtome (Thermo Shandon, USA). The sections were rinsed
with Tris-buffered saline Tween (TBST) three times for 5 min,
underwent microwave-based antigen retrieval, and blocked with
blocking buffer (Cell Signaling Technology, USA) for 60 min.
Thereafter, the sections were stained with a primary mouse
anti-CCL19/MIP-3 beta antibody (R&D Systems, USA) and
incubated overnight at 45°C followed by rinsing with PBS (pH
7.1) three times for 5 min. The sections were further stained with
an immunofluorescent rabbit anti-goat IgG secondary antibody
(Bioss, Beijing, China), incubated for 1h at 37°C, rinsed with
PBS, and finally mounted onto slides for observation under
a fluorescence microscope (Carl Zeiss, Goettingen, Germany).
Images were taken by a Nikon Eclipse E400 microscope (Tokyo,
Japan) and ImageJ 1.51 software was employed to analyze the
average gray scale of each immunofluorescence image as the
expression of CCL19 protein in the TG. The gray level of
fluorescence immunoreactivity for CCL19 protein in the TG was
taken as the mean of three measurements from three different
areas of the slide.

Meanwhile, we used the same immunofluorescence protocols
mentioned above to verify that the neurons expressing CGRP
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protein can also express CCL19 protein. The sections of TG
tissues obtained from groups 14 to 19 were stained with primary
rabbit anti-CGRP (D5R8F)/mAb antibody (Cell Signaling
Technology, USA) and primary mouse anti-CCL19/MIP-3 beta
antibody (R&D Systems, USA), respectively.

Bite Force Measurement

The bite force of rats was determined following the protocols
described previously (17). Briefly, after 1 week of acclimatization
to the animal facility, rats were trained to bite the sensor
(Nanjing, China) to obtain the baseline bite force. The next
day, the spring to induce tooth movement was fixed in place.
Thereafter, bite force was measured 6h after inoculation of
reagents into the TG on days 1, 3, 5, 7, and 14 following spring
fixation, with triplicate measurements made for each rat. Changes
in average bite force of triplicate measurements for each rat
between prior and after inoculation interventions were recorded.

Statistical Analyses

Statistical analyses were performed using SPSS 16.0 (SPSS,
Chicago, Illinois, USA) and GraphPad Prism 7.0 software
(GraphPad Software, San Diego, USA). The results are presented
as mean = standard deviation (SD). Students t-test was used
to compare the average gray scale of CGRP and CCL19
immunofluorescence in different groups at the same time point.
A two-way ANOVA and a post hoc test were used to examine the
effects of time (0, 1, 3, 5, 7, and 14 days) on the expression of
CCL19 or bite force in the same group, the effects of different
injections on the expression of CCL19 or bite force at the same
time point, and the interactions with both time and the injection
of reagents. For the two-group comparisons at each time interval,
the Bonferroni post hoc test was used if the pretest for normality
was not rejected at the 0.05 significance level. p-values < 0.05
were considered statistically significant.

RESULTS

NGF Upregulates CCL19 Expression in

Trigeminal Ganglia

As displayed in Figure 1, a two-way ANOVA with repeated
measures revealed that the expression levels of CCL19 mRNA
were significantly influenced by group (p = 0.0021 < 0.01), time
(p = 0.0121 < 0.05), and interactions (p = 0.0001 < 0.01).
The level of CCL19 mRNA expression in rats TG on day 0
(1.000 £ 0.000) obtained following the tooth movement pain
model development was used as the baseline control. The mRNA
expression level of CCL19 in rats injected with NGF increased
sharply on day 1 (2.120 £ 0.085, p = 0.0001 < 0.001), remained
at a high level on day 3 (2.060 = 0.453, p = 0.0001 < 0.001), and
decreased to the baseline level on day 5 (1.170 £ 0.042, p > 0.05),
day 7 (1.345 £ 0.106, p > 0.05), and day 14 (0.980 % 0.099, p >
0.05). By contrast, the mRNA expression level of CCL19 in rats’
TG injected with anti-NGF antibody was significantly lower than
the baseline level on the 1st day (0.280 £ 0.057, p = 0.0006 <
0.001), the 3rd day (0.605 =+ 0.304, p = 0.0332 < 0.05), the 5th
day (0.445 £ 0.007, p = 0.0042 < 0.01), the 7th day (0.190 £
0.104, p = 0.0003 < 0.001), and the 14th day (0.565 & 0.021, p =

-=- NGF (group 1)
-+ anti-NGF (group 2)
-o- NaCl (group 3)

Relative expression levels of
CCL19 mRNA

L
S R PR B

time

FIGURE 1 | Time course of C-C chemokine ligand 19 (CCL19) mRNA
expression in rats’ TGs following the injection of nerve growth factor
(NGF)-related reagents. (The statistical analysis results related to the image are
shown in Table 1).

TABLE 1 | p-value of C-C chemokine ligand 19 (CCL19) mRNA expression in
rats’ TGs following the injection of nerve growth factor (NGF)-related reagents.

Time Group 1 (NGF) vs. Group 1 (NGF) vs. Group 2 (anti-NGF) vs.
intervals group 2 (anti-NGF) group 3 (NaCl) group 3 (NaCl)

0 day ns ns ns

1 day <0.00071**** <0.00071**** ns

3 days <0.0001**** <0.0001**** ns

5 days 0.0006*** ns 0.0019**

7 days <0.00071*** 0.0002*** ns

14 days <0.0434* ns 0.0276*

*p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001, ns: p > 0.05.
The variation tendency related to the statistical analysis results is shown in Figure 1.

0.0196 < 0.05). Meanwhile, the mRNA expression level of CCL19
in rats’ TG in the control group injected with normal saline also
showed a decreasing trend, falling on the Ist day (0.665 £ 0.163,
p=0.0736 > 0.05), reached to the lowest on the 3rd day (0.425 &
0.007, p = 0.0033 < 0.01), briefly on the 5th day (1.090 £ 0.212,
p =0.9107 > 0.05), declined again on the 7th day (0.535 4 0.191,
p =0.013, p < 0.05), and finally returned to the baseline level on
the 14th day (1.015 = 0.106, p = 0.9998 > 0.05).

Comparing CCL19 mRNA levels on days following
NGF injections vs. normal saline injections, expression was
significantly higher on days 1 (p = 0.0001 < 0.01), 3 (p = 0.0001
< 0.01), and 7 (p = 0.0002 < 0.01), but not different on days 5
and 14 (p > 0.05). On the other hand, comparing CCL19 mRNA
levels on days following anti-NGF injections vs. normal saline
injections, expression was significantly lower on days 5 (p =
0.0019 < 0.01) and 14 (p = 0.0276 < 0.05). Finally, comparing
CCL19 mRNA levels on days following NGF injections vs.
anti-NGF injections, expression was significantly higher on every
injection day (p = 0.0001 < 0.05 for days 1-7, p = 0.0434 < 0.05
for day 14) (Table 1).

Immunofluorescent staining demonstrated the localization of
CCL19 protein expression in TGs. Relative to the weak staining
of CCL19 in group 5 (force + normal saline) saline-injected
TGs, many CCL19-positive neurons were present in the TG in
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FIGURE 2 | (A) Immunofluorescence results of CCL19 protein expression after injection of NGF or normal saline into rats’ trigeminal ganglia (TGs) 3 days after initiation
of tooth movement. (a) Neurons expressing CCL19 (green) after injection of normal saline on day 3 after initiation of tooth movement. (b) Nuclei (blue) after injection of
normal saline on day 3. (c) Overlap of (A) and (B). (d-f) The same labeling as in (a-c) but after injection of NGF on day 3. (B) Time course of CCL19 protein expression
in TGs following the injection of NGF or normal saline after experimental tooth movement. *p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001.

-o- NGF (group 4)
0.08- -= NaCl (group 5)

0.06+

0.04+

0.02+

0.00
-V T T T T T

L]
S R P D B

Relative expression levels of
CCL19 immunofluorescence mean gray value

group 4 (force + NGF) NGF-injected TGs on days 1 and 3,
with intensity being the highest on day 3 (Figure 2A). Two-way
ANOVA revealed that CCL19 immunoreactivity in the TG was
significantly influenced by group (p = 0.0001 < 0.01), time (p =
0.0001 < 0.01), and interaction (p = 0.0001 < 0.01).

Taking the mean gray value of immunofluorescence of CCL19
protein in rats’ TG receiving NGF injection (group 4) on day
0 (0.040 £ 0.000) as the baseline, CCL19 immunoreactivity
increased sharply on day 1 (0.057 % 0.003, p = 0.0001 < 0.01),
reached to its peak on day 3 (0.065 % 0.002, p = 0.0001 < 0.01),
then quickly declined on day 5 (0.039 % 0.001, p = 0.9768 >
0.05), day 7 (0.037 &+ 0.001, p = 0.0450 < 0.05), and day 14
(0.035 £ 0.001, p = 0.0003 < 0.001). On the other hand, the
immunoreactivity of CCL19 protein in TG for saline-injected rats
(group 5) was similar to the baseline on day 1 (0.037 % 0.002,
p = 0.9768 > 0.05), slightly increased on day 3 (0.042 £ 0.001,
p = 0.0050 < 0.01), gradually decreased on days 5 (0.035 £
0.001, p = 0.0891 > 0.05), and then dropped below baseline on
day 7 (0.034 + 0.001, p = 0.0024 < 0.01) and day 14 (0.034 £+
0.001, p = 0.0106 < 0.05). Further comparison analysis between
group 4 and group 5 showed that the CCL19 protein fluorescence
intensity in group 4 was significantly higher than that of group 5
on days 1 (p = 0.0006 < 0.001), 3 (p < 0.0001), 5 (p = 0.0058
< 0.01), and 7 (p = 0.0075 < 0.01) (Figure 2B). Hence, CCL19
protein in TGs with NGF inoculation was significantly higher
than that with saline injection, consistent with the findings for
CCL19 mRNA expression.

In our previous studies, we found that the orthodontic tooth
movement-induced pain was most notable on the 3rd day
following tooth movement (17, 27). Therefore, we conducted
a further study on the expression of CGRP and CCL19 in the
trigeminal ganglion of rats specifically on the 3rd day after tooth
movement. As shown in Figure 3A, the expression level of CGRP
was significantly higher in the force + NGF group (group 14)
than in the force + anti-NGF group (group 15) and the force +
saline group (group 16) (p < 0.0001). The expression of CGRP

in group 15 and group 16 was also statistically significant (p =
0.0134 < 0.05). Immunoreactivity of CGRP protein in TGs for
pseudo-forced rats in the pseudo-force + NGF group (group
17) was much higher than that of rats in the pseudo-force +
anti-NGF group (group 18) (p < 0.0001) and the pseudo-force
+ saline group (group 19) (p = 0.0005 < 0.001), while the
expression level of CGRP in group 18 was lower than that of
rats in group 19 (p = 0.0011 < 0.01). In the meantime, the
immunofluorescence protein expression of CGRP in rats in the
forced group 14 was higher than that of rats in the pseudo-forced
group 17 (p = 0.0003 < 0.001), as well as in group 15 and group
18 (p = 0.0026 < 0.01).

The trend of immunofluorescence expression of CCL19 in
rats’ trigeminal ganglia was similar to that of CGRP, as displayed
in Figure3B. The mean gray value of immunofluorescence
observed in rats’ trigeminal ganglia was the highest in group 14
among groups 14-19 (p < 0.0001 for group 14 vs. group 15, p
= 0.0001 < 0.001 for group 14 vs. group 16, and p = 0.0201
< 0.05 for group 14 vs. group 17). Furthermore, the expression
level of CCL19 immunofluorescence in forced rats’ TGs injected
with anti-NGF antibody in group 15 was significantly lower than
that of rats injected with normal saline in group 16 (p = 0.0271
< 0.05). Similarly, rats in pseudo-forced group 17 with NGF
injection expressed more CCL19 protein than the rats in group
18 (p = 0.0293 < 0.05) and group 19 (p = 0.0334 < 0.05).

One-way ANOVA showed that CGRP immunoreactivity in
the TG of different groups on day 3 was statistical different
among groups 14-19 (p = 0.0022 < 0.01) and the p-value
of CCL19 protein expression was 0.0051 < 0.01. Meanwhile,
using two-way ANOVA with repeated measures, it can be
observed that the immunofluorescence expression levels were
significantly influenced by groups (p < 0.0001) and target
stain protein (p < 0.0001). It is worth noting that on the 3rd
day, the mean gray value of immunofluorescence of CCL19
protein in trigeminal ganglion of rats was higher than that of
CGRP protein in groups 14-19 (all p < 0.0001) (Figure 3C).
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FIGURE 3 | (A) Calcitonin gene-related peptide (CGRP) protein expression levels in TGs following different interventions after experimental tooth movement. (B)
CCL19 protein expression levels in TGs following different interventions after experimental tooth movement. (C) Comparison of immunofluorescence mean gray value
of CGRP and CCL19 relative expression. (D) Immunofluorescence results of protein expression after injection on NGF, anti-NGF antibody, and normal saline into
forced rats’ TGs on the 3rd day after tooth movement. (a, e, i) Neurons expressing CGRP (green) after injection of related reagents. (b, f, j) Neurons expressing
CCL19 (yellow). (e, g, k) Nuclei (blue) after injection of related reagents on day 3. (d, h, I) Overlap of (a + b + ¢), (e + f + g), and (i + j + k). *p < 0.05, *p < 0.01,
**p < 0.001, ***p < 0.0001.

It can be seen in Figure3D that the neurons stained with ~Effect of CCL19 in Rats’ TG on Orofacial
CGRP also express CCL19. Meanwhile, it can also be observed  Pain Induced by Tooth Movement

that the expression intensity of CCL19 and CGRP in the  Bite force was employed to assess the level of mechanical
trigeminal ganglion of rats injected with NGF was significantly  hyperalgesia in teeth as recorded by an occlusal force tester
higher than that of rats injected with anti-NGF antibody and ~ (Nanjing, China) and expected to decrease to the degree when
normal saline. biting induces pain. A two-way repeated measures ANOVA
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FIGURE 4 | Changes in pain expressed as the bite force of rats over time after

injection of CCL19 and anti-CCL19 antibody. (The statistical analysis results
related to the image are shown in Table 2).

showed that bite force in all groups was significantly influenced
by group (p = 0.0001 < 0.01), time (p = 0.0001 < 0.01), and
interactions (p = 0.0144 < 0.05).

In comparison with the baseline level measured on day 0
(11.512 = 2.692), the bite force of rats with CCL19 inoculation
(group 6) plummeted on day 1 (2.069 £ 1.155, p < 0.0001) and
continued to decrease on day 3 (1.086 £ 0.658, p < 0.0001),
slightly rose on day 5 (1.308 £ 0.366, p < 0.0001), reached its
lowest level on day 7 (0.864 £ 0.445, p < 0.0001), and then
recovered but still lower than the baseline on day 14 (4.463 +
2.375, p < 0.0001) (Figure 4). Regarding the bite force of rats
in group 7 (force + anti-CCL19 antibody), it dropped sharply
on the 1st day (8.351 =+ 3.360, p = 0.0482 < 0.0001), declined
to its lowest level on the 3rd day (6.608 % 3.435, p = 0.0006
< 0.01), increased slightly on the 5th day (7.689 + 2.288, p =
0.0111 < 0.05), decreased a little on the 7th day (6.819 + 2.638,
p = 0.0012 < 0.01), and gradually raised to near the baseline on
the 14th day (7.950 £ 4.334, p = 0.0203 < 0.05) in comparison
with the baseline of bite force measured on day 0 (11.512 +
2.460). In the meantime, the bite force of rats in group 8 (force
+ normal saline) significantly decreased on day 1 (6.244 £ 1.501,
p < 0.0001), dropped to the lowest on day 3 (3.249 + 1.016,
p < 0.0001), increased slightly on day 5 (5.371 4 2.403, p <
0.0001), continued to decrease on day 7 (3.179 £ 1.443, p <
0.0001), and then rose but still below the baseline on day 14 (6.152
=+ 5.351, p < 0.0001), compared with those of baseline on day
0 (12.815 £ 3.863). Representative bite patterns are shown in
Supplementary Figure 5.

Rats with anti-CCL19 antibody inoculation (group 7) shared
similar trends of bite force with rats in group 6 but at a much
higher level (p < 0.0001 for days 1, 5, and 7, respectively, p =
0.0002 < 0.05 for day 3, and p = 0.0399 < 0.05 for day 14).
Additionally, as displayed in Figure 4, the bite force in group 6
was significantly lower than that of the saline controls (group
8) on day 1 (p = 0.0065 < 0.01) and day 5 (p = 0.0084 <
0.01). Therefore, the lowest bite force following tooth movement
was found in rats inoculated with CCL19, while the highest one
was found in rats with anti-CCL19 antibody inoculation. It is
noteworthy that elevated bite force was seen in rats injected

TABLE 2 | p-value of bite force of rats over time after injection of CCL19 and
anti-CCL19 antibody.

Time Group 6 Group 6 Group 7
(CCL19) vs. (CCL19) vs. (anti-CCL19) vs.

intervals group 7 group 8 group 8
(anti-CCL19) (NacCl) (NacCl)

0 day ns ns ns

1 day <0.00071**** 0.0065** ns

3 days 0.0002*** ns 0.0361*

5 days <0.00071**** 0.0084** ns

7 days <0.0001**** ns 0.0208*

14 days 0.0399* ns ns

*p < 0.05, *p < 0.01, *p < 0.001, ***p < 0.0001, ns: p > 0.05.
The variation tendency related to the statistical analysis results is shown in Figure 4.

CCL19 (group 6)
-=- NGF (group 9)
—+— anti-NGF (group 10)
20- —¥ NGF+anti-CCL19 (group 11)
—— anti-NGF+CCL19 (group 12)
-e— NaCl (group 13)

bite force

FIGURE 5 | Changes in pain expressed as the bite force modulated by NGF
via CCL19 over time. (The statistical analysis results related to the image are
shown in Table 3).

with anti-CCL19 antibody as compared with saline on day 3
(p = 0.0361 < 0.05) and day 7 (p = 0.0208 < 0.05). All
these results illustrate that CCL19 has a positive sensitization to
experimental tooth movement pain in rats. Details of significant
statistical differences are shown in Table 2.

Regulation of CCL19 Expression and Its
Interaction With NGF Following Tooth

Movement

A two-way repeated measures ANOVA analysis showed that
bite force in groups 9 (force + NGF), 10 (force + anti-NGF
antibody), 11 (force + NGF + anti-CCL19 antibody), 12 (force
+ anti-NGF antibody + CCL19), and 13 (force 4+ normal saline)
was significantly influenced by group (p < 0.0001), time (p <
0.0001), and interactions (p = 0.0016 < 0.01). In comparison
with baseline bite force measured before spring fixation on day 0,
the bite force of rats in group 9 with NGF inoculation decreased
sharply on day 1 (1.719 % 0.816, p = 0.0001 < 0.01), declined
to a minimum on day 3 (1.248 & 0.364, p = 0.0001 < 0.01), and
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slightly increased on day 5 (2.390 & 1.107, p = 0.0001 < 0.01), day
7 (3.466 =+ 1.740, p = 0.0001 < 0.01), and day 14 (4.194 & 1.495, p
= 0.0001 < 0.01) although still well-below baseline. As shown in
Figure 5, similar trends in bite force were observed across study
days for rats injected with anti-NGF (group 10), NGF + anti-
CCL19 (group 11), and anti-NGF antibody + CCL19 (group 12).
Compared with the baseline on day 0 (13.054 =+ 3.052), the bite
force of rats injected with anti-NGF (group 10) dropped to its
lowest value on the 1st day (6.459 =+ 3.234, p < 0.0001), increased
slightly on the 3rd day (7.997 &+ 3.664, p = 0.0002 < 0.001) and
the 5th day (9.568 & 2.731, p = 0.0252 < 0.05), and returned
to the baseline level on the 7th day (11.607 £ 2.021, p = 0.7869
> 0.05) and the 14th day (12.372 £ 3.500, p = 0.9901 > 0.05).
For rats injected with NGF + anti-CCL19 antibody in group 11,
the bite force measured on each time interval was 5.820 4 2.254
(p < 0.0001) for the 1st day, 7.894 £ 2.243 (p < 0.0001) for
the 3rd day, 7.971 + 3.286 (p < 0.0001) for the 5th day, 8.364
=+ 2.388 (p < 0.0001) for the 7th day, and 11.287 + 2.216 (p =
0.2853 > 0.05) for the 14th day, respectively, in comparison with
the baseline level of 13.646 + 4.472 obtained on day 0. For rats
injected with anti-NGF antibody + CCL19 in group 12, the bite
force decreased sharply on day 1 (3.631 & 1.271, p < 0.0001) and
continued to increase on day 3 (5.309 £ 2.972, p < 0.0001), day
5 (5.191 £ 1.550, p < 0.0001), day 7 (6.860 + 2.252, p = 0.0001
< 0.001), and day 14 (7.081 £ 1.199, p = 0.0003 < 0.001) but
still well-below the baseline level of 11.971 =+ 3.549 measured on
day 0.

In terms of the regulation of CCL19 expression by NGF
in experimental tooth movement pain, a two-way repeated
measures ANOVA revealed that the bite force of rats injected with
NGF alone (group 9) was much lower than that of rats injected
with NGF + anti-CCL19 (group 11) on day 1 (p = 0.0096 <
0.01), day 3 (p = 0.0001 < 0.01), day 5 (p = 0.0001 < 0.01),
day 7 (p = 0.0010 < 0.01), and day 14 (p = 0.0001 < 0.01).
Meanwhile, the bite force of rats injected with anti-NGF alone
(group 10) was significantly higher than that of rats injected with
anti-NGF antibody + CCL19 (group 12) on day 5 (p = 0.0046
< 0.01), day 7 (p = 0.0016 < 0.01), and day 14 (p = 0.0003
< 0.01). In addition, it can be found that the bite force of rats
injected with anti-NGF antibody + CCL19 (group 12) was much
higher than that of rats injected with CCL19 alone (group 6) on
day 1 (p = 0.0222 < 0.05), day 3 (p = 0.0015 < 0.01), day 5 (p
< 0.0001), day 7 (p < 0.0001), and day 14 (p = 0.0213 < 0.05),
respectively (Table 3). Also, as shown in Figure 5, rats injected
with NGF (group 9) and rats injected with CCL19 (group 6)
both expressed low level bite force measurement values, but there
was no statistical difference between these two groups. Therefore,
NGE, at least but not unique, is involved in the pain signaling
pathways activated by orthodontic treatment via regulation of
CCL19 expression.

DISCUSSION

Orthodontic pain arising from the periodontal inflammatory
responses induced by orthodontic forces is a very common
complaint. Previous studies have shown that the trigeminal

TABLE 3 | p-value of bite force of rats over time after injection of
CCL19/NGF-related reagents.

Time intervals Group 9 Group 10 Group 6
(NGF) vs. (anti-NGF) vs. (CCL19) vs.
group 11 group 12 group 12
(NGF + (anti-NGF + (anti-NGF +
anti-CCL19) CCL19) CCL19)
0 day ns ns ns
1 day 0.0096** ns 0.0222*
3 days <0.00071**** ns 0.0015**
5 days 0.0001*** 0.0046** <0.00071****
7 days 0.0010*** 0.0016** <0.00071****
14 days <0.00071**** 0.0003*** 0.0213*

*p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001, ns: p > 0.05.
The variation tendency related to the statistical analysis results is shown in Figure 5.

ganglion can produce a large number of inflammatory factors
following tooth movement pain (28, 29). These inflammatory
factors alter the biological activity of the neurons in the
trigeminal ganglia, increasing excitability of neurons (30, 31),
leading to thermal and mechanical sensitivity to pain (32, 33).
Increased expression of chemokines including CCL2, CXCL9,
and CXCL10 is of particular interest because they promote
synovial inflammation by stimulating leukocyte migration and
are known to be involved in orofacial neuropathic pain (34, 35).
A positive correlation between their concentration in the TGs
and orofacial pain induced by orthodontic treatment has been
reported (36). To our best knowledge, this is the first report of
CCL19 expression and regulation as well as its functional role in
tooth movement-induced pain generation in a rat model.

CCL19, also known as macrophage inflammatory protein-
3p and EBI-1 ligand chemokine, is a small cytokine belonging
to the C-C chemokine family. Increased expression of CCL19
can promote inflammatory responses (37). Our data emphasize
that inoculation of CCL19 into the TG after spring fixation
aggravates tooth movement-induced pain, whereas the anti-
CCL19 antibody can reduce the pain. Specifically, elevation
of CCL19 mRNA and protein levels following spring fixation-
induced tooth movement was significantly associated with
increased pain as reflected in reduced bite force, while injections
of anti-CCL19 provided pain relief. Thus, CCL19 plays a crucial
role in nervous system sensitization in inflammation-associated
tooth movement-induced orofacial pain.

As a protein involved in the growth of neurons and the
repair of nerve tissues, NGF plays an important role in pain
regulation. The expression of this protein can be upregulated
by damage to peripheral axons and retrogradely transported to
the central processes of sensory neurons (13). Specifically, in the
process of experimental tooth movement in rats, trigeminal nerve
endings of the periodontal ligament were damaged, followed
by the upregulation of NGF expression in rats periodontal
membrane (38). The signals were then transmitted in reverse to
the trigeminal ganglia, which activated the neurons located in the
trigeminal ganglia. The neurons then activated the satellite glial
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cells and led to upregulated NGF expression in TG (14). NGF
mRNA and protein are expressed in the neurons and satellite
glial cells of the TGs as can be seen with in situ hybridization and
immunocytochemistry, respectively.

There are many biological mechanisms of NGF-induced trunk
mechanical hyperalgesia. Recent studies have shown that NGF
is related to the upregulation of CGRP in dorsal root ganglion
and spinal dorsal horn (23). CGRP is a well-known contributor
to persistent neurogenic inflammation (22). Activation of CGRP
receptors located at the terminals of primary afferent neurons can
reduce the activation threshold of secondary neurons, increasing
the synaptic strength between nociceptors and spinal dorsal
horn neurons, which ultimately promote mechanical and thermal
sensitization. Eventually, these changes in intracellular signaling
pathways contribute to persistent hyperalgesia. Therefore, by
studying the relationship between CCL19 and CGRP, the
interaction between CCL19 and NGF in tooth movement pain
in rats can be laterally verified.

Our previous study found that NGF may regulate tooth
movement pain in the trigeminal ganglia through the pro-
neuroinflammatory response pathway (18). The expression of
multiple inflammatory mediators was upregulated by NGF-
induced tooth movement pain. Regarding the interactions
between NGF and CCL19 expression, pairwise comparison
showed that expression of CCL19 mRNA and protein in rats
in the presence of NGF is significantly higher than in controls,
while the expression of CCL19 mRNA and protein in rats
with anti-NGF inoculation was much lower than in controls.
Similarly, our published data also indicate that rats show a
significantly reduced “functional status” of bite force due to
tooth movement pain compared with their controls (17). In
this experiment, we also found that the expression levels of
CCL19 in the force groups were higher than those in the
pseudo-force groups. Meanwhile, after the injection of NGF
and CCL19, respectively, the corresponding rats both showed
extremely low level of bite force measurement values. All these
results suggest that CCL19 is specifically linked to orofacial
pain induced by tooth movement. In addition to the above
research findings, the experimental results of groups 14-19
showed that the immunofluorescence expression intensity of
CCL19 changed with the injection of NGF-related reagents.
Besides, CCL19 can be expressed in the trigeminal ganglion
neurons of rats with CGRP expression, and the immunoactivity
of the former was stronger than that of the latter, indicating
that NGF can modulate tooth movement-induced mechanical
hyperalgesia through CCL19. These results further validate our
hypothesis that the increased NGF can significantly upregulate
the expression of inflammatory mediator CCL19 in rats
TG. The increased CCL19 expression further facilitates the
response to neuroinflammation and releases more inflammatory
factors, amplifying and augmenting the pain induced by tooth
movement. Therefore, neutralization of NGF or CCL19 will
be an option for the relief of pain induced by orthodontic
tooth movement.

Moreover, rats injected with NGF + anti-CCL19 antibody
(group 11) present significantly higher bite force than those
injected with NGF alone (group 9). This indicates that tooth

movement pain sensitized by NGF can be alleviated by blocking
CCLI19. Thus, we can suppose that CCL19 is a downstream
signaling pathway of NGF and NGF regulates tooth movement
pain through CCL19. Meanwhile, CCL19 may also be regulated
by other inflammatory factors that affect tooth movement pain.
This hypothesis was proposed owing to the fact that the bite
force of rats injected with NGF + anti-CCL19 antibody should
be consistent with that of rats injected with normal saline
because the antibody against CCL19 neutralized the pain caused
by NGE if CCL19 is only regulated by NGF. Actual results
contrary to the above speculation obtained in the present study
suggest that the expression of CCL19 may also be regulated
by other inflammatory factors other than NGF. Similarly, by
comparing the bite force of rats injected with anti-NGF antibody
(group 10), anti-NGF antibody + CCL19 (group 12), and NS
(group 13), we can conclude that the modulation of tooth
movement pain by NGF may also be through other pathways
besides CCL19.

Limitations of this study include the lack of in vitro
study with cells. Further studies are needed to determine
the relationship between the expression of this chemokine
with the postoperative prognosis of orthodontic treatment, as
well as to determine whether NGF regulates not only CCL19
but also other related molecular pathways that mediate tooth
movement pain.

In conclusion, this study investigated the molecular
mechanism of pain induced by tooth movement based on
a rat model. Firstly, CCL19 expression levels in rats TGs
were studied by qPCR and immunofluorescence. It was
confirmed that NGF positively regulated CCL19 expressions.
Secondly, CCL19 in TGs plays an important role in tooth
movement-induced orofacial pain in rats measured by bite
force, which can objectively reflect the changes of pain
levels. Finally, we continue to use this test as an indicator to
elucidate the modulation mechanisms of experimental tooth
movement orofacial pain by NGF through CCL19 pathway
in rats.
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