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Sigma-1 receptor modulates neuroinflammation associated
with mechanical hypersensitivity and opioid tolerance in a
mouse model of osteoarthritis pain
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Background and Purpose: Osteoarthritic pain is a chronic disabling condition lack-
ing effective treatment. Continuous use of opioid drugs during osteoarthritic pain
induces tolerance and may result in dose escalation and abuse. Sigma-1 (o1) recep-
tors, a chaperone expressed in key areas for pain control, modulates p-opioid recep-
tor activity and represents a promising target to tackle these problems. The present
study investigates the efficacy of the ol receptor antagonist E-52862 to inhibit pain
sensitization, morphine tolerance, and associated electrophysiological and molecular
changes in a murine model of osteoarthritic pain.

Experimental Approach: Mice received an intra-knee injection of monoiodoacetate
followed by 14-day treatment with E-52862, morphine, or vehicle, and mechanical
sensitivity was assessed before and after the daily doses.

Key Results: Monoiodoacetate-injected mice developed persistent mechanical
hypersensitivity, which was dose-dependently inhibited by E-52862. Mechanical
thresholds assessed before the daily E-52862 dose showed gradual recovery,
reaching complete restoration by the end of the treatment. When repeated treatment
started 15 days after knee injury, E-52862 produced enhanced short-term analgesia,
but recovery to baseline threshold was slower. Both a o1 receptor agonist and a p
receptor antagonist blocked the analgesic effects of E-52862. An acute, sub-effective
dose of E-52862 restored morphine analgesia in opioid-tolerant mice. Moreover, E-
52862 abolished spinal sensitization in osteoarthritic mice and inhibited pain-related
molecular changes.

Conclusion and Implications: These findings show dual effects of ol receptor
antagonism alleviating both short- and long-lasting antinociception during chronic
osteoarthritis pain. They identify E-52862 as a promising pharmacological agent to

treat chronic pain and avoid opioid tolerance.

Abbreviation: BDNF, brain-derived neurotrophic factor; DRG, dorsal root ganglia; MIA, monoiodoacetate; NPY, neuropeptide Y; WDR, wide dynamic range; ol receptor, sigma-1 receptor
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1 | INTRODUCTION

Osteoarthritis is the most frequent chronic musculoskeletal pain con-
dition (Breivik, Collett, Ventafridda, Cohen, & Gallacher, 2006), charac-
terized by progressive destruction of articular cartilage (Sutton et al.,
2009; Zhang, Ren, & Dubner, 2013). Pain is the major symptom of
osteoarthritis and the reason for presentation of patients to clinical
services. However, available therapeutic approaches do not control
the progression of the disease and do not provide satisfactory analge-
sia (Wieland, Michaelis, Kirschbaum, & Rudolphi, 2005). Opioids are
potent analgesics widely used for severe pain management. However,
prolonged administration has been associated with tolerance, abuse
liability, and hyperalgesia (Vowles et al., 2015). Long-term opioid pre-
scriptions increased importantly over the last decade, mainly in the
United States, becoming a public health problem with devastating
consequences including overdose-related deaths (Lyden & Bin-
swanger, 2019). Therefore, there is an urgent need to develop safer
therapeutic alternatives for chronic pain.

The sigma-1 (o1) receptor is a ligand-regulated chaperone located
mainly in the endoplasmic reticulum (Alonso et al., 2000). It has been
proposed as an amplifier of signal transduction cascades that modu-
late a variety of receptors and ion channels (Su, Hayashi, Maurice,
Buch, & Ruoho, 2010; Zamanillo, Romero, Merlos, & Vela, 2013).
The o1 receptors are expressed in areas of the nervous system crucial
for pain transmission such as the dorsal root ganglia (DRG), dorsal
horn, and periaqueductal grey (Alonso et al., 2000; Bangaru et al.,
2013). Behavioural studies showed their involvement in models of
neuropathic and inflammatory pain (Romero, Merlos, & Vela, 2016).

Osteoarthritis involves inflammatory and neuropathic pain mecha-
nisms (lvanavicius et al., 2007; Wylde, Hewlett, Learmonth, & Dieppe,
2011) at distinct points of the disease (Arendt-Nielsen et al., 2010),
but the role of ol receptors in these different stages has not been
yet investigated. Moreover, functional interactions have been
reported between ol receptors and p-opioid receptors (Kim et al.,
2010). Indeed, o1 receptor antagonists enhance opioid-induced anal-
gesia in rodent models of acute nociception and inflammation (Chien
& Pasternak, 1995; Montilla-Garcia et al.,, 2019; Vidal-Torres et al.,
2013) and did not potentiate opioid-induced side effects such as toler-
ance or physical dependence (Vidal-Torres et al., 2013), which could
represent an important advantage for long-term opioid treatment.
However, it is not known if ol receptors modulate opioid analgesia
and tolerance during osteoarthritis chronic pain. Interestingly, ol
receptors are up-regulated and redistributed from the endoplasmic
reticulum to other subcellular locations under cellular stress (Hayashi
& Su, 2007; Zamanillo et al., 2013), which is associated to chronic pain
and morphine tolerance (Inceoglu et al., 2015; Liu et al., 2018). Hence,
characterizing the role of ol receptors in osteoarthritic pain and opi-
oid tolerance could provide insights into improving the available ther-
apeutic strategies.

This study investigated the role of ol receptors in the
monoiodoacetate (MIA) mouse model of osteoarthritic pain and its
participation on opioid tolerance. We assessed the antinociceptive

effects of acute and chronic treatment with the o1 receptor

What is already known
e 0l receptor antagonists modulate p-opioid receptor
activity and alleviate

acutely inflammatory and

neuropathic pain.

What this study adds
o Repeated E-52862 promotes gradual normalization of
mechanical

sensitivity inhibiting neuroinflammation,

critical for osteoarthritic pain.

e E-52862 antinociception involves p-opioid receptors and
reverses morphine tolerance during chronic osteoarthritic

pain.

What is the clinical significance
e E-52862 could dampen deleterious side effects of opioid
and be an alternative for long-term treatments.

e E-52862 provides acute and long-lasting pain-relieving
effects during osteoarthritic pain.

antagonist E-52862 (also named S1RA [Romero et al., 2012] and
MR309 [Castany, Gris, Vela, Verdu, & Boadas-Vaello, 2018]) and eval-
uated its effects in vivo on spinal electrophysiological recordings per-
formed in animals with osteoarthritic pain. Involvement of p opioid
receptors in the analgesic effects of E-52862 and its participation on
morphine tolerance were also investigated. Pain and morphine-associ-
ated biochemical alterations were also investigated in spinal cord and

DRG of mice with osteoarthritic pain.

2 | METHODS

2.1 | Animals

All experimental procedures and animal husbandry were conducted
following the ARRIVE guidelines and according to the ethical principles
of the International Association for the Study of Pain (IASP) for the
evaluation of pain in conscious animals (Zimmermann, 1986) and the
European Parliament and the Council Directive (2010/63/EU) and
were approved by the Animal Care and Use Committees of the PRBB
and Departament de Territori | Habitatge of Generalitat de Catalunya.
Animal studies are reported in compliance with the ARRIVE guidelines
(Kilkenny, Browne, Cuthill, Emerson, & Altman, 2010) and with the rec-
ommendations made by the British Journal of Pharmacology.

Swiss albino male mice (Charles River, Lyon, France) 8 to 12 weeks
old were used in all the experiments. Mice weighed 22 to 24 g at the
beginning of the experiments and were housed in groups of 3-4 with
free access to water and food. Housing conditions were maintained at
21 + 1°C and 55 + 10% relative humidity in a controlled light/dark
cycle (light on between 8:00 a.m. and 8:00 p.m.). All experiments were

performed under blinded conditions.
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2.2 | Intra-articular injection of MIA

Osteoarthritic pain was induced in mice briefly anaesthetized with
isoflurane (2% v/v) vaporized in oxygen. The knee joint was shaved
and flexed at a 90° angle and 10 pl of MIA (10 mg-ml™2, Sigma-Aldrich,
UK) dissolved in sterile saline (NaCl 0.9%) were injected into the joint
space with a 30-gauge needle, as previously described (Negrete,
Garcia Gutiérrez, Manzanares, & Maldonado, 2017). Sham mice

received the same volume of sterile saline.

2.3 | Nociceptive behaviour

Hypersensitivity to punctate stimuli (which will be referred as mechan-
ical allodynia) was used as outcome measure of osteoarthritic pain by
measuring the hind paw withdrawal response to von Frey filaments
stimulation (Chaplan, Bach, Pogrel, Chung, & Yaksh, 1994). Briefly, ani-
mals were placed in Plexiglas cylinders (20 cm high, 9 cm diameter)
positioned on a grid surface through which calibrated von Frey fila-
ments (North Coast Medical, USA) were applied following the up-
down paradigm as previously reported (Chaplan et al., 1994). The
0.4-g filament was used first, and the strength of the next filament
was decreased or increased according to the response following this
sequence 0.07, 0.16, 0.4, 0.6, 1, 2 g. The 2-g filament was used as a
cut-off. The mechanical threshold (in grams) was then calculated by
the up-down Excel program (Dixon, 1965). Animals were habituated
for 1 hr before testing to allow an appropriate behavioural immobility.
Clear paw withdrawal, shaking, or licking was considered as a nocicep-
tive response. Both ipsilateral and contralateral hind paws were
tested. Only ipsilateral responses are shown since contralateral sides
showed no significant alteration of the mechanical thresholds. The
percentage of inhibition of mechanical nociception for the dose-
response curves was calculated based on the hypersensitivity before
the drug administration (0%) and the maximal possible mechanical
thresholds (100%).

2.4 | Drug preparation

The selective ol receptor antagonist E-52862 (4-(2-[5-methyl-1-
(naphthalen-2-yl)-1H-pyrazol-3-yloxylethyl) morpholine) and the u
receptor agonist morphine were dissolved in an aqueous solution
(0.5% hydroxypropylmethyl cellulose, HPMC) and were administered
by the i.p. route at a volume of 10 ml-kg™ 30 min before behav-
ioural testing. For spinal electrophysiological recordings, the doses
of E-52862 were selected based on previous studies showing
antinociceptive effects after intrathecal administration (Vidal-
Torres et al, 2014). The ol receptor agonist PRE-084 ([2-(4-
morpholinethyl)1-phenylcyclohexanecarboxylate]) and  naloxone
hydrochloride were diluted in physiological saline (0.9% sodium
chloride) and were administered s.c. at a volume of 5 mI-kg’l,
5 min before E-52862.
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2.5 | In vivo spinal cord electrophysiology

In vivo electrophysiology was performed 13-17 days following MIA/
sham injection. Animals were anaesthetized with 3.5% v/v isoflurane
delivered in 3:2 ratio of nitrous oxide and oxygen and were maintained
on 1.5% v/v for the whole duration of the experiment (approximately
5-7 hr), core body temperature was regulated with a homeothermic
blanket, and respiratory rate was visually monitored. Mice were
secured in a stereotaxic frame and a laminectomy was performed
exposing L3-L5 of the spinal cord. Extracellular recordings were per-
formed using 127-um-diameter parylene-coated tungsten electrodes.
Single wide dynamic range (WDR) neurons receiving inputs from the
hind paw were isolated in the ipsilateral dorsal horn, and the receptive
field was then stimulated using a wide range of stimuli: brush, von
Frey filaments (0.16, 0.4, 0.6, 1, 2, 4, 6, 8, 15, 26, 60 g), static pressure
(pinch), and heat (48°C) applied over a period of 10 s per stimulus.
Stimuli were applied starting with the stimulus of lowest intensity in
the following order: brush, von Frey, pressure, and heat; 1-2 WDR
cells were isolated from each animal, and the average response was
calculated. A sample size of six to eight animals per group was obtained
except for the sham group where only four animals could be recorded
due to casualties during the process of neuron isolation, where animals
are maintained under anaesthesia for long periods of time.

Baseline recordings were made with 15-ul vehicle (0.9% saline)
applied to the dorsal part of the spinal cord. After obtaining three to
four baseline responses (with 5 min between each set of trials, data
were averaged to obtain control values), the vehicle was removed
and 90 and 180 pg E-52862 diluted in saline were applied to the spi-
nal cord in a volume of 15 pl. Firing frequency was recorded 10 and
30 min after application of the drug. All mice were terminally anaes-
thetized with isoflurane after the experiment. Data were captured
and analysed using a CED 1401 interface coupled to a computer run-

ning Spike 2 software.

2.6 | Tissue isolation

Mice were killed by cervical dislocation 1 or 15 days after sham or
induction of osteoarthritis. The dorsal lumbar region of the spinal cord
and L3-L5 DRG ipsilateral to the side of the knee injection were rap-
idly isolated. Tissues were fresh frozen and stored at -80°C until use.

2.7 | Immunoblot analysis

The antibody-related procedures used comply with the recommenda-
tions made by the British Journal of Pharmacology (Alexander et al.,
2018). Frozen tissues were processed to obtain the total solubilized
fraction, as previously described (Ozaita, Puighermanal, & Maldonado,
2007). Briefly, tissues were homogenized (Dounce homogenizer) in 30
volumes of lysis buffer (50 mmol-L™* Tris-HCl pH 7.4, 150 mmol-L™*
NaCl, 10% glycerol, 1 mmol-L™* EDTA, 1 pg-ml™ aprotinin, 1 pug:ml™*
leupeptin, 1 ug-ml~! pepstatin, 1 mmol-L™* sodium fluoride, 5 mmol-L™*

sodium pyrophosphate, and 40 mmol-L™! B-glycerolphosphate) with
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1% Triton X-100. After 10 min of incubation at 4°C, samples were
centrifuged at 16,000 g for 30 min to remove insoluble debris. Protein
contents in the supernatants were determined by DC-micro plate
assay following manufacturer's instructions. Blots containing equal
amounts of protein samples were probed for different primary anti-
bodies: anti-lbal (1:500), anti-GluA2 (1:2,000), anti-phosphoGIluN1
(1:500), anti- GIuN1 (1:2,000), anti-phospho GIuN2B (1:500), anti-
GIuN2B (1:1,000), anti-mGlus (1:2,000), and anti-GAPDH (1:10,000),
and anti-actin (1:10,000). Bound primary antibodies were detected
using HRP-conjugated antibodies to rabbit (1:2,000) or mouse anti-
bodies (1:2000) and visualized by enhanced chemiluminescence
detection (Clarity Western ECL Substrate). When necessary,
Immobilon-P membranes were stripped in buffer containing 62.5-
mM Tris pH 6.5, 2% SDS (v/v), and 0.1-M B-mercaptoethanol
for 30 min at 37°C, followed by extensive washing in 100-mM
NaCl, 10-mM Tris, and 0.1% Tween 20 (pH 7.4) before re-blocking
and re-probing. The optical density of the relevant immunoreactive
bands was quantified after acquisition on a ChemiDoc MP Imaging
System controlled by Image Lab Touch Software. For quantitative pur-
poses, the optical density values of phospho-specific antibodies were
normalized to the detection of non-phospho antibodies in the same
sample, and GAPDH or actin was used as the housekeeping control.
Data were expressed as a fold change of the control sham-vehicle

group.

2.8 | Gene expression analysis by real-time PCR

Total RNA was isolated from frozen (-80°C) spinal cords and DRG
with TRIzol reagent plus RNA purification kit and subsequently
retrotranscribed to cDNA with the High-capacity cDNA reverse tran-
scription kit. Gene expression of neuropeptide Y (NPY), brain-derived
neurotrophic factor (BDNF), TNF-a, and IL-1B in both tissues
obtained 1 and 15 days after MIA injection was assessed by real-time
PCR. Quantitative analysis of gene expression was measured with
TagMan Gene Expression assays “Mm01410146_m1” for NPY,
“Mm01334043_m1" for BDNF, “Mm00443258_m1” for TNF-a, and
“Mm00434228_m1" for IL-1B as a double-stranded DNA-specific
fluorescent dye and performed on the ABI Prism 7900 HT. HPRT
was used as housekeeping gene, detected with TagMan gene expres-
sion assay “Mm00446968_m1.” Data for each target gene were nor-
malized to HPRT, and the fold change in target gene mRNA
abundance was determined by the 20 method (Livak & Schmittgen,
2001).

2.9 | Data and statistical analysis

The data and statistical analysis comply with the recommendations of
the British Journal of Pharmacology on experimental design and analysis
in pharmacology (Curtis et al., 2018). Sample size was based on previ-
ous behavioural studies with similar number of factors under the same
experimental conditions that achieved statistically significant results
(Gris, Merlos, Vela, Zamanillo, & Portillo-Salido, 2014; Negrete et al.,

2017). Mice were randomly assigned to each surgery and/or treat-
ment group, generating groups with similar initial number of animals
for each experiment. The minor variations in the final number among
the groups in each experiment are due to the loss of one to two ani-
mals during the whole experimental sequence mainly as a result of
surgical procedures and subsequent consequences. Animals showing
behavioural abnormalities after surgical procedures were killed follow-
ing the ethical committee criteria. Animal casualties during the electro-
physiological recordings were higher, and a group of four mice was
obtained, which was not subjected to statistical analysis. Outliers were
not excluded, and the declared group size is the number of indepen-
dent values. A three-way repeated measure ANOVA with “surgery”
as between factor and “day” and “pre versus post” as within-subject
factors was used to analyse von Frey data during chronic treatment.
To analyse the differences between early and late treatments and
pre and post values, the slopes of the regression lines were calculated
for each animal and the average slope for each group. Afterwards, a
two-way ANOVA was used with “early and late” as between factor
and “pre and post” as within-subject factor. For von Frey assessment
on Day 14 before and after acute treatments, a two-way repeated
measures ANOVA was used, with “treatment” as between-subjects
factor and “pre versus post” as within-subject factor. For dose-
response curves, an F test was used to compare the non-linear
regression fittings. Electrophysiological data were analysed with an

F test to compare non-linear regressions and a two-way repeated
measure ANOVA (“surgery” as between-subject factor and “stimulus”
as within-subject factor). A two-way ANOVA (“surgery” and “treat-
ment”) was used to analyse data from molecular studies. In all compar-
isons, Fisher least significant difference (LSD) post hoc analysis was
applied when appropriate (significant interaction between factors).
STATISTICA 6.0 software was used. The differences were considered

statistically significant when the P value was below .05.

2.10 | Materials

The selective ol receptor antagonist E-52862 (4-(2-[5-methyl-1-
(naphthalen-2-yl)-1H-pyrazol-3-yloxy]ethyl) morpholine) and the o1
PRE-084

hexanecarboxylate]) were developed and supplied by Laboratories

receptor agonist ([2-(4-morpholinethyl)1-phenylcyclo-
Esteve (Barcelona, Spain). The u receptor agonist morphine hydrochlo-
ride was obtained from the General Directorate of Pharmacy and
Drugs, Spanish Ministry of Health (Madrid, Spain), and the p receptor
antagonist naloxone hydrochloride was purchased from Sigma-Aldrich
(Saint Louis, United States). HPMC was obtained from Sigma-Aldrich
(Saint Louis, United States). For the electrophysiological study,
parylene-coated tungsten electrodes from A-M Systems (Sequim,
United States) and Spike 2 software from Cambridge Electronic
Design (Cambridge, United Kingdom, RRID:SCR_000903) were used.
DC-micro plate assay was purchase from Bio-Rad (Hercules, United
States), and Immobilon-P membranes from Merck Millipore
(Burlington, United States; Cat# IPVH09120). In the molecular studies,

the following antibodies were used: anti-lbal (Wako Pure Chemical
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Industries, Osaka, Japan; Cat# 016-20001, RRID:AB_839506), anti- States; Cat# sc-32233, RRID:AB_627679), anti-Actin (Sigma-Aldrich,
GluR2 (Merck Millipore; Cat# AB1768, RRID:AB_2313802), anti- Saint Louis, United States; Cat# A5441, RRID:AB_476744), anti-rabbit
phosphoNR1 (Cell Signalling, Danvers, United States; Cat# 3381, (Cell signalling; Cat# 7074, RRID:AB_2099233) and anti-mouse (Santa
RRID:AB_2294781), anti-NR1 (Novus Biologicals, Centennial, United Cruz Technologies; Cat# sc-2005, RRID:AB_631736). The optical den-
States; Cat# NB300-118, RRID:AB_10002447), anti-phosphoNR2B sity of the relevant immunoreactive bands was visualized using Clarity
(Sigma-Aldrich, Saint Louis, United States; Cat# M2442, RRID: Western ECL Substrate (Cat# 1705061) and the ChemiDoc MP Imag-
AB_262150), anti-NR2B (Merck Millipore; Cat# AB1557P, RRID: ing System from Bio-Rad. For the gene expression analysis by real-
AB_90772), anti-mGIuR5 (Merck Millipore; Cat# AB5675, RRID: time PCR, the following reagents were used: TRIzol reagent plus
AB_2295173), anti-GAPDH (Santa Cruz Technologies, Dallas, United RNA purification kit from Ambion (Waltham, United States; Cat#

FIGURE 1 The o1 receptor antagonist E-
52862 produces both acute anti-allodynia and
a gradual normalization of mechanical
thresholds in a model of osteoarthritic pain. (a)
Mice received an intra-knee injection of MIA
or saline and were treated with vehicle (0.5%
HMPC) or E-52862 (5, 10, or 20 mg-kg™%)
twice a day from Day 1 to Day 14. Mechanical
allodynia was assessed with the von Frey test
before (PRE) and 30 min after (POST) the first
daily dose, under basal conditions and 1, 3, 7,
10, 14, and 17, 20, 23, 26, and 29 days after
the intra-articular injection. (b) MIA-injected
mice treated with vehicle showed a persistent
decrease on mechanical thresholds. (c-e) E-
52862 produced acute dose-dependent
antiallodynic effects (POST values) and a
gradual recovery of mechanical thresholds
observed before the daily doses (PRE values).
(f) MIA-induced reduction of mechanical
thresholds persisted up to 29 days in vehicle-
treated mice. (g) The sustained recovery
induced by chronic E-52862 was maintained
for 9 days after interrupting the repeated
treatment. The von Frey pressure (g) required
to elicit the paw withdrawal is expressed as
mean + SEM. The number of animals is as
follows (first value represents sham groups
and second value represents MIA groups): (b)
8, 8;(c) 8, 8; (d) 8, 8; (e) 8, 10; (f) 8, 16; and (g)
8, 8. *P<.05, significant difference between
MIA and sham; t P<.05, significant difference
between MIA-PRE and MIA-PRE at Day 1;
#P<.05, significant difference between
MIA-PRE and Sham-PRE; + P<.05, significant
difference between MIA-PRE and MIA-POST;
three-way repeated measures ANOVA plus
Fisher least significant difference test. MIA,
monoiodoacetate
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AM1924), and high-capacity cDNA reverse transcription kit (Cat#
4368814), TagMan Gene Expression assays, and ABI Prism 7900 HT
from Applied Biosystems (Waltham, United States). The statistical
analysis was performed with the STATISTICA 6.0 software was used
(StatSoft, Inc., Tulsa, United States, RRID:SCR_014213).

2.11 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to
corresponding entries in http://www.guidetopharmacology.org, the
common portal for data from the IUPHAR/BPS Guide to PHARMA-
COLOGY (Harding et al., 2018), and are permanently archived in the
Guide to PHARMACOLOGY 2017/18 (Alexander,
Christopoulos, et al., 2017; Alexander, Kelly et al., 2017; Alexander,
Peters et al., 2017).

Concise

3 | RESULTS

3.1 | The o1 receptor antagonist E-52862 produces
acute antinociception and a gradual normalization of
mechanical sensitivity during osteoarthritic pain

To assess the therapeutic potential of E-52862 in pain due to chronic
osteoarthritis, we evaluated its effects on mechanical allodynia in mice
subjected to joint pain induced by MIA. Mice received vehicle or dif-
ferent i.p. E-52862 doses (5-10-20 mg-kg™?) twice a day during
14 days, starting the first day after MIA or sham injection. Mechanical
thresholds were measured before (PRE values) and 30 min after
(POST) the first daily administration (Figure 1a). Baseline mechanical
thresholds were similar in all groups, and sham animals did not show
nociceptive changes during the experiment, regardless of the treat-
ment (Figure 1b,g). Intra-knee injection of MIA led to a marked
decrease of withdrawal thresholds to mechanical stimuli when com-
pared with sham. Mechanical allodynia was shown from the first
day after MIA until the end of the experiment in vehicle-treated
mice (Figure 1b,f). Acute E-52862 doses of 5 and 10 mg-kg ! were
sub-effective, whereas 20 mg-kg™ clearly alleviated MIA-induced
hypersensitivity, demonstrating dose-dependent analgesic effects of
E-52862 after single administration (POST values compared with
PRE values at Day 1; Figure 1c,e). Interestingly, E-52862 also induced
a gradual recovery of the mechanical thresholds measured before its
daily administration. This recovery was significant after the seventh
day of treatment for all doses tested (Figure 1c,e). Hence, the
sustained recovery of mechanical thresholds was independent of the
E-52862 doses tested.

To evaluate the persistence of E-52862-induced antiallodynic
effects, we continued the evaluation of mechanical thresholds after
ending the repeated treatment (wash-out period; Figure 1f,g). Mice
previously treated with vehicle or E-52862 (20 mg-kg™%, 14 days) were
evaluated for 15 additional days after ending the treatment. The
reduction of mechanical allodynia induced by the 14-day treatment

was maintained for 9 days after interrupting E-52862 administration

(Figure 1g). Therefore, the blockade of o1 receptors had sustained
antiallodynic effects that lasted for several days after treatment
discontinuation.

3.2 | The analgesic efficacy of acute or repeated
treatments with E-52862 depends on the stage of the
osteoarthritic pain sensitization

Treatment with the ol receptor antagonist showed acute and long-
lasting efficacy inhibiting osteoarthritic pain at stages in which inflam-
matory and neuroplastic changes may have not been fully developed.
Thus, we wanted to assess its analgesic efficacy once these changes
were already present. We compared the efficacy of acute and chronic
E-52862 treatments starting 1 (Early) or 15 (Late) days after MIA
injection (Figure 2a). MIA-injected mice showed similar decrease of
mechanical thresholds 1 and 15 days after MIA (Figures 1b and 2b).
We observed a significant shift to the left of the dose-response curve
of E-52862 measured 15 days after MIA injection, when compared
with the curve assessed on Day 1 (Figure 2c). This was reflected in
lower median effective dose (EDso) of the ol receptor antagonist
15 days after MIA (EDsp = 7.024 mgkg™) than on Day 1
(EDso = 14.10 mgkg™%). Thus, the dose needed to induce pain relief
on Day 15 was half of the dose required on Day 1.

Comparison between early and late repeated treatments with E-
52862 (5 and 10 mg-kg™?) revealed that the time period in which the
ol receptor antagonist was applied had a significant effect on the
gradual recovery of mechanical thresholds. MIA-induced sensitization
was stable in vehicle-treated mice up to 28 days after intra-knee injec-
tion (Figure 2b). Mice receiving the late chronic E-52862 treatment
also showed the sustained restoration of mechanical sensitivity
observed in the previous treatment schedule (Figure 2d,f), but this
improvement was slower compared to the treatment starting at Day
1, as reflected on reduced slopes of the time-course curves of
mechanical allodynia (Figure 2e,g). Therefore, late repeated treatments
with E-52862 required a longer duration of treatment to restore
mechanical thresholds than that for early treatments, even if single
administrations at late time acute

points showed higher

antinociceptive effects.

3.3 | Spinal administration of the ol receptor
antagonist reduces evoked firing frequency of spinal
neurons from mice with osteoarthritic pain

To distinguish whether E-52862 could modulate central sensitization
in the spinal cord of mice with osteoarthritic pain (Harvey &
Dickenson, 2009), in vivo electrophysiological recordings were per-
formed in WDR neurons of lamina V of the dorsal horn. These neu-
rons respond to mechanical and thermal stimuli, including punctate
stimulation, dynamic brush, static pressure, and heat (Figure 3a). In this
exploratory experiment, evoked responses to punctate mechanical
stimuli were facilitated in osteoarthritic mice (Figure 3b). However, fir-

ing frequency evoked by the other stimuli was similar in MIA and sham
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animals (Figure 3c). Application of 90 pg of E-52862 to the exposed
dorsal horn of mice with osteoarthritis significantly reduced firing fre-
quency in response to mechanical and thermal stimuli 30 min after
administration (Figure 3d,e). Application of 180 ug induced earlier
inhibitory effects that were evident 10 and 30 min after E-52862
(Figure 3f,g), indicating dose-dependent drug effects. Hence, MIA
induced central sensitization characterized by increased firing fre-
quency of spinal WDR neurons that was normalized by the pharmaco-

logical blockade of o1 receptors. This effect is associated with the

--O-- Sham - PRE-treatment
—/A— Sham - POST-treatment —#l— MIA - POST-treatment

Sham MIA

--9-- MIA - PRE-treatment

short-term antiallodynic effects of E-52862 observed in mice with

osteoarthritic pain.

3.4 | o1 receptors and p receptors show reciprocal
modulation in chronic osteoarthritic pain

The ol receptors have been shown to modulate opioid tolerance

during acute nociception (Chien & Pasternak, 1995; Mei & Pasternak,
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FIGURE 3 E-52862 reduces osteoarthritic pain-facilitated firing frequency of WDR spinal neurons. (a) Extracellular recordings were assessed
from ipsilateral WDR neurons in the lamina 5 of the dorsal horn. The receptive field in the hind paw was stimulated using von Frey filaments,
dynamic brush, static pressure (pinch), and heat (48°C). (b) MIA injection facilitated the evoked responses to punctate mechanical stimuli. (c) Firing
frequency evoked by brush, pinch, or heat was similar in MIA and sham-injected animals. (d,e) 90 ug of E-52862 significantly reduced the evoked
responses to mechanical and thermal stimuli 30 min after intrathecal application in mice with osteoarthritis pain. (f,g) Application of 180 g of E-
52862 inhibited the firing frequency in response to stimulation of the hind paw 10 and 30 min after administration. Stimuli were applied for 10 s,
and responses are presented as mean + SEM. Histogram traces for single unit responses of WDR neurons representative for each group are
presented. The number of animals is the following: sham-vehicle = 4; MIA-vehicle = 8; and MIA-E-52862 (10 and 30 min) = 6. Panels (d) and (f):
*P<.05, significant difference between MIA-E-52862 (10 and 30 min) and MIA-vehicle (F test of non-linear regression) and +P<.05, significant
difference between MIA-E-52862 and MIA-vehicle (two-way repeated-measures ANOVA plus Fisher least significant difference test). Panels (e)
and (g): # P<.05, significant difference between MIA-E-52862 and MIA-vehicle (two-way repeated-measures ANOVA plus Fisher least significant
difference test). MIA, monoiodoacetate

2002), but this effect has not been investigated under chronic pain
conditions. To address this question, we induced opioid tolerance in
mice with osteoarthritic pain using a chronic treatment with
2.5 mg-kg™* morphine administered twice a day for 14 days. After-
wards, mice received acute morphine (2.5 mg-kg™!), E-52862 (5-
20 mg-kg™1), or combinations of both, and mechanical sensitivity was
assessed (Figure 4a). Osteoarthritic mice developed tolerance to the
antinociceptive effects of morphine, revealed by the absence of an

opioid response at the end of the repeated treatment (Figure 4b,d).
This tolerance persisted for at least 9 days, as morphine
antinociception was still absent 17, 20, and 23 days after MIA
(Figure 4b). In this context, a single sub-effective dose of E-52862
(5 mg-kg™%), combined with morphine, restored opioid analgesia (Days
17 and 23, Figure 4c). This restorative effect was not observed when
morphine was administered alone 3 days after the first morphine-E-
52862 combination, suggesting that may be a transient effect (Day
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FIGURE 4 A single administration of the o1 receptor antagonist restores morphine analgesia in opioid-tolerant mice. (a) After a 14-day treatment
with morphine (2.5 mg-kg™2, twice a day during 14 days), mice received acute administrations of morphine (2.5 mg-kg™%), E-52862 (5-20 mg-kg™2),
or combinations of both drugs. (b-d) Mice repeatedly treated with the opioid developed analgesic tolerance. (b) The antinociceptive effect of
morphine was not recovered for at least 9 days after the end of the repeated treatment. Single sub-effective (5 mg-kg™?) (c) and effective doses
(20 mg-kg™?) (d) of E-52862 combined with morphine produced a restoration of opioid analgesia in morphine-tolerant mice. Mechanical thresholds
expressed as mean £ SEM. The number of animals is the following (first value represents sham groups and second value represents MIA groups): (b)
8, 8; (c) 8, 8; and (d) 8, 10. *P<.05, significant difference between MIA-POST and Sham-POST; #P<.05, significant difference between MIA-PRE and
Sham-PRE; +P<.05, significant difference between MIA-PRE and MIA-POST; 1P<.05, significant difference between MIA-POST and MIA-POST at
Day 1 (three-way repeated-measures ANOVA plus Fisher least significant difference test). MIA, monoiodoacetate

20; Figure 4c). To assess the effect of higher doses of the o1 receptor
antagonist, we co-administered E-52862 20 mgkg™* with morphine.
As expected, this combination produced complete restoration of
mechanosensitivity to baseline levels (Days 17 and 23, Figure 4d).
Interestingly, this dose induced a long-lasting recovery, revealed by
increased mechanical thresholds when morphine was given alone
3 days after the first morphine-E-52862 combination (Day 20,
Figure 4d). This was not a residual effect of the earlier E-52862 dose,
because the mechanical sensitivity assessed before the administration
of morphine showed regular nociceptive sensitization (Figure 4d).
Therefore, these results suggest that o1 receptors participate in mor-
phine tolerance during chronic osteoarthritic pain and its antagonism
can restore opioid analgesia.

The ol receptor antagonist showed efficacy increasing the
antinociceptive effect of morphine. However, it is not known whether
U receptors contribute to the analgesic effects of o1 receptor ligands.
Thus, we evaluated the involvement of g1 receptors and u receptors
on the analgesic efficacy of E-52862. Mice with osteoarthritic pain
were treated with vehicle or E-52862 for 13 days and on Day 14
received acute doses of E-52862 (20 mg-kg™1), naloxone (1 mg-kg™Y),
the o1 receptor agonist PRE-084 (32 mg-kg %), or combinations of

these drugs (Figure 5a). MIA-injected mice receiving vehicle showed
reduced mechanical thresholds before drug administration (PRE
values; Figure 5b). Acute injection of E-52862 decreased mechanical
allodynia, whereas acute naloxone or PRE-084 did not induce signifi-
cant responses. As expected, PRE-084 reduced the acute antiallodynic
effect of the ol receptor antagonist (Figure 5b). Interestingly, co-
administration of E-52862 with naloxone revealed a trend towards
reduced analgesic effects of the ol receptor antagonist (Figure 5b),
suggesting W receptors also contribute to these acute responses. We
also investigated whether W receptors participate in the sustained
recovery of mechanical thresholds induced by repeated E-52862
(PRE values; Figure 5c). In these conditions, both naloxone and PRE-
084 injections decreased the mechanical thresholds (Figure 5c).
Hence, the results indicate that the effects of E-52862 were selective
for the o1 receptors and a possible participation of i receptors on the
acute and sustained effects of E-52862 was noted.

An additional experiment was conducted to assess whether
chronic stimulation of u receptors could in turn modulate E-52862-
induced antinociception. Different E-52862 doses were administered
to mice with osteoarthritic pain after chronic morphine or vehicle

(Figure 5a,d). Interestingly, we observed a significant shift to the right
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of the E-52862 dose-response curve when the drug was administered injury. At spinal level, MIA-injected mice also showed early over-
to morphine-tolerant mice. The ol receptor antagonist produced expression of TNF-a (Figure 6d), whereas IL-18 and NPY were
higher antinociceptive effects when mice were not exposed to mor- unchanged (Figure 6e,f). No effect of the treatments was observed
phine (EDso = 7.028 mg-kg™1) than when mice were chronically treated on these spinal markers at this early time point (Figure 6d.f).
with the opioid (EDsp = 17.77 mgkg™%). Thus, the antinociceptive After the 14-day treatment with vehicle, BDNF and TNF-a were
effect of E-52862 was 2.5 times lower when W receptors were still increased in osteoarthritic mice (Figure éb,d), whereas NPY levels
desensitized after repeated morphine. Hence, the results suggest bidi- in the DRG showed a marked over-expression (Figure éc). At this time
rectional modulation of o1 receptors and W receptors during chronic point, spinal IL-1B and NPY levels were also enhanced (Figure ée,f).
osteoarthritic pain. Thus, additional molecular changes were established at later stages
of osteoarthritic pain. Continuous blockade of o1 receptors normal-
3.5 | Molecular changes associated with chronic ized the over-expression of all these markers (Figure 6b,f), whereas
osteoarthritic pain are reversed by repeated treatment chronic mOrphine further increased BDNF, IL'lB, and Spinal NPY
with the o1 receptor antagonist E-52862 expression (Figure 6b,e,f). Thus, the o1 receptor antagonist disrupted
the expression of pain signalling-related molecules after chronic treat-
The o1 receptor antagonist induced acute and long-lasting analgesic ment, whereas repeated morphine promoted the expression of
effects in mice with osteoarthritis pain, in contrast with morphine, neuroinflammatory mediators.
which was devoid of antinociceptive effects after 14-day repeated To further investigate the neuroinflammatory mechanisms under-
administration. To compare the effects of these drugs at the molecular lying the long-term effects of E-52862 and morphine, we also
level, expression of markers associated with chronic pain was assessed analysed protein levels of the macrophage and microglial marker Iba-
in DRG and spinal cord samples of sham- or MIA-injected mice treated 1in DRG and spinal cord (Figure 7a). We did not observe significant
with vehicle, morphine, or E-52862 (Figure 6). One day after MIA, differences in DRG (Figure 7b). In contrast, increased spinal Iba-1
BDNF and NPY were over-expressed in the DRG (Figure éb,c). This levels were detected in osteoarthritic mice and after repeated mor-
over-expression was reduced by acute morphine administration, but phine (Figure 7c). Interestingly, E-52862 reversed the enhancement
not by acute E-52862 (Figure 6b,c). This suggests peripheral effects of Iba-1 expression associated with osteoarthritic pain, suggesting a
of acute morphine treatments at early time points of the intra-knee role for o1 receptors in modulating glial reactivity. As microgliosis is
a
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FIGURE 5 Participation of p receptors in the antiallodynic effect of E-52862. (a) Osteoarthritic mice were treated with vehicle (0.5% HPMC),
E-52862 (20 mg-kg™1), or morphine (2.5 mg-kg™%, twice a day during 14 days). In the last day of treatment, mice received acute doses of E-52862
(5-20 mg-kg™?), PRE-084 (32 mg-kg™1), naloxone (1 mg-kg™%), or combinations of these drugs. (b) Acute E-52862 (20 mg-kg ™) showed reduced
anti-allodynic effect when co-administered with PRE-084 and a trend towards a decreased antinociception when given together with naloxone.
(c) Once mechanical allodynia was normalized after chronic E-52862, acute administration of PRE-084 and naloxone induced reduction of the
mechanical thresholds. (d) E-52862 administered to morphine-tolerant mice showed reduced antinociceptive effects. Data are expressed as
mean * SEM. The number of animals is the following: (b) 6 per group; (c) 6 per group; (d) 8 for vehicle-treated, 6 for morphine-treated. For panels
(b) and (c): *P<.05, significant difference between PRE and POST; # P<.05, significant difference from E-52862 POST (two-way repeated measures
ANOVA plus Fisher least significant difference test). For panel (d): T P<.05, significant difference between vehicle-treated and morphine-treated (F
test of non-linear regression). MIA, monoiodoacetate. T
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associated with glutamate excitotoxicity on neurons (Takeuchi, 2013),
we decided to explore the spinal levels of glutamate receptors. We
observed that chronic morphine significantly increased the levels of
GluA2 AMPA receptor subunit (Figure 7d), whereas MIA enhanced
phosphorylation of the NMDA receptor subunits GIuN1 and GIuN2B
and the expression of metabotropic glutamate mGlus receptor
(Figure 7e,g). While the increases in phospho-GIuN1 and phospho-
GIuN2B were independent of the treatment, the results showed that
over-expression of mGlus receptors was completely reversed by E-
52862 (Figure 7g), revealing a novel effect of o1 receptor antagonism
in modulating glutamatergic signalling.

Overall, acute administration of morphine decreased expression of
peripheral nociceptive markers, but chronic administration aggravated
the pain-related molecular changes. On the contrary, E-52862 did not
affect the expression of these markers after acute administration, but
repeated treatment abolished central and peripheral long-term alter-

ations associated with chronic osteoarthritic pain.

4 | DISCUSSION

This work reveals that the selective o1 receptor antagonist E-52862
has short- and long-term analgesic effects and reverses morphine tol-
erance in mice subjected to a model of chronic osteoarthritic pain.
Our findings indicate dose-dependent, short-term antinociception
observed 30 min after E-52862 and sustained recovery of the
mechanical thresholds when the drug was repeatedly given. Impor-
tantly, electrophysiological recordings revealed that E-52862 inhibited
central sensitization of spinal WDR neurons in osteoarthritic mice.
These effects partly involved u receptors and o1 receptor antagonism
reversed morphine tolerance during osteoarthritic pain, demnstrating
a crosstalk between o1 receptors and the opioid system. Biochemical
assays identified common alterations of neuroinflammatory markers
and glutamatergic signalling associated with chronic pain and repeated
opioid exposure, both specifically inhibited by E-52862.

Acute E-52862 induced short-term inhibition of MIA-induced
hypersensitivity, confirming the analgesic efficacy of the o1 receptor
antagonist observed in different pain models (Romero et al., 2016).
E-52862 or vehicle treatments did not induce significant changes in
mechanical sensitivity of sham mice, although minor variations associ-
ated with the intra-knee saline injections were occasionally observed.
Thus, normal mechanosensitivity remains intact following o1 receptor
antagonism. In agreement, it was proposed that o1 receptors do not
have a primary role in physiological conditions (Su et al., 2010;
Zamanillo et al., 2013). The repeated treatment with E-52862 also
produced a gradual recovery of sensitivity, which was observed with
all the doses tested and maintained after interrupting the treatment.
Previous studies in mice investigated acute antinociceptive effects of
E-52862 (Gonzéalez-Cano, Merlos, Baeyens, & Cendan, 2013; Gris
et al.,, 2014; Romero et al., 2012) and its effects during chronic admin-
istration without testing mechanical allodynia before the daily dose of
the compound (Bura, Guegan, Zamanillo, Vela, & Maldonado, 2013;

Romero et al., 2012). Our work shows long-lasting restorative effects
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of the ol receptor antagonist, suggesting an additional benefit for
long-term chronic pain treatments.

E-52862 showed different efficacy depending on the stage of the
osteoarthritic pain sensitization. It was proposed that the initial
mechanical hyperalgesia in osteoarthritis is caused by inflammatory
processes, while later stages involve neuropathic mechanisms (Thakur,
Rahman, Hobbs, Dickenson, & Bennett, 2012). In agreement, rat
models showed an increase of the nerve injury marker ATF-3 in the
DRG between 8 and 14 days after MIA (lvanavicius et al., 2007; Orita
et al., 2011), and our mice increased expression of neuroinflammatory
markers 15 days after intra-knee injury. The doses of E-52862 needed
to exert acute antiallodynic effect 15 days after MIA were lower than
on 1 day post-injection. Thus, acute effects of E-52862 were more
prominent once the neuropathic component of osteoarthritic pain
was established. Such intra-model differences agree with previous
results showing higher efficacy of E-52862 after neuropathic injuries
than during inflammatory pain (Gris et al., 2014; Romero et al.,
2012). The long-lasting alleviation of pain required longer exposure
to the ol receptor antagonist when persistent neuroinflammatory
changes were present, although E-52862 was still able to restore
normal sensitivity. Thus, the ol receptor antagonist showed higher
short-term analgesic efficacy when pain had become chronic, while
preserving its long-term effects on chronic pain sensitization.

In vivo electrophysiological recordings showed facilitation of the
firing frequency of spinal WDR neurons after MIA, revealing central
sensitization in mice with osteoarthritic pain. Our result in CD1 mice
agrees with previous work using C57BI/6 mice, which revealed similar
MIA-induced responses to mechanical stimuli (Harvey & Dickenson,
2009). Furthermore, the lack of increased firing in response to thermal
stimuli is in agreement with previous behavioural studies showing
that MIA-injected mice do not exhibit consistent heat hyperalgesia
(La Porta, Bura, Aracil-Fernandez, Manzanares, & Maldonado, 2013).
Interestingly, we found that intrathecal application of E-52862
reduced these MIA-facilitated responses. This is in line with previous
ex vivo electrophysiological studies showing that E-52862 inhibited
wind-up responses elicited after repeated nociceptor stimulation
(Romero et al., 2012). In agreement, spinal cords of o1 receptor knock-
out mice exhibited reduced wind-up responses compared to wild-type
mice (de la Puente et al., 2009). Therefore, our experiments demon-
strate that spinal central sensitization associated with osteoarthritis
pain in live animals was reversed by the o1 receptor antagonist.

It has been suggested that o1 receptor agonists induce phosphor-
ylation of W receptors, a process involved in opioid tolerance
(Rodriguez-Mufoz et al., 2015; Rodriguez-Muioz, Cortés-Montero,
Pozo-Rodrigélvarez, Sanchez-Blazquez, & Garzén-Nifio, 2015). We
found modulation, by ol receptors, of opioid analgesia during
chronic osteoarthritic pain, showing that a single sub-effective dose
of E-52862 co-administered with morphine restored opioid
antinociception. Earlier preclinical research had shown this modulatory
role in the absence of chronic pain, using o1 receptor knockout mice
and ol receptor antagonists (Chien & Pasternak, 1994; Sanchez-
Fernandez et al., 2013; Sanchez-Fernandez et al., 2014). Moreover,

E-52862 demonstrated efficacy restoring morphine analgesia in
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FIGURE 6 Repeated E-52862 reduces the expression of neuroinflammatory mediators associated with osteoarthritis pain and chronic morphine
administration. (a) Spinal cord and DRG were extracted 1 or 15 days after sham or MIA injection from mice treated with vehicle (0.5% HPMC),
morphine (2.5 mg-kg™1), or E-52862 (20 mg-kg™1). The first day after the intra-knee injection, MIA induced over-expression of BDNF (b) and NPY
(c) in the DRG, which were reduced by the acute administration of morphine. In the spinal cord, MIA-injected mice showed increased levels of
TNF-a (d), whereas IL-1B (e) and NPY (f) were not altered; 15 days after MIA or sham injection, BDNF (b) and NPY (c) in the DRG, and spinal
TNF-a (d), IL-1B (e), and NPY (f) were increased in osteoarthritic mice and normalized by E-52862 chronic treatment. Morphine treatment further
increased expression of BDNF (b), IL-1B (e), and spinal NPY (f). Data are expressed as mean = SEM. The number of animals is the following: Day
1 = 5 per group; Day 15 = 6 per group. #P<.05, main effect, significant difference between MIA and sham, *P<.05, significantly different as
indicated; two-way ANOVA followed by Fisher least significant difference test for each time point. BDNF, brain-derived neurotrophic factor;
DRG, dorsal root ganglia; MIA, monoiodoacetate; NPY, neuropeptide Y; SC, spinal cord

tolerant animals with acute nociceptive and inflammatory pain
(Montilla-Garcia et al., 2019; Rodriguez-Munoz, Sanchez-Blazquez, et
al., 2015; Vidal-Torres et al., 2013). Surprisingly, there were no previ-
ous studies assessing the role of o1 receptors in modulation of opioid
analgesia under conditions of chronic pain. Our data suggest that o1
receptor antagonists could be efficient not only alleviating pain by
themselves but also restoring opioid analgesia in tolerant individuals.
Taking into account that opioid tolerance drives dose escalation and
abuse, and E-52862 did not produce tolerance development during
this long-term treatment and it is void of reinforcing effects in animals
without pain (Bura et al., 2013), the o1 receptor antagonist could rep-
resent a valuable alternative for chronic pain treatment. Considering
the lifespan of mice (2.5 years) and humans (80 years), the length of
the treatment used in this study could be compared to the duration
of chronic pain treatments that produce adverse events in patients.
We observed inhibition of the acute and sustained effects of E-
52862 after administration of the o1 receptor agonist PRE-084. Previ-
ous studies using pharmacological and genetic approaches demon-
strated that acute analgesic effects of E-52862 are selectively
mediated by o1 receptors (Gris et al., 2014; Sanchez-Fernandez
et al., 2014). Our work also showed that long-term restoration of
mechanical thresholds is also ol receptor-dependent. Interestingly,
naloxone also diminished the acute and sustained antinociceptive
effects of E-52862 revealing opioid participation. In addition, mor-
phine-tolerant mice showed decreased E-52862 efficacy. antagonism

of ol receptors facilitates ol receptor- n receptor binding and

protects W receptors from phosphorylation, thus preserving their activ-
ity. Such phosphorylation is enhanced after persistent stimulation of
receptors (Rodriguez-Muioz, Cortés-Montero, et al., 2015, Rodriguez-
Mufoz, Sanchez-Blazquez, et al., 2015). As both naloxone and u
receptor desensitization after chronic morphine decreased the
antinociceptive effects of E-52862, it can be concluded that part of
the analgesic effects of the ol receptor antagonist rely on the
enhancement of endogenous W receptor activity.

We investigated pain-related molecular alterations involved in
morphine and E-52862 analgesia during osteoarthritis. One day after
MIA, BDNF and NPY over-expression was observed in the DRG and
TNF-a expression increased in the spinal cord. Previous studies
reported similar changes after nerve injuries, including immediate
increases in BDNF and TNF-a expression that persisted for long-term
periods (Ohtori, Takahashi, Moriya, & Myers, 2004; Uchida,
Matsushita, & Ueda, 2013). Several researchers also showed promi-
nent NPY up-regulation in nerve-injured primary afferents (Benoliel,
Eliav, & ladarola, 2001; Son et al., 2007). This synthesis de novo could
represent an adaptive response to nociceptive sensitization (Munglani
et al, 1995). While acute morphine inhibited pain-related over-
expression of BDNF and NPY, a single E-52862 administration did
not provoke such effects, suggesting that its acute effects do not rely
on these molecules.

Later stages of osteoarthritic pain involved pronounced increases
of IL-1B and NPY levels in spinal cord or DRG, accompanied by
enhancement of microglial marker Ibal. In addition, the enhanced
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FIGURE 7 Repeated treatment with E-52862 decreases pain-induced microgliosis and mGIuR5 up-regulation. (a) Fifteen days after sham or MIA
injection, spinal cord, and DRG were extracted from vehicle- (0.5% HPMC), morphine- (2.5 mg-kg™2), or E-52862- (20 mg-kg™!) treated mice. (b)
Protein levels of Iba-1 showed no significant differences in the DRG. (c) At spinal level, Iba-1 was increased after MIA or chronic morphine and
reduced by E-52862. (d) Morphine induced an up-regulation of GluA2 AMPA receptor subunit. Phosphorylation levels of GluN1 (e) and GIuN2B
subunits (f) of the NMDA receptor were increased after MIA injection regardless of the treatment received. (g) MIA injection significantly
increased the protein levels of mGlus, which were reduced after E-52862. GAPDH or actin was used as a housekeeping control. Data are
expressed as mean + SEM. The number of animals is 6 per group. #P <.05, significant difference between MIA and sham; tP <.05, significant
difference between E-52862 and vehicle; P <.05, significant difference between E-52862 and morphine; *P <.05, significantly different as
indicated; two-way ANOVA followed by Fisher least significant difference test: MIA, monoiodoacetate; SC, spinal cord; DRG, dorsal root ganglia;
pSer890, phosphorylation of Ser®?° of the N1 subunit of the NMDA receptor; tN1, total N1 subunit; pTyr1472, phosphorylation of Tyr'4”? of the
N2B subunit of the NMDA receptor; tN2B, total N2B subunit

levels of BDNF and TNF-a were maintained in DRG and spinal cord In agreement, osteoarthritic mice showed over-expression of mGlus
respectively. Thus, the intra-knee injury induced persistent changes receptors, which is associated with increased glutamate levels in the
in neuroinflammatory mediators possibly contributing to the osteoar- nervous system (Wang, Wang, Zhong, Li, & Cong, 2012). As previously
thritic phenotype. These pain-related changes were reported to described, chronic morphine further increased neuroinflammation and
increase glutamate release and stimulate the glutamatergic system glutamatergic signalling (Cabarero et al., 2013; Johnston et al., 2004),

(Takeuchi, 2013; Vaz, Lérias, Parreira, Didgenes, & Sebastido, 2015). characterized by exacerbated BDNF, IL-1B, spinal microgliosis, and
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AMPA receptor expression. Interestingly, increased BDNF/TrkB sig-
nalling contributes to chronic pain by eliciting microglial reactivity
and glutamate release (Zhou et al., 2011). At the same time, IL-1B
and TNF-a are mainly released by activated microglia, which also liber-
ate BDNF after chronic morphine (Takayama & Ueda, 2005). Thus,
repeated morphine contributed to an overall increase of spinal neuro-
inflammation. In sharp contrast, chronic E-52862 normalized the
expression of BDNF and proinflammatory cytokines. These findings
agree with previous studies revealing potentiation of BDNF effects
after over-expression of o1 receptors (Yagasaki et al., 2006) or chronic
ol receptor activation (Kikuchi-Utsumi & Nakaki, 2008). Likewise,
recent experiments showed normalization of TNF-a and IL-1f expres-
sion in spinal cord-injured o1 receptor knockout mice (Castany et al.,
2018). E-52862 also reduced MIA-induced microgliosis, consistent
with the effects of the ol receptor antagonist BD1047 attenuating
spinal microgliosis in a model of bone cancer pain (Zhu et al., 2015)
and with the high levels of o1 receptors reported in microglia (Gekker
et al., 2006). Interestingly, E-52862 was effective in preventing the
increased microglial density induced by MIA in supraspinal structures
(Carcolé et al., 2019). In addition, over-expression of mGlus receptors
was completely abolished by E-52862. Hence, contrary to chronic
morphine, repeated treatment with the ol receptor antagonist nor-
malized the expression of neuroinflammatory mediators and glutamate
receptors involved in chronic osteoarthritic pain.

In summary, the present study shows a dual effect of the a1 recep-
tor antagonist E-52862 alleviating pain in our model of osteoarthritis.
On the one hand, the ol receptor antagonist reduced acute mechan-
ical allodynia, involving inhibition of spinal sensitization without mod-
ification of pain-related molecular alterations. On the other hand,
repeated E-52862 exposure induced gradual recovery of the mechan-
ical thresholds in osteoarthritic mice without inducing tolerance. This
effect was associated with inhibition of biochemical changes related
to osteoarthritic pain and opioid tolerance. Such alterations involve
neuroinflammatory mediators, microglial reactivity and glutamatergic
signalling, which could constitute a common pathway by which the
o1 receptor antagonist provided relief of chronic pain and restoration
of opioid analgesia in tolerant individuals. Hence, the o1 receptor
antagonist could dampen deleterious side effects of opioid prescrip-
tion drugs, which has reached now dramatic consequences in the
United States (Lyden & Binswanger, 2019), and represents a promising
alternative to opioids in chronic pain conditions requiring long-term

treatment with analgesics.
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