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Background and Purpose: Maresin 1 (MaR1) is a specialised pro‐resolving lipid

mediator with anti‐inflammatory and analgesic activities. In this study, we addressed

the modulation of peripheral and spinal cord cells by MaR1 in the context of inflam-

matory pain.

Experimental Approach: Mice were treated with MaR1 before intraplantar injec-

tion of carrageenan or complete Freund's adjuvant (CFA). Mechanical hyperalgesia

was assessed using the electronic von Frey and thermal hyperalgesia using a hot

plate. Spinal cytokine production and NF‐κB activation were determined by ELISA

and astrocytes and microglia activation by RT‐qPCR and immunofluorescence. CGRP

release by dorsal root ganglia (DRG) neurons was determined by EIA. Neutrophil and

macrophage recruitment were determined by immunofluorescence, flow cytometry,

and colorimetric methods. Trpv1 and Nav1.8 expression and calcium imaging of

DRG neurons were determined by RT‐qPCR and Fluo‐4AM respectively.

Key Results: MaR1 reduced carrageenan‐ and CFA‐induced mechanical and thermal

hyperalgesia and neutrophil and macrophage recruitment proximal to CGRP+ fibres in

the paw skin. Moreover, MaR1 reduced NF‐κB activation, IL‐1β and TNF‐α produc-

tion, and spinal cord glial cells activation. In the DRG, MaR1 reduced CFA‐induced

Nav1.8 and Trpv1 mRNA expression and calcium influx and capsaicin‐induced release

of CGRP by DRG neurons.

Conclusions and Implications: MaR1 reduced DRG neurons activation and CGRP

release explaining, at least in part, its analgesic and anti‐inflammatory effects. The

enduring analgesic and anti‐inflammatory effects and also post‐treatment activity of

MaR1 suggest that specialised pro‐resolving lipid mediators have potential as a new

class of drugs for the treatment of inflammatory pain.
A, complete Freund's adjuvant; DRG, dorsal root ganglia; IBA‐1, ionised calcium‐binding adapter molecule 1; MaR1, maresin 1 (IUPAC:

acid); MPO, myeloperoxidase; NAG, N‐acetyl‐β‐D‐glucosaminidase; Rv, resolvin; SPMs, specialised pro‐resolving lipid mediators;

ily V member 1
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What is already known

• Maresin 1 (MaR1) reduces neuropathic pain and

capsaicin‐induced pain‐like behaviour.

• MaR1 reduces microglia and astrocyte activation.

What this study adds

• MaR1 reduces inflammatory pain with a long‐lasting

analgesic effect.

• MaR1 reduces capsaicin‐induced activation and CGRP

release by dorsal root ganglia neurons and leukocyte

counts near CGRP+ fibres.

What is the clinical significance

• MaR1 is effective at low doses and is active as a pre‐ or

post‐treatment.

• The long‐lasting analgesic effect of MaR1 might be useful

for the treatment of chronic pain.
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1 | INTRODUCTION

Nociceptive pain is essential for the maintenance of bodily integrity.

Inflammatory pain, on the other hand, induces mechanical and

thermal hypersensitivity, which occur in the absence of noxious

stimuli. Therefore, it represents an important type of pain given that

it can be pathological if not properly managed. In fact, when inade-

quately managed, the perception of acute pain can be worsened

due to impairment in sleep (Alexandre et al., 2017; Sinatra, 2010).

An exacerbation of pain occurs due to the sensitisation of specialised

sensory neurons, namely, nociceptors, leading to a state known as

hyperalgesia (Verri et al., 2006). In the periphery sensitisation is

mediated by several inflammatory mediators, such as PGE2, hista-

mine, and cytokines, released by immune cells such as mast cells,

neutrophils, and macrophages (Fattori, Hohmann, et al., 2017;

Pinho‐Ribeiro, Verri, & Chiu, 2017). In the spinal cord, this sensitisa-

tion is mediated by cytokines, chemokines, and growth factors

released by glial cells, namely, microglia, astrocytes, and oligodendro-

cytes (Fattori, Borghi, et al., 2017; Scholz & Woolf, 2007; Zarpelon

et al., 2016).

Over the past decade, the mechanism thought to be responsible

for the resolution of the acute inflammatory process has changed.

Compelling evidence has demonstrated that the resolution of inflam-

mation is an active process (Chiang & Serhan, 2017; Serhan, 2017;

Serhan, Chiang, Dalli, & Levy, 2015). Once thought to be a passive

process, it is now known to be tightly regulated by omega‐3 fatty

acid‐derived molecules, so‐called specialised pro‐resolving lipid medi-

ators (SPMs; Serhan, 2017). With regards to pain, SPMs, namely,

resolvin (Rv) RvE1, RvE2, RvE3, RvD1, RvD2, and maresin 1

(MaR1), were identified in human synovial fluids of patients with

arthritis (Giera et al., 2012). The presence of these mediators was

negatively associated with pain score, indicating that they possibly

control pain (Giera et al., 2012). Isolated SPMs have been succes-

sively used as therapeutic drugs in different models, including pain

models (Chiang & Serhan, 2017). They possess efficacy at very low

doses, usually in the ng to μg range (Serhan et al., 2015). For

instance, intrathecal treatment with RvE1 at 10 ng reduces inflamma-

tory pain via spinal and peripheral mechanisms by acting on chemerin

receptor 1 (also known as Chem23), which is expressed by dorsal

root ganglia (DRG) neurons and in the spinal cord (Xu et al., 2010).

Of interest, RvE1 reduced the second phase of formalin‐induced

overt pain‐like behaviour in a dose 1,000 times lower than morphine,

indicating a potent analgesic effect (Xu et al., 2010). Their clinical

relevance was demonstrated in a meta‐analysis study showing that

supplementation with omega‐3 fatty acids for 3 to 4 months reduces

patient‐reported joint pain intensity, minutes of morning stiffness,

and consumption of nonsteroidal anti‐inflammatory drugs (Goldberg

& Katz, 2007). SPMs act on GPCRs, which can be either selective

for an SPM or shared with other SPMs (Chiang & Serhan, 2017;

Chiurchiu et al., 2016; J. Gu et al., 2018; Park, 2015; Serhan et al.,

2015; Xu et al., 2010; Zhang et al., 2017). Evidence suggests that

MaR1 shares the ALX/FPR2 receptor with D‐series Rv and lipoxins

(J. Gu et al., 2018; Zhang et al., 2017). However, ligand‐binding
assays are required to further confirm this interaction and whether

the effect of MaR1 depends solely on agonism of ALX/FPR2. In

trigeminal ganglion and DRG neurons, the inhibitory effects of

MaR1 on capsaicin‐induced transient receptor potential cation

channel subfamily V member 1 (TRPV1) currents were blocked after

treatment with pertussis toxin, suggesting that it can act on a Gαi‐

coupled GPCR pathway (Park, 2015; Serhan et al., 2012). MaR1 is a

docosahexaenoic acid (DHA)‐derived SPM produced by macrophages

and possesses potent anti‐inflammatory activity, which is related

mainly to the inhibition of neutrophil recruitment and stimulation of

efferocytosis by macrophages (Francos‐Quijorna et al., 2017; Serhan

et al., 2012; Serhan et al., 2015). Furthermore, in a model of spinal

cord injury, the endogenous production of MaR1 begins only 14 days

after injury, and exogenous administration of it at early time

points induces spinal cord recovery, indicating neuroprotective and

pro‐resolving effects (Francos‐Quijorna et al., 2017). MaR1 also

demonstrates analgesic activity in different models of pain (Gao

et al., 2018; Park, 2015; Serhan et al., 2012; Zhang et al., 2018).

Treatment with MaR1 reduces capsaicin‐induced overt pain‐like

behaviour, vincristine‐induced neuropathic pain (Serhan et al., 2012),

complete Freund's adjuvant (CFA)‐induced temporomandibular pain

(Park, 2015), spinal nerve ligation‐induced neuropathic pain (Gao

et al., 2018), and tibial bone fracture‐induced pain (Zhang et al.,

2018). However, to date, there is no study addressing the modulation

of DRG neurons and immune cells (in the periphery and spinal cord)

by MaR1 in the context of peripheral inflammatory pain. For that

reason, we studied the effect of MaR1, administered intrathecally,

on carrageenan‐ and CFA‐induced pain, which are two well‐

established experimental models for the screening of new drugs for

pain relief.

http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=1883
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http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=3333
http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=79
http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=79
http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=223
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=2486
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2 | METHODS

2.1 | Animals

All experiments were performed in accordance with the International

Association for Study of Pain guidelines and with the approval of the

Londrina State University Ethics Committee on Animal Research and

Welfare (process numbers 4014.2015.70 and 12766.2015.54). In this

study, we used healthy male Swiss and LysM‐eGFP mice (8 weeks of

age, 25 ± 1 g [RRID:MGI:2654932]) from Londrina State University,

Paraná, Brazil. Mice were randomly assigned and housed in standard

clear plastic cages, kept in light/dark cycle of 12:12 hr with ad libitum

water and food. Behavioural testing was performed between 9 a.m.

and 5 p.m. in a room maintained at a temperature of 21°C ± 1°C. A

block randomisation method was used to randomise subjects into

groups resulting in equal sample sizes at all time points. The investiga-

tors were blinded to the treatments. All efforts were made to minimise

the number of animals used and their suffering. Animal studies are

reported in compliance with the ARRIVE guidelines (Kilkenny et al.,

2010) and with the recommendations made by the British Journal of

Pharmacology. Animals were killed by the application of isoflurane as

an anaesthetic (5% in oxygen using a precision vaporiser) followed

by decapitation as a confirmation method. A total of 588 Swiss mice

and 72 LysM‐eGFP were used in this study. No animals were excluded

from statistical analysis.
2.2 | Experimental procedures

Mice were treated once with 1, 3, or 10 ng of MaR1 (Cayman Chem-

ical, Ann Arbor, MI, USA) or vehicle (10% ethanol) via an i.t. route

(between L4 and L6 spinal segments, 10 μl) and under isoflurane

anaesthesia (3% in oxygen using a precision vaporiser), 20 min before

intraplantar injection of carrageenan (100 μg/20 μl per paw) or CFA

(10 μl per paw). The stock solution contained 1 ng·μl−1 of MaR1 in

100% ethanol and was kept in a −80°C freezer. Caution was taken

to avoid exposure of MaR1 to air during the preparation for treatment.

Findings from a previous study indicate that i.t. delivery of 10% etha-

nol produces a mild and transient analgesic effect, which is observed

30 min after delivery but not after 1 hr (Xu et al., 2010). Based on that

study, all behavioural experiments involving pretreatment with MaR1

were performed 1 hr after the stimulus (1:20 hr after MaR1 treat-

ment). The exceptions were those experiments involving pretreatment

with MaR1 on the CFA‐induced pain model, which were conducted

1 day after treatment. Mechanical and thermal hyperalgesia were eval-

uated 1–5 hr after carrageenan injection or for 7 days after CFA injec-

tion. The optimum dose of MaR1 (10 ng) was chosen for the following

experiments based on mechanical and thermal hyperalgesia. The spinal

cord was dissected 3 hr after carrageenan injection to determine

cytokine production (TNF‐α and IL‐1β) and NF‐κB activation by ELISA.

Hind paw skin was dissected 5 hr after carrageenan injection to deter-

mine neutrophil and macrophage recruitment by immunofluorescence,

flow cytometry, and enzymatic assays. In the other set of experiments,
the spinal cord was dissected 3 days after CFA injection to determine

cytokine production (TNF‐α and IL‐1β) and NF‐κB activation by ELISA.

To determine activation of glial cells, the spinal cord was dissected

3 days after CFA injection. Hind paw skin was dissected 3 days after

CFA injection to determine neutrophil and macrophage recruitment

by immunofluorescence, flow cytometry, and enzymatic assays. Ipsi-

lateral DRGs (from L4 to L6 spinal cord segments) were also dissected

3 days after CFA injection to determine Trpv1 and Nav1.8 mRNA

expression by RT‐qPCR and calcium imaging using confocal micros-

copy. For CFA‐induced overt pain‐like behaviour (flinches and time

spent licking the paw), mice were treated once with 10 ng of MaR1

or vehicle (10% ethanol) i.t. 1 day before intraplantar injection of

CFA (10 μl per paw). To assess the efficacy of the post‐treatment with

MaR1, mice received MaR1 at 10 ng or vehicle (10% ethanol), i.t., 1 or

3 days after being stimulated with with CFA. In this set of experi-

ments, all behavioural assays were performed 1:20 hr post‐treatment.

CGRP release was determined using DRG neuron cultures. Cells were

treated with MaR1 (0.3, 1, or 3 ng·ml−1) before addition of the

stimulus, capsaicin (500 nM, 1 hr).
2.3 | Mechanical hyperalgesia

Mechanical hyperalgesia was evaluated by the electronic version of

von Frey's filaments, as reported previously (Cunha et al., 2004). In a

quiet, temperature‐controlled room, mice were gently placed in acrylic

cages (12 × 10 × 17 cm) with wire grid floors, 30 min before the start

of testing. The test consisted of evoking a hind paw flexion reflex with

a handheld force transducer (electronic aesthesiometer, Insight,

Ribeirão Preto, SP, Brazil) adapted with a 0.5‐mm2 polypropylene tip.

The investigator was trained to apply the tip perpendicularly to the

central area of the plantar hind paw with a gradual increase in pres-

sure. The upper limit of pressure was 15 g. The endpoint was

characterised by the removal of the member followed by clear paw

flinching or paw licking movements. After paw withdrawal, the

intensity of the pressure was automatically recorded, with the final

response value being obtained from the average of three measure-

ments. The animals were tested before and after treatments. The

results are expressed as delta (Δ) withdrawal threshold (in g), which

was calculated by subtracting the mean measurements at 1–5 hr after

carrageenan injection or 1–7 days after CFA injection, from the zero‐

time (baseline values) mean measurements. The investigators were

blinded to the treatment.
2.4 | Thermal hyperalgesia

Heat thermal hyperalgesia was performed using a hot plate at

55°C ± 1°C (Insight, Ribeirão Preto, SP, Brazil), as previously described

(Calixto‐Campos et al., 2015). The reaction time was registered when

one of the following responses (endpoints) were observed: clear paw

flinching, paw licking, or jumping. The results were calculated by

subtracting the values obtained 1–5 hr after carrageenan injection or

1–7 days after CFA injection, from the zero‐time (baseline values)

http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=5073
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4974
http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=585http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=585
http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=585http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=585
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=695
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measurement. The results are expressed as delta (Δ) withdrawal

latency (in s). A cut‐off of 20 s was set to avoid tissue damage (Fattori

et al., 2015). The investigators were blinded to the treatment.
2.5 | Cytokine measurement

For cytokine production, the spinal cord was homogenised into 500 μl

of PBS buffer containing protease inhibitors. TNF‐α and IL‐1β levels

were determined by ELISA using eBioscience kits (eBioscience, San

Diego, CA, USA) according to the manufacturer's instructions. Reading

was performed at 450 nm (Multiskan GO Microplate Spectrophotom-

eter, Thermo Scientific, Vantaa, Finland). The results are expressed as

pg of each cytokine..mg‐1 of protein.
2.6 | NF‐κB activation

Spinal cord was dissected into ice‐cold lysis buffer (Cell Signaling

Technology, Beverly, MA, USA). The homogenates were centrifuged

(16,100 g, 10 min, 4°C), and the supernatants were used to assess

the levels of total and phosphorylated NF‐κB p65 subunit by ELISA

using PathScan kits #7836 and #7834, respectively (Cell Signaling

Technology) according to the manufacturer's instructions. The results

are presented as the sample OD ratio (sample OD from total p65 sub-

unit divided by sample OD phosphorylated p65 subunit) measured at

450 nm (Multiskan GO Microplate Spectrophotometer, Thermo

Scientific).
2.7 | MPO and NAG activities

Neutrophil [myeloperoxidase (MPO) activity] and macrophage [N‐

acetyl‐β‐D‐glucosaminidase (NAG) activity] recruitment were

evaluated using a colorimetric assay as described previously (Ruiz‐

Miyazawa et al., 2015). Samples of the hind paw skin were dissected

into ice‐cold 50‐mM K2HPO4 buffer (pH 6.0) containing 0.5%

hexadecyltrimethylammonium bromide and kept at −80°C until use.

Samples were homogenised and centrifuged at 16,100 g, 2 min, 4°C.

For MPO activity, 10 μl of the supernatant was mixed with 200 μl

of 50‐mM phosphate buffer, pH 6.0, containing 0.167‐mg·ml−1

o‐dianisidine dihydrochloride and 0.015% hydrogen peroxide. Reading

was performed after 15 min at 450 nm (Multiskan GO Microplate

Spectrophotometer, Thermo Scientific). The results are presented as

MPO activity (number of neutrophils × 104·mg−1 of protein). For

NAG activity, 20 μl of supernatant was obtained as described for the

MPO activity assay and added to a 96‐well plate. The reaction was

initiated by adding 2.24 mM of 4‐nitrophenyl N‐acetyl‐β‐D‐

glucosaminide. Then the plate was incubated at 37°C for 10 min,

and the reaction was stopped by the addition of 100 μl of 0.2‐M

glycine buffer, pH 10.6. Reading was performed at 405 nm (Multiskan

GO Microplate Spectrophotometer, Thermo Scientific). The results are

presented as NAG activity (macrophages × 104·mg−1 of protein).
2.8 | Overt pain‐like behaviour

The total number of paw flinches and time spent licking the paw were

counted during the 30 min after injection CFA as previously described

(Calixto‐Campos et al., 2015). Results are expressed as the total

number of flinches or time spent licking the paw (in s) performed in

30 min. The investigators were blinded to the treatment.
2.9 | RT‐qPCR

DRG or spinal cord were dissected into TRIzol™ reagent, and total

RNA was isolated according to manufacturer's instructions. The purity

of total RNA was measured with a spectrophotometer, and the wave-

length 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 GoTaq® 2‐Step RT‐qPCR System (Promega,

Madison, WI, USA) on a StepOnePlus™ Real‐Time PCR System

(Applied Biosystems®, Thermo Fisher Scientific, Waltham, MA, USA).

The relative gene expression was determined using the comparative

2−(ΔΔCt) method. The primers sequence used in this study were Trpv1

sense: 5′‐TTCCTGCAGAAGAGCAAGAAGC‐3′, Trpv1 antisense: 5′‐

CCCATTGTGCAGATTGAGCAT‐3′; Nav1.8 sense: 5′‐GTGTGCATG

ACCCGAACTGAT‐3′, Nav1.8 antisense: 5′‐CAAAACCCTCTTGCCA

GTATCT‐3′; Gfap sense: 5′‐GGCGCTCAATGCTGGCTTCA‐3′, anti-

sense: 5′‐TCTGCCTCCAGCCTCAGGTT‐3′; Iba‐1 sense: 5′‐ATGGAG

TTTGATCTGAATGGAAAT‐3′, antisense: 5′‐TCAGGGCAGCTCGGAG

ATAGCTTT‐3′; and β‐actin sense: 5′‐AGCTGCGTTTTACACCCTTT‐

3′, β‐actin antisense: 5′‐AAGCCATGCCAATGTTGTCT‐3′. The expres-

sion of β‐actin mRNA was used as a reference gene to normalise data.
2.10 | Immunofluorescence staining

Spinal cord segments from regions L4–L6 were dissected and

post‐fixed, and then were replaced overnight with 30% sucrose.

Spinal cord segments were embedded in optimum cutting tempera-

ture, and 15 or 40 μm (only for CGRP+ fibres staining) sections

were cut in a cryostat and processed for immunofluorescence.

For microglia staining, sections were blocked and then incubated

with primary antibodies anti‐ionised calcium‐binding adapter mole-

cule 1 (IBA‐1; 1:400, cat #PA5‐27436, Thermo Fisher Scientific;

RRID:AB_2544912). After that, sections for IBA‐1 were stained with

secondary antibody Alexa Fluor 488 (1:1,000, cat #A‐11008, Thermo

Fisher Scientific; RRID:AB_143165). For astrocyte staining, we used

an anti‐glial fibrillary acidic protein antibody conjugated with Alexa

Fluor 488 (1:1,000, cat #MAB3402X, MilliporeSigma, Burlington,

MA, USA; RRID:AB11210273). In the hind paw skin, neutrophils

were stained using anti‐Ly‐6G/Ly‐6C (Gr‐1) antibody conjugated

with Alexa Fluor 488 (1:200, clone RB6‐8C5, BioLegend, San Diego,

CA, USA; RRID:AB_313366). Macrophages were stained using

anti‐CD68 (1:500, cat #ab125212, Abcam, Cambridge, MA, USA;

RRID:AB10975465) followed by the secondary antibody DyLight

594 (1:200, cat #DI‐1594, Peterborough, UK; RRID:AB_2336413).

http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=2789
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CGRP+ fibres were stained with anti‐CGRP (1:500, cat #C8198,

MilliporeSigma; RRID:AB_259091) followed by the secondary antibody

Alexa Fluor 647 (1:500, cat# ab150075, Abcam; RRID:AB_2752244),

and leukocytes were stained with anti‐CD11b (1:250, clone 5C6,

cat #MCA711, Bio‐Rad, Hercules, CA, USA; RRID:AB_321292)

followed by the secondary antibody Alexa Fluor 594 (1:500,

Jackson ImmunoResearch Laboratories, West Grove, PA, USA;

RRID:AB_2340689). The images and analysis were performed using a

Confocal Microscope (TCS SP8, Leica Microsystems, Mannheim,

Germany).

The immuno‐related procedures used comply with the recommen-

dations made by the British Journal of Pharmacology.
2.11 | Flow cytometry

Hind paw skin was dissected, minced, and then incubated for 2 hr

(37°C, while shaking) in 2 ml of HEPES‐buffered saline

(MilliporeSigma) containing collagenase P, as described previously

(Pinho‐Ribeiro et al., 2018). After this incubation, cells were gently dis-

sociated and filtered through a 40‐μm mesh and mixed washing buffer

consisting of HBSS (Thermo Fisher Scientific) and 0.5% BSA. Cells

were centrifuged for 5 min at 300 g, supernatant was discarded, and

the pellet was resuspended in 500 μl of washing buffer. The cell sus-

pension was incubated on ice with mouse FcR Blocking Reagent

(Miltenyi Biotec, Cambridge, MA, USA) for 10 min and then incubated

for 30 min on ice with the following antibodies (BioLegend): Zombie

Aqua™ Fixable Viability Kit (1:1,000), anti‐CD45‐PE (1:200, clone

30‐F11; RRID:AB_2563597), anti‐CD11b‐Brilliant Violet 605™

(1:200, clone M1/70; RRID:AB_11126744), anti‐F4/80‐APC (1:200,

clone BM8; RRID:AB_893493), and anti‐Ly6G‐FITC (1:200, clone

1A8; RRID:AB_968318). Cells were centrifuged for 5 min at 300 g,

and the pellet was resuspended in 500 μl of washing buffer 2% PFA.

FACS data were analysed and plotted using FlowJo software (FlowJo

LLC; RRID:SCR_008520).
2.12 | Calcium imaging

Calcium imaging of DRG neurons was performed as previously

described (Chiu et al., 2013). DRGs were dissected into Neurobasal‐

A medium (Life Technologies, Thermo Fisher Scientific), dissociated

in collagenase A (1 mg·ml−1)/dispase II (2.4 U·ml−1; RocheApplied

Sciences, Indianapolis, IN, USA) in HEPES‐buffered saline

(MilliporeSigma) for 70 min at 37°C. After trituration with glass

Pasteur pipettes of decreasing size, DRG cells were centrifuged over

a 10% BSA gradient, plated on laminin‐coated cell culture dishes.

DRGs were then loaded with 1.2 μM of Fluo‐4AM in Neurobasal‐A

medium, incubated for 30 min 37°C, washed with HBSS, and imaged

in a Confocal Microscope (TCS SP8, Leica Microsystems). To assess

TRPV1 activation, DRG plates were recorded for 6 min, which was

divided in 2 min of initial reading (0‐s mark, baseline values), following

by stimulation with capsaicin for 2 min at the 120‐s mark (1 μM,

TRPV1 agonist; Fattori, Hohmann, Rossaneis, Pinho‐Ribeiro, & Verri,
2016) and KCl for 2 min at the 240‐s mark (40 mM, activates all neu-

rons). Calcium flux was analysed from the mean fluorescence

measured with the LAS X Software (Leica Microsystems).

2.13 | CGRP release

DRG neurons (5,000 per well) were cultured for 1 week in Neurobasal‐

A medium (LifeTechnologies, Thermo Fisher Scientific) with half of the

medium being replaced with fresh media every 2 days as described

previously (Pinho‐Ribeiro et al., 2018). Neurons received vehicle or

different concentrations of MaR1 (0.3–3 ng·ml−1) before stimulus with

capsaicin (500 nM) for 1 hr at 37°C, 5% of CO2. Supernatant was

collected to determine CGRP concentration using a CGRP EIA kit

according to the manufacturer's instructions (Cayman Chemical).

2.14 | Data and statistical analysis

Results are presented as means ± SEM of measurements made on six

mice in each group per experiment. Each experiment was conducted

twice. Data were analysed using the software GraphPad Prism version

6.01 (La Jolla, CA, USA [RRID:SCR_002798]). Two‐way repeated

measure ANOVA, followed by Tukey's post hoc, was used to analyse

data from experiments of multiple time points (mechanical and

thermal hyperalgesia). With data from experiments of a single time

point, one‐way ANOVA was used followed by Tukey's post hoc test.

Statistical differences were considered significant when P < 0.05.

The data and statistical analysis comply with the recommendations

of the British Journal of Pharmacology on experimental design and

analysis in pharmacology.

2.15 | 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

Concise Guide to PHARMACOLOGY 2017/18 (Alexander,

Christopoulos, et al., 2017; Alexander, Fabbro, et al., 2017; Alexander,

Striessnig, et al., 2017).
3 | RESULTS

3.1 | MaR1 reduces carrageenan‐induced
hyperalgesia and neutrophil and macrophage
recruitment

First, we evaluated the efficacy of intrathecal treatment with MaR1

in carrageenan‐induced mechanical and thermal hyperalgesia. Treat-

ment with 10 ng of MaR1 reduced carrageenan‐induced mechanical

(Figure 1a) and thermal (Figure 1b) hyperalgesia. To determine

leukocyte recruitment, it used LysM‐eGFP mice (Figure 2a)

and staining for GR‐1 (neutrophil marker, Figure 2b) or CD68

http://www.guidetopharmacology.org


FIGURE 1 MaR1 reduces carrageenan‐
induced mechanical and thermal hyperalgesia.
Mechanical hyperalgesia (a) and thermal
hyperalgesia (b) were evaluated 1, 3, and 5 hr
after intraplantar injection of carrageenan
(100 μg per paw). Results from mechanical
hyperalgesia are presented as Δ withdrawal
threshold (in g) and for thermal hyperalgesia
as Δ withdrawal threshold (in s), which was
calculated by subtracting the mean
measurements at 1–5 hr after carrageenan
from the zero‐time (baseline values) mean
measurements. MaR1 reduced carrageenan‐
induced mechanical (a) and thermal (b)
hyperalgesia. Results are representative of
two independent experiments and are
presented as mean ± SEM of measurements,
n = 6 mice per group per experiment
(*P < 0.05 vs. saline, #P < 0.05 vs. 0 mg·kg−1

group; two‐way repeated measures ANOVA
followed by Tukey's post‐test)

FIGURE 2 MaR1 inhibits carrageenan‐induced neutrophil and macrophage recruitment to the hind paw skin. Hind paw skin of LysM‐eGFP
(neutrophil and macrophage marker, a) or Swiss (b–f) mice was dissected for determination of neutrophil (GR‐1 staining [b], MPO activity [d],
and flow cytometry [CD11b+Ly6G+ cells, f]) and macrophage (CD68 staining [c], NAG activity [e], and flow cytometry [CD11b+F4/80+ cells, f])
recruitment 5 hr after carrageenan stimulus. LysM‐eGFP mouse, immunofluorescence, enzymatic activity, and flow cytometry data show that
MaR1 reduced carrageenan‐induced recruitment of neutrophils and macrophages in the paw skin. Results are expressed as mean ± SEM, n = 6
mice per group per experiment, two independent experiments (*P < 0.05 vs. saline, #P < 0.05 vs. 0 mg·kg−1 group; one‐way ANOVA followed by
Tukey's post‐test)
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(macrophage marker, Figure 2c). We observed a reduction in

carrageenan‐induced neutrophil and macrophage recruitment to the

hind paw as observed by the reduced intensity of fluorescence of

these cellular markers and their respective enzymatic activity (MPO

and NAG, respectively; Figure 2d,e). For the quantification of these
cells, flow cytometry was performed. Treatment with MaR1 reduced

both CD11b+Ly6G+ neutrophils and CD11b+F4/80+ macrophages

recruitment to the paw skin (Figure 2f). Therefore, this dose was

chosen for the following experiments involving the intraplantar injec-

tion of carrageenan.
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3.2 | MaR1 inhibits carrageenan‐induced spinal cord
cytokine production and NF‐κB activation

The efficacy of MaR1 in carrageenan‐induced spinal cord cytokine

production and NF‐κB activation were then investigated. Carrageenan

increased spinal cord TNF‐α (Figure 3a) and IL‐1β (Figure 3b) produc-

tion and NF‐κB (Figure 3c) activation as observed by the reduction in

total‐p65/phosphorylated‐p65 OD ratio. The ratio was obtained by

dividing the OD measured from total‐p65 by the OD measured from

phosphorylated‐p65. Therefore, a decrease in the ratio is attributed

to higher levels of phosphorylated p65 subunit (Ser536 residue),

which indicates the activation of the NF‐κB signalling pathway. Impor-

tantly, these parameters were reduced after intrathecal treatment

with MaR1 (Figure 3).
3.3 | MaR1 reduces CFA‐induced mechanical and
thermal hyperalgesia

Next, we sought to evaluate the efficacy of MaR1 in a chronic model

of pain. For that, it used intraplantar stimulus with CFA. A single treat-

ment with 10 ng of MaR1 reduced mechanical (Figure 4a) and thermal

(Figure 4b) hyperalgesia, which lasted for 5 days after the stimulus.

Both doses of 1 and 3 ng reduced mechanical and thermal

hyperalgesia starting 2 days after CFA injection and lasting until the

fifth day after the stimulus. The effect of MaR1 at 10 ng initiated at

Day 1 after the stimulus; therefore, this dose was chosen for the

following experiments involving the intraplantar injection of CFA. To

assess the efficacy of MaR1 in already established pain, mice received

intrathecal treatment with MaR1 at 10 ng or vehicle, 1 (Figure 4c,d) or

3 days (Figure 4e,f) after stimulus with CFA. A single treatment with

MaR1 1 day after the stimulus displayed analgesic effect that lasted

for 3 days (Figure 4c,d). Treatment with this SPM 3 days after

the stimulus showed a less potent analgesic effect, which lasted for

2 days (Figure 4e,f). These set of data show that a single intrathecal
FIGURE 3 MaR1 inhibits carrageenan‐induced spinal cord cytokine produ
carrageenan (100 μg per paw), the spinal cord was dissected for determina
activation was observed as a reduction of total p65/phosphorylated p65 OD
are presented as mean ± SEM, n = 6 mice per group per experiment (*P < 0.
by Tukey's post‐test)
administration of MaR1 presents a long‐lasting analgesic effect as a

pretreatment and post‐treatment.
3.4 | MaR1 decreases CFA‐induced overt pain‐like
behaviour

Spontaneous pain is a common symptom of patients with chronic pain

(Fattori, Borghi, et al., 2017). CFA not only induce chronic pain but

also overt pain‐like behaviour (Calixto‐Campos et al., 2015). Thus,

the efficacy of MaR1 in CFA‐induced overt pain‐like behaviour was

then evaluated. Mice were treated once with 10 ng of MaR1 (intrathe-

cal) or vehicle (10% ethanol, intrathecal) 1 day before intraplantar

injection of CFA (10 μl per paw). This time point was chosen consider-

ing that only the dose of MaR1 at 10 ng reduced CFA‐induced

hyperalgesia at Day 1 after the stimulus (Figure 4a,b). Treatment with

MaR1 at 10 ng reduced CFA‐induced flinches (Figure 5a) and time

spent licking the paw (Figure 5b).
3.5 | MaR1 inhibits neutrophil and macrophage
recruitment close to CGRP+ fibres in the hind paw skin
and the release of CGRP by DRG neurons

Once activated, neurons release neuropeptides, such as CGRP, to

modulate the recruitment and activation of immune cells during

inflammation (Pinho‐Ribeiro et al., 2017). In the inflammatory site,

recruited neutrophils and macrophages have an important role in the

genesis and maintenance of pain. Thus, we next addressed whether

treatment with MaR1 could reduce the recruitment of these cells to

the hind paw skin. In the first set of data, we wonder whether there

would be leukocytes close to CGRP+ fibres. We observed a lower

number of leukocytes (CD11b+ cells) close to CGRP+ fibres in the

CFA + MaR1 group than the CFA + vehicle group (Figure 6a). Given

that we observed a lower number of leukocytes close to CGRP+ fibres

and a reduction in neuronal activation, we next investigated the influ-

ence of this SPM on the release of CGRP by DRG neurons. Previous
ction and NF‐κB activation. Three hours after intraplantar injection of
tion of TNF‐α (a), IL‐1β (b), and NF‐κB activation (c) by ELISA. NF‐κB
ratio. Results are representative of two independent experiments and

05 vs. saline, #P < 0.05 vs. 0 mg·kg−1 group; one‐way ANOVA followed

http://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=965


FIGURE 4 MaR1 reduces CFA‐induced mechanical and thermal hyperalgesia. Mechanical hyperalgesia (a, c, and e) and thermal hyperalgesia (b, d,
and f) were evaluated 1–7 days after intraplantar injection of CFA (10 μl per paw). Results from mechanical hyperalgesia are presented as Δ
withdrawal threshold (in g) and for thermal hyperalgesia as Δ withdrawal threshold (in s), which were calculated by subtracting the mean
measurements at 1–7 days after carrageenan from the zero‐time (baseline values) mean measurements. Panels (a) and (b) show the analgesic effect
of MaR1 as a 20 min pretreatment. Panels (c) and (d) show the analgesic effect of MaR1 as a post‐treatment 1 day after CFA. The measurements
on the first day (c and d) were shown before and after treatment. Panels (e) and (f) show the analgesic effect of MaR1 as a post‐treatment 3 days
after CFA. Results are representative of two independent experiments and are presented as mean ± SEM of measurements, n = 6 mice per group
per experiment (*P < 0.05 vs. saline, #P < 0.05 vs. 0 mg·kg−1 group; two‐way repeated measures ANOVA followed by Tukey's post‐test)

FATTORI ET AL. 1735BJP



FIGURE 5 MaR1 decreases CFA‐induced
overt pain‐like behaviour. CFA induced
repetitive paw flinches (a) and licking of the
paw (b), which were determined over 30 min
1 day after intraplantar injection of CFA (10 μl
per paw). Results are representative of two
independent experiments and are presented
as mean ± SEM, n = 6 mice per group per
experiments (*P < 0.05 vs. saline, #P < 0.05 vs.
0 mg·kg−1 group; one‐way ANOVA followed
by Tukey's post‐test)

FIGURE 6 MaR1 reduces the number of leukocytes proximal to CGRP+ fibres and the release of CGRP by DRG neurons. Hind paw skin was
dissected for determination of total leukocytes (CD11b+ cells) close to CGRP+ fibres (a), which showed an increase of total CD11b
fluorescence proximal to CGRP+ fibres in the CFA group and reduction after MaR1 treatment. For CGRP release assay (b), naïve DRG neurons
received vehicle or different concentrations of MaR1 (0.3, 1, or 3 ng·ml−1) before stimulus with capsaicin. Supernatant was collected 1 hr after
capsaicin to determine CGRP levels by EIA. Panels (c) to (e) analysed with further detail the cellular types recruited to the paw skin during CFA
inflammation. LysM‐eGFP (C57BL/6 background mice) was used to determine neutrophils and macrophages (c). The staining neutrophils (GR‐1, d)
and macrophages (CD68, e) in hind paw skin samples of Swiss mice also showed that MaR1 reduced CFA‐induced recruitment of these cells.
Results are expressed as mean ± SEM, n = 6 mice per group per experiment, two independent experiments (*P < 0.05 vs. saline, #P < 0.05 vs.
0 mg·kg−1 group; one‐way ANOVA followed by Tukey's post‐test). Results are expressed as mean ± SEM, n = 6 wells per group per experiment,
two independent experiments (*P < 0.05 vs. saline, #P < 0.05 vs. vehicle group; **P < 0.05 vs. 1 ng·ml−1 group; one‐way ANOVA followed by
Tukey's post‐test)
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report indicates that MaR1 completely blocks current in TRPV1+ DRG

neurons as observed by whole cell patch‐clamp (Serhan et al., 2012).

Herein, we show that MaR1 reduced capsaicin‐induced CGRP release

in DRG neuron culture in a concentration‐dependent manner (Figure 6

b). The concentration of 3 ng·ml−1 of MaR1 was statistically different
when compared to the concentration of 1 ng·ml−1. To further deter-

mine which cell types were reduced after treatment with MaR1, it

used LysM‐eGFP mice (neutrophil and macrophage marker, Figure 6

c) and staining for GR‐1 (neutrophil marker, Figure 6d) or CD68

(macrophage marker, Figure 6e). Treatment with MaR1 reduced



FATTORI ET AL. 1737BJP
CFA‐induced neutrophil and macrophage. To have a better quantifica-

tion and profiling of these cells, flow cytometry was performed.

MaR1 reduced the recruitment of both CD11b+Ly6G+ neutrophils

and CD11b+F4/80+ macrophages (Figure 7a) and their respective

enzymatic activities as observed by the MPO and NAG activity assays

(Figure 7b,c).
FIGURE 7 MaR1 inhibits CFA‐induced CD11b+Ly6G+ neutrophils and CD
skin was dissected for determination of neutrophil (flow cytometry [a] and
NAG activity [c]) 3 days after the stimulus. Results are expressed as mean
experiments (*P < 0.05 vs. saline, #P < 0.05 vs. 0 mg·kg−1 group; one‐way

FIGURE 8 MaR1 inhibits CFA‐induced spinal cord cytokine production
(10 μl per paw), the spinal cord was dissected for determination of TNF‐α
was observed as a reduction of total p65/phosphorylated p65 OD ratio. R
presented as mean ± SEM, n = 6 mice per group per experiments (*P < 0.05
Tukey's post‐test)
3.6 | MaR1 inhibits CFA‐induced spinal cord
cytokine production and NF‐κB activation

The next step was to evaluate the efficacy of MaR1 in CFA‐induced

spinal cord cytokine production and NF‐κB activation. CFA induced

TNF‐α (Figure 8a) and IL‐1β (Figure 8b) production, which were
11b+F4/80+ macrophage recruitment to the hind paw skin. Hind paw
MPO activity [b]) and macrophage recruitment (flow cytometry [a] and
± SEM, n = 6 mice per group per experiment, two independent
ANOVA followed by Tukey's post‐test)

and NF‐κB activation. Three days after intraplantar injection of CFA
(a), IL‐1β (b), and NF‐κB activation (c) by ELISA. NF‐κB activation
esults are representative of two independent experiments and are
vs. saline, #P < 0.05 vs. 0 mg·kg−1 group; one‐way ANOVA followed by
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reduced after treatment with MaR1. In addition, CFA induced NF‐κB

activation (Figure 8c) as observed by the reduction in total‐p65/phos-

phorylated‐p65 OD ratio. The ratio was obtained by dividing the OD

measured from total‐p65 by the OD measured from phosphorylated‐

p65. Therefore, a decrease in the ratio is attributed to higher levels of

phosphorylated p65 subunit (Ser536 residue) relative to total‐p65,

which indicates the activation of the NF‐κB signalling pathway.

Importantly, a single treatment with 10 ng of MaR1 reduced spinal

cord NF‐κB activation and pro‐inflammatory cytokine production.
3.7 | MaR1 decreases CFA‐induced activation of
astrocytes and microglia

Given the role of glial cells in the development of pain (Fattori, Borghi,

et al., 2017; Scholz & Woolf, 2007), we next assessed the efficacy of

MaR1 in CFA‐induced spinal cord activation of astrocytes and

microglia. Treatment with MaR1 reduced CFA‐induced activation of
FIGURE 9 MaR1 decreases CFA‐induced astrocyte and microglia activatio
cord was dissected for determination of astrocyte and microglia activation
fibrillary acidic protein (GFAP) was used as a marker of the activation of a
activation (c and d). Results are representative of two independent experim
experiments (*P < 0.05 vs. saline, #P < 0.05 vs. 0 mg·kg−1 group, **P < 0.0
astrocytes [glial fibrillary acidic protein (GFAP)—astrocyte activation

marker] and microglia (IBA‐1—microglia activation marker) as observed

by the reduction in both mRNA (Figure 9a,b) and intensity of

fluorescence (Figure 9c,d).
3.8 | MaR1 reduces CFA‐induced DRG neurons
activation

Activation of DRG neurons can be observed through an increase in

calcium influx (Blake et al., 2018; Chiu et al., 2013). Thus, we

wondered whether DRG neurons from CFA‐stimulated mice would

present a higher response to capsaicin than DRG neurons from mice

that received intraplantar saline and whether there would be

modulation of this response by MaR1 treatment. DRG neurons from

CFA‐stimulated mice presented a higher baseline level of calcium

influx than DRG neurons from saline mice (Figure 10a–c). Impor-

tantly, MaR1 reduced CFA elevation of baseline calcium levels. As
n. Three days after intraplantar injection of CFA (10 μl per paw), spinal
by RT‐qPCR (a and c) and by immunofluorescence (b and d). Glial
strocytes (a and b), and IBA‐1 was used as a marker of microglia
ents and are presented as mean ± SEM, n = 6 mice per group per

5 vs. 10 mg·kg−1; one‐way ANOVA followed by Tukey's post‐test)



FIGURE 10 MaR1 reduces CFA‐induced activation of DRG neurons. Three days after intraplantar injection of CFA (10 μl per paw), DRGs were
dissected for calcium imaging using Fluo‐4AM (a–c) and mRNA expression by RT‐qPCR (d and e). Panel (a) displays representative fields of DRG
neurons dissected from saline‐treated mice, mice stimulated with CFA and treated with vehicle, or stimulated with CFA and treated with MaR1.
Panel (a): baseline fluorescence (first column), fluorescence after capsaicin (second column), and after KCl control (third column). Panel (b) displays
the fluorescence intensity traces of calcium influx from the representative DRG fields (a) throughout the 6 min of recording. The representative
traces show that the CFA + vehicle DRG neurons presented higher calcium levels in the baseline than saline control and CFA + MaR1 DRG
neurons groups. Panel (c) 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 KCl (240‐s mark, activates all neurons). Panels (d) and (e) show the DRG neurons RT‐qPCR data
demonstrating that MaR1 reduced CFA‐induced Nav1.8 (d) and Trpv1 (e) mRNA expression. 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‐qPCR used n = 6 DRG per group per experiment,
two independent experiments (*P < 0.05 vs. saline, #P < 0.05 vs. 0 mg·kg−1 group; one‐way ANO XVA followed by Tukey's post‐test)
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an increase on calcium flux is indicative of DRG neuron activation,

these data suggest that MaR1 reduces the activation of DRG

neurons in CFA‐induced inflammation. In line with the reduction of

DRG neurons activation by MaR1, treatment with it reduced the

CFA‐induced mRNA expression of Nav1.8 (Figure 10d) and Trpv1

(Figure 10e) in the DRG, which are channels involved in nociceptor

sensory neuron sensitisation and activation resulting in pain (Chiu

et al., 2014). Therefore, MaR1 reduced CFA‐induced DRG neurons

activation and the expression of markers of nociceptor sensory

neurons sensitisation.
4 | DISCUSSION

The intrathecal treatment with the SPM MaR1 reduces inflammatory

pain induced by carrageenan and CFA showing a long‐lasting analgesic

profile. A single intrathecal pretreatment with MaR1 at 10 ng reduced

CFA‐induced hyperalgesia for 5 days, while a 24 hr post‐treatment

reduced CFA‐induced hyperalgesia for 3 days. These data indicate

that MaR1 presents a potent and long‐lasting analgesic effect,

which could be useful in the management of pain of inflammatory

origin. The analgesic effect of MaR1 is related to the inhibition of
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inflammation‐induced activation of astrocytes and microglia, reduction

in NF‐κB activation, and thereby TNF‐α and IL‐1β production. In the

periphery, MaR1 reduced the recruitment of leukocytes and the num-

ber of leukocytes close to CGRP+ fibres. Data also demonstrated the

link between intrathecal MaR1 treatment with its peripheral anti‐

inflammatory and analgesia effects. MaR1 decreased CFA‐induced

DRG mRNA expression of pain‐related channels Nav1.8 and Trpv1

and the activation of DRG neurons (as observed by lower baseline

levels of calcium influx), which resulted in reduced CGRP release.

The resolution of inflammation relies on temporal changes in the

production of lipid mediators (Bannenberg et al., 2005; Levy, Clish,

Schmidt, Gronert, & Serhan, 2001). A study analysing approximately

300 miRNAs shows that the shift on lipid mediators production

impacts on the expression of miRNAs that are hierarchically clustered

at different time points towards resolution (Recchiuti & Serhan, 2012).

For instance, RvD1 reduces zymosan‐induced inflammation by

increasing the miR‐21, which regulates IL‐10 production at later time

points (12 and 24 hr after zymosan when compared to 4 hr; Recchiuti

& Serhan, 2012). This indicates that SPMs control specific miRNAs in a

time‐dependent manner to promote resolution of acute inflammation

(Recchiuti & Serhan, 2012). In addition, after stimulus with zymosan,

the number of macrophages with a pro‐resolving phenotype gradually

increases (48 to 72 hr after stimulus), which also correlates with the

resolution of inflammation (Bannenberg et al., 2005). These findings

are consistent with the fact that some isolated SPMs also present

time‐dependent efficacy. For instance, a single intrathecal treatment

with RvD1 before the development of tactile allodynia produces an

enduring analgesic effect that lasts for 10 and 30 days in a model of

paw incision‐induced pain and in a model of skin/muscle incision and

retraction surgery‐induced pain, respectively (Huang, Wang, Serhan,

& Strichartz, 2011). However, treatment with RvD1 at later time

points provides limited analgesia (Huang et al., 2011). A single

treatment with RvD2 reduces carrageenan‐induced mechanical

hyperalgesia for 2 days (Park et al., 2011). Focusing on MaR1, periph-

eral treatment with this SPM shows increasing efficacy over time

(14‐day period) in a model of vincristine‐induced neuropathic pain in

mice (Serhan et al., 2012). Thus, this time‐dependent effect of SPMs

led us to investigate whether the intrathecal treatment with MaR1

could also display a prolonged analgesic profile. In fact, a single pre-

treatment with MaR1 provides an analgesic effect for 5 days, while a

post‐treatment (1 day after stimulus) produces analgesia for 3 days.

Altogether, these data indicate that MaR1 presents a long‐lasting anal-

gesic effect. Interestingly, the lower doses used in this study showed

analgesic effect starting on Day 2 and lasting until Day 5, further indi-

cating time dependency to the analgesic effect of SPMs.

Peripheral inflammatory pain induces changes in the spinal cord

circuit that may lead to central sensitisation (Ma & Woolf, 1996;

Pinho‐Ribeiro et al., 2017; Woolf, 1994). In fact, the CFA model

induces central sensitisation with a stronger activation of astrocyte

when compared to microglia (Cao et al., 2014; Liao, Hsieh, Huang, &

Lin, 2017; Zhu, Zhao, Wang, Gao, & Zhang, 2014). The phenomenon

of central sensitisation has been recognised as the main driver of path-

ological pain leading to plastic changes in the CNS (Scholz & Woolf,
2007; Woolf, 1983). The interaction between glial cells and nociceptor

neurons has been linked to these plastic changes that occur in the

spinal cord. In rodents, intrathecal treatment with non‐selective

(e.g., pentoxifylline) or selective glial cell inhibitors (e.g., minocycline

for microglia, and fluorocitrate and α‐aminoadipate for astrocytes)

reduces inflammatory and chronic pain in different experimental set-

tings (Mika, Wawrzczak‐Bargiela, Osikowicz, Makuch, & Przewlocka,

2009; Osikowicz et al., 2009; Pavao‐de‐Souza et al., 2012; Zarpelon

et al., 2016). This suggests that targeting spinal cytokines or glial cells

might represent important analgesic approaches for treating chronic

pain (Fattori, Borghi, et al., 2017; Fattori, Hohmann, et al., 2017;

Yekkirala, Roberson, Bean, & Woolf, 2017). We show that intrathecal

treatment with MaR1 reduced CFA‐induced astrocyte and microglia

activation and decreased the production of TNF‐α and IL‐1β and

NF‐κB activation. Of interest, MaR1 prevents p65 NF‐κB phosphory-

lation at Ser536 residue (Z. Gu et al., 2016), which is the same residue

targeted by the antibody used in the present work. This is important

because both cytokines induce neuronal firing, indicating that nocicep-

tor neurons cells respond to these cytokines (Binshtok et al., 2008; Jin

& Gereau, 2006). In the spinal cord, TNF‐α and IL‐1β also contribute

to spinal cord plasticity and thereby central sensitisation (Kawasaki,

Zhang, Cheng, & Ji, 2008). Mechanistically, both cytokines enhance

the amplitude of AMPA‐ and glutamate‐induced excitatory currents,

while only IL‐1β also reduces GABA‐ and glycine‐induced inhibitory

transmission in neurons (Kawasaki et al., 2008). In the periphery, these

cytokines also contribute to neutrophil recruitment towards tissue and

thereby increasing the inflammatory process and pain (Fattori, Amaral,

& Verri, 2016; Kolaczkowska & Kubes, 2013). The present data

indicate a neuronal effect of MaR1, which would ultimately reduce

glial cell activation. However, it remains to be determined if MaR1 acts

directly in glial cells.

MaR1 blocks TRPV1 with no effect on TRPA1 (Park, 2015; Serhan

et al., 2012). This SPM possesses an IC50 of 0.49 ng·ml−1 and

completely blocks capsaicin‐induced calcium flux with 3 ng·ml−1

(approximately 8.5 nM) in DRG neurons (Serhan et al., 2012). In

trigeminal ganglion neurons, MaR1 blocks capsaicin‐induced TRPV1

calcium influx in an even lower concentration (0.35 nM; Park, 2015),

indicating that it is a potent TRPV1 inhibitor. Thus, to address

the effect of MaR1 over TRPV1 activation in our model, DRG neu-

rons from CFA‐stimulated mice treated with vehicle or MaR1 were

dissected 3 days after the stimulus for calcium imaging and RT‐qPCR.

A single treatment with MaR1 at 10 ng prevented TRPV1 activation

in the DRG neurons (3 days after CFA), as observed by lower baseline

levels of calcium influx. Given that an increase in this parameter is

indicative of DRG neuron activation (Blake et al., 2018; Chiu et al.,

2013), the lower baseline levels of calcium influx that we found

suggest that MaR1 reduces CFA‐induced DRG neurons activation.

In accordance, previous work shows that MaR1 at 0.35 nM reduces

CFA‐induced spontaneous EPSCs frequency and amplitude in trigem-

inal neurons in trigeminal neurons (Park, 2015). Thus, these data from

trigeminal neurons indicate that MaR1 might reduce spinal cord

plastic changes and inhibits central sensitisation via both

presynaptic and postsynaptic mechanisms (Park, 2015). Other SPMs,
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such as RvD1, RvD2, and RvE1, also possess similar effect on neuro-

nal firing (Park et al., 2011; Xu et al., 2010). For instance, RvE1 at

1 ng·ml−1 (approximately 2.85 nM) reduces TNF‐α‐induced spontane-

ous EPSCs frequency and decreases TNF‐α‐induced potentiation of

NMDA‐induced currents in spinal cord neurons (Xu et al., 2010).

We observed that MaR1 reduced CFA‐induced mRNA expression of

the channels Nav1.8 and Trpv1. Strategies targeting these channels

are effective at reducing pain (Liao et al., 2017; Yu, Zhao, Guan, &

Chen, 2011). Therefore, in addition to reducing neuronal activation

(present data and others; Park, 2015; Serhan et al., 2012), it is likely

that MaR1 also controls TRPV1 expression in DRG neurons during

inflammation.

Upon noxious stimuli, nociceptor neurons release neuropeptides

such as CGRP and substance P that control the recruitment of

immune cells to the inflammatory foci (Pinho‐Ribeiro et al., 2017). In

fact, ablating or silencing nociceptor sensory neurons modulate sterile

and non‐sterile inflammation (Blake et al., 2018; Maruyama et al.,

2017; Roberson et al., 2013; Talbot et al., 2015). Herein, we show that

MaR1 at 3 ng·ml−1 reduced the release of CGRP by DRG neurons,

indicating a possible mechanism by which this SPM reduces inflamma-

tion and pain. Thus, the MaR1 inhibition of activation and CGRP

release by nociceptor neurons might have contributed to the

decreased recruitment of neutrophils and macrophages observed in

this work. In fact, MaR1 also reduced the number of neutrophils and

macrophages proximal to CGPR+ fibres in the paw skin.
5 | CONCLUSION

We demonstrated that MaR1 displays a long‐lasting analgesic effect

in the nanogram dose range (10 ng per mouse, intrathecal) in pre‐

and post‐treatment protocols. This analgesic effect is related to the

inhibition of astrocyte and microglia activation in the spinal cord.

Moreover, MaR1 reduced NF‐κB activation and thereby reduced

TNF‐α and IL‐1β production in the spinal cord. In the periphery,

MaR1 reduced the number of leukocytes proximal to CGRP+ fibres,

and at the DRG level, it decreased the mRNA expression of nocicep-

tor neuron sensitisation‐related channels Nav1.8 and Trpv1 and

reduced DRG neurons activation and CGRP release. The inhibition

of CGRP release by nociceptor neurons explains the peripheral

effects of MaR1. Given that SPMs present a safe preclinical profile

and efficacy at low doses, they might represent a new family of anal-

gesic drugs useful in the treatment of inflammatory pain of chronic

and acute nature.
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