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RESUMO

ENVOLVIMENTO DO RECEPTOR TRPA1 NA NOCICEPCAOE )
NEUROINFLAMACAO OBSERVADA EM MODELOS DE ESCLEROSE MULTIPLA
EM CAMUNDONGOS

AUTORA: Diéssica Padilha Dalenogare
ORIENTADORA: Gabriela Trevisan dos Santos

A esclerose multipla (EM) é uma doenca desmielinizante do sistema nervoso central
(SNC), sendo a dor neuropética e a dor de cabeca alteracdes sensoriais relevantes
e de dificil manejo nos pacientes. A dor e a neuroinflamacé&o nas diferentes formas
clinicas da EM estao relacionadas com o estresse oxidativo e a infiltracdo de células
inflamatoérias no SNC. Estes produtos do estresse oxidativo poderiam ativar canais
ibnicos, como os receptores de potencial transitorio anquirina 1 (TRPA1). O objetivo
deste estudo foi identificar o papel do receptor TRPA1l na nocicepcdo e
neuroinflamacéo observadas em modelos experimentais de EM. Para isso foram
utilizados camundongos fémeas C57BL/6 e camundongos com delegao génica para
o TRPA1 (25-30 g). Em ambos os modelos foram administrados o antigeno MOGss-
s5 (glicoproteina da mielina de oligodendrécito), e os adjuvantes Quil A e Completo
de Freund (ACF) para os modelos de EM recorrente-remitente (EMRR) e EM
progressiva (EMP), respectivamente. A nocicepg¢édo foi mensurada pelo teste de von
Frey (alodinia mecanica, na regido da pata e periorbital) e o teste de acetona
(alodinia ao frio, na regido da pata). Foram realizados 0s seguintes tratamentos:
pregabalina, sumatriptana, olcegepant, antagonistas do TRPA1 (HC-030031 e A-
967079), antioxidantes (acido alfa-lipoico e apocinina) e oligonucleotideo
antissentido para o TRPAL por via oral ou intratecal. Foram avaliados os niveis de
agonistas endégenos do TRPAL (peroxido de hidrogénio e 4-hidroxinonenal) e a
atividade da NADPH oxidase e superoxido dismutase (SOD) na medula espinal,
ganglio trigeminal e tronco encefalico. Diferentes marcadores de desmielinizacao,
neuroinflamacéo e a expressdo do TRPA1 foram também avaliados através da
técnica de expressao génica para o modelo de EMRR. Por imunoistoquimica foram
avaliados os marcadores Iba-1, GFAP e OLIG-2 para os dois modelos. Como
resultados, no modelo de EMRR, observou-se a presenca de alodinia mecanica (pata
traseira e regidao periorbital) e ao frio (pata traseira). A administracéo de pregabalina,
sumatriptana, olgepant, antagonistas do TRPAL, antioxidantes e o oligonucleotideo
antisentido do TRPA1 apresentaram efeito antinociceptivo no modelo EMRR. Foi
observado o aumento dos niveis de peroxido de hidrogénio e 4-hidroxinonenal, e a
atividade da NADPH oxidase na medula espinal e ganglio trigeminal. Houve uma
atenuacao da nocicepcdo nos animais com delecdo dos canais TRPAL induzidos
aos modelos de EMRR e EMP. A delegao dos canais TRPA1 também foi capaz de
atenuar o aumento dos marcadores Iba-1 e GFAP, bem como o OLIG-2 em animais
induzidos aos dois modelos. Pela coloracao fast blue observou-se uma prevencéo
nos animais nocautes para o TRPAL. Porém os animais nocautes para o TRPAL néo
apresentaram atenuacdo nos escores clinicos apos as duas inducgdes. Portanto,
esses resultados mostram o envolvimento do TRPA1l nos comportamentos de
nocicepcao e neuroinflamacgéao nos dois modelos de EM.

Palavras-chave: MOGss.s5; estresse oxidativo; HC-030031; peroxido de hidrogénio;
4-hidroxinonenal; NADPH oxidase.



ABSTRACT

ROLE OF TRPA1 IN NOCICEPTION AND NEUROINFLAMATION CAUSED BY
MULTIPLE SCLEROSIS MOUSE MODELS.

AUTHOR: Diéssica Padilha Dalenogare
ADVISOR: Gabriela Trevisan dos Santos

Multiple sclerosis (MS) is a demyelinating disease of the central nervous system
(CNS), and neuropathic pain and headache are significant sensory alterations that
are difficult to manage in these patients. In the different clinical forms of MS, pain
and neuroinflammation are related to oxidative stress and the infiltration of
inflammatory cells in the CNS. These oxidative stress products could activate ion
channels, such as transient receptor potential ankyrin 1 (TRPAL). This study aimed
to identify the role of the TRPAL receptor in the nociception and neuroinflammation
observed in experimental rodent models of MS. C57BL/6 female mice and mice
with TRPA1 gene deletion were used (25-30 g). In both models, the antigen
MOGss-s5 (oligodendrocyte myelin glycoprotein) and the adjuvants Quil A and
Complete Freund's Adjuvant (CFA) were administered for the relapsing-remitting
MS (RRMS) and progressive MS (PMS) models, respectively. Nociception was
measured by the von Frey test (mechanical allodynia in the paw and periorbital
region) and the acetone test (cold allodynia in the paw region). The following
treatments were performed: pregabalin, sumatriptan, olcegepant, TRPAl
antagonists (HC-030031 and A-967079), antioxidants (alfa-lipoic acid and
apocynin), and TRPA1 antisense oligonucleotide by intragastrical or intrathecal
route. The levels of endogenous TRPAL agonists (hydrogen peroxide and 4-
hydroxynonenal), and NADPH oxidase and superoxide dismutase (SOD) activity
were evaluated in the spinal cord, trigeminal ganglion, and brainstem samples.
Different markers of demyelination, neuroinflammation, and TRPA1 expression
were also evaluated using the RNA expression technique for the EMRR mouse
model. Immunohistochemistry was performed evaluating the Iba-1, GFAP, and
OLIG-2 markers for the two MS models. Firstly, the induced mice to RRMS mouse
model developed mechanical (hind paw and periorbital region) and cold (hind paw)
allodynia. After, the administration of pregabalin, sumatriptan, olgepant, TRPA1
antagonists, antioxidants and the TRPAL antisense oligonucleotide showed an
antinociceptive effect in the EMRR mouse model. The levels of hydrogen peroxide
and 4-hydroxynonenal and NADPH oxidase activity were increased in the spinal
cord and trigeminal ganglion samples of RRMS induced mice. The deletion of
TRPA1 channels attenuated the development of nociception in the EMRR and
EMP induced mice. Genetic deletion of TRPAl channels was also able to
attenuate the increase in Iba-1 GFAP and OLIG-2 markers in the induced animals
in both MS models. By Fastblue staining the TRPAL deletion might prevent the
demyelinating process. However, the TRPA1l knockout animals showed no
attenuation in clinical scores after the two MS inductions. These results show the
involvement of TRPA1 in nociception and neuroinflammation behaviors in these
two MS models.

Keywords: MOGsss5; oxidative stress; HC-030031; hydrogen peroxide; 4-
hydroxynonenal; NADPH oxidase.
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1 INTRODUCAO

A esclerose multipla (EM) € uma doenca autoimune do sistema nervoso central
(SNC) marcada por processos inflamatorios e extensa desmielinizacdo dos neurdnios
(FOLEY et al., 2013; THOMPSON et al., 2018a). As manifestacdes clinicas e o curso
da EM sé&o heterogéneos. Nas fases iniciais, a maioria dos pacientes apresentam
episédios reversiveis de déficits neurolégicos, que duram dias ou semanas,
caracterizando as fases iniciais da doenca, que podem ser sindrome clinicamente
isolada ou EM recorrente-remitente (EMRR) (FILIPPI et al., 2018; THOMPSON et al.,
2018a).

Com o tempo, o desenvolvimento de déficits neuroldgicos permanentes e a
progressdo da incapacidade clinica tornam-se proeminentes apresentando a forma
conhecida como EM secundaria progressiva (EMSP). Todavia, apenas uma pequena
parte dos pacientes desenvolve um curso progressivo da doenca desde o inicio, que
é descrito como EM progressiva primaria (EMPP) (FILIPPI et al., 2018; THOMPSON
et al., 2018a). Cada subtipo de EM pode ser classificado como ativo ou ndo ativo com
base na avaliacdo clinica da ocorréncia de recaida ou atividade da lesdo detectada
usando ressonancia magnética. Além disso, pacientes com EMPP ou EMSP, podem
ser classificados de acordo com progressao das les6es ao longo de um dado tempo
(FILIPPI et al., 2018; KRIEGER et al., 2016; THOMPSON et al., 2018a). Esse
acompanhamento segue um protocolo padronizado, sendo os critérios de McDonald
o protocolo mais utilizado em pesquisas e na pratica clinica (THOMPSON et al.,
2018a).

Os pacientes normalmente manifestam os primeiros sintomas de EM entre 20
e 40 anos de idade, sendo uma doenga com maior prevaléncia de desenvolvimento
em mulheres para a forma EMRR (LASSMANN, 2019; RAHN et al., 2014). Durante as
fases de inicio da EM, como resultado do processo inflamatorio e neurodegenerativo
agudo, os pacientes com EM manifestam varios sintomas que incluem perda da
acuidade visual (neurite Optica), fraqueza, desequilibrio (ataxia), fadiga, déficit
cognitivo e alteragbes sensoriais (dor) (GALEA; WARD-ABEL; HEESEN, 2015). A dor
€ considerada o principal sintoma sensorial apresentando uma prevaléncia de 63%
em pacientes com EM, sendo as formas mais comuns de dor a enxaqueca e a dor
neuropatica (FOLEY et al., 2013; SOLARO; MESSMER UCCELLI, 2011; TRUINI et
al., 2012).



12

Os anticonvulsivantes séo a primeira linha de tratamento para a dor neuropatica
em pacientes com esclerose multipla, sendo analogos ao acido gama-aminobutirico
(GABA), pregabalina e gabapentina as principais escolhas terapéuticas (KHAN;
WOODRUFF; SMITH, 2014; SOLARO; MESSMER UCCELLI, 2011). O tratamento
dos sintomas de dor de cabeca em pacientes com EM segue a mesma abordagem
farmacoldgica da populacdo em geral (HUSAIN; PARDO; RABADI, 2018). Um dos
medicamentos mais utilizados nas crises agudas de enxaqueca ha clinica é o
succinato de sumatriptana que € um agonista dos receptores de serotonina 5-HT1
(BECKER, 2015). No entanto, sabe-se que as terapias atuais para o tratamento da
dor na EM demonstram eficicia reduzida, causando muitos efeitos adversos e uma
reducdo substancial na qualidade de vida dos pacientes (FERRARO et al., 2018;
URITS etal., 2019). Portanto, novas estratégias e a descoberta de novos mecanismos
no manejo da dor sdo essenciais para o tratamento da EM.

Neste contexto, o estresse oxidativo € uma caracteristica patoldgica crucial em
diversas doencas neurodegenerativas, incluindo a EM (MAHAD; TRAPP;
LASSMANN, 2015; TOBORE, 2021). O processo inflamatério na EM leva a um
extenso recrutamento de células imunes para o SNC com ativacao glial e aumento da
producao de espécies reativas. Além disso, foi demonstrado que o processo oxidativo
pode contribuir para o desenvolvimento da nocicepcédo em distintos modelos de dor
(NASSINI et al., 2014; TREVISAN et al., 2013c, 2016). Um estudo recente mostrou
que o antioxidante, &cido alfa-lipoico, diminuiu a nocicep¢cdo em um modelo EMRR
conhecido como encefalomielite autoimune experimental remitente-recorrente (EAE-
RR) em camundongos (KHAN et al., 2015). Assim, a investigacdo do mecanismo
envolvido no desenvolvimento da dor via estresse oxidativo na EMRR e na EMP é
relevante.

Dentre os possiveis novos alvos terapéuticos para dor na EM, temos a familia
de receptores de potencial transitorio (TRPS), os quais tém sido descritos como alvo
de espécies reativas geradas pelo desequilibrio do processo de estresse oxidativo
(BORKUM, 2016; NASSINI et al., 2014; NILIUS; SZALLASI, 2014). O receptor de
potencial transitério anquirina 1 (TRPA1) é um canal ibnico expresso em neurdnios
sensoriais de detec¢do de dor nos sistemas nervoso central e periférico. Esse receptor
pode ser ativado por substancias enddgenas, produtos do estresse oxidativo, como
peréxido de hidrogénio (H202), 4-hidroxinonenal (4-HNE), e 6xido nitrico (MARONE et
al., 2018; MATERAZZI et al., 2013; NASSINI et al., 2014; TREVISAN et al., 2013b).
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Além disso, estudos observaram uma atenuacédo do comportamento da nocicepcéo
em diferentes modelos de dor neuropatica, principalmente de origem periférica,
quando utilizou-se a inibicdo farmacoldgica dos canais TRPAL (DE LOGU et al., 2017,
2019a; MATERAZZI et al., 2012). Em um modelo de constricdo do nervo ciatico houve
um aumento de H20: ativando os canais TRPA1 e levando ao desenvolvimento de
alodinia mecanica (DE LOGU et al., 2017). Em um modelo de enxaqueca pela injecao
de gliceril trinitrato também se observou o aumento de subprodutos do estresse
oxidativo, H202 e 4-HNE, ambos capazes de ativar os canais TRPAL presentes no
ganglio trigeminal de camundongos (MARONE et al., 2018).

Diferentes estudos demostraram que as cefaleias primarias sdo um dos
sintomas mais comuns em esclerose multipla (EM) apresentando uma prevaléncia
superior a 50% sendo um sintoma de dificil tratamento (BECKMANN; TURE, 2019;
WANG et al.,, 2021). Nesse contexto, os canais TRPA1 surgiram como um alvo
especifico para varios desencadeadores de cefaleias primarias, e algumas evidéncias
demonstraram que os medicamentos metamizole e propifenazona, usados para o
controle da enxaqueca, tém uma acdo inibitéria na atividade do canal TRPAl
(BENEMEI et al., 2017; KUNKLER et al., 2011; MATERAZZI et al., 2013; NASSINI et
al., 2014, 2015). Alguns compostos majoritarios de plantas, como a isopetasina € 0
partenolide, tem como mecanismo de acdo a dessensibilizacdo de neurdnios
nociceptivos e inibem a liberacdo de CGRP através da ativacdo dos canais TRPAL
(BENEMEI et al., 2017; MATERAZZI et al., 2013).

Atualmente, antagonistas e bloqueadores dos receptores de CGRP tem sido
desenvolvidos para o tratamento de enxaqueca, sendo 0s gepants a classe mais
conhecida Além disso, a administracdo de injecdes de CGRP pela via subcutanea na
area periorbital de camundongo ou diretamente no ganglio trigeminal (intraganglionar)
levou ao desenvolvimento de alodinia mecéanica periorbital (AMP) em camundongos
(ARAYA et al., 2020; DE LOGU et al., 2019b). Em outro estudo, usando modelo de
camundongo de EMP induzida por imunizacdo com o antigeno MOGss-s5 e adjuvante
completo de Freund (ACF), também se observou o desenvolvimento de alodinia
mecanica facial ao estimulo na almofada mistacial (whisker pad) (DUFFY et al., 20186,
2019).

Os canais TRPAL estdo expressos em diferentes tipos celulares como em
astrocitos (SHIGETOMI et al., 2011) e oligodendrécitos (HAMILTON et al., 2016),

podendo desempenhar um papel na neuroinflamacdo em diferentes patologias.
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Inicialmente, este receptor foi estudado no sistema nervoso periférico por seu
envolvimento na dor e inflamagédo, sendo coexpresso com TRP vaniléide 1 (TRPV1)
em um subconjunto de neurénios sensoriais primarios (AKOPIAN, 2010). Além disso,
um coativador de TRPA1/TRPV1 demonstrou eficacia na reducdo dos escores de dor
em um ensaio clinico de pacientes com esclerose lateral amiotrofica (ELA) (SHORT
et al., 2018). Estudos prévios mostraram que a ativacdo de TRPAL expresso em
astrocitos induz a liberagcdo de mediadores pro-inflamatérios em um modelo de
doenca desmielinizante induzida por cuprizona em camundongo, o que contribui para
a progressao do apoptose de oligodendrdcitos (KRISZTA et al., 2019). Além disso, foi
demonstrado o aumento da proteina glial fibrilar acida (GFAP), um marcador
especifico de astrocitos ativados no tecido do cortex e da medula espinal de
camundongos induzidos ao modelo EAE-RR (KHAN; WOODRUFF; SMITH, 2014).
Outros resultados observaram o aumento de molécula adaptadora ligante de calcio
ionizado-1 (Iba)-1 no corpo caloso, hipocampo e na regido lombar da medula espinal
de camundongos induzidos a EAE-RR (KHAN; WOODRUFF; SMITH, 2014). No
entanto, até a realizacdo do presente estudo a relacéo entre a ativacdo do TRPAL e
a regulacdo de marcadores de neuroinflamacdo nos modelos de EMRR e EMP em
roedores ainda nao havia sido investigada.

Desta maneira, este trabalho teve trés objetivos principais para avaliar o
envolvimento dos canais TRPAL1 nos mecanismos envolvidos na fisiopatologia da
nocicepcao e neuroinflamacdo através de dois modelos de EM em roedores.
Primeiramente, avaliou-se o envolvimento dos canais TRPA1 no desenvolvimento de
sintomas do tipo dor neuropatica em camundongos induzidos a EAE-RR. Apos,
investigou-se o desenvolvimento de sintomas do tipo dor de cabeca em animais
induzidos a EAE-RR e envolvimento dos canais TRPAL neste processo nociceptivo.
E finalmente, estudou-se o papel do TRPAL1 no desenvolvimento de nocicepcao e

alteracdo de marcadores inflamatorios comparando os dois modelos de EM.



2 REVISAO BIBLIOGRAFICA

2.1 ESCLEROSE MULTIPLA

A EM é considerada uma doenca inflamatéria no sistema nervoso central
(SNC), na qual a infiltracédo de linfécitos leva a danos na bainha de mielina de axénios
(COMPSTON; COLES, 2008; THOMPSON et al., 2018b). Além disso, é considerada
a doenca neurolégica mais amplamente estudada em termos epidemiolégicos sendo
a primeira causa de incapacidade ndo traumatica em adultos jovens (CHEN;
CHONGHASAWAT; LEADHOLM, 2017; FILIPPI et al., 2018).

Diferentes estudos apontam como chave para o desenvolvimento da EM as
alteracdes no sistema imunolégico adaptativo composto pelos linfocitos T e B
(HEMMER; KERSCHENSTEINER; KORN, 2015; HOHLFELD et al., 2016). Essas
células sdo recrutadas para o SNC por antigenos (autoantigenos) gerando um
processo de autoimunidade, porém ainda ndo se sabe a causa e quais antigenos
especificos estao relacionados a esse processo (HEMMER; KERSCHENSTEINER,;
KORN, 2015; THOMPSON et al., 2018b).

A resposta autoimune pode ocorrer de duas maneiras na forma intrinseca ou
extrinseca ao SNC. De forma intrinseca se supde que pode haver alguma alteracéo
das células do sistema imunes no SNC que liberam antigenos para a periferia por
drenagem pelos linfonodos ou pelas células apresentadoras de antigenos. Essa
liberacdo de antigenos gera um processo pro-inflamatério que possivelmente leve a
resposta autoimune que atinge posteriormente o SNC. J& na forma extrinseca se
sugere que devido a um evento no sistema periférico, por exemplo, uma infeccéo
sistémica leve a uma resposta imune aberrante contra 0 SNC. Essa alteracdo da
resposta imune gera a liberacdo de antigenos e ativacao de linfécitos que invadem o
SNC (HEMMER; KERSCHENSTEINER; KORN, 2015; THOMPSON et al., 2018b).

O sistema imune inato também tem um papel importante no inicio e progressao
da EM, pois os macréfagos promovem as respostas pro-inflamatoérias de linfocitos T e
B que levam aos danos teciduais da doenga. Além disso, a ativacdo microglial precoce
pode ser um dos eventos iniciais no desenvolvimento de lesdes de esclerose multipla.
Quando ativadas, as células microgliais podem contribuir para a patologia da doenca
através de varios possiveis mecanismos, incluindo a secrecdo de citocinas proé-

inflamatorias, quimiocinas, radicais livres e aumento da liberacdo de glutamato
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(THOMPSON et al., 2018b). As principais caracteristicas fisiopatologicas da EM séo
a perda axonal ou neuronal, desmielinizacdo e gliose astrocitaria. Entre essas
caracteristicas neuropatolégicas, a perda axonal ou neuronal, ou seja, a
neurodegeneragcdo € particularmente relevante por ser o principal mecanismo
envolvida na incapacidade clinica permanente dos pacientes com EM (THOMPSON
et al., 2018b).

Sabe-se que a EM afeta predominantemente adultos jovens e diversos fatores
podem contribuir para o desenvolvimento da EM como fatores genéticos, ambientais
e de estilo de vida. Os fatores risco mais bem estabelecidos sao a infeccéo pelo virus
Epstein-Barr (VEB) na adolescéncia e no inicio da idade adulta, a exposi¢ao ao tabaco
de forma ativa ou passiva, falta de exposi¢cdo ao sol, baixos niveis de vitamina D e
obesidade na adolescéncia. Outros fatores de risco menos estabelecidos incluem
trabalho noturno, consumo excessivo de alcool ou cafeina (OLSSON; BARCELLOS;
ALFREDSSON, 2016). Ademais, o componente genético pode ser reforcado pelo fato
de que a maioria dos casos de EM ocorrem em caucasianos e raramente em outras
etnias como em chineses, japoneses ou africanos. Em todo o mundo a estimativa é
gue 2,5 milhdes de pessoas sdo acometidas pela EM e se observa uma prevaléncia
de 50-300 pacientes a cada 100.000 individuos (KOCH-HENRIKSEN; SORENSEN,
2010; OH; VIDAL-JORDANA; MONTALBAN, 2018; THOMPSON et al., 2018b).
Pacientes diagnosticados com EM sao mais frequentes nas regides com clima
temperado em ambos os hemisférios, porém esse fator pode mudar de acordo com o
lugar onde os individuos viveram seus primeiros anos de vida (NEGROTTO;
CORREALE, 2018). Além desses dados, ja foi descrito que ha uma maior incidéncia
de desenvolvimento da forma EMRR em mulheres do que em homens (NEGROTTO,;
CORREALE, 2018; THOMPSON et al., 2018b; VOSKUHL; SAWALHA; ITOH, 2018).
No Brasil existem poucos estudos epidemioldgicos publicados sobre a EM, mas pode-
se observar que o Brasil tem uma prevaléncia de baixa a média para a ocorréncia
desta doenca sendo que a maior incidéncia ocorre na regido sul-sudeste (DA GAMA
PEREIRA et al., 2015).

O diagnéstico da EM é baseado na integragédo de exames clinicos, de imagem
e laboratoriais. O diagnoéstico clinico de EM consiste basicamente na avaliacdo da
ocorréncia de dois ou mais episodios diferentes de disfuncéo do SNC, com resolucéo
pelo menos parcial, o que é suficiente para o diagnéstico de EMRR (FILIPPI et al.,
2018; THOMPSON et al., 2018a). Embora o diagndstico possa ser feito na apenas
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com base em critérios clinicos, a ressonancia magnética pode apoiar, complementar
ou substituir alguns critérios clinicos devido a sensibilidade e especificidade desta
modalidade de imagem demonstrando lesdes desmielinizantes, bem como modo de
disseminagdo espacial (no cértex ou medula espinal) e temporal (tempo entre as
analises de imagem) dessas lesdes. A Ultima verséo de avaliacao clinica foi atualizada
através dos critérios de McDonald de 2017 que englobam dados clinicos, de imagem
e laboratoriais que enfatizam a necessidade de demonstrar o modo de disseminagéo
espacial e temporal das les6es desmielinizantes, assim como de excluir diagndsticos
de outras patologias (FILIPPI et al., 2018; THOMPSON et al., 2018a). Os testes
laboratoriais acabam por desempenhar um papel de apoio, pois nenhum deles é
especifico e os resultados ainda nao tem reprodutibilidade em todos os pacientes. Um
exemplo de exame laboratorial € a pesquisa de bandas oligoclonais de imunoglobulina
IgG no liquido cefalorraquidiano (OH; VIDAL-JORDANA; MONTALBAN, 2018;
THOMPSON et al., 2018a).

Partindo do diagnéstico da EM, esta pode ser classificada em trés tipos de
acordo com o curso clinico: EMRR, EMPP e EMPS (SCHWENKENBECHER et al.,
2019). O curso da EMRR é geralmente episddico, com fases recorrente-remitentes da
EM, caracterizadas por respostas mediadas pelo sistema imunoldgico, tais como a
ativacdo generalizada da microglia e infiltrados celulares macicos no SNC
(LASSMANN, 2019). Uma terceira forma, a EMSP, se caracteriza por uma fase inicial
com periodos de surto-remissdo assim como na EMRR e pode apresentar a fase
progressiva depois de 20 anos apdés 0s primeiros sintomas. Estudos mostram que
cerca de 2% dos pacientes que apresentam os sintomas de EMRR podem se
converter em EMPS, porém ainda ndo se sabe os fatores envolvidos nesta transi¢éo
(ROVARIS et al., 2006). A EMPP é o fenétipo clinico menos comum e acomete cerca
de 10% a 15% da populacdo com EM e é igualmente comum entre homens e
mulheres. Esse fenétipo tende a ocorrer em uma populacdo com idade mais avancada
(cerca de 50 anos) quando comparada com a EMRR e a progressdo comeca
lentamente desde o inicio, sem recidivas identificaveis (BALDASSARI; FOX, 2018;
FAISSNER et al.,, 2019). A maior parte das terapias modificadoras da doenca
aprovadas sdo para o tratamento dos processos inflamatérios caracteristicos da
EMRR. Porém existe uma escassez no desenvolvimento de terapias para as formas
EMPP e EMSP, a qual devem ser focadas no processo de desmielinizacéo
(BALDASSARI; FOX, 2018; FAISSNER et al., 2019).
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No decorrer da evolucdo das diferentes formas de EM o0s pacientes
desenvolvem diversas alteracdes neurologicas e funcionais como déficits cognitivos,
alteracbes motoras, perda de viséo e alteragbes sensoriais (MAZHARI, 2016; OH;
O’CONNOR, 2015; THOMPSON et al., 2018b). Um exemplo comum de alterag&o
visual € a neurite Optica que € resultado da inflamacao aguda no nervo Optico pelo
processo inflamatorio e de desmielinizacdo caracteristicos da EM levando a perda da
visao e dor o movimentar os olhos (THOMPSON et al., 2018b). Dentre as alteracdes
cognitivas observa-se prejuizo na memoria de trabalho, na percepgédo espacial e
visual, e na fala. Ja as alteracbes locomotoras caracterizam-se por reducdo na
velocidade, distancia e assimetria ha marcha o que leva a reducédo da mobilidade e
independéncia nas atividades cotidianas (MAGGIO et al., 2019). Todas essas
alteracOes ainda podem ser somadas a algumas comorbidades como depressao,
ansiedade, hipertensdo e doencas hepaticas cronicas. Um conjunto crescente de
evidéncias sugere que as comorbidades afetam o diagnéstico da EM ao longo do
curso da doenga e podem aumentar as taxas de mortalidade (MARRIE, 2017). A dor
aparece nas primeiras fases do curso da EM causando alteracbes negativas e
significativas na qualidade de vida dos pacientes (FERRARO et al., 2018; GALEA,
WARD-ABEL; HEESEN, 2015; MOTL; SUH; WEIKERT, 2010; TRUINI et al., 2012).
Os principais tipos de dor descritas pelos pacientes sdo a enxaqueca e a dor
neuropatica central. A dor neuropética central se apresenta principalmente na forma
de alodinia mecénica ou ao frio, sendo o tratamento desses sintomas na maioria das
vezes ineficaz (FERNANDEZ-DE-LAS-PENAS et al., 2015; OSTERBERG; BOIVIE;
THUOMAS, 2005). Neste contexto, se torna de grande relevancia a elucidacdo dos
mecanismos envolvidos nos processos dolorosos presentes na EM, bem como a

procura de novos alvos terapéuticos para este sintoma.

2.2 DOR

A dor é uma sensacao desagradavel, mas também € um componente essencial
do sistema de defesa do nosso organismo. Nos casos em que se pode ter uma leséo
grave, como gqueimar a mao ao encostar em uma panela aquecida no fogao, existe
um mecanismo de resposta reflexa para a dor. Este mecanismo é gerado como uma
forma de aviso rapido, onde o sistema nervoso inicia uma resposta motora para afastar

a méo da panela a fim de minimizar os danos fisicos causados pela exposi¢ao ao calor
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nocivo, por exemplo (YAM et al., 2018). A falta da capacidade de sentir dor, como na
condicao rara de insensibilidade congénita a dor, pode causar problemas de saude
muito graves, como automutilacdo, auto amputacao e lesdes na cornea (BENNETT;
WOODS, 2014). Neste contexto, a percepgao é o processo que nos permite interpretar
informacgdes sensoriais como, por exemplo, comer determinado alimento e sentir um
gosto desagradavel ou ouvir determinada musica e gostar da melodia. Esse tipo de
distincdo também pode ser aplicado a dor. A dor € uma percepcao que nos permite
interpretar certo tipo de informacéao sensorial e existem 6rgaos especializados nessa
sinalizacdo (MCCARBERG; PEPPIN, 2019).

Antes de entender os mecanismos deve-se compreender a diferenca entre os
conceitos de dor e nocicepgdo de acordo com a Associacdo Internacional para o
Estudo da Dor (do inglés International Association for the Study of Pain - IASP)
(APKARIAN, 2019; BALIKI; APKARIAN, 2015; RAJA et al., 2020). O termo nocicepcao
se refere a sinais que chegam ao sistema nervoso central resultante da ativacéo de
neurbnios sensoriais com terminacdes livres chamados nociceptores. Esses
nociceptores tem fungao de fornecer as informagdes sobre danos tecidual sendo essa
sinalizacdo essencial para impedir algum dano grave no organismo (BALIKI;
APKARIAN, 2015; RAJA et al., 2020). Ja a dor, segundo a IASP, é uma experiéncia
sensitiva e emocional desagradavel associada, ou semelhante aguela associada, a
uma lesdo tecidual real ou potencial (RAJA et al., 2020). Desse modo, a dor é
considerada subjetiva, pois cada individuo aprende seu significado de acordo com as
experiéncias com algum tipo de lesdo que tiveram nos primeiros anos de vida
(VERRIOTIS et al., 2016). Portanto, ndo se trata apenas de uma experiéncia
relacionada aos mecanismos que podem causar danos reais aos tecidos, mas esta
também relacionada com as experiéncias emocionais (MCCARBERG; PEPPIN, 2019;
VERRIOTIS et al., 2016).

O processo de nocicepcao esta relacionado aos mecanismos envolvidos na
percepcdo de estimulos térmicos, mecanicos ou quimicos intensos que seguem
determinadas vias de sinalizacdo da dor que podem se dividir em via espinotalamica
relacionada a dor corporal e via trigeminal relacionada a dor na face (MCCARBERG;
PEPPIN, 2019). ApOs deteccdo desses estimulos pelas terminacdes livres dos
nociceptores, estes sao propagados até seus corpos celulares que estéo localizados
nos ganglios da raiz dorsal para o corpo, ganglios trigeminais para a face e nos

ganglios nodoso e vagal para as visceras (MCCARBERG; PEPPIN, 2019). Logo,



20

esses neurbnios sdo considerados pseudo-unipolares, pois possuem terminacdes
centrais (medula espinal e tronco cerebral) e também periféricas (tecido inervado), sdo
responsaveis pela deteccdo de estimulos nociceptivos na periferia e transmisséo para
as estruturas centrais (MCCARBERG; PEPPIN, 2019).

As transmissfes dos estimulos nociceptivos se dao através de duas classes
principais de fibras, a primeira classe inclui as fibras aferentes mielinizadas Ad de
calibre médio que medeiam a dor primaria ou rapida, aguda e localizada. Ja a segunda
classe de nociceptores incluem as fibras C ndo mielinizadas de pequeno calibre que
transmitem a dor secundaria ou lenta, e pouco localizada (BASBAUM et al., 2009;
MCCARBERG; PEPPIN, 2019). Geralmente, as fibras responsaveis pela conducéo
dos estimulos nocivos sao as fibras Ad e C, porém as fibras aferentes mielinizadas de
grande diametro A estdo também envolvidas na transmisséo de estimulos sensoriais.
Esses estimulos, primeiramente indcuos, sdo transmitidos como estimulos nocivos
apos sensibilizacdo e ocorrem geralmente em condi¢cdes de dor crénica (BASBAUM
et al.,, 2009; MCCARBERG; PEPPIN, 2019; VON HEHN; BARON; WOOLF, 2012;
WOOLF, 2010).

Desta maneira, a nocicepcao inclui diferentes tipos de processos fisioldgicos,
sendo os estimulos sensoriais dolorosos, apds uma ativagao inicial dos nociceptores,
transmitidos até o corno dorsal da medula espinal através da geracédo de um potencial
de acdo (YAM et al., 2018). Nas laminas I, Il e V da medula espinal ocorre a sinapse
entre as terminagdes centrais dos neurdnios nociceptivos e 0s neurbnios nociceptivos
de segunda ordem, pois ocorre a liberacdo de neurotransmissores excitatérios como
o glutamato, a substancia P e o CGRP (SCHOU et al., 2017). Para que ocorra a
sinapse entre esses neurdnios e a liberagdo dos neurotransmissores é necessaria a
ativacao de diferentes canais idnicos que promovem o influxo de ions célcio. Dentre
0S canais ibnicos temos 0s canais de calcio dependentes de voltagem (do tipo N
principalmente), mas outros canais também podem estar envolvidos nesse processo
como os TRPs (SOUZA MONTEIRO DE ARAUJO et al., 2020).

Ja a via trigeminal segue pelo tdlamo analogamente a medula espinal da via
espinotalamica. Os estimulos nociceptivos sao transmitidos pelas vias do nervo
trigémeo composto dos nervos oftalmico, maxilar e mandibular até os corpos celulares
gue se encontram no ganglio trigeminal. A transmissao segue pra os neurdnios de
segunda ordem presentes no nucleo espinal do trigémeo no tronco encefalico e
posteriormente até o talamo (TERRIER; HADJIKHANI; DESTRIEUX, 2022). Depois
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do processamento na medula espinal e no tronco encefalico, o estimulo nociceptivo
segue para as vias supraespinais através das fibras axonais de segunda ordem e isto
ocorre por duas vias principais: a via espinotalamica e a via espinobraquial
amigdaloide. A atividade discriminatéria do estimulo nocivo ocorre pela via
espinotalamica e via trigeminal, que possui as terminacdes dentro do talamo
ventroposterior e ventrobasal e, posteriormente, se projetam para 0 coOrtex
somatossensorial (BASBAUM et al., 2009; MCCARBERG; PEPPIN, 2019; OSSIPOV
et al., 2010). J& na via espinobraquial amigdaloide os ax6nios provenientes do corno
dorsal da medula espinal terminam no nucleo parabraquial, e tém projecfes para o
hipotalamo e a amigdala, sendo essas areas responsaveis por modular as dimensdes
afetivas da dor (BASBAUM et al., 2009; MCCARBERG; PEPPIN, 2019; OSSIPOV et
al., 2010) como mostrado na Figura 1

Diversos estudos demonstraram que em situacdes que levam a dores
extremamente intensas ocorre uma resposta fisioldgica que é capaz de bloquear a
sinalizacado ascendente da dor (HUANG et al., 2019; OSSIPOV et al., 2010). Essa
modulagdo da dor existe na forma de uma via de inibicdo descendente onde a
substancia cinzenta periaquedutal recebe aferéncias de diferentes areas do SNC
como o hipotadlamo, a amigdala e o cortex cingulado anterior rostral. A ativacao da
PAG pode modular dois sistemas inibitorios descendentes de forma principal, o locus
certleo e bulbo rostral ventromedial (CHEN; HEINRICHER, 2019; HUANG et al.,
2019). A substancia cinzenta periaquedutal controla indiretamente a informacao
nociceptiva podendo levar a ativacdo dos neurbnios serotoninérgicos presentes na
bulbo rostral ventromedial e a liberacdo de serotonina (OSSIPOV et al., 2010). Ja a
ativacdo de neurbnios do locus ceruleo leva a liberacdo de noradrenalina como
mostrado abaixo na Figura 1. Ambas as vias tém sido estudadas em diversas
condicBes de dor e utilizadas como um alvo para o tratamento de pacientes com dor
cronica, como a dor neuropatica (CORDERO-ERAUSQUIN et al., 2016; KREMER et
al., 2018).
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Figura 1 — Vias de sinalizacdo ascendentes e descendentes

relacionados a transmissao de estimulos dolorosos.
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Fonte: adaptado de Basbaum et al., 2009
Legenda Figura 1: Os nociceptores transmitem os estimulos nocivos aos
neurdnios de projecdo dentro do corno dorsal da medula espinal. Um
subconjunto desses neurdnios de projecdo transmite informagbes ao
cortex somatossensorial através do talamo, fornecendo informagdes sobre
a localizagdo e a intensidade do estimulo doloroso. Outros neurénios de
projecdo envolvem o cortex cingulado e coértex insular por meio de
conexbes no tronco cerebral (ndcleo parabraquial) e amigdala,
contribuindo para o componente afetivo da dor. Essa informacéo
ascendente também acessa os neurdnios do bulbo ventral rostral e da
substancia cinzenta periaquedutal do mesencéfalo para acionar as vias

descendentes inibitérias da dor.

Durante o processamento das sensacdes dolorosas o limiar para provocar a
dor deve ser alto o suficiente para néo interferir nas atividades normais, mas baixo o

suficiente para que possa ser evocado antes que ocorra dano real ao tecido. Esse
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limite ndo é fixo e pode aumentar ou diminuir, gerando uma resposta adaptativa ou
nao (BLISS etal., 2016; CORDERO-ERAUSQUIN et al., 2016). As mudancas no limiar
da dor e na capacidade de resposta podem ocorrer através de alteragdes no sistema
nervoso que podem modular as respostas de qualquer estimulo sendo chamado de
plasticidade neuronal. Dependendo das alteracfes de plasticidade ou modificacdo do
sistema sensorial pode se desenvolver uma exacerbacéo na percepcéao dos sintomas
dolorosos (BLISS et al., 2016; CORDERO-ERAUSQUIN et al., 2016). Devido a essas
modificacdes do sistema sensorial alguns individuos podem desenvolver alodinia ou
hiperalgesia. A alodinia se refere as sensacoes dolorosas evocadas por um estimulo
gue antes era considerado inofensivo. J& a hiperalgesia pode ser descrita como uma
exacerbacdo na percepcdo de um estimulo que ja era considerado nocivo (DUBIN;
PATAPOUTIAN, 2010; LOESER; TREEDE, 2008).

A dor pode ser classificada quanto ao seu tempo de evolucédo sendo chamada
de dor aguda ou cronica. A dor aguda faz parte da resposta a trauma tecidual devido
a alguma lesd@o ou processo cirirgico, por exemplo. Esse tipo de dor faz parte do
processo de cura e € de carater transitorio, ou seja, se resolve com a cura na regido
onde ocorreu o dano tecidual (HEINRICHER, 2016). Embora ndo exista uma
delimitacdo de tempo, pode se classificar um prolongamento dos sintomas dolorosos
de dor crbnica. Neste tipo de dor se observa que apesar da cicatrizacdo/cura da lesédo
a dor ainda persiste. Diferentes causas podem levar a prolongamento da dor, como
doencas crbnicas reumatoldgicas (artrite reumatoide), neurologicas (doenca de
Parkinson) e metabdlicas (diabetes) ou mesmo lesdes teciduais curadas previamente
(HEINRICHER, 2016).

Ainda a dor pode ser classificada quanto ao aspecto fisiopatolégico em dor
nociceptiva, dor neuropética e nociplastica (FITZCHARLES et al., 2021; MEACHAM
et al., 2017; ST. JOHN SMITH, 2018). A dor nociceptiva é o tipo de dor que esta
associada a protecao do organismo frente a um dano potencial (LOESER; TREEDE,
2008; ORR; SHANK; BLACK, 2017). Ademais, é o tipo mais comum de dor, sendo
definido pela IASP como a dor que decorre de dano real ou ameaca de danos néo
neurais no tecido e pela ativacao de nociceptores. Uma nota na definicdo deste termo
na terminologia IASP afirma que este termo é projetado para se diferenciar da dor
neuropatica. Aléem disso, a dor associada a inflamacao ativa também se enquadra
nesta categoria (ORR; SHANK; BLACK, 2017). J& a dor causada por uma lesdo ou

z

doenca do sistema nervoso somatossensorial € chamada de dor neuropatica
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(MEACHAM et al., 2017). A dor neuropatica € uma descricdo clinica (e ndo um
diagndstico), pois necessita de investigacfes diagnosticas (por exemplo, imagem,
neurofisiologia, bidpsias, exames laboratoriais) que demonstrem uma anormalidade
ou trauma em nervos (BREIVIK, 2002). Este tipo de dor ainda pode ser dividida em
duas categorias gerais: dor neuropatica central ou dor neuropatica periférica
(FINNERUP et al., 2016; HUANG et al., 2019; MEACHAM et al., 2017).

A dor neuropética periférica ocorre quando ha lesdes ou doencas que
acometem o sistema somatossensorial periférico como o diabetes, tratamento do
cancer com quimioterapicos, infeccédo pelo virus Herpes zoster (MEACHAM et al.,
2017). A dor neuropatica central ocorre quando héa les6es no sistema nervoso central,
como um acidente vascular cerebral, ou alguma doenga neurodegenerativa, como no
caso da esclerose multipla (MEACHAM et al., 2017; RACKE; FROHMAN; FROHMAN,
2022). E por fim, a dor nociplastica pode ser definida como uma dor decorrente da
funcdo alterada de vias sensoriais relacionadas a dor tanto na periferia quanto no
SNC, causando aumento da sensibilidade (FITZCHARLES et al., 2021; WOOLF,
2011). Os mecanismos envolvidos na dor nociplastica ndo sao totalmente
compreendidos, mas acredita-se que exista uma alteracdo na modulacdo e
sinalizacdo sensorial. Os sintomas observados na dor nociplasica incluem dor
multifocal sendo uma dor disseminada e/ou intensa (FITZCHARLES et al., 2021).
Existem ainda a presenca de outros sintomas como fadiga, sono, perda de memoria
e alteracbes de humor. Esse tipo de dor pode ocorrer isoladamente, como ocorre
frequentemente em condi¢cdes como fibromialgia ou cefaleia primarias (cefaleia
tensional e enxaqueca), ou ainda como parte de um estado de dor mista em
combinacdo com dor nociceptiva ou neuropética continua, como pode ocorrer na dor
cronica na regido lombar (NIJS et al., 2021).

Desta forma, os diferentes tipos de sintomas dolorosos levam a diminui¢ao
significativa da qualidade de vida de muitos pacientes com EM (URITS et al., 2019).
Neste sentido, € de grande importancia a investigacdo dos mecanismos envolvidos
no desenvolvimento de dor em patologias cronicas e neurodegenerativas, como no

caso da EM.

2.3 DOR NA ESCLEROSE MULTIPLA
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Na populacdo com EM, a dor € um sintoma frequente, acometendo de 63% dos
pacientes e apresentando variacdes no tempo de inicio e no tipo de dor (FOLEY et al.,
2013). Os sintomas dolorosos afetam o bem-estar fisico e emocional do individuo e
interferem na maioria das atividades da vida diaria, como sono, trabalho e participagcéo
em atividades recreativas e sociais (EHDE et al., 2003; HADJIMICHAEL et al., 2007).
Além da reducéo da qualidade de vida desses individuos a dor pode levar também ao
desenvolvimento de comorbidades como, por exemplo, a depressdo e ansiedade
(MARRIE et al., 2015). Diferentes manifestacoes de dor sdo relatadas pelos pacientes,
como espasmos dolorosos, especialmente nos membros inferiores. Esses espasmos
sao gerados devido a impulsos ectopicos, a partir das fibras motoras, como resultado
de dano axonal e desmielinizagdo sendo mais frequentes a noite (TRUINI et al., 2013).
Dores de cabecga e lombalgia sdo muito comuns entre os individuos afetados durante
todo o curso da doenca (KISTER et al., 2010; NICOLETTI et al., 2008). E importante
ressaltar que outras manifestacdes de dor ocorrem a medida que a doenca progride.
A espasticidade e a fraqueza progressiva comprometem a postura e a mobilidade do
individuo, levando a osteoporose e as disfuncbes de tenddes, ligamentos e/ou
articulacbes, que evocam dores secundarias (TRUINI et al., 2013).

De acordo com o tipo de doenca, a prevaléncia de dor é de 70%, tanto na EMPP
e EMPS, e 50% na EMRR. O tipo mais comum de dor é a enxaqueca (52%) e dor
neuropatica (51%), sendo que a presenca das duas ocorre em 32% dos pacientes
com EM (BIBLE, 2013). A dor neuropatica € mais comum em mulheres que
apresentam maior incapacidade e maior duracdo da doenca (SOLARO et al., 2018).
Esse tipo de dor € amplamente experimentada entre individuos com EM e pode
assumir varias formas com uma prevaléncia de quase 50% dos pacientes relatam a
presenca de sinais classicos, como hiperalgesia e alodinia (BEISKE et al., 2004).
Alguns estudos investigaram o processamento nociceptivo em pacientes com EM e
observaram anormalidades nos limiares de dor térmica e também déficits nos limiares
mecanicos em comparacao com pessoas saudaveis (FERNANDEZ-DE-LAS-PENAS
et al., 2015). A dor disestésica (em membros inferiores) € a forma mais comum de dor
neuropatica descrita como uma sensacao de queimacgdao, formigamento e latejamento
constante nas pernas e pés (O'CONNOR et al., 2008). Ainda em outros estudos foi
demonstrado que os pacientes com EM apresentavam menores limiares mecanicos
de retirada e maior tempo de nocicepcao ao frio em determinadas regides do corpo

guando comparados a pacientes sem dor (GRASSO et al., 2008).
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Todos esses estudos sugerem a presenca de transmissao nociceptiva anormal
em individuos com EM, porém esses testes sensoriais quantitativos foram realizados
somente em uma regido e a maioria deles investigou apenas limiares térmicos
(FERNANDEZ-DE-LAS-PENAS et al., 2015; OSTERBERG:; BOIVIE, 2010). Para se
confirmar a presenca de transmissao nociceptiva anormal na EM devem ainda serem
feitos testes sensoriais quantitativos em diferentes areas do corpo para avaliar se ha
uma sensibilizacdo generalizada (OSTERBERG; BOIVIE, 2010). Em modelos
experimentais de EM ja foram encontrados comportamentos de nocicep¢cdo como
hiperalgesia e alodinia térmica relacionadas aos processo inflamatério no corno dorsal
da medula espinal de animais induzidos aos modelos de EM (KHAN; WOODRUFF;
SMITH, 2014; OLECHOWSKI; TRUONG; KERR, 2009). Isto sugere uma possivel
relacao entre a neuroinflamacao e os comportamentos semelhantes a dor neuropatica
na EM.

Para o tratamento de dor neuropatica na EM sdo usados principalmente os
antidepressivos triciclicos e os inibidores da recaptacdo da serotonina e
noradrenalina, anticonvulsivantes, inibidores dos receptores de GABA, canabinoides
(FERRARO et al.,, 2018; MIRABELLI; ELKABES, 2021; SOLARO; MESSMER
UCCELLI, 2011) e opioides (MURPHY; BETHEA; FISCHER, 2017). Dentre a classe
de antidepressivos triciclicos e inibidores da recaptacéo da serotonina e noradrenalina
sdo os medicamentos de primeira escolha no tratamento da dor neuropatica na EM
(MIRABELLI; ELKABES, 2021). Porém, séo relatados como efeitos adversos comuns
como sonoléncia, boca seca, prisdo de ventre, retencdo urinaria e hipotensédo e
estudos clinicos randomizados néo fornecem indicacdes quanto a eficacia geral ou
aos esquemas posologicos mais vantajosos (HAYASHIDA; OBATA, 2019; KREMER
et al, 2016, 2018; SOLARO; MESSMER UCCELLI, 2011). O antidepressivo
duloxetina tem sido atualmente estudado como um potencial tratamento para a dor
neuropatica na EM (BROWN; SLEE, 2015; VOLLMER et al., 2014). Porém dos poucos
estudos realizados constatou-se que o tratamento com duloxetina é capaz de aliviar
os sintomas de dor, mas apresenta efeitos adversos intoleraveis como diminuicéo
significativa do apetite (BROWN; SLEE, 2015; VOLLMER et al., 2014).

Dos medicamentos anticonvulsivantes mais usados no tratamento de dor
neuropatica na EM temos a carbamazepina, lamotrigina e pregabalina. A pregabalina
€ considerada um dos farmacos de primeira linha no tratamento da dor neuropatica

na EM (THOMPSON et al., 2018b). Esses medicamentos parecem ser eficazes, ou
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pelo menos parcialmente, em alguns casos, mas a eficacia dessa classe de
medicamentos como tratamento para dor neuropatica ainda nao foi comprovada em
ensaios clinicos rigorosos. Além disso, muitos pacientes ndo conseguem fazer o uso
na dose adequada para que os anticonvulsivantes tenham efeito nos sintomas de dor
devido aos efeitos adversos intoleraveis, como tontura e sonoléncia excessiva
(MURPHY; BETHEA; FISCHER, 2017; SOLARO; MESSMER UCCELLI, 2011).

J& para os sintomas de espasticidade o baclofeno, um inibidor dos receptores
GABA-B, é usado por via intratecal para o tratamento de espasticidade grave na EM,
porém os estudos para os efeitos deste medicamento ainda estdo limitados a
pequenos grupos e casos para sua eficacia (DARIO; TOMEI, 2007; NATALE et al.,
2016; SAMMARAIEE et al., 2019). Os canabinoides parecem ter um efeito positivo na
dor na EM, mas uma maior eficicia desses agentes quando comparado as terapias
convencionais ndo foi ainda comprovada. Ensaios randomizados comparando
canabinoides com medicamentos tradicionais para dor associada a EM sdo um
proximo passo importante para determinar a terapia mais eficaz e para medir a
influéncia de eventos adversos (NIELSEN et al., 2018; RUSSO et al., 2016; SOLARO,;
MESSMER UCCELLI, 2011). Mesmo sendo utilizados para o alivio da dor neuropética
na EM, os canabinoides e opioides ndo sdo considerados como primeira linha de
tratamento (MURPHY; BETHEA; FISCHER, 2017).

Como descrito anteriormente, a enxaqueca é um dos sintomas mais comuns
em pacientes com EM junto a dor neuropatica. Nesse contexto, de acordo com um
estudo epidemiolégico recente a prevaléncia estimada combinada de cefaleias
primarias entre pacientes com EM é de 56%. A prevaléncia estimada combinada de
enxaqueca (55%) foi maior em comparacéo com a de cefaleia do tipo tensional (20%).
A prevaléncia do subtipo migranea é de 16% e 10% para migranea sem aura e
migranea com aura, respectivamente. A prevaléncia combinada de cefaleia primaria
no grupo caso-controle (57%) estava aproximadamente em linha com o grupo
transversal (56%) (WANG et al., 2021). Outro fato importante é a relacdo entre a EM
e a enxaqueca, onde normalmente a patologia ocorre entre 20 e 50 anos, com um
pico de casos em paciente com 30 anos de idade, sendo que a prevaléncia de
enxaqueca se encontra em uma faixa etaria semelhante, entre 35 e 45 anos de idade
(HUSAIN; PARDO; RABADI, 2018; WANG et al., 2021).

Varias hipdteses tém sido propostas para explicar a presenca de incidéncia

maior de enxaqueca em pacientes com EM. Primeiramente, a causa de
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desenvolvimento de cefaleias primarias na EM se da pelo extenso processo
inflamatorio na regido das meninges e dos giros do cortex cerebral (MAGLIOZZI et al.,
2010; MOHRKE; KROPP; ZETTL, 2013). Logo, ja foi descrito em modelos de roedores
que a inflamacao durante o processo de desmielinizacdo cortical na EM é capaz de
acelerar a depressdo alastrante cortical, sendo uma segunda teoria do
desenvolvimento de enxaqueca na doenca (MERKLER et al., 2009; PAKPOOR et al.,
2012). Em terceiro lugar, outro possivel mecanismo pode ser pela localizacdo das
placas de desmielinizacdo. Um estudo retrospectivo de 277 pacientes com enxaqueca
encontrou a presenca de placas ativas de EM na substancia cinzenta periaquedutal
do mesencéfalo em exames de ressonancia magnética (GEE et al., 2005). Este estudo
relatou que a presenca de uma placa de EM no mesencéfalo foi associada a uma
maior probabilidade de desenvolver enxaqueca; no entanto, devido a natureza
retrospectiva do estudo, é dificil determinar se a enxaqueca ocorreu na auséncia de
uma lesdo do mesencéfalo (GEE et al.,, 2005). Além das possiveis causas do
desenvolvimento de cefaleias primérias pela prépria doenca, ja foi descrito que os
medicamentos usados no tratamento da EM, como interferon gama, também podem
desencadear ou até exacerbar os sintomas de dor de cabeca (PATTI et al., 2012;
PEREIRA et al.,, 2021; VILLANI et al., 2012). Um possivel mecanismo para o
desenvolvimento da dor de cabeca seja devido ao tratamento que resulta em um
aumento na liberagdo de citocinas como interleucina (IL)-6 e do fator de necrose
tumoral (TNF)-a (OLIVEIRA et al., 2017; WANG et al., 2015).

O tratamento de cefaleias primarias em pacientes com EM segue 0s mesmos
principios da populacdo geral. Um diagndstico preciso seguido de tratamento com
medicamentos e modalidades ndo farmacoldgicas € a abordagem recomendada
(HUSAIN; PARDO; RABADI, 2018). Uma estratégia abrangente de gerenciamento de
enxaquecas deve incluir uma discussdo sobre como evitar gatilhos como élcool,
tabagismo e alguns alimentos, bem como seguir um plano de higiene do sono
(HUSAIN; PARDO; RABADI, 2018). Os sintomas de dor de cabeca levam ao uso
excessivo de medicamentos, principalmente quando os pacientes apresentam crises
agudas, e mesmo sendo um sintoma comum na EM os estudos randomizados
continuam escassos (BECKMANN; TURE, 2019). A cronicidade da dor de cabeca leva
a uma diminui¢do da qualidade de vida dos pacientes além do desenvolvimento de
outras comorbidades (MARRIE, 2017; MINEN et al., 2016).
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Os agentes para o tratamento da enxaqueca mais comuns Sao OS
antiepilépticos, antidepressivos, bloqueadores beta-adrenérgicos, antagonistas de
canais de calcio, anti-inflamatoérios ndo esteroidais (AINES) e inibidores da enzima
conversora de angiotensina (SILBERSTEIN, 2015). Os AINEs sao geralmente um
bom ponto de partida para o tratamento da enxaqueca aguda, embora o paracetamol
(acetominofeno) pode ser usado se houver contraindicacées ao uso de AINEs. Um
dos mecanismos recentemente descrito para o paracetamol seria através dos canais
TRPAL e seu metabdlito, a N-acetil-p-benzoquinonaimina, ja foi descrito como um
potente agonista dos canais TRPA1 (GENTRY; ANDERSSON; BEVAN, 2015).
Diferentemente dos AINEs, as triptanas sdo agonistas serotoninérgicos dos
receptores 5-HT1 e sdo uma das classes mais prescritas para o tratamento das crises
agudas de enxaqueca (BECKER, 2015). Todas as triptanas disponiveis tem acéo
vasoconstritora e, portanto, sdo contraindicadas em pacientes com doencas
cardiovasculares (LIPTON; BIGAL; GOADSBY, 2004; ROBERTO et al.,, 2015).
Embora véarios ensaios clinicos comparativos sugeriram que os AINEs séo tédo
eficazes quanto os triptanos e para alguns pacientes, as triptanas sdo o0s
medicamentos para crises de enxaqueca aguda mais eficazes disponiveis (BECKER,
2015; LIPTON; BIGAL; GOADSBY, 2004).

Neste contexto, o0 CGRP e 0s seus receptores sdo expressos em neurdnios
trigeminais que formam fibras C e fibras Ad e ja foi visto que durante as crises de
enxaqueca h& liberacdo de CGRP no fluxo venoso craniano que leva ao
desenvolvimento dos sintomas caracteristicos das crises (EDVINSSON, 2017). Assim,
0 CGRP é um neuropeptidio que desempenha um papel chave no desenvolvimento
das crises de enxaqueca. Dentre as novas abordagens bem-sucedidas para o
tratamento de enxaqueca aguda tém como alvo o desenvolvimento de terapias que
abordam a inibicdo da acdo do CGRP. Atualmente, os antagonistas dos receptores
de CGRP, os gepants e os anticorpos monoclonais contra 0 CGRP demonstraram
efeito significativo no alivio da enxaqueca aguda e cronica em ensaios clinicos (DE
LOGU et al., 2018; EDVINSSON, 2017).

Dessa forma, a ativacao celular de astrocitos e células imunes séo capazes de
exacerbar o processo inflamatério na EM levando a uma diminuigcdo da capacidade
antioxidante do organismo e a aumento da producdo de mediadores inflamatérios

(BRAMBILLA, 2019). Logo, os subprodutos do estresse oxidativo na EM podem ent&o
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estar envolvidos nos processos de ativacdo do receptor TRPAL e o desenvolvimento

dos processos de nocicepcao.

24 RECEPTOR TRPA1l

Os TRPs séo canais ibnicos que possuem em sua estrutura seis dominios
transmembrana (S1-S6) com regides de comprimento variavel nas porgdes amino-
(NH2) e carboxi (COOH) que estéo localizadas intracelularmente (OWSIANIK et al.,
2006; ZHAO; MCVEIGH; MOISEENKOVA-BELL, 2021). Essa familia de receptores
foi primeiramente descrita nos fotorreceptores da mosca do género Drosophila. Nos
mamiferos, os canais TRP consistem em 28 proteinas de membrana sendo
classificadas em seis subfamilias: TRPC (candnico), TRPV (vanildide), TRPM
(melastatina), TRPP (policistina), TRPML (mucolipina) e TRPA (anquirina) (ZHAO;
MCVEIGH; MOISEENKOVA-BELL, 2021). Como previsto a partir de sua homologia
de sequéncia para canais dependentes de voltagem, todos os canais TRP tém a
transmembrana S1-S4 segmentos que formam dominios de deteccéo periféricos,
enquanto S5 e S6 tetramerizam para criar uma central poro (ZHAO; MCVEIGH,;
MOISEENKOVA-BELL, 2021) (Figura 2)

Figura 2 — Representagéo estrutural da estrutura das diferentes familias de receptores TRPs.

TRPV2 TRPA1 TRPM2 TRPC3

Fonte: Adaptado de Koivisto et al., 2021

Diferentes conformacdes desses canais conferem a esses poros diferentes
seletividades para a conducdo de ions. Aléem dessas diferentes conformacdes e

permeabilidades a cations, os TRPs podem ser ativados por uma ampla variedade de
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estimulos (KANEKO; SZALLASI, 2014; ZHAO; MCVEIGH; MOISEENKOVA-BELL,
2021). Esses receptores podem ser ativados por estimulos quimicos (compostos
quimicos exogenos, produtos do estresse oxidativo, &cidos) e fisicos (estimulos
mecanicos, luz, temperatura), além de possuirem diferentes tipos de mecanismos de
regulacéo (transcricao, glicosilacao, fosforilacdo) e uma ampla distribuicdo em todos
os tecidos. Todas essas caracteristicas e diversidades conferem aos TRPs a defini¢cdo
de sensores polimodais (KANEKO; SZALLASI, 2014; MORAN; SZALLASI, 2018;
NASSINI et al., 2014). Os canais TRPs estao expressos nas membranas celulares de
guase todas as células, exceto no envelope nuclear da mitocondria. Localizados nos
neurbnios sensoriais primarios 0os TRPs desempenham importante papel na
percepcdo das sensacOes dolorosas (KANEKO; SZALLASI, 2014; NILIUS;
APPENDINO; OWSIANIK, 2012).

Os compostos naturais sdo uma ferramenta de grande utilidade para a
identificacdo e manipulacdo de elementos chave dos mecanismos da dor (JULIUS,
2013; MEOTTI; LEMOS DE ANDRADE; CALIXTO, 2014). Neste contexto, a
capsaicina, um composto pungente presente em pimentas, possui a propriedade de
dessensibilizar nociceptores que expressam o receptor TRPV1. Essa propriedade é
dose e tempo-dependente, pois em baixas concentracfes sdo capazes de excitar 0s
neurdnios aferentes, porém em altas concentracdes a capsaicina leva a um aumento
de influxo de Ca?* através do canal levando a sua dessensibilizacdo (SZALLASI;
BLUMBERG, 2007). Desta forma a capsaicina € utilizada terapeuticamente para o
tratamento de dor neuropética causada por infeccfes virais, como na infec¢do por
Herpes zoster (BACKONJA et al., 2008). Os receptores TRPV1 estédo colocalizados
com os receptores TRPA1l sendo ambos expressos nos chamados neurdnios
peptidérgicos, pois sdo capazes de produzir neuropeptideos CGRP e a substancia P
(GEPPETTI; HOLZER, 1996). Portanto, a ativacdo de ambos os receptores leva a
liberacdo desses neuropeptideos que estéo estritamente relacionados com uma série
de respostas inflamatorias com grande relevancia nos estudos em doengas que geram
sintomas dolorosos como diabetes, cancer e doencas neurodegenerativas (BASSO;
ALTIER, 2017; DUITAMA et al., 2020; NASSINI et al., 2014; SOUZA MONTEIRO DE
ARAUJO et al., 2020).

Neste contexto temos os canais TRPAL que foram primeiramente identificados
em cultura de células humanas de fibroblastos do pulméo (JAQUEMAR; SCHENKER,;

TRUEB, 1999). Posteriormente foi descrito em outras espécies de mamiferos como
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camundongo, rato, cachorro e em invertebrados como o peixe-zebra, mosca-da-fruta
e Caenorhabditis elegans (NILIUS; APPENDINO; OWSIANIK, 2012). Como todos os
membros da familia de TRPs, o TRPAL possui seis dominios transmembrana (S1-S6)
com um poro entre as regides S5 e S6 e possui um maior numero (14-18) de
repeticbes do tipo anquirina em seu longo dominio amino-terminal (NILIUS;
OWSIANIK, 2011) como pode ser observado na Figura 3. O receptor TRPAL é
considerado um canal de cations ndo seletivo, sendo despolarizado principalmente
devido ao influxo de ion Na* e Ca?* (STARUSCHENKO; JESKE; AKOPIAN, 2010).
Além dessas caracteristicas esse receptor apresenta diversos residuos de cisteina
gue conferem a capacidade de ser ativado por compostos reativos através da
mudanca de conformacdo dos mesmos (SAMAD et al., 2011). O TRPA1l é
abundantemente expresso nos neurdnios sensoriais primarios dos ganglios da raiz
dorsal, ganglio trigeminal e ganglio vagal. Geralmente as fibras dos neurénios que
expressam o TRPALl sdo do tipo ndo mielinizadas C ou pouco mielinizadas A9,
raramente fibras bastante mielinizadas (BHATTACHARYA et al., 2008; STORY et al.,
2003). Porém, nos ultimos anos se tem evidenciado a presenca de TRPAL em tecidos
nao neuronais como em células do endotélio vascular (EARLEY, 2011), em
fibroblastos da pele e da polpa dentaria (JAIN et al., 2011; KIM et al., 2011), no trato
gastrointestinal (KONO et al., 2013) e, portanto, pode estar relacionado a diferentes
mecanismos de regulacdo nos processos inflamatérios ndo s6 no SNC (SOUZA
MONTEIRO DE ARAUJO et al., 2020). Estudos mais recentes relataram a presenca
de TRPAl1 em células gliais, como astrécitos (TAKIZAWA et al, 2018),
oligodendrocitos (HAMILTON et al., 2016) e células de Schwann (DE LOGU et al.,
2017, 2019Db).
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Figura 3 — Estrutura do receptor TRPA1

MEIO EXTRACELULAR

MEMBRANA CELULAR

Fonte: Adaptado de Clapham, 2015
Legenda Figura 3: Esquema das principais caracteristicas do canal
TRPAL. Duas subunidades TRPA1 s&o mostradas, embora o canal
seja composto por quatro. Cada subunidade contém seis dominios
a-helicoidais que atravessam a membrana, S1-S6. Duas hélices de
poros ligam S5 e S6 na superficie extracelular, onde uma constricao
regula o influxo de Ca?*. O dominio helicoidal TRP faz parte de uma
segunda constri¢cdo inferior. Dezesseis repeticdes de anquirina na
extremidade amino-terminal (N) da subunidade cobrem uma
estrutura em espiral carboxi-terminal (C), fornecendo uma grande
superficie citoplasmatica para interagbes com agentes nocivos. E
provavel as interagdes moleculares de ligantes com repeticdes de
anquirina que levam a mudangas conformacionais, transmitidas
através da estrutura ligante S4-S5, que abrem o canal. A constri¢cdo
inferior € fechada para ions na estrutura e pode estar em um estado

fechado ou dessensibilizado.

Geralmente, os agonistas do canal TRPA1 podem ser classificados em
moléculas nao eletrofilicas que ativam o canal de forma ndo covalente e moléculas
eletrdfilicas reativas ao grupo tiol que modificam covalentemente o canal (MEENTS;
CIOTU; FISCHER, 2019; SOUZA MONTEIRO DE ARAUJO et al., 2020). O primeiro
grupo de agonistas de TRPAL inclui compostos que s&o incapazes de modificar
covalentemente os canais TRPA1 incluindo alguns compostos de origem vegetal
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como o mentol, timol e carvacrol. Outros ativadores nédo covalentes séo nicotina, A°-
tetrahidrocanabinol, e alguns medicamentos como clotrimazol, nifedipina e anti-
inflamatoérios ndo esteroides, como diclofenaco e ibuprofeno (MEENTS; CIOTU,;
FISCHER, 2019). O segundo grupo de agonistas inclui uma série de compostos
encontrado em plantas como o isotiotionato de alila (AITC), alicina, cinamaldeido.
Outros estéao presentes em produtos quimicos industriais e irritantes volateis como a
acroleina, crotonaldeido, formalina ou os anestésicos como isoflurano, lidocaina,
propofol (MEENTS; CIOTU; FISCHER, 2019; SOUZA MONTEIRO DE ARAUJO et al.,
2020).

Ainda nesse grupo de agonistas que modificam covalentemente os canais
TRPAL temos algumas moléculas geradas a partir do desenvolvimento de processo
inflamatério ou algum dano tecidual como H202, 4-HNE, Oxido nitrico e metilglioxal
(NASSINI et al., 2014; SOUZA MONTEIRO DE ARAUJO et al., 2020). A respiracao
celular através da cadeia transportadora de elétrons esta associada com a producao
de espécies reativas de oxigénio (EROs) geradas principalmente através das enzimas
NADPH oxidases (MA et al., 2017). Dentre as EROs temos o H202, 0z6nio, oxigénio
singleto e os peréxidos organicos que podem estar aumentados em processos de
dano tecidual ou processo inflamatério. Além disso, as espécies reativas de
intermediaria de nitrogénio (ERINS) como o o6xido nitrico também podem estar
aumentadas em diversas patologias. Tanto as EROs quanto as ERINs podem reagir
com as membranas lipidicas gerando o que chamamos de espécies reativas de
carbonil (ERC) como o0 4-HNE (HOLMSTROM; FINKEL, 2014; NASSINI et al., 2014).
Quando ocorre um desequilibrio entre o sistema de defesa antioxidante pode se
desenvolver um processo de estresse oxidativo no organismo, resultando em diversas
alteracdes, inclusive a ativacao de vias para o aumento de processos inflamatérios e
relacionados a dor. Neste contexto temos 0 TRPAL expresso nos neurbnios sensoriais
primarios que ja foi descrito como um dos mais importantes sensores do estresse
oxidativo e nitrosativo. Desta forma, a ativagdo do TRPAL por EROs, ERINs e ERC
estdo associadas com o prolongamento de estimulos dolorosos mecanicos e ao frio
(HOLMSTROM; FINKEL, 2014; JULIUS, 2013; NASSINI et al., 2014; SOUZA
MONTEIRO DE ARAUJO et al., 2020).

Apesar da fungdo do TRPA1 como quimiossensor ser bem definida, evidéncias
demonstram que esse receptor pode desempenhar também o papel de termo sensor
e/ou mecanossensor (BENEMEI et al., 2015; LAURSEN et al., 2015; ZAPPIA et al.,
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2017). Desde que o TRPAL foi descrito como sensivel a temperaturas frias nocivas (<
17°C), o seu papel na sensibilidade ao frio tem sido extensamente debatido
(LAURSEN et al., 2015; STORY et al, 2003). No entanto, varios estudos
demonstraram que a sensacdo aguda ao frio nocivo é alterada em camundongos
nocautes para o TRPAL e, ainda mais importante, que este esta relacionado no
desenvolvimento da alodinia ao frio induzida por modelos animais de inflamacéo, de
lesdo nervosa e de neuropatia periférica (ANDERSSON et al., 2008; CHEN et al.,
2011; KARASHIMA et al., 2009; KWAN et al., 2006; MATERAZZI et al., 2012; NASSINI
et al., 2011; TREVISAN et al., 2013a). Além disso, foi demonstrado que as respostas
aos estimulos de frio eram independentes do Ca?*, mas néo se pode excluir a funcéo
desse ion que pode ser um importante regulador dessas respostas in vivo
(KARASHIMA et al., 2009; SAWADA et al., 2007). Atualmente existem evidéncias
substanciais de estudos in vitro e in vivo do envolvimento do TRPA1 nas respostas ao
frio nocivo em roedores, mas em humanos esse processo ainda ndo esta bem
elucidado (BANDELL et al., 2004; CHEN et al., 2013; JORDT et al., 2004).

Outro papel importante do TRPA1 é o seu envolvimento na hipersensibilidade
mecéanica (NASSINI et al., 2014; SOUZA MONTEIRO DE ARAUJO et al., 2020).
Evidéncias demonstram que o TRPALl pode ser ativado apdés administracdo de
solucdo hipertbnica e que algumas moléculas anfipaticas podem causar uma
curvatura na membrana celular e levar a modulacdo da atividade desse receptor
(COREY et al., 2004; HILL; SCHAEFER, 2007; KINDT et al., 2007). Os modelos de
dor inflamatéria e neuropética em roedores sugerem um papel fundamental do TRPA1
no desenvolvimento de alodinia e hiperalgesia mecanica (BOYETTE-DAVIS;
WALTERS; DOUGHERTY, 2015; KOIVISTO et al., 2022; MEOTTI et al., 2017; PARK
et al., 2015).

Atualmente se tem um grande interesse no desenvolvimento de farmacos
analgésicos e anti-inflamatérios com alvo nos canais TRPAL, pois diferentes estudos
demonstram o seu envolvimento em doencas inflamatorias e com sintomas de dor
(ANTONIAZZI et al., 2019; BOLCSKEI et al., 2018; DE ALMEIDA et al., 2020; DE
LOGU et al., 2019a; LEE et al., 2021; MATERAZZI et al., 2013; TREVISAN et al.,
2013c, 2016). O HC-030031, um antagonista seletivo dos canais TRPA1, demonstrou
efeito antinociceptivo quando administrado o agonista do TRPAL, alil isotiocianato, e
também em um teste de nocicepcéo pela administracdo de formalina (MCNAMARA et

al., 2007). Outros antagonistas foram descobertos posteriormente como o A-967079,



36

AP18 e Chembridge-5861528 sendo importante ferramentas farmacologicas para 0s
estudos do envolvimento do TRPAL nos diferentes modelos de doencas (CHEN et al.,
2011; KOIVISTO et al., 2012; PETRUS et al., 2007; WEI et al., 2009).

O papel do TRPAL na dor inflamatéria pode acontecer de duas maneiras: uma
por ser sensibilizado e/ou ativado nos nociceptores atraves de agentes pro-
inflamatorios, e outra por liberar neuropeptideos que levam ao aumento do processo
inflamato6rio (BANDELL et al., 2004; BAUTISTA et al., 2006; GEPPETTI; HOLZER,
1996). Os primeiros estudos relacionando a dor inflamatéria e a ativacdo dos canais
TRPA1 foram através da observacéo do desenvolvimento de hiperalgesia mecéanica e
ao frio em um modelo de injecéo subcutanea e intra-articular ACF (DUNHAM; KELLY;
DONALDSON, 2008; OBATA et al., 2005). Outros estudos corroboraram com essas
evidéncias demonstrando que os antagonistas HC-030031 e o AP18 foram capazes
de diminuir os efeitos evocados pela administracdo de ACF (DA COSTA et al., 2010;
EID et al., 2008; MCGARAUGHTY et al., 2010; PETRUS et al., 2007). No modelo de
nocicepgao por inje¢do de formalina se observou que o bloqueio farmacolégico e a
delecdo do TRPA1l também foram capazes de diminuir os comportamentos de
nocicepcao na pata de roedores (MCNAMARA et al., 2007).

Diferentemente da dor inflamatéria, a dor neuropética € dependente da leséo
ou disfuncdo no sistema geralmente causado devido a um dano periférico. A dor
neuropatica periférica induzida por quimioterapicos (DNIQ) é um dos efeitos adversos
mais comuns no cancer, levando a diminui¢éao significativa da qualidade de vida dos
pacientes e ao abandono do tratamento (COLVIN, 2019). Sabendo que o TRPA1 pode
ser ativado por diferentes compostos, se propés que os diferentes tipos de
quimioterapicos poderiam ativar diretamente o canal. Os quimioterapicos para o
tratamento do cancer de mama denominados inibidores da aromatase; como o0
letrozol, o exemestano e anastrozol podem causar sintomas de dor muscular e
articular. Estes quimioterapicos séo capazes de ativar o receptor TRPAL diretamente
e causar edema dependente da inflamacgéo neurogénica, nocicepcao aguda e alodinia
mecanica e ao frio (FUSI et al., 2014). Também, o substrato da aromatase a
androstenediona, que é um hormdnio esteroide pode ativar o receptor TRPAL, e estes
dois mecanismos estariam envolvidos na hipersensibilidade muscular e articular
observada apds a administragéo dos inibidores da aromatase (DE LOGU et al., 2016).

Por outro lado, outros modelos de DNIQ demonstraram que o tratamento com

paclitaxel, oxaliplatina, bortezomibe e cisplatina ndo foram capazes de induzir o influxo



37

de calcio em neurbnios sensoriais do ganglio da raiz dorsal ou causar resposta
mediada pelo TRPAL em células HEK293 transfectadas com o TRPAL1 (MATERAZZI
et al., 2013; NASSINI et al., 2011; TREVISAN et al., 2013a). Em um estudo utilizando
o0 modelo de DNIQ induzido pelo paclitaxel, tanto os comportamentos nociceptivos de
alodinia mecéanica quanto os de alodinia ao frio demonstraram uma atenuagcédo com a
administracdo de um antagonista do TRPA1l ou um composto antioxidante
(MATERAZZI et al., 2013). Além disso, a delecdo génica do TRPAL foi capaz de
diminuir a hipersensibilidade gerada pela administracdo de bortezomibe em
camundongos, e 0s mesmos resultados se apresentaram apos a administracdo de
antagonistas do TRPA1 ou um composto antioxidante (4cido o-lipoico). A
administracdo preventiva de HC-030031 ou acido a-lipoico foram capazes de inibir o
desenvolvimento de hipersensibilidade ap6s a administracdo de bortezomibe e
oxaliplatina (TREVISAN et al., 2013a).

Recentemente foi demonstrado o papel do TRPA1 no desenvolvimento de
alodinia mecanica e ao frio em um modelo de DNIQ. A via de sinalizacdo para o
desenvolvimento de alodinia se da através da liberacdo de IL-6 e ativacdo dos canais
TRPA1, pois quando bloqueada foi capaz atenuar o0s sinais nociceptivos da inducéo
(LIU et al., 2019). Em outro estudo de DNIQ por talidomida e seus derivados foi visto
gue o estresse oxidativo gerado por essa inducéo leva ao desenvolvimento de alodinia
mecanica e ao frio através da ativacdo dos canais TRPAL. Neste caso observou-se
0s tratamentos por via intratecal (injecdo no espac¢o subaracnoide) e intraplantar com
os antagonistas do TRPA1, HC-030031 e HC-067047, foram capazes de atenuar
alodinia ao frio e parte da alodinia mecanica induzida pela administracéo de talidomida
(DE LOGU et al., 2020b). Dessa maneira, o canal TRPA1 parece ser ativado por
compostos oxidantes e agentes inflamatérios produzidos apdés a administracdo de
guimioterapicos como o bortezomibe, oxaliplatina, paclitaxel e talidomida, mantendo
a alodinia mecénica e ao frio observada nos camundongos (NASSINI et al., 2014;
SOUZA MONTEIRO DE ARAUJO et al., 2020).

Os primeiros estudos do envolvimento do TRPA1 e o desenvolvimento de dor
neuropatica foram em modelos de lesdo da medula espinal (OBATA et al., 2005).
Através desse modelo foi demonstrada a presenca de um mecanismo compensatorio,
onde se teve um aumento da expressao do TRPAL e aumento da sensibilizacdo apés
0 dano na medula e também em outros modelos de constricdo do nervo ciatico
(CASPANI et al., 2009; KATSURA et al., 2006; STAAF et al., 2009). Para comprovar
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o envolvimento do TRPA1 neste modelo, alguns outros estudos demonstraram o efeito
antinociceptivos do HC-030031 e do A-967079 nos comportamentos de alodinia
mecanica e ao frio, respectivamente (CHEN et al., 2011; EID et al., 2008).

Jé& foi descrito também que o TRPA1 atua como um mediador em um modelo
de dor neuropatica através da constricdo do nervo infraorbital. Observou-se em outros
estudos que os antagonistas do TRPA1 (HC-030031 e A967076), a delecéo génica e
o tratamento com antioxidantes (acido a-lipoico e apocinina) foram capazes de
atenuar os comportamentos nociceptivos induzidos pelo modelo. Ademais, foi
demonstrado que os comportamentos de nocicepcado sao gerados pela ativacdo do
TRPA1 por espécies reativas liberadas por macréfagos e mondcitos (DE LOGU et al.,
2017; TREVISAN et al., 2016). Em um modelo de dor complexa regional do tipo I, O
tratamento repetido com um antagonista de TRPA1 uma hora antes e por 3 dias apos
isquemia/reperfusdo protegeu permanentemente camundongos induzidos contra
neuroinflamacéo e alodinia (DE LOGU et al., 2020a).

Além dos modelos de dor neuropética, o desenvolvimento de doencas
neurodegenerativas também esta relacionado a ativacdo do TRPAL. Ja foi visto que
a ativacdo do TRPA1 e o influxo de Ca?* desempenha um papel crucial na regulacédo
da inflamacéo derivada de astrécitos na doenca de Alzheimer. Essa ativacdo contribui
para a toxicidade das placas B-amiloides e para a hiperatividade neuronal (BOSSON
etal., 2017; LEE et al., 2016). Em dados muito recentes, 0 mesmo grupo de pesquisa,
investigou se o tratamento com o antagonista HC-030031 teria um efeito protetor na
progressdo da doenca quando administrado no inicio da superproducao de amiloide-
B no modelo experimental. Como resultados, o bloqueio crénico do TRPAL foi capaz
de normalizar a atividade astrocitaria, preveniu a disfuncdo neuronal e preservou a
integridade sinaptica estrutural. Esses efeitos protetores preservaram a memoria de
trabalho espacial neste modelo de camundongo com doenca de Alzheimer. Além
disso, o efeito toxico da proteina amiléide-B nos astrocitos é desencadeado pela
ativacdo do canal TRPA1, sendo fundamental para a progressao da doenca de
Alzheimer. O bloqueio do TRPAL preveniu a disfun¢do neuronal irreversivel, tornando
este canal um potencial alvo terapéutico para promover neuroprotecdo nesta doenca
(PAUMIER et al., 2022). E um modelo de doenca de Parkinson observou-se o
aumento de acroleina e da expressao dos canais TRPAL na substancia nigra, estriado
e cortex dos animais induzidos. Sabe-se que a acroleina € um agonista dos canais

TRPA1 e desempenha um papel crucial no estresse oxidativo da doenca de
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Parkinson. O tratamento com um sequestrador de acroleina foi capaz de reverter a
regulacéo positiva dos canais de anquirina 1 (TRPA1) e atenuar os déficits motores e
sensoriais tipicos da doenca. Porém, ainda ndo foi investigado dos efeitos desse
aumento da ativagcdo dos canais TRPAL e sua relagdo com o desenvolvimento da
doenca (SHI et al., 2021).

A lisofosfatidilcolina estad relacionada no desenvolvimento da EM que
desempenha papel essencial na inflamacgao neuronal e desmielinizacdo. Em testes in
vitro, viu que os danos celulares através do processo de estresse oxidativo induzido
pela lisofosfatidilcolina via TRPAL foi confirmada. Esses resultados demonstram o
papel dos canais TRPA1l dano celular em oligodendrocitos causado pela
lisofosfatidilcolina. Além disso, o bloqueio farmacoldgico desses receptores poderiam
prevenir o processo de desmielinizacao visto neste modelo in vitro (TIAN et al., 2020).
Em um modelo de EM induzido por cuprizona se observou que a ativacdo dos
receptores TRPA1 aumenta a concentracdo intracelular de Ca?* atuando na
modulacdo das funcdes dos astrocitos, e dessa forma influenciando em vias pr6 ou
antiapoptdticas dos oligodendrdcitos (SAGHY et al., 2016). Este mesmo grupo de
estudo observou que a delecéo génica do TRPA1 foi capaz de diminuir os processos
de desmielinizacdo no modelo de cuprizona sendo um alvo terapéutico promissor para
limitar os danos no sistema nervoso central em doencas desmielinizantes, porém nao
se estudou os comportamentos de nocicepcdo (BOLCSKEI et al., 2018).

Dentre as diferentes doencas e modelos experimentais de dor, os canais
TRPA1 também estdo envolvidos no desenvolvimento dos sintomas de enxaqueca.
Deste modo, a estimulacdo TRPAL pode causar liberacdo de CGRP, e muitos gatilhos
de enxaqueca ativam o TRPA1. Alguns medicamentos ja usados para o tratamento
da enxaqueca podem dessensibilizar ou inibir TRPA1 (BENEMEI et al., 2014), e
portanto o canal pode ser considerado um alvo terapéutico para enxaqueca. A
Petasites Hybridus é uma planta do Norte da Asia, Europa e de algumas areas da
Ameérica do Norte conhecida por suas propriedades analgésicas para a enxaqueca.
As flores séo de cor avermelhadas sendo seu composto majoritario a isopetasina. Em
um estudo para investigar os mecanismos para o alivio da enxaqueca desta planta
viu-se que a ativacao dos canais TRPAL pela isopetasina resulta na excitagcao de
nociceptores contendo neuropeptideos, seguido por dessensibilizacdo neuronal.
Logo, os mecanismos de acdo da Petasites Hybridus na atenuacdo da dor e da

inflamacg&o neurogénica na enxaqueca séo relacionados a ativacao dos canais TRPA1
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(BENEMEI et al., 2017). Um dos principais constituintes da matricaria, o partenolide,
pode interagir com os sitios nucleofilicos dos canais TRPAL. Por ser culturalmente
conhecida pelo seu efeito analgésico e anti-inflamatério se sugeriu que seus efeitos
estavam relacionados a ligacdo com os canais TRPA1l. Descobriu-se que o
partenolide desempenha a funcéo de um agonista parcial desses canais. Além disso,
0 mecanismo de acdo contra o0s sintomas de enxaqueca se da através da
dessensibilizacao dos receptores TRPAL nos terminais nervosos peptidérgicos. Este
efeito do partenolide anula as respostas nociceptivas evocadas pela estimulacédo das
terminacdes trigeminais periféricas. Logo, a ativacdo dos canais TRPAl e a
consequente dessensibilizacdo neuronal por partenolide sdo capazes de inibir a
liberagdo de CGRP (MATERAZZI et al., 2013).

A exposicao a poluentes do meio ambiente e irritantes de fumaga, como
acroleina e outros produtos quimicos conhecidos como agonistas do TRPA1L, induzem
a liberacdo de CGRP e levam ao desenvolvimento de um processo inflamatdrio na
regido craniana (KUNKLER et al., 2011). Todos esses efeitos podem ser inibidos por
antagonistas de CGRP ou TRPAL (KUNKLER et al., 2011). Trinitrato de glicerila, que
€ conhecido por provocar ataques de enxaqueca em pacientes libera 6xido nitrico,
gue induz respostas via TRPA1 (ASHINA et al., 2017; MIYAMOTO et al., 2009). O
trinitrato de glicerila gera alodinia periorbital via ativacdo de TRPALl e das enzimas
NADPHL1 e 2 dentro do soma de nociceptores trigeminais levando a liberacdo de EROs
e CGRP (MARONE et al., 2018). Além disso, o sulfeto de hidrogénio, outro estimulante
gasoso do TRPAL, pode contribuir para o mecanismo de enxaqueca (KOROLEVA et
al., 2017)

Assim, a hipétese da presente tese é que a neuroinflamacéo nas lesdes da EM
sejam capazes de gerar espécies reativas, visando assim a ativacao do TRPAL, que
produz respostas dolorosas em um modelo de EM (EAE). Os radicais oxidantes
gerados pela neuroinflamacéo podem ter como alvo TRPAL expressos em terminais
centrais de neurdnios sensoriais primarios, produzindo assim diretamente os sinais de
dor. E ainda, pode ter como alvo o0 TRPA1l expressos em oligodendrécitos e/ou
astrocitos, causando danos aos mesmos e desmielinizacdo das fibras nervosas que
conduzem os sinais de dor no SNC. Desta maneira pode se sugerir que um
mecanismo similar pode estar relacionado com o0s sintomas de dor que sé&o
observados na EM e a investigacédo do papel do TRPA1 nos sintomas de dor na EM

se torna de grande relevancia.
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3.1

OBJETIVOS

OBJETIVO GERAL

Investigar o papel do receptor TRPAL1 na nocicepcdo e neuroinflamacéo

observadas em modelos de EM em camundongos.

3.2

OBJETIVOS ESPECIFICOS

Avaliar o desenvolvimento de alodinia mecanica e ao frio na pata traseira, e
alodinia mecanica periorbital em um modelo de EMRR (RR-EAE);

Testar farmacos ja usados para o tratamento da dor neuropatica (pregabalina)
e cefaleia primaria (sumatriptana e olcegepant) na EM e seus efeitos
antinociceptivos em um modelo de EMRR (RR-EAE);

Observar o efeito antialodinico da inibicdo farmacoldgica do receptor TRPA1
na nocicepgdo observada em um modelo de EMRR (RR-EAE) em
camundongos;

Avaliar o efeito antinociceptivo da administracdo de oligonucleotideo anti-
sentido por via intratecal e a expresséo do receptor TRPAL1 em um modelo de
EMRR (RR-EAE);

Avaliar os niveis dos agonistas endégenos do TRPA1 (H202 e 4-HNE) e a
atividade das enzimas SOD e NADPH em um modelo de EMRR (RR-EAE);
Avaliar o efeito antinociceptivo do tratamento com antioxidantes na
hipersensibilidade observada em um modelo de EMRR (RR-EAE) em
camundongos;

Verificar o efeito antialodinico da delecdo génica do TRPAL na nocicepcao
desenvolvida nos modelos de EMRR (EAE-RR) e EMP (EMP-EAE).

Investigar o efeito antiinflamatério da delecdo do receptor TRPAL em
marcadores de neuroinflamacao, Iba-1 e GFAP, em amostras de medula
espinal nos modelos de EMRR (EAE-RR) e EMP (EMP-EAE);

Investigar o papel do TRPAL nos modelos de EMRR (EAE-RR) e EMP (EMP-

EAE) os escores clinicos dos animais induzidos e o marcador de desmielinizagéo

OLIG-2 em amostras de medula espinal através da delecéo do receptor TRPAL.
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ARTICLE INFO ABSTRACT

Keywords: Central neuropathic pain is the main symptom caused by spinal cord lesion in relapsing-remitting multiple
MOG3s 55 sclerosis (RRMS), but its management is still not effective. The transient receptor potential ankyrin 1 (TRPA1) is
Oxidative stress a pain detecting ion channel involved in neuropathic pain development. Thus, the aim of our study was to
HC-030031

evaluate the role of TRPA1 in central neuropathic nociception induced by relapsing-remitting experimental
autoimmune encephalomyelitis (RR-EAE) mouse model. In this model, we observed the development of similar
clinical conditions of RRMS in C57BL/6 female mice through RR-EAE using MOGgs 55 antigen and Quil A ad-
juvant. At the thirty-fifth day post-induction, C57BL/6 female mice demonstrated alteration in the RR-EAE score
without motor impairment, mechanical and cold allodynia. Also, significative changes in demyelinating (Mog
and olig-T) and neuroinflammatory (Ibal, Gfap and Tnfa) markers were observed, but this model did not alter
Trpal RNA expression levels in the spinal cord. The hydrogen peroxide and 4-hydroxynonenal levels (TRPA1
agonists) were increased in RR-EAE induced mice, as well as the NADPH oxidase activity. The intragastric
treatment of RR-EAE induced mice with TRPA1 antagonists (HC-030031 and A-967079) and antioxidant (a-
lipoic acid and apocynin) caused an antiallodynic effect. Moreover, the intrathecal administration of TRPA1
antisense oligonucleotide, HC-030031, a-lipoic acid, and apocynin tr tly att ted rical and cold
allodynia. Thus, TRPA1 plays a key role in the induction of neuropathic pain in this model of RR-EAE and can be
a possible target for investigating the development of pain in RRMS patients.

Hydrogen peroxide
4-hidroxynonenal
NADPH oxidase

1. Introduction

Multiple sclerosis (MS) is an autoimmune disease of the central
nervous system (CNS) marked by inflammatory processes and extensive
demyelination of neurons (Foley et al., 2013; Thompson et al., 2018).
Patients normally manifest the first MS symptoms between 20 to
40 years of age, and the disease is prevalent among women (Lassmann,
2019; Rahn et al., 2014). Some patients can develop a severe type of
MS, called primary progressive MS (Mahad et al., 2015; Mathey et al.,
2018). Generally, 15 years after the first onset, the course of the disease
is converted into a progressive type (secondary progressive MS) (Foley
et al.,, 2013; Kalincik, 2015; Lassmann, 2019). However, most MS pa-
tients present the relapsing-remitting type (RRMS) that shows relapsing

phases, with exacerbation of symptoms and remission periods (Kalincik,
2015).

During the onset phases of RRMS, as a result of the acute in-
flammatory and neurodegenerative process, MS patients manifest sev-
eral symptoms that include loss of visual acuity (optic neuritis), sensory
alterations, weakness, imbalance (ataxia), fatigue, and cognitive im-
pairment (Galea et al., 2015). Pain is considered the main sensory
symptom showing a prevalence of 63% in MS patients, and the most
common forms are migraine and neuropathic pain (Foley et al.,, 2013;
Solaro and Messmer Uccelli, 2011; Truini et al., 2012). The current
analgesics used in MS pain treatment demonstrate reduced effective-
ness, causing many adverse effects and a substantial reduction in the
patients' quality of life (Foley et al., 2013; Solaro and Messmer Uccelli,
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2011). Therefore, new strategies and the discovery of new mechanisms
in the management of pain are essential for MS treatment.

Oxidative stress is a erucial pathological characteristic in diverse
neurodegenerative diseases, including MS (Mahad et al., 2015; Murphy,
2009). The inflammatory process in MS leads to an extensive recruit-
ment of immune cells into the CNS with glial activation and an increase
in reactive species. Moreover, it has been shown that the oxidative
process could contribute to the development of nociception in distinct
pain models (Nassini et al., 2011; Trevisan et al., 2013a, 2016). A re-
cent study showed that the antioxidant, a-lipoic acid, decreased noci-
ception in an RRMS model known as relapsing-remitting experimental
autoimmune encephalomyelitis (RR-EAE) in mice (Khan et al., 2015).
Thus, the investigation of the mechanism involved in the development
of pain via oxidative stress in RRMS is relevant.

The transient receptor potential (TRP) family has been described as
a target of oxidative stress increase production (Nassini et al., 2014;
Nilius and Szallasi, 2014; Trevisan et al., 2016). The transient receptor
potential ankyrin 1 (TRPA1) is an ionic channel expressed in pain-de-
tecting sensory neurons in the peripheral and central nervous systems.
This receptor can be activated by endogenous substances, products of
oxidative stress, such as hydrogen peroxide (H,0;) and 4-hidrox-
ynonenal (4-HNE) (Materazzi et al., 2013; Nassini et al., 2014; Trevisan
et al., 2013a). The inhibition of TRPA1 showed attenuation of noci-
ception behavior in different models of neuropathic pain (De Logu
et al., 2017; Trevisan et al., 2016).

Besides, the relation between the TRP family and neuroin-
flammatory process in EAE model is well-described. The TRPs activa-
tion are involved with neuroinflammation process and cytokines release
in EAE model that turns this receptor family a novel target for MS
treatment (Bassi et al., 2019; Bianchi et al., 2018; Makar et al., 2015;
Melzer et al,, 2012; Musumeci et al, 2011; Paltser et al., 2013;
Schattling et al., 2012; So et al., 2015). In a different model of de-
myelination using cuprizone it was described the role of TRPA1 on the
demyelinating process (Billcskei et al., 2018; Kriszta et al., 2019; Saghy
et al.,, 2016). However, the role of TRPA1 in neuroinflammation or
nociception was not evaluated in any model of relapsing-remitting EAE.

The inflammatory and demyelinating process in MS may be in-
volved with central neuropathic pain by producing TRPA1 agonists that
can modulate sensory neurons causing pain hypersensitivity. Thus, the
aim of our study was to evaluate the role of TRPA1 in central neuro-
pathic nociception induced by RR-EAE mouse model.

2. Methods
2.1. Animals

C57BL/6 female mice (20-30 g) bred in-house and were maintained
in controlled temperatures (22 + 2 °C) with a 12-h light/dark cycle
(lights on 7:00 am to 7:00 pm), were used. Animals were accom-
modated in ventilated cages (10 per cage) with wood shaving bedding
and nesting material. Laboratory standard animal's food (Puro Lab
22 PB pelleted form, Puro Trato, Rio Grande do Sul, Brazil) and tap
water were provided ad libitum. Each animal was used in just one ex-
periment. The animals were moved and acclimatized to the experiment
room for at least 1 h before each procedure. Experiments were per-
formed according to the ethical guidelines to investigate pain in con-
scious animals (Zimmermann, 1983), and the procedures were ap-
proved by the Institutional Committee for Care and Use of the Federal
University of Santa Maria (protocol #8640200617). The behavioral
studies followed the Animal Research: Reporting In Vivo Experiments
(ARRIVE) guidelines (Mcgrath and Lilley, 2015). All experiments were
performed by an operator who was blinded concerning drug adminis-
tration. Also, experimenters were blinded to the experimental group
when performing the analysis. No animal or sample was excluded from
the study.
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2.2. Reagents

All experimental reagents, if not specified in the text, were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). Mouse myelin oligo-
dendrocytes glycoprotein (MOGgs ss) was synthesized by EZBiolab
(Carmel, CA, USA). TRPA1 antisense oligonucleotide (TRPA1 AS ODN;
5" TCTATGCGGTTATGTTGG 3°), its mismatch (TRPA1 MM ODN; 5
ACTACTACACTAGACTAC 3'), and the RT-qPCR primers were acquired
from Sintese Biotecnologia (Ribeirao Preto, SP, Brazil).

2.3. RR-EAE mouse model induction

In order to induce RR-EAE, an optimized mouse model of multiple
sclerosis-induced neuropathic pain was performed with subcutaneous
(s.c.) injection of 200 pg of MOGas 55 antigen was used, mixed with
45 pg of Quillaja saponin (Quil A) solution prepared in 100 pl phos-
phate-buffered saline (PBS) (Khan et al., 2015; Khan et al., 2014). The
mixture, containing MOGgzs 55 and Quil A, was injected in two equal
aliquots (50 pl) and administered into both flank regions only on day 0
(first day of immunization). Mice also received 250 ng pertussis toxin
diluted in PBS (1 ng/pl) by intraperitoneal (i.p.) injection on day 0 and
day 2 (48 h later). Control mice only received the corresponding doses
of Quil A and pertussis toxin.

2.4. Assessment of RR-EAE clinical signs

The RR-EAE clinical signs in immunized mice and in the control
group were assessed once a week over an experimental period of
35 days in a randomized blinded manner using the clinical disease
scoring paradigm. The score was assessed according to the following
scale: 0, normal behavior; 0.5, limpness of the distal tail region and
hunched appearance; 1, completely limp tail or developing weakness in
the hindlimbs; 1.5, limp tail and distinct hindlimbs weakness re-
cognized by unsteady gait and poor grip of hindlimbs while hanging on
cage underside; 2, limp tail with unilateral partial hindlimb paralysis;
2.5, limp tail and partial paralysis of bilateral hindlimbs; 3, complete
paralysis of bilateral hindlimbs; 3.5, complete bilateral hindlimbs pa-
ralysis and unilateral forelimb paralysis; and 4, quadriplegia. RR-EAE
disease was regarded as present if clinical scores were = 1, whereas
clinical scores =< 0.5 were indicative of no disease or disease remission.
Mice were monitored weekly after RR-EAE post induction for the as-
sessment of the clinical signs and weight. If an animal showed a weight
loss of 20-30% of the initial weight and if clinical score was more than
1.5 of clinical score of discase the animal was excluded from the ex-
periments, However, all the induced animals developed the available
clinical scores and nociception behaviors without significant weight
loss. Therefore, we did not need to exclude any animals, as the RR-EAE
demonstrated in a previous study (Khan et al., 2014).

2.5. Rotarod and open field testing +

The rotarod and open field test were performed to establish that
there was no motor impairment in RR-EAE mice at nociceptive peak
day post induction (p.i., day 35). First, the animals were trained on the
rotarod apparatus one day before induction. This rotarod training
consisted of placing the animal on the spinning cylinder for 60 s, at the
fixed speed of 16 rpm, observing the latency to fall from the apparatus.
This session was repeated two times. The rotarod test was performed on
days 7, 14, 21, 28 and 35 using the same fixed speed for 180 s, and the
animal's latency to fall was recorded (Olechowski et al, 2013;
Olechowski et al.,, 2010; Olechowski et al., 2009). Animals with a
clinical grade of =1, or that failed to remain 180 s in the rotarod, were
removed from the study (Olechowski et al., 2013).

The open field test was performed at nociceptive peak day p.i. (day
35); mice were placed into individual activity chambers
(50 x 50 x 25 cm), without previous exposure. The locomotor activity
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was analyzed according to the number of crossing (horizontal move-
ments) and rearing (vertical movements), during 5 min (Trevisan et al.,
2012).

2.6. Nociceptive tests

2.6.1. Von Frey test

The allodynia was defined was increase of neurons response fol-
lowing normally non-painful stimulus that refers to central pain sensi-
tization (Loeser and Treede, 2008), To evaluate the development of
mechanical allodynia, the mice were individually placed in transparent
boxes on a wire mesh platform allowing easy access to the right hind
paw plantar surface. Filaments of different stiffness were applied to the
plantar surface of the hind paw, ranging from 0.07 to 2.0 g (0.07, 0.16,
0.40, 0.60, 1.0, 1.4, 2.0 g). The mechanical threshold was obtained
according to the up-and-down paradigm (Chaplan et al., 1994; Tonello
et al., 2014). This paradigm continued for a total of six measurements,
or until four consecutive positive or four consecutive negative responses
occurred. The mechanical paw-withdrawal threshold (in g) response
was then calculated from the resulting scores (Dixon, 1980). To de-
termine the baseline thresholds, the animals were acclimatized for
60 min before the test and all animals were assessed before RR-EAE
induction (baseline values). The mechanical threshold was evaluated on
days 7, 14, 21, 28 and 35 p.i. in RR-EAE or in control animals. On day
35 post RR-EAE induction, the mechanical threshold was measured
before treatment (time 0), and 1 to 3 h after treatment delivered via
intragastric (i.g.) administration, and 0.5 to 2 h after treatment deliv-
ered via intrathecal (i.t.) administration.

2.6.2. Cold allodynia test

The acetone test was used to evaluate cold thermal allodynia. The
mice were placed in transparent boxes on an elevated wire mesh plat-
form and acclimatized for 60 min. To determine the baseline threshold,
the animals were tested prior to immunization. The technique consisted
in applying 20 pl acetone to the plantar surface of the right hind paw.
The time that the animal spent lifting, licking or wagging the paw was
counted for 60 s (Nassini et al., 2011; Trevisan et al., 2013b). Cold
thermal allodynia was evaluated before RR-EAE induction and at days
7,14, 21, 28 and 35 p.i. Nociceptive time to acetone was also measured
35 days after RR-EAE induction (time 0), or at 1 to 3 h after treatment
by intragastric (i.g.) administration and at 0.5 to 2 h after injection by
intrathecal treatment.

2.7. Treatment protocols

Pregabalin is a drug widely used in the clinical treatment of neu-
ropathic pain in patients with MS (Thompson et al., 2018). This com-
pound was used as a positive control and was administrated by oral
gavage (60 mg/kg i.g.) in RR-EAE induced mice to evaluate its anti-
nociceptive effect (Hewitt et al., 2016).

The antinociceptive effect of TRPA1 antagonists HC-030031 and A-
967079 (100 mg/kg, respectively, i.g.) were also evaluated (Antoniazzi
et al., 2019; Trevisan et al., 2016). All treatments had a control group
that received the correspondent vehicle (DMSO 1% in isotonic saline
0.9%). Moreover, animals were treated with two antioxidants, a-lipoic
acid (sequestrant of ROS, 100 mg/kg, i.g.) and apocynin (NADPH oxi-
dase inhibitor, 100 mg/kg, i.g.) by oral gavage (Trevisan et al., 2016).
By intrathecal injection, the animals also received HC-030031, apoc-
ynin and a-lipoic acid (10 pg/site, 5 pl i.t.). For the intrathecal injec-
tion, the intervertebral space between L5 and L6 was punctured using a
28-gauge needle attached to a Hamilton microsyringe, and a total vo-
lume of 5 pl was injected into non-anesthetised mice (Hylden and
Wilcox, 1980; Trevisan et al., 2013c). All treatments had a control
group that received the correspondent vehicle (DMSO 1% in isotonic
saline 0.9%). All mice were tested before (baseline) and at day 35 after
RR-EAE induction (time 0) or control group, in the mechanical and cold
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allodynia assessment.

In order to elucidate the TRPA1 role in an RR-EAE model, the ani-
mals received intrathecal (i.t., 5 pl) administration of TRPA1 antisense
oligonucleotide (TRPA1 AS ODN; 5 TCTATGCGGTTATGTTGG 37
2.5 nmol/site) or its mismatch (TRPA1 MM ODN; 5° ACTACTACACTA
GACTAC 3% 2.5 nmol/site), each 12 h for 3 days (days 32, 33 and 34
p.i.) and 1 h before nociceptive tests in nociception peak day (day 35)
(Antoniazzi et al., 2019).

2.8. Oxidative parameters

Immediately after behavioral assessments on day 35 after RR-EAE
induction, the animals were euthanized and the spinal cord (L4-16) was
dissected. The samples were homogenized in Tris-HCI buffer (50 mM,
pH 7.4) and centrifuged at 3000 rpm 4 °C for 10 min.

2.8.1. TRPAI agonists (4-HNE and H20,) levels measurement

The concentrations of H,0, and 4-HNE (TRPA1 agonists) were
analyzed in the spinal cord (L4-L6), after induction of RR-EAE or its
respective control. To determine the levels of H;0,, we used the phenol
red-horseradish peroxidase (HRPO) method (da Brum et al, 2019).
Briefly, 25 mM of sodium azide was added to supernatants to inhibit the
cytochrome ¢ oxidase enzyme present in samples (Leary et al., 2002).
The homogenate containing sodium azide was centrifugated at 12,000 g
for 20 min at 4 °C. A mixture containing supernatant, 25 pl of phenol
red (100 mg/ml) and 5 pl of HRPO (50 mg/ml) was incubated in the
dark for 10 min at 25 °C. The reaction was stopped by NaOH (1 M). The
absorbance of the enzymatic reaction was read at 610 nm using a
SpectraMax i3® Platform (Molecular Devices, LLC) microplate reader.
H30; levels are expressed as H,0; nanomoles (nmol H;0,) per mg
protein compared to a standard H>0, sample.

The content of 4-HNE was analyzed using OxiSelect™ HNE adduct
Competitive Elisa kit, in the same samples that were homogenized ac-
cording to kit specifications and measured by immunofluorescence
(Trevisan et al., 2016). The levels of 4-HNE were expressed in percen-
tage of 4-HNE when compared with control group.

2.8.2. Assessment of the activity of NADPH oxidase

The activity of NADPH oxidase in the spinal cord (L4-L6) was
evaluated as described before (Antoniazzi et al., 2019). The activity of
NADPH oxidase was observed in samples using an appropriate assay kit
(CY0100, cytochrome ¢ reductase, NADPH Sigma-Aldrich, Milan, Italy).
The NADPH oxidase activity was expressed as U/ml/g of tissue.

2.9. Reverse transcription-quantitative PCR (RT-gPCR)

Total RNA from dorsal root ganglion and spinal cord were isolated
using PureLink™ RNA Mini kit (Invitrogen), according to the manu-
facturer's protocol and quantified using a Nanodrop ND-1000. ¢cDNA
was synthesized from 230 ng (dorsal root ganglion) and 500 ng (spinal
cord L4-L6), of RNA treated with DNasel (RNase-free, Invitrogen), using
High-Capacity ¢cDNA Reverse Transcription Kit (Applied Biosystems).
Quantification of specific products was done using GoTag® gPCR
Master Mix (Promega), and double-stranded products were amplified
using specific primers (Table 1) in StepOne™ equipment (Applied Bio-
systems) with the following protocol: 10 min 95 °C, (15 s 95 °C, 1 min
60 °C) x 40 cycles. A final step was included to obtain the dissociation
curve (15 s 95 °C, 1 min 60 °C, 15 s 95 "C). Threshold cycles (Ct) cal-
culated by StepOne Software v2.3 were normalized to the expression of
the gene and were calculated by normalization with Hprt (hypoxanthine
guanine phosphoribosyltransferase) and Actb (P-actin). Relative
amounts were calculated using the 2T method (Livak and
Schmittgen, 2001). Primer specificity in all samples was confirmed by
single peak performances of PCR products in melt curve analysis (Livak
and Schmittgen, 2001). We analyzed the following RNA expression
levels and their specific primer sequences were described in the table
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Table 1
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List of forward and reverse primers used on RT-qPCR assays and their respective sequences (5-3").

Gene Sequence forward (5-37) Sequence reverse (5-37) Accession number
Trpal GCAGGTGGAACTTCATACCAACT CACTTTGCGTAAGTACCAGAGTGG NM_177781

Ibal AGGAGAAAAACAAAGAACACAAGA CAATCAGGGCAGCTCGGAGATAGC NM_019467

Gfap TGCAGGAGTACCAGGATCTAC GATCTGGAGGTTGGAGAAAGTC NM_010277

Oligl AAGCGCATGCAGGACCTGAACT AGCGTGGCAATCTTGGAGAGCT NM_016968.4
Mog GATGAAGGAGGCTACACCTGCT CGTAGGCACAAGTGCGATGAGA NM_010814

Tnfa GTGCCTATGTCTCAGCCTCTT ATTTGGGAACTTCTCATCCCT NM_013693

Hprt GCACACTTTGCTTTCCCTGG CAACAACAAACTTGTCTGGA NM_013556

Acth CACACACGAGAACTACCCATTAT TGCTGGAAGGTGGACAGTGAGG NM_007393

below: Mog (Myelin-oligodendrocyte glycoprotein) and Oligl (Oligo-
dendrocyte factor 1) are oligodendrocyte maturation markers. Ibal
(Tonized calcium-binding adapter molecule-1) and Gfap (Glial fibrillary
acidic protein) are microglial and astrocyte activation markers respec-
tively. Cytokine Tnfa (Tumor necrose factor-a) is a pro-inflammatory
cytokine.

2.10. Statistical analyses

Data were expressed as mean + standard error of mean (S.E.M.)
and analyzed statistically by parametric and nonparametric Student's t-
test, one-way or two-way analysis of Variance (ANOVA) according to
the experimental protocol, followed by the post-test Bonferroni when
needed. The I, was calculated using the following formula: 100 x
(hour post treatment — mean of basal post induction) / (basal post in-
duction mean — basal post induction mean). The individual values were
inserted as column statistic in Prisma GraphPad® and calculate the
mean of these values. To meet parametric assumptions, data of me-
chanical threshold scores were log transformed before analyses.
Differences between groups were considered significant when P values
were less than 0.05 (P < .05), using the GraphPad Prism 5.0 program.

3. Results

3.1. RR-EAE model caused clinical score changes without inducing
locomotor alteration

The RR-EAE induced animals presented increased clinical scores
from day 14 p.i., the onset of disease, and during time course after
induction, which represents the relapsing-remitting disease profile
(Fig. 1A). The mouse body weight did not present a significative dif-
ference between RR-EAE and control group during the 35 days of ex-
periment (Fig. 1B). There were no observed changes in locomotor ac-
tivity when the animals were assessed in the rotarod test day 7 to 35 p.i.
(Fig. 1C). In addition, in the open field test, there was not a significant
difference in the number of crossing (Fig. 1D) and rearing (Fig. 1E)
when comparing RR-EAE and control groups.

3.2. The RR-EAE caused damage in myelin sheath and oligodendrocyte,
microglial and astrocyte activation, and cytokine production in spinal cord
samples

The RNA expression levels of Mog (Fig. 2A) and Olig-1 (Fig. 2B) were
decreased in the EAE group when compared to samples of control
group. The Ibal (Fig. 2C), Gfap (Fig. 2D) and Tnfa (Fig. 2E) RNA levels
were increased in the RR-EAE group when compared to the control
group.

3.3. Mice developed mechanical and cold allodynia after RR-EAE induction
The RR-EAE induced mice presented mechanical allodynia from day

21 to 35 p.i. (Fig. 2A). Moreover, in a similar way, the RR-EAE induced
animals showed cold allodynia with an increase of nociception time

from 21 to 35 days p.i. (Fig. 3B). The animals presented a maximal
nociceptive response with no motor alteration at day 35 after RR-EAE
induction; therefore, this day was chosen to measure the anti-
nociceptive effect of treatment. Pregabalin is used in the clinical
treatment of multiple sclerosis-induced central neuropathic pain
(Daneshdoust et al., 2017), and this compound demonstrates the anti-
allodynic and antihyperalgesic effects in this model of RR-EAE in mice.
Pregabalin i.g. administration was able to reduce the mechanical allo-
dynia induced by RR-EAE at 1 and 2 h post-dose, with maximal in-
hibition (I,,,) of 74 * 7% at 1 h after administration (Fig. 3C). This
compound also showed an antiallodynic effect in cold allodynia at 1
and 2 h after treatment, with an I, of 92 * 3% at 1 h after its ad-
ministration (Fig. 3D).

3.4. TRPA1 antagonists showed antinociceptive effect in the RR-FAE in
mice

The antinociceptive effect was shown with i.g. administration of
TRPA1 receptor antagonists HC-030031 (100 mg/kg) and A-967079
(100 mg/kg) (Fig. 4). HC-030031 and A-967079 reduced mechanical
and cold allodynia from 1 to 2 h after i.g. administration, The calcu-
lated 1., values were 69 = 8% and 61 + 14% for the mechanical
threshold reduction at 1 h for HC-030031 (Fig. 4A) and A-967079
(Fig. 4B), respectively. For cold allodynia, HC-030031 (Fig. 4C) Inax
value was 73 += 7% at 1 h, and A-967079 (Fig. 4D) 1., value was
70 + 13% at 1 h after administration.

3.5. TRPAI agonist production and NAPDH activity were increased in the
spinal cord of RR-EAE induced mice, but there was no increase in Trpal
RNA content

As was demonstrated the Trpal RNA expression levels in spinal cord
(Fig. 5A) and DRG (Fig. 5B), we did not observe alterations between the
RR-EAE and control groups. In addition, RR-EAE induction was able to
increase oxidative markers in the spinal cord of induced mice. We de-
monstrated the increase in H,0, (Fig. 5C) and 4-HNE levels (Fig. 5D),
and in the NADPH activity (Fig. 5E) in the spinal cord of the RR-EAE
induced mice when compared to control group.

3.6. Systemic treatment with a-lipoic acid and apocynin reduced
mechanical and cold allodynia in the RR-EAE induced-mice

The oral administration of antioxidant compounds, a-lipoic acid
(100 mg/kg) and apocynin (100 mg/kg) were able to show an anti-
nociceptive effect in the RR-EAE from 1 to 2 h after administration
(Fig. 6). The caleculated I, values were 59 + 9% to a-lipoic acid
(Fig. 6A) and 82 *+ 16% to apocynin (Fig. 6B) in reduction of me-
chanical allodynia at 1 h. Also, in cold allodynia assessment, a-lipoic
acid presented I,,,., of 85 * 2% (Fig. 6C) and apocynin 81 * 6% 1h
after treatment (Fig. 6D).
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Fig. 1. The relapsing-remitting experimental autoimmune encephalomyelitis (RR-EAE) caused clinical score changes without inducing locomoetor or body weight
alteration. (A) Measurement of clinical score, (B) weight of animals, (C) latency time for fall measured by rotarod test for 7 to 35 days post-induction (p.i.) of RR-EAE
induced mice. (D) Crossing and (E) rearing numbers were observed in the open field test at day 35 p.i. Baseline measurements (described as B in the graph) were

taken before induction. Data are expressed as mean =+

3.7. The intrathecal administration of TRPA1 antisense, TRPA1 antagonist
and antioxidants was able to reduce mechanical and cold allodynia in RR-
EAE

We demonstrated the antiallodynic effect of TRPA1 antisense oli-
gonucleotides (AS ODN) in RR-EAE induced-mice. AS ODN showed
antiallodynic effect in mechanical allodynia with I, of 94 + 6%
(Fig. 7A) and cold allodynia with Ip,, of 81 + 6% (Fig. 7B) three

o

SEM. (n = 8). * P < .05, when compared to the control group or baseline values [Two-way ANOVA
followed by Bonferroni's post hoc test (in A, B and C) or Student's t-test (D and E)].

repeated days of administration (day peak 35) when compared to
mismatch oligonucleotide (MM ODN). Moreover, the intrathecal ad-
ministration of HC-030031 presented antiallodynic effectat 0.5and 1 h
after administration. HC-030031 reduced the mechanical allodynia
(Fig. 7C) with an I,y value of 60 * 8%, and for cold allodynia
(Fig. 7D) the Iax value was 88 + 2% at 1 h post administration. The
a-lipoic acid (Fig. 7E) and apocynin (Fig. 7G) i.t. administration also
reduced the mechanical allodynia at 0.5 and 1 h. The I, value of a-
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Fig. 2. The relapsing-remitting experimental autoimmune encephalomyelitis (RR-EAE) caused demyelinating process, microglial and astrocyte activation, and
proinflammatory cytokine production. (A) Mog (Myelin-oligodendrocyte glycoprotein), (B) Oligl (Oligodendrocyte factor 1), (C) Ibal (lonized calcium-binding
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(n = 5) in the graphs. * P < .05, when compared to the control group [nonparametric Student's t-test].
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lipoic acid was 96 5% and apocynin was 61 8% at 1 h after
treatment. For cold allodynia, a-lipoic acid (Fig. 7F) showed anti-
nociceptive effect at 0.5 and 1 h after administration, and L., value at
1 h was 87 =+ 3%. Finally, apocynin (Fig. 7H) showed antiallodynic
effect at 0.5 and 1 h after treatment and I,,,,, value was 52 = 8% (1 h
after treatment).

4. Discussion
Sensory changes have been reported by patients in the early phases

of RRMS and remain unaltered by clinical disease course (Khan et al.,
2015). The development of central neuropathic pain in RRMS affects

the quality of life of patients, and current treatments are ineffective or
have adverse effects (Foley et al., 2013; Khan et al., 2014). Neuropathic
pain is a significant symptom in RRMS, presenting mechanical and cold
allodynia, described as an exaggerated response to non-noxious stimuli
and an important clinical problem (Bernardes and Oliveira, 2017). In
the present study, we investigated TRPA1 involvement in a model of
central neuropathic pain caused by RR-EAE model. We have shown the
development of RR-EAE clinical signs of disease without motor im-
pairment, and the presence of the characteristic alterations of RRMS,
such as a decrease of the myelin markers, microglia and astrocyte ac-
tivation, and inflammatory process. We have also demonstrated the
development of nociceptive behaviors and increase of the oxidative
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Fig. 3. Relapsing-remitting experimental autoimmune encephalomyelitis (RR-EAE) in mice caused mechanical and cold allodynia, and pregabalin administration
reduced the hypersensitivity in this model. (A) Mechanical and (C) cold allodynia were detected on day 21 to 35 days after RR-EAE induction, and baseline
measurements (described as B in the graph) were observed before induction. The administration of pregabalin (60 mg/kg, intragastric, i.g.) at day 35 p.i. (post-
induction) reduced the nociception generated by RR-EAE. (B, D) Change in mechanical threshold was determined using von Frey filaments. Data are expressed as
mean + S.EM. (n = 8).* P < .05, when compared to the control group or baseline values; and * P < .05 when compared to RR-EAE vehicle-treated group [Two-

way ANOVA, followed by Bonferroni's post hoc test].

stress parameters. Moreover, the antinociceptive effect of TRPA1 an-
tagonists, TRPA1 antisense and antioxidants in RR-EAE induced mice
treated by oral or intrathecal routes was demonstrated. Accordingly, we
observed that TRPA1 activation in the spinal cord is relevant for the
development of the nociception in this model of RR-EAE.

RRMS physiopathology consists in oligodendrocytes death, in-
flammation and demyelination, culminating in an axonal loss that can
increase the probability of developing pain (Bolcskei et al, 2018;
Dendrou et al., 2015; Wang et al., 2017). Different types of MS animal
models exist in the MS research field, but the most commonly used is
experimental autoimmune encephalomyelitis (EAE) (Bjelobaba et al.,
2018). According to the hypothesis that there may be environmental
factors, such as viral infections, it has been described that toxin-induced
models using ethidium bromide (EtBr) and lysolecithin, or systemically
administered toxins, such as cuprizone, could also be used as MS

models. These toxin-induced models are the first choice when the main
purpose is to investigate a demyelinating process without immune ac-
tivity (Woodruff and Franklin, 1999). However, EAE was able to imitate
histopathological and immune features of MS and can reproduce the
different phases of this disease. To induce EAE, different antigens can
be used, such as myelin proteolipid protein (PLP) and myelin oligo-
dendrocyte glycoprotein (MOG;s_ss) (Bjelobaba et al., 2018). The EAE
model with PLP is an RRMS model, but it is necessary to use old SJL
mice because they are more susceptible to the development of de-
myelination lesions with this antigen. Another disadvantage is the ab-
sence of demyelination at dorsal root entry (Chalk et al, 1994;
Rasmussen et al., 2007). Using MOGas 55 as antigen and complete
Freund's adjuvant (CFA), it is possible to reproduce a progressive MS
model; however, the animals show severe motor impairment that can
impair the measurements of nociception (Khan et al., 2014; Olechowski
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Fig. 4. The administration of TRPA1 antagonists reduces nociception caused by relapsing-remitting experimental autoimmune encephalomyelitis (RR-EAE) in mice.
Mechanical (A, B) and cold (C, D) allodynia measurement. Drugs were administered on day 35 post-induction (p.i.), and the antinociceptive effects were observed at
1 to 3 h after intragastric (i.g.) treatment with TRPA1 antagonists (HC-030031, 100 mg/kg; A-967079 100 mg/kg). Data are expressed as mean = S.EM. (n = 8). *
P = .05, when compared to the group or baseline values; * P < .05, when compared to the RR-EAE vehicle-treated group [Two-way ANOVA, followed by

Bonferroni's post hoc test].

et al., 2013). Therefore, we chose the RRMS optimized model that in-
duces central neuropathic pain in C57BL/6 female mice using Quil A as
adjuvant (Khan et al., 2014). For this model, only mechanical allodynia
has been evaluated so far concerning nociception development. How-
ever, patients also demonstrate the presence of cold allodynia
(Osterberg and Boivie, 2010), and in our study we observed this hy-
persensitivity, as well as the presence of mechanical allodynia. Pre-
viously, using this model of RR-EAE, the antiallodynic effect of different
compounds used in the clinic to treat pain has been demonstrated
(morphine, gabapentin, and amitriptyline), as well as the anti-
nociceptive effect of the antioxidant a-lipoie acid (Khan et al., 2015).
Thus, in our study we also tested a common used analgesic in the
treatment of neuropathic pain in MS (Sclaro and Messmer Uccelli,
2011), pregabalin, and showed for the first time the antinociceptive
effect of this compound in this model of RR-EAE.

The development of RRMS animal models is extremely important to
elucidate the mechanisms and pathogenic pathways, because more than
85% of patients with MS present the relapsing-remitting form of MS
(Heidari et al., 2019). This model was previously optimized and it

demonstrated that the central neuropathic pain behaviors in rodent
models are associated with pathobiological mechanisms in sensory
neurons in the dorsal horn of the spinal cord (Khan et al., 2015; Khan
et al., 2014). Our results agree with this RRMS-neuropathic pain model,
demonstrating the development of the clinical disease score without
severe motor deficits. Similar to other studies, we can demonstrate
clinical signs that mimic RRMS, showing scores between 0.5 (remission
phase) and 1.5 (relapsing phase), with the first peak of the relapsing
phase 14 days post-induction (Khan et al., 2014; Peiris et al., 2007). At
14 days p.i. the RR-EAE animals presented the mean of score 1,25 and
at the day 21 p.i. it was 0.7, thus as described before animals have
scores that range above 1 or less than 1 showing the relapsing-remitting
feature of this model. In addition, during all the experiments, the ani-
mals did not show significative body weight loss or locomotor ab-
normalities.

Using this model of RR-EAE there are only three papers published
relating to neuropathic pain (Khan et al., 2018; Khan et al., 2015; Khan
et al., 2014). Hence, we decided to evaluate the development of motor
alteration, clinical scores, and cold allodynia in our laboratory using
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Fig. 5. TRPA1 agonist production and NAPDH activity were increased in the spinal cord of relapsing-remitting experimental autoimmune encephalomyelitis (RR-
EAE) induced mice, but there was no increase in Trpal RNA expression levels. Trpal RNA expression by RT-gPCR in spinal cord (A) and DRG (B) samples obtained
35 days after RR-EAE induction. Measurement of hydrogen peroxide (H,0), (C) and 4-hydrexinonenal (4-HNE) levels (D) or NADPH oxidase activity (E) in spinal
cord samples 35 days after RR-EAE induction. Data are expressed as mean *+ S.EM. (RT-qPCR n = 4; HyOzn = 9; 4-HNE = 4; NADPH oxidase n = 10). * P < .05,
when compared to the control group [nonparametric t-test (A and B) and parametric Student’s t-test (C, D and E)].

this model of RR-EAE. In the reference, they performed the analysis of
gait using the Catwalk™XT software, and only observe the development
of mechanical allodynia (Khan et al., 2014). Although, we assessed the
spontaneous or forced locomotor activity with the open field test and
rotarod performance test, respectively, and we also showed the absence
of motor impairment. Also, we detected the presence of mechanical and
cold allodynia using this model of RR-EAE.

MOG is a myelin component expressed in CNS responsible for the
myelination process and oligodendrocyte maturation (Peschl et al.,

2017). The decrease of this marker in an RR-EAE model has been
previously shown by an immunohistochemical study (Khan et al.,
2014). The OLIG-1 is a transcription factor involved in myelinogenesis
and myelin repair, which is reduced in the spinal cord in injury models
(Othman et al., 2011). Our results agree with these studies, demon-
strating reduction on both Mog and Olig-1 RNA expression levels by RT-
qPCR assay and proving that a demyelinating process in an RR-EAE
model was happening (Khan et al., 2014; Othman et al., 2011). GFAP
has a high specificity for astrocytic damage and seems to be useful as a
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Fig. 6. The administration of a-lipoic acid and apocynin reduces the nociception observed in relapsing-remitting experimental autoimmune encephalomyelitis (RR-
EAE) induction in mice. (A,B) Mechanical and (C,D) cold allodynia measurement. The drugs were given on day 35 and antinociceptive effects were observed 1 to 3 h
after intragastric (i.g.) treatment with antioxidants (a-lipoic acid or apocynin, 100 mg/kg). Data are expressed as mean *= S.EM. (n = 8). * P < .05, when
compared to the group or baseline values; * P < .05, when compared to the group treated with vehicle [Two-way ANOVA, followed by Bonferroni's post hoc test].

biomarker during acute inflammation in patients with RRMS (Kassubek
et al., 2017). The IBA1 is a protein whose expression is restricted to
microglia/macrophages and is useful to demonstrate microglia activa-
tion (Ohsawa et al.,, 2004). An increase of GFAP and IBA-1 was pre-
sented in spinal cord of RR-FAE induced mice by immunochistochemical
analyses (Khan et al., 2014), and we showed an increase of the RNA
expression levels in both markers by RT-PCR. TNF-a¢ is a proin-
flammatory cytokine and has been linked to MS pathophysiology. It can
also be involved in the demyelination process in EAE models (Madsen
et al., 2016). We found an increase of RNA expression levels of Tnfa,
thus confirming the presence of neurcinflammatory process in this
model. In the previous studies, it was showed all the histological and
immunologic aspects of this model and also optimized the best dose of
the reagents used for the induction (Khan et al., 2014). Thus, we
showed a possible demyelinating and neuroinflammatory processes

through RT-PCR, which is in agreement with this previous optimized
model of neuropathic pain by RR-EAE induction (Khan et al., 2014).
Signs of pain appear in the early phases of RRMS, causing several
disabilities in patients (Galea et al., 2015; Motl et al., 2010; Truini et al.,
2012). Migraine and central neuropathic pain are the major symptoms,
described as mechanical and cold allodynia, similar to the RR-EAE
model (Husain et al., 2018; Osterberg and Boivie, 2010). In this study,
we confirm the development of mechanical allodynia (von Frey test), as
other studies have already described (Khan et al.,, 2015; Khan et al,,
2014; Peiris et al., 2007). Moreover, we showed the presence of cold
allodynia (acetone test) in days 21 to 35 after RR-EAE induction, de-
monstrated in other pain models (Antoniazzi et al., 2019; Trevisan
et al., 2013a). This model of RR-EAE has been used previously to de-
monstrate the development of mechanical allodynia (Heidari et al.,
2019; Khan et al., 2014), but in our study we also showed cold
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Fig. 7. The intrathecal administration of TRPA1 antisense, TRPA1 antagonist and antioxidants was able to reduce mechanical and cold allodynia in relapsing-
remitting experimental autoimmune encephalomyelitis (RR-EAE). TRPA1 oligonucleotides antisense (AS) and mismatch (MM) intrathecal (i.t.) administration effect
in mechanical allodynia (A) and cold allodynia (B). The HC-030031 treatment with intrathecal (i.t.) administration on mechanical allodynia (C) and cold allodynia
(D). The intrathecal (i.t.) administration of a-lipoic acid on (E) mechanical allodynia and (F) cold allodynia. The intrathecal (i.t.) effect of apocynin on (G) me-
chanical allodynia and (H) cold allodynia. Baseline values were measured before induction of the RR-EAE model. Data are expressed as mean = S.EM. (n = 8). *
P < .05, when compared to the TRPA1 antisense oligonucleotides, HC-030031 or antioxidants group * P < .05, when compared to the group treated with vehicle

RR-EAE [Two-way ANOVA, followed by Bonferroni's post hoc test].

allodynia in female mice. We did not evaluate the temperature reac-
tions on TRPA1 knockout mice, but it seems that there is no difference
related to gender in this type of strain (Karashima et al., 2009). Fur-
thermore, differently to drugs targeting TRPV1 channels, TRPA1 an-
tagonists do not evoke side effects that involve the body temperature
regulation (Weyer-Menkhoff and Lotsch, 2018).

Pregabalin is an anticonvulsant that presents the structural ana-
logue of gabapentin and is considered a first line in the treatment of
neuropathic pain in MS (Thompson et al., 2018). After we confirmed
the development of allodynia in the RR-EAE model, pregabalin was
used as a positive control treatment. Our results demonstrated the
pregabalin antiallodynic effect in mechanical and cold nociception
tests. The antinociceptive effect of gabapentin in the model of RR-EAE
used in our study has been described previously (Daneshdoust et al.,
2017). However, gamma-aminobutyric acid (GABA) analog drugs, such
as gabapentin and pregabalin, are not very effective in the treatment of
neuropathic pain in MS, and commonly cause intolerable adverse ef-
fects (Solaro et al., 2005). Therefore, it is essential to search for new
mechanisms to treat neuropathic pain in MS. In this context, the acti-
vation of TRPAl-expressed Schwann cells is involved in neuroin-
flammation, oxidative stress and allodynia in a model of chronic pain
(De Logu et al., 2017). Also, TRPA1 expressed on astrocytes plays a role
in the demyelinating process (Saghy et al., 2016). Thus, TRPA1 is an
interesting target for the central neuropathic pain in MS.

During the last years, diverse studies showed the role of TRPs
channels in the activation of the immune cells in different EAE models.
The transient receptor vanilloid 1 (TRPV1) showed the role in cytokines
release during the EAE induction (Bassi et al.,, 2019; Paltser et al.,
2013). Moreover, TRPV1 exerted different roles in pain behaviors and
neuroinflammation depending on the time course of EAE immunization
(Musumeci et al., 2011). Besides, the transient receptor potential mel-
astatin 2 (TRPM2) knockout mice presented a decrease in neuroin-
flammation process caused by EAE (Melzer et al., 2012; So et al., 2015).
Likewise, the deletion of transient potential reception melastatin 4
(TRPM4) in C57BL/6 mouse was able to attenuate the EAE progression
in vivo and in vitro experiments (Bianchi et al., 2018; Makar et al.,
2015; Schattling et al., 2012). However, the role of TRPA1 in neu-
roinflammation and nociception in a model of EAE was not detected
before. Recently, it was described that TRPA1 deletion was able to at-
tenuated the demyelinating process in a model of MS caused by cu-
prizone injection (Boleskei et al., 2018; Kriszta et al., 2019; Saghy et al.,
2016).

The role of TRPA1 activation was described in the development of
mechanical and cold allodynia signs in diverse pain models, such as
cancer pain (Antoniazzi et al., 2019) and neuropathic pain (Materazzi
et al.,, 2012; Nassini et al., 2011; Rigo et al., 2013). Moreover, TRPA1
inhibition was reported to attenuate the nociception in these models
through the oral administration of antagonists. In this manner, we
tested two selective antagonists, HC-030031 and A-967079, and both
demonstrated antinociceptive effects after oral administration in me-
chanical and cold assessment. We evaluate the antinociceptive effect of
the TRPA1 antagonists only in the nociception peak day (day 35 RR-
EAE model post-induction). For the first time, our results suggest the
role of TRPA1 during the nociception process in a central neuropathic
pain model.

In this manner, the sub-products of oxidative stress can constantly
activate a mitochondrial signal to generate reactive species in MS, and

they can sustain pathways of chronic axonal degeneration (Aarts et al.,
2003; Haider et al., 2011). One of the pathways would be through the
increase of permeability of endothelial cells in CNS that allow the
phagocytose of oligodendrocytes, the main cell producing myelin in
neurons (Boleskei et al., 2018; Gray et al., 2008). Some of these sub-
products, such as H,O, and 4-HNE, were able to activate the TRPA1
channel and may be associated with nociception signs in different types
of pain models (Antoniazzi et al., 2019; De Logu et al., 2017; Trevisan
et al., 2016). The a-lipoic acid was related to attenuation of mechanical
allodynia in cancer and RR-EAE model (Antoniazzi et al., 2019; Khan
et al,, 2015). The NADPH oxidase is a major generator of reactive
oxygen species that contributes to chronic neurodegenerative disorders
such as multiple sclerosis (Ma et al., 2017). In RR-EAE induced mice,
the brain and spinal cord exhibit increased NADPH oxidase activity (Ma
et al., 2017). In our results, we showed the increased of H;O, and 4-
HNE levels, as well as the enhancement of NADPH oxidase activity in
spinal cord samples.

The NADPH oxidase inhibitor, apocynin, reduced mechanical allo-
dynia in spinal cord injury (Hassler et al., 2019) and diabetic neuro-
pathic pain (Olukman et al., 2018) in rats, and trigeminal neuropathic
pain in mice (Trevisan et al., 2016). Apocynin was also shown to have a
leading role in the reduction of white matter damage in progressive-
EAE mice, but did not show results regarding the development of al-
lodynia (Choi et al., 2015). In our results, we found the antiallodynic
effects with the administration of a-lipoic acid and apocynin in the
mechanical and cold allodynia tests. In the same way as for TRPA1
antagonist treatment, we evaluated the acute i.g. or i.t. administration
of of a-lipoic acid and apocynin (100 mg/kg or 10 pg/site) and detected
their transient effect. All these results suggest that a role of reactive
species in the neuroinflammatory process of MS may lead to TRPA1
channel activation and demonstrate the sensory changes as mechanical
and cold allodynia.

Unfortunately, there are not yet many studies that show a rando-
mized trial about MS patients and sensory alterations. Moreover,
TRPAL1 is related as a cold noxious sensor, and its activation can lead to
the development of cold allodynia in different pain models, and hy-
persensitivity to cold is usually reduced with TRPA1 antagonist treat-
ment in chronic pain models (Antoniazzi et al., 2019; De Logu et al.,
2017; Trevisan et al., 2016; Trevisan et al., 2013b). In our study,
treatment with both TRPA1 antagonists showed a similar anti-
nociceptive effect from 1 to 2 h after administration to mechanical and
cold allodynia, However, the antioxidant treatments also presented
antiallodynic effect, but apocynin showed the antinociceptive effect
only 1 h after i.g. administration. Possible, the observed effect of
apocynin only at 1 h after i.g. administration could be caused by its
rapid glycosylation and transport to blood and other organs
(Chandasana et al., 2015). However, when apocynin was administered
it it showed effect after 0.5 and 1 h after injection like the other
compounds tested. Finally, these compounds could act in the central
and peripheral pathways, as we show in different administration forms
and in agreement with other studies (De Logu et al., 2017; Nassini et al.,
2014; Trevisan et al., 2016).

The intrathecal administration of antioxidants is relevant because
we found oxidative stress alterations in the spinal cord in an RR-EAE
model. In agreement of our hypothesis, HC-0300, apocynin and a-lipoic
acid showed antinociceptive effect after intrathecal administration.
Finally, AS ODN TRPAL1 intrathecal administration is one tool for the
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investigation of the involvement of this receptor in the nociceptive
behaviors in different pain models (Antoniazzi et al., 2019; De Logu
et al., 2017). Here, in agreement with previous studies, we demon-
strated that the oligonucleotides antisense of TRPA1 can increase the
withdrawal threshold in the von Frey test and decrease the nociception
time in the acetone test in an RR-EAE induced group.

5. Conclusions

MS-patients in relapsing phases have described sensory alterations,
such as cold and mechanical allodynia. The elucidation of the pain
mechanisms involved during RRMS is extremely important, in order to
find an approach for its treatment. Therefore, in the present study, we
showed the development of RR-EAE model induetion without motor
impairment, and the development of nociception behaviors such as
mechanical and cold allodynia. Like in RRMS, we showed alterations in
myelin markers, microglia and astrocyte activation, and the presence of
inflammatory process and products of oxidative stress. The anti-
nociceptive effect of TRPA1 antagonists, TRPA1 antisense and anti-
oxidants were detected. For the first time, our study suggests a re-
lationship between TRPA1 and the development of mechanical and cold
allodynia in a mouse model of RR-EAE induced central neuropathic
pain. These findings demonstrate that TRPA1 appears 1o be a suitable
therapeutic target for the development of new drugs in the treatment of
pain symptoms in RRMS patients.

Role of the funding source

The funding source was not involved in the study design; in the
collection, analysis, and interpretation of data; in the writing of the
report; and in the decision to submit the article for publication.

Author contributions

All the authors discussed the results, commented on the manuscript,
and approved this final version.

1) Substantial contributions to conception and design, data acqui-
sition, analysis, and interpretation: Diéssica Padilha Dalenogare, Maria
Carolina Theisen, Diulle Spat Peres, Maria Fernanda Pessano Fialho,
Débora Denardin Liickemeyer, Caren Tatiane de David Antoniazzi,
Sabrina Qader Kudsi, Marcella de Amorim Ferreira, Camila Ritter,
Juliano Ferreira, Sara Marchesan Oliveira, Gabriela Trevisan.

2) Drafting and critically revising the article for important in-
tellectual content: Diéssica Padilha Dalenogare, Maria Carolina
Theisen, Diulle Spat Peres, Maria Fernanda Pessano Fialho, Débora
Denardin Liickemeyer, Caren Tatiane de David Antoniazzi, Sabrina
Qader Kudsi, Marcella de Amorim Ferreira, Camila Ritter, Juliano
Ferreira, Sara Marchesan Oliveira, Gabriela Trevisan.

3) Final article approval: Diéssica Padilha Dalenogare, Maria
Carolina Theisen, Diulle Spat Peres, Maria Fernanda Pessano Fialho,
Débora Denardin Liickemeyer, Caren Tatiane de David Antoniazzi,
Sabrina Qader Kudsi, Marcella de Amorim Ferreira, Camila Ritter,
Juliano Ferreira, Sara Marchesan Oliveira, Gabriela Trevisan.

4) Acquisition of funding and general supervision of the research
group: Juliano Ferreira, Sara Marchesan Oliveira, Gabricla Trevisan.

Declaration of Competing Interest

The authors declare no conflict of interest.
Acknowledgements

Fellowships from the Conselho Nacional de Desenvolvimento
Cientifico (CNPq) and Coordenacio de Aperfeicoamento de Pessoal de

Nivel Superior (CAPES) are also acknowledged. Fellowship from the
Diéssica Padilha Dalenogare from the Coordenagao de Aperfeicoamento

13

55

Experimental Neurology 328 (2020) 113241

de Pessoal de Nivel Superior (CAPES) [process # 88882.428089/2019-
01]. Gabriela Trevisan is recipient of a fellowship from CNPq [process
#306576/2017-11], L'ORFAL - ABC - UNESCO Para Mulheres na
Ciéncia, 2016 and Prémio Capes de Teses - Ciéncias Bioldgicas II,
CAPES, 2014 [process #23038.006930,/2014/59].

References

Aarts, M., Tihara, K., Wei, W.-L., Xiong, Z.-G., Arundine, M., Cerwinski, W., MacDonald,
J.F., Tymianski, M., 2003. A key role for TRPM7 channels in anoxic neuronal death.
Cell 115, 863-877.

Antoniazzi, C.T.1.D., Nassini, R., Rigo, F.K., Milioli, A.M., Bellinaso, F., Camponogara, C.,
Silva, C.R., de Almeida, A.S., Rossato, M.F., De Logu, F., Oliveira, $.M., Cunha, T.M.,
Geppetti, P., Ferreira, J., Trevisan, G., 2019. Transient receptor potential ankyrin 1
(TRPAL1) plays a critical role in a mouse model of cancer pain. Int. J. Cancer 144,
355-365. https://doi.org/10.1002/ije.31911.

Bassi, M.S., Gentile, A., lezzi, E., Zagaglia, 5., Musella, A., Simonelli, L, Gilio, L., Furlan,
R., Finardi, A., Marfia, G.A., Guadalupi, L., Bullitta, S., Mandolesi, G., Centonze, D.,
Buttari, F., 2019. Transient receptor potential vanilloid 1 modulates central in-
flammation in multiple sclerosis. Front. Neurol. 10, 1-8. https://doi.org/10.3389/
fneur.2019.00030.

Bernardes, D., Oliveira, A.L.R., 2017. Comprehensive catwalk gait analysis in a chronic
maodel of multiple sclerosis subjected to treadmill exercise training. BMC Neurol. 17,
1-14. hitps://doi.org/10.1186/512883-017-0941z.

Bianchi, B., Smith, P.A., Abriel, H., 2018. The ion channel TRPM4 in murine experimental
autoimmune encephalomyelitis and in a model of glutamate-induced neuronal de-
generation. Mol. Brain 11, 1-10. https://doi.org/10.1186/513041-018-0385-4,

Bjelobaba, 1., Begovic-Kupi in, V., Pekovic, §., Lavrnja, L, 2018. Animal models of
multiple sclerosis: focus on experimental autoimmune encephalomyelitis. J.
Neurosci. Res. 96, 1021-1042. hitps://doi.org/10.1002/jor. 24224,

Bileskei, K., Kriszta, G., Saghy, I., Payrits, M., Sipos, F., Vranesics, A., Berente, .,
Abrahdm, H., Acs, P., Komoly, S., Pintér, E., 2018. Behavioural alterations and
morphological changes are attenuated by the lack of TRPA1 receptors in the cupri-
zone-induced demyelination model in mice. J. Neuroimmunol. 320, 1-10. https://
doi.org/10.1016/j.jneuroim.2018.03.020.

Chalk, J.B., McCombe, P.A., Smith, R., Pender, M.P., 1994, Clinical and histological
findings in proteolipid protein-induced experimental autoimmune encephalomyelitis
(EAE) in the Lewis rat. Distribution of demyelination differs from that in EAE induced
by other antigens. J. Neurol. Sci. 123, 154-161. https://dol.org/10.1016/0022-510x
(94)90218-6.

Chandasana, H., Chhonker, Y.5., Bala, V., Prasad, Y.D., Chaitanya, T.K., Sharma, V.L.,
Bhatta, R.S., 2015. Pharmacokinetic, bioavailability, metabolism and plasma protein
binding evaluation of NADPH-oxidase inhibitor apocynin using LC-MS/MS. J.
Chromatogr. B Anal. Technol. Biomed. Life Sci. 985, 180-188. htips://doi.org/10.
1016/j.jchromb.2015.01.025.

Chaplan, 8.R., Bach, F.W., Pogrel, J.W., Chung, J.M., Yaksh, T.L, 1994. Quantitative

of tactile allodynia in the rat paw. J. Neurosci. Methods 53, 55-63.
https://doi.org/10.1016/0165-0270(94)90144-9.

Choi, B.Y., Kim, J.H., Kho, A.R., Kim, LY., Lee, S.H., Lee, B.E., Choi, E., Sohn, M.,
Stevenson, M., Chung, T.N., Kauppinen, T.M., Suh, S.W., 2015. Inhibition of NADPH
oxidase activation reduces EAE-induced white matter damage in mice. J.
Neuroinflammation 12, 104. https://doi.org/10.1186/512974-015-0325-5.

Brum da, E.S., Becker, G., Fialho, M.F.P., Casoli, R., Trevisan, G., Oliveira, $.M., 2019.
TRPA1 involvement in analgesia induced by Tabernaemontana catharinensis ethyl
acetate fraction in mice. Phytomedicine 54, 248-258. hitps://doi.org/10.1016/].
phymed.2018.09.201.

Daneshdoust, D., Khalili-Fomeshi, M., Ghasemi-Kasman, M., Gherbanian, ., Hashemian,
M., Gholami, M., Moghadamnia, A., Shojaei, A., 2017. Pregabalin enhances myelin
repair and attenuates glial activation in lysolecithin-induced demyelination model of
rat optic chiasm. Neuroscience 344, 148-156. https://doi.org/10.1016/j.
neuroscience.2016.12.037.

De Logu, F., Nassini, R., Materazzi, S., Carvalho Gongalves, M., Nosi, D., Rossi
Degl'Innocenti, D., Marone, LM., Ferreira, J., Li Puma, S., Benemei, S., Trevisan, G.,
Souza Monteiro Aratijo de, D., Patacchini, R., Bunnett, N.-W., Geppetti, P., 2017.
Schwann cell TRPA1 medi infl ion that ins macrophage-depen-
dent neuropathic pain in mice. Nat. Commun. 8, 1887. https://doi.org/10.1038/
541467-017-01739-2,

Dendrou, C.A., Fugger, L., Friese, M.A., 2015. Immunopathology of MS. Nat. Rev.
Immunol. 15, 545-558. hitps://doi.org/10.1038/nri3871.

Dixon, W.J., 1980. Efficient analysis of experimental observations. Annu. Rev. Pharmacaol.
Taxicol. 20, 441-462. https://doi.org/10.1146/annurev.pa.20.040180.002301.
Foley, P.1., Vesterinen, F1.M., Laird, B.J., Sena, E.5., Colvin, L.A., Chandran, S., MacLeod,
M.R., Fallon, M.T., 2013. Prevalence and natural history of pain in adults with
multiple sclerosis: systematic review and meta-analysis. Pain 154, 632-642. https://

doi.org/10.1016/j.pain.2012.12,002.

Galea, 1., Ward-Abel, N., Heesen, C., 2015. Relapse in multiple sclerosis. BMJ 350, h1765.
hitps://doi.org/10.1136/bmj.h1765.

Gray, E., Thomas, T.L., Betmouni, 8., Scolding, N., Love, S., 2008. Elevated activity and
microglial expression of myeloperoxidase in demyelinated cerebral cortex in multiple
sclerosis. Brain Pathol. 18, 86-95. https://doi.org/10.1111/§.1750-3629.2007.
00110.x.

Haider, L., Fischer, M.T., Frischer, J.M., Bauer, J., Hoftberger, R., Botond, G., Esterbauer,
H., Binder, C.J., Witztum, J.L., Lassmann, H., 2011. Oxidative damage in multiple




D.P. Dalenogare, et al.

sclerosis lesions. Brain 134, 1914-1924. https://doi.org/10.1093/brain/awrl 28.

Hassler, 8.N., Ahmad, F.B., Burgos-Vega, C.C., Boitano, S., Vagner, J., Price, T.J., Dussor,
G., 2019. Protease activated receptor 2 (PAR2) activation causes migraine-like pain
behaviors in mice. Cephalalgia 39, 111-122. https://doi.org/10.1177/
0333102418779548.

Heidari, A.R., d habi badi, R., Lavi Arab, F., Tabasi, N., Rastin,
M., Mahmoudi, M., 2019. Au:ylated and deacylated quillaja saponin-21 adjuvants
have opposite roles when utilized for immunization of C57BL/6 mice model with
MOG 35-55 peptide. Mult. Seler. Relat. Disord. 29, 68-82. https://doi.org/10.1016/j.
msard.2019.01.025.

Hewitt, E., Pitcher, T., Rizoska, B., Tunblad, K., Henderson, 1., Sahlberg, B.-L., Gmbuwska

Experimental Neurology 328 (2020) 113241

.

stic criteria for demyelinating di of the central nervous system: where do
we stand today? Rev. Neurol. (Paris) 174, 378-390. hitps://doiorg/10.1016/j.
neurol.2018.01.368.

Mcgrath, J.C,, Lilley, E., 2015. Implementing Guidelines On Reporting Research Using
Animals (ARRIVE etc.): New Requirements For Publication in BJP. https://doi.org/
10.1111/bph.

Melzer, N., Hicking, G., Gobel, K., Wiendl, H., 2012. TRPM2 cauun channels modulate T
cell effector functions and contribute to i CNS i ion. PLoS One 7,
1-6. hitps://doi.org/10.1371/journal.pone.0047617.

Motl, R.W., Suh, Y., Weikert, M., 2010. Symptom cluster and quality of life in multiple
sclerosis. J. Pain Symptom Manag. 39, 1025-1032. https://doi.org/10.1016/].

U., Classon, B., Edenius, C., Malcangio, M., Lindstrom, E., 2016. Selective Cath S5
inhibition with MIV-247 attenuates mechanical allodynia and enhances the anti-
allodynic effects of gabapentin and pregabalin in a mouse model of neuropathic pain.
J. Pharmacol. Exp. Ther. 358, 387-396. https://doi.org/10.1124/jpet.116.232926.

Husain, F., Pardo, G., Rabadi, M., 2018. Headache and its management in patients with
multlple sclemsls Curr. I'reat. Options Neurol. 20. https://doi.org/10.1007/511940-
018-0495-4,

Hylden, J.L., Wilcox, G.L., 1980. Intrathecal morphine in mice: a new technique. Eur. J.
Pharmacol. 67, 313-316.

Kalincik, T., 2015. Multiple sclerosis relap idemiology, O and
A ic review. Neuroepid logy 44, 199-214. htips://doi.org/10.1159/
000382130,

Karashima, Y., Talavera, K., Everaerts, W., Janssens, A., Kwan, K.Y., Vennekens, R.,
Nilius, B., Voets, T., 2009. TRPA1 acts as a cold sensor in vitro and in vivo. Proc. Natl.
Acad. Sci. U. S. A. 106, 1273-1278. https://doi.org/10.1073/pnas.0808487106.

Kassubek, R., Gorges, M., Schocke, M., Hagenston, V.A.M., Huss, A., Ludelph, A.C.,
Kassubek, J., Tumani, H., 2017. GFAP in early multiple sclerosis: a biomarker for
inflammation. Neurosci. Lett. 657, 166-170. https://doi.org/10.1016/j.neulet.2017.
07.050.

Khan, N., Woodruff, T.M., Smith, M.T., 2014. Establishment and characterization of an
ophmwbd mouse model of mult!ple sclerosis- mdumd neumpathlc pain using beha-
vioral, pharmacologic, 1 and i ical methods. Pharmacol.
Biochem. Behav. 126, 13-27. htips://doi.org/10.1016/).PBB.2014.09.003.

Khan, N., Gordon, R., Woodruff, T.M., Smith, M.T., 2015. Antiallodynic effects of alpha
llpolc acld in an optimized RR-EAE mouse model of MS-neuropathic pain are ac-

i by ion of 1 BDNF-TrkB-ERK signaling in the dorsal
hum of the spinal cord. Pharmacol. Res. Perspect. 3, e00137. hitps://doi.org/10.
1002/prp2.137.

Khan, N., Kuo, A., Brockman, D.A., Cooper, M.A., Smith, M.T., 2018. Pharmacological
inhibition of the NLRP3 inflammasome as a potential target for multiple sclerosis
induced central neuropathic pain. Inflammopharmacology 26, 77-86. https://doi.
org/10.1007/510787-017-0401-9.

Kriszta, G., Nemes, B., Sindor, Z., A(s, P Komoly, S., Br.renre 7., Biilcskei, K., Pintér, E.,
2019. Investigation of Cupri: ed in mGFAP-driven condi-
tional transient receptor potential Ankyrin 1 (l'RPAI) receptor knockout mice. Cells
9, 81. https://doi. mg/lO 139[}/(9]119[)10081

L H., 2019. P with dil clinical courses of
multiple sc.lemsls, Front. Immunol. 9, 3116. https://doi.org/10.338%9/fimmu.2018.
03116.

Leary, 8.C, Hill, B.C., Lyons, C.N., Carlson, C.G., Michaud, D., Kraft, C.5., Ko, K., Glerum,
D.M., Moyes, C.1D., 2002. Chronic treatment with Azide in Situ leads to an irreversible
loss of cytochrome ¢ oxidase activity via holoenzyme dissociation. J. Biol. Chem. 277,
11321-11328. https://doi.org/10.1074/jbc.M112303200.

Livak, K.J., Schmittgen, T.D., 2001. Analysis of relative gene expression data using real-
time quantitative PCR and the 2-AACT method. Methods 25, 402-408. https://doi.
org/10.1006/meth.2001.1262,

Loeser, J.D., Treede, R.-D., 2008. The Kyoto protocol of IASP basic pain terminology. Pain
137, 473-477. https://doi.org/10.1016/].pain.2008.04.025.

Ma, M.W., Wang, J., Zhang, Q., Wang, R., Dhandapani, K.M., Vadlamudi, R.K., Brann,
D.W., 2017. NADPH oxidase in brain injury and neurodegenerative disorders. Mol.
Neurodegener. 12, 1-28. https://doi.org/10.1186/513024-017-0150-7.

Madsen, P.M., Motti, D,, Karmally, S., Szymkowski, D.E., Lambertsen, K L., Bethea, J.R.,
Brambilla, R., 2016. Oligodendroglial TNFR2 membrane TNF-dependent

jpainsy .2009.11.312.

Murphy, M.P., 2009. How mitochondria produce reactive oxygen species. Biochem. J.
417, 1-13, https://doi.org/10.1042/BJ20081386.

Musumeci, G., Grasselli, G., Rossi, S., De Chiara, V., Musella, A., Motta, C., Studer, V.,
Bernardi, G., Haji, N., Sepman, H., Fresegna, D., Maccarrone, M., Mandolesi, G.,
Centonze, 1., 2011. Transient receptor 1 vanilloid 1 ch ] dulate the
synaptic effects of TNF-a and of IL-1p in experimental autoimmune en-
cephalomyelitis. Neurobiol. Dis. 43, 669-677. https://doi.org/10.1016/j.nbd.2011.
05.018.

Nassini, R., Gees, M., Harrison, $_, De Siena, G., Materazzi, S., Moretto, N_, Failli, P., Preti,
D., Marchetti, N., Cavazzini, A., Mancini, F., Pedretti, P., Nilius, B., Patacchini, R.,
Geppetti, P., 2011. O in elicits ‘hanical and cold allody in rodents via
TRPA1 receptor stimulation. Pain 152, 1621-1631. hitps://doi.org/10.1016/].pain.
2011.02.051.

Nassini, R., Materazzi, 5., Benemei, 5., Geppetti, P., 2014. The TRPA1 channel in in-
flammatory and neuropathic pain and Migraine. Rev. Physiol. Biochem. Pharmacol.
1-43. https://doi.org/10.1007/112_2014_18.

Nilius, B., Szallasi, A., 2014, Transient receptor potential channels as drug targets: from
the science of basic research to the art of medicine. Pharmacol. Rev. 66, 676-814.
https://doi.org/10.1124,/pr.113.008268.

Ohsawa, K., Imai, Y., Sasaki, Y., Kohsaka, 5., 2004. Microglia/macrophage-specific pro-
tein Ibal binds to fimbrin and enhances its actin-bundling activity. J. Neurochem. 88,
844-856. https://doi.org/10.1046/j.1471-4159.2003.02213.x.

Olechowski, C.J., Truong, J.J., Kerr, B.J., 2009, Neumpal.h]c pain behaviours in a chronic-
relapsing model of experimental i itis (EAE). Pain 141,
156-164. https://doi.org/10.1016/.pain.2008.11.002.

Olechowski, C.J., Parmar, A., Miller, B., Stephan, J., Tenorio, G., Tran, K., Leighton, J.,
Kerr, B.J., 2010. A diminished to formalin I reveals a role for the
glutamate transporters in the altered pain sensitivity of mice with experimental au-
toimmune encephalomyelitis (EAE). Pain 149, 565-572. https://dol.org/10.1016/].
pain.2010.03.037.

Olechowski, C.J., Tenorio, G., Sauve, Y., Kerr, B.J., 2013. Changes in nociceptive sensi-
tivity and object recognition in experimental i hall litis (EAE).
Exp. Neurol. 241, 113-121. hitps://doi.org/10.1016/J IUROL.2012.12.012.

Olukman, M., Onal, A, Celenk, F., Uyamkgil, Y., Cavusoglu Diizenli, N., Ulker, S.,
2018. Treatment with NADPH oxidase inhibitor apocynin alleviates diabetic neuro-
pathic pain in rats. Neural Regen. Res. 13, 1657. htips://doi.org/10.4103/1673-
5374.232530.

Osterberg, A., Boivie, J., 2010. Central pain in multiple sclerosis - sensory abnormalities.
Eur. J. Pain 14, 104-110. https://doi.org/10.1016/].ejpain.2009.03.003.

Othman, A., Frim. D.M., Polak, P., Vujicic, S., Arnason, B.G.W., Anne, L, 2011. Oligl Is

1 in Human Olig drocytes During Maturation and Regeneration. 926.
PD. 914-926. https://doi.org/10.1002/glia.21163.

Paltser, G., Liu, X.J., Yantha, J., Winer, ., Tsui, H., Wu, P., Maezawa, Y., Cahill, L.S.,
Laliberté, C.L., Ramagopalan, 8.V., DeLuca, G.C., Dessa Sadovnick, A., Astsaturov, L,
Ebers, G.C., Mark Henkelman, R., Saltcl', M.W., Dosch H.M., 2013. TRPV] gates
tissue access and ins path ity in halitis. Mol. Med. 19,
149-159. https://doi.org/10.2119/molmed.2012.00329.

Peiris, M., Monteith, G.R., Roberts-Thomson, $.J., Cabot, P.J., 2007. A model of experi-
mental autoimmune encephalomyelitis (EAE) in C57BL/6 mice for the characterisa-
tion of intervention therapies. J. Neurosci. Methods 163, 245-254. https://doi.org/
10.1016/j.jneumeth.2007.03.013.

Pesr_hl P, Bradl M , Hoftberger, R., Berger, T.,

P

Reindl, M., 2017. Myelin oligodendrocyte

repair in experimental autoimmune encephalomyelitis by promoting oli; Irocyte
differentiation and remyelination. J. Neurosci. 36, 5128-5143. https://doi.org/10.
1523/JNEUROSCL.0211-16.2016.

Mahad, D.H., Trapp, B.D., L H., 2015. Pathological h in progressive
multiple sclerosis. Lancet Neurol. 14, 183-193. htips://doi.org/10.1016/51474-
4422(14)70256-X.

Makar, T.K., Gerzanich, V., Nimmagadda, V.K.C., Jain, R., Lam, K., Mubariz, F., Trisler,
D., Ivanova, 5., Woo, 5.K., Kwon, M.5., Bryan, J., Bever, C.T., Simard, J.M., 2015.
Sllencmg of Abce8 or inhibition of newly upregulated Surl-Trpm4 reduce in-

ion and disease ion in experimental autoimmune encephalomyelitis.
J. Neuroinflammation 12, 1-13. https://doi.org/10.1186/512974-015-0432-3.

Materazzi, 5., Fusi, C., Benemei, 5., Pedretti, P., Patacchini, R., Nilius, B., Prenen, J.,

Creminon, C., Geppetti, P., Nassini, R., 2012. I'RPAI and TRPV4 medmte pachtaxel—

induced peripheral pathy in mice via a gl hi itive
Pflugers Arch. - Fur. J. Physiol. 463, 561~ 569. https://doi.org/10.1007 /500424-011-
1071x.

Materazzi, S., i, §., Fusi, C., Gualdani, R., De Siena, G., Vastani, N., Andersson,
D.A., Trevisan, G., Moncelli, M.R., Wei, X., Dussor, G., Pollastro, F., Patacchini, R.,
Appendino, G., Geppetti, P., Nassini, R., 2013. Parthenolide inhibits nociception and
neurogenic vasodilatation in the trigemi ar system by targeting the TRPA1
channel. Pain 154, 2750-2758. https://doi.org/10.1016/j.pain.2013.08.002.

Mathey, G., Michaud, M., Pittion-Vouyovitch, S., Debouverie, M., 2018. Classification and

glycop! iphering a target in infl wy demyelinating d Front.
Immunaol. 8, 1-15. https://doi.org/10.3389/fimmu.2017.00529.

Rahn, E.J., lannitti, T., Donahue, R.R., Taylor, B.K., 2014, Sex differences in a mouse
model of multiple sclerosis: neuropathic pain behavior in females but not males and
protection from neurological deficits during proestrus. Biol. Sex Differ. 5, 4. hitps://
doi.org/10.1186/2042-6410-5-4.

Rasmussen, 5., Wang, Y., Kivisikk, P., Bronson, R.T., Meyer, M., Imitola, J., Khoury, 5.J.,
2007. Persistent activation of microglia is associated with neuronal dysfunction of
callosal projecting pathways and multiple sclerosis-like lesions in relapsing—remitting
experimental autoimmune encephalomyelitis. Brain 130, 2816-2829. https://doi.
0rg/10.1093/brain/awm219.

Rigo, F.K., Dalmaolin, G.D., Trevisan, G., Tonello, R., Silva, M.A., Rossato, M.F., Klafke,
J.Z., do Cordeiro, M.N,, Castro Junior, C.J., Montijo, D., Gomez, M.V., Ferreira, .I.,
2013. Effect of w-conotoxin MVIIA and Phalf on paclitaxel-induced acute and
chronic pain. Pharmacol. Biochem. Behav. 114-115, 16-22. https://doi.org/10.
1016/j.pbb.2013.10.014.

Saghy, £, Sipos, E, Acs, P., Béleskei, K., Pohéezky, K., Kemény, A., Sandor, Z., Széke, E.,
Sétild, G., Komoly, S., Pintér, E., 2016. TRPA1 deficiency is protective in cuprizone-
induced demyelination???A new target against oligodendrocyte apoptosis. Glia 64,
2166-2180. https://doi.org/10.1002/glia.23051.

Schattling, B., Steinbach, K., Thies, E., Kruse, M., Menigoz, A., Ufer, F., Flockerzi, V.,
Briick, W., Pongs, O., Vennekens, R., Kneussel, M., Freichel, M., Merkler, D., Friese,

56



D.P. Dalenogare, et al.

M.A., 2012, [‘RPM4 cation l:hannel mediates axonal and neuronal degeneration in
expenmgnlal litis and multiple sclerosis. Nat. Med. 18,
1805-1811. https://doi.org/10.1038/nm.3015.

So, K., Haraguchi, K., Asakura, K., Isami, K., Sakimoto, S., Shirakawa, H., Mori, Y.,
Nakagawa, T., Kaneko, 5., 2015. Involvement of TRPM2 in a wide range of in-
Nammatory and neuropathic pain mouse models. J. Pharmacol. Sci. 127, 237-243.
https://doi.org/10.1016/j,jphs.2014.10.003.

Solaro, C., Messmer Uccelli, M., 2011. Management of pain in multiple sclerosis: a
pharmacelogical approach. Nat. Rev. Neurol. 7, 519-527. https://dol.org/10.1038/
nrmeurol.2011.120.

Solaro, C., Brichetto, G., Battaglia, M.A., Messmer Uccelli, M., Mancardi, G.L., 2005.
Antiepileptic medications in multiple sclerosis: adverse effects in a three-year follow-
up study. Neurol. Sci. 25, 307-310. https://doi.org/10.1007/510072-004-0362-9,

‘Thompson, A.J., Baranzini, §.E., Geurts, J., Hemmer, B., Ciccarelli, 0., 2018. Multiple
selerosis. Lancet 391, 1622-1636. https://doi.org/10.1016/50140-6736(18)
30481-1.

“Tonello, R., Rigo, F., Gewehr, C., Trevisan, G., Pereira, E.M.R., Gomez, M.V, Ferreira, J.,
2014. Action of Phalf, a peptide from the venom of the spider Phoneutria ni-
griventer, on the analgesic and adverse effects caused by morphine in mice. J. Pain
15, 619-631. https://doi.org/10.1016/] jpain. 201 4.02.007.

Trevisan, G., Rossato, M.F., Walker, C.L.B., Klafke, J.Z., Rosa, F., Oliveira, .M., Tonello,
R., Guerra, G.P., Boligon, A.A., Zanon, R.B., Adlayde, M.L., Ferm:ra, J., 2012,
Identification of the plant steroid a-spi ol as a novel
vanilloid 1 antagonist with antinociceptive properties. J. Pharmacol. Fxp 111er 343,
258-269. https://doi.org/10.1124/jpet.112.195909.

Trevisan, G., Hoffmeister, C., Rossato, M.F., Oliveira, 5.M., Silva, M.A., Ineu, R.P., Guerra,
G.P., Materazzi, S., Fusi, C., Nassini, R., Geppetti, P., Ferreira, J., 2013a. Transient
receptor potential Ankyrin 1 mceptor stl.mulanon byhydmgcn peroxide is critical to
trigger pain during in rodents, Arthritis
Rheum. 65, 2984-2995. hrq:s.//dm.nrg/] 0.1002/art.38112.

“Trevisan, G., Materazzi, 5., Fusi, C., Altomare, A., Aldini, G., Lodovici, M., Patacchini, R.,

15

Experimental Neurology 328 (2020) 113241

Geppetti, P., Nassini, R., 2013h. Novel therapeutic strategy to prevent chemotherapy-
induced persistent sensory neuropathy by TRPA1 blockade. Cancer Res. 73,
3120-3131. https://doi.org/10.1158/0008-5472.CAN-12-4370.

Trevisan, G., Rossato, MLF_, Walker, C.LB., Oliveira, S.M., Rosa, F., Tonello, R., Silva, C.R.,
Machado, P., Boligon, AA., Martins, M.A.P., Zanatta, N., Bonacorso, H.G., Athayde,
M.L., Rubin, M.A., Calixto, J.B., Ferreira, J., 2013¢c. A novel, potent, oral active and
safe antinociceptive pyrazole targeting kappa opioid receptors. Neuropharmacology
73, 261-273. https://doi.org/10.1016/j.neuropharm.2013.06.011.

Trevisan, G., Benemei, 8., Materazzi, 5., De Logu, F., De Siena, G., Fusi, C., Fortes Rossato,
M., Coppi, E., Marone, LM., Ferreira, J., Geppetti, P., Nassini, R., 2016. TRPA1
mediates trigeminal neuropathic pain in mice downstream of monocytes/macro-
phages and oxidative stress. Brain 139, 1361-1377. https://doi.org/10.1093/brain/
aww038.

Truini, A., Galeotti, F., La Cesa, S., Di Rezze, S., Biasiotta, A., Di Stefano, G., Tinelli, E.,
Millefiorini, E., Gatti, A., Cruccu, G., 2012. Mechanisms of pain in multiple sclerosis:
a combined clinical and neurophysiological study. Pain 153, 2048-2054. https://doi.
org/10.1016/}.pain.2012.05.024.

Wang, L.-C., Chung, C.-Y., Liao, F., Chen, C.-C., Lee, C.-H., 2017. Peripheral sensory
neuron injury contributes to neuropathic pain in experimental autoimmune en-
cephalomyelitis. Sei. Rep. 7, 1-14. https://doi.org/10.1038/srep42304.

Weyer-Menkhoff, L, Ltsch, J., 2018. Human pharmacological approaches to TRP-ion-
channel-based analgesic drug development. Drug Discov. Today. https://dol.org/10.
1016/j.drudis.2018.06.020.

Woodruff, R.H., Franklin, R.J.M., 1999. Demyelination and yelination of the caudal
cerebellar peduncle of adult rats following ic injections of lysolecithin,
ethidium bromide, and ]! t/anti-gal broside: a tive study.

Glia 25, 216-228. https://doi.org/10.1002/(SICI)1098-1136(19990201)
25:3<216::AID-GLIA2 > 3.0.C0;2-L.

Zimmermann, M., 1983, Ethical guidelines for investigations of experimental pain in
conscious animals. Pain 16, 109-110. https://doi.org/10.1016/0304-3959(83)
90201-4.



4.2

ARTIGO 2

Research Paper

PAIN

Transient receptor potential ankyrin 1 mediates
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Abstract

headaches in patients with MS is poorly understood. We previously showed that the proalgesic transient receptor potential ankyrin 1
(TRPA1) mediates hind paw mechanical and cold allodynia in a relapsing-remitting experimental autoimmune encephalomyelitis (RR-
EAE) model in mice. Here, we investigated the development of periorbital mechanical allodynia (PMA) in RR-EAE, a halimark of
headache, and if TRPA1 contributed to this response. RR-EAE induction by injection of the myelin oligodendrocyte peptide fragmentss.
55 (MOGgs.55) and Quillaja A adjuvant (Quil A) in C57BL/6J female mice elicited a delayed and sustained PMA. The PMA at day 35 after
induction was reduced by the calcitonin gene-related peptide receptor antagonist (olcegepant) and the serotonin 5-HT1gp receptor
agonist (sumatriptan), 2 known antimigraine agents. Genetic deletion or pharmacological blockade of TRPA1 attenuated PMA
associated with RR-EAE. The levels of oxidative stress biomarkers (4-hydroxynonenal and hydrogen peroxide, known TRPA1
endogenous agonists) and superoxide dismutase and NADPH oxidase activities were increased in the trigeminal ganglion of RR-EAE
mice. Besides, the treatment with antioxidants (apocynin or a-lipoic acid) attenuated PMA. Thus, the results of this study indicate that
TRPA1, presumably activated by endogenous agonists, evokes PMA in a mouse model of relapsing-remitting MS.

Keywords: Headache, Sumatriptan, 4-Hydroxynonenal, Hydrogen peroxide, Calcitonin gene—related peptide, NADPH oxidase

Primary headache conditions are frequently associated with multiple sclerosis (MS), but the mechanism that triggers or worsg

1. Introduction

Multiple sclerosis (MS) is characterized by a chronic demyelinat-
ing and inflammatory process® that results in several debilitating
symptoms, including different types of pain.*”"" Several studies
have reported that primary headaches, such as migraine tension-
type headaches, are more frequent in patients with MS than in the
general population.®®#656 Besides, various studies demon-
strated a range from 4 to 61.8% of headaches in patients with
MS, although the MS mechanisms that result in headaches are
poorly known.*®
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The transient receptor potential ankyrin 1 (TRPA1) is a cationic
channel expressed in peripheral pain-detecting sensory neu-
rons.”*¥®%% Trangient receptor potential ankyrin 1 has emerged
as a specific target for several exogenous headache triggers, and
some pieces of evidence demonstrated that various antimigraine
medicines have an inhibitory action on TRPA1 channel activ-
ity, 37595354 Bagides, TRPAT is also a recognized sensor of the
redox state in the cellular environment®” because it is activated by
oxidative stress by-products, such as hydrogen peroxide
(H205),%* 4-hydroxynonenal (4-HNE),® and nitric oxide.®"

TRPA1 activation in primary sensory neurons also evokes the
peripheral release of the calcitonin gene-related peptide (CGRP),
and this neuropeptide is the primary mediator of migraine
headache.* Galcitonin gene—related peptide subcutaneous
injection in the mouse periorbital area or rat trigeminal ganglion
(intraganglionar) elicited prolonged periorbital mechanical allody-
nia (PMA).*** It was also reported that CGRP released from
periorbital trigeminal terminals caused PMA because of the gating
of TRPA1 by the promigraine agent, glyceryl trinitrate, in cell
bodies of trigeminal neurons.*®

Facial mechanical allodynia (whisker pad and periorbital region)
was detected in a mouse model of progressive MS induced by
immunization with the MOGzs_s5 antigen and complete Freund
adjuvant (CFA).'®"®'° Besides, we recently showed that TRPA1
mediates plantar mechanical and cold allodynia in a mouse
model of RR-EAE induced by the immunization with MOGas_s5
and Quil A.'® However, until now, no study has evaluated the
development of PMA in a RR-EAE model or evaluated the
mechanisms involved in this nociceptive behavior.
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The aim of this study was 2-fold. First, we explored whether the
mouse model of RR-EAE induced by the immunization with
MOGgs 55 and Quil A caused PMA and whether classical
antimigraine agents could inhibit this nociceptive response.
Second, we investigated whether oxidative stress and TRPA1
were implicated in RR-EAE-induced PMA. Hence, our results
indicate that mice developed PMA after RR-EAE induction and
antimigraine drugs reduced the periorbital nociception. Further-
more, pharmacological and genetic approaches to reduce
TRPA1 activation are able to reduce PMA in this model. Thus,
TRPA1 channel seems to be activated by endogenous agonists
to cause periorbital nociception after RR-EAE induction.

2. Materials and methods

2.1. Animals

The following mouse strains were used: C57BL/6J, littermate
wild-type (Trpa1™'*), and TRPA1-deficient (Trpal ") (KWAN
etal., 2006) (female, 20-30 g, 4-6 weeks). Women present a high
prevalence of developing RRMS™?; thus, the RR-EAE model was
optimized in female C57BL/6J.%" All the animals (5 per cage) were
maintained in controlled temperatures (22 + 2°C) and bred in-
house with a 12-h light-dark cycle (ights on from 7:00 am to 7:00
PM) and were accommodated with wood shaving bedding and
nesting material. Tap water and laboratory standard animal food
(Puro Lab 22 PB pellet form, Puro Trato, Rio Grande do Sul,
Brazil, and Charles River, Milan, Italy) were provided ad libitum.
The animals were moved and acclimatized to the experiment
room for at least 1 hour before each procedure. Experiments
were performed according to the ethical guidelines to investigate
pain in conscious animals (ZIMMERMANN, 1983), and the
Institutional Committee for Animal Care and Use of the Federal
University of Santa Maria (protocols #8640200617/2017 and
#6412121218/2018) and the Italian Ministry of Health (protocol
#1194/2015-PR) approved the experimental procedures. Be-
havioral studies followed the Animal Research Reporting In Vivo
Experiments (ARRIVE) guidelines (MCGRATH; LILLEY, 2015). All
experiments were performed by an operator blinded to drug
administration and genotype. Besides, more information about
the experimental protocols is provided in Figure 1 Supplemen-
tary. The protocols described in Supplementary Fig 1 (A and B,
available at http://links.lww.com/PAIN/B525) were performed
only for this study. Besides the protocols described in Supple-
mentary Fig 1(C) (available at http:/links.lww.com/PAIN/B525),
the results for mechanical and cold allodynia in the paw were
previously published. '® The total sample size for each experiment
set was calculated by GPower 3.1 software. The GPower 3.1
software defined a sample size of n = 8 animals per group. This
calculation agrees with other articles published in the pain
research and studies using the EAE model, '-'%:30.60.61.63

2.2. Reagents

If not otherwise indicated, all reagents were from Merck Life
Science SRL (St. Louis, MO). Mouse myelin oligodendrocyte
glycoprotein (MOGas s5) was synthesized by EZBiolab (Car-
mel, CA).

2.3. Relapsing-remitting experimental autoimmune
encephalomyelitis mouse model

A mouse model of RR-EAE was performed by the subcutaneous
injection of a mixed solution of MOG3s_s5 antigen (200 pg) and
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Figure 1. Mice developed periorbital mechanical allodynia (PMA) after
relapsing-remitting experimental autoimmune encephalomyelitis (RR-EAE)
induction, and sumatriptan or olcegepant administration showed an anti-
allodynic effect. (A) PMA was detected on days 21 to 35 after RR-EAE
induction. The vehicle group received isotonic saline 0.9% i.g. (sumatriptan) or
dimethy! sulfoxide (DMSO) 1% in isotonic saline 0.9% i.p. (olcegepant). The
treatment with (B) sumatriptan (0.6 mg/kg, intragastric, i.g.) and (C) olcegepant
(1 ma/kg, intraperitoneal, i.p.) or vehicle (4% DMSO plus 4% Tween 80 in
isotonic saline 0.9%.) was given on day 35 postinduction (p.i., time 0) of the
RR-EAE model. Baseline measurements (described as BL in the graph) were
observed before induction. Data are expressed as mean + SEM. (n = 8) for
graphs B or C. *P < 0.05 when compared with the control group or baseline
(BL) values; and #P < 0.05 when compared with RR-EAE vehicle-treated
group [two-way ANOVA, followed by the Bonferroni post hoc test]. ANOVA,
analysis of variance.
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Quil A (45 pg) in phosphate-buffered saline solution (100
pl).'52%3" The mixture, containing MOGgs.ss and Quil A, was
injected in 2 equal amounts (50 pl) into both flanks on day 0. On
day 0 and 48 hours (day 2) postinduction (p.)), mice received
pertussis toxin (250 ng) diluted in phosphate-buffered saline (1
ng/ul) by intraperitoneal (i.p.) injection. Control mice only
received equal doses of Quil A and pertussis toxin, 291

2.4. Assessment of relapsing-remitting experimental
autoimmune encephalomyelitis clinical signs

The assessment of the RR-EAE clinical signs in immunized mice and
the control group was performed once a week over an experimental
period of 35 days in a randomized, blinded manner using the clinical
disease scoring paradigm. The score was assessed according to the
following scale: 0, normal behavior; 0.5, impness of the distal tail
region and hunched appearance; 1, completely limp tail or developing
weakness in the hind limbs; 1.5, limp tail and distinct hind limbs
weakness recognized by unsteady gait and poor grip of hind limbs
while hanging on cage underside; 2, limp tail with unilateral partial hind
limb paralysis; 2.5, limp tail and partial paralysis of bilateral hind imbs;
3, complete paralysis of bilateral hind limbs; 3.5, complete bilateral
hind limbs paralysis and unilateral forelimb paralysis; and 4,
quadriplegia. Clinical scores = 0.5 were indicative of no disease or
disease remission,®' and if clinical scores were > 1.5, animals were
excluded from the study. Besides, if an animal showed a weight loss
of 20 to 30% of the initial weight, the animal was excluded from the
experiments. Mice were monitored weekly after RR-EAE post-
induction for the assessment of the RR-EAE clinical signs and weight.

2.5. Behavioral studies
2.5.1. Rotarod test

Mice were trained on the rotarod apparatus 1 day before
induction. Mice were individually placed on the rotarod apparatus
(fixed speed 16 rmp and 180 seconds), and the latency to the first
fall was recorded. This session was repeated 2 times. The
rotarod test was performed on days 7, 14, 21, 28, and 35 p.i. of
RR-EAE. Animals that failed to stay 180 seconds in the rotarcd
were removed from the study.®"*° All mice developed the RR-
EAE clinical scores without significant weight loss or reduction of
locomotor function or coordination, and no animals were
excluded from the study, as reported in previous studies. ">

2.5.2. Periorbital mechanical allodynia

The periorbital mechanical threshold was evaluated using an up-
and-down paradigm.'>®® Mice were individually placed in a
restrained apparatus designed for the evaluation of the periorbital
mechanical threshold. One day before the first behavioral
observation, mice were habituated to the apparatus. On the day
of the experiment, after 60 minutes of adaptation inside the
chamber, a series of von Frey filaments in logarithmic increments of
force (0.008, 0.02, 0.04, 0.07, 0.16, 0.4, and 0.6 g) were applied to
the periorbital area perpendicular to the skin, with sufficient force to
cause slight buckling, and held for approximately 5 seconds to elicit
a positive response. The response was considered positive by the
following criteria: mouse vigorously stroking its face with the
forepaw, head withdrawal from the stimulus, or head shaking. The
test was initiated with the 0.07 gfilament. The absence of response
after 5 seconds led to the use of a filament with increased force,
whereas a positive response led to the use of a weaker filament. Six
measurements were collected for each mouse or untl 4
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consecutive positive or negative responses occurred. The
periorbital mechanical withdrawal threshold (expressed in g) was
then calculated from the resulting scores.!”

2.6. Treatment protocols

At day 35, induced and control mice received TRPAT antagonists,
HC-030031, A-967079,>1°8388  metamizole ,or propyphena-
zone”*®; the antioxidants, a-lipoic acid or apocynin'®**% (all, 100
mg/kg); sumatiptan'™?® (0.6 mg/kg); or their vehicles (dimethyl
sulfexide, DMSO 1%, in isotonic saline 0.9%) by oral gavage
(intragastric, i.g., 10 mL/kg). Olcegepant (1 mg/kg)™ or its vehicle (4%
DMSO plus 4% Tween 80 in isotonic saline 0.9%) was administered
byi.p. injection (10 mL/kg). PMA was evaluated from 1 to 3 hours after
vehicle or compound administration because no compound showed
an antinociceptive effect 3 hours after injection.

2.7. Determination of oxidative biomarkers

On day 35, after RR-EAE induction or control, mice were killed,
and the trigeminal ganglion and brainstem were dissected. The
samples were homogenized in Tris-HCI buffer (50 mM, pH 7.4)
and centrifuged at 3000 rpm for 10 minutes at 4°C to determine
oxidative stress biomarkers.

2.7.1. Four-hydroxynonenal and H-0; levels determination

According to the manufacturer’s protocol, the content of 4-HNE
was analyzed using an OxiSelect HNE Adduct Competitive Flisa
Kit (Cell Biolabs, Inc, San Diego, CA).'® The levels of 4-HNE were
expressed in the percentage of 4-HNE when compared with the
control group.

The levels of HeO, were determined using the phenal red-
horseradish peroxidase (HRPO) method.? In brief, 25 mM of
sodium azide was added to supernatants to inhibit the cytochrome
¢ oxidase enzyme present in samples.® The homogenate-
containing sodium azide was centrifuged at 12.000 xg for 20
minutes at 4°C. A mixture containing supernatant, 25 wL of phenol
red (100 mg/mL), and 5 L of HRPO (50 mg/mL) was incubated in
the dark for 10 minutes at 25°C. The reaction was stopped by
adding NaOH (1 M, 20 ul). The absorbance of the enzymatic
reaction was read at 610 nm using a SpectraMax i3 Platform
(Molecular Devices, LLC, San Diego, CA) microplate reader. HO»
levels were expressed as nanomoles (nmol H,O5) per mg protein
compared with a standard H,O. sample.

2.7.2. Superoxide dismutase and nicotinamide adenine
dinucleotide phosphate oxidase oxidase activity evaluation

To analyze the SOD activity, samples were incubated for 2
minutes with adrenaline and glycine buffer at 30°C, and the
absorbance was measured at 480 nm.® The reaction was read in
a microkinetic reader (Fisher Biotech, Waltham, MA; BT, 2000).
The values of SOD activity were reported as U/mL of the
sample.”®® The activity of NADPH oxidase was observed in
samples using an appropriate assay kit (CY0100, cytochrome ¢
reductase, NADPH Sigma-Aldrich, Milan, Ktaly). The NADPH
oxidase activity was expressed as U/mL/mg of tissue.

2.8. Quantitative real-time polymerase chain reaction

RBNA was purified from ftrigeminal ganglion and brainstem.
According to the manufacturer's protocol, the standard TRIzol
extraction method was used together with an RNeasy Mini Kit

60

Copyright © 2021 by the International Association for the Study of Pain. Unauthorized reproduction of this article is prohibited.



4 D.P. Dalenogare et al. » 00 (2021) 1-10

(QIAGEN, 74108). RNA concentration and purity were assessed
spectrophotometrically by measuring the absorbance at 280 nm.
The RNA was then reverse transcribed using a SuperScript IV
One-Step RT-PCR System (Thermo Fisher Scientific, Waltham,
MA; 12595025) according to the manufacturer’s protocol. For
relative quantification of mRNA compared with the housekeeping
gene, real-time PCR was conducted using Rotor-Gene Q
(Qiagen, Germantown, MD). The sets of mouse primers were
as presented in Table 1.

2.9. Statistical analysis

Data were expressed as mean + SEM and analyzed statistically
by the parametric and nonparametric Student ¢ test, 1-way or 2-
way analysis of variance according to the experimental protocal,
followed by the posttest Bonferroni when needed. The maximal
inhibition (lmax) was calculated using the following formula: 100 x
(h posttreatment — basal postinduction mean)/(basal preinduc-
tion mean — basal postinduction mean). The individual values
were inserted as column statistics in Prism GraphPad and
calculated the mean of these values. To meet parametric
assumptions, data of mechanical threshold scores were log-
transformed before analyses. Differences between groups were
considered significant when P values were less than 0.05 (P <
0.05), using the GraphPad Prism 5.0 program.

3. Results

3.1. Periorbital mechanical allodynia evoked by
relapsing-remitting experimental autoimmune
encephalomyelitis was reduced by sumatriptan and
olcegepant administration

Administration of MOGgs_s5 and Quil A elicited an increase in clinical
scores that started at day 14 and peaked at day 35 (supplementary
Fig. 2A, available at http:/links.lww.com/PAIN/B525), indicating the
onset of RR-EAE. However, no changes in locomotor activity
(supplementary Fig. 2B, available at hitp:/inks.ww.com/PAIN/
B525) or body weight (supplementary Fig. 2C, available at http://
links.lmw.com/PAIN/B525) between RR-EAE and the control group
were detected during the 35 days of observation.

Relapsing-remitting experimental autoimmune encephalomy-
elitis mice developed a time-dependent increase in PMA from day
21 to 35 p.i. (Fig. 1A). At day 35 after immunization, treatment
with the CGRP receptor antagonist, olcegepant (1 mg/kg, i.p.),"®
or the serotonin 5-HT1g,p receptor agonist, sumatriptan (0.6 mg/
kg, i.g.),"" which have shown efficacy in the acute treatment of
headache migraine attacks,®**°° produced a reduction (maxi-
mum inhibition was 91% and 73% for olcegepant and suma-
triptan, respectively) of PMA, without affecting the mechanical
threshold of control mice (Fig. 1B and C).

3.2. Transient receptor potential ankyrin 1 genetic deletion
and pharmacological inhibition decreased periorbital

PAIN®

mechanical allodynia in relapsing-remitting experimental
autoimmune encephalomyelitis mice

At day 35 after immunization, 2 chemically unrelated selective TRPA1
antagonists, HG-030031 (100 mg/kg, i.g.) and A-967079 (100 mg/kg,
i.g.), diminished PMA (Fig. 2A and B). HC-030031 and A-967079
reduced PMA from 1 to 2 hours after i.g. administration, and the
meaximum inhibition of PMA produced by HC-030031 and A-967079
was 73% and 80%, respectively (Fig. 2A and 2B). Similar inhibition
was produced by 2 analgesic drugs that have been recently identified
as TRPA1 antagoﬂists.52 metamizole (100 mg/kg, i.9.) and propy-
phenazone (100 mg/kg, i.g) (Fig. 2B and C), which induced a
maximum inhibition of 89% and 100% of PMA induction, respectively.

3.3. Transient receptor potential ankyrin 1 genetic deletion
impairs periorbital mechanical allodynia development in
relapsing-remitting experimental autoimmune
encephalomyelitis mice

Further and conclusive proof of the role of TRPAT in the mouse
model of RR-EAE was obtained with mice with genetic deletion of
the channel. Immunization with MOGgs_ss and Quil A adjuvant of
female Trpa1*+ mice produced a PMA similar to that obtained in
C57BL/6, which started at day 21 and was maintained until day
35 (Fig. 3A). By contrast, Trpa?" ~ mice did not develop PMA
(Fig. 3A). The TRPA1-dependent PMA did not parallel an
increase in TRPA1 mRNA expression in the peripheral (trigeminal
ganglion) or central nervous system tissue (brainstem) (Fig. 3B).

3.4. Oxidative stress mediates periorbital mechanical
allodynia in relapsing-remitting experimental autoimmune
encephalomyelitis-induced mice

The TRPA1 channel is an oxidative stress sensor activated by an
extensive series of reactive oxygen, nitrogen, and carbonyl
species, including H,0, and 4-HNE.*® The RR-EAE model
induction enhanced the 4-HNE and H»O levels (Figs. 4A and B)
and the activities of 2 ROS-catalyzing enzymes, NADPH oxidase
and SOD (Fig. 4C and 4D), in the trigeminal ganglion. Changes of
4-HNE and H.0; levels or NADPH oxidase and SOD activities
were confined to the peripheral neurons as the 4 parameters were
not different in the brainstem of immunized mice compared with
control mice (Fig. 4E-G).

3.5. Treatment with a-lipoic acid and apocynin reduced
periorbital mechanical allodynia in the relapsing-remitting
experimental autoimmune encephalomyelitis-induced mice

Systemic (.g) administration of 2 different antioxidants, a-lipoic
acid and apocynin (all, 100 mg/kg), induced a (from 1 to 2 hours
after administration) reduction of PMA in mice with RR-EAE (Fig.
5A and B). The 2 antioxidants did not produce any change in the
mechanical threshold compared with contral mice (Fig. 5B).
Maximum inhibition of PMA was 82% and 67% for a-lipoic and
apocynin, respectively (Fig. 5B). Thus, we hypothesized that

List of forward and reverse primers used in reverse transcription-qualitative polymerase chain reaction assays and their

respective sequences (5'-3').

Gene Sequence forward (5'-3') Sequence reverse (5'-3') Accession number
Trpal GCAGGTGGAACTTCATACCAACT CACTTTGCGTAAGTACCAGAGTGG NM_ 177,781
Acth CATTGCTGAC AGGATGCAGAAGG TGCTGGAAGGTGGACAGT GAGG NM_007,393

TRPA, transient receptor potential ankyrin 1.
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Figure 2. Selective and nonselective TRPA1 antagonists reduced periorbital mechanical allodynia (PMA) caused by a model of relapsing-remitting
experimental autoimmune encephalomyelitis (RR-EAE) induction in mice. Selective TRPA1 antagonists (A) HC-030031 or (B) A-967079 and nonselective
TRPA1 antagonists, (C) metamizole or (D) propyphenazone (all 100 mg/kg, intragastric, i.g.), were administered on day 35 postinduction (p.i., time 0) of the
RR-EAE model. Baseline measurements (described as BL in the graph) were observed before induction. The vehicle group received dimethyl sulfoxide
(DMS0) 1% in isotonic saline 0.9% by i.ginjection. Data are expressed as mean + SEM. (n = 8). * P < 0.05 when compared with the group or baseline values;
#P <2 0.05 when compared with the RR-EAE vehicle-treated group [two-way ANOVA, followed by the Bonferroni post hoc test]. ANOVA, analysis of variance;

TRPA1, transient receptor potential ankyrin 1.

oxidative stress targeting of TRPA1 in trigeminal ganglion neurons
is implicated in PMA evoked by RR-EAE in mice.

4. Discussion

Headache, a common symptom in the initial phases of MS,?® has
been associated with demyelinating lesions in the central nervous
system.*” Despite the high prevalence and deterioration of
primary headaches in patients with MS,*®*""" the mechanisms
underlying MS-associated headaches are poorly understood. We
previously reported that in a model of RR-EAE, mice developed
hind paw mechanical and cold allodynia.’® Here, in the same
model, we showed for the first time the development of a delayed
and sustained PMA. Allodynia in the periorbital and other
cutaneous areas is considered a halmark of headache in
migraine attacks.?®? Recently, using a different model of EAE
(progressive EAE), which reproduces a progressive multiple
sclerosis model, we detected the role of TRPA1 in periorbital

nociception. '® Thus, the present finding might be considered the
first optimizing model of headache-related cephalic allodynia
associated with a RR-EAE model.

Sumatriptan, a mainstay in the acute treatment of migraine
attacks,®*® has been found to reduce periorbital nociceptive
behaviors in different mouse headache-like models in mice.?*2¢
Currently, to treat headache in humans, only sumatriptan,®”
metamizole,”? and propyphenazone®® are used by oral
route.'>*#2 Usually, the antimigraine pharmacotherapy pre-
sents a short effect, approximately 4 hours after administration.®
In humans, sumatriptan half-time is around 2 hours and has a
concentration peak of 45 minutes after oral intake.**%® In
addition, in the umbellulone migraine-like model in mice, the
sumatriptan showed an antinociceptive effect that lasted 4 hours
after i.g. treatment for PMA reduction.®® Olcegepant was
discontinued in clinical trials because of problems in oral
formulation development®™ and is used as a CGRP antagonist
in headache and migraine-like rodent models by i.p. injection for
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Figure 3. TRPA1 genetic deletion reduced periorbital mechanical allodynia
(PMA) in relapsing-remitting experimental autoimmune encephalomyelitis
(RR-EAE) in mice. (A) PMA in TRPA1 knockout mice (Trpa /) was abolished
in RR-EAE-induced mice on day 35 postinduction (p.i), and Troa1 " showed
nociception after 21 to 35 days of induction. Baseline measurements
(described as BL in the graph) were observed before induction. (B) No
alteration in TrpaT mRBNA levels in control and RR-EAE mice was detected in
trigeminal ganglion and brainstem samples. Data are expressed as mean +
SEM. (von Frey test n = 6; gRT-PCR n=4-7). For von Frey test, *P < 0.05 when
compared with the group or baseline values; #P < 0.05 when compared with
the RR-FAE wild-type group [two-way ANOVA, followed by the Bonferroni
post hoc test (A)]. For gRT-PCR, P = 0.05 when compared with the control
group [nonparamelric Student 1 test (B and CJ]. ANOVA, analysis of variance;
TRPA1, transient receptor potential ankyrin 1.

Brainstem

physiopathology investigations. In humans, the hali-time of
olcegepant is 2.5 hours after intravenous administration.”® In
other studies, using experimental models in rodents, the
antinociceptive effect of olcegepant was around 3 to 4 h after
i.p. injection.3>*4

The validity of the present RR-EAE as a headache-related
cephalic allodynia model was further strengthened by the efficacy
in reducing PMA of the serotonin 5-HTgp receptor agonist,
sumatriptan. Here, it was observed that an antinociceptive effect
of sumatriptan lasted 2 hours after i.g. administration. Further-
more, olcegepant, a CGRP receptor antagonist reduced PMA in
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the present model of RR-EAE during 2 hours after i.p.
administration. This CGRP antagonist has shown beneficial
effects in relieving the pain of the migraine attack'®"® and
afttenuating allodynia in different migraine models in ro-
dent.®***49 A large body of evidence reports the implication of
TRPAT1 in rodent models of trigeminal pain and migraine. The
facial allodynia that follows constriction of the infraorbital nerve
was attenuated by TRPA1 antagonism or genetic deletion.®®
PMA evoked by dural application or inhalation of the prohead-
ache volatile compound, umbellulone,”?""** and systemic
exposure to the promigraine drug, glyceryl trinitrate,*® were also
reduced by genetic and pharmacological inhibition of the TRPA1
channel. However, glyceryl trinitrate may also cause facial
nociception by perivascular target activation (endothelium, mast
cells, and leukocytes),®! Nrf-2 modulation,’® and protease-
activated receptor 2 activation® mechanisms. In addition,
umbellulone-induced PMA was prevented by other compaounds,
including propranolol (a beta-blocker) and nor-binaltorphimine (a
kappa opioid receptor antagonist).*

Metamizole and propyphenazone are atypical nonsteroidal
anti-inflammatory drugs because their analgesic effect dissoci-
ates from their anti-inflammatory action.'**5 The notion that
metamizole is one of the commonest analgesics used for acute
migraine treatment and the recent identification of metamizole
and propyphenazone as TRPA1 a.ntaugc'nisls52 support the
channel role in allodynia associated with RR-EAE. Our present
data showing attenuated PMA in mice treated with a variety of
TRPA1 antagonists (for 2 hours after i.g. injection) or in mice with
genetic TRPA1 channel deletion indicate the crucial role of this
receptor in PMA evoked by the RR-EAE model.

In clinical research, 4-methylamino-antipyrine, the main meta-
mizole metabolite, showed a half-time of 2.6 to 3.5 hours,* and for
propyphenazone, a half-time of approximately 2.8 hours was
described,” both after oral administration. Metamizole and
propyphenazone were recently discovered as nonselective TRPA1
antagonists that showed an antinociceptive effect until 1 hour after
i.g. administration in mice in this study.52 The selective TRPA1
antagonists are used only in experimental investigation, and a half-life
around 30 minutes for HC-030031 and a distribution half-life of 1.8
hours for A-967079 were observed in rats.®? The antinociceptive
effect of HC-030031 and A-967079 (same dose used in our study)
was 1 to 2 hours when administered in micein other pain models. "%
Furthermore, in mechanical and cold allodynia tests performed after
a neuropathic pain model induced by RR-EAE or PMS-EAE, the
TRPA1 antagonists showed an antinociceptive effect during 1 and 2
hours after their administration, '°6%

Transient receptor potential ankyrin 1 is gated by an un-
precedented series of endogenous agents generated under
inflammatory circumstances and oxidative stress.®® NADPH
oxidase activity is found in neurons, astrocytes, and microglia,®
and SOD, whose activity is associated with TRPA1 stimulation,
are critical enzymes in the oxidative stress pathway and ROS
generation. The a-lipoic acid pharmacokinetic profile showed a
half-life of 2 hours,”® and for apocynin, the half-time was
approximately 6 hours,”® both by intragastric route in rats.
However, the antinociceptive effect of the w-lipoic acid and
apocynin was previously detected for 1 and 2 hours in these RR-
EAE and PMS-EAE models.'*%* Moreover, the antinociceptive
action in mice for these antioxidant compounds was detected for
1 and 2 hours after i.g. administration in mice."*% The
observation that activities of 2 key enzymes for oxidative stress
modulation, SOD and NADPH oxidase, were increased in the
trigeminal ganglion and 2 antioxidants, apocynin and a-lipoic
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Figure 4, TRPA1 endogenous agonist production, NADPH oxidase, and superoxide dismutase (SOD) activities were increased in the trigeminal ganglion of
relapsing-remitting experimental autoimmune encephalomyelitis (RR-EAE)-induced mice. Measurement of (A) 4-hydroxynonenal (4-HNE) and (B) hydrogen
peroxide (Hz05) levels, (C) NADPH oxidase, and (D) SOD activity in trigeminal ganglion samples 35 days after RR-EAE mice induction. Measurement of (E) 4-HNE,
(F) Ha0z levels, (G) NADPH oxidase, and (H) SOD activity in brainstem samples 35 days after RR-EAE mice induction. Data are expressed as mean + SEM. (n = 5-
6). *P < 0.05 when compared with the control group [nonparametric Student { test (A, B, E, and F)and parametric Student { test (C, D, G, and H)]. TRPA1, transient

receplor potential ankyrin 1.

acid, attenuated PMA associated with RR-EAE suggests that
activation of TRPA1 channel by oxidative stress sustains PMA.

TRPA1 isimplicated in nociception induction in different models of
periorbital pain in mice.”****¢® Here, we found an increase of SOD
and NADPH activity and 4-HNE and H.O» levels in the trigeminal
ganglion of RR-EAE-induced mice compared with the control
group, and no alteration in brainstem samples was found for these
oxidative markers. Thus, our results showed the hypothesis that
TRPAT1 activation in trigeminal ganglion by oxidative agonists
maintains PMA in this model of RR-EAE, differently from the result
obtained previously for the spinal cord and induction of mechanical
and cold allodynia in the hind paw.'® Similarly, in a previous study,
glyceryl trinitrate ip. injection failed to increase 4-HNE in the
brainstem but increased the levels of this TRPA1 endogenous
compounds in the trigeminal ganglion.*® Moreover, in a model of
EAE in mice, no alteration in microglial activation in the spinal
trigeminal nucleus has been found, but an increase in this
neuroinflammatory parameter in the dorsal hom spinal cord has
been shown, although it has been described as facial and hind paw
mechanical allodynia. However, the study described immune cell
infiltration in trigeminal ganglion after EAE induction in mice.'® Thus,
the neuroinflammation caused by EAE could be different in the
brainstem and spinal cord areas. The TRPA1 is expressed in the
brainstem, specifically in the astrocytes and neurons of the
superficial laminae of the trigeminal caudal nucleus (Vc) in rats™*°
and also in the trigeminal ganglion in mice and rats.***? Besides,
trigeminal ganglion neuron cell bodies that mediate PMA in this RR-
EAE model could be included in meningeal nociceptors. This class of
sensory neurons contributes to the periorbital sensitization to
different inflammatory mediators and TRPA1 agonists.”!**! 496674
However, more investigation is necessary to elucidate other specific
brainstem areas which could be involved in the TRPA1 mediates
headache-related cephalic allodynia in this RR-EAE model.

It was also reported that CGRP released from periorbital
trigeminal terminals caused PMA because of the gating of
TRPA1 by the promigraine agent, glyceryl trinitrate, in tri-
geminal neuron cell bodies.*® Nevertheless, the TRPAT1

channel contribution in endogenous pathways implicated in
rodent models of headache-related cephalic allodynia is
unknown. Here, for the first time, we show that TRPA1,
presumably activated by oxidative stress associated with RR-
EAE, is crucial for sustaining PMA. These results are in
accordance with our previous study showing that TRPA1 is
also involved in periorbital allodynia caused by a PMS-EAE
model in mice.'® Whether this mechanism is implicated in the
de novo onset or worsening of a preexisting primary headache
in patients with MS will be the object of future studies.
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(A} Curve of periorbital nociception test in wild-type or TRPA1 knockout mice.
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Fig 1 Supplementary. Experimental timelines. (A) Timeline curve of periorbital
mechanical allodynia in wild-type (n=8) and TRPA1 knockout mice (n=6). (B) Timeline of
periorbital mechanical allodynia test and sumatriptan, olcegepant, metamizole or
propyphenazone treatments (n=8). (C) Nociception tests (von Frey and acetone in paw
area, or von Frey test in periorbital area) and HC-030031, A-967079, a-lipoic acid or

apocynin treatments (n=8).
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Fig. 2 Supplementary. The relapsing-remitting experimental autoimmune

encephalomyelitis (RR-EAE) caused clinical score changes without inducing locomotor

or bodyweight alteration. (A) Measurement of clinical score, (B) latency time for fall
measured by rotarod test, and (C) weight of animals for 7 to 35 days post-induction (p.i.)
of RR-EAE induced mice. Data are expressed as mean £+ S.E.M. (n = 8). * P <0.05, when
compared to the control group or baseline values [Two-way ANOVA followed by
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ABSTRACT

Neuroinflammation is considered the underlying mechanism of neuropathic pain
associated with multiple sclerosis (MS). Transient receptor potential ankyrin 1 (TRPA1)
activation has been implicated in neuropathic pain-like symptoms in two different
experimental autoimmune encephalomyelitis (EAE) mice model. However, it is unknown
whether TRPA1 is solely implicated in EAE pain-signaling or contributes to
neuroinflammation. Here, we evaluated the role of TRPA1 in neuroinflammation
underlying pain-like symtoms in two different models of EAE. Using the antigen myelin
oligodendrocyte glycoproteinas.ss (MOGas.ss), C57BL/6J, Trpa1** or Trpa1” female mice
developed relapsing-remitting (RRMS) (MOGasss plus Quil A adjuvant) or progressive
multiple sclerosis (PMS) (MOGss.55 plus complete Freund's adjuvant) EAE. Mechanical
and cold allodynia detected in RR-EAE or PMS-EAE Trpa7** mice were not observed
in Trpa7”-mice. The increased number of cells labeled for ionized calcium-binding
adapter molecule 1 (Iba1) or glial fibrillary acidic protein (GFAP), two neuroinflammatory
markers in the spinal cord observed in both RR-EAE or PMS-EAE Trpa7** mice was
reduced in Trpa7” mice. By Olig2 marker and luxol fast blue staining it was observed
prevention of demyelinating process in TRPA1 knockout induced mice. However, TRPA1
deletion did not reduce the clinical scores in both models, present results indicate that the
proalgesic role of TRPA1 in both EAE mouse models is primarly mediated by its ability to
promote spinal neurcinflammation, and further strengthen the channel inhibition to treat

the pain symptoms of MS.

Keywords: ionized calcium-binding adapter molecule 1; multiple sclerosis; glial fibrillary

acidic protein; ion channel; pain.
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1 INTRODUCTION

Multiple sclerosis (MS), an autoimmune disease associated with extensive
inflammatory and demyelinating processes in the brain and spinal cord !, is classified
into three subtypes: relapsing-remitting MS (RRMS), primary progressive MS (PPMS),
and secondary progressive MS (SPMS) 2. RRMS (85% of the diagnosis) is characterized
by neurological dysfunction and partial recovery periods >. Progressive MS subtypes are
characterized by intense neurodegenerative processes, resulting in a progressive
worsening of physiological functions. Mouse models that recapitulate RRMS and PMS
encompass experimental autoimmune encephalomyelitis (EAE) evoked by Quil A
adjuvant (RR-EAE) or complete Freund’s adjuvant (PMS-EAE) in animals treated with
antigen myelin oligodendrocyte glycoproteinss-ss (MOGas s5). Although pain is one of the
major disabilitating symptoms of MS its underlying mechanism remains poorly
understood. In particular, the implication of inflammatory process in MS pain symtoms
continues not completely investigated.

The transient receptor potential ankyrin 1 (TRPA1) is a cation channel activated
by irritant compounds, including the prototypic, allyl isothiocyanate (AITC) and by a large
series of reactive endogenous agonists, as hydrogen peroxide (H202) and 4-
hydroxynonenal (4-HNE) . The original identification of TRPA1 in an heterogenous
subpopulation primary sensory neurons, mostly colocalized with TRP vanilloid 1 (TRPV1)
has driven research on the channel role to signal pain from the peripheral nervous system
to the brain ’.

TRPA1 is expressed in central and peripheral glial cells ®° such as astrocytes ™
oligodendrocytes "' and Schwann cells '?, being associated to ischemia related neural
damage ' or chronic allodynia . The activation of inflammatory cells of the central
nervous sytem (CNS) has been documented in RR-EAE mice . Enhancement of cells
expressing glial fibrillary acidic protein (GFAP™), a specific marker of activated astrocytes,
and increased Iba1” cells, a marker of macrophages/microglia has been detected in the
corpus callosum, hippocampus, and lumbar spinal cord section from RR-EAE mice ™. A
possible role of TRPA1 has been reported in models of MS, as in a mouse model of

demyelinating disease induced by cuprizone, TRPA1 activation expressed by astrocytes
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elicits the release of pro-inflammatory mediators which contributes to oligodendrocyte
apoptosis . We, recently, observed that the increase in mechanical and cold allodynia
in mouse RR-EAE and PMS-EAE models was attenuated by treatment with TRPA1
antagonists 157 suggesting that the channel mediates hypersensiviry in both mice model
of EAE. However, the implication of the blockade of the central or peripheral TRPA1 and
of the channel ability to promote neuroinflammation in EAE-evoked mechanical and cold
allodynia is unknown.

Here, by using C57BL/6J wild type or deleted (Trpa7** or Trpa”’, respectively)
female mice we report that TRPA1 is essential for the development of mechanical and
cold allodynia in both RR-EAE and PMS-EAE. In addition, we show that TRPA1 deletion
attenuated the increase expression of Iba1* and GFAP™ in spinal cord, or the Olig2 marker
and luxol fast blue staining.

2 METHODS

2.1 Animals

The following mouse strains were used: C57BL/6J, littermate wild-type (Trpa1*'),
and TRPA1-deficient (Trpa1”’) '® (female, 20-30 g, 4-6 weeks). All the animals (5 per
cage) were accommodated with wood shaving bedding and nesting material and were
maintained in controlled temperatures (22 + 2°C) and bred in-house with a 12-h light/dark
cycle (lights on 7:00 am to 7:00 pm). Water and laboratory standard animal food (Charles
River, Milan, Italy) were provided ad libitum. According to the ethical guidelines,
experiments were performed to investigate pain in conscious animals '°, and the Italian
Ministry of Health (protocol #1194/2015-PR) approved the experimental procedures.
Behavioral studies followed the Animal Research Reporting In Vivo Experiments
(ARRIVE) guidelines 2°. Animals were moved and acclimatized to the experiment room
for at least one hour before each procedure. All experiments were performed by an
operator blinded to drug administration and genotype.

2.2 Multiple sclerosis models induction
To induce a mouse model of progressive multiple sclerosis experimental

autoimmune encephalomyelitis (PMS-EAE) an emulsion containing 200 ug of MOG3s.55
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dissolved in phosphate-buffered saline (PBS) in an equal volume to complete Freund's
adjuvant (CFA) oil supplemented with 400 ug of Mycobacterium tuberculosis H37Ra
extract 192! was administered by subcutaneous (s.c.) injection in the flank region of the
mouse. In the non-immunized mice (control), MOGss.55 was not added in the mixture.

To induce a mouse model of relapsing-remitting experimental autoimmune
encephalomyelitis (RR-EAE), an injection (s.c.) of a mixed solution of MOGas-s5 antigen
(200 pg) and Quil A (45 pg) in phosphate-buffered saline (PBS) solution (100 pl) 1722
was administered in the flank region of the mouse. Control mice received only equal
doses of Quil A and pertussis toxin 1722 All mice received a dose of 300 ng of pertussis

toxin intraperitoneally (i.p.), which was re-administrated 48 h after the induction %21,

2.3 Assessment of EAE clinical signs

The clinical signs of the PMS-EAE model were measured using a clinical scale that
evaluated the neurological impairment using scores 2'. Mice were assessed using this
scale: grade 0, regular mouse; grade 1, flaccid tail (disease onset); grade 2, mild hindlimb
weakness with quick righting reflex; grade 3; severe hindlimb weakness with slow righting
reflex; and grade 4, hindlimb paralysis in one hindlimb or both. Mice were monitored on
different days after the PMS-EAE model post-induction (p.i.; 3-14 days) to assess the
clinical signs.

Similar to the PMS-EAE model, the clinical disease scoring paradigm for RR-EAE
induced mice were assessed weekly during the experimental period p.i. (7-35 days)
according to the following scale: 0, normal behavior; 0.5, limpness of the distal tail region
and hunched appearance; 1, utterly limp tail or developing weakness in the hindlimbs;
1.9, limp tail and distinct hindlimbs weakness recognized by unsteady gait and poor grip
of hindlimbs while hanging on cage underside; 2, limp tail with unilateral partial hindlimb
paralysis; 2.5, limp tail and partial paralysis of bilateral hindlimbs; 3, complete paralysis
of bilateral hindlimbs; 3.5, complete bilateral hindlimbs paralysis and unilateral forelimb
paralysis; and 4, quadriplegia. RR-EAE disease was regarded as present if clinical scores
< 0.5 indicated no disease or disease remission.

Animals displaying a clinical-grade = 1 (RR-EAE) or = 2 (PMS-EAE), were removed
from the study '°'7? Mice were also monitored after PMS- or RR-EAE induction to
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assess weight. If an animal showed a weight loss of 20-30% of the initial weight, the
animal was excluded from the experimental setting. No animals were excluded from the

study, as also reported in previous studies '°17.

2.4 Locomotor activity testing

The animal's locomotor activity was observed on different days before and after
PMS- or RR-EAE induction. Firstly, the mice were trained on the rotarod apparatus
(47650 Rota-Rod NG, Ugo Basile, Italy) one day before induction. Mice were place on a
spinning cylinder for 60 seconds (s), at the fixed speed of 16 rpm, and the latency to fall
from the apparatus was recorded. This session was repeated two times. The rotarod test
was performed on days 3, 5, 7, 9, 11, 13, and 14 (PMS-EAE) or 7, 14, 21, 28, and 35
(RR-EAE) 212324 Animals that failed to remain 180 s in the rotarod, were removed from

the study 161723,

2.5 Mechanical or cold allodynia evaluation

The development of mechanical allodynia was evaluated placed the mice in
individually transparent boxes on a wire mesh platform allowing easy access to the right
hind paw plantar surface. Filaments of different stiffness were applied to the plantar
surface of the hind paw, ranging from 0.07 to 2.0 g (0.07, 0.16, 0.40, 0.60, 1.0, 1.4, 2.0
g). According to the up-and-down paradigm was obtained the mechanical threshold 2°%.
This paradigm continued for six measurements, or until four consecutive positive or four
consecutive negative responses occurred. The mechanical paw-withdrawal threshold (in
g) response was calculated from the resulting scores 2’. The animals were acclimatized
for 60 min before to determine the baseline thresholds, the test and all animals were
assessed before PMS or RR-EAE induction (baseline values). The mechanical threshold
was evaluated on days 3, 5,7, 9, 11,13, and 14 (PMS-EAE) or 7, 14, 21, 28, and 35 (RR-
EAE) p.i and in control animals.

The cold allodynia was assessed by the acetone test. Acetone (20 pl) was applyed
to the plantar surface of the right hind paw, and the time lifting, licking, or wagging the

paw was counted for 60 s ?43°. Cold allodynia was evaluated before PMS- or RR-EAE
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induction and on days 3, 5,7, 9, 11, 13, and 14 (PMS-EAE) or 7, 14, 21, 28, and 35 (RR-

EAE) p.i. and in control animals.

2.5 Immunofluorescence

Spinal cord (L4-L6) samples were obtained from the Trpa1** e Trpa1” PMS- or
RR-EAE induced mice. To collect the tissues were transcardially perfused with PBS,
followed by 4% paraformaldehyde. Spinal cord samples were removed, postfixed for 24
h, and cryoprotected (4°C, overnight) in 30% sucrose. Cryosections (40 um) of the spinal
cord were incubated ( 4°C, overnight) with the following primary antibodies: Iba1 [1:1000,
Wako, catalog #019-19741, rabbit monoclonal, Wako, JP], GFAP [1:500, Z0334, rabbit
monoclonal, DAKO, USA], anti-Olig2 (1:100, MABNS0, Millipore, UK) diluted in PBS and
2.5% normal goat serum (NGS). Sections were then incubated with fluorescent
secondary antibodies: polyclonal Alexa Fluor® 488, and polyclonal Alexa Fluor® 594
(1:600, Invitrogen) (2 h, room temperature) and coverslipped. The analysis of negative
controls (nonimmune serum) was simultaneously performed to exclude the presence of
non-specific immunofluorescent staining, crossimmunostaining, or fluorescence bleed-
through. Tissues were visualized, and digital images were captured using an Olympus

BX51 (Olympus srl). Data are expressed as mean fluorescence intensity (% of basal).

2.6 Luxol fast blue staining

Spinal cord slices were placed in a solution of 1:1 alcohol/chloroform for 2 h and
hydrated on 95% ethyl alcohol. After they were let on luxol fast blue solution at 56 °C for
2 h. The differentiation process was made by putting slices in a lithium carbonate solution
for 30 sec, 70% ethyl alcohol for 30 sec, and washing with distilled water. This
differentiation process was repeated 5-7 times until achieving the best staining. The

analysis was made using Image-J (NIH, USA) to measure the stained area.

2.7 Statistical analysis

To calculate the number of the cells/area are used the ZEN 2.6 blue edition (Carl
Zeis Microscopy GmbH) program. Data were expressed as mean + SEM and analyzed
statistically by the parametric and nonparametric Student t-test, 1-way or 2-way analysis
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of variance according to the experimental protocol, followed by the post-test Bonferroni
when needed. The individual values were inserted as column statistics in Prism
GraphPad and calculated the mean of these values. To meet parametric assumptions,
data of mechanical threshold scores were log-transformed before analyses for the
mechanical allodynia test. Differences between groups were considered significant when
P values were less than 0.05 (P < 0.05), using the GraphPad Prism 8.0 program.

3 RESULTS

3.1 TRPA1 deletion prevents the development of mechanical and cold
allodynia in RR-EAE mouse model|

RR-EAE Trpa7** mice developed a time-dependent increase in the mechanical
allodynia (Fig 1A) from day 21 to 35 p.i.. In addition to mechanical allodynia, RR-EAE
Trpa1** mice also developed cold allodynia (Fig 1B. Mice with genetic deletion of TRPA1
did not develop either mechanical or cold allodynia after induction compared to Trpa?™*
mice (Fig 1A-B). TRPA1 deletion suggests the prevention of the neuropathic pain-like
symptoms.

The mouse body weight did not present a significant difference (Fig 1C) during the
experiment days for all the groups. Furthermore, all experimental groups did not present

significant locomotor activity changes when assessed in the rotarod test (Fig. 1D).

77



® Control Trpal** © Control Trpal”
ORR-EAE Trpal** @ RR-EAE Trpal™
109 39

Threshold (50%)

Nociception time (s)

o
2
o

B 7 14 21 28 35 B 7 14 21 28 35
Time after induction Time after induction
(days) (days)
® Control Trpal** © Control Trpal” M Control Trpal*™* © Control Trpal”
O RR-EAE Trpal*" @ RR-EAE Trpal”’ O RR-EAE Trpa1** @ RR-EAE Trpal’
26 1 2001
24 4 ® 'Eh'. ."-#—Ew:".
2150
22 4
20 4

Mean Body Weight (g)
Latency time
o
T

w
o
1

-
s
o

B 7 14 21 28 35 B 7 14 21 28 35
Time after induction Time after induction
(days) (days)

Fig 1. TRPA1 deletion prevents the development of mechanical and cold allodynia
after relapsing-remitting experimental autoimmune encephalomyelitis (RR-EAE) mouse
model. Evaluation of (A) mechanical allodynia, (B) cold allodynia, (C) body weight, and
(D) latency to fall in the rotarod test. Data are mean + SEM (n=6) for Graphs A-D. * P
<0.05, when compare to Control Trpa7** group vs. relapsing-remitting experimental
autoimmune encephalomyelitis (PMS-EAE) Trpa7** group; and * P <0.05 when
compared to PMS-EAE Trpa1** group vs. RR-EAE Trpa1’ group [Two-way ANOVA,

followed by Bonferroni's post hoc test].

3.2 TRPA1 deletion also prevents the development of mechanical and cold
allodynia after PMS-EAE induction

In the PMS-EAE model, the induced Trpa?** mice also showed the development
of mechanical and cold allodynia (Fig 2). Similar to RR-EAE model, PMS-EAE Trpa1”
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mice showed prevention to mechanical (Fig 2A) and cold (Fig 2B) allodynia compared to
the PMS-EAE Trpa1** mice. Moreover, the bodyweight of both strains did not present a
significant difference between PMS-EAE or control groups (Fig 2C). All the animals did
not present locomotor activity changes when assessed in the rotarod test (Fig 2D).
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Fig 2. TRPA1 deletion also prevents the development of mechanical and cold
allodynia after progressive multiple sclerosis induced by experimental autoimmune
encephalomyelitis (PMS-EAE) induction. Evaluation of (A) mechanical allodynia, (B) cold
allodynia, (C) body weight, and (D) latency to fall in the rotarod test. Data are mean +
SEM (n=6) for Graphs A-D. * P <0.05, when compared to Control Trpa?** group vs.
progressive multiple sclerosis induced by experimental autoimmune encephalomyelitis
(PMS-EAE) Trpa1** group; and * P <0.05 when compared to PMS-EAE Trpa1** group
vs. PMS-EAE Trpa7~ group [Two-way ANOVA, followed by Bonferroni's post hoc test].
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3.3 Iba1 marker was reduced in the spinal cord of Trpa7™” mice induced to
RR- or PMS-EAE models

We also explored the Iba1 marker, a microglial and macrophage-specific calcium-
binding protein, and analyzed its expression in the two multiple sclerosis models. After
the RR-EAE induction (Fig 3), the counting of Iba1* cell was increased in Trpa1** mice,
and Trpa1~ mice did not present alterations in Iba1* cell in the spinal cord total area and
dorsal horn area (Fig 3A-C). The PMS-EAE induction elicited the increase of Iba1* cell
only in Trpa7** induced mice in the total spinal cord area and dorsal horn area compared
to Trpa1~~ PMS-EAE mice (Fig 3D-F).
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Fig 3. Iba1 was reduced in the spinal cord of Trpa7~" mice induced to RR-EAE or
PMS-EAE. (A) Representative photomicrographs of spinal cord area for Trpa7** or
Trpa1~~ after RR-EAE, (B) the number of cells/area for total spinal cord, (C) number of
cell/area dorsal horn, (D) representative photomicrographs of spinal cord area for Trpa1**
or Trpa1~~ after PMS-EAE, (E) number of cells/area for the total spinal cord, and (F)
number of cell/area dorsal horn. Data are mean + SEM (n=4) for Graphs A-F. * P <0.05,

when compared to Control Trpa1** group vs. RR-EAE or PMS-EAE Trpa1** group; and
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# P <0.05 when compared to RR-EAE or PMS-EAE Trpa1** group vs. PMS-EAE Trpa1-
group [Two-way ANOVA, followed by Bonferroni’s post hoc test].

3.4 The astrocyte marker (GFAP) was reduced in the spinal cord of mice
Trpa1~" induced to RR- or PMS-EAE models

We also investigated the mechanism underlying the astrocyte activation and
compared the two multiple sclerosis models to TRPA1 expression (Fig 4). The increase
in GFAP* cell numbers documented in Trpa1** was reduced in Trpa7~" mice in the total
spinal cord area and dorsal horn area (Fig 4A-C) after the RR-EAE induction. Similar
results were observed in mice induced to PMS-EAE. The increase of GFAP” cell numbers
in Trpa1** induced mice in the spinal cord total area and dorsal horn area (Fig 4D-F) was

reduced in Trpa7™ induced mice.
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Fig 4. The astrocyte marker glial fibrillary acidic protein (GFAP) was reduced in the
spinal cord of Trpa7~” mice induced to relapsing-remitting or progressive multiple
sclerosis by experimental autoimmune encephalomyelitis. (A) Representative
photomicrographs of spinal cord area for Trpa1** or Trpa1™" after relapsing-remitting
experimental autoimmune encephalomyelitis (RR-EAE), (B) the number of cells/area for
total spinal cord, (C) number of cell/area dorsal horn, (D) representative
photomicrographs of spinal cord area for Trpa7** or Trpa1~~ after progressive multiple
sclerosis induced by experimental autoimmune encephalomyelitis (PMS-EAE) (E)
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number of cells/area for the total spinal cord, and (F) number of cell/area dorsal horn.
Data are mean + SEM (n=4) for Graphs A-F. * P <0.05, when compared to Control
Trpa1** group vs. RR-EAE or PMS-EAE Trpa1**group; and * P <0.05 when compared
to RR-EAE or PMS-EAE Trpa7** group vs. PMS-EAE Trpa71- group [Two-way ANOVA,

followed by Bonferroni's post hoc test].

3.5 Trpa1™" mice presented a prevention of demyelinating process after RR-
or PMS-EAE induction by luxol fast blue staining, but the deletion did not prevent
the development of clinical scores.

Here, the development of clinical signs for RR- or PMS-EAE (Fig SA-B) mice was
the same for Trpa7** or Trpa71™-, demonstrating the absence of prevention to knockout
mice in these inductions. However, luxol fast blue staining (myelin marker) showed the
reduction of myelin after Trpa7** RR- (Fig 5E) and PMS-EAE (Fig F) induction that
suggest a prevention of demyelinating process in Trpa7”~ RR- and PMS-EAE induced

mice.
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Fig 5. Trpa1~~ mice presented a prevention of demyelinating process after RR- or
PMS-EAE induction by luxol fast blue staining, but the deletion did not prevent the
development of clinical scores. (A) Clinical scores in relapsing-remitting experimental
autoimmune encephalomyelitis (RR-EAE); (B) Clinical scores in progressive multiple
sclerosis induced by experimental autoimmune encephalomyelitis (PMS-EAE); (C)
Representative photomicrographs of luxol fast blue staining for RR-EAE; (D)
Representative photomicrographs of luxol fast blue staining for PMS-EAE; (E) Luxol fast



blue staining for RR-EAE; (F) Luxol fast blue staining for PMS-EAE Data are mean for
Graphs A-B and + SEM (n=6) and Graphs E-F (h=4) * P <0.05, when compared to Control
Trpa1*+ group vs. RR-EAE or PMS-EAE Trpa7** group; and * P <0.05 when compared
to RR-EAE or PMS-EAE Trpa1**groupvs. PMS-EAE Trpa1- group [Two-way ANOVA,

followed by Bonferroni's post hoc test].

3.6 Trpa71™” mice showed a prevention of demyelinating process after RR- or

PMS-EAE induction by Olig-2, a oligodendrocyte proliferation marker.

A decrease of oligodendrocyte proliferation marker, Olig2, was observed in the total area
(Fig 6B) and dorsal horn (Fig 5C) of the spinal cord from Trpa7** RR-EAE induced mice.
Surprisingly, the TRPA1 deletion might support a prevention of demyelinating process
observed by upregulation of Olig2 of Trpa7”~ RR-EAE induced mice in total area (Fig 5B)
and dorsal horn (Fig 5C) of the spinal cord. A similar prevention was observed in the
number of Olig2* cells of PMS-EAE induced mice in total area (Fig SE) and dorsal horn

(Fig SF) of the spinal cord.
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Fig 6. Trpa1”~ mice showed a prevention of demyelinating process after RR- or
PMS-EAE induction by Olig-2, a oligodendrocyte proliferation marker. (A) Representative
photomicrographs of spinal cord area for Trpa7** or Trpa1~- after relapsing-remitting
experimental autoimmune encephalomyelitis (RR-EAE), (B) the number of cells/area for
total spinal cord, (C) number of cell/area dorsal horn, (D) representative
photomicrographs of spinal cord area for Trpa1** or Trpa1~~ after progressive multiple

sclerosis induced by experimental autoimmune encephalomyelitis (PMS-EAE) (E)
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number of cells/area for the total spinal cord, and (F) number of cell/area dorsal horn.
Data are mean + SEM (n=4) for Graphs A-F. * P <0.05, when compared to Control
Trpa1** group vs. RR-EAE or PMS-EAE Trpa1**group; and * P <0.05 when compared
to RR-EAE or PMS-EAE Trpa**groupvs. PMS-EAE Trpa1” group [Two-way ANOVA,

followed by Bonferroni's post hoc test].

DISCUSSION

The role of TRPA1 channel in the development of pain symptoms has been
extensively investigated 3'. In addition, the different EAE induction is the most common
MS rodent model used in the research field due to its clinical and pathological similarities
of the disease, which include neuroinflammation, demyelination, and neuron loss 32,
Previously, we showed that the administration of TRPA1 antagonists transiently reduced
the mechanical and cold allodynia developed after the RR- or PMS-EAE inductions 167,
Here, first we confirm the involvement of TRPA1 in the the mechanical and cold allodynia
in the two different model of MS, the RR- or PMS-EAE model, by using TRPA1 deleted
mice. Second, we also to investigate the involvement of TRPA1 in the central
neuroinflammation after the induction of two EAE mouse models.

TRPA1 genetic deletion prevents the development of mechanical and cold
allodynia either in the RR- or PMS-EAE mouse model. However, the TRPA1 deletion
could not prevent the development of clinical scores but prevent or suggest a
remyelinating process after RR- or PMS-EAE induction. Furthermore, TRPA1 deletion
significantly reduced the levels of neurcinflammatory markers, Iba1 and GFAP, in spinal
cord tissues whihc were increased in Trpa7*™* following PMS- or RR-EAE. Using a
genetic approach by the TRPA1 total deletion, these findings suggest an essential role of
TRPA1 in neuropathic pain-like symptoms and neuroinflammation responses in the two
different model of MS.

Neuropathic pain is one of the most prevalent pain symptoms by MS patients 334,
Different mouse models of neuropathic pain showed that TRPA1 deletion reduced the
mechanical allodynia in the paw and periorbital area 212303536 |n alcoholic neuropathy
and partial sciatic nerve ligation model, the TRPA1 total deletion or its specific silencing

in Schwann cells prevented the development of mechanical and cold allodynia '>°. In
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addition, TRPA1 deleted mice did not develop mechanical and cold allodynia in other
model of neuropathic pain, including the chemotherapy induced peripheral neuropathy,
36 and complex regional pain syndrome ' models. Furthermore, the development of
periorbital mechanical allodynia by the constriction of the infraorbital nerve was also
attenuated following TRPA1 deletion 3°. Here, in agreement with all the previous
neuropathic pain models, the total deletion of the TRPA1 channel was also able to prevent
the development of cold and mechanical allodynia after RR- or PMS-EAE induction.
These results corroborate our previous results obtained following the TRPA1
pharmacologic blockade (by two selective TRPA1 antagonists, HC-030031 and A967079)
in the PMS and RR-EAE mouse models %17,

TRPA1 receptors are expressed in CNS on astrocytes %373, oligodendrocytes ',
and macrophages *°. The activation of astrocytes, microglia, and oligodendrocytes has
emerged as a leading mechanism underlying chronic pain “°. Several studies showed the
upregulation of glial markers such as Iba1 and GFAP #° and cell morphological alterations,
including hypertrophy and/or proliferation. Accordingly, three different studies using the
EAE mouse model showed an upregulation of Iba1 markers in induced mice 44142 in
particular,, the Iba1+ microglia/macrophages indicate a significant role of these cells in
the neurcinflammatory process induced by the CFA-EAE model in the corpus callosum
41 In the same induction protocol for RR-EAE, the increase in the Iba1 marker in the
corpus callosum and spinal cord was also shown '*. Other evidence established a relation
among TRPAT1 activation, Iba1 marker, and nociception behavior *3. In a previous study,
the TRPA1 deletion prevented the microglia activation, by modulating the |ba1, in a pain
model induced by bradykinin B1 receptor agonist, thus revealing an important role of this
channel in this type of nociceptive behavior 3. Furthermore, some neuropathic models,
such as chronic constriction injury (CCl) of the sciatic nerve *** and CIPN ° dysplayed
the development of mechanical allodynia in induced-mice as well as an increase of iba1
marker in spinal cord. Our previous results obtained by real-time PCR showed the
enhancement of Iba-1 mRNA levels in the RR-EAE model . Here, we indicate that the
TRPA1 deletion could prevent the increase of the Iba1+ cells caused by RR- and PMS-
EAE induction in the spinal cord.
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Astrocytes lead diverse functions in the CNS, and some evidence showed their
essential role in neurodegenerative diseases, such as MS #"48_ Other findings showed
the importance of the astrocytes in MS, which influences the clinical phenotypes,
pathogenesis, progression, and recovery of this pathology 4’ . The TRPA1 is also
expressed in astrocytes, and a recent study reported tits contribution to forming early Ap
oligomers toxicity by Ca’* hyperactivity Alzheimer's disease mouse model *°. Other
results demonstrated the role of TRPA1 activation in the neurcinflammatory process, by
increasing GFAP, in Alzheimer's disease mouse model *°. Different findings, using the
EAE mouse models, showed the upregulation of GFAP #°1 which correlate with MS
physiopathology. The increase in GFAP expression were also related to pain-like
behaviors, such as in a model of neuropathic pain by spinal cord ligation, where the GFAP
expression was upregulated and involved in the development of mechanical allodynia °%~
4 Here, the deletion of TRPA1 prevents the increase of GFAP+ve cells observed in the
wild-type mice induced to both MS mouse models.

The demyelinating process and oligodendrocyte damage in MS results in
impairment of neuron impulse propagation and, consequently, several functional deficits
%5 As previously described, the EAE models could induce the demyelinating process,
which manifests motor impairments mimicking the MS clinical manifestations 32°°. Here,
we observed the presence of clinical scores after PMS or RR-EAE induced mice.
However, the deletion of TRPA1 channels did not prevent the development of these
clinical signs. Similar results were also observed in another EAE model, where the
blocked of toll-like receptors 2 and 4 could not reduce the motor impairments but reversed
the allodynia caused by EAE induction .

The Olig2 marker is highly expressed in motor neurons and oligodendrocytes and
leads to the differentiation and maturation of oligodendrocyte progenitor cells °®. This
transcript factor regulates myelin regeneration during chronic demyelination and is an
important marker for investigating the possible new targets to restore the myelination °%.
In the cuprizone model, it was observed that the demyelination was related to a reduction
in luxol fast blue staining and a significant reduction of the cells numbers marked by Olig2
*9 Here, we reported a reduction in Olig2 and luxol fast blue staining in the spinal crod in
PMS and RR-EAE induced mice, and TRPA1 deletion showed prevention of
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demyelinating process. Thus, our results suggest that TRPA1 channel blockade might
help in the remyelinating process, altought it is insufficient to recover both induction's
clinical scores.

Several cell types and proteins are involved in the inflammatory and degenerative
processes involved in the development of neurodegenerative diseases . Previous
results and our current findings suggest a possible role of the TRPAT1 in the inflammatory
process and attenuation of neuropathic pain-like behaviors using two different mouse
models of multiple sclerosis '%17.2162  Further, the reported findings strongly support
TRPA1 channel is a valuable target for future investigations to treat neuropathic pain in

MS patients.
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5 DISCUSSAO

A esclerose multipla (EM) é uma doenca neurolégica complexa e cronica que
leva a déficits motores, sensoriais e cognitivos (MIRABELLI; ELKABES, 2021). Os
sintomas da EM séo imprevisiveis e variaveis. A dor € um sintoma frequente da EM e
manifesta-se mesmo nos estagios iniciais da doenca. A dor neuropatica e a
enxaqueca sao as alteragbes sensoriais mais debilitantes que reduzem a qualidade
de vida e interfere na atividades diarias, principalmente porque as farmacoterapias
convencionais ndo sado eficazes nesses sintomas (HUSAIN; PARDO; RABADI, 2018;
MIRABELLI; ELKABES, 2021).

Desta maneira, no presente estudo, foi investigado o envolvimento do TRPA1
no desenvolvimento de sintomas do tipo dor neuropética central e tipo enxaqueca em
um modelo de EMRR em camundongos. Como primeiros achados confirmou-se o
desenvolvimento de sinais clinicos da doenca RR-EAE, os quais ja haviam sido
padronizados em estudo anterior (KHAN; WOODRUFF; SMITH, 2014), sem
comprometimento motor e a presenca das alteracfes caracteristicas da EMRR. Na
analise de parametros biomoleculares, observou-se a diminuicdo dos marcadores de
mielina e aumento de marcadores de neuroinflamacdo em amostras de medula
espinal. Também foi observado o desenvolvimento de comportamentos do tipo dor
neuropatica evocados na regido da pata e do tipo enxaqueca na regido periorbital.
Também, os antagonistas do TRPAL apresentaram efeito antinociceptivo em animais
induzidos ao modelo de EAE-RR. Ja esta bem descrito na literatura que o
desenvolvimento de alodinia mecénica periorbital e em outras areas cutaneas é
considerado uma caracteristica de crises de enxaqueca (EBERHARDT et al., 2014,
HUSAIN; PARDO; RABADI, 2018). Deste modo, neste estudo foi demonstrado pela
primeira vez o desenvolvimento de alodinia mecanica periorbital sustentada até 35
dias apés a inducdo de EAE-RR. Além disso, houve um aumento dos niveis de dois
agonistas do receptor TRPA1 (H202 e 4-HNE) em amostras de medula espinal e
ganglio trigeminal dos animais induzidos a EAE-RR. Sabendo que das alteracbes
desses parametros de estresse oxidativo, os animais induzidos a EAE-RR foram
tratados com dois antioxidantes, acido alfa-lipoico e apocinina, e estes farmacos
causaram reducao da nocicepcao presentes desenvolvidos apés a indugcéo do modelo
de EMRR.
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A fim de complementar os resultados descritos acima, foi avaliado o
envolvimento do TRPAL1 nos comportamentos nociceptivos, na evolu¢cado dos sinais
clinicos e nos marcadores neuroinflamatorios apos a indugao de EAE-RR e EAE-EMP
em camundongos selvagens e nocautes para os canais TRPAL. Através da inducéo
de EAE-RR e EAE-EMP em animais nocautes para os canais TRPAL foi observada a
prevencdo do desenvolvimento de comportamentos nociceptivos. Além disso, o
aumento de dois marcadores neuroinflamatérios (Iba-1 e GFAP) em tecidos da
medula espinal em animais induzidos aos modelos de EAE se contrapds ao que foi
observado em camundongos induzidos e nocautes para TRPAL1, os quais se
mantiveram semelhantes aos grupos controles. No entanto, a delecdo génica do
TRPA1 néo foi capaz de impedir o desenvolvimento de escores clinicos apds a
inducdo da EAE-RR e EAE-EMP. Curiosamente a delecéo génica foi capaz de atenuar
0 processo de desmielinizagdo em ambos os modelos quando avaliados esses
parametros pela coloracdo Fast Blue e o marcador de mielina OLIG-2. Por fim, ao
utilizar essa abordagem genética através da delecao total do TRPAL, esses achados
sugerem um papel essencial do TRPAL nos sintomas neuropaticos semelhantes a dor
e na neuroinflamac&o em ambos os modelos de EAE.

A fisiopatologia da EM consiste em neuroinflamacdo e desmielinizacao,
culminando em perda axonal que pode aumentar a probabilidade de se desenvolver
alteracbes sensoriais e aparecimento dos sintomas de dor (BOLCSKEI et al., 2018;
DENDROU; FUGGER; FRIESE, 2015; WANG et al., 2017). Existem diferentes tipos
de modelos animais na area de pesquisa da EM, sendo a EAE o modelo mais
amplamente utilizado (BJELOBABA et al., 2018). Porém existem modelos com
indugdes e focos de estudo diferente, como no caso dos modelos induzidos por
toxinas usando brometo de etidio e lisolecitina, ou toxinas administradas
sistemicamente, como a cuprizona (BJELOBABA et al., 2018). Esses modelos
seguem a hipétese de que pode haver fatores ambientais, como infeccdes virais, que
levam ao desenvolvimento dessa patologia sendo a primeira escolha quando o
objetivo principal é investigar um processo desmielinizante sem foco nas alteracbes
no sistema imune (BJELOBABA et al., 2018; WOODRUFF; FRANKLIN, 1999). No
entanto, o0 modelo de EAE consegue reproduzir caracteristicas histopatoldgicas e
imunologicas muito semelhantes as quais ocorrem na EM podendo mimetizar as
diferentes formas e fases da doenca (MIRABELLI; ELKABES, 2021). Na indugéo da

EAE podem ser utilizados diferentes antigenos como a proteina proteolipidica da
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mielina (PLP) e a glicoproteina de oligodendrdcitos da mielina (MOG3ss-55). A MOGgss-
55 € um antigeno de mielina que juntamente com o adjuvante inicia o processo de
neuroinflamacdo e desmielinizacdo tendo como alvo o ataque aos oligodendrécitos
(BJELOBABA et al., 2018).

Cerca de 85% dos pacientes com EM apresentam a forma EMRR o que torna
o desenvolvimento de modelos animais de EMRR de grande relevancia a fim de
elucidar os mecanismos envolvidos na fisiopatologia da EM (HEIDARI et al., 2019). O
modelo de EAE utilizando o antigeno PLP € um modelo de EMRR, porém é necessério
o0 uso de camundongos adultos da linhagem SJL, pois sdo mais suscetiveis ao
desenvolvimento de lesdes desmielinizantes com esse antigeno. Outra desvantagem
€ a auséncia de desmielinizacdo na entrada do corno raiz dorsal, que é uma area de
grande importancia para sinalizagéo da dor (CHALK et al., 1994; RASMUSSEN et al.,
2007). Usando MOGss-s5 como antigeno e o CFA, é possivel reproduzir um modelo
progressivo de MS; entretanto, os animais apresentam comprometimento motor
severo, e este fato pode prejudicar as medidas de nocicepcéo (KHAN; WOODRUFF;
SMITH, 2014; OLECHOWSKI et al., 2013). Portanto, primeiramente escolheu-se o
modelo otimizado de EMRR em camundongos fémeas C57BL/6 usando Quil A como
adjuvante (KHAN; WOODRUFF; SMITH, 2014).

O modelo de EMRR utilizando a saponina Quil A como adjuvante apresenta
como principal caracteristica o desenvolvimento do escore clinico da doenca sem
déficits motores graves. Corroborando com resultados anteriores, aqui pode-se
observar a presenca de sinais clinicos que mimetizam a EMRR, onde os escores
variaram entre 0,5 (fase de remisséo) e 1,5 (fase recorrente), com o primeiro pico da
fase recorrente 14 dias ap6s a inducdo (KHAN; WOODRUFF; SMITH, 2014; PEIRIS
et al., 2007). Apés 14 dias da inducéo, os animais EAE-RR apresentaram média de
escore 1,25 e no dia 21 apos a inducéo foi de 0,7, portanto, conforme ja descrito, os
animais tém pontuacfes que variam acima de O ou inferior a 1,5 mostrando a
caracteristica recorrente-remitente deste modelo. Além disso, durante todos os
experimentos, 0s animais nao apresentaram perda significativa de peso corporal ou
alteracdes locomotoras. Antes do presente estudo, existiam apenas trés artigos
cientificos publicados relacionando este modelo de EMRR e o desenvolvimento de
comportamento tipo dor neuropatica (KHAN et al., 2015, 2018; KHAN; WOODRUFF;
SMITH, 2014). Sendo assim, avaliou-se o desenvolvimento de alteragbes

locomotoras, de escores clinicos de EMRR, alodinia mecéanica e ao frio usando este
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modelo de RR-EAE. No estudo prévio utilizado como referéncia para este estudo, foi
realizada a analise da marcha (teste de alteracdo locomotora) através do software
Catwalk™XT (KHAN; WOODRUFF; SMITH, 2014). No entanto neste estudo,
investigou-se a atividade locomotora espontanea ou forcada com o teste de campo
aberto e teste de desempenho no cilindro giratério, respectivamente, sendo também
observada a auséncia de comprometimento locomotor.

Além das altera¢des locomotoras, os sintomas de dor aparecem nas fases
iniciais da EMRR, causando diversas limitacbes e diminuicdo da qualidade de vida
desses pacientes (GALEA; WARD-ABEL; HEESEN, 2015; MOTL; SUH; WEIKERT,
2010; TRUINI et al., 2012). Previamente, o modelo de EAE-RR havia sido otimizado
como um modelo de dor neuropatica central na EMRR, porém apenas a alodinia
mecanica na regido da pata traseira havia sido avaliada em relacdo ao
desenvolvimento de nocicepcao (KHAN; WOODRUFF; SMITH, 2014). No entanto, os
pacientes com EM também relatam a manifestacdo de alodinia ao frio (OSTERBERG;
BOIVIE, 2010). No presente estudo, confirmou-se o desenvolvimento de alodinia
mecanica (teste de von Frey) e demonstrou-se o desenvolvimento de alodinia ao frio
(teste de acetona) nos dias 21 a 35 apoés a inducdo de RR-EAE, j4 demonstrada em
outros modelos de dor neuropatica (ANTONIAZZI et al., 2019; TREVISAN et al.,
2013a). Apos a confirmacao do desenvolvimento de alodinia, foi selecionado o 35° dia
apos a indugdo como dia do pico de nocicep¢do no modelo RR-EAE, dia o qual seriam
realizadas as avaliagbes de curvas de nocicepcado de todos os compostos aqui
testados. A pregabalina foi o farmaco escolhido como controle positivo, pois € um
anticonvulsivante que apresenta o0 analogo estrutural da gabapentina sendo
considerado um medicamento de primeira linha no tratamento da dor neuropatica na
EM (THOMPSON et al., 2018b). Apdés o tratamento e avaliacdo de curva tempo-
resposta, observou-se o efeito antinociceptivo da pregabalina para a alodinia
mecanica e ao frio. O efeito antinociceptivo da gabapentina no modelo de RR-EAE
usado neste estudo ja havia sido descrito (DANESHDOUST et al., 2017). No entanto,
drogas analogas do &acido gama-aminobutirico (GABA), como gabapentina e
pregabalina, ndo sdo muito eficazes no tratamento da dor neuropatica na EM e
comumente causam efeitos adversos intoleraveis (SOLARO et al., 2005; SOLARO;
MESSMER UCCELLI, 2011). Portanto, & essencial a busca de novos mecanismos
para o tratamento da dor neuropética na EM.
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No modelo de EAE-RR ainda ndo havia medidas de nocicepcao relacionadas
aos sintomas do tipo enxaqueca. Em vista disso, este estudo demonstrou pela
primeira vez o desenvolvimento de alodinia mecéanica periorbital apos a indug¢édo do
modelo de EAE-RR. O desenvolvimento de alodinia na regido periorbital e outras
areas cutaneas é considerado uma caracteristica de enxaqueca (EDELMAYER et al.,
2012; HARGREAVES; OLESEN, 2019). Utilizando o modelo de EAE progressiva
previamente foram ja haviam sido descritos o desenvolvimento de nocicepcgéo
periorbital apds indugdo (DUFFY et al., 2019). Assim como na primeira etapa de
avaliacdo dos sintomas do tipo dor neuropatica, dois compostos extensamente
utilizados para o tratamento da enxaqueca, a sumatriptana e o olcegepant, foram
testados como controles positivos para as avaliagbes de seus efeitos na alodinia
mecanica periorbital. Assim como nas avaliacfes dos sintomas tipo dor neuropética,
também se verificou que o pico de nocicepcdo para o desenvolvimento de alodinia
mecanica periorbital se desenvolveu no 35° dia ap6s inducéo, e, portanto, as curvas
tempo-resposta dos tratamentos foram avaliadas neste dia. A sumatriptana € um
agonista dos receptores de serotonina (5HT)IB/D e seu mecanismo de acdo se da
através da vasoconstricAo dos vasos da regido craniana e da dura-mater
apresentando alta efetividade no alivio das crises de enxaqueca (BECKER, 2015;
SAMRA; RAMTAHAL, 2012; THORLUND et al., 2017). Além disso, a sumatriptana &
um farmaco extensamente utilizado como controle positivo em modelos de enxaqueca
em roedores, a fim de otimizar a pesquisa de possiveis mecanismos na fisiopatologia
desse sintoma (EDELMAYER et al., 2009, 2012). A administracdo de sumatriptana
apresentou efeito antinociceptivo em diferentes modelos de enxagueca, como a
aplicacdo de um ativador de receptor de protease tipo 2 (proalgésico) nas meninges
em camundongos e a administragcdo por canula na dura-mater de mediadores
inflamato6rios em ratos (EDELMAYER et al., 2009; HASSLER et al., 2019). Aqui
observou-se apés a inducdo da EAE-RR um efeito antialodinico semelhante deste
farmaco. Porém, as triptanas, classe a qual pertence a sumatriptana, geram diversos
tipos de efeitos adversos nos pacientes como alteracdes cardiovasculares e no
sistema nervosos central (COLAS CHACARTEGUI et al., 2005; ROBERTO et al.,
2015). Ademais, o uso frequente de triptanas tem sido relatado como um agravante
das crises de enxaqueca levando a sua cronicidade (SAENGJAROENTHAM et al.,
2020).
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Os antagonistas dos receptores ou bloqueadores de CGRP surgiram como uma
nova classe para o tratamento dos sintomas agudos de enxaqueca (BORKUM, 2019).
Além disso, 0 CGRP e seus receptores estdo expressos no sistema nervoso central
estando intrinsicamente ligados as respostas nociceptivas (BORKUM, 2019;
EDVINSSON et al.,, 2018; HARGREAVES,; OLESEN, 2019). O olcegepant, um
agonista dos receptores de CGRP, embora descontinuado na clinica, continua sendo
utilizado como controle positivo e na padronizagdo de diferentes modelos de
enxaqueca (DE LOGU et al., 2019b; MARONE et al., 2018; TANG et al., 2020). O
olcegepant apresentou efeito antinociceptivo para alodinia mecanica periorbital
através da administracdo sistémica de nitroglicerina ou inje¢cdo subcutanea na area
periorbital de CGRP (DE LOGU et al., 2019b; MARONE et al., 2018). De acordo com
0s resultados prévios, observou-se que o olcegepant também apresentou efeito
antinociceptivo na avaliacdo da alodinia periorbital mecéanica no modelo EAE-RR no
35° dia apés inducdo. Desta forma, o conjunto de resultados aqui descritos pode ser
considerado como modelo otimizado e inédito de alodinia mecéanica periorbital
associada ao modelo EAE-RR. Porém, sabe-se das limitagbes que apenas uma
medida de nocicepcao evocada tanto para a alodinia mecéanica e ao frio na regido da
pata quanto alodinia mecéanica na regido periorbital. Portanto, sugere-se que em
futuros estudos, utilizando o modelo EAE-RR, possam ser avaliados alguns
parametros de nocicep¢ao espontanea como, por exemplo, teste de verificacdo de
expressao facial (grimacing scale), avaliacdo de constru¢do do ninho (nest building
behavior) ou avaliacdo de vocalizagao ultrassénica (analysis ultrassonic vocalization).

Tendo em vista a busca por novas terapias para a dor na EM, os receptores
TRPA1 surgem como alvos terapéuticos potenciais, ja que sdo descritos como canais
envolvidos na nocicepcao em diferentes modelos experimentais de dor (ANTONIAZZI
et al., 2019; DE ALMEIDA et al., 2020; DE LOGU et al., 2020a; FERNANDES et al.,
2011; TREVISAN et al., 2013a). No entanto, até o presente estudo, o papel do TRPA1
na neuroinflamagé&o e nocicepgéo no modelo de EAE-RR e EAE-EMP ainda n&o havia
sido investigado. Publicacfes anteriores, utilizando o modelo de desmielinizacao por
cuprizona, observaram uma atenuacao do processo desmielinizante em animais com
delecdo de TRPAL (BOLCSKEI et al., 2018; KRISZTA et al., 2019; SAGHY et al.,
2016). Alem disso, diferentes modelos de dor neuropatica (DE LOGU et al., 2017;
MATERAZZI et al., 2012; NASSINI et al., 2011; RIGO et al., 2013; TREVISAN et al.,

2013c, 2016) mostraram o envolvimento dos canais TRPAL no desenvolvimento de
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alodinia mecanica e ao frio. Esse papel foi sugerido através do tratamento oral com
antagonistas seletivos dos canais TRPA1l (HC-030031 e A-967079) em animais
induzidos aos diferentes modelos de dor neuropatica que demonstraram efeito
antinociceptivo eficaz e transitério. Como ainda ndo havia investigacdes sobre o
envolvimento dos canais TRPA1 no modelo RR-EAE, testou-se 0s antagonistas
seletivos, HC-030031 e A-967079, e ambos demonstraram efeitos antinociceptivos
apos administracdo oral na avaliacdo mecanica e pelo frio, corroborando com os
estudos prévios descritos acima. Sabendo da expressdo de canais TRPAl em
neurénios sensoriais do corno da raiz dorsal da medula espinal (DAI, 2016), logo
testou-se os efeitos do HC-030031 e A-967079 pela via intratecal, que também se
mostrou o efeito antialodinico ap6s administracéo.

Além de modelos animais de dor neuropética, o papel dos canais TRPA1 em
comportamentos do tipo enxaqueca e dor trigeminal também tém sido amplamente
investigados (JIANG et al., 2019; NASSINI et al., 2012; TREVISAN et al., 2016). Em
um modelo de dor neuropatica trigeminal através da constricdo do nervo infraorbital
foram observados os efeitos antinociceptivos do HC-030031 e do A-967079
(TREVISAN et al., 2016). Através da administracdo de potassio no cortex cerebral de
camundongos o tratamento com A-967079 foi capaz de diminuir a depressao
alastrante cortical, uma alteracdo sinaptica envolvida no desenvolvimento da
enxaqueca com aura (JIANG et al., 2019). O tratamento com HC-030031 demonstrou
efeito antialodinico ap6s a aplicacdo direta na dura-mater de 6leo de mostarda e
umbelulona (agonistas de TRPA1l) que levam ao desenvolvimento de alodinia
mecanica facial (EDELMAYER et al., 2012; NASSINI et al., 2012). Além disso, no
modelo tipo enxaqueca induzido pela administracao sistémica de gliceril trinitrato, o
pré-tratamento intraperitoneal com HC-030031 atenuou o desenvolvimento de
alodinia mecanica periorbital (MARONE et al.,, 2018). De acordo com os dados
anteriormente citados, neste estudo pode se observar também um efeito antialodinico
de ambos os antagonistas seletivos de TRPA1, HC-030031 e A-967079, em
camundongos induzidos por RR-EAE.

Para além da abordagem farmacologica com HC-030031 e A967079,
recentemente os analgésicos metamizol (dipirona) e propifenazona foram descritos
como antagonistas nao seletivos dos canais TRPAL (NASSINI et al., 2015). Ambos os
farmacos séo considerados anti-inflamatorios ndo esteroides atipicos devido aos seus

efeitos analgésicos que se dissociam de suas acao anti-inflamatéria (BURDAN, 2004;
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DE SOUZA CARVALHO et al., 2012; HEARN; DERRY; MOORE, 2016). Sabendo que
o0 metamizol é um dos analgésicos mais comuns usados para tratamento da cefaleias
primarias (RAMACCIOTTI; SOARES; ATALLAH, 2007), foram analisados os efeitos
anti-hiperalgésicos do metamizol e propifenazona nos animais induzidos a EAE-RR.
Para além da abordagem farmacolégica com HC-030031 e A967079, vimos que tanto
o tratamento com metamizol quanto com propifenazona foram capazes de reduzir a
alodinia mecanica periorbital causada pelo modelo de EAE-RR. Embora néo
publicados os dados, observou-se o mesmo efeito antinociceptivo de ambos os
analgésicos para as medidas de alodinia mecanica e ao frio na regido da pata. Sabe-
se que o metamizol possui outros mecanismos de acdo através da inibicdo das
enzimas ciclooxigenase, estimulacéo de receptores endocanabinoides, e pode atuar
nos sistemas serotoninérgicos e noradrenérgicos, sendo todos seus mecanismos
ainda néo totalmente elucidados. A propifenazona também possui como mecanismo
de acdo a inibicdo das enzimas ciclooxigenase. Sugere-se, portanto, que além dos
mecanismos ja propostos, os efeitos analgésicos do metamizol e da propifenazona
também atuam através do antagonismo dos canais TRPAL, (BLASER et al., 2021a,
2021b; GENCER; GUNDUZ; ULUGOL, 2015). Dessa maneira, esse conjunto de
resultados inéditos sugere o envolvimento da ativacdo dos canais de TRPA1 nos
sintomas do tipo enxaqueca e tipo dor neuropética no modelo experimental de EMRR.

Os canais TRPAL sdo podem ser ativados por uma série moléculas endégenas
geradas pelas respostas inflamatorias e estresse oxidativo (OGAWA; KUROKAWA,;
MORI, 2016; TREVISANI et al., 2007). Na EM o processo inflamatorio crénico gera
constantemente espécies reativas que acabam por sustentar o processo de
desmielinizagdo nos axonios (AARTS et al.,, 2003; HAIDER et al.,, 2011). Alguns
desses subprodutos do estresse oxidativo, como H202 e 4-HNE sao considerados
agonistas/ativadores dos canais TRPA1l podendo estar associados a sinais de
nocicepcao em diferentes tipos de modelos de dor (ANTONIAZZI et al., 2019; DE
LOGU et al.,, 2017; TREVISAN et al., 2016). Aléem dos subprodutos do estresse
oxidativo, existem diferentes enzimas envolvidas na producao de espécies reativas.
Dentre essas enzimas temos a NADPH oxidase que é uma enzima importante
geracdo de espécies reativas de oxigénio e ja foi descrita por contribuir no
desenvolvimento de doencas neurodegenerativas cronicas, como a EM (MA et al.,
2017). No mesmo modelo de EAE-RR ja foi descrito um aumento da atividade da

NADPH oxidase em amostras de cértex e medula de camundongos induzidos (MA et
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al., 2017). Neste contexto, um dos objetivos do estudo foi analisar os niveis desses
dois agonistas do TRPAL e da enzima NADPH oxidase primeiramente em amostras
de medula espinal dos animais induzidos a EAE-RR. Logo apds as analises desses
pardmetros, observou-se o aumento dos niveis de H202 e 4-HNE, bem como o
aumento da atividade da NADPH oxidase em amostras de medula espinal apés 35
dias de inducéo da EAE-RR.

A primeira fase da alodinia mecanica periorbital € mantida pela producéao de
espécies reativas de oxigénio dependentes de TRPA1l e da NADPH oxidase nos
neurénios do ganglio trigeminal (MARONE et al., 2018). A segunda fase é
caracterizada pela geracdo de espécies reativas de carbonil, como o 4-HNE
(MARONE et al., 2018). No modelo depresséo alastrante cortical foi demonstrado o
papel de H202 na ativagdo do TRPA1, sendo essa ativacdo foi revertida pelo
antagonista A-967079 em amostras de cortex de camundongos (JIANG et al., 2019).
No modelo de constricdo do nervo infraorbital observou-se um aumento dos niveis de
H202 e 4-HNE e da atividade da superéxido dismutase através de infiltrados de
monadcitos e macrofagos no nervo infraorbital periférico lesionado (TREVISAN et al.,
2016). Outro modelo de enxaqueca induzido por gliceril trinitrato demonstrou um
aumento dos niveis de H202 e 4-HNE no ganglio trigeminal (MARONE et al., 2018).
Desta maneira, a fim de avaliar o desenvolvimento de alodinia mecanica periorbital e
a ativacao dos canais TRPA1 foram analisados parametros de estresse oxidativo em
amostras de ganglio trigeminal e tronco encefélico. Resultados semelhantes aos
encontrados em amostras de medula espinal foram encontrados em amostras de
ganglio trigeminal de camundongos induzidos EAE-RR. As atividades das enzimas
NADPH e superéxido dismutase estavam aumentadas no ganglio trigeminal, bem
como os agonistas dos canais TRPAL, H20:2 e 4-HNE, ap6s 35 dias de inducéo.

Sabendo do aumento dos parametros de estresse oxidativo, incluindo os
agonistas do TRPA1 no modelo RR-EAE, avaliou-se o efeito de dois antioxidantes, o
acido alfa-lipoico e a apocinina, na alodinia mecanica e ao frio na pata e na alodinia
periorbital. Em estudos prévios, a apocinina (inibidor da NADPH oxidase), reduziu a
alodinia mecéanica em um modelo de lesdo medular (HASSLER et al., 2019) e dor
neuropéatica no diabetes (OLUKMAN et al., 2018) em ratos, e dor neuropatica
trigeminal em camundongos (TREVISAN et al., 2016). O &cido a-lipéico apresentou
efeito antinociceptivo na alodinia mecanica em um modelo de dor no céncer e no
mesmo modelo de EAE-RR (ANTONIAZZI et al.,, 2019; KHAN et al., 2015). No
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presente estudo também se observou os efeitos antialodinico com a administracdo de
acido a-lipdico e apocinina por via oral nos testes de alodinia mecéanica e ao frio.
Também se avaliou o tratamento com acido alfa-lipoico e apocinina por via intratecal
e o efeito antialodinico de ambos os antioxidantes foram observados. Da mesma
maneira, o tratamento por via oral com acido alfa-lipoico e apocinina também foi capaz
de atenuar a alodinia mecanica periorbital induzida pelo modelo EAE-RR. Todos
esses resultados sugerem que um papel de espécies reativas no processo
neuroinflamatério na EM que podem levar & ativagdo do canal TRPA1 e demonstrar
as alteracoes sensoriais do tipo dor neuropatica e enxaqueca. Infelizmente, ainda nédo
existem muitos estudos que mostrem um estudo randomizado sobre pacientes com
EM e essas alteracdes sensoriais. Por fim, esses compostos podem atuar nas vias
central e periférica, como mostrado em diferentes formas de administracdo e de
acordo com outros estudos (DE LOGU et al., 2017; NASSINI et al., 2014; TREVISAN
et al., 2016).

Além dos tratamentos com antagonistas do TRPAL, usou-se duas abordagens
de delecdo genética dos canais TRPA1 para avaliar comportamentos de nocicepgao
em diferentes modelos de dor (ANTONIAZZI et al., 2019; DE LOGU et al., 2017). A
primeira abordagem foi através da administracdo intratecal do oligonucletideo
antissentido (AS ODN) para o TRPAL através da inibicdo temporaria da sintese
desses receptores. Aqui, de acordo com estudos anteriores, demonstrou-se que 0
tratamento com oligonucleotideo antissentido do TRPA1 atenuou a alodinia mecéanica
e ao frio na regido da pata dos camundongos induzidos por RR-EAE. Ademais, néo
se observou alteracdo na expressdo génica dos canais TRPA1 em amostras de
medula espinal, ganglio trigeminal e tronco encefalico dos animais induzidos ao
modelo EAE-RR, somente se observou um aumento dessa expressdo na medula
espinal de animais induzidos ao modelo EAE-EMP (RITTER et al., 2020). Sabe-se
gue na inducdo de EAE-EMP se mimetiza a forma mais agressiva da doenca, sendo
assim os animais apresentam uma evolucao dos escores clinicos e debilitantes mais
rapidamente, a partir do 13° apos a inducdo (OLECHOWSKI et al., 2013;
OLECHOWSKI; TRUONG; KERR, 2009; RITTER et al., 2020). Portanto, o processo
de inflamacgéo e desmielinizagdo € mais acentuado no modelo EAE-EMP, o que pode
justificar essa diferenca entre as expressdes dos canais TRPAL na medula espinal.
Porém, sdo necessarias mais investigacdes a nivel molecular para elucidar essas

diferencas.
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Na segunda abordagem utilizou-se a ferramenta genética para delecéo total
para os canais TRPAl1 em camundongo da mesma linhagem utilizada nos
experimentos anteriores. Nesta etapa dos experimentos, todos os parametros foram
analisados em dois modelos de EM (EAE-RR e EAE-EMP). Como brevemente
descrito no inicio, o modelo de EAE-EMP se diferencia da EAE-RR pela aplicacdo do
adjuvante ACF. Esse modelo de EAE é o mais utilizado para mimetizar a forma
progressiva da doenca (OLECHOWSKI et al.,, 2013; OLECHOWSKI; TRUONG;
KERR, 2009), sendo publicado dois artigos do nosso grupo de pesquisa utilizando
este modelo, o primeiro avaliando o desenvolvimento de comportamentos do tipo dor
neuropatica (RITTER et al., 2020) e o segundo o desenvolvimento de alodinia
mecanica periorbital (DALENOGARE et al., 2021) e a relacdo com a ativacado dos
receptores TRPA1l. No modelo de EAE-EMP ja otimizado, as avaliacdes de
nocicepcao foram todas realizadas no 14° dia apés inducéo, bem como a retirada de
amostras para imunoistoquimica, pois este dia foi designado como o pico de
nocicepcao e também de escore clinico (DALENOGARE et al., 2021; RITTER et al.,
2020).

Diferentes modelos de camundongos de dor neuropatica demonstraram que a
delecdo de canais TRPA1 poderia reduzir a alodinia mecanica na pata e na area
periorbital (DE LOGU et al., 2017, 2019a, 2020a; MATERAZZI et al., 2012; TREVISAN
et al., 2016). Na inducao de neuropatia alcodlica e a ligacao parcial do nervo ciatico,
a delecdo total de canais TRPA1 ou seu silenciamento especifico nas células de
Schwann preveniu o desenvolvimento de alodinia mecéanica e ao frio (DE LOGU et al.,
2017, 2019a). Os camundongos nocautes para receptoresTRPAL ndo desenvolveram
alodinia mecanica e ao frio no modelo de neuropatia periférica induzida por paclitaxel
(MATERAZZI et al., 2012) e na sindrome de dor regional complexa (DE LOGU et al.,
2020a). Em diferentes modelos de enxaqueca como pela administracdo de gliceril
trinitrato de (MARONE et al., 2018), injecdo de umbelulona (NASSINI et al., 2012) e
constricdo do nervo infraorbital (TREVISAN et al., 2016) mostraram uma diminui¢ao
da nocicepcdo na regido periorbital em camundongos nocautes para 0S canais
TRPA1L. De acordo com os estudos anteriores citados, a dele¢éo total dos receptores
TRPA1 também foi capaz de prevenir o desenvolvimento de alodinia ao frio e
mecanica na regiao da pata, e na alodinia mecanica periorbital apds as inducdes de

EAE-RR e EAE-EMP. Esses resultados corroboram nossos resultados anteriores
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usando o blogueio farmacolédgico dos canais TRPA1 em ambos os modelos de EM
(DALENOGARE et al., 2020; RITTER et al., 2020).

ApOGs avaliagdo do papel dos receptores TRPA1 no desenvolvimento de
nocicepgdo nos dois modelos de EM, foram analisados também alguns parametros
inflamatorios a nivel de medula espinal. Neste contexto, o marcador GFAP tem uma
alta especificidade para danos em astrocitos sendo biomarcador importante durante a
inflamacéo aguda em pacientes com EMRR (KASSUBEK et al., 2017). O Iba-1 é uma
proteina cuja expressédo é restrita & microglia/macréfagos sendo utilizado como um
marcador de ativacdo da microglial (OHSAWA et al., 2004). Um aumento de GFAP e
Iba-1 foi observado em amostras de medula espinal de camundongos induzidos por
RR-EAE por andlises imunoistoquimicas (KHAN; WOODRUFF; SMITH, 2014), e
primeiramente mostrou-se um aumento dos niveis de expressao de RNA em ambos
0os marcadores por RT-PCR. O TNF-a € uma citocina proé-inflamatoria e tem sido
associada a fisiopatologia da EM. Também pode estar envolvido no processo de
desmielinizacdo em modelos de EAE (MADSEN et al., 2016). Encontrou-se um
aumento dos niveis de expressdo de RNA de TNF-a, confirmando assim a presencga
de processo neuroinflamatério neste modelo. Nos estudos anteriores, foram
mostrados todos os aspectos histoldgicos e imunoldgicos deste modelo e otimizado a
melhor dose dos reagentes utilizados para a indu¢do (KHAN; WOODRUFF; SMITH,
2014).

Os receptores TRPAL estédo expressos no SNC em astrdcitos (LEE et al., 2012;
SAGHY et al., 2016; SHIGETOMI et al., 2011), oligodendrdcitos (HAMILTON et al.,
2016) e macrofagos (NAERT; LOPEZ-REQUENA; TALAVERA, 2021). A ativacédo de
astrocitos, micréglia e oligodendrdcitos emergiu como um papel principal a dor crénica
(JI; BERTA; NEDERGAARD, 2013). Varios estudos em diferentes modelos
experimentais de dor mostraram aumento de marcadores inflamatérios e alteracbes
morfoldgicas, incluindo proliferacéo e hipertrofia celular, de marcadores gliais como
Iba-1 e GFAP (JI; BERTA; NEDERGAARD, 2013). Assim, trés estudos observaram
uma regulacéo positiva dos marcadores Iba-1 através da inducéo de EAE (BURNS et
al., 2014; CHINNASAMY et al., 2015; KHAN; WOODRUFF; SMITH, 2014). Conforme
os resultados ja descritos, a presenca de microglia/macréfagos positivos para lba-1
indicaram um papel essencial dessas células no processo neuroinflamatorio na regiéo
do corpo caloso de camundongos induzidos a EAE-EMP (BURNS et al., 2014). No

mesmo protocolo de inducéo da EAE-RR, também foi demonstrado aumento do Iba-
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1 no corpo caloso e medula espinal (KHAN; WOODRUFF; SMITH, 2014). Outras
evidéncias estabeleceram uma relacdo entre a ativacdo do TRPAL, o marcador lba-1
e 0 comportamento de nocicep¢do (MEOTTI et al., 2017). Em um estudo anterior, a
delecdo dos canais TRPAL atenuou a ativagdo da micréglia através do marcador Iba-
1 apds o modelo de hiperalgesia induzida pelo agonista do receptor B1 da bradicinina
(MEOTTI et al., 2017). Além disso, alguns modelos de neuropatia, como lesdo por
constricao crbnica do nervo ciatico (KWIATKOWSKI et al., 2020; ROJEWSKA et al.,
2016) e neuropatia periférica induzida por quimioterdpico (MAKKER et al., 2017)
demonstraram o desenvolvimento de alodinia mecanica em camundongos induzidos
e 0 aumento do marcador Iba- 1 no cortex e medula espinal. Aqui, verificou-se que a
delecdo dos canais TRPA1 impediu 0 aumento das células Iba-1-positivas causadas
pela inducéo de EAE-RR e EAE-EMP na medula espinal.

Os astrécitos medeiam diversas funcfes no sistema nervoso central, e algumas
evidéncias mostraram seu envolvimento em doencas neurodegenerativas, como a EM
(LINNERBAUER; WHEELER; QUINTANA, 2020; YI; SCHLUTER; WANG, 2019).
Outros achados mostraram a importancia dos astrocitos na EM, o que pode influenciar
nos fenaotipos clinicos, patogénese, progressao e recuperacao desta patologia (YI;
SCHLUTER; WANG, 2019). Os canais TRPA1 também sdo expressos em astrocitos,
e um estudo recente desempenha uma contribuicdo para a formacao de toxicidade
precoce de oligdmeros AR pela hiperatividade de Ca?* nos canais TRPAL, o que leva
a um estado de hiperatividade neuronal (BOSSON et al., 2017). Através de um modelo
experimental da doenca de Alzheimer, foi visto que existe uma relacdo entre a
ativacdo dos canais TRPAL, o processo neuroinflamatério e a ativacao astroglial
através do aumento de GFAP, um conhecido marcador de astrdcitos (LEE et al.,
2016). Além disso, alguns resultados ap6s indu¢édo de EAE mostraram uma regulacao
positiva de GFAP (DOOLEN et al., 2018; KHAN; WOODRUFF; SMITH, 2014). A
ativacado celular marcada pelo GFAP também foi relacionada a comportamentos de
nocicepcao em um modelo de dor neuropatica por lesdo da medula espinal (GUO et
al., 2012; VIEIRA et al., 2021; WANG et al., 2013). Aqui, a delecdo de TRPAL preveniu
0 aumento de células GFAP-positivas apés indugédo de ambos os modelos EAE-RR e
EAE-EMP.

A MOG é um componente de mielina expresso no SNC responsavel pelo
processo de mielinizacdo e maturacdo de oligodendrdcitos (PESCHL et al., 2017). A

diminuicado deste marcador em um modelo RR-EAE foi previamente demonstrada da
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analise de imunoistoquimica (KHAN; WOODRUFF; SMITH, 2014). O OLIG-1 € um
fator de transcricdo envolvido na formacéo e reparo da mielina, que é reduzido em
modelos de lesdao da medula espinal (OTHMAN et al., 2011). Nossos resultados
concordam com esses estudos, demonstrando reducéo niveis de RNA tanto de MOG
quanto de Olig-1 por ensaio de RT-gPCR e sugerindo um processo desmielinizante
em um modelo RR-EAE (KHAN; WOODRUFF; SMITH, 2014; OTHMAN et al., 2011).
Assim, mostrou-se um possivel processo desmielinizante e neuroinflamatorio por meio
de RT-PCR, o que concorda com este modelo otimizado anterior de dor neuropatica
por inducdo de RR-EAE (KHAN; WOODRUFF; SMITH, 2014).

O processo de desmielinizacéo e lesdo de oligodendrécitos na EM resulta em
comprometimento da propagacédo do impulso neuronal e, consequentemente, varios
déficits funcionais (GRUCHOT et al., 2019). Conforme descrito anteriormente, 0s
modelos de EAE poderiam induzir o processo desmielinizante, que manifesta
deficiéncias motoras mimetizando as manifestacdes clinicas da EM (BJELOBABA et
al., 2018; CONSTANTINESCU et al., 2011). Aqui, observou-se a presenca de escores
clinicos ap6s camundongos induzidos por PMS ou RR-EAE; no entanto, a delecdo
dos canais TRPAL ndo impediu o desenvolvimento desses sinais clinicos. Resultados
semelhantes foram observados usando um modelo de EAE, onde o bloqueio dos
receptores toll-like 2 e 4 ndo conseguiu reduzir as deficiéncias motoras, mas reverteu
a alodinia causada pela inducao de EAE (KWILASZ et al., 2021). Através da coloracdo
Fastblue confirmou-se a desmielinizacdo nos animais induzidos em ambos o0s
modelos de EAE, e 0s animais nocaute se mantiveram semelhantes aos controles néo
induzidos. Outro marcador avaliado nos dois modelos foi o OLIG-2, que é altamente
expresso em neurdnios motores e oligodendrdcitos sendo responséavel a diferenciacéo
e maturacado de células progenitoras de oligodendrdcitos (OTHMAN et al., 2011). Este
fator de transcricdo regula a regeneracdo da mielina durante a desmielinizacéo
cronica e é um importante marcador para investigar os possiveis novos alvos para
restaurar a desmielinizacdo (OTHMAN et al., 2011). Assim, anteriormente, usando um
modelo de cuprizona, observou-se que a desmielinizacdo teve uma reducao
significativa do nimero de células marcadas por OLIG-2 (SAFAEIl; EFTEKHARI;
ALIOMRANI, 2021). Aqui, o fator de transcricdo de oligodendrdcitos, OLIG-2,
apresentou uma reducao significativa em camundongos induzidos por EAE-RR e
EAE-EMP, sendo que as analises nos tecidos de animais nocautes para 0s canais

TRPAL se aproximou dos animais controles nao induzidos. Assim, estes resultados
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sugerem que a delecdo dos canais TRPAl pode ajudar no processo de
remielinizacdo, mas é insuficiente para recuperar os escores clinicos de ambas as

inducdes.



6 CONCLUSAO

Diferentes tipos de células e de proteinas estdo envolvidos nos processos
inflamatérios, degenerativos e no desenvolvimento de sintomas de dor, sendo o0s
canais TRPA1 uma importante proteina-alvo de investigacdo. No presente estudo,
primeiramente, demonstrou-se o papel da proteina TRPAL1 nos sintomas do tipo dor
neuropatica através de avaliacdo da alodinia mecéanica e ao frio na pata traseira de
animais induzidos a EAE-RR. O desenvolvimento de sintomas do tipo dor neuropatica
foram validados usando o farmaco pregabalina, o qual apresentou atividade
antinociceptiva em ambos os testes de nocicepcdo. Em sequéncia, como resultados
inéditos, padronizou-se um modelo de enxaqueca através da inducdo de EAE-RR a
observacédo do efeito anti-alodinico dos medicamentos usados para o tratamento da
enxaqueca, sumatriptana e olcegepant.

A fim de investigar o papel dos canais TRPAL, observou-se que bloqueio
farmacoldgico desses canais foi capaz de atenuar a alodinia mecanica e ao frio na
regido da pata traseira, e na alodinia mecanica periorbital causada pela inducéo de
EAE-RR. O tratamento com o oligonucleotideo antissentido para o TRPA1 foi capaz
de diminuir a alodinia mecéanica e ao frio na pata traseira no modelo EAE-RR, e néo
houve alteracdo na expressdo de RNA dos canais TRPAL apdés inducéo.

Sabendo que os canais TRPA1l podem ser ativados por subprodutos do
estresse oxidativo, observamos um aumento dos agonistas enddgenos do TRPAl
(H202 e 4-HNE) em amostras medula espinal e ganglio trigeminal de animais
induzidos a EAE-RR. A atividade da enzima NADPH oxidase também estava
aumentada tanto em amostras de medula espinal e ganglio trigeminal. Porém a
atividade da SOD estava aumentada somente em amostras de ganglio trigeminal. A
partir do aumento dos parametros de estresse oxidativo, demonstrou-se o efeito
antinociceptivo dos antioxidantes acido alfa-lipoico e apocinina. Esses resultados
sugerem, uma possivel diminuicdo transitoria das espécies reativas e atenuacao da
alodinia no modelo EAE-RR com o tratamento agudo com esses antioxidantes.

Por fim, através da delecdo génica total dos receptores TRPA1 observou-se um
papel importante desses canais no desenvolvimento dos sintomas do tipo dor
neuropatica causados pela inducdo de EAE-RR e EAE-EMP. Além disso, as
evidéncias demonstraram que a auséncia de expressao dos canais TRPAL é capaz

de prevenir o aumento dos marcadores de neuroinflamacéo Iba-1 e GFAP no apés a
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inducdo de ambos os modelos. Dessa forma, o conjunto de resultados aqui descritos
sugerem um possivel papel do TRPA1 no processo inflamatorio e atenuacdo de
comportamentos neuropaticos semelhantes & dor em dois diferentes modelos de
esclerose multipla. Portanto, os resultados aqui descritos sugerem que o canal TRPA1
€ um alvo valioso para futuras investigacdes para tratar a dor neuropatica e sintomas

de enxaqueca em pacientes com esclerose multipla (Figura 4).

Figura 4 - Resumo llustrativo da Conclusao
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Legenda Figura 4: 1 - Induc&o dos modelos de EAE-RR e EAE-
EMP; 2 — Processo de desmielinizagcao e escores caracteristicos
da EMP e EMRR; 3 - Aumento dos parametros de estresse
oxidativo, incluindo os agonistas do TRPA1 4-HNE e H202 no
modelo EAE-RR; 4 - Aumento dos marcadores de
neuroinflamacéo Ibal (macrofagos/microglia) e GFAP (astrocitos);
5 - Sugere-se que h&d uma ativacdo dos canais TRPA1l pelo
processo de inflamatério e de estresse oxidativo causado pela
inducéo de ambos os modelos; 6 — Desenvolvimento de alodinia
mecanica e ao frio na regido da pata nos modelos EAE-RR e EAE-
EMP, e de alodinia mecanica periorbital no modelo RR-EAE; 7 e
8 — Todos os tratamentos se mostraram eficazes em atenuar com
comportamentos de nocicepc¢do nos dois modelos de EAE.



7 PERSPECTIVAS

Os resultados apresentados neste estudo podem ser considerados as primeiras
investigacoes relacionando os canais TRPA1 e o modelo de EAE-RR e EAE-EMP.
Mesmo assim, ainda € necessario a elucidacdo por completo dos mecanismos
envolvidos no desenvolvimento dos sintomas do tipo dor em ambos os modelos de
EM e a ativagédo dos canais TRPAL.

Para melhor elucidacdo dos mecanismos de ativacdo do TRPAL1 nos modelos
de EAE-RR e EAE-EMP podem ser mais bem avaliados outros parametros de
estresse oxidativo e alguns marcadores de neuroinflamacao, além de lba-1 e GFAP.
O marcador de 4-HNE, agonista dos canais TRPAL, pode ser futuramente analisado
por imunofluorescéncia em amostras medula espinal e ganglio trigeminal de animais
induzidos a EAE-RR e EAE-EMP. Os marcadores Iba-1 e GFAP também poderiam
ser analisados em animais nocautes para os canais TRPAL e induzidos a EAE-RR e
EAE-EMP em outras estruturas relacionadas a dor como, por exemplo, o ganglio
trigeminal. Além disso, seria de grande importancia avaliar os niveis de CGRP em
amostras de ganglio trigeminal, jA que houve efeito antialodinico do antagonista
CGRP, olcegepant.

Aqui foi possivel elucidar a razdo de os escores clinicos se manterem 0s
mesmos em camundongos nocautes para os canais TRPAL, mas apresentarem
diminuicdo dos comportamentos de nocicep¢cdo. Desta maneira, € necessario
investigar se essas diferencas seriam devido aos modelos de inducdo através da
avaliacdo de marcadores de mielina e de inflamacdo em tecidos como a medula
espinal.

Desta forma, de acordo com as evidéncias encontradas até o momento
podemos sugerir uma relacdo entre a ativacdo do TRPA1 e o desenvolvimento de
comportamentos de nocicepcdo em um modelo de dor neuropética e de dor de cabeca
induzidos por EMRR e EMP.
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CERTIFICADO

Certificamos que a proposta intitulada "Avaliacdo dos mecanismos envolvidos na ativacdo do receptor TRPA1 na hipersensibilidade
dolorosa observada em um modelo de esclerose multipla”, protocolada sob o CEUA n? 8640200617 (o no1s71), sob a
responsabilidade de Gabriela Trevisan dos Santos e equipe; Amanda Spring de Almeida; Fernando Roberto Antunes Fernando
Bellinaso; Guilherme Vargas Bochi; Patricia Severo do Nascimento; Sabrina Qader Kudsi; Giovana Quaresma Ghedini; Caren Tatiane
de David Anteniazzi - que envolve a producdo, manutencdo efou utilizacdo de animais pertencentes ao filo Chordata, subfilo
Vertebrata (exceto o homem), para fins de pesquisa cientifica ou ensino - esta de acordo com os preceitos da Lei 11.794 de 8 de
outubro de 2008, com o Decreto 6.899 de 15 de julho de 2009, bem como com as normas editadas pelo Conselho Nacional de
Controle da Experimentacio Animal (CONCEA), e foi aprovada pela Comisséo de Etica no Uso de Animais da Universidade Federal
de Santa Maria (CEUA da UFSM) na reunido de 09/08/2017.

We certify that the proposal "Evaluation of the mechanisms involved in TRPAL receptor activation in the painful hypersensitivity
observed in a multiple sclerosis model", utilizing 384 Isogenics mice (384 females), protocol number CEUA 8640200617 (b 001571),
under the responsibility of Gabriela Trevisan dos Santos and team; Amanda Spring de Almeida; Fernando Roberto Antunes
Fernando Bellinaso; Guilherme Vargas Bochi; Patricia Severo do Nascimento,; Sabrina Qader Kudsi; Giovana Quaresma Ghedini;
Caren Tatiane de David Antoniazzi - which involves the production, maintenance and/or use of animals belonging to the phylum
Chordata, subphylum Vertebrata (except human beings), for scientific research purposes or teaching - is in accordance with Law
11.794 of October 8, 2008, Decree 6899 of July 15, 2009, as well as with the rules issued by the National Council for Control of
Animal Experimentation (CONCEA), and was approved by the Ethic Committee on Animal Use of the Federal University of Santa
Maria (CEUA da UFSM) in the meeting of 08/09/2017.

Finalidade da Proposta: Pesquisa
Vigéncia da Proposta: de 08/2017 a 03/2021 Area: Bioquimica E Biologia Molecular

Origem: Biotério Central UFSM
Espécie: Camundongos isogénicos sexo: Fémeas idade: 50 a 60 dias N: 384
Linhagem: C57BL/6 Peso: 20a30g

Local do experimento: Laboratdric Experimental da Fisiopatologia da Dor - Sala 5207 - Prédio 21

Santa Maria, 14 de abril de 2022
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Dra. Patricia Braunig Profa. Dra. Vania Lucia Loro
Presidente da Comisséo de Etica no Uso de Animais Vice-Presidente da Comiss&o de Etica no Uso de Animais
Universidade Federal de Santa Maria Universidade Federal de Santa Maria

Avenida Roraima, 1000, Reitoria, 7¢ andar, sala 763 - CEP 97105-900 Santa Maria, RS - tel: 55 (55) 3220-9362
Hordrio de atendimento: 8h30 - 11h30 e 13h30 - 16h30 : e-mail: ceua.ufsm@gmail.com
CEUA N 8640200617
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ANEXO B — APROVACAO DO COMITE DE ETICA NO USO DE ANIMAIS DA
UFSM REFERENTE AOS TESTES UTILIZADOS NO ARTIGO 2
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CERTIFICADO

Certificamos que a proposta intitulada "Avaliacdo da participacdo de CGRP na nocicepc¢do observada em modelos de esclerose
multipla em camundongos”, protocolada sob o CEUA n2 4522041219 (o 003012), s0b a responsabilidade de Gabriela Trevisan dos
Santos e equipe; Diéssica Padilha Dalenogare; Camila dos Santos Ritter; Maria Carolina Theisen - que envolve a producéo,
manutencao e/ou utilizacdo de animais pertencentes ao filo Chordata, subfilo Vertebrata (exceto o hemem), para fins de pesquisa
cientifica ou ensino - estd de acordo com os preceitos da Lei 11.794 de 8 de outubro de 2008, com o Decreto 6.899 de 15 de julho
de 2009, bem como com as normas editadas pelo Conselho Nacional de Controle da Experimentacéo Animal (CONCEA), e foi
aprovada pela Comisséo de Etica no Uso de Animais da Universidade Federal de Santa Maria (CEUA da UFSM) na reunifio de

19/05/2020.

We certify that the proposal "Evaluation of CGRP participation in the nocepection observed in multiple sclerosis models in mice",
utilizing 160 Isogenics mice (160 females), protocol number CEUA 4522041219 (o o03012), under the responsibility of Gabriela
Trevisan dos Santos and team; Diéssica Padilha Dalenogare; Camila dos Santos Ritter; Maria Carolina Theisen - which involves
the production, maintenance and/or use of animals belonging to the phylum Chordata, subphylum Vertebrata (except human
beings), for scientific research purposes or teaching - is in accordance with Law 11.794 of October 8, 2008, Decree 6899 of July 15,
2009, as well as with the rules issued by the National Council for Control of Animal Experimentation (CONCEA), and was approved
by the Ethic Committee on Animal Use of the Federal University of Santa Maria (CEUA da UFSM) in the meeting of 05/19/2020.

Finalidade da Proposta: Pesquisa

Vigéncia da Proposta: de 03/2020 a 12/2024 Area: Departamento de Bioguimica E Biologia Molecular

Qrigem: Biotério Central UFSM

Espécie: Camundongos isogénicos sexo: Fémeas idade: 30 a 70 dias N: 160
Linhagem: C57BL/6 Peso: 20a25g

Local do experimento: Laboratério de Fisiopatologia da Dor (5206) - NeuronLab
Santa Maria, 13 de abril de 2022

C \ ML it(@ LG
Dra. Patricia Braunig Profa. Dra. Vania Lucia Loro
Presidente da Comissao de Etica no Uso de Animais Vice-Presidente da Comissao de Etica no Uso de Animais
Universidade Federal de Santa Maria Universidade Federal de Santa Maria

Avenida Roraima, 1000, Reitoria, 7¢ andar, sala 763 - CEP 97105-900 Santa Maria, RS - tel: 55 (55) 3220-9362
Hordrio de atendimento: 8h30 - 11h30 e 13h30 - 16h30 : e-mail: ceua.ufsm@gmail.com
CEUA N 4522041219
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CERTIFICADO

Certificamos que a proposta intitulada "Avaliacdo da participacdo do receptor TRPAL na nocicepcdo observada em um modelo de
esclerose mdltipla progressiva em camundongos”, protocolada sob o CEUA n? 7218010817 (o 0o1640), Sob a responsabilidade de
Gabriela Trevisan dos Santos e equipe; Fernando Roberto Antunes Fernando Bellinaso; Caren Tatiane de David Antoniazzi;
Amanda Spring de Almeida - que envolve a producao, manutencao e/ou utilizacdo de animais pertencentes ao filo Chordata, subfilo
Vertebrata (exceto o homem), para fins de pesquisa cientifica ou ensino - estad de acordo com os preceitos da Lei 11.794 de 8 de
outubro de 2008, com o Decreto 6.899 de 15 de julho de 2009, bem como com as normas editadas pelo Conselho Nacional de
Controle da Experimentac&o Animal (CONCEA), e foi aprovada pela Comissio de Etica no Uso de Animais da Universidade Federal

de Santa Maria (CEUA da UFSM) na reunido de 14/09/2017.

We certify that the proposal "Evaluation of TRPAL receptor participation in nociception observed in a mice progressive multiple
sclerosis model", utilizing 280 Isogenics mice (280 females), protocol number CEUA 7218010817 (o oo1640), under the responsibility
of Gabriela Trevisan dos Santos and team; Fernando Roberto Antunes Fernando Bellinaso; Caren Tatiane de David Antoniazzi;
Amanda Spring de Almeida - which involves the production, maintenance and/or use of animals belonging to the phylum Chordata,
subphylum Vertebrata (except human beings), for scientific research purposes or teaching - is in accordance with Law 11.794 of
October 8, 2008, Decree 6899 of July 15, 2009, as well as with the rules issued by the National Council for Control of Animal
Experimentation (CONCEA), and was approved by the Ethic Committee on Animal Use of the Federal University of Santa Maria

(CEUA da UFSM) in the meeting of 09/14/2017.

Finalidade da Proposta: Pesquisa

Vigéncia da Proposta: de 09/2017 a 12/2019 Area: Bioquimica E Biologia Molecular

Origem: Biotério Central UFSM

Espécie: Camundongos isogénicos sexo: Fémeas idade: 50 a 60 dias N: 280
Linhagem: C57BL/6 Peso: 25a30g

Local do experimento: Laboratéric de Pesquisa Experimental da Fisiopatologia da Dor, prédio 21, UFSM.
Santa Maria, 14 de abril de 2022
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Dra. Patricia Bréunig Profa. Dra. Vania Lucia Loro
Presidente da Comissao de Etica no Uso de Animais Vice-Presidente da Comisséo de Etica no Uso de Animais
Universidade Federal de Santa Maria Universidade Federal de Santa Maria

Avenida Roraima, 1000, Reitoria, 72 andar, sala 763 - CEP 97105-900 Santa Maria, RS - tel: 55 (55) 3220-9362
Hordrio de atendimento: 8h30 - 11h30 e 13h30 - 16h30 : e-mail: ceua.ufsm@gmail.com
CEUA N 7218010817
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