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RESUMO

Dor neuropatica (DN) estd relacionada a presenca de hiperalgesia, alodinia e dor
espontanea, afetando de 7% a 10% da populacio geral. E uma dor de dificil tratamento,
sendo necessario a busca de novas op¢Oes terapéuticas. Neste contexto, a estimulagéo
magnética transcraniana repetitiva (EMTr) vem sendo aplicada para o alivio da DN,
especialmente em pacientes com dor refrataria. Considerando a relevancia do tema, o
objetivo desta tese foi avaliar o efeito do tratamento com EMTr sobre a resposta
nociceptiva e a memaria de longo prazo de ratos submetidos a um modelo de DN, além
de avaliar seus efeitos nos niveis centrais de neurotrofinas e citocinas pro e anti-
inflamatdrias. Para tanto, foram utilizados 106 ratos Wistar machos adultos (60 dias de
idade), divididos em 9 grupos experimentais: controle (C), controle + sham EMTr
(C+s.EMTT), controle + EMTr ativo (C+EMTT), sham dor neuropatica (s.DN), sham dor
neuropatica + sham EMTr (s.DN+s. EMTr), sham dor neuropatica + EMTr ativo
(s.DN+EMTT), dor neuropética (DN), dor neuropatica + sham EMTr (DN+s. EMTr) e
dor neuropética + EMTr ativo (DN+EMTT). O estabelecimento do modelo de DN ocorreu
14 dias apds a cirurgia de constricdo crénica do nervo isquiatico (CCI). A partir disso, 0s
ratos foram tratados com sessdes diarias de 5 minutos de EMTr por 8 dias consecutivos.
As respostas de hiperalgesia térmica e alodinia mecéanica foram avaliadas antes do
procedimento cirurgico, apds o estabelecimento da DN e 24h apds o término do
tratamento, por meio dos testes da Placa Quente (PQ) e von Frey (VF). A memdria de
longo prazo foi avaliada pelo teste de reconhecimento de objetos, 48h apds o término do
tratamento. Em seguida, os animais foram eutanasiados e estruturas foram coletadas para
analises bioquimicas. Os ensaios bioquimicos (niveis de BDNF, TNF-a e IL-10) foram
realizados em homogenatos de cértex pré-frontal (CPF), medula espinhal e hipocampo.
O tratamento com EMTr promoveu reversdo total da hiperalgesia térmica (Placa Quente)
induzida pelo modelo de DN e reversdo parcial da alodinia mecanica (Von-Frey). Além
disso, a EMTr aumentou os niveis de BDNF e TNF-a no CPF e reverteu a diminuigédo
dos niveis hipocampais de IL-10 nos animais com DN. Complementarmente, o
tratamento com EMTr reverteu o déficit na memoria de longo prazo induzido pela DN.
Desta forma, a EMTr apresenta-se como uma ferramenta promissora para 0 manejo da
DN, e as altera¢des induzidas pela estimulacdo parecem ser estado-dependente, ou seja,
EMTr induz alteragdes em pardmetros neuroquimicos, modulando a neuroplasticidade,

apenas nos animais com um estado mal adaptativo como a DN, aumentando o limiar
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nociceptivo e recuperando a memdaria de longo prazo desses animais.

Palavras-chave: ratos, dor cronica, neuromodulacdo, memoria, nocicepgao,

interleucina, neurotrofina.
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ABSTRACT

Neuropathic pain (NP) is related to the presence of hyperalgesia, allodynia, and
spontaneous pain, affecting 7% to 10% of the general population. The management of NP
Is difficult, demanding new therapeutic options. In this context, repetitive transcranial
magnetic stimulation (rTMS) has been applied for NP relief, especially in patients with
refractory pain. Considering the relevance of this theme, the aim of the present thesis was
to evaluate the effects of rTMS treatment on the nociceptive response and long-term
memory of rats in a NP model, and to evaluate its effects on central levels of
neurotrophins and pro and anti-inflammatory cytokines. For this purpose, 106 adult male
Wistar rats (60 days old) were used, divided into 9 experimental groups: control(C),
control + sham rTMS (C+s.rTMS), control + active rTMS (C+ rTMS), sham neuropathic
pain (S.NP), sham neuropathic pain + sham rTMS (s.NP+s.rTMS), sham neuropathic
pain + active rTMS (s.NP+rTMS), neuropathic pain (NP), neuropathic pain + sham rTMS
(NP+s.rTMS) and neuropathic pain + active rTMS (NP+rTMS). The establishment of the
NP model occurred 14 days after surgery for chronic constriction injury (CCI) of the
sciatic nerve. Thereafter, the rats were submitted to daily 5-minute rTMS sections during
8 consecutive days. The responses of thermal hyperalgesia and mechanical allodynia were
evaluated before the surgical procedure, after the establishment of NP and after treatment,
respectively, by the hot plate and von-Frey tests, 24h after the end of the treatment. Long-
term memory was assessed by the object recognition test, 48 hours after the end of
treatment. After, animals were Killed, and the structures collected for biochemical assays.
BDNF, TNF-a and IL-10 levels were performed in prefrontal cortex (PFC), spinal cord
and hippocampus homogenates. Treatment with rTMS promoted total reversal of thermal
hyperalgesia (hot plate) and partial reversal of mechanical allodynia (von-Frey) induced
by the NP model. Furthermore, rTMS increased BDNF and TNF-a levels in the PFC and
reversed the decrease in hippocampal IL-10 levels in animals with NP. In addition, rTMS
treatment reversed the long-term memory deficit induced by NP. Thus, rTMS presents
itself as a promising tool for the management of NP; changes induced by the stimulation
seem to be state-dependent, that is, rTMS induces changes in neurochemical parameters,
modulating neuroplasticity, only in animals with a maladaptive state (i.e. NP), increasing

nociceptive thresholds and long-term memory restoration in these animals.

Keywords: rats, chronic pain, neuromodulation, memory, nociception, interleukin,

neurotrophin.
11



Estimulacdo Magnética Transcraniana Repetitiva
em Modelo Animal de Dor Neuropatica

SUMARIO
LISTA DE FIGURAS . ... .ottt nnae e s 14
LISTA DE ABREVIATURAS.......o ottt 16
APRESENTAGCAO. ..ottt tes st s st es s s s asneesnes 18
LINTRODUGAO. ... ..ottt 20
2 REVISAO DA LITERATURA . ..ottt ettt 24
2.1 DOr Neuropatica (DN).......cccveieiieieeie ettt 25
2.2 Modelo de DN €M FOBAOIES........ccueiiiiiieienie e 26
2.3 DN € Areas de INTEIESSE. ......cviiiieieieiesie st se ettt 27
2.4 Estimulac@o Magnética Transcraniana Repetitiva (EMTF).......cccccooeviinenns 28
2.5 Testes Nociceptivos e avaliacdo de memoria de longo-prazo...................... 30
2.6 Marcadores NeUrOQUIMICOS. ......cc.vcveireerieaiesiee e eeesteeste e sre e sre e esnes 34
SIUSTIFICATIV A . e e e b e e anaae e anaeeeanes 36
A OBIETIVOS.....ccc ettt et e e e sne e e e nne e e aneeeareeeas 36
4.1  ODJEtIVO  GEIal...cciiii i 37
4.2 ObjJetiVOS ESPECITICOS. . uviivreiiieii ettt 37
5 REFERENCIAS DA PARTE L.t 39
6 ARTIGOS CIENTIFICOS. ...ttt 46
CT0 AN o T 1 USSR ROSUSRPRPRN 47
B.2 ArtIQO .o e 68
7 DISCUSSAQ GERAL ..ot 90
8 CONCLUSOES. ..ot 94
9 REFERENCIAS DA PARTE Hloooocieeeeceeeeeeeee e enas s 96
10 APROVACAO DA COMISSAO DE ETICA NO USO DE ANIMAIS............... 99
11 PERSPECTIVAS. ...ttt et e e et e e e aeeeenes 101
12 PRODUQAO ACADEMICA DURANTE O DOUTORADO.......cccooceeevernnn. 102
12.1 Artigos PUBlICadOS.........cooviiiiiiicc e 103
12.2 Resumos Publicados em Anais de CONgresS0..........ecvveiieiiueeivesiveesiesineens 104
12.3 Orientacdo de bolsista de Iniciagdo Cientifica........cccccoverivriviiviivniiiiicienn, 105

12



Estimulacdo Magnética Transcraniana Repetitiva
em Modelo Animal de Dor Neuropatica

LISTA DE FIGURAS

° Revisdo da literatura

Figura 1. Cirurgia de constricdo cronica do nervo isquiatico (CCI). Imagem

demonstrando trés amarraduras ao redor do nervo para estabelecimento da DN..................... 25

Figura 2. Principios da EMTr. Desenho esquematico demonstrando a indugdo da corrente

elétrica através do campo magnético gerado pela bobina...............ccooveee e 26

Figura 3. Aparelho de EMTr para ratos. Imagem demonstrando as bobinas no formato
de “borboletas™ utilizadas no experimento (lado esquerdo) e o equipamento de EMTr (lado

(01T =T 1 o) RS 27

Figura 4. Aparato onde é realizado o teste da Placa Quente. A superficie metalica

mantém a temperatura constante de £55°C.............cccoviiiiiiii e 28

Figura 5. Teste do Von-Frey. A- Gaiola onde os animais sdo dispostos durante o teste. B-
Visualizagdo da base gradeada da caixa. C- Estimulo na pata do animal sendo realizado com a

UtilizaGao dO VON-FIeY ElEtrONICO..........c..ceieveeiirieeeeeseee s st e e st e s et e s et e st esereeeseeeesreeens 29

Figura 6. Disposicao dos objetos nas fases de familiarizacéo e teste durante o TRO

NO aparato de OPEN FIEIG.........ooi i 30
° Artigo 1

Figure 1. von Frey test. Data expressed as mean + SEM of paw withdrawal threshold in grams

(9). n=11-12 animals/group. *Significant difference from Controls and Sham NP groups 14 days
after CCI surgery, demonstrating NP establishment (GEE/Bonferroni, P<0.05). #Significant
difference of NP and NP+Sham.rTMS groups after treatment (GEE/Bonferroni, P<0.05).
$Significant  difference  of NP+TMS group after treatment (GEE/Bonferroni,
P 0.0 ) ettt e ——e e e e e e —————eee e e e e a——————————aaeteaa———————— 47

Figure 2. Hot plate test. Data expressed as mean + SEM of time in seconds (s) for nociceptive

latency response. n=11-12 animals/group. *Significant difference of NP groups 14 days after CCl,
demonstrating NP establishment (GEE/Bonferroni, P<0.05). #Significant difference of NP and
NP+ Sham.rTMS groups after treatment (GEE/Bonferroni, P<0.05).............cccccvevvveeveeeeeennnn. 48

Figure 3. BDNF levels. Data expressed as mean +* SEM (pg/mg of protein). n=8-9

animals/group. Different letters indicate statistically significant differences among groups in the
same structure (One-way ANOVA/SNK, P<0.05).........c.cccecvviiiiiiieiie e 48

Figure 4. TNF-a levels. Data expressed as mean + SEM (pg/mg of protein). n=8-9

13



Estimulacdo Magnética Transcraniana Repetitiva
em Modelo Animal de Dor Neuropatica

animals/group. Different letters indicate statistically significant differences among groups in the
same structure (One-way ANOVA/SNK, P<O.05)........covieieeeeeeeeeeeeeeeeieeseeseeeeseessreesseesees 49

Figure 5. IL-10 levels. Data expressed as mean + SEM (pg/mg of protein). n=8-9

animals/group. Different letters indicate statistically significant differences among groups in the
same structure (One-way ANOVA/SNK, P<0.05)........cccccurrreiinininineeennss e 49

Figure 6. Experimental design. CCI: chronic constriction injury surgery. rTMS: repetitive

Transcranial Magnetic SMUIALION................ccoceiiieiieecec e ol

Figure 7. Neuropathic pain model. Three ligatures tied around the left sciatic nerve £1mm

10T L OO E TR PRSTRRPOO 51
Figure 8. TMS device: A - Butterfly coils, B - Pulse generator................cc.ccocoevrerienrnene. 51
Figure 9. rTMS treatment. Rat restrained during the stimulation.....................cccooeenen. 52
° Artigo 2

Figure 1. Experimental design. CCI: chronic constriction injury surgery. ORT: object

recognition test. rTMS: repetitive Transcranial Magnetic Stimulation................c.ccccoeeeeevnnn. 57

Figure 2. Objects’ allocation and shape during the ORT. Panel A: sample phase. Panel

B: DISCIIMINALION PRESE..........ccuiiiieiie ittt e e st e e st e e st e e e st e e s st e s s sbbeessbeeessbeeesreneens 58

Figure 3. Object recognition test (ORT). Box-and-whisker plots showing the median, 25"
and 75™ percentiles of the groups for the discrimation index. Whiskers represents the 5" and 95"
percentile. *Significant difference between NP and NP+Sham rTMS in relation to the other
groups (One-way ANOVA/SNK, P<0.05).......cccccciiiiiiieccie ettt 59

Figure 4. BDNF levels. Box-and-whisker plots showing the median, 25" and 75" percentiles

of the groups for the discrimation index. Whiskers represents the 5" and 95" percentile. No
differences were found between groups (One-way ANOVA/SNK, P>0.05).........c..ccccveeenn... 59

Figure 5. I1L-10 levels. Box-and-whisker plots showing the median, 25" and 75" percentiles of
the groups for the discrimation index. Whiskers represents the 5" and 95" percentile. *Significant
difference between NP and NP+Sham rTMS in relation to the other groups (One-way
ANOVA/SNK, P<O.05)......0cciiiiiiiieeie ettt raene s 60

14



Estimulacdo Magnética Transcraniana Repetitiva
em Modelo Animal de Dor Neuropatica

LISTA DE ABREVIATURAS

ANOVA - andlise de variancia (do inglés, analysis of variance)
AMPA - amino-3-hidroxi-5-metil-4 isoxazolproprionato
ANVISA- Agéncia Nacional de Vigilancia Sanitaria

AVC — acidente vascular cerebral

AVE- acidente vascular encefélico

BDNF — fator neurotrofico derivado do encéfalo (do inglés, brain-derived neurotrophic

factor)
CCI — constrigdo cronica do isquiatico (nervo)
CPF — cortex pré-frontal

ELISA — ensaio de imunoabsor¢do enzimatica (do inglés, enzyme-linked

immunosorbent assay)

EMT- estimulagdo magnética transcraniana

EMTr- estimulacdo magnética transcraniana repetitiva
ETCC- estimulacéo transcraniana por corrente continua
GABA- acido gama-aminobutirico

GPPG - Grupo de Pesquisa e Pos-Graduacao

HCPA — Hospital de Clinicas de Porto Alegre

IASP - associacdo internacional para estudos da dor (do inglés, International

Association for the Study of Pain)

IFN-y — interferon gama

IL1pB — interleucina 1 beta

IL-10 — Interleucina 10

LTM- memdria de longo prazo (do inglés, long-term memory)
NGF- fator de crescimento neuronal (do inglés, nerve growth factor)

NMDA- N-metil-D-aspartato (receptor ionotropico)

15



Estimulacdo Magnética Transcraniana Repetitiva
em Modelo Animal de Dor Neuropatica

ORT- teste de reconhecimento de objetos (do inglés object recognition test)
PFC- cortex pré-frontal (do inglés, prefrontal cortex)
PQ- placa quente

rTMS- estimulacdo magnética transcraniana repetitiva (do inglés, repetitive transcranial

magnetic stimulation)
SNC — sistema nervoso central
SNK- Student-Newman-Keuls (teste estatistico)

tDCS- estimulacdo transcraniana por corrente continua (do inglés, transcranial direct

current stimulation)

TMS- estimulacdo magnética transcraniana (do inglés, transcranial magnetic

stimulation).
TNF-o — fator de necrose tumoral alfa (do inglés, tumor necrosis factor alpha)

TRO - teste do reconhecimento de objetos

16



Estimulacdo Magnética Transcraniana Repetitiva
em Modelo Animal de Dor Neuropatica

APRESENTACAO

Esta tese esta estruturada em 3 partes:

° Parte | — Introducdo, Revisdo da Literatura, Justificativa, Objetivos e Referéncias
da Parte I,
° Parte Il - Materiais e Métodos, Resultados e Discussdo na forma de dois artigos

cientificos: o primeiro demonstrando os efeitos da estimulacdo magnética transcraniana
repetitiva (EMTTr) sobre a nocicep¢do e parametros neuroquimicos (BDNF, TNF-a e IL-
10) em ratos submetidos ao modelo de dor neuropética (publicado na revista Brain
Research); e o segundo avaliando os efeitos da EMTr sobre o comportamento de
reconhecimento de objetos e niveis de BDNF e IL-10 hipocampais de ratos submetidos

ao modelo de dor neuropatica (publicado na revista Neuroscience).

> Artigo 1: rTMS induces analgesia and modulates neuroinflammation and

neuroplasticity in neuropathic pain model rats.

> Artigo 2: Repetitive transcranial magnetic stimulation (rTMS) reverses the long-
term memory impairment and the decrease of hippocampal interleukin-10 levels, both

induced by neuropathic pain in rats.

° Parte 11 — Discussdo Geral, Conclusdes, Referéncias da Parte 111, Aprovacdo da

Comisséo de Etica, Perspectivas e Producio Académica Durante o Periodo de Doutorado.

Observacdo: Detalhes técnicos mais precisos sobre a metodologia empregada em cada
um dos trabalhos apresentados podem ser encontrados nos artigos cientificos.
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1 INTRODUCAO

Dor neuropética (DN) se refere a disfuncdo do sistema nervoso somatossensorial e é
caracterizada pela presenca de hiperalgesia, alodinia e dor espontanea (Nishikawa e
Nomoto 2017), acometendo cerca de 7 a 10% da populacéo em geral. Sua incidéncia tem
aumentado principalmente devido ao envelhecimento da populacdo global, a maior
incidéncia de doencas como diabetes mellitus e a maior sobrevida ao cancer apés a

quimioterapia (Colloca et al. 2017).

Apesar do controle da dor ser uma prioridade em pacientes com DN, ainda existem
limitaces quanto ao seu manejo, como dificuldades de avaliacdo, relato de dor
subestimado, uso inadequado de analgésicos e anti-inflamatdrios e efeitos adversos dos
tratamentos farmacoldgicos (Bruguerolle e Labrecque 2007; Nishikawa e Nomoto 2017).
Entre as principais op¢Oes de tratamento farmacoldgico da DN estdo a pregabalina
(anadlogo GABA), a gabapentina (alta afinidade pela subunidade alfa-2-delta dos canais
de célcio voltagem-dependentes), a duloxetina (inibidor da recaptacdo da serotonina-
noradrenalina) e antidepressivos triciclicos como recomendacdo de primeira linha no
tratamento da DN periférica e central (Collaca et al. 2017). A abordagem pode incluir
também o uso de adesivos de capsaicina e de lidocaina (Kraychete et al. 2016). Farmacos
opioides ndo sdo primeira escolha no manejo da DN, devido principalmente a baixa
eficacia e risco de dependéncia (Rosenblum et al. 2008). No entanto, em torno de 50%
dos pacientes apresentam melhora significativa com estes tratamentos, além da

ocorréncia de efeitos adversos, que limitam a adesdo ao tratamento (Finnerup et al. 2015).

Considerando essas limitages no tratamento da DN tem sido investigado, tanto em
estudos pré-clinicos quanto clinicos, novas terapias ndo farmacoldgicas que possam
complementar ou substituir o tratamento farmacoldgico. Entre os métodos alternativos
para o tratamento de quadros dolorosos estdo as técnicas de neuromodulacdo néo-
invasivas. A estimulacdo transcraniana por corrente continua (ETCC) e a estimulacdo
magnética transcraniana repetitiva (EMTr) tém demonstrado bons resultados no
tratamento de doengas relacionadas a plasticidade cerebral mal adaptativa como a DN
(Ngernyam et al. 2013; 2015; Leung et al. 2009; S. Yang e Chang 2020), incluindo
trabalhos realizados em nosso grupo de pesquisa, que tem avaliado os beneficios e efeitos
da ETCC na DN em estudos pré-clinicos (Laste et al. 2012; Cioato et al. 2016; Santos et
al. 2020; Lopes et al. 2021). Porém, este trabalho representa o primeiro estudo utilizando

a EMTr no manejo da DN em nosso grupo. Salientamos que 0 equipamento de
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estimulacdo magnética foi desenvolvido em parceria com a equipe de engenharia
biomédica do Hospital de Clinicas de Porto Alegre (HCPA), o que permitiu o emprego

desta ferramenta ndo-farmacoldgica em animais (ratos Wistar).

Os mecanismos pelos quais as técnicas neuromodulatorias atuam ainda ndo foram
totalmente elucidados, especialmente quando sdo empregadas no tratamento da DN. Por
este motivo, marcadores neuroquimicos tem sido alvo de estudo, tais como o fator
neurotrofico derivado do encéfalo (BDNF) e citocinas pré e anti-inflamatdrias, como o

fator de necrose tumoral (TNF-a) e interleucina 10 (IL-10).

O BDNF possui um papel importante na plasticidade sinaptica: no corno dorsal da
medula espinhal, sinaliza a informac&o nociceptiva (Miletic e Miletic 2002). Ele atua
como um modulador da resposta nociceptiva apos lesdo de nervo, desempenhando papel
importante no desenvolvimento da DN (Fukuoka et al. 2001). Além disso, os niveis de
BDNF aparecem alterados apos tratamentos com EMT e ETCC (Dall’ Agnol et al. 2014;
Ganguly e Poo 2013) e por essa razdo, esta neurotrofina tem sido utilizada como um
biomarcador de excitabilidade cortical e de plasticidade neuronal (Soltész et al. 2014).

As citocinas também apresentam atividade no processo nociceptivo (Ren e Torres
2009; Uceyler, Schafers, e Sommer 2009). Dentre elas, a IL-1 e o TNF-q, liberados pela
glia, regulam o desenvolvimento e a plasticidade de circuitos neuronais e vias
nociceptivas (Deverman e Patterson 2009; Schéfers, Sorkin, e Sommer 2003; McMahon
e Malcangio 2009; Ren e Torres 2009). As evidéncias indicam que a hiperalgesia induzida
pelo TNF-a pode estar relacionada a indu¢do de outros mediadores inflamatorios
(Schéfers, Sorkin, e Sommer 2003; Woolf et al. 1997; Claudia Sommer e Kress 2004).
Além disso, a IL-10 tem um importante papel antinociceptivo na DN, reduzindo a
hipersensibilidade da dor induzida por lesdo nervosa (Austin e Moalem-Taylor 2010).
Estudos pré-clinicos tém demonstrado que o sucesso do tratamento com EMTr em outras
patologias, como na esclerose mdltipla, acidente vascular encefalico e doenca de
Parkinson, pode ter contribuicdo do aumento dos niveis de IL-10 nos animais ativamente
estimulados (L. Yang et al. 2020; Hong et al. 2020; J. Y. Lee et al. 2020). Por outro lado,
em um estudo clinico com pacientes idosos com depressao refrataria e tratados com EMTr
apresentaram uma reducdo de marcadores inflamatérios, como IL-1B e TNF-a,

melhorando os sintomas da doenca (Zhao et al. 2019).

Dores crénicas, como a DN, podem afetar a funcdo cognitiva, alterando a atencéo,

dificultando a execucdo de tarefas cognitivas e de memoria (Berryman et al. 2013;
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Moriarty, McGuire, e Finn 2011). Estudos tém demonstrado declinio tanto na memdria
de trabalho quanto no desempenho da memaria de longo prazo em pacientes com dores
cronicas, incluindo a DN (Mazza, Frot, e Rey 2018; Jacobsen et al. 2021). Tem sido
sugerida dor crénica como uma consequéncia mal adaptativa de mecanismos de memoria
como por exemplo a LTP (do inglés, long term potentiation) (Mazza, Frot, e Rey 2018).
Outros estudos sugerem que o declinio da memaoria em pacientes com dor cronica esta
associado a intensidade da dor (Hart, Martelli, e Zasler 2000). Porém, foi demonstrado
que o alivio da dor nestes pacientes ndo melhorou a funcéo cognitiva (Dick e Rashiq
2007). Portanto, os mecanismos pelos quais esses 0s pacientes apresentam declinio na
memoria ainda estdo sendo investigados, incluindo a possivel contribuicdo de mediadores

neuroquimicos envolvidos na dor crénica (Hart, Martelli, e Zasler 2000).

Apesar disso, existem poucos estudos utilizando EMTr em animais, especialmente
envolvendo o manejo da DN. Isso se deve principalmente ao fato da dificuldade de
aplicacdo da técnica, especialmente em animais ndo anestesiados. Embora existam
evidéncias dos efeitos terapéuticos da EMTr, 0s seus mecanismos de acdo ndo estdo
totalmente elucidados, o que justifica a necessidade de estudos pré-clinicos utilizando
essa técnica. Sendo assim, 0 objetivo desta tese foi avaliar os efeitos da EMTr sobre a
alodinia, hiperalgesia e alteracbes na memaria de longo prazo em ratos submetidos ao
modelo de DN, assim como, verificar as possiveis alteracfes de niveis de marcadores

neuroguimicos nesses animais.
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2 REVISAO DA LITERATURA
2.1. DOR NEUROPATICA (DN)

Dor é uma experiéncia multidimensional de carater subjetivo e sua percepcao sofre
influéncia de fatores internos e externos (Sa et al. 2009), e é classificada temporalmente
em dor aguda e crénica. A primeira é evolutivamente vantajosa, uma vez que € um alerta
de dano promovendo a evita¢do de estimulos danosos. J& a dor cronica, esté dissociada
das ameagas reais, permanece por mais de 3 meses e ela prdpria é a doenga. Pacientes
com dor cronica moderada a intensa tem reducdo na qualidade de vida, apresentando
dificuldade em realizar atividades profissionais e sociais, frequentemente associadas a
quadros depressivos (Treister et al. 2013). Um exemplo de dor crénica é a DN, causada
por doengas ou lesdes que danificam as vias neurais sensiveis a dor periférica ou central,
promovendo disparos sinapticos inadequados desencadeando a dor sem causa definida
(Treister et al. 2013). Esse tipo de dor pode ser sentida distante da lesdo ou doenca do
sistema nervoso (ex.: na perna e/ou pé, em pacientes com compressdo radicular, ou dor

fantasma em pessoas com membro amputado) (DeSantana et al. 2020).

De acordo com a Ultima atualizacdo da Associacao Internacional para Estudos da Dor
(IASP, da sigla em inglés), dor e nocicepcdo sdo fendmenos diferentes. O processo
nociceptivo refere-se a resposta do sistema nervoso a um estimulo nocivo, enquanto a dor
€ uma resposta subjetiva e modificada pelas experiéncias de vida do individuo
(DeSantana et al. 2020). Ainda de acordo com a IASP, a fisiopatologia da dor pode ser
nociceptiva, neuropatica e nociplastica. Esta Gltima desempenha um papel nas condi¢bes
de dor crbénica como fibromialgia, dor lombar, e dor de cabeca (Kosek et al. 2016;
DeSantana et al. 2020).

Alodinia e hiperalgesia sdo sintomas caracteristicos da DN. A primeira refere-se a
resposta dolorosa a um estimulo ndo nocivo, enquanto a hiperalgesia se caracteriza por
resposta nociceptiva exacerbada a um estimulo nocivo. A sensibilizacdo periférica e
central mal adaptativas contribuem para a geracdo e manutencdo destes sintomas (Jensen
e Finnerup 2014). Esta tese, um estudo pré-clinico, utilizou testes comportamentais
nociceptivos a fim de avaliar esses sintomas: teste do Von-Frey para alodinia mecanica,
e Placa Quente para hiperalgesia térmica. Alguns estudos na literatura referem-se ao teste
do Von-Frey tambem para avaliagdo da hiperalgesia mecanica (Lambert, Mallos, e
Zagami 2009; Ameyaw et al. 2014). Porem, por acreditarmos que o estimulo deste teste
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nao € nocivo, neste trabalho iremos utilizar o termo “alodinia” para o teste do Von-Frey
(Pitcher e Henry 2000; Chung 2013; Li et al. 2020). Ademais, maiores informag6es sobre
0s testes serdo abordadas no item 2.4 desta reviséo da literatura.

2.2 MODELO DE DN EM ROEDORES

Em estudos pré-clinicos, especialmente em roedores, os modelos animais de DN
envolvem em sua maioria a lesdo de nervos periféricos ou centrais, além de modelos
citotdxicos. Os modelos de les&o de nervos periféricos incluem axotomia, ligadura parcial
ou constricdo cronica do nervo isquiatico, ligadura das raizes espinhais e lesdo poupadora
de nervo. Enquanto isso, modelos centrais envolvem contuses compressivas e modelos
citotoxicos incluem a neuropatia diabética induzida por estreptozocina, quimioterapicos
e &lcool (Sousa et al. 2016; Burma et al. 2017).

Em 1979, Wall et al. descreveram o primeiro modelo animal de neuropatia dolorosa.
Neste procedimento, foram seccionados 0s nervos safeno e isquiatico do rato e o coto
proximal foi amarrado, deixando a pata traseira completamente desenervada, ficando
conhecido como o modelo de neuroma. Este procedimento mimetiza as sindromes
humanas vistas apds uma amputacao (dor fantasma) ou apos a transec¢do do nervo em
um membro intacto (anestesia dolorosa). E importante salientar que apds alguns dias da
inducdo deste modelo, os animais passam a apresentar comportamento de automutilacéo
da pata onde é realizada a seccdo do nervo (comportamento que 0s autores chamaram de
“autotomia” em resposta a dor espontanea ou “disestesia’), sendo a principal limitagao

desta técnica (Bennett 1993).

Em 1988 foi proposto por Bennet e Xie um modelo onde os animais apresentavam,
além da dor espontanea, a presenca de alodinia e hiperalgesia. Neste modelo, o nervo
isquiatico do animal é exposto e nele séo feitas amarraduras que induzem a formacao de
um edema intraneural, conhecido como modelo de constricdo crdnica do nervo isquiatico
(CCI) (Bennett e Xie 1988; Bennett 1993) (Figura 1). Nesta técnica os animais ndo
apresentam o comportamento de autotomia, e devido a presenca de hiperalgesia e

alodinia, foi 0 modelo animal de DN utilizado nesta tese.
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Figura 1. Cirurgia de constricdo crénica do nervo isquiatico (CCI). Imagem
demonstrando trés amarraduras ao redor do nervo para estabelecimento da DN. Créditos

da imagem: Roberta S Toledo.
2.3 DN E AREAS DE INTERESSE

A informacdo de percepcdo dolorosa esta comprometida em pacientes com DN,
especialmente na transducéo, etapa onde ocorre a conversao de um estimulo quimico em
um impulso elétrico. Neurdnios de segunda ordem que se originam na medula espinhal
transmitem estimulos nociceptivos ao tdlamo por meio de vias ascendentes, onde o trato
espinotalamico retransmite a informag&o para 0s centros corticais superiores, incluindo o
cortex cingulado anterior (envolvido na ansiedade, antecipacdo da dor, atencédo a dor e
respostas motoras), o cortex insular (papel no sistema sensorial aspectos discriminativos
e afetivos da dor), o cortex pré-frontal (importante para os sentidos de integracdo, tomada
de decisdo, recuperacdo de memoria e processamento da atencdo em relacéo a dor), o
nicleo accumbens - relacionado ao efeito placebo em alguns estudos-, a amigdala e o
hipocampo e outras partes do sistema limbico (envolvidos na formacéo e armazenamento
de memdrias associadas a eventos emocionais, afeto, excitacdo e atencdo a dor e ao
aprendizado) (Cohen e Mao 2014).

Mecanismos periféricos também podem estar presentes na DN. A sensibilizacdo
periférica pode ser causada por diversos fatores, incluindo mediadores inflamatérios,
como a calcitonina e a substancia P, que aumentam a permeabilidade vascular, induzindo
edema localizado, recrutamento de prostaglandinas, bradicinina, fatores de crescimento e

citocinas, levando a sensibilizagdo dos nociceptores (Cohen e Mao 2014).
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A maioria dos estudos utilizando técnicas neuromodulatérias para manejo da DN tem
como alvo de estimulacdo, regibes do cdrtex pré-frontal dorsolateral e cortex motor
primario (M1) (Graff-Guerrero et al. 2005; Fregni et al 2007). O cértex pré-frontal
dorsolateral ¢ uma regido funcional e estruturalmente heterogénea, implicado no
processamento cognitivo, afetivo e sensorial (Seminowicz e Moayedi 2017). Na dor
cronica, sua fungdo parece estar alterada, apresentando reducdo da sua massa cinzenta
quando comparada a individuos saudaveis (Davis e Moayedi 2013). Ja o cortex M1
apresenta conexdes com alguns dos nucleos de retransmissao sensorial no talamo e com
fibras eferentes e aferentes na medula espinhal responsaveis pela transmissdo de
estimulos dolorosos e modulagdo da resposta motora ao contato nocivo. Na dor crénica,
pacientes apresentam uma plasticidade mal adaptativa desta regido, e a modulacéo desta

area induz analgesia (Saavedra et al 2014).

2.4 ESTIMULACAO MAGNETICA TRANSCRANIANA REPETITIVA
(EMT)

EMT se refere a uma técnica neuromodulatoria ndo invasiva que utiliza um campo
magnético transiente gerado por uma bobina sobre o escalpo, que é capaz de gerar uma
corrente elétrica e estimular regibes do encéfalo (Ni e Chen 2008) (Figura 2).
Dependendo do tipo de estimulacéo a ser utilizado (pulsos Gnicos ou repetitivos) a EMT
pode ter finalidades diferentes: diagnostico ou terapéutico (Muller et al. 2013). EMT com
pulso Unico ou com pares de pulsos, sdo métodos utilizados predominantemente para
diagnostico, principalmente para doencas neurodegenerativas (ex, doenca do neurénio
motor), acidente vascular encefalico, mielopatia compressiva e esclerose maltipla, por
meio da representacdo do potencial evocado motor e do periodo silente (Groppa et al.
2012). Ja com finalidades terapéuticas, a EMT com pulsos repetitivos vem ganhando cada
vez mais destaque. Nela, sdo emitidos varios pulsos seguidamente de acordo com a
frequéncia determinada: baixa frequéncia (< 1 Hz) leva a diminui¢do da excitabilidade
neuronal inibindo a atividade cortical; alta frequéncia (> 1 Hz, podendo chegar até 60
Hz), produz um efeito contrério, aumentando a excitabilidade neuronal e a estimulacéo
da atividade cortical (Muller et al. 2013). Atualmente, outras modalidades de estimulo
vém sendo aplicadas, como theta burst continua ou intermitente, que apresentam como
principal vantagem, menor tempo de sessdo em relagdo a EMTr convencional. A variagéo
de estimulo intermitente esta relacionada a estimulacédo excitatoria, enquanto a continua,

a estimulacdo inibitdéria (Sanna et al. 2019). Ha também a estimulag@o “quadripulsada”,
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que dependendo do intervalo entre os estimulos, apresenta efeitos diferentes: intervalos
curtos estdo relacionados ao aumento na excitabilidade cortical enquanto intervalos

longos com a diminuigéo na excitabilidade corticoespinhal (Jung et al. 2016).

Campo magnético

Bobina

Escal étri
scalpo Corrente elétrica

Figura 2. Principios da EMTr. Desenho esquematico demonstrando a inducdo da
corrente elétrica por meio de um campo magnético gerado pela bobina (Adaptado de
(Ridding e Rothwell 2007).

Além do tipo de frequéncia a ser utilizada, o local de estimulagdo também é um ponto
importante a ser observado na EMTr com finalidades terapéuticas. Estimular o cortex
motor primario (M1) geralmente fornece o melhor alivio da dor, enquanto para a
depressdo, por exemplo, a regido mais adequada é o cértex pré-frontal dorsolateral
(Treister et al. 2013). A estimulacdo desta area em pacientes com DN tem demonstrado
resultados promissores (Cruccu et al. 2007; Leo e Latif 2007; Leung et al. 2009).
Recentemente, foi publicada uma diretriz baseada em evidéncia, onde a EMTr de alta
frequéncia sob o cértex motor priméario (M1) contralateral ao lado doloroso, apresenta

nivel A de eficécia para o tratamento da DN (Lefaucheur et al. 2020).

Em 1985, a EMT foi primeiramente descrita para uso médico no Reino Unido por
Barker e colaboradores (Barker, Jalinous, e Freeston 1985). A Food and Drug
Administration dos Estados Unidos concedeu aprovacao a este método em 2008 para o
tratamento da depressdo (Noohi e Amirsalari 2016). Ja no Brasil, a Agéncia Nacional de
Vigilancia Sanitaria (ANVISA) regulamentou o uso do aparelho de Estimulagéo
Magnética Transcraniana em marco de 2006 e o uso clinico da EMTr foi reconhecido

pelo Conselho Federal de Medicina para o tratamento da depressdo e alucinagOes

28



Estimulacdo Magnética Transcraniana Repetitiva
em Modelo Animal de Dor Neuropatica

auditivas relacionadas a esquizofrenia somente em 2011 (CFM n° 37/11).

Para este estudo pré-clinico, o aparelho de EMTr e as bobinas no formato de
“borboleta” foram desenvolvidos em parceria com a Equipe de Engenharia Biomédica do
Hospital de Clinicas de Porto Alegre (Figura 3). O dispositivo gera pulsos com ciclo de
trabalho de 1ms na frequéncia de 1 Hz e com intensidade do campo magnético de 200

mT (militesla).

Figura 3. Aparelho de EMTT para ratos. Imagem demonstrando as bobinas no formato
de “borboletas” utilizadas no experimento (lado esquerdo) e o equipamento de EMTr

(lado direito). Créditos da imagem: Paulo RS Sanches.

2.5 TESTES NOCICEPTIVOS E AVALIACAO DE MEMORIA DE
LONGO-PRAZO EM RATOS

Animais, especialmente roedores, sdo utilizados em experimentos para estudo da
fisiopatologia da dor devido as limitagdes éticas de experimentos em humanos (Deuis,
Dvorakova, e Vetter 2017). A dor ndo pode ser diretamente medida em animais: por este
motivo, € dito que se avalia o “comportamento do tipo dor” ou a nocicepgao. Estes testes
utilizam estimulos elétricos, térmicos, mecanicos ou até mesmo quimicos (Le Bars,
Gozariu, e Cadden 2001). Também, os métodos de avaliagdo comportamental podem ser
evocados ou ndo por estimulo (espontaneo), dependendo se ha ou nao a aplicacdo de um
estimulo externo para provocar uma resposta reflexa ao estimulo nocivo. Dentre as
metodologias que utilizam estimulos evocados, pode-se citar os testes de VVon-Frey, Placa
Quente, Hargreaves e Randall-Sellito. Por outro lado, a analise de marcha,
comportamento de escavar, e o teste de incapacitacdo se enquadram em metodologias de

avaliacdo da nocicepcdo espontanea (Deuis, Dvorakova, e Vetter 2017).

Nesta tese, a avaliacdo nociceptiva foi realizada por meio de dois testes, ambos

evocados por estimulo nocivo externo: Placa Quente e VVon-Frey eletronico. No primeiro

29



Estimulacdo Magnética Transcraniana Repetitiva
em Modelo Animal de Dor Neuropatica

teste, o animal é colocado em uma superficie de metal (Figura 4) mantida a uma
temperatura constante (x55°C) e avalia-se 0 tempo necessario (em segundos) para o
comportamento de retirada da pata (sapateado), sons agudos elevados e/ou lamber as

patas.

Figura 4. Aparato onde é realizado o teste da Placa Quente. A superficie metélica

mantém a temperatura constante de £55°C. Créditos da imagem: Roberta S Toledo.

Este teste de estimulo térmico avalia a hiperalgesia e envolve dor tonica, sendo que 0s
estimulos de longa duracdo desencadeiam uma resposta nociceptiva envolvendo
principalmente fibras do tipo C (Le Bars, Gozariu, e Cadden 2001). Além disso, ha
integracdo de vias supra espinhais, uma vez que ratos com transeccdo espinhal nao
apresentam reflexo de sapateado ou retirada das patas posteriores quando submetidos ao
teste (Giglio et al. 2006).

Para o teste de Von-Frey, os animais sdo colocados em uma pequena gaiola com piso
gradeado (Figura 5 — A e B). O estimulo mecéanico externo ocorre por meio de um
filamento que exerce uma forca (em gramas) sobre a pata do animal (Figura 5 - C). Essa
forca é aumentada gradativamente, até que ocorra a retirada da pata. O registro da forca
exercida até o momento do reflexo de retirada € detectado pelo aparelho (Deuis,
Dvorakova, e Vetter 2017).
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Figura 5. Teste do Von-Frey. A- Gaiola onde os animais sdo dispostos durante o teste.
B- Visualizag&do da base gradeada da caixa. C- Estimulo na pata do animal sendo realizado

por meio do Von-Frey eletrénico. Créditos da imagem: Roberta S. Toledo.

Neste teste avalia-se a alodinia mecénica decorrente do envolvimento de fibras do
tipo AP (Millan 1999). Nesta tese, o teste do VVon-Frey foi realizado em trés momentos:
no basal (antes da cirurgia para inducdo da DN), para randomizacao dos animais, 14 dias
apos a cirurgia, para confirmacdo do estabelecimento da DN e 24h ap6s o final do
tratamento com EMTr. Os animais sdo submetidos a uma avaliacdo 14 dias apds a
cirurgia, uma vez que estudos prévios do nosso grupo demonstraram que apds este
periodo os animais que foram submetidos a cirurgia sham apresentam os mesmos limiares
de retirada da pata dos animais controle (sem cirurgia), enquanto os animais submetidos
ao modelo cirargico efetivo, apresentam limiares nociceptivos diminuidos, demonstrando

a alodinia mecénica caracteristica do modelo (Laste et al. 2012; Cioato et al. 2016).

Quanto aos métodos de avaliacdo de memoria utilizados em roedores, um dos mais
conhecidos é o teste de reconhecimento de objetos (TRO). Nele avalia-se a memdria
declarativa dos animais, com a participacdo de algumas regides cerebrais que parecem
estar envolvidas, tais como o lobo temporal, o lobo frontal e o hipocampo, frequentemente
avaliado em pesquisas envolvendo as doengas de Alzheimer e de Parkinson (Magen et al.
2012; Grayson et al. 2015; Bengoetxea, Rodriguez-Perdigon, e Ramirez 2015; Pavia-
Collado et al. 2018). E importante salientar que, dependendo do tempo apés a fase de
aprendizado em que a analise for feita, é possivel diferenciar a memoria de curto prazo
da memoria de longo prazo. Este teste tem por vantagem sobre os demais, o fato de que
a tarefa € baseada no comportamento espontaneo do animal, sem necessidade de
recompensa ou punigdo, além de ser realizado com uma unica fase de aprendizado

(Ennaceur e Delacour 1988). Quando roedores sdo expostos a um objeto familiar ao lado
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de um objeto novo, passam naturalmente a explorar por mais tempo 0 objeto
desconhecido. Essa aparente "preferéncia ndo condicionada™ por um objeto novo indica
que o objeto familiar existe na memdria do animal, o que fundamenta esse teste para

estudo de memoria em roedores (Bengoetxea, Rodriguez-Perdigon, e Ramirez 2015).

O teste € dividido em trés fases: habituacdo, familiarizacao e teste. Na primeira fase
(habituagéo) os animais sdo colocados no aparato de open field e permanecem livres para
explorar o local, geralmente por um periodo de 5 minutos; na proxima fase, 0s animais
sdo colocados novamente no mesmo aparato, porém contendo dois objetos semelhantes
em forma, tamanho e textura, dispostos equidistantemente um do outro (Figura 6). A
ultima fase (teste), é semelhante a fase de familiarizacdo, porém um novo objeto substitui
um dos objetos antigos (Figura 6). Os objetos devem ser os mais diferentes possiveis em
forma (mas semelhantes em tamanho) e altos o suficiente para que o animal ndo suba
neles (podendo ficar sobre eles sem exploracdo) (Bengoetxea, Rodriguez-Perdigon, e
Ramirez 2015). Uma importante observagdo € que o intervalo entre a fase de
familiarizacdo e a fase teste varia de acordo com o objetivo de se avaliar memoria de
curto ou longo-prazo. Para estudos de memoria de curto prazo, a maioria dos estudos
utiliza intervalos entre 2 min a 1 h entre a segunda e terceira fase, enquanto para avaliacdo
da memadria de longo prazo o intervalo, na maioria dos estudos, passa a ser de 24 h (Moore
et al. 2013; Leffa et al. 2018; 2016; Lueptow 2017; Cruz-Sanchez et al. 2020).

Segunda fase (familiarizacao) Terceira fase (teste)

Figura 6. Disposi¢do dos objetos nas fases de familiarizacéo e teste durante o TRO

no aparato de open field. Créditos da imagem: Roberta S Toledo.

Uma das formas de expressar os resultados deste teste € por meio do indice de
discriminacdo. Ele é definido pela diferenca no tempo de exploracdo entre o objeto novo

e o familiar, dividido pelo tempo total de exploracdo entre os dois objetos. Os resultados
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variam entre +1 e -1, onde a pontuacdo positiva indica mais tempo gasto com o objeto
novo, enquanto a pontuagdo negativa indica mais tempo gasto com o objeto familiar
(Bengoetxea, Rodriguez-Perdigon, e Ramirez 2015; Leffa et al. 2016; 2018). Nesta tese
utilizamos essa representacdo para avaliagdo da memdria de longo-prazo (24h de

intervalo entre a segunda e terceira fases).
2.6 MARCADORES NEUROQUIMICOS

Diversos biomarcadores j& foram relacionados ao desenvolvimento, manutencéo e
reducdo de quadros dolorosos da DN, como neurotrofinas e citocinas pro e anti-

inflamatorias.

As neutrofinas, que participam dos processos de sobrevivéncia e de crescimento
neuronal durante o desenvolvimento do sistema nervoso, ja demonstraram desempenhar
importante papel na transmissao da dor fisioldgica e patologica (Obata e Noguchi 2006).
Dentre elas, destaca-se 0 BDNF, sintetizado nos neurbnios sensoriais primarios, é
transportado para os terminais centrais dos aferentes primarios no corno dorsal da medula
espinhal, envolvendo-se na modulagdo de estimulos dolorosos (Zhou e Rush 1996;
Michael etal. 1997; S. L. Lee et al. 1999). Tem sido hipotetizado que o bloqueio de BDNF
nos neurdnios sensoriais pode ser uma estratégia no desenvolvimento de analgésicos, uma
vez que esta neurotrofina é capaz de contribuir para a hipersensibilidade a dor cronica no

ganglio da raiz dorsal e na medula (Obata e Noguchi 2006).

O TNF-0, uma importante citocina pro-inflamatoria, é capaz de estimular a producéo
adicional de outras citocinas, processo associado principalmente a manutencdo da DN
(Austin e Moalem-Taylor 2010). De fato, diversos estudos demonstram que a utilizacdo
de anticorpos ou antagonistas de seus receptores, sdo capazes de reverter a hiperalgesia
em modelos de lesdo de nervo periférico (Homma, Brull, e Zhang 2002; Onda, Yabuki, e
Kikuchi 2003; C. Sommer, Schmidt, e George 1998). Ja existem no mercado
medicamentos anti-TNF- a, como o infliximabe ¢ o etanercepte, indicados para doencas
inflamatdrias, porém sao indicados para o tratamento da artrite reumatoide, espondilite
anquilosante ativa e psoriase. Apesar desses medicamentos ndo terem sido ainda
validados para o manejo da DN (Austin e Moalem-Taylor 2010), o etanercepte induziu
uma reducdo na hiperalgesia ap6s lesdo do nervo em camundongos (C. Sommer et al.
2001).

Dentre as citocinas anti-inflamatorias, a 1L-10 possui um importante papel no
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processo antinociceptivo. Ela é produzida por células T ativadas, células B, macrofagos
e mastacitos, sendo capaz de inibir a liberag&o de citocinas pré-inflamatérias, como a IL-
1B, IL-6 e TNF-a (Kanaan et al. 1998; Poole et al. 1995), o que leva a uma reducdo no
recrutamento e ativacdo de células gliais no local da lesédo e na medula espinhal (Austin
e Moalem-Taylor 2010). Por este motivo, a IL-10 humana recombinante ja foi utilizada
na clinica para tratamento de doencas autoimunes (psoriase e doenca de Crohn) (Kimball
et al. 2002; Schreiber et al. 2000), e devido a sua atuacdo como supressor endogeno de
inflamacéo excessiva ap0s lesdo nervosa, também pode ser benéfica no tratamento da DN
(Austin e Moalem-Taylor 2010).

Tem-se demonstrado que técnicas neuromodulatérias ndo-invasivas, como a EMTT,
podem alterar os niveis de neurotrofinas e interleucinas melhorando o prognéstico de
diferentes tipos de doencas. Em pacientes idosos com diagndstico de depressao refrataria,
a EMTr aumentou os niveis séricos de BDNF e diminuiu os niveis de IL-13 ¢ TNF-a
apenas em pacientes com a doenga, ndo alterando nenhum desses fatores em individuos
saudaveis (Zhao et al. 2019). Um recente estudo demonstrou sinergismo da EMTr e 0
transplante de células-tronco mesenquimais humanas na doenca de Parkinson, regulando
positivamente a expressdo de IL-10 e diminuindo a producéo de Interferon gama (IFN-y)
e TNF-o (J. Y. Lee et al. 2020). Acredita-se que a inibicdo da polarizacdo astrocitica
neurotdxica seja um mecanismo potencial para a eficacia da EMTr de alta frequéncia (10
Hz) no AVC isquémico cerebral, com a colaboracdo de IL-10 (Hong et al. 2020). Desta
forma, nesta tese espera-se que a EMTT seja capaz de induzir alteracGes neuroguimicas
em animais submetidos ao modelo de DN promovendo a melhora da hiperalgesia e

alodinia induzidas pela CCI
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3 JUSTIFICATIVA

A DN esté relacionada a presenca de hiperalgesia, alodinia e dor espontanea, afetando
de 7 a 10% da populagéo geral, contribuindo para diminuicdo na qualidade de vida do
paciente. Seu manejo ainda € considerado um desafio, devido a baixa eficicia dos
tratamentos, assim como a ocorréncia de efeitos adversos com os farmacos atualmente
disponiveis (J. B. Lee et al. 2010). Estima-se que apenas 30 a 40% dos pacientes com dor
neuropética apresentam alivio satisfatorio da dor (Baron, Binder, e Wasner 2010). Assim
sendo, investigacOes de novas alternativas terapéuticas analgésicas que sejam eficazes e
que apresentem menores efeitos adversos para o tratamento da dor neuropatica séo
altamente relevantes. A estimulacdo magnética transcraniana repetitiva (EMTr) tem sido
descrita como uma técnica segura e eficaz, sendo aplicada para alivio da DN,
especialmente em pacientes com dor refrataria. Apesar disso, existem poucos estudos pré-
clinicos que investigam os mecanismos de acdo envolvidos neste tratamento, e seus
efeitos no SNC tanto no processo nociceptivo quanto na meméria declarativa em ratos.
Desta forma, esperamos que o0s achados deste estudo possam contribuir para um melhor
entendimento dos mecanismos de a¢do da EMTr na DN, viabilizando sua utilizacdo para

casos especificos de dores cronicas.
4 OBJETIVOS
4 .1 Objetivo geral

Esta tese teve como objetivo geral avaliar o efeito do tratamento de EMTr na memdria
e em parametros nociceptivos e neuroquimicos de ratos machos adultos Wistar

submetidos a um modelo de DN.
4.2 Objetivos especificos
Verificar os efeitos da EMTr em ratos submetidos ao modelo de DN sobre:

e aresposta nociceptiva (hiperalgesia) por meio da medida da resposta ao estimulo
térmico nocivo (placa gquente) nos tempos: basal, 14 dias ap0s a cirurgia do
modelo de DN, e 24h apos o final do tratamento com EMTr;

e a resposta nociceptiva (alodinia) por meio da medida da resposta ao estimulo
mecanico (von Frey) nos tempos: basal, 14 dias apds a cirurgia do modelo de
DN, e 24h ap6s o final do tratamento com EMTr;

e memoria declarativa de longo prazo em roedores por meio do teste de
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reconhecimento de objetos;

e 0s niveis dos marcadores neuroquimicos BDNF, citocinas pro-inflamatoria
(TNF-a) e anti-inflamatdria (IL-10) em cortex pré-frontal e medula espinhal; e
BDNF e IL-10 em hipocampo, todos ap6s 48h do final do tratamento com EMTr.
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ABSTRACT

Neuropathic pain (NP) is related to the presence of hyperalgesia, allodynia, and
spontaneous pain, affecting 7%-10% of the general population. Repetitive transcranial
magnetic stimulation (rTMS) is applied for NP relief, especially in patients with
refractory pain. As NP response to existing treatments is often insufficient, we aimed to
evaluate rTMS treatment on the nociceptive response of rats submitted to an NP model
and its effect on pro-and anti-neuroinflammatory cytokine and neurotrophin levels. A
total of 106 adult male Wistar rats (60 days old) were divided into nine experimental
groups: control, control+sham rTMS, control+rTMS, sham NP, sham neuropathic
pain+sham rTMS, sham neuropathic pain+rTMS, NP, neuropathic pain+sham rTMS, and
neuropathic pain+rTMS. NP establishment was achieved 14 days after the surgery to
establish chronic constriction injury (CCI) of the sciatic nerve. Rats were treated with 5
min daily sessions of rTMS for eight consecutive days. Nociceptive behavior was
assessed using von Frey and hot plate tests at baseline, after NP establishment, and post-
treatment. Biochemical assays to assess the levels of brain-derived neurotrophic factor
(BDNF), tumor necrosis factor-alpha (TNF-a), and interleukin (IL)-10, were performed
in the prefrontal cortex (PFC) and spinal cord tissue homogenates. rTMS treatment
promoted a partial reversal of mechanical allodynia and total reversal of thermal
hyperalgesia induced by CCI. Moreover, rTMS increased the levels of BDNF, TNF-a,
and IL-10 in the PFC. rTMS may be a promising tool for the treatment of NP. The
alterations induced by rTMS on neurochemical parameters may have contributed to the

analgesic effect presented.

Keywords: BDNF; TNF-a; IL-10; neuromodulation; chronic pain; brain stimulation
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1. INTRODUCTION

Neuropathic pain (NP) is related to somatosensory nervous system dysfunction and is
characterized by the presence of hyperalgesia, allodynia, and spontaneous pain [1]. NP
affects 7%-10% of the general population, and its incidence has been increasing mainly
due to the aging global population, increased incidence of diabetes mellitus, and the rise
of survival from cancer after chemotherapy [2].

Non-invasive therapies, such as repetitive transcranial magnetic stimulation (rTMS) and
transcranial direct current stimulation (tDCS), are being applied for NP pain relief [3],
especially in patients with refractory pain [4]. tDCS delivers a low electric current to the
brain, while rTMS, the technique applied in the current study, employs a magnetic field
delivered by a stimulation coil located over the skull [5]. Both techniques promote the
modulation of brain function, inducing neuroplasticity in the central nervous system
(CNS) by changing the resting membrane potential and modifying neuronal activity [6].

Our research group has demonstrated that tDCS can reverse hyperalgesia induced by
chronic stress [7], chronic inflammatory pain [8], NP [9], and chronic trigeminal pain [10]
in rats. However, we have not yet tested rTMS in pain conditions. Preclinical studies have
shown that rTMS is an effective rehabilitative approach in rat models of spinal cord injury
[11] and traumatic brain injury [12], promoting neuroplasticity.

Low-frequency rTMS has been reported to have inhibitory effects on the brain,
contributing to its analgesic effect [13-14]. Several brain regions have been targeted in
neuromodulatory studies with both invasive and non-invasive approaches. However, the
cerebral cortex is the principal area for neuromodulatory therapies for pain [3]. Studies
on the use of rTMS for pain have primarily focused on the primary motor cortex (M1)
and/or dorsolateral prefrontal cortex (DLPFC). Both are related to decreasing pain
perception in humans, where rTMS has been applied to treat NP, fibromyalgia, and
regional pain syndrome [15-17]. Analgesia induced by neuromodulatory techniques
appears to be associated with the re-establishment of normal cortical excitability and is
more dependent on the remodeled endogenous opioid system [18].

Nociceptive signaling may be influenced by neurotrophic and inflammatory factors.
Brain-derived neurotrophic factor (BDNF) induces synaptic plasticity, especially in the
spinal dorsal horn [19-20]. It has been used as a biomarker for cortical excitability and
enhanced neuronal activity [21]. On the other hand, the expression of tumor necrosis
factor-alpha (TNF-a) in the spinal cord contributes to the induction and maintenance of

NP in rodents [22]. In addition, increased interleukin-10 (IL-10) expression, which plays
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a classic anti-inflammatory role [23], could be involved in the development of NP after
peripheral nerve injury [24—26].

NP management is a complex issue, and the response to existing treatments is often
unsatisfactory. Therefore, the investigation of new tools, which may be useful for the
management of NP, is of great interest. This study aimed to evaluate the effects of rTMS
treatment on the nociceptive response of rats submitted to an NP model and its effect on
pro-and anti-neuroinflammatory cytokine and neurotrophin levels.

2. RESULTS

2.1 Nociceptive tests

2.1.1 Von Frey test
Mechanical allodynia, assessed by the von Frey test, showed an interaction between

groups at all three evaluation times (generalized estimating equation (GEE), Wald
¥2=5121.60, P<0.001). At baseline, no difference was found among groups in the paw
withdrawal threshold (GEE/Bonferroni, P>0.05). Fourteen days after CCIl surgery,
animals from the NP groups presented lower paw withdrawal latency, confirming the
establishment of NP (GEE/Bonferroni, P<0.05). Twenty-four h after the end of the
treatment, animals from the NP and NP+Sham.rTMS groups presented a lower paw
withdrawal threshold. Active rTMS-treated animals presented an increase in the
nociceptive threshold compared to the non-treated or sham rTMS-treated rats but did not
reach the nociceptive threshold of the control animals, indicating a partial reversal of the
mechanical allodynia induced by CCI (GEE/Bonferroni, P<0.05; Figure 1).

INSERT FIGURE 1

2.1.2 Hot plate test
Thermal hyperalgesia showed an interaction between the groups at all three evaluation

times, as assessed by the hot plate test (GEE, Wald y2=75.26, P<0.001). At baseline, no
difference was found among groups in the thermal latency thresholds (GEE/Bonferroni,
P>0.05). Fourteen days after CCI surgery, animals from the NP groups presented a lower
thermal threshold, confirming the establishment of the NP model (GEE/Bonferroni,
P<0.05). Twenty-four h after the end of rTMS treatment, animals from the NP and
NP+Sham.rTMS groups presented a lower thermal threshold. In contrast, the rTMS-

treated animals presented an increased nociceptive threshold that reached the same
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threshold as the control animals, demonstrating a total reversal of the thermal
hyperalgesia induced by CCI (GEE/Bonferroni, P<0.05; Figure 2).

INSERT FIGURE 2

2.2 Biochemical assays

2.2.1 BDNF levels

Differences in the BDNF levels among the groups were found in the PFC and spinal cord
(one-way analysis of variance (ANOVA), Fg70=3.96, and Fg71=6.90, respectively,
P<0.001 for both). Animals from the NP rTMS-treated group presented higher BDNF
levels in the PFC than the other groups (one-way ANOVA/SNK, P<0.05). In the spinal
cord, all animals that underwent a surgical procedure (sham NP or NP) presented higher
BDNF levels (Figure 3).

INSERT FIGURE 3

2.2.3 TNF-a levels

Differences in the TNF-a levels among the groups were found in the PFC and spinal cord
(one-way ANOVA, Fses= 8.81, and Fg71= 16.87, respectively, P<0.001 for both).
Animals from the NP rTMS-treated group presented higher levels of this cytokine in the
PFC and spinal cord compared to the other groups (one-way ANOVA/SNK, P<0.05;
Figure 4).

INSERT FIGURE 4

2.2.4 1L-10 levels

Differences in the IL-10 levels among the groups were found in the PFC and spinal cord
(one-way ANOVA, Fg70=4.28, and Fg71=24.06, respectively, P<0.001 for both). The NP
rTMS-treated group presented higher levels of this IL in the PFC than the other groups
(one-way ANOVA/SNK, P<0.05). In the spinal cord, the NP rTMS-treated group
presented higher IL-10 levels than the other groups (one-way ANOVA/SNK, P<0.05).
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The NP+Sham.rTMS group also presented higher IL-10 levels in this structure. However,
these levels were different from the rTMS-treated group (one-way ANOVA/SNK,
P<0.05; Figure 5).

INSERT FIGURE 5

3 DISCUSSION

This is the first study that shows that rTMS treatment reversed thermal hyperalgesia and
increased the levels of central BDNF, IL10, and TNF-a in NP model rats. The alterations
in the neuroinflammatory cytokines and BDNF levels, especially in the PFC, may
contribute to the analgesic effect of rTMS. In this way, we can suggest that rTMS, as
proposed in this study, can be an effective tool in the treatment of NP. Similar to other
studies from our group, the establishment of NP was reached 14 days after CClI surgery,
according to the nociceptive tests [8-9]. Animals from the NP groups presented lower
mechanical and thermal thresholds than the other groups. At this time, the proposed rTMS
treatment was applied, which could partially reverse mechanical allodynia and reverse
thermal hyperalgesia.

In the current study, rTMS was applied at a low-frequency which can have inhibitory
effects on the brain [13-14]. TMS stimulation frequencies at or below 1 Hz cause
neuronal inhibition, whereas, at higher frequencies, neuronal facilitation [27]. High-
frequency TMS has already been shown to reduce the nociceptive threshold in rats,
probably by the involvement of N-methyl-D-aspartate and a-amino-3-hydroxy-5-methyl-
4-isoxazolepropionate/kainate receptors [28]. This does not mean that the descending
inhibitory pathways would be inhibited. Instead, they can often be enhanced, depending
on the stimulation protocol [29]. Sampson and colleagues [14] reported that low-
frequency rTMS over the DLPFC in human patients was effective in pain relief. In
addition, it has been demonstrated that stimulation of the motor cortex by rTMS
modulates the cortical and spinal cord circuits, inducing neuronal plasticity [30-31],
despite the distance from the stimulated area. Thus, in our study, the reduction in
descending modulation due to the NP process could influence the nociceptive response
in remote areas, such as in the paw. It is interesting to note that different circuits at the

spinal and supraspinal levels were assessed in the behavioral nociceptive tests. We
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assessed local mechanical hyperalgesia using the von Frey test and remote thermal
hyperalgesia using the hot plate test. It is important to highlight that the von Frey test
involves Ad-fibers, while the hot plate test assesses tonic pain mainly by the C-fibers [32—
33]. In this way, we suggest that the top down rTMS modulation is related to the direction
(structures involved) in the process, that is, from the cerebral cortex to other structures
below. It has been postulated that rTMS induces alterations in the activity of cortical and
subcortical brain structures that are related to pain modulation and processing, including
the orbitofrontal cortices, medial thalamus, anterior cingulate, and periaqueductal gray
matter [34]. Moreover, rTMS reduces chronic pain by triggering the descending
inhibitory neural pathways to act at the dorsal horn level [35].

Rats with chronic NP had increased BDNF levels in the PFC. BDNF levels were also
higher in the spinal cord in rats subjected to a surgical procedure (sham NP and NP) than
in the control rats. The involvement of the BDNF signaling cascade in the development
of chronic pain has already been described [36]. This neurotrophin is first synthesized as
proBDNF, which is proteolytically arranged into mature BDNF (mBDNF) [37]. Both
forms bind to two different types of receptors: mBDNF preferentially binds to the tyrosine
receptor kinase B (TrkB), and proBDNF binds to the pan-neurotrophin receptor p75
(p75NTR) [38]. Activation of TrkB is more related to synaptic potentiation and
maturation, whereas the activation of p75NTR suppresses synaptic transmission and
axonal retraction [39]. Decreasing BDNF levels in the spinal cord have been associated
with a reduction in pain behaviors [40-41]. On the other hand, increasing BDNF levels
are related to chronic pain development [42]. In the current study, the NP-rTMS-treated
group presented higher levels of this neurotrophin in the PFC. Besides, rTMS has been
reported to enhance BDNF and its receptor interaction (TrkB) signaling in the cerebral
cortex [43]. In elderly patients with refractory depression, rTMS increased BDNF and
decreased IL-1p and TNF-a serum levels [44]. In post-stroke patients, rTMS combined
with rehabilitation therapy improved motor function in the affected limb by activating
BDNF processing [45]. Moreover, the relationship between BDNF and cannabinoid
receptor 1 (CB1R), a pathway that modulates nociception, has already been reported [46—
48]. Thus, we can suggest that the enhanced BDNF levels induced by rTMS when a
disease has been established induces alterations in neuroplasticity, contributing to its
analgesic effects in rats subjected to NP.

Another unexpected finding from our study was that the NP-rTMS-treated animals

presented higher levels of TNF-a in the PFC and spinal cord than the other groups. As
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mentioned, the opposite effect of rTMS has already been shown in elderly patients with
refractory depression [44]. On the other hand, another study showed that in a parkinsonian
rat model, low-frequency rTMS inhibited the expression of TNF-o and COX-2 and
prevented dopaminergic neuron apoptosis [49]. It is important to note that TNF-a is a key
regulator of homeostatic synaptic scaling and synaptic transmission [50-51]. The
association between pain and microglial TNF-a has been proposed since it improved
long-term potentiation at C-fiber synapses in the spinal horn of an animal model of
peripheral nerve injury [52]. Although TNF-a activates p38 mitogen-activated protein
kinases in spinal microglia after nerve injury, contributing to NP development and
maintenance [53], inflammatory cytokines are also involved in repair [54]. We suggest
that the pathways activated by central TNF-o signaling contributed to the observed
analgesic effects of rTMS.

While enhanced neuroinflammation can protect the CNS at first, it also leads to severe
detrimental consequences if sustained or too extreme [55]. IL-10 plays an important role
in this scenario, contributing to limiting or resolving neuroinflammation [56]. Similar to
other studies from our group using tDCS [8-9], the current study using rTMS showed an
increase in the IL-10 levels in the PFC and spinal cord in animals with NP. It has been
shown that the central inflammatory cytokines, IL-6 and TNF-a, induce IL-10 production
by microglia in a dose-dependent manner [57]. Moreover, glutamate can enhance IL-10
production [58]. In patients with chronic myofascial pain syndrome, rTMS could not
modify peripheral biomarkers, including the level of IL-10 [59]. We suggest that the
alteration in the levels of IL-10 seen in NP and rTMS-treated rats was reflected by TNF-
a enhancement, altering neuroplasticity, and contributing to a central homeostatic
scenario.

The application of non-invasive brain stimulation in small animals, such as rTMS, is
always a challenge in preclinical studies. We consider that the inability to restrict the
stimulation area is a limitation of the current study, which may compromise the
translationality of our results. It has been shown in humans that the DLPFC is a brain
region involved in the top down-modulation of pain [60] and that the M1 region is a
valuable stimulation target in chronic and NP treatments [3,18,61]. Therefore, restricting
stimulation to these regions may be more effective in the treatment of pain. Additionally,
our TMS device was designed only for treatment, not to diagnose brain excitability, such
as TMS application in humans. Further studies should separately evaluate the two existing

forms of BDNF since this may shed light on the possible role of this neurotrophin in pain
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management. Altogether, the results of the present study may guide a new treatment
option for pain.

In conclusion, rTMS treatment reversed thermal hyperalgesia induced by NP. The
alterations induced by rTMS on neurochemical parameters may have contributed to this
analgesic effect. The major neurochemical alterations induced by rTMS in our study were
related to the PFC, which can be due to the proximity to the stimulation site. In addition,
alterations in the neuroinflammatory parameters may contribute to the regeneration
process. In this way, we can suggest that low-frequency rTMS is a potential tool for NP
treatment, possibly due to the modulation of plasticity involving BDNF and

neuroinflammatory cytokines.

4 EXPERIMENTAL PROCEDURE

4.1 Animals

A total of 106 adult male Wistar rats were used in this study. They were 60 days old at
the beginning of the experiment and weighed an average of 250 g. Animals were group-
housed (3) in polypropylene cages (49 cm x 34 cm x 16 cm) with sawdust-covered floors.
The rats were maintained in a controlled environment (22 + 2 °C) under a standard light-
dark cycle (lights on at 7 a.m.). They had ad libitum access to water and rodent chow
(Nuvital®, Curitiba, Brazil). The experiments in this study were conducted in male rats
because the nociceptive responses are altered by modulation of the hormone state. All
procedures were approved by the Institutional Committee for Animal Care and Use
(GPPG/HCPA protocol # 2017-0438) and conducted in compliance with Brazilian law
[62—64]. The animals’ husbandry followed Brazilian law #11.794, which regulates the
scientific use of animals. We tried to minimize animal suffering as much as possible,
decrease external sources of pain and discomfort and use the minimum number of animals
required to produce reliable scientific data. This study was performed at Hospital de
Clinicas de Porto Alegre (Unidade de Experimentacdo Animal), Porto Alegre/RS, Brazil.
4.2 Experimental design

After 14 days of adaptation to the vivarium, the animals were randomized by von Frey
test and divided into nine experimental groups: control (C), control plus sham rTMS
(C+s.rTMS), control plus rTMS (C+rTMS), sham NP (s.NP), sham neuropathic pain plus
sham rTMS (s.NP+s.rTMS), sham neuropathic pain plus rTMS (s.NP+rTMS), NP,
neuropathic pain + sham rTMS (NP+s.rTMS), and neuropathic pain plus rTMS
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(NP+rTMS). After that, rats from the s.NP and NP groups were subjected to sham surgery
or chronic constriction injury (CCl) of the sciatic nerve, respectively. Then, 14 days after
CCI surgery, the establishment of NP was assessed using von Frey and hot plate tests.
From day 15 after CCI surgery, the animals underwent daily rTMS sessions for eight
consecutive days. Nociception was evaluated using von Frey and hot plate tests at
baseline, 14 days after CCI surgery, and 24 h after the last session of rTMS. The rats were
then killed by decapitation 48 h after the end of the proposed treatment, and their cerebral

structures were removed for further biochemical assays (Figure 6).

INSERT FIGURE 6

4.3 NP model

NP was induced by CCI of the left sciatic nerve [65]. First, the animals were anesthetized
with isoflurane (5% induction / 2.5% maintenance) and laid in the left dorsal position.
The paw was trichotomized, and antisepsis was made with 2% iodine-alcohol. An incision
was made to expose the biceps femoris muscle and the sciatic nerve, which was exposed
to approximately 5 mm. Three ligatures were tied (Vycril 4.0) around the nerve 1 mm
apart (Figure 7). This procedure reduces the diameter of the nerve while maintaining
normal epineurial blood flow [14]. The same investigator performed all the ligatures. The
skin was sutured using mononylon 4.0. Animals from the s.NP groups had the sciatic
nerve exposed similarly to the NP groups, but without any nerve ligature. The control

group did not undergo any surgery.

INSERT FIGURE 7

4.4 rTMS

Fifteen days after CClI surgery and the establishment of NP, the animals from the treated
groups underwent a 5 min daily session of rTMS for eight consecutive days (always
starting at 8:30 a.m.). The magnetic stimulator and butterfly coils were developed in the
Biomedical Engineering Lab of Hospital de Clinicas de Porto Alegre (Figure 8). The

device generated pulses with a 1 ms duty cycle in a 1 Hz frequency, and the magnetic
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field intensity was 200 mT (millitesla). The animals were restrained during stimulation
and wrapped in a cloth. The coil was fixed to the head using adhesive tape (Micropore™)
(Figure 9). For sham stimulation, the animals were also restrained, and the coil was placed
and fixed in the same position, similar to the active stimulation. However, the magnetic
stimulator remained off throughout the procedure. The animals received sham stimulation
at the same time as the active animals in the same room so that they were exposed to the
characteristic noise of the active stimulation. We highlight that stress immobilization can
also be controlled by a sham stimulation group since animals were immobilized without

any active treatment.

INSERT FIGURES 8 AND 9

4.5 Von Frey test

Mechanical hyperalgesia was assessed using an automatic von Frey anesthesiometer
(Insight, Séo Paulo, Brazil). The rats were placed in 12 x 20 x 17 cm polypropylene cages
with wire grid flooring and habituated to this environment for 10 min 24 h before the first
test to prevent novelty-induced analgesia [66]. Von Frey stimuli were applied to the mid-
plantar surface of the operated hind paw through the mesh floor. The application was only
performed when the animal’s paws were in contact with the floor and were measured
three times, with an interval of at least 5 s. The withdrawal threshold of the operated left
hind paw was expressed in grams (g) [14]. This test was performed at baseline, 14 days
after surgery, and 24 h after the end of rTMS treatment.

4.6 Hot plate test
Thermal hyperalgesia was evaluated using the hot plate test. The rats were exposed to the

apparatus for habituation for 5 min, 24 h before the first hot plate test to avoid novelty-
induced analgesia [66]. The temperature of the plate was set to 55 + 0.1 °C. The time (in
seconds) between the placement of the rat onto the plate and the first response (foot
licking, jumping, or rapid removal of paws) was recorded as the latency of the nociceptive
response. A cutoff time of 20 s was used to avoid tissue damage [67]. This test was
conducted at baseline, 14 days after CCI surgery, and 24 h after the end of rTMS
treatment.

4.7 Tissue collection

The animals were euthanized by decapitation 48 h after the last session of rTMS
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treatment. The PFC was collected by an experienced researcher, according to Spijker [68],
and the entire spinal cord from the cervical to the lumbar region was removed. The
structures were kept frozen at —80 °C until biochemical assays were performed.

4.8 Biochemical assays

The PFC and spinal cord BDNF, TNF-a, and IL-10 levels were determined by sandwich
enzyme-linked immunosorbent assay using monoclonal specific antibodies (R&D
Systems, Minneapolis, United States). Data are expressed in pg/mg of protein. Total
protein was determined by Bradford’s method using bovine serum albumin as a standard.
The PFC and spinal cord were homogenized with a handheld homogenizer with a 1:10
protease inhibitor cocktail (Sigma® #P8340) and centrifuged for 5 min at 10,000 rpm,
using the supernatant for the techniques.

4.9 Statistical analysis

Nociceptive behavioral tests were analyzed using a GEE/Bonferroni. For biochemical
assays, a one-way ANOVA/SNK was performed. The data had a normal distribution
(Shapiro—Wilk test). Results were considered statistically significant if P<0.05 and were
expressed as the mean * standard error of the mean. Outlier animals were excluded. SPSS

version 18.0 software was used for all statistical analyses.
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FIGURE CAPTIONS

Figure 1. Von Frey test. Data expressed as mean + SEM of paw withdrawal threshold in
grams (g). n=11-12 animals/group. *Significant difference from Controls and Sham NP
groups 14 days after CCI surgery, demonstrating NP establishment (GEE/Bonferroni,
P<0.05). #Significant difference of NP and NP+Sham.rTMS groups after treatment
(GEE/Bonferroni, P<0.05). $Significant difference of NP+rTMS group after treatment
(GEE/Bonferroni, P<0.05).

Figure 2. Hot plate test. Data expressed as mean + SEM of time in seconds (s) for
nociceptive latency response. n=11-12 animals/group. *Significant difference of NP
groups 14 days after CCI, demonstrating NP establishment (GEE/Bonferroni, P<0.05).
#Significant difference of NP and NP+ Sham.rTMS groups after treatment
(GEE/Bonferroni, P<0.05).

Figure 3. BDNF levels. Data expressed as mean = SEM (pg/mg of protein). n=8-9
animals/group. Different letters indicate statistically significant differences among groups
in the same structure (One-way ANOVA/SNK, P<0.05).

Figure 4. TNF-a levels. Data expressed as mean + SEM (pg/mg of protein). n=8-9
animals/group. Different letters indicate statistically significant differences among groups
in the same structure (One-way ANOVA/SNK, P<0.05).

Figure 5. IL-10 levels. Data expressed as mean + SEM (pg/mg of protein). n=8-9
animals/group. Different letters indicate statistically significant differences among groups
in the same structure (One-way ANOVA/SNK, P<0.05).

Figure 6. Experimental design. CCI: chronic constriction injury surgery. rTMS:

repetitive Transcranial Magnetic Stimulation.

Figure 7. Neuropathic Pain model. Three ligatures tied around the left sciatic nerve

+1mm apart.
Figure 8. TMS device: A - Butterfly coils, B - Pulse generator.

Figure 9. rTMS treatment. Rat restrained during the stimulation.

64



FIGURE 1

paw withdrawal threshold (g)

40,0

30,0

N
o2
)

10,0

Estimulacdo Magnética Transcraniana Repetitiva

-
N
w

—————————-———

*

1%

.

s

em Modelo Animal de Dor Neuropatica

Control

Control + Sham rTMS

Control + rTMS
»+erer Sham NP
------ Sham NP + Sham rTMS
Sham NP + rTMS
=== NP

=== NP + Sham rTMS

NP +rTMS

FIGURE 2

Hot Plate Latency (s)

30 4

g
4]

N
o

-
o

Baseline

NP establishment

Post-treatment

-
TrLitees

e Control

e Control + Sham rTMS
Control + rTMS

eeeeesSham NP

Sham NP + Sham rTMS

Sham NP + rTMS

== = NP + Sham rTMS

NP + rTMS

FIGURE 3

BDNF Levels (pg/mg protein)

15

10

] R
ss:=\
~ -
\:~ __....---=-—--'-—# ===NP
] Nf_gmmm"
*
Baseline NP establishment Post-treatment
a
b
] a
r 1
r N @
| N NiNaiaish
S @ 9 2 9 & & 9 9 S
FEFFEEEE 4
i (o)
C§ifse £ |°
s & 753 5 & 5
5 &
S & - * <
£ $ 5 & £
§ & §
¢} Y O
[2)

Prefrontal Cortex

65

Spinal Cord



Estimulagdo Magnética Transcraniana Repetitiva

FIGURE 4

150 4

100 A

em Modelo Animal de Dor Neuropatica

TNFa Levels (pg/mg protein)

Prefrontal Cortex Spinal Cord

FIGURE 5

180 4

IL-10 levels (pg/mg protein)

FIGU

Days after

surgery

Spinal Cord

Prefrontal Cortex

RE 6

Baseline

‘W_/
@ rTMS - Smin/day

Experimental Groups

Neuropathic Pain (NP) l

Sham Neuropathic Pain (NP)I

Sham NP
Sham rTMS

Sham rTMS

Sham rTMS

66




Estimulagdo Magnética Transcraniana Repetitiva
em Modelo Animal de Dor Neuropatica

FIGURE 7

FIGURE 8

FIGURE 9

67



Estimulacdo Magnética Transcraniana Repetitiva
em Modelo Animal de Dor Neuropatica

6.2 ARTIGO II

“Repetitive transcranial magnetic stimulation (rTMS) reverses the long-term memory
impairment and the decrease of hippocampal interleukin-10 levels, both induced by

neuropathic pain in rats” - DOI 10.1016/j.neuroscience.2021.07.030.

Periodico: Neuroscience

Situacdo: Versdo aceita para publicacdo
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ABSTRACT
Neuropathic pain (NP) is characterized by the presence of spontaneous pain, allodynia
and hyperalgesia. Repetitive transcranial magnetic stimulation (rTMS) is one of
neuromodulatory techniques that induces satisfactory NP relief, including that from
refractory pain patients. The objective of this study was to evaluate rTMS treatment over
long term memory (LTM) and hippocampal BDNF and IL-10 levels in rats submitted to
a NP model. A total of 81 adult (60-days old) male Wistar rats were randomly allocated
to one of the following 9 experimental groups: control, control+ sham rTMS,
control+rTMS, sham neuropathic pain, sham neuropathic pain+sham rTMS, sham
neuropathic pain+rTMS, neuropathic pain (NP), neuropathic pain+sham rTMS and
neuropathic pain+rTMS. Fourteen days after the surgery for chronic constriction
injury(CCl) of the sciatic nerve, NP establishment was accomplished. Then, rats were
treated with daily 5-minute sessions of rTMS for eight consecutive days. LTM was
assessed by the object recognition test (ORT) twenty-four hours after the end of rTMS
treatment. Biochemical assays (BDNF and 1L-10 levels) were performed in hippocampus
tissue homogenates. rTMS treatment reversed the reduction of the discrimination index
in the ORT and the hippocampal IL-10 levels in NP rats. This result shows that rTMS
reverses the impairment LTM and the increase in the hippocampal 1L-10 levels, both
induced by NP. Moreover, it appears to be a safe non-pharmacological therapeutic tool

since it did not alter LTM and neurochemical parameters in naive animals.

Keywords: BDNF; IL-10; neuromodulation; chronic pain; memory; brain stimulation.
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INTRODUCTION

Neuropathic pain (NP) is defined by the International Association for the Study of Pain
(IASP) as a manifestation resulting from injury or disease of the somatosensory system
(Colloca et al. 2017). The main characteristics are described as pain sensation with
intermittent or continuous burning, allodynia, and hyperalgesia (Wang et al. 2020).
According to the literature, the prevalence of NP is about 6.9 to 10% in the general
population (Hecke et al. 2014) and may rise in the future due to increased life expectancy
and the incidence of neuropathic-related diseases, such as cancers and diabetes (Colloca
et al. 2017). NP is considered a major public health problem worldwide (Ye et al. 2018),
resulting in overload of health services, especially associated with difficulty in the
management of the disease. It is evident that many affected patients do not receive
satisfactory treatment, in view of the lack of accurate diagnosis, refractoriness, ineffective
medication, insufficient knowledge of the pathophysiological mechanisms and drug

application in clinical practice (Finnerup et al. 2015).

Due to the difficulty of managing NP, new therapies have been tested in the context of
refractoriness to treatments, especially repetitive Transcranial Magnetic Stimulation
(rTMS). rTMS is a noninvasive neuromodulatory technique designed to modulate the
electrical activity of the brain, through the application of recurrent magnetic fields,
delivered by a coil, in a brain region generating action potentials in cortical neural circuits
(Mylius, Borckardt and Lefaucheur 2012; Zhao et al. 2019; Udupa 2010). rTMS can be
associated with the modulation of cortical excitability: while high frequency stimulation
(>1Hz) is related to increase of excitability, low frequencies (< 1Hz) will transiently

depress cortical excitability (Udupa 2010).

Stimulation of the primary motor cortex (M1) is the most prevalent target in experimental
studies (Mylius, Borckardt, and Lefaucheur 2012), mainly because this is considered the
only validated design for the treatment of refractory pain by neurostimulation at the
cortical level, also for the ease of observing motor evoked potentials (MEPS) (Lefaucheur
et al. 2004). MEPs can be obtained, for example, by a single TMS pulse, a technique used
to explore brain function, while rTMS is able to induce changes in brain activity that can
last beyond the stimulation period, being used mostly for therapeutic purposes (Klomijai,
Katz and Lackmy-Vallée 2015).

The rTMS has been recently investigated by our research group and we have shown that

this technique can be used to reverse the hyperalgesia/allodynia induced by a NP model
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in rats, changing biomarkers in prefrontal cortex (Toledo et al. 2021). Previous studies
from our research group using tDCS, another neuromodulatory technique, in rats
submitted to a neuropathic pain model showed that it induces analgesia, altering
neuromodulators such as interleukins and neurotrophins (Cioato et al. 2016; Lopes et al.
2021; Santos et al. 2020), being able to revert the increase of anxiety-like behavior and

locomotor activity induced by pain (Lopes et al. 2021).

Long-term memory (LTM) is the ability to recall information long after a learning
episode, in periods lasting hours, days, years, or a lifetime (Lee et al. 2016). Clinical and
preclinical research highlight the evident role of the hippocampus in LTM. Besides that,
it is known that rTMS can affect attention, memory, and other brain functions (Rossi et
al. 2009). Wang and colleagues (2014) have previously shown that multiple sessions of
stimulation increase the functional connectivity between distributed regions of the
cortical network of the hippocampus and, likewise, improve the performance of
associative memory in healthy adults (Wang et al. 2014). However, the effects of rTMS

on LTM in rodents, especially in those with NP, are yet unknown.

NP may be closely related to brain-derived neurotrophic factor (BDNF) levels, one of
those responsible for modulating CNS pain processing (Pezet and McMahon 2006). In
addition, increased expressions of BDNF are related to the analgesic effect provided by
rTMS in NP models, resulting from a modulatory effect of that stimulation (Zhao et al.
2019; Cao et al. 2020). Previous studies have shown that Interleukin 10 (IL-10), an anti-
inflammatory cytokine (Khan et al. 2015), has antinociceptive activity in animal models
of NP (Wu et al. 2018). In this sense, another neuromodulatory technique (i.e. low
frequency electroacupuncture) is effective in relieving NP by activating the spinal
pathway of IL-10 / B-microglial endorphin (Ali et al. 2020). It is well established that
synaptic plasticity is a critical component of the neural mechanisms underlying learning
and memory (Lynch et al. 2004). In this context, BDNF plays an important role in
synaptic transmission and plasticity (Waterhouse and Xu 2009). The hippocampus is an
area of the brain that is involved in learning and memory and exhibits various forms of
short- and long-term synaptic plasticity (Shang et al. 2016). Thus, evaluating these
markers in this structure may be a key factor for understanding the underlying

mechanisms.

Given the evidence on the therapeutic use of rTMS in NP (Lefaucheur et al. 2004) and

the scarcity of preclinical studies addressing the mechanism and possible underlying
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effects of brain stimulation, we investigated the effects of rTMS on LTM, and

hippocampal BDNF and IL-10 levels in rats with NP.
MATERIALS AND METHODS
Animals

A total of 81 adult male Wistar rats (60 days old; weight =250g) were group-housed in 3
animals per polypropylene cages (49 x 34 x 16cm) with sawdust-covered floors. They
were kept under a standard light-dark cycle (lights on at 7 a.m/off at 7 p.m), in a controlled
environment (22 + 2°C), having ad libitum access to rodent chow (Nuvital®, Curitiba,
Brazil) and water. We conducted all experiments in male rats since different hormonal
states in females may alter the modulatory effect over nociceptive responses (Ribeiro et
al. 2005). The procedures were approved by the Institutional Committee for Animal Care
and Use (GPPG/HCPA protocol #2017-0438) and conducted in compliance with
Brazilian law (Brazil 2008; 2013a; 2013b). Animals’ husbandry followed Brazilian Law
#11.794 that regulates the scientific use of animals. All procedures were performed at
Hospital de Clinicas de Porto Alegre (Unidade de Experimentagdo Animal), Porto
Alegre/RS, Brazil.

Experimental Design

Animals were randomized by baseline nociceptive threshold using the von Frey test, and
divided into nine experimental groups: control, control + sham rTMS, control + rTMS,
sham neuropathic pain, sham neuropathic pain + sham rTMS, sham neuropathic pain +
rTMS, neuropathic pain, neuropathic pain + sham rTMS, and neuropathic pain + rTMS.
Afterwards, rats from the groups s.NP and NP were submitted to sham surgery or chronic
constriction injury (CCI) of the sciatic nerve, respectively. Then, 14 days after CCI
surgery, the establishment of NP was confirmed by the von Frey test. The next day,
animals were submitted to daily 5-minutes rTMS sessions for 8 consecutive days. The
LTM was assessed by the object recognition test (ORT) 24h after the last session of
rTMS. Rats were killed by decapitation 24 hours after the end of the ORT, removing the

hippocampus for further biochemical assays (Figure 1).
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Neuropathic pain model

Neuropathic pain was induced by CCI of the left sciatic nerve (Bennett e Xie 1988). All
the procedures were conducted according to Cioato et al. 2016. Rats from the sham
neuropathic pain groups had the sciatic nerve exposed as animals from the neuropathic
pain groups, but without any nerve ligature. Control animals did not suffer any
manipulation. Fourteen days after CCI surgery, the establishment of neuropathic pain was

assured by the von Frey test, and the next day rats were able to start rTMS treatment.
rTMS

Fifteen days after CCI surgery and the establishment of the neuropathic pain, rats from
the treated groups underwent one daily 5-minute session of rTMS for eight consecutive
days (always starting at 8:30 a.m.). The magnetic stimulator and the butterfly coils were
developed in the Biomedical Engineering Laboratory of Hospital de Clinicas de Porto
Alegre. All the procedures were conducted according to Toledo et al. 2021. The coil was
placed and fixed in a position as same as to the active stimulation, but the magnetic
stimulator remained turned off during the procedure for the animals in the sham

stimulation groups.
Object recognition test (ORT)

LTM was evaluated by the object recognition test (ORT) conducted 24 hours after the
end of rTMS treatment. It was performed on an open field apparatus, in a sound-
attenuated room under low-intensity light (375 1x). This test is based on rats’ differential
exploration of familiar and new objects (Ennaceur et al. 1989) and consists of three

phases: habituation, sample, and discrimination. The objects’ allocation and shape during
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the test is demonstrated in Figure 2. All the procedures were conducted according to Leffa
et al. 2018.

A B

8 B g x

Discrimination index was used as a measure of LTM, defined by the difference in
exploration time between the novel and the familiar object divided by the total time
exploring these two objects in the last phase (Leffa et al. 2018). The objects were
constructed using wood and their shapes and colors were distinct to be differentiated by
the animals, but with a similar texture and height, with the intention of minimizing the
object preference (Ennaceur 2010; Leffa et al. 2016; Lueptow 2017).

Tissue collection

Animals were killed by decapitation 24 hours after the ORT and the hippocampus was

collected. It was kept frozen at —80 °C until biochemical assays were performed.
Biochemical assays

Hippocampal BDNF and IL-10 levels were determined by sandwich ELISA using
monoclonal specific antibodies (R&D Systems, Minneapolis, United States). Data were
expressed in pg/mg of protein. Total protein was detected by Bradford’s method (Kruger
1994) with bovine serum albumin (BSA) as standard. The hippocampus was
homogenized in a handheld homogenizer with 1:10 Protease Inhibitor Cocktail (Sigma®
catalog #P8340) and centrifuged for 5 min at 10.000 rpm, utilizing the supernatant for the
assays.

Statistical analysis

The ORT and biochemical data were analyzed by one-way ANOVA followed by the
Student—Newman-Keuls (SNK) post hoc test to identify the differences between groups.
Results were considered statistically significant if P<0.05 and were expressed in box-
and-whisker plots showing the median, 25" and 75" percentiles of the groups, using

fixed-effects models. We assumed homogeneity of variance and the normality of data
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distribution using the Levene and Shapiro Wilk tests. Thus, the null hypothesis of equal
population variances was assumed, and we used parametric analyses, since there were no
violations of these two assumptions. Seven animals per group were used in the ORT test
and nine animals per group for each biochemical analysis. The SPSS 18.0 software was

used for all statistical analyses.
RESULTS
Object recognition test (ORT)

Since neuropathic pain can induce LTM impairment (Ren et al. 2011), we decided to
evaluate if rTMS might improve this outcome. We found a difference between groups in
the ORT discrimination index (one-Way ANOVA/SNK, Fgg=8.527, P<0.05). It is
possible to observe that the neurophatic pain decrease the discrimination index (NP and
NP+ShamrTMS groups), and this effect was reverted by rTMS treatment (NP+rTMS)
(Figure 3). This data indicates that the mnemonic effect of rTMS is state dependent since

it is observed only in NP animals, with no effects in the control groups (C and Sham-NP

groups).
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Biochemical Assays
BDNF Levels

The BDNF, an important neurotrophin involved in neuroplasticity (Chakrapani et al.
2020), might help to reverse the impaired LTM. However, in our study, no difference
between groups was found in hippocampal BDNF levels (one-Way ANOVA, P>0.05)
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IL-10 Levels

The IL-10 also plays an important role in memory improvement (Worthen et al 2020).

For this reason, we evaluated its levels in the hippocampus. In fact, a difference between
groups was found (one-Way ANOVA/SNK, Fgg=6.921, P<0.05). The SNK post hoc

test showed a decrease in IL-10 levels induced by neuropathic pain, which was reversed

by rTMS treatment (Figure 5). And this rTMS effect, such as the mnemonic effect, is state

dependent since it is observed only in NP animals, without effect in Control and Sham-

NP groups.
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DISCUSSION

This is the first preclinical study that shows that rTMS reverses memory impairment and
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reductions of hippocampal 1L-10 levels, both induced by NP in rats. We highlight that in
the current study, rTMS, as a modulatory technique, did not impact the LTM in control
nor in Sham-NP groups, that is, animals without pain, only in animals with pain. This is
an important result, since it may have clinical applications, demonstrating that rTMS is a
safe tool in healthy subjects and, at the same time, effective when there is an unbalance

in one or more systems, such as in NP conditions.

To date, there are no studies in rats showing rTMS effects over chronic pain-induced
memory impairment. However, in primates it has been shown that rTMS relieves pain
induced by stroke and normalizes the inappropriately strengthened functional
connectivity between the ipsilesional mediodorsal nucleus of the thalamus and the
amygdala, which are regions associated with emotion and memory (Kadono et al. 2021).
rTMS has also been applied to improve the impaired memory and cognition in elderly
patients (for a review see Gomes-Osman et al. 2018), modulating learning and memory
functions (Grafman and Wassermann 1999). Besides, our research group has already
observed that tDCS, another neuromodulatory technique, is able to improve short-term
memory (STM) (Leffa et al. 2016) and LTM (Leffa et al. 2018) in Spontaneously
Hypertensive Rats (SHR), and induced an increase of hippocampal ROS production in
SHR and GSH enzyme levels in both strains. Moreover, an anti-inflammatory effect was
observed in the brain of Wistar Kyoto (WKY) rats after treatment. These studies

demonstrate that noninvasive tools can be used for memory improvement.

Memory can be influenced by several biomarkers, such as inflammatory mediators and
neurotrophins (Azizi et al 2015; Miranda et al. 2019). It is important to note that the
increase in the production of anti-inflammatory cytokines is generally associated with
neurogenesis (Pereira et al. 2015), and IL-10 receptors are presented in the major glial
populations promoting survival of both glia and neurons (Strle et al. 2001). IL-10, an anti-
inflammatory interleukin, has a critical role in promoting learning and memory in rodents,
as demonstrated in the learned helplessness paradigm, where the administration of 1L-10
provides pro-cognitive actions, acting in the synapse balance, suggesting a potential
therapeutic use (Worthen et al. 2020). IL-10 also plays an important role in NP conditions,
as demonstrated in a study in which chronic and partial nerve injury decreased its levels
in the dorsal root ganglion and in the sciatic nerve (Khan et al. 2015). IL-10 reverses
learning and memory deficits in inflammation-dependent models by blocking the
damaging effects of lipopolysaccharide (LPS) or interleukin 1 beta (IL-1p) on long-term
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potentiation (LTP) (Kelly et al. 2001; Lynch et al. 2004; Kiyota et al. 2012).

r'TMS has the capacity to alter IL-10 levels under many other conditions. In a recent study,
using adolescent mice that were exposed to a model of multiple sclerosis, deep rTMS
reduced microglial activation and increased the cortical 1L-10 levels (Yang et al. 2020),
alleviating neurologic anomalies. Another preclinical study, using rats submitted to a
Parkinson’s disease model, showed a synergism of the rTMS treatment and the human
mesenchymal stem cells transplantation, upregulating IL-10 expression and decreasing
Interferon gamma (IFN-y) and Tumor Necrosis Factor alpha (TNF-a) production in the
substantia nigra (Lee et al. 2020). Additionally, the inhibition of neurotoxic astrocytic
polarization, with an IL-10 role, has been suggested as a potential mechanism in the
effectiveness of high-frequency rTMS (10Hz) in cerebral ischemic stroke in rats (Hong
et al. 2020). In this way, we can suggest that the increasing levels of IL-10 induced by
rTMS can be the biological basis for the improved LTM in rats with NP. Our hypothesis
Is that changes in neurogenesis are involved in the allodynia (Toledo et al., 2021) and
impaired memory performance induced by NP (current study), which are reverted by
rTMS.

Besides that, in the current study we evaluated levels of BDNF in the hippocampus, an
important brain area for memory mechanisms (Thompson and Kim 1996). However,
there were no changes in hippocampal BDNF levels in NP rats, suggesting a CNS region-
specific effect, since in the spinal cord it has been observed that BDNF has an important
role in NP processes. BDNF is produced by primary sensory neurons located in the dorsal
root ganglion (Tsai 2005), and it is transported to the dorsal horn of the spinal cord (Cho
et al. 1997), where it activates the tyrosine kinase B (TrkB) receptor (Widenfalk et al.
2001). Previous studies from our group already showed BDNF levels changes in spinal
cord in rats submitted to the same NP model (Cioato et al. 2016; Lopes et al. 2021; Santos
et al. 2020), corroborating our hypothesis that levels and role of BDNF can be CNS
region-specific. Additionally, it is known that aged rats are more susceptible to the
development of pain sensitization after nerve injury, due to the reduction in hippocampal
BDNF level (Tateiwa et al. 2018). However, we used adult, not aged rats in the current
study, and this can also be an explanation for the lack of BDNF alterations in the

hippocampus.

As for the effects of rTMS on BDNF, preclinical studies have shown an increase in the

BDNF mRNA expression in hippocampal areas such as CA3, granule cell layer of the
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dentate gyrus, besides the parietal cortex and the piriform cortex in rats (Muller et al.
2000). In a clinical study in elderly patients diagnosed with refractory depression, rTMS
increased BDNF and decreased IL-1B and TNF-a serum levels only in patients with the
disease, with no changes in healthy individuals (Zhao et al. 2019). In the current study,
the hippocampal BDNF levels were not altered by NP nor by rTMS treatment,
demonstrating that the improvement in LTM in NP rats was mediated, at least in part, by
hippocampal IL-10 levels, but not hippocampal BDNF levels. However, we cannot rule
out that other mediators, not evaluated in this study, are involved in these observed rTMS

effects.

It is important to note that rTMS modifies neuronal excitability outside the skull inducing
neuroplasticity not only in the target area but also indirectly in other brain regions (Pernia
et al. 2020). In humans, it has been demonstrated that the stimulation of the motor cortex
by rTMS is able to modulate cortical and spinal cord circuits, inducing neuronal plasticity
(Hallett 2007; Yang et al. 2020), despite the distance from the stimulated area. Still in
humans, it has already been shown that rTMS can influence targeted hippocampal-
cortical networks, producing increased functional MRI connectivity of these networks
and concomitant improvements in memory that outlast stimulation by ~24 hours. Also,
multiple-day targeted stimulation of hippocampal-cortical networks produces even
longer-lasting enhancement (Wang and Voss 2015). In fact, rTMS has been used to
modulate abnormal brain activities changing neuronal excitability. High-frequency
stimulation (> 5 Hz) is associated with increased cortical excitability, while low-
frequency stimulation (< 1 Hz) decreases cortical excitability (YYang and Chang 2020). It
does not mean that the inhibitory descending pathways would be inhibited by rTMS
application: instead, they can often be enhanced, depending on the stimulation protocol
(Lazzaro et al. 2010). A systematic review showed that rTMS can produce clinically
significant relief from chronic pain, but the heterogeneity among the studies doesn’t
enable definitive conclusions about the ideal parameters (Hamid, Malik and Hussain
2018). Despite that, the importance of the stimulation site has been described. It has been
postulated that rTMS induces alterations in the activity of cortical and subcortical brain
structures, including the orbitofrontal cortices, medial thalamus, anterior cingulate, and
periaqueductal gray matter (Lefaucheur 2008; Yang and Chang 2020). Sampson and
colleagues (2011) have shown that low-frequency rTMS over the dorsolateral prefrontal

cortex in human patients was effective in pain relief. Corroborating this clinical study,
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our recent preclinical study, using rTMS at low-frequency, showed a total reversal of the
thermal hyperalgesia and partial reversion of the allodynia in NP rats (Toledo et al. 2021).
Also, in the same study, we showed that the major neurochemical alterations induced by
rTMS were related to the PFC and spinal cord, which had increased the levels of BDNF,
IL-10, and TNF-a, suggesting that it can be due to the proximity to the stimulation site.
In the current manuscript, due to the size of the rats’ head/brain, we could not define the

region of rTMS application, and we recognize this as a limitation of the study.

Previous studies have found that rTMS can reduce proinflammatory and increase anti-
inflammatory cytokines (Zhao et al. 2019; Lee et al. 2020; Yang et al. 2020),
demonstrating an important role in inflammation. However, considering that this is the
first preclinical study that assesses the effect of rTMS on memory impairment induced by
NP, we cannot infer what is the anti-inflammatory mechanism that is promoting this
effect. Moreover, it does not mean that it happens to a lower neuronal activity, since rTMS
inhibitory effects can be also related to the stimulation of inhibitory pathways, not only
the decrease of excitatory pathways (Damien et al. 2018), as cited above. For this, we
could not affirm that a sort of general "lower" neural activity could lead to an anti-
inflammatory effect found here. However, this does not mean that IL-10 enhancement by
rTMS does not have an important role in the LTM improvement. We thus believe that,
although the stimulation in rodents is still not focal, the observed results have translational
potency, since the analyzed parameters have similarity with results from clinical

investigations.

In conclusion, this pioneer preclinical study showed that low-frequency rTMS, a potential
tool for NP treatment, improves NP-impaired LTM, and suggests the increasing
hippocampal IL-10 levels as one of the likely biological bases of rTMS mnemonic effects.
Furthermore, rTMS appears to be a safe therapeutic tool since it does not alter memory

or biochemical parameters in naive animals.
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7 DISCUSSAO GERAL

Estudos pré-clinicos que investigam a fisiopatologia e novas abordagens terapéuticas
da DN sdo de suma importancia, devido ao crescente nimero de casos na populacdo e ao
grande nimero de pacientes que sdo refratarios aos tratamentos farmacol6gicos

tradicionais.

Os resultados desta tese demonstram que a EMTr é capaz de reverter a hiperalgesia
térmica e o prejuizo da memoria de longo-prazo induzidos pelo modelo animal de DN
por meio da CCI. Além disso, o tratamento foi capaz de aumentar os niveis centrais de
BDNF, IL-10 e TNF-a e reverter a reducdo dos niveis hipocampais de IL-10, nesses
animais. A modulacdo cortical induzida pela EMTr nos ratos com DN pode ter
contribuido para o efeito analgésico encontrado neste estudo, enquanto o aumento dos
niveis hipocampais de IL-10 podem ter colaborado para a reversdao do prejuizo da

memoria de longo prazo nos animais com DN.

Observou-se também que os efeitos da EMTr parecem ser “estado-dependentes”, ou
seja, as alteragOes centrais (comportamentais e neuroquimicas) induzidas pelo tratamento
estdo presentes somente nos animais com DN, sem alteragdo em animais controle e sham
cirurgia (ambos sem a presenca de lesdo periférica). Visando a translacionalidade, este €
um importante achado, pois demonstra que a EMTr parece ser uma ferramenta segura em
individuos saudaveis, sendo eficaz quando ha um desequilibrio em um ou mais sistemas,
como nos quadros de DN. A capacidade de uma técnica neuromodulatéria como a EMTr,
de apresentar efeitos apenas em casos em que ha uma doenca estabelecida, ou seja, em
animais com um estado mal adaptativo como a DN, foi também demonstrado por nosso
grupo utilizando a ETCC (Cioato et al. 2016; Filho et al. 2016).

O cértex cerebral é a primeira estrutura a receber o estimulo da EMTr. O fato de estar
préximo do local da estimulacdo pode ter contribuido para o aumento nos niveis corticais
dos marcadores neuroquimicos estudados (BDNF, IL-10 e TNF- o). Por se tratar de uma
estimulacao de baixa frequéncia (1Hz), esta associada a uma diminuigédo da excitabilidade
cortical (Yang e Chang 2020), sendo transmitida para outras regides cerebrais. De fato,
ja foi demonstrado que a EMTr induz alteracdes na atividade das estruturas cerebrais
corticais e subcorticais relacionadas a modulacdo e processamento da dor, incluindo os
cortices orbito frontais, o tdlamo medial, o cingulo anterior e a substancia cinzenta

periaquedutal (Lefaucheur 2008). Também, estimula vias neurais inibitorias descendentes
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no corno dorsal da medula espinhal, reduzindo a dor (Leung et al. 2009).

Mais especificamente sobre 0 BDNF, ndo foi observada alteragdo dos seus niveis nas
regides cerebrais estudadas nos animais com DN. Este foi um achado ndo esperado,
principalmente em medula espinhal, uma vez que esta neurotrofina esta estreitamente
relacionada a DN, modulando sinalizacBes rapidas excitatoria (glutamatérgica) e
inibitoria (gabaérgica), assim como a neurotransmissdo peptidérgica na medula espinhal
(Merighi et al. 2008). Na verdade, somente o fato de os animais terem passado por um
evento cirurgico, sham ou efetivo, foi capaz de aumentar os niveis medulares de BDNF.
Ja a EMTr induziu um aumento observado nos niveis de BDNF em cértex pré-frontal
somente nos animais com DN, o que pode ter contribuido para o efeito antinociceptivo
encontrado. E importante salientar que o BDNF atua como um neuromodulador central
da dor e induz neuroplasticidade, principalmente na presenca de eventos mal adaptativos,
como a DN. Alguns estudos tém demonstrado um papel antinociceptivo do BDNF, por
meio da ativacdo de vias serotoninérgicas, opioidergicas e GABAérgicas (Siuciak et al.
1994; Pezet et al. 2002). Quando foi avaliada a possivel contribuicio do BDNF
hipocampal na melhora do desempenho da memaria de longo prazo nos animais com DN
e estimulados com EMTr, ndo foi encontrada diferenca entre os grupos. Desta forma,
destaca-se 0 possivel papel da IL-10 hipocampal na melhora deste parametro, ndo
podendo, porém, ser afirmado que outros mediadores, aqui ndo avaliados, também néo

possam estar envolvidos neste efeito.

Prévios estudos tém demonstrado que a dor cronica envolvendo lesbes de nervo
periférico é frequentemente relacionada a prejuizos de memdria (Ren et al. 2011) e
potenciacdo de longa duracdo (do inglés, long-term potentiation, LTP) em sinapses de
fibras C em medula espinhal, porém ha também inibicdo LTP em hipocampo (Liu et al.
2017). BDNF (Basbaum et al. 2009) e TNF-a (Liu et al. 2017 sdo mediadores que tém
sido relacionados a processos envolvidos em respostas mal adaptativas decorrentes da dor
crénica. Desta forma podemos sugerir que terapéuticas que contraponham as alteracdes
na plasticidade sindptica induzidas pela dor cronica, podem contribuir para o alivio da dor
e para a também para a melhora da memoria. Apesar disso, ndo foi encontrado nesta tese
alteracdo nos niveis medulares de TNF-a nos animais com DN. Surpreendentemente, as
alteracfes encontradas nos niveis dessa citocina, tanto no cortex pré-frontal quanto na
medula espinhal, foram nos grupos com DN estimulados. Sabe-se que alteracdes em

parametros neuroinflamatérios podem ndo ser apenas prejudiciais como também
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benéficas, uma vez que mediadores inflamatdrios contribuem para os processos de
regeneragdo e, como no caso do TNF-a, como estimuladores da producdo de citocinas
anti-inflamatorias como a IL-10 (Sheng et al. 1995). Assim sendo, o aumento, induzido
pela EMTr, nos niveis centrais de TNF-a, pode ter contribuido para os seus efeitos

antinociceptivos observados nos animais com DN e estimulados.

Uma importante interleucina nos processos de DN ¢é a IL-10, que também participa
dos processos de aprendizado e memoria em roedores (Worthen et al. 2020). Ratos
submetidos ao modelo de DN apresentam niveis reduzidos de I1L-10 no nervo isquiatico
e no ganglio da raiz dorsal (Khan et al. 2015). Nessa tese, observou-se um padrdo dos
niveis de IL-10 semelhante ao do BDNF, com aumento no cortex pré-frontal somente nos
animais com DN estimulados com EMTr, enquanto na medula, o processo cirrgico
(sham ou ativo) foi capaz de causar aumento nos niveis desta interleucina. O aumento nos
niveis de IL-10, principalmente no CPF, pode ter contribuido para o efeito analgésico
induzido pela EMTr. Essa citocina exerce uma funcéo anti-inflamatdria, inativando as
células apresentadoras de antigeno do sistema imunoldgico e diminuindo a secrecdo de
citocinas pro-inflamatdrias (lyer e Chen 2012). O uso de terapia genética com IL-10 tem
sido indicado para o alivio da dor neuropatica periférica croénica (Milligan et al. 2012).
Em relagdo ao hipocampo, foi verificado uma reverséo da redugdo nos niveis de IL-10
induzida pela DN, nos animais tratados com EMTr, o que pode ter contribuido para a
melhora do déficit na memaria de longo prazo que estes animais apresentaram (Worthen
et al. 2020).

Dados clinicos demonstram que estimular distintas regides cerebrais esta relacionado
a diferentes efeitos: por exemplo, estimulacdo do cdrtex motor primario resulta na
reducdo da dor, enquanto a estimulacdo do cortex pré-frontal dorsolateral é indicada para
tratamento da depressdo (Treister et al. 2013). Infelizmente, devido ao reduzido tamanho
da cabeca do rato em relacdo a bobina de estimulacdo, ndo foi possivel delimitar a regido
estimulada com EMTr, o que é considerado um limitante deste estudo. Porém, esta
limitacdo ndo impediu o potencial translacional, uma vez que diversos resultados
observados nesta tese sdo semelhantes ao que é observado na pratica clinica. Desta forma,
o desenvolvimento de novos estudos buscando possiveis mecanismos de agdo, por meio
da utilizacdo de farmacos antagonistas/agonistas das vias estudadas, e a associagdo da
técnica neuromodulatoria com farmacos tradicionalmente utilizados no manejo da DN,

buscando verificar possiveis efeitos sinérgicos, colocam-se como perspectivas.
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Com base nos resultados desta tese, é possivel sugerir a EMTr de baixa frequéncia
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como uma ferramenta para o tratamento da DN, considerando sua capacidade de modular
0s niveis centrais de BDNF, TNF-o e a IL-10, com provaveis alteracdes na
neuroplasticidade, contribuindo desta forma para a reducdo da alodinia e da hiperalgesia,
e para a reversdao do prejuizo de memdria induzidos pela DN. Esse experimento pré-
clinico demonstra a seguranca da aplicabilidade da EMTr, uma vez que néo foi observada
nenhuma alteragdo nos diversos pardmetros avaliados em animais saudaveis (controle
total e sham cirurgia). Sendo assim, é possivel concluir que a EMTr apresenta relevante
potencial no tratamento da DN e de outras doencas de dificil manejo terapéutico, trazendo

beneficios e melhora da qualidade de vida aos pacientes.
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12 PERSPECTIVAS

A partir deste trabalho, novas pesquisas serdo desenvolvidas buscando esclarecer
mecanismos de acdo envolvidos nos efeitos antinociceptivos da EMTr, assim como
verificar se ha maiores beneficios na aplicacao de protocolos de tratamento mais longos,
duracdo destes efeitos e possiveis efeitos sinérgicos. Também, espera-se aplicar essa
ferramenta ndo-farmacoldgica em outros modelos animais, como por exemplo, dor aguda

e acidente vascular encefélico (AVE).

Portanto, pretende-se avaliar em novos estudos:

. Protocolos de tratamento EMTr mais prolongados,
. Verificar os efeitos a longo prazo deste tratamento,
. Associacdo da EMTr com farmacos tradicionalmente utilizados no manejo da DN

e possiveis efeitos sinérgicos,

. Uso de farmacos agonistas/antagonistas para elucidar possiveis mecanismos de
acao da EMTT,
. Aplicar a EMTr isoladamente e/ou em associagdo a farmacos em outros modelos

animais, como dor aguda e AVE.
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