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RESUMO

Introducédo: Dor neuropatica crénica origina-se por lesdo ou doenga no sistema nervoso
somatossensorial, e é frequentemente acompanhada por comorbidades como ansiedade,
depressao, déficits cognitivos, reducdo na qualidade de vida, dentre outros. Além do
aspecto multidimensional, a refratariedade ao tratamento farmacoldgico faz com que o
manejo desta doenca se torne um desafio. Logo, a busca por terapéuticas complementares
que contribuam no tratamento da dor cronica e suas comorbidades devem ser encorajados.
Objetivos: Investigar os efeitos da associacdo entre a estimulacdo transcraniana por
corrente continua (ETCC) e exercicio sobre parametros comportamentais e bioquimicos
em ratos submetidos a um modelo de dor neuropatica. Materiais e métodos: Ratos
Wistar (~ 60 dias) foram inicialmente divididos em 3 grupos: controle; sham-dor e dor.
A dor neuropatica foi induzida pela constri¢ao crénica do nervo isquiatico esquerdo (CCI)
sob anestesia com isoflurano. No 14° dia, os animais foram subdivididos em 13 grupos:
controle; sham-dor; sham-dor+sham/ETCC; sham-dor+exercicio; sham-dor+ETCC;
sham-dor+sham/ETCC+exercicio; sham-dor+ETCC+exercicio; dor; dor+sham/ETCC,;
dor+exercicio;  dor+ETCC;  dor+sham/ETCC+exercicio;  dor+ETCC+exercicio.
Hiperalgesia mecénica e térmica foram avaliadas pelos testes do von Frey e placa quente
nos tempos: basal; 7° e 14° dias apos a CCI, e imediatamente, 24h e 7 dias ap0s 0s
tratamentos. O comportamento do tipo ansioso foi avaliado por meio do labirinto em cruz
elevado (elevated plus maze-EPM) 24h e 7 dias apo6s a Gltima sesséo de tratamento. Do
15° a0 22° dia, os ratos receberam ETCC bimodal (0.5mA), exercicio (70% VO2ms) OU @
combinacdo de ambos uma vez ao dia por 20 minutos. Em 48h ou 7 dias ap6s o final dos
tratamentos, os ratos foram eutanasiados, e o cortex cerebral, hipocampo, tronco
encefalico, medula espinhal e nervo isquiatico foram coletados para dosagens de citocinas
e fatores neurotroficos pela técnica de ELISA. Dados comportamentais foram analisados
pela equacdo de estimativas generalizadas (GEE) ou ANOVA de 3 vias seguida de
Bonferroni; e os resultados bioquimicos foram analisados por ANOVA de 3 ou 4 vias
seguida de Bonferroni. Todos os procedimentos experimentais foram aprovados pela
CEUA/HCPA: #20170061; #20180034. Resultados: Em nosso estudo observamos que a
ETCC e/ou exercicio fisico reverteram completamente a hiperalgesia térmica em todos
0s periodos de tempo analisados, enquanto que a hiperalgesia mecanica foi parcialmente
revertida e promoveu um efeito sinérgico em 7 dias ap6s o término do tratamento. Em

relacdo ao comportamento do tipo ansioso, foi observado que a ETCC combinado ao
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exercicio aumentou o nimero de entradas nos bragos abertos (EOA) e reduziu o tempo
de permanéncia nos bracos fechados (TCA). Do ponto de vista bioquimico, observamos
que a associacdo entre ETCC e exercicio, aumentou os niveis de BDNF (7 dias) e reduziu
a IL-4 no cértex cerebral. No hipocampo, a combinagdo entre tratamentos desencadeou
efeitos opostos ao longo do tempo, em 48h ap6s o final dos tratamentos houve um
aumento no contetdo de BDNF, enquanto que no 7° dia, foi observado uma reducao nos
niveis desta neurotrofina e de TNF-a. Em relagédo ao tronco encefalico e medula espinhal
(7 dias), a ETCC combinada ao exercicio aumentou os niveis de IL-4, enquanto que no
nervo isquiatico houve um aumento no BDNF (48 h) e IL-10 (7 dias) promovidos pelas
técnicas combinadas. Conclusdo: Em resumo, nossos achados demonstram que a
combinacéo de técnicas neuromoduladoras é eficaz em promover efeitos antinociceptivos
e ansioliticos por meio da modulacdo de parametros bioquimicos e moleculares em
estruturas do sistema nervoso periférico e central. Portanto, estas terapéuticas nédo
farmacologicas sdo promissoras adjuvantes no tratamento da dor cronica e suas
comorbidades. Adicionalmente, é possivel observar que estas tecnicas promovem a

modulacdo de parametros neuroquimicos de forma tecido, estado ou tempo-dependente.

Palavras-chave: dor neuropatica; ansiedade; ETCC; exercicio fisico; citocinas; fatores

neurotroficos



ABSTRACT

Background: Neuropathic pain arises from an injury or disease in the peripheral or
central nervous system, being accompanied by comorbidities such as anxiety, depression,
cognitive impairments, reduction of quality of life, among others. In addition to the
multidimensional aspect, the refractoriness to the pharmacological treatment makes the
management of this disease a challenge. Therefore, the search for complementary
therapies that add to the chronic pain treatment and its comorbidities should be
encouraged. Aim: To investigate the effects of transcranial direct current stimulation
(tDCS) combined with exercise on behavioral and biochemical parameters in rats
subjected to a neuropathic pain model. Material and methods: Male Wistar rats (~ 60
days) were divided into 3 groups: control; sham-pain e pain. Neuropathic pain was
induced by chronic constriction injury of the left sciatic nerve (CCI) under isoflurane
anesthesia. On 14° day, rats were subdivided into 13 groups: control; sham-pain; sham-
pain+sham/tDCS; sham-pain+exercise; sham-pain+tDCS; sham-
pain+sham/tDCS+exercise;  sham-pain+tDCS+exercise;  pain;  pain+sham/tDCS;
pain+exercise; pain+tDCS; pain+sham/tDCS+exercise;  pain+tDCS+exercise.
Mechanical and thermal hyperalgesia were assessed by von Frey e hot plate tests at:
baseline; 7° e 14° days after CCI, and immediately, 24h e 7 days after the end of
treatments. Anxiety-like behavior was assessed in the elevated plus maze (EPM) at 24h e
7 days after the last treatment session. From 15" up to 22" day, rats received bimodal
tDCS (0.5mA), exercise (70% VO2max) Or the combination of both once a day for 20
minutes. At 48h or 7 days after the end of treatments, rats were killed, and the cerebral
cortex, hippocampi, brainstem, spinal cord and sciatic nerve were harvested for cytokines
and growth factors quantification by ELISA. Behavioral data were analyzed by
generalized estimate equations (GEE) or 3-way ANOVA followed by Bonferroni; whilst
biochemical data were analyzed by 3 or 4-way ANOVA/Bonferroni. All experimental
procedures were approved by CEUA/HCPA #20170061; #20180034. Results: In our
study, it was observed that tDCS and/or physical exercise fully reverted thermal
hyperalgesia in all time point assessed, while mechanical hyperalgesia was partially
reverted and promoted a synergistic effect on the nociceptive threshold at 7 days after the
end of treatment. Regarding anxiety-like behavior, it was noted that tDCS combined with
exercise increased the number of entries in the open arms (EOA), and decreased the time

spent in the closed arms (TCA). Of a biochemistry point-of-view, it was observed that the
Xi



combination of tDCS and exercise, increased BDNF levels (7 days) and decreased IL-4
levels in the cerebral cortex. In the hippocampi, the combination of treatments triggered
opposite effects throughout time; at 48h after the end of treatments, there was an increased
BDNF levels, whilst at 7° day, it was observed a decreased BDNF and TNF-a levels.
Regarding brainstem and spinal cord (7 days), the combination of both therapies
increased the I1L-4 levels, whilst in the sciatic nerve, there was an increased BDNF (48h)
e IL-10 (7 days) levels promoted by both. Conclusion: In sum, our findings demonstrate
that the combination of neuromodulatory techniques promote antinociceptive and
anxiolytic-like effects. Therefore, such non-pharmacological approaches are promising
adjuvants in the chronic pain management and its comorbidities. Additionally, it is
possible to observe that these techniques promote the modulation of neurochemical

parameters in a tissue, state or time-dependent fashion.

Keywords: neuropathic pain; anxiety; tDCS; physical exercise; cytokines; neurotrophic

factors
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1. Introducéo

1.1 Dor: uma abordagem fisiol6gica, neuroimune e comportamental integradas

Experiéncias cotidianamente vivenciadas estdo sempre vinculadas, mesmo
que indiretamente, a um determinado estimulo sensorial. Nocicepgao e dor, por exemplo,
apesar de apresentarem componentes evolutivos essencialmente protetores interespécies
(Lister et al., 2020; Khuong et al., 2019), também sdo experiéncias complexas e
amplamente dindmicas, em que, um dado estimulo promove distintos padrdes de
respostas entre individuos (Perrot-Minott et al., 2017; Crook et al., 2014). Isto significa
que a natureza dos componentes sensorial-discriminativo, e as qualidades afetivo-
emocionais envolvidas sdo diferentemente moldados de individuo para individuo. E
baseado na pluralidade dos mecanismos e sistemas envolvidos, que a Associacao
Internacional para Estudos da Dor (do inglés: International Association for the Study of
Pain - IASP), conceitualmente a define como uma experiéncia sensorial e emocional,
associada ou semelhante aquela associada com dano real ou potencial ao tecido (Raja et
al., 2020).

Em casos onde ha lesdo aguda, a inflamacdo local resultante desencadeia
inicialmente a ativacao de terminacdes nervosas livres por meio da liberacao e sintese de
inimeros mediadores como glutamato, prostaglandinas, citocinas, substancia P, peptideo
relacionado ao gene da calcitonina (CGRP), bradicinina, trifosfato de adenosina (ATP),
dentre outros (lyengar et al., 2017; Kawasaki et al., 2008). Estas substancias, por sua vez,
atuam sobre nociceptores do tipo Ad ¢ C (Djouhri et al., 2006), promovendo direta ou
indiretamente aumentos na expressao génica de receptores e abertura de canais iénicos.
Estes eventos ddo origem a subsequente transmissdo da informacéao nociceptiva ao longo
do sistema antero-lateral até as diversas regides do cortex cerebral onde a informacao
nociceptiva € interpretada sob maltiplos contextos (Fishman et al., 2010). Recentemente,
estudos demonstraram que células de Schwann especializadas localizadas na epiderme e
queratinécitos (Abdo et al., 2019; Baumbauer et al., 2015) iniciam a transducdo do
estimulo nociceptivo antes mesmo da ativacdo dos nociceptores. Embora tenha uma
relacdo causa-efeito bem definida e seja fundamentalmente necessaria em resposta a
processos regenerativos, a dor inflamatoria aguda tende a fisiologicamente se dissipar
dentro de até 2 semanas, conforme a resolugdo do processo inflamatério.

Por outro lado, a dor crénica ndo € um simples continuum da dor aguda. A
dor crénica pode originar-se por neuropatias provenientes de lesdes no sistema nervoso

periférico e/ou central (Treede et al., 2015), tratamento com quimioterapico (Seretny et
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1. Introducéo

al., 2014), ou mesmo por causas ndo completamente elucidadas como fibromialgia e dor
psicogénica (Nakamura et al., 2014; Wolfe et al., 1990). A dor cronica, caracteriza-se por
ndo apresentar relacdo causa-efeito bem definida, ser incapacitante e geralmente tem
duracgéo igual ou superior a 3 meses. Contudo, deve-se enfatizar que, independentemente
do padrdo temporal da dor (aguda ou crénica), a exposi¢do a estimulos aparentemente
indcuos produz dor (alodinia), enquanto que estimulos geralmente dolorosos exacerbam
a sensibilidade a dor (hiperalgesia priméaria) ou ao redor de uma area previamente
sensibilizada (hiperalgesia secundaria) em virtude do aumento no campo receptivo e
perda da inibicdo lateral (Basbaum et al., 2009).

As alteracGes envolvidas no processo de cronificacdo da dor incluem, por
exemplo, a perda do controle inibitorio exercido pelas fibras do tipo AP, aumentos na
excitabilidade celular por meio da geracdo de focos ectopicos, que entdo alteram as
propriedades intrinsecas dos neurénios, gerando disfun¢Ges no sistema de analgesia
descendente, bem como, modificacdes de longo prazo no sistema imune (Nijs etal., 2012;
Balasubramanyan et al., 2006; Melzack & Wall, 1965). E importante acrescentar que em
nivel celular; especificamente no corno dorsal da medula espinhal, local onde ocorre a
primeira sinapse e a subsequente integracdo das aferéncias nociceptivas periféricas
(principalmente nas laminas | e II), outros 2 fendmenos estdo presentes: a somacao
gradual e repetitiva de inputs de baixa frequéncia em fibras do tipo C (wind-up) mediada
pelo glutamato e substancia P sobre seus receptores do tipo N-metil-D-aspartato e
neurocinina (NMDA e NK-1R, respectivamente), e a facilitacdo hetero sinaptica de alta
frequéncia (do inglés: long-term potentiation - LTP) (Latremoliere & Woolf, 2009). Estes
fatores sdo caracteristicas elementares no processo de cronificacdo da dor e contribuem
para o fendmeno denominado de sensibilizacdo central, onde a dor, ja ndo resulta
unicamente na presenca de um estimulo nociceptivo periférico, mas é ocasionada por
meio de uma série de alteracdes mal adaptativas e neuro funcionais ao longo da matriz da
dor (Woolf, 2011).

Esta plasticidade ndo se restringe apenas as alteracdes em nivel periférico e
medular, mas compromete também regiGes do tronco encefélico, talamo e,
principalmente, do neocértex (Baliki et al., 2008). A reorganizacdo promove o0
remodelamento funcional em regides envolvidas no controle motor, processamento
executivo e controle emocional (Rusanescu & Mao, 2017; Yalcin et al., 2014). Desta
forma, é inerente inferirmos que quadros de dor cronica, geralmente cursam com outros

transtornos como ansiedade, depressao, déficits mneménicos e cognitivos (Cardoso-Cruz
3



1. Introducéo

et al., 2013; Metz et al., 2009). Corroborando o exposto acima, estudos demonstraram
que, individuos com dor crénica apresentaram reducGes em até 11% no volume do cortex
pré-frontal dorsolateral (dICPF) (Apkarian et al., 2004), e do hipocampo (Mutso et al.,
2012). Por outro lado, ndo estad totalmente elucidado como “ser ou estar” ansioso e/ou
depressivo influencia no desenvolvimento de dor cronica. Por exemplo, estudos pré-
clinicos e clinicos demonstraram que, individuos com sintomas de depressdo ou de
ansiedade que foram submetidos a um teste sensorial de dor, eram mais predispostos a
apresentarem uma condicgéo sensibilizada quando comparados a seus respectivos pares
(Berna et al., 2010; Roeska et al., 2009; Ploghaus et al., 2001) evidenciando que as
expectativas prévias, modulam a percepcdo sobre como um determinado estimulo é
percebido.

Deve-se ressaltar que diferentes estruturas corticais e subcorticais exercem
importante influéncia no processamento nociceptivo ao modular direta ou indiretamente
areas fundamentais para o controle da nocicepc¢do por meio de projecdes descendentes
para o tronco encefalico e medula espinhal (Huang et al., 2019; Chen et al., 2018;
Cheriyan & Sheets, 2018; Sellmeijer et al., 2018). A substancia cinzenta periaquedutal
(PAG), bem como o bulbo rostroventromedial (RVM), constituem-se de importantes
centros que recebem, integram e projetam para regifes adjacentes envolvidas no
processamento nociceptivo incluindo a ativagdo de neurdnios noradrenérgicos no locus
ceruleus (LC) e serotoninérgicos nos nucleos da rafe (RN) (Mills et al., 2018). Estas
estruturas, por sua vez, exercem papel determinantemente bidirecional sobre a
nocicepcdo, em que a resultante ativacao destas vias, dependera de uma série de fatores,
como 0 neurotransmissor e o tipo de receptor envolvido. Por exemplo, PAG e RVM séo
estruturas responsivas a analgesia mediada por opioides como a morfina, podendo
também exercer efeitos pré nociceptivos e ansiogénicos quando um neuropeptideo
(colecistocinina) foi administrado (Jiang et al., 2019; Lovick, 2008). Esta dicotomia
também € observada nos efeitos promovidos pela serotonina: enquanto a ativacdo do
receptor 5-HT; (Viisanen & Pertovaara, 2010) e 5-HT7 promove efeitos antinociceptivos;
0s receptores 5-HT2/3, desencadeiam efeitos pro nociceptivos (Dogrul et al., 2009; Sasaki
et al., 2006), que na RVM é mediada também via ativacdo de células do tipo ON, em
detrimento das OFF (Fields et al., 1995). Em sintese, deve-se enfatizar que tanto vias
corticopetais quanto corticofugais desempenham um papel primordial sobre o controle da
informagdo nociceptiva contribuindo assim para a modulacdo da informagdo em

diferentes niveis. No entanto, é importante salientar que o processo de cronificacdo da
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1. Introducéo

dor e o desenvolvimento de estados patoldgicos envolve também a triade entre sistema
nervoso periférico-central e imunoldgico (Scholz & Woolf, 2007).

Na dor neuropética desencadeada por uma lesdo ou doenga no sistema
nervoso somatossensorial (Colloca et al., 2017), a interacdo entre neur0nios e
neurotransmissores com células da glia periférica (Schwann) e central (astrécitos e
microglia), (Nam et al., 2016) além da supresséo da atividade de células T regulatorias
(Treg) e aumento na resposta Thl, contribuem para o desenvolvimento e na manutengao
da hiperalgesia térmica e alodinia mecénica (Davoli-Ferreira et al., 2020). Estas
alteracOes fisiopatoldgicas potencializam o desequilibrio entre excitacdo vs inibigdo e sdo
mediadas via liberacdo de citocinas, quimiocinas e fatores neurotréficos que exercem um
papel predominantemente facilitador ao diminuirem o limiar de ativacdo dos nociceptores
(Jietal., 2018).

Acredita-se que os efeitos promovidos pelas citocinas e algumas
neurotrofinas ocorram por meio da fosforilacdo de diversas vias de sinalizacdo
intracelulares, incluindo o NF-kB e p38/MAPK (principalmente pré inflamatorias)
(Gongalves dos Santos et al., 2020), bem como JAK/STAT e Smad (principalmente anti-
inflamatorias) (de la Puerta et al., 2019; Chen et al., 2013; Gadani et al., 2012), sua
subsequente translocagéo para o nucleo, seguida pela ativacdo de fatores de transcricéo e
regulacdo da expressdo génica. Em suporte a este ponto de vista, tem sido sugerida a
hipdtese de que, o aumento sustentado no contetdo de citocinas pré inflamatérias tenha
relacdo direta com o desenvolvimento de inUmeras outras comorbidades como ansiedade
e depressdo (Maldonado-Bouchard et al., 2016; Zhu et al., 2006). Logo, a atenuacdo da
hiperexcitabilidade induzida por mediadores pro-inflamatorios, bem como o uso de
anticorpos monoclonais constituem-se em importantes meios terapéuticos para o
desenvolvimento de estratégias destinadas ao manejo da dor cronica, dado que,
atualmente, ndo existe tratamento eficaz para esta condi¢do, somado ao fato de que o uso
indevido de potentes analgésicos como o0s opioides tém promovido crises sanitarias de
grandes proporc@es (Dowell et al., 2016).

Considerando o exposto acima, deve se enfatizar ainda, que, as ativacoes das
vias do TLR-4, NF-kB e do inflamassoma na microglia pela administracéo intraperitoneal
de morfina em ratos, postergou a recuperacao da dor inflamatéria (Green-Fulghan et al.,
2019) e, paradoxalmente, da dor neuropatica cronica (Grace et al., 2016), comparado a
seus pares, pelo aumento na producdo de mediadores da inflamagdo. Estes achados

reforcam que a utilizagdo de farmacos opioides em determinadas situa¢fes ndo deve ser
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adotada no manejo farmacoldgico da dor cronica, principalmente para evitar a
dependéncia e demais efeitos adversos como constipacdo, depressdo respiratoria e até
mesmo a morte (Dowell et al., 2016). Além disso, estudos corroboram a hipotese de que
opioides sejam recomendados apenas na menor dose efetiva sob controle de diversas
varidveis de risco, e que a utilizacdo de inibidores da recaptacdo de serotonina e
noradrenalina sejam priorizados como primeira linha de tratamento para pacientes com
dor cronica (Finnerup et al., 2015). Ademais, é importante destacar a contribuicdo que
outros mediadores neuroquimicos tém, quando levamos em consideragdo o bindmio dor
e comportamento nociceptivo como, por exemplo, o balango entre citocinas pré e anti-
inflamatdrias.

Estudos demonstraram que, a porcentagem de macrofagos (M1, ou pro
inflamatorio) e o receptor de IL-4 (IL-4Ro), mas ndo sua proteina (IL-4) foram
sensibilizados (upregulation), na medula espinhal de ratos submetidos a um modelo de
dor crénica e inflamatoria (Kiguchi et al., 2015; Fenn et al., 2011). Dado que a IL-4
apresenta potentes efeitos anti-inflamatorios, é possivel que seu downregulation seja um
fator predisponente para o desenvolvimento da dor crénica, ja que a aplicacdo desta
citocina na medula espinhal de ratos submetidos a CCI promoveu uma mudanca de classe
dos macrofagos para M2 (anti-inflamatorio), que também comecaram a secretar peptideos
opioides (Celik et al., 2020). Da mesma forma que as citocinas anti-inflamatorias, a
administracdo intratecal de IL-1ra (o antagonista do receptor de IL-1B) e o blogueio do
receptor de TNF-a apresentaram efeitos antinociceptivos (Sweitzer et al., 2001).
Adicionalmente, também foi demonstrado que a IL-10, bem como TGF-B1 exercem
importantes efeitos antinociceptivos e na regeneracdo por meio da inibicdo da producéo
de IL-1B, IL-6 (He et al., 2013; Chen et al., 2013). Por outro lado, apesar dos indesejados
papéis pro nociceptivos, animais knockout para IL-1p ¢ TNF-a ¢ a auséncia de IL-6
desencadearam déeficits locomotores durante a recuperacao da lesdo no nervo isquiatico e
na medula espinhal (Leibinger et al., 2021; Nadeau et al., 2011), sugerindo que a
neutralizacdo da acdo pro-inflamatdria é prejudicial para finalidades regenerativas. Estes
resultados sugerem que, apesar das citocinas pré inflamatérias terem um papel
fisiopatol6gico em aumentarem a responsividade de neurénios nociceptivos; também ha
uma inerente participacdo na regeneracdo dos nervos periféricos e, que estratégias
terapéuticas com enfoque na inducdo do fenétipo M2 para consequente inibicdo da

nocicepcao podem ser alternativas para 0 manejo da dor cronica.
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De modo geral, os mecanismos envolvidos na neuroinflamagdo ainda
permanecem pouco compreendidos (Chapman & Vierck, 2017). Contudo, estudos
demonstraram que a aplicacdo de capsaicina ou a lesdo no nervo isquiatico resultaram no
aumento na permeabilidade da barreira hematoencefélica e a subsequente infiltracdo de
linfécitos T nas leptomeninges (espaco compreendido entre a aracnoide e a pia-mater),
contribuindo assim para a disseminacao da neuroinflamacao ao longo do SNC (Beggs et
al., 2010; Costigan et al., 2009). Também foram observadas possiveis associacfes entre
0 aumento no comportamento do tipo ansioso e depressivo apos 0 upregulation de uma
série de marcadores pro-inflamatérios na micrdglia, incluindo IL-1B € TNF-o no cortex
pré-frontal e hipocampo de ratos submetidos a um modelo de dor neuropética (Xu et al.,
2018; Liu et al., 2017). Além disso, o elevado contetdo de citocinas pré-inflamatérias no
hipocampo de ratos submetidos a modelo de dor cronica, ou inflamatoria assim como ao
estresse cronico impactou negativamente a neurogénese hipocampal (Romero-Grimaldi
et al., 2015; del Rey et al., 2011; Duric & McCarson, 2006). Ja em estudos clinicos,
elevados niveis do receptor soltvel de TNF-a e IL-1 no liquor, e relagdes TNF-a/IL-10
e TNF-a/IL-4 aumentadas no soro, correlacionaram-se positivamente com a intensidade
da dor, e com maiores escores de ansiedade, respectivamente (Hou et al., 2017; Backonja
et al., 2008). Estes achados demonstram que os aspectos afetivos e emocionais como
ansiedade e sinalizacdo imune estdo intimamente relacionados e que a compreensdo mais
detalhada sobre como estes e outros mediadores neuroquimicos, incluindo as
neurotrofinas desencadeiam uma série de respostas comportamentais e neuroquimicas,
necessita ser melhor investigada.

As neurotrofinas, especificamente em sua forma madura, exercem um papel
primordial na sobrevivéncia, nutricdo, proliferacdo e, principalmente, regeneracdo
neuronal, porém paradoxal frente a diferentes condi¢des de dor cronica (Khan & Smith,
2015). Por exemplo, quando aplicado por via intratecal, o complexo NGF/TrkA promove
efeitos antinociceptivos e reduz a astrogliose no DRG (Cirillo et al., 2010). Em
contrapartida, quando a aplicacéo foi feita perifericamente (nervo isquiatico) (Jing et al.,
2009) os efeitos observados foram, majoritariamente, pré nociceptivos. Contrariamente,
foi observado que a recuperacdo da funcao sensorial esta condicionada a dose e duracao
da aplicacdo de NGF diretamente no local da lesdo (Kemp et al., 2011). Portanto, acredita-
se que NGF exerca um mecanismo indireto de sensibilizacdo, envolvendo principalmente
a ativacdo de vias intracelulares e a subsequente translocacdo e ativagdo de receptores

TRPV1 na membrana celular (Zhang et al., 2005), um canal ndo seletivo para cations
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envolvido na transducdo de estimulos térmicos nociceptivos (Cui et al., 2006). Em
sintese, a compreensdo detalhada dos mecanismos de agdo pelos quais 0 NGF ora
desempenhe efeitos prd, ora antinociceptivos deve ser melhor elucidada.

Na dor neuropética cronica, por exemplo, acredita-se ainda que o BDNF
tenha um papel fundamental na regeneracdo, bem como no desenvolvimento e
manutencdo da hiperalgesia térmica e alodinia mecanica (Su et al., 2018; Chen et al.,
2014). Estes efeitos prd nociceptivos sdo promovidos por meio do aumento na
excitabilidade celular desencadeada pelo downregulation do cotransportador KCC2 em
estruturas chaves para o processamento nociceptivo como medula espinhal, talamo
ventro-pdstero-lateral e cortex somatossensorial priméario (Modol et al., 2014), bem como
pela ativacdo de receptores purinérgicos (P2Xs e P2X7) em resposta ao ATP e a
subsequente liberacdo de BDNF por ceélulas gliais no corno dorsal da medula espinhal
(Ulmann et al., 2008). Adicionalmente, deve-se ressaltar que a sinalizacdo entre
BDNF/TrkB promove a LTP em nociceptores do tipo C mediada pelo upregulation e
ativacdo de receptores glutamatérgicos permeaveis ao calcio (NR2B e GIuA2) e o
subsequente aumento na atividade em neurénios de amplo espectro dindmico (WDR) na
medula espinhal, contribuindo assim para sensibilizacdo central observada na dor
neuropatica (Ding et al., 2015; Goffer et al., 2013).

Ao encontro do que tem sido abordado até aqui, as alteracGes fisiopatoldgicas,
comportamentais e bioquimicas observadas em modelos de dor cronica ocorrem ao longo
de todo neuroeixo. Por exemplo, foi demonstrado que os niveis de BDNF no ndcleo
accumbens e amigdala, importantes estruturas envolvidas com o sistema de recompensa
e as emocdes, estavam elevados em um modelo de CCI (Zhang et al., 2017) e que animais
submetidos a um modelo de dor neuropatica seguido pelo teste de preferéncia
condicionada por lugar apresentaram preferéncia pelo compartimento previamente
pareado com o farmaco analgésico, evidenciando que o alivio da dor também é uma
experiéncia recompensadora (Navratilova et al., 2015). Corroborando estes achados, foi
demonstrado que ratos submetidos a um modelo de dor neuropética apresentaram
reducdes no conteudo de BDNF no hipocampo, um achado que foi correlacionado com
desfechos de ansiedade, depressdo e déficits mnemonicos (Zong et al., 2018; Autry &
Monteggia, 2012).

Recentes avangos tém revelado ainda importantes dimorfismos sexuais na
resposta inflamatdria, imunolégica, fisiologica e epigenética em estudos pré-clinicos,

demonstrando que, diferente do que foi observado em machos, as fémeas da geragdo F1
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de roedores submetidos & CCl apresentaram um aumento na sensibilidade basal, enquanto
que a manutencédo da hiperalgesia mecénica induzida por um modelo de dor crénica foi
mediado por linfocitos T, ao invés da microglia (Tao et al., 2020; Sorge et al., 2015).
Interessantemente, tais dimorfismos também foram observados sobre circuitos
GABAérgicos no cortex responsaveis pelo controle da atividade antinociceptiva e do
processamento executivo (Jones & Sheets, 2020; Shiers et al., 2018). Estes achados
devem ser levados em consideracdo durante a elaboracdo e a conducdo de futuros estudos,
bem como, na prética clinica, dado que a dor crénica acomete principalmente mulheres e
que a responsividade a um determinado tratamento esta suscetivel a diversos fatores
intervenientes, principalmente os hormonais (Mogil, 2012; VVanderhorst et al., 2005).
Em resumo, estes estudos reforcam nosso entendimento em relacdo a
pluralidade e ao aspecto multidimensional de sistemas envolvidos demonstrando a
importancia de uma abordagem multidisciplinar no tratamento da dor cronica (Figura 1).
Além disso, os tratamentos disponiveis atualmente para o manejo da dor crénica carecem
de desfechos adequados na pratica clinica. Desta forma, a utilizacdo de estratégias ndo
farmacologicas emerge como uma alternativa de baixo custo e de facil acesso para o

tratamento da dor e suas comorbidades.

4. 7Ca2232 —
© ~Nav1.7;1.81.9 A )
R °,: Macréfagos 2 Acoplamento celular &~
E * recrutados ~ Kv Neuroinflamagéo
Citocinas, PR = Fibras A6 e C )
substancia P, o o Hipocampo
CGRP 4 Linfécitos CPF e
TeB , et Astrocitos X / erebelo
Macréfagos* v a Microglia
residentes N A
l} &y Amigdala 4 \.
e B o N \~, sl PAG e RVM
“Les&o no nervo :’ E. .
: T
_— = DfiEiemeees = Déficits cognitivos | Ansiedade |
Células de Schwann Atrofia muscular Depressio | Modulagéo nociceptiva

Figura 1. Neurobiologia da dor: interface entre 0 SNP e SNC. CGRP: peptideo
relacionado ao gene da calcitonina; Nay, Cav e Ky: canais de sddio, calcio e potéssio

regulados por voltagem, respectivamente. Fonte: o autor



1. Introducéo

1.2 ETCC na dor crbnica

A aplicacdo de correntes elétricas em seres humanos data de séculos, sendo
comumente utilizada para diversas finalidades, principalmente as terapéuticas. No
entanto, as dificuldades na aplicacdo dessas técnicas, incluindo sérios eventos adversos e
desconhecimento dos seus mecanismos de acdo fez com que fossem ignoradas durante
anos (Brunoni et al., 2012; Priori, 2003). Com o passar do tempo, contudo, dispositivos
mais sofisticados e com controles mais precisos/adequados dos parametros de
estimulacdo possibilitaram que diretrizes fossem desenvolvidas, ressurgindo assim, um
novo campo de abordagem nao farmacoldgica para 0 manejo de condicGes de doencas ou
melhora da performance fisica e cognitiva (Okano et al., 2015; Fregni et al., 2005).
Atualmente, tais técnicas tém sido utilizadas para fins diagnosticos e terapéuticos como
€ 0 caso da estimulagdo magnética transcraniana (do inglés: transcranial magnetic
stimulation - TMS), e para fins reabilitadores como a estimulagdo transcraniana por
corrente continua (do inglés: transcranial direct current stimulation - tDCS) (Valero-
Cabré et al., 2017).

ETCC é uma técnica de estimulacéo cerebral ndo invasiva, segura e de baixo
custo, e que apresenta poucas contra indicacGes (implantes metalicos; marcapasso) e
efeitos adversos (tontura; dor de cabeca) (Bikson et al., 2016). O principio desta técnica,
baseia-se na modulacédo da funcéo e plasticidade cortical, por meio de uma fraca corrente
elétrica aplicada sobre couro cabeludo. No entanto, € importante salientar que essas
correntes nao despolarizam os neur6nios, mas 0s tornam mais ou menos susceptiveis a
despolarizacdo/hiperpolarizacdo ao aumentarem ou diminuirem o limiar de repouso
neuronal por meio de um campo elétrico estabelecido entre o anodo e o céatodo,
respectivamente (Nitsche et al., 2008; Liebetanz et al., 2002). Deve-se ressaltar ainda que,
apesar da montagem dos eletrodos para estimulacéo ser direcionada para areas em que se
pretende estimular, a interconexdo entre diferentes estruturas possibilita que outras
regides também sejam afetadas (Morya et al., 2019; Polania et al., 2012). Portanto,
protocolos de ETCC para a modulacdo de redes corticais neuronais devem levar em
consideracdo parametros de estimulacdo como: polaridade aplicada (anodal/catodal),
montagem dos eletrodos (bimodal ou extra cefalico), densidade de corrente (diametro do
eletrodo vs corrente aplicada), frequéncia, numero de sessdes, bem como, parametros
fisiologicos individuais como a condicéo do individuo (incluindo o uso de medicagdes),

além de possiveis varidveis intervenientes, como a orientacdo das fibras que estdo sendo
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estimuladas e a condutividade tecidual (Voroslakos et al., 2018; Kronberg et al., 2016;
Datta et al., 2009; Nitsche et al., 2007).

Atualmente, apenas um estudo na literatura investigou o efeito de diversas
intensidades e durac@es da estimulacdo em diferentes periodos de tempo ap6s a indugéo
de dor neuropatica em ratos. No referido trabalho, os autores demonstraram que os efeitos
antinociceptivos promovidos pela ETCC foram mais pronunciados quando aplicados
repetitivamente e em maiores intensidades, do que com apenas 1 sesséo, bem como teve
desfechos mais promissores quando aplicados logo ap6s o procedimento cirurgico. Estes
efeitos foram observados independente se o hemisfério cerebral estimulado foi o cortex
motor ipsi ou contralateral (Wen et al., 2017). Paralelamente, um estudo prévio
demonstrou que a estimulacdo do cdrtex motor de ratos com dor neuropéatica aumentou
os niveis de GABA e glicina na PAG, enquanto que os niveis de glutamato ndo foram
alterados nesta estrutura (Andrade et al., 2019). Estes resultados demonstram que mesmo
pequenas intensidades de correntes aplicadas continuamente no couro cabeludo sdo
eficazes em modular o contetdo de neurotransmissores em importantes estruturas
envolvidas com o processamento nociceptivo.

Estudos realizados por nosso grupo de pesquisa tém demonstrado o papel
antinociceptivo e neuromodulador da ETCC em inameras condi¢des dolorosas. Por
exemplo, quando aplicada por 8 dias consecutivos, a ETCC néo apenas preveniu o
desenvolvimento de alodinia induzida pelo estresse crénico (Fregni et al., 2018) como
também reduziu os niveis de TNF-o, e inversamente, aumentou o BDNF, ambos no
hipocampo de ratos (Spezia-Adachi et al., 2015; 2012). Estes resultados podem ter
importantes implicacdes clinicas, visto que, 0 aumento na concentracdo de mediadores
pré inflamatdrios em nivel central, mas ndo periférico (Brunoni et al., 2014), estdo
relacionados a neuroinflamacédo e a potenciais implica¢fes para o desenvolvimento de
outros transtornos psiquiatricos (Leffa et al., 2018). Corroborando tais achados, Cioato et
al., (2016) observaram que na dor neuropatica, elevados niveis de IL-1B na medula
espinhal correlacionaram-se inversamente com o limiar nociceptivo; um efeito que foi
revertido pela ETCC. Em conformidade com estes resultados, a ETCC também promoveu
a reversao do comportamento do tipo ansioso e dos déficits locomotores induzidos pela
lesdo no nervo isquiatico (Marques-Filho et al., 2016). Desfechos semelhantes também
foram encontrados em outros modelos de dor crénica, incluindo neuralgia trigeminal

(Callai et al., 2019; Scarabelot et al., 2018), hiperalgesia induzida pela ovariectomia
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(Moreira et al., 2016), inflamagdo crénica (Laste et al., 2012), e dor pds operatéria e
fibromialgia (dados ainda ndo publicados).

Estudos clinicos visando a busca de biomarcadores de dor cronica também
demonstraram que a ETCC alterou os niveis de mediadores pro e anti-inflamatorios (IL-
6, IL-10, TNF-a e B-endorfina) no soro de pacientes com osteoartrite e fibromialgia
(Suchting et al., 2020; Khedr et al., 2017). Por outro lado, um outro estudo clinico
reportou que os niveis de diversas citocinas anti e pré inflamatorias incluindo TNF-a, ¢
seus receptores soltveis (STNFrl e sTNFr2) no soro, ndo se correlacionaram com a
melhora nos escores clinicos de pacientes com depressao unipolar e tratados com ETCC
(Brunoni et al., 2018). Contudo, elevados niveis de NGF basais no soro (Brunoni et al.,
2018), e de BDNF no liquor de individuos submetidos previamente a um protocolo de
ETCC (Ribeiro et al., 2018) predisseram a melhora no quadro clinico destes pacientes.
Além disso, os niveis de BDNF foram inversamente correlacionados com o aumento da
dor em mulheres fibromialgicas; um efeito revertido pela ETCC (Brietzke et al., 2020).
Estes resultados sugerem um maior envolvimento de fatores neurotréficos do que de
mediadores pré-inflamatorios humorais, na fisiopatologia da dor crdnica. Assim como,
estes resultados alertam para a necessidade de mais estudos que busquem elucidar tais
dicotomias e determinar biomarcadores relacionados a estas doencgas. Além disso, a
utilizacdo de métodos nédo invasivos focados na estimulacao continua de regides corticais
representa uma alternativa viavel e consistente no manejo da dor e comorbidades,
principalmente pela atenuacdo da resposta pro inflamatoria central, e diferentemente de
métodos invasivos e com limitado papel translacional (Bassi et al., 2017; Koopman et al.,
2016).

Evidentemente os efeitos exercidos pela ETCC néo se restringem apenas a
modulacdo da nocicep¢do, mas se estendem também a efeitos sobre o potencial visual
evocado (Accornero et al., 2007), alteracdes do fluxo sanguineo cerebral (Lang et al.,
2005), em tarefas motoras e ndo motoras envolvendo o cerebelo (Ferrucci et al., 2013),
enquanto que seus efeitos sobre a linguagem tém demonstrado resultados controversos
(Westwood et al., 2017; Wirth et al., 2011). Adicionalmente, a modulacéo de parametros
cognitivos por meio da alteracdo no padrdo de conectividade cerebral no cortex pré-
frontal dorsolateral direito melhorou o desempenho em tarefas de aprendizado associativo
(Krause et al., 2017; Méarquez-Ruiz et al., 2012). Estes resultados reforcam que esta

técnica de neuromodulacdo possa ser utilizada visando a melhora da performance
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cognitiva, fisica e hemodindmica dado seu eventual comprometimento observado em
individuos com dor crénica (Braun et al., 2016).

ETCC tem demonstrado efeitos benéficos sobre a modulagdo de uma ampla
variedade de transtornos e doencas (Kuo et al., 2014). Estudos demonstraram que em
individuos que desenvolveram dor neuropatica decorrente da esclerose maltipla, ou pela
lesdo traumatica na medula espinhal, a estimulacdo anodal aplicada no cdrtex motor
primario apresentou beneficios no alivio da dor, porém, nenhum efeito sobre os escores
de ansiedade ou depresséo (Mori et al., 2010; Fregni et al., 2006), que foram atenuados
apenas quando a ETCC foi aplicada no dICPF (Boggio et al., 2009). Corroborando a
eficacia da ETCC sobre a modulacdo de parametros afetivos e emocionais, a estimulacdo
do dICPF de 94 pacientes com depressdao durante 10 semanas, promoveu um efeito
antidepressivo semelhante ao citalopram (Brunoni et al., 2017). A partir desses resultados
conclui-se que o desequilibrio entre ativagdo vs inibicéo inter-hemisférico entre o dICPF
esquerdo e direito contribua para a disfuncionalidade observada nos transtornos afetivos
e emocionais, como ansiedade e depressdo, enquanto que a estimulacdo do cortex motor
primario esta envolvida na modulagéo na funcéo sensorial.

Embora haja evidéncias suficientes de que a ETCC seja capaz de modular
diversos parametros comportamentais € neuroquimicos, mais estudos Sdo necessarios
visando elucidar os mecanismos de acdo celulares envolvidos em tais efeitos. Desta
forma, postula-se que os efeitos em curto prazo, mediados pela ETCC, sejam dependentes
de canais de sddio (Na*) e célcio (Ca?*) dependentes de voltagem, enquanto que os efeitos
que perduram por 24 horas ou mais parecem depender da neuroplasticidade cortical
mediada por receptores do tipo NMDA (Nitsche et al., 2003; Liebetanz et al., 2002). Além
disso, € importante salientarmos que o0s receptores NMDA exercem um papel
determinante na LTP hipocampal (Monte-Silva et al., 2013) e no aprendizado motor, que
parecem ser dependentes da regulacdo epigenética do BDNF e seu receptor TrkB no local
da estimulacdo (Podda et al., 2016; Fritsch et al., 2010). Adicionalmente, estudos pré-
clinicos e clinicos demonstraram que os efeitos antinociceptivos da ETCC estdo sob
influéncia de diversas vias incluindo, opioidérgica (dos Santos et al., 2012), canabinoide,
adenosinérgica, monoaminérgica, glutamatérgica e GABAérgica (de Souza et al., 2018;
Medeiros et al., 2012). Estudos recentes utilizando uma linhagem transgénica que
expressa um sensor de Ca?* em células da glia mostraram, in vivo, que a ETCC anodal
aumentou as concentragBes de Ca?* em astrécitos e microglia de ratos (Mishima et al.,

2019; Monai et al., 2016). Do ponto de vista fisiolégico, estes achados tém grande
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relevancia dado o potencial papel destas células na manutencdo da homeostase celular,
incluindo a prevencdo da excitotoxicidade induzida por elevados niveis de Ca?* e
glutamato extracelular, bem como, no inicio da resposta inflamatdria e na sua implicacdo
no desenvolvimento e manutencdo da dor cronica (Gellner et al., 2016).

Em resumo, a ETCC constitui-se de um método seguro e ndo invasivo de
estimulacédo cerebral capaz de induzir efeitos a curto e longo prazo (Figura 2). Entretanto,
a adequacédo dos parametros de estimulacdo, pode promover a otimizagdo destes efeitos

sobre determinados desfechos.
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Figura 2. Mecanismos moduladores do comportamento nociceptivo. PAG.: substancia
cinzenta periaquedutal; RVM.: bulbo rostroventromedial; DRG.: ganglio da raiz dorsal.
Linhas vermelhas representam a transmiss@o da informacéo nociceptiva da periferia para
0 sistema nervoso central; enquanto as linhas verdes, ilustram as eferéncias provenientes

de estruturas supracorticais em direcéo a periferia. Fonte: o autor
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1.3 Exercicio fisico na saude e na doenga

Semelhante ao ETCC, inUmeras evidéncias apontam o exercicio fisico como
uma atividade neuromoduladora capaz de conferir neuroprotecdo em neuropatias
associadas ao diabetes (Kluding et al., 2012; Shankarappa et al., 2011), bem como, em
doencas potencialmente degenerativas incluindo Alzheimer e Parkinson, tanto em
modelos pré-clinicos, quanto clinicos (Binda et al., 2020; Bayod et al., 2011). Da mesma
forma, a capacidade do exercicio fisico modular a percep¢do de dor é decorrente da
combinacdo de diversos fatores, incluindo: tipo de exercicio (modalidade), sua
intensidade (anaerdbio ou aerdbio), duracdo (volume) e frequéncia (nimero de sessbes
dia/semana) (Naugle et al., 2014). Atualmente, as diretrizes do Colégio Americano de
Medicina do Esporte (do inglés: American College Sports Medicine - ACSM) preconizam
que adultos jovens saudaveis se envolvam por pelo menos 30 minutos ao dia, 5 ou mais
dias da semana na pratica de exercicios fisicos visando a manutencdo da saude (ACSM,
2014). Contudo, embora ndo haja consenso sobre a prescricdo segura e adequada para
essa populacao, sabe-se que a ado¢édo de habitos de vida saudaveis é um importante aliado
na prevencao, tratamento ou até mesmo na reversdo de quadros de dor crénica (Booth et
al., 2012).

Evidéncias sugerem que os efeitos analgésicos desencadeados pelo exercicio
sdo mediados principalmente por mecanismos opioides, mas também n&o opioides, ou
uma interacdo entre estas vias, alem de fatores biopsicossociais (Rice et al., 2019;
Mazzardo-Martins et al., 2010). A priori, sabe-se que 0 aumento na producao e liberacao
de opioides pela hipofise anterior em resposta ao exercicio, tem efeitos sobre receptores
W, k ¢ o (Arida et al., 2015). Estes receptores modulam importantes conexdes e estruturas
chaves envolvidas com o processamento nociceptivo como, interneurdnios inibitdrios
locais na medula espinhal, tronco encefalico e em centros corticais superiores (Chuganji
et al., 2015; Sluka et al., 2012). Estes efeitos analgésicos sao, geralmente, bloqueados
pela administracdo de antagonistas p-opioide como a naloxona (Kim et al., 2015; Stagg
etal., 2011).

O envolvimento ou interacdo entre tais mecanismos envolve a participacao
de projec@es serotoninérgicas por meio da reducdo e/ou modulacdo na expressdo de SERT
e 5-HT nos nucleos magno, obscuro e palido da rafe em animais exercitados (Bobinski et
al., 2015). Estudos também demonstraram que a antinocicepg¢ao por meio de projecdes

noradrenérgicas para medula espinhal ocorrem via locus ceruleus e sdo mediadas
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principalmente por receptor a-2R (Lopez-Alvarez et al., 2018), uma vez que tais efeitos
foram blogueados em animais knockout ou pela administracdo periférica de inibidores
deste receptor (ioimbina) (de Souza et al., 2013). Somando-se aos efeitos j& descritos das
monoaminas sobre a transmissdo nociceptiva, sabe-se que os ligantes canabinoides
principalmente em receptores CB1, mas também CB2 (Dos Santos et al., 2019; Galdino
et al., 2014) exercem um papel determinante na hipoalgesia induzida pelo exercicio. Estes
efeitos analgésicos também foram, surpreendentemente, mediados via receptores do tipo
TRPV1 (Starowicz et al., 2012; Horvath et al., 2008) em um modelo de CCI e inflamacéo
induzida por carragenina por meio da ligagdo de outro endocanabinoide induzido pelo
exercicio (anandamida) (Koltyn et al., 2014).

Embora pareca haver um consenso que o afirme como estratégia terapéutica
no manejo de diversas comorbidades, devemos salientar que o exercicio fisico € um fator
de estresse fisico capaz de ativar o eixo hipotalamo-hipofise-adrenal (HHA), exercendo
efeitos nos sistemas cardiovascular e 0 musculoesquelético (Chen et al., 2017). Logo,
deve-se reconhecer que os efeitos modulatorios nociceptivos também possam ser
bidirecionais (facilitatérios ou inibitérios) (Brown et al., 2007). Intensidades proxima a
exaustdo, por exemplo, desencadeiam aumentos na fosforilacdo dos receptores de
glutamato e na expressao de transportadores de serotonina no bulbo rostroventromedial
(PNR1 e SERT, respectivamente) resultando em hiperalgesia (Lima et al., 2017). Tais
efeitos estdo vinculados a redugdes no ténus noradrenérgico e ao comprometimento do
controle inibitorio nocivo difuso (DNICs) observado em ratos com lesdo no nervo
isquiatico, e corroborado pela ativacdo de receptores 5-HT2;3 mediada por um agonista
seletivo (Ondansetrona) em animais naive (Bannister et al., 2015; Sasaki et al., 2006). De
qualquer modo, estes estudos sugerem que parametros norteadores em um programa de
exercicio fisico devam ser otimizados a fim de que se consiga deslocar essa relacédo a
favor da inibicdo ao invés da facilitacdo do processamento nociceptivo.

Apesar de ndo existir uma correlacdo entre, distancia percorrida com o grau
de hipoalgesia induzida pelo exercicio (Pitcher et al., 2017; Grace et al., 2016), estudos
mostram que ratos exercitados por até 5 dias antes ou apds inducdo de um modelo de dor
crbnica, apresentaram reducdo na alodinia mecanica, e na excitabilidade de neurénios da
medula espinhal, acompanhada pelo downregulation na expressdo de marcadores de
reatividade da glia (Cd11lb, OX-42, GFAP e IBA-1) e citocinas pro-inflamatérias no
corno dorsal da medula espinhal (Ross et al., 2018; Azambuja et al., 2018; Lima et al.,

2017; Cobianchi et al., 2010). Estudos também sugerem que a alternancia de variaveis
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como a intensidade dos exercicios, realizados na esteira por meio de diferentes graus de
inclinacdo, apresenta maior eficacia em reduzir a resposta pré inflamatdria no nervo
isquidtico e no masculo esquelético, quando comparado a animais sedentéarios ou que se
exercitavam sem nenhuma inclinacéo (Tsai et al., 2017; Martins et al., 2017). Além dos
efeitos anti-inflamatorios e antinociceptivos do exercicio, animais sedentarios
apresentaram menor sensibilidade barorreflexa, aumentada variabilidade da presséo
arterial e diminuicdo na variabilidade da frequéncia cardiaca, comparados aqueles que se
exercitavam por 5 dias consecutivos ou por 8 semanas (Pitcher et al., 2017; Sabharwal et
al., 2016). Estes resultados enfatizam que ndo apenas a funcdo sensorial, mas também a
autondémica esta evidentemente comprometida na dor cronica, e que mesmo modestas
quantidades de exercicio podem promover efeitos benéficos, principalmente para aqueles
que estdo iniciando em programas de atividades fisicas.

Estudos prévios destacam que o papel anti-inflamatério do exercicio fisico, €
pelo menos em parte, devido a sua capacidade em estimular as células musculares a
produzirem de IL-6 mediante trabalho mecénico (Pedersen et al., 2007). Esta citocina,
por sua vez, tem um papel permissivo sobre a sintese e producdo de mediadores anti-
inflamatorios como IL-1ra, IL-4 e IL-10 e a reducdo da producdo de substancias
envolvidas com o processo doloroso e de cronificagdo da dor como IL-1B ¢ TNF-a
(Bobinski et al., 2017; 2011). Corroborando o exposto acima, estudos demonstram que,
camundongos fisicamente ativos ndo apresentam aumentos na sensibilidade mecanica
induzida pela injecdo de salina acida no musculo gastrocnémio, e que o fendtipo na
polarizacdo de macrofagos em direcdo a M2 previamente induzida pelo exercicio, foi
prevenida pelo bloqueio da IL-10 (Leung et al., 2016). Deve-se ressaltar, que os efeitos
do exercicio ocorrem por meio da modulacédo de diversas vias de sinalizacdo intracelular,
incluindo a reducéo na fosforilacdo da proteina cinase A (PKA) induzida pelo glutamato
e da p38/MAPK e inflamassoma (Martins et al., 2017; Grace et al., 2016). Estes resultados
reforcam a contribuicdo do exercicio fisico como um mediador da modulacdo
neuroinflamatdria local e sistémica embora existam outros mecanismos envolvidos.

E importante salientar que a composicdo mista de fibras sensoriais e motoras
no nervo isquiatico faz com que lesdes neste nervo resultem ndo apenas em déficits
sensoriais como também locomotores, decorrentes da degeneracdo Walleriana e da perda
de inervagdo motora eferente, respectivamente (Nishihara et al., 2020). Por exemplo,
estudos tém demonstrado, entretanto, que iniciar um programa de exercicios na 2% semana

ao invés da 42 apds a contusdo medular é eficaz em reverter a plasticidade mal adaptativa
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observada em neurdnios sensoriais (Detloff et al., 2016), enquanto que em axonios
motores tanto o exercicio iniciado no 3° dia quanto no 21° dia apds a transecgdo do nervo
isquiatico promove a regeneracdo de ax6nios motores e a reinervacdo das fibras
musculares (Brandt et al., 2015). Estes resultados mostram que a recuperagéo da fungéo
sensorial depende da aplicacdo do exercicio dentro da melhor janela terapéutica apos a
lesdo e que a recuperacdo da funcdo motora parece estar condicionada ao tratamento,
independentemente do tempo de aplicacao.

A hiperresponsividade sensorial originada pelo aumento de mediadores
pronociceptivos em resposta a lesdo no nervo, também é desencadeada pela producéo de
fatores neurotréficos que, embora primordiais para sobrevivéncia, plasticidade e
regeneracdo, também tém um papel facilitatério na transmissao nociceptiva (Richner et
al., 2014). Corroborando o exposto acima, estudos observaram o upregulation nos niveis
de BDNF e NGF nos DRG (L4-L6) de ratos sedentarios com dor neuropaética, efeito que
foi revertido pelo exercicio (Tian et al., 2018; Almeida et al., 2015). Contrariamente,
estudos demonstraram que a regeneracdo de nervos periféricos apos a lesdo
correlacionou-se positivamente com o aumento na expresséo de fatores neurotroficos no
coto distal do nervo, masculo esquelético e soro de ratos exercitados (Park & Hoke,
2014), e que o BDNF proveniente de células neuronais e de Schwann € primordial para o
processo regenerativo induzido pelo exercicio (Wilhelm et al., 2012). Sendo assim, tais
efeitos antinociceptivos corroboram aqueles ja previamente descritos na literatura
mostrando que o exercicio reduz a hiperexcitabilidade neuronal na medula espinhal, por
seu importante papel em restaurar o tonus inibitério GABAEérgico previamente
comprometido em um modelo de dor neuropatica (Kami et al., 2018), bem como,
restaurando a hiperexcitabilidade produzida pela disfuncdo na homeostase do cloreto
induzida pelo BDNF (Lopez-Alvarez et al., 2015; Co6té et al., 2014). Apesar da
indubitavel dicotomia sobre os efeitos aqui descritos, sabe-se que estes desfechos podem
estar sob influéncia do modelo de dor empregado (inflamatoria vs crénica), diferencas
intra/inter espécies (camundongos vs ratos), e no padrdo temporal, incluindo ciclo estral
nas fémeas, em que as medidas e/ou tratamento foram realizadas.

Dado que o desequilibrio entre excitacdo e inibicdo observado na dor crénica
influencia a atividade de inUmeros sistemas de neurotransmissores, e assumindo que 0
processamento dessas informacfes em multiplas estruturas dentro do SNC é dinadmico,
uma relacdo ténue com o desenvolvimento de outras comorbidades também se faz

presente (Cheng et al., 2018). Além do mais, é interessante observar que a base
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neurobioldgica das doencgas neuropsiquidtricas associadas a dor cronica, também envolve
a participacdo de outros neuromoduladores. Interessantemente, um estudo pré-clinico
demonstrou que o exercicio fisico apresentou um efeito ansiolitico e antidepressivo
similar ao ser comparado ao controle positivo (amitriptilina) (Duman et al., 2008), e que
tais efeitos ocorreram mediante a modulacdo das vias da PI3K/Akt/mTOR,
principalmente no hipocampo (Fang et al., 2013). Além disso, projecGes dopaminérgicas
da &rea tegmental ventral para o nucleo accumbens também estdo envolvidas na
antinocicepcdo induzida pelo exercicio fisico (Liu et al., 2019; Wakaizumi et al., 2016)
destacando seu potencial efeito dindmico em comorbidades relacionadas a dor, incluindo
a participacdo no sistema de recompensa (Figura 3). Em resumo, o exercicio fisico
constitui-se de uma importante ferramenta, capaz de modular inimeros parametros

comportamentais e neuroquimicos sobre diversas estruturas.
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Figura 3. Efeitos benéficos do exercicio fisico sobre 0 comportamento. Fonte: o autor
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1.4 ETCC e exercicio

A combinacéo entre terapias farmacoldgicas tem por finalidade, a promogéo
de um efeito que, somado, se sobrepdem aqueles apresentados por um dado tratamento
isolado (Gilron et al., 2005). Por exemplo, a combinacdo entre ETCC e cicloserina
(agonista parcial NMDA) (Nitsche et al., 2004a), inibidores da recaptacdo de serotonina
(Nitsche et al., 2009), ou de catecolaminas (Nitsche et al., 2006; 2004b) promoveu efeitos
sinérgicos quando comparados apenas a estimulacao ou aos efeitos isolados dos farmacos.
No entanto, a recapitulacdo desta estratégia terapéutica envolvendo as associagdes entre
uma técnica de neuromodulacdo ndo invasiva como o ETCC e o exercicio tem sido
empregada em estudos pré-clinicos (Lopes et al., 2021; 2020) e clinicos (Rocha et al.,
2016; Oliveira et al., 2015), apresentando efeitos que variam de moderados a intensos,
demonstrados em uma recente meta-analise envolvendo dor cronica (Cardenas-Rojas et
al., 2020).

Em estudos clinicos, a associacao entre ETCC e exercicios de mobilizacéo e
estabilizacao para musculos do tronco realizados de 2 a 3 vezes por semana em individuos
com dor lombar cronica, promoveu a reducao da dor, efeito que perdurou por até 1 més
apos o término do tratamento (Straudi et al., 2018). J4 em individuos com osteoartrite, a
combinacdo entre ETCC e exercicios de fortalecimento para musculos do quadriceps,
demonstrou que esta associacdo pode ser mais efetiva para o alivio da dor e melhora da
funcdo quando comparado com ETCC sham e exercicio (Chang et al., 2017), enquanto
que em mulheres fibromialgicas a associacao entre estas técnicas reduziu os escores de
dor (Mendonca et al., 2016). Contudo, a combinagdo entre técnicas ndo se restringe
apenas ao exercicio, mas a combinacdo entre ETCC e ilusdo visual/DNIC (Reidler et al.,
2012; Soler et al., 2010) reduziu de maneira ainda mais pronunciada os escores de dor
destes pacientes quando comparado ao tratamento isolado.

Contudo, dada a limitacdo e complexidade na execucdo de estudos clinicos,
bem como da necessidade de elucidacdo de mecanismos e estratégias terapéuticas,
estudos pré-clinicos tornam-se primordiais para o avanco no entendimento da dor e sua
fisiopatologia. Desta forma, estudos prévios realizados em modelos pré-clinicos
demonstraram que a combinacao entre exercicio fisico e ultrassom de alta frequéncia (100
Hz) em animais submetidos a cirurgia de constri¢cdo cronica do nervo isquiatico (Huang
et al., 2017) ou a reposigdo insulinica em um modelo de neuropatia diabética periférica

(Chen et al.,, 2015), promoveram a reducdo da hipernocicepcdo relacionada ao
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downregulation de citocinas pré inflamatérias e o upregulation de citocinas anti-
inflamatorias. Um outro estudo demonstrou ainda que a estimulacdo elétrica do nervo
isquidtico combinada com exercicios fisicos aumentou a regeneracdo axonal apos lesao
do nervo em ratos (Asensio-Pinilla et al., 2009).

Em resumo, as associagdes de terapéuticas top-down (ETCC) e bottom-up
(exercicio) podem ser utilizadas como complemento para o manejo da dor visando
promover efeitos sinérgicos, e surgem como alternativas de baixo custo, indolor, e com
poucos efeitos adversos que podem ser implementadas como estratégias terapéuticas
visando o alivio da dor, o remodelamento e regeneracdo de sinapses (Gordon & English,
2016). Além disso, uma melhor compreensdo dos mecanismos de acdo de ambas as
técnicas deve ser melhor investigada, j& que a associacdo entre tais técnicas influencia
uma ampla variedade de sistemas e neurotransmissores, incluindo vias similares entre
ETCC e exercicio (de Souza et al., 2018; Meeusen & De Meirleir, 1995). Por outro lado,
a maneira pela qual ambas intervenc@es interagem entre si, permanecem ainda obscuras
e necessitam ser melhor elucidadas, principalmente em quadros de dor cronica onde o
ETCC provavelmente desempenhe desfechos mais efetivos quando associado e/ou

aplicado previamente a outras terapias (Stein et al., 2020; Cabral et al., 2015).
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2. Justificativa

A dor cronica manifesta-se a partir de multiplos fatores e suas consequéncias
induzem a diversas implicagOes fisiologicas e comportamentais. No Brasil, estudos
envolvendo aproximadamente 30 mil participantes demonstram que cerca de 2/3 da
populacéo analisada apresenta dor cronica, com destaque para mulheres com idade > 65
anos com baixos niveis de renda familiar como fatores de risco (Carvalho et al., 2018; de
Souza et al., 2017). Juntos, estes dados epidemioldgicos revelam a cifra de bilhGes em
gastos com saude, evidenciando a importancia no manejo adequado da dor e suas
comorbidades. Dentre os principais transtornos associados a quadros algicos crénicos
estdo depressao, ansiedade, problemas cognitivos, sociais e reducédo na qualidade de vida
(Dahlhamer et al., 2018). Contudo, sua terapéutica € um desafio na pratica clinica devido
a grande refratariedade ao tratamento farmacologico geralmente empregado. Soma-se a
isso a complexidade observada em algumas situagdes, incluindo a presenca de
comorbidades como ansiedade e depressdo, que muitas vezes acompanham ou agravam
ainda mais a condicdo preexistente, fazendo com que farmacos que promovam efeitos
prolongados sobre as monoaminas sejam comumente utilizados. Por outro lado, sabe-se
que a retirada da medicacdo, também é um fator de enorme complexidade. Desta forma,
a busca por alternativas nao farmacoldgicas que auxiliem no manejo da dor, e que
minimizem os efeitos dos farmacos, tém se intensificado. Dentre estas, o uso da
estimulacdo transcraniana por corrente continua (ETCC), bem como o exercicio fisico,
constituem-se de técnicas neuromoduladoras promissoras e que podem ter seus efeitos
potencializados ao serem utilizadas em associacéo, constituindo-se como importantes

ferramentas complementares para o alivio da dor.
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3. Hipoteses

H,: Os efeitos da associagdo entre ETCC e exercicio, sdo semelhantes aos

observados entre os tratamentos isolados sobre os desfechos comportamentais e

neuroquimicos;

H,: Os efeitos promovidos pela associacdo entre ETCC e exercicio, sdo

superiores aos observados entre os tratamentos isolados sobre os desfechos

comportamentais e neurogquimicos;
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4. Objetivos

4.1 Objetivo geral:

Investigar o efeito da associacdo entre ETCC e exercicio fisico sobre parametros

comportamentais e neuroquimicos em ratos submetidos a um modelo de dor neuropatica.

4.2 Objetivos especificos:

Comparar os efeitos da associa¢do entre ETCC e exercicio com os tratamentos
isolados sobre:

o a hiperalgesia mecénica e térmica;

o 0 comportamento do tipo ansioso;

o o perfil de citocinas pro (IL-1p ¢ TNF-a) e anti-inflamatorias (IL-4 e
IL-10), bem como, neurotrofinas (NGF e BDNF) em estruturas do

sistema nervo periférico (nervo isquiatico) e central (medula espinhal,

tronco encefalico, cortex cerebral e hipocampo).
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5.1 Métodos e resultados: Artigo 1

5.1 Artigo 1. Transcranial direct current stimulation combined with exercise modulates
the inflammatory profile and hyperalgesic response in rats subjected to a neuropathic

pain model: Long-term effects

Status: Publicado no Periddico Brain Stimulation (2020)
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Background: Behavioral alterations, like mechanical and thermal hyperalgesia, and modulation of bio-
markers in the peripheral and central nervous systems (CNS) are markers of chronic pain. Transcranial
direct current stimulation (tDCS) with exercise is a promising therapy for pain due to its neuro-
modulatory capacity.
Objective: To assess the individual effects of tDCS, exercise, and the two combined on the nociceptive
response and BDNF, IL-18, and IL-4 levels in the CNS structures of rats in a chronic pain model.
Methods: For 8 consecutive days after the establishment of chronic neuropathic pain by inducing a
constriction injury to the sciatic nerve (CCI), the rats received tDCS, exercise, or both treatments com-
bined (20 min/day). The hyperalgesic response was assessed by von Frey and hot plate tests at baseline, 7,
and 14 days after CCI surgery and immediately, 24 h, and 7 days after the end of treatment. The BDNF, IL-
1B, and IL-4 levels were assessed in the cerebral cortex, brainstem, and spinal cord by enzyme-linked
immunosorbent assay at 48 h and 7 days after the end of treatment.
Results: The CCI model triggered marked mechanical and thermal hyperalgesia. However, bimodal tDCS,
aerobic exercise, and the two combined relieved nociceptive behavior for up to 7 days following treat-
ment completion.
Conclusions: Bimodal tDCS, aerobic exercise, or both treatments combined promoted analgesic effects for
neuropathic pain. Such effects were reflected by cytokine modulation throughout the spinal cord-
brainstem-cerebral cortex axis.

© 2020 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
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Neuropathic pain (NP) arises from complex changes involving
the peripheral and/or central nervous systems in response soma-
tosensorial system injury [1]. Its main behavioral feature is the
presence of hyperalgesia and allodynia, leading to impaired func-
tional and cognitive capacities, motor deficits, and a reduction in
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the quality of life [2]. However, the underlying mechanisms remain
unclear.

Increased nociceptive input occurs due to an imbalance between
facilitatory and inhibitory synaptic mechanisms driven by upre-
gulation and chronic activation of receptors [3]. Glial cells play an
essential role for dealing with injury by changing their phenotype
from a basal to a pro-inflammatory state by releasing several
neuroimmune mediators, such as tumor necrosis factor o (TNF-u),
interleukin-1p (IL-1p), calcitonin gene-related peptide (CGRP), and
substance P (SP) [4,5]. Furthermore, while the upregulation of key
neurotrophic factors is needed to maintain cell integrity, they also
promote sensitization of afferent terminals in chronic pain condi-
tions, giving rise to aberrant nociceptive inputs that modulate pain
signaling throughout the nociceptive pathways [G]. Therefore,
neuromodulatory strategies for modulating hypernociceptive in-
puts are important in preventing and treating chronic pain
conditions.

Transcranial direct current stimulation (tDCS) is a safe, non-
invasive technique that modulates neuronal thresholds with
anodal and cathodal currents that increase or decrease cortical
excitability, respectively [7]. The effects of a weak electrical current
delivered over the scalp depend on the brain regions, electrode
diameters, and polarity applied; its effects can persist for hours or
days [8]. While the short-term effects of tDCS are mediated by ionic
channel modulation, the long-term effects are mediated by N-
methyl-p-aspartate (NMDA) receptors [9]. Moreover, bimodal tDCS
applied over the scalp has been reported to revert inflammatory
and chronic stress-induced pain in rats [10,11].

Physical inactivity contributes to the development of cardio-
vascular diseases, diabetes, depressive symptoms, and chronic pain
[12]. Systemic effects of exercise also play a neuroprotective role in
rats in inflammatory and chronic pain models [13,14] and increase
hippocampal volumes in older adults [15]. Even though the un-
derlying mechanisms of the prophylactic and therapeutic effects of
exercise remain unknown, opioid antagonists have been reported
to alleviate exercise-induced analgesia, suggesting that the aerobic
exercise effects are, at least partly, due to activation of the opioid
system [ 16]. Furthermore, physical exercise induces IL-6 mRNA and
protein production in the skeletal muscle, leading to an increase in
the release of anti-inflammatory cytokines (IL-4 and IL-10) and the
inhibition of IL-1p and TNF-a synthesis [17].

Despite these top-down and bottom-up neuromodulatory
techniques need further elucidation, studies targeting to investi-
gate the effects of tDCS or exercise have shown resembling effects
mediated by both interventions, which includes, opioid, mono-
amines, endocannabinoids, glutamate releasing, and corticospinal
tract modulation parameters [18—20]. Regarding these modula-
tions of intracortical inhibition or facilitation parameters, Stagg
et al. [21] have demonstrated that anodal tDCS applied upon motor
cortex (M1) lead to a reduction of GABA levels, whilst cathodal
stimulation reduced the glutamate levels. These results suggest
that the effects provided by anodal or cathodal stimulation might
have effects upon neuronal circuitry, similar those triggered by
exercise.

Neuromodulation techniques combined with exercise may be
an alternative non-invasive method to improve functional recovery
[22]. However, little is known about the combined effects of tDCS
and exercise on pain relief. We aimed to investigate if the associ-
ation between tDCS and exercise provide more pronounced anti-
nociceptive effects rather than each isolated treatment in a
neuropathic pain model; and if the antinociceptive effects are
involved with neurochemical biomarkers central levels.

Materials and methods
Animals

Male Wistar rats (n = 156; 8 weeks old, weight 280 + 20 g) were
randomly assigned by weight and housed in polypropylene cages
(49 x 34 x 16 cm) with sawdust-covered flooring. All rats were
maintained in a controlled environment (23 + 2 °C) with a standard
light-dark cycle (12 h/12 h) with water and chow ad libitum. The
sample size was calculated to detect the statistical significance
between means considering an alpha = 0.05 and power of 90%
[23-25]. All experiments were approved by the Institutional Ani-
mal Care and Use Committee (GPPG-HCPA no. 20170061) and met
the ethical and methodological ARRIVE guidelines [26].

Experimental design

Rats were initially divided into three groups: Control, Sham-
Pain and Pain. In the 14th day the rats were subdivided into thir-
teen groups: Control-Group (C), Sham-Pain (S), Sham-Pain + Sham-
tDCS (SS), Sham-Pain + Exercise (SE), Sham-Pain + tDCS (ST),
Sham-Pain + Sham-tDCS +  Exercise (SSE), Sham-
Pain + tDCS + Exercise (STE) Pain-Group (P), Pain-Sham-tDCS (PS),
Pain + Exercise (PE), Pain + tDCS (PT), Pain + Sham-tDCS + exercise
(PSE), and Pain + tDCS + exercise (PTE). Nociceptive tests were
assessed at baseline, 7, and 14 days after CCl procedure, and
immediately, 24 h, and 7 days post-treatments. First, bimodal tDCS
was performed; after that, rats were made to exercise on a tread-
mill from days 15—22 post-CCl. Rats were killed by decapitation at
48 h and 7 days after treatment completion (Fig. 1).

Neuropathic pain model

Animals were anesthetized with isoflurane (5% for induction,
2.5% for maintenance) and placed in the lateral decubitus for hair
shaving and skin antisepsis with 2% alcohol as described in an earlier
study [27]. After skin incision in the middle third of the left hind limb
to expose the biceps femoralis muscle, the common sciatic nerve
was exposed and three ligatures were tied (Vycril 4.0) with minor
modifications [25]. For sham groups, the sciatic nerve was similarly
exposed, but the nerve was not ligated. The same investigator per-
formed the ligatures in all rats. After surgery, the wound was sutured
using Mononylon 4.0 and the rats (Sham and CCI groups) received
tramadol intraperitoneally during the first 3 days post-surgery (7:00
a.m. and 7:00 p.m.) to minimize excessive suffering.

tDCS protocol

Fourteen days post-surgery, the rats were submitted to a 20-min
session of bimodal tDCS treatment for eight consecutive days in a
constant direct current of 0.5 mA delivered from a battery-powered
stimulation source, as described in a previous method [28]. Rats
subjected to active or sham stimulation had their scalp shaved. The
electrode size was trimmed to 1.5 cm? and a constant current in-
tensity of 0.5 mA was applied upon the scalp. It provided a current
density of 0.33 mA/cm? with no lesions previously reported [23,29].
The anode was placed on the head using landmarks of the neck and
shoulder lines as a guide (the anterior and posterior regions of the
midline between the two hemispheres of the parietal cortex), while
the cathode was positioned at the midpoint between the lateral
angles of both eyes (supraorbital area). For the sham groups, the
electrodes were placed and fixed in the same position as for active
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Fig. 1. Experimental Design.

Nociceptive tests were von Frey and hot plate to assess mechanical and thermal hyperalgesia, respectively. Bimodal tDCS and/or treadmill exercise was provided from 15th to 22nd

days after CCI.

stimulation; however, the stimulator remained turned off
throughout the experiments.

Exercise protocol

One week before surgery, the rats were habituated daily on a
treadmill. On day 1, rats were placed for 20 min on a turned-off
treadmill to recognize a new apparatus. Next, the rats were grad-
ually conditioned to run by increasing the exposure time on the
treadmill from 10 to 20 and 30 min at days 2, 3, and 4, respectively,
at low speed (5 m/min). On day 5, we used an indirect method to
determine the VOymax [30]. Briefly, the rats ran at 7 m/min for
3 min, with an increase of speed at 5 m/min until the point of
exhaustion, perceived as the incapacity to continue running. The
time to fatigue (in min) and workload (in m/min) were obtained as
indexes of aerobic capacity, which, in turn, were taken as VOnax.
The exercise protocol consisted of running sessions at 70% of
VO2max. The rats were subjected to one 20-min running session
daily for 8 days (08:00—09:30 a.m.) on a 0° slope. No electric shocks
were delivered to incite them to run.

Nociceptive tests

Mechanical allodynia

We used an automatic von Frey aesthesiometer (Insight, Sao
Paulo, Brazil) to assess mechanical hyperalgesia. Rats were habit-
uated in polypropylene cages (12 x 20 x 17 cm) with wire grid
flooring 24 h prior and for 15 min before tests to minimize analgesia
induced by novelty [31]. For testing, a polypropylene tip was
applied underneath the floor grid and between the five distal foot
pads, gradually increasing the pressure. Measurements were
assessed in triplicate and means were expressed in grams (g) per
paw withdrawal.

Thermal hyperalgesia

All rats were exposed to a hot plate (HP) for 5 min, 24 h prior to
the test in order to avoid analgesia induced by novelty [31]. On the
test day, the surface of the hot plate was pre-heated and kept at a
constant temperature (55 + 0.1 °C). The rats were placed on the
heated surface surrounded by glass funnels. The time in seconds for
the first behavioral response (foot-licking, jumping, or rapidly
removing paws) was recorded as the latency of nociceptive
response [32].

Tissue collection

At 48 h or 7 days after the last treatment, rats were Killed by
decapitation, and tissue samples (cerebral cortex, brainstem, and
spinal cord) were harvested. The structures were kept at —80 °C
until the assays were performed.

Biochemical assays

Cerebral cortex, spinal cord, and brainstem BDNF (DY248), IL-18
(DY501) and IL-4 (DY504) levels were determined by sandwich
ELISA using monoclonal antibodies (R&D; Minneapolis, MN). The
total protein was measured by the Bradford method using bovine
serum albumin as a standard [33]. The results were corrected by
total protein and expressed in pg/mg of protein.

Statistical analysis

Data were expressed as the mean + standard error of the mean
(S.E.M.). Generalized estimating equations (GEE) followed by Bon-
ferroni testing was used to analyze behavioral data [34]. For
biochemical assays, a four-way ANOVA followed by post-hoc Bon-
ferroni correction was used, considering the interactions between
independent variables (pain, tDCS, exercise, time). A p-value < 0.05
was considered significant. Data were analyzed with SPSS for
Windows (version 20.0; IBM, Armonk, NY).

Results

Effects of isolated bimodal tDCS treatment or combined with aerobic
exercise on mechanical hyperalgesia

We found no difference between groups at baseline (p > 0.05).
There was an interaction between group and time in mechanical
hyperalgesia as assessed in the von Frey test (Wald's > = 429,286;
p < 0.05, n = 156; Fig. 2A). From 7 to 14 days post-surgery, all CCI
groups displayed marked mechanical hyperalgesia (p < 0.05)
compared to control and sham groups. Immediately, 24 h, and 7
days post-treatment, the PE, PT, PSE, and PTE groups displayed
increased nociceptive thresholds in response to treatment. Inter-
estingly, at 7 days post-treatment, the PTE group displayed a
slightly increase in the nociceptive threshold than the treatment
alone (Wald’s 52 = 1714,912 for group effect and Wald's 32 = 10,512
for time effect; p < 0.05, n = 156; Fig. 2C).
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Fig. 2. Mechanical and thermal hyperalgesia assessed by von Frey and hot plate tests, at baseline, 7 and 14 days after the CCI model (n = 12 to control group, and 72 to Sham-Pain

and Pain groups; Fig. 2A and B, respectively).

*, Mean statistically significant difference from Control, and Sham-Pain groups (GEE, p < 0.05). * and #. Mean statistically significant difference between all 3 groups (GEE, p < 0.05).
Mechanical and thermal hyperalgesia assessed by von Frey and hot plate tests at immediately, 24 h, and 7 days after bimodal tDCS treatment and/or treadmill exercise (n = 12 per
group; Fig. 2C and D, respectively). Different letters mean statistically significant difference between the groups (GEE, p < 0.05). Data presented as mean standard error of the mean
(SEM) of paw withdrawal threshold (g). Control-Group (C), Sham-Pain (5), Sham-Pain + Sham-tDCS (SS), Sham-Pain + Exercise (SE), Sham-Pain + tDCS (ST), Sham-Pain + Sham-
tDCS + Exercise (SSE), Sham-Pain + tDCS + Exercise (STE) Pain-Group (P), Pain-Sham-tDCS (PS), Pain + Exercise (PE), Pain + tDCS (PT), Pain + Sham-tDCS + Exercise (PSE) and

Pain + tDCS + Exercise (PTE).

Effects of isolated bimodal tDCS treatment or combined with
exercise on thermal hyperalgesia

We found no difference between groups at baseline (p > 0.05).
There was an interaction between group and time in thermal
hyperalgesia (Wald's > = 88,462; p < 0.05, n = 156, Fig. 2B). At 7
days post-surgery, the Sham-Pain groups displayed decreased
thermal withdrawal latency, which was even pronounced in the
Pain groups. At 14 days post-surgery, only the Pain groups dis-
played marked thermal hyperalgesia compared to the Control and
Sham-Pain groups (p < 0.05). From immediately to 7 days after the
last treatment, all groups subjected to tDCS or exercise alone and to
combined treatment showed no thermal hyperalgesia, compared to
the P and PS groups (Wald's xz = 153,658 for group effect; p < 0.05,
n = 156, Fig. 2D).

Cerebral cortex BDNF, IL-18, and IL-4 levels

Regarding cerebral cortex BDNF levels, there was an interaction
between pain, tDCS, exercise, and time (four-way ANOVA/Bonfer-
roni, F2,120) = 5.064, p < 0.01; Table 1). At 48 h post-treatment, the
PT group showed increased BDNF levels compared to the ST group.
At 7 days post-treatment, the PSE group displayed decreased BDNF
levels compared to the SSE group. At 7 days post-treatment, the PTE
group displayed increased BDNF levels compared to the STE group.
Additionally, there were interactions between exercise, tDCS, and
time (F(2,120) = 4.168, p < 0.02); exercise and time (F(1,120) = 6.154,
p < 0.02); tDCS, exercise, and time (F(3120) = 6.255, p < 0.01); and
pain and stimulation (F2,120) = 10.734, p < 0.001). There were main
effects of tDCS (Fi2,120) = 6.249, p < 0.01), exercise (F(1,120) = 36.409,
p < 0.001), and time (F(1,120) = 3495.979, p < 0.001).

Regarding cerebral cortex IL-1 levels, there was a main effect of
pain (four-way ANOVA/Bonferroni, F1120) = 12.168, p < 0.01;
Table 1). The pain groups displayed increased IL-1f levels in the
cerebral cortex compared to the Sham-Pain groups. There was a
main effect of time (F1,120) = 25.444, p < 0.01). Compared to 48 h
post-treatment, the Pain groups displayed increased IL-1p levels at
7 days post-treatment.

Regarding IL-4 levels, there was an interaction between pain,
tDCS, and exercise (four-way ANOVA/Bonferroni, F;2;120) = 5.354,
p < 0.01; Table 1). The PTE group displayed reduced IL-4 levels
compared to the STE group. Moreover, there were interactions
between pain, tDCS, and time (F,120) = 4.318, p < 0.02); pain and
tDCS (F2,120) = 4.832, p < 0.02); tDCS and exercise (F2,120) = 3.852,
p < 0.05); exercise and time (F(1,120) = 6.440, p < 0.02); and pain and
time (F1120) = 7.429, p < 0.001). There were main effects of pain
(Fe1120) = 8.160, p < 0.001), exercise (F(1,120) = 15.973, p < 0.001),
and time (F(1,120) = 998.533, p < 0.001).

Brainstem BDNF, IL-13, and IL-4 levels

Regarding BDNF levels, there was an interaction between pain,
tDCS, and exercise (four-way ANOVA/Bonferroni, F120) = 4.833,
p < 0.05; Table 2). The PT group displayed decreased BDNF levels
compared to the ST group. Moreover, there were interactions be-
tween: pain, exercise, and time (F(1,120) = 8.488, p < 0.01); pain and
tDCS (F(3,503) = 4.833, p < 0.05); pain and exercise (F(1,120) = 6.991,
p <0.01); and tDCS and time (F2,120) = 5.907, p < 0.01). There was a
main effect of time (F(1120y = 29.549, p < 0.001).

Regarding IL-1 levels, there was an interaction between pain,
tDCS, and exercise (four-way ANOVA/Bonferroni, Fz120) = 5.171,
p < 0.01; Table 2). The Pain groups displayed increased IL-1p levels
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Table 1

BDNF, IL-1p and IL-4 levels in the cerebral cortex assessed at 48 h and 7 days after the bimodal tDCS treatment and/or treadmill exercise (n = 6 per group). Data presented as
mean standard error of the mean (SEM) pg/mg of protein. Sham-Pain (S), Sham-Pain + Sham-tDCS (SS), Sham-Pain + Exercise (SE), Sham-Pain + tDCS (ST), Sham-Pain + Sham-
tDCS + Exercise (SSE), Sham-Pain + tDCS + Exercise (STE) Pain-Group (P), Pain-Sham-tDCS (PS), Pain + Exercise (PE), Pain + tDCS (PT), Pain + Sham-tDCS + Exercise (PSE) and
Pain + tDCS + Exercise (PTE).

BDNF: significant 4-way ANOVA interactions between: pain vs exercise vs tDCS vs time (p < 0.01); exercise vs tDCS vs time (p < 0.02); exercise vs time (p < 0.02); exercise vs
tDCS vs time (p < 0.01); pain vs tDCS (p < 0.001). There were main effects of: exercise; (p < 0.001); tDCS (p < 0.01); and time (p < 0.001). IL-1f: significant 4-way ANOVA, pain
and time main effects (p < 0.01 for both). [L-4: significant 4-way ANOVA, interactions between: pain vs tDCS vs exercise (p < 0.01); pain vs tDCS vs time (p < 0.02); exercise vs
time (p < 0.02); exercise vs tDCS (p < 0.05); pain vs time (p < 0.001) and pain vs tDCS (p < 0.02). There were main effects of time (p < 0.001); exercise (p < 0.001) and pain
(p < 0.001).

Cerebral Cortex

Biomarkers BDNF levels (pg/mg of protein) IL-1B levels (pg/mg of protein) 1L-4 levels (pg/mg of protein)
Groups 48 h 7 days 48 h 7 days 48 h 7 days
Sham NP Sham-Pain 757 +£0.10 2.60 + 0.08 8.57 +1.31 11.10 + 1.18 2.88 + 0.02 8.13+0.35
Sham-tDCS 8.09 +0.18 262 +£021 1047 + 0.69 1391+ 1.19 2.82 £ 0.05 792 + 043
Exercise 7.72 + 036 258 +0.14 12.78 £ 1.80 15.88 + 1.13 2.80 + 0.04 6.36 + 0.70
tDCS 7.58 +0.27 253+ 015 11.36 + 1.05 13.26 + 0.89 3.24 + 0.05 7.10+0.29
Sham-tDCS + Exercise 9.20 + 0.37 342 +0.13 11.66 + 0.73 16.79 = 0.72 3.16 £ 0.03 7.11 £ 0.21
tDCS + Exercise 8,62 £ 0.26 2.56 +0.11 13.28 £ 1.55 15,04 + 1.44 3.50+ 014 7.98 £ 0,58
NP Pain 8.08 + 0.26 243 £0.14 1240 + 1.96 16.50 + 1.43 2.78 + 0.07 5.55 + 0.28
Sham-tDCS 7.98 +0.13 2.90 + 0.06 1411 £ 2.09 16.88 + 2.19 2.74 + 0.01 7.35+0.59
Exercise 7.14 £ 0.11 286 +0.16 11.05 + 1,00 16.78 = 1.21 253 + 0.08 6.03 + 0.42
tDCS 8.73 + 038 297 +£0.21 1239 + 0.87 17.68 + 3.06 3.57 + 0.05 6.80 + 0.49
Sham-tDCS + Exercise 8.81 £ 0.38 278 £0.19 1489 + 0.24 17.44 + 2.41 339x012 8.02 + 0.14
tDCS -+ Exercise 8.77 + 0.30 3.58 +0.12 15.36 + 0.72 14.53 + 2.07 329+ 0.15 6.58 + 0.36
compared to the Sham-Pain groups. Moreover, the PS group dis- and time (Fz120) = 3.091, p < 0.05); tDCS, exercise, and time

played increased IL-1B levels compared to the SS group; the PE (F2120) = 3.401, p < 0.05); pain and exercise (Fg1120) = 6.889,
group also displayed increased IL-15 levels compared to the SE P < 0.02); and pain and time (F(1,120) = 5.778, p < 0.02). There were
group. Furthermore, there were interactions between pain and main effects of pain (F1200 = 35294, p < 0.001); tDCS
exercise (F1200 = 11121, p < 0.001) and pain and time (F2120) = 6.369, p < 0.01) and time (F1120) = 156.300, p < 0.001).
(Fr1120) = 5.578, p < 0.05). There was a main effect of pain
(F(mzo) = 17.092, p < 0.001).

Regrading IL-4 levels, there was an interaction between pain,
tDCS, and exercise (four-way ANOVA/Bonferroni, Fz120) = 3.357,
p < 0.05; Table 2). The Pain, PS, and PT groups showed increased IL-
4 levels compared to the Sham-Pain, SS, and ST groups. Moreover,
the PTE group showed increased IL-4 levels compared to the STE
group. Furthermore, there were interactions between pain, tDCS,

Spinal cord BDNF, IL-18, and IL-4 levels

Regarding BDNF levels, there was an interaction between pain,
tDCS, exercise, and time (four-way ANOVA/Bonferroni,
Fi2120) = 3.150, p < 0.05; Table 3). At 48 h and 7 days post-
treatment, the Pain group displayed increased BDNF levels
compared to the Sham-Pain group. At 48 h post-treatment, the PS

Table 2

BDNF, IL-1p and IL-4 levels in the brainstem assessed at 48 h and 7 days after the bimodal tDCS treatment and/or treadmill exercise (n = 6 per group). Data presented as mean
standard error of the mean (SEM) pg/mg of protein. Sham-Pain (S), Sham-Pain + Sham-tDCS (SS), Sham-Pain + Exercise (SE), Sham-Pain + tDCS (ST), Sham-Pain + Sham-
tDCS + Exercise (SSE), Sham-Pain + tDCS + Exercise (STE) Pain-Group (P), Pain-Sham-tDCS (PS), Pain + Exercise (PE), Pain + tDCS (PT), Pain + Sham-tDCS + Exercise (PSE) and
Pain + tDCS + Exercise (PTE).

BDNF: significant 4-way interactions between: pain vs exercise vs tDCS (p < 0.05); pain vs exercise vs time (p < 0.01); tDCS vs time (p < 0.01); painvs tDCS (p < 0.05) and pain vs
exercise (p < 0.01). There was a main effect of time p < 0.001). IL-18: significant 4-way interactions between: pain vs exercise vs tDCS (p < 0.01); pain vs time (p < 0.05); and
pain vs exercise (p < 0.001). There was a main effect of pain (p < 0.001). IL-4: significant 4-way ANOVA interaction between: pain vs tDCS vs exercise (p < 0.05); exercise vs tDCS
vs time (p < 0.05); pain vs tDCS vs time (p < 0.05); pain vs time (p < 0.02); and pain vs exercise (p < 0.02). There were main effects of time (p < 0.001); tDCS (p < 0.01); and pain
(p < 0.001).

Brainstem

Biomarkers BDNF levels (pg/mg of protein) IL-1B levels (pg/mg of protein) [L-4 levels (pg/mg of protein)

Groups 48 h 7 days 48 h 7 days 48 h 7 days

Sham NP Sham-Pain 16.28 + 1.28 12,90 + 0.39 78.15 + 22.82 67.1 + 6.06 10.86 + 2.68 3.65 + 0.40
Sham-tDCS 15.68 + 1.35 1329+ 0.28 50.67 + 21.09 726 +4.17 1142 +294 3.88 + 043
Exercise 1496 + 1.37 1230+ 0.38 38.92 + 1938 87.5+9.39 931+ 1.98 4.88 + 0.49
tDCS 18.84 + 0.50 1415+ 035 106 + 26.2 87 +2.35 1392 +2.71 612+ 1.13
Sham-tDCS + Exercise 15.95 + 1.15 13.66 + 0.50 1359 + 42.84 131 + 8,55 18.02 + 2.49 7.55 +0.72
tDCS + Exercise 13.40 + 045 1422 + 0.87 77.79 + 2854 120+ 19 1412 +2.14 9.02 + 1.16

NP Pain 16.08 + 1.01 12,58 + 0.32 151.1 + 16.14 102 +11.9 13.69 +2.02 8.70+ 0.71
Sham-tDCS 19.00 + 0.70 13.51 £ 0.90 135.9 + 32.66 94 + 557 16.36 + 3.04 9.66 + 1.62
Exercise 1641 + 1.82 1436+ 1.08 214.1 + 26.03 133 +9.83 19.69 + 1.16 9.17 + 0.77
tDCS 11.06 + 0.50 14.43 + 049 132.3 + 33.86 130 + 6.36 2432 +2.21 9.26 + 0.40
Sham-tDCS + Exercise 17.08 + 1.44 1427 +1.20 1126 + 36.27 101 + 1.25 2091 +2.13 582+ 077
tDCS + Exercise 15.73 + 1.39 1476 + 1.23 88.39 + 30.87 984 + 16.5 17.84 + 0.81 7.40 + 0.51
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Table 3

BDNF, IL-1p and IL-4 levels in the spinal cord assessed at 48 h and 7 days after the bimodal tDCS treatment and/or treadmill exercise (n = 6 per group). Data presented as mean
standard error of the mean (SEM) pg/mg of protein. Sham-Pain (S), Sham-Pain + Sham-tDCS (SS), Sham-Pain + Exercise (SE), Sham-Pain + tDCS (ST), Sham-Pain + Sham-
tDCS + Exercise (SSE), Sham-Pain + tDCS + Exercise (STE) Pain-Group (P), Pain-Sham-tDCS (PS), Pain + Exercise (PE), Pain + tDCS (PT), Pain + Sham-tDCS + Exercise (PSE) and
Pain + tDCS + Exercise (PTE).BDNF: significant 4-way ANOVA interactions between: pain vs exercise vs tDCS vs time (p < 0.05); pain vs exercise vs time (p < 0.05); pain vs
exercise vs tDCS (p < 0.001); tDCS vs time (p < 0.05); exercise vs time (p < 0.05); exercise vs tDCS (p < 0.02); pain vs tDCS (p < 0.01) and pain vs exercise (p < 0.01). There were

main effects of time (p < 0.001) and pain (p < 0.01).

IL-1p: significant 4-way ANOVA interactions between: pain vs tDCS (p < 0.01); tDCS vs time (p < 0.001) and pain vs time (p < 0.001). There were main effects of time
(p < 0.001); tDCS (p < 0.01) and pain (p < 0.001). IL-4: significant 4-way ANOVA interactions between: pain vs exercise vs tDCS vs time (p < 0.01); exercise vs tDCS vs time
(p < 0.05); tDCS vs time (p < 0.01); exercise vs time (p < 0.001); pain vs exercise (p < 0.01). There were main effects of time (p < 0.01); tDCS (p < 0.01); exercise (p < 0.05) and

pain (p < 0.01).

Spinal Cord

Biomarkers BDNF levels (pg/mg of protein) IL-1B levels (pg/mg of protein) IL-4 levels (pg/mg of protein)

Groups 48 h 7 days 48 h 7 days 48 h 7 days

Sham NP Sham-Pain 292 +0.22 343 + 045 53.58 + 8.08 51.35 + 3.37 11.69 + 1.35 12.85 + 2.26
Sham-tDCS 3.34 + 048 3.19+0.23 67.30 + 4.05 59.09 + 5.14 14.01 + 1.28 12.66 + 1.67
Exercise 3.73 £038 3.48 +0.07 79.28 + 417 68.14 + 9.13 1531 £ 0.81 12,58 + 0.51
tDCS 3.24+035 5.34 + 042 63.66 + 5.53 94.79 + 0.63 1739 + 1.33 17.82 + 0.84
Sham-tDCS + Exercise 4.93 + 0.40 4.16 + 0.35 67.06 + 1.74 7332+ 419 12.70 + 0.92 1535+ 249
tDCS + Exercise 2.82 + 044 6.07 £ 0.48 61.49 + 2.76 92.93 + 9.57 11.41 £ 0.57 19.75 + 1.63

NP Pain 6.64 £ 0.24 6.89 + 0.59 80.60 + 3.98 104.99 + 5.51 14.28 + 0.41 7.69 +0.79
Sham-tDCS 3.53 +0.57 4.27 + 0.61 68.21 + 1.60 115.22 + 13.47 14.51 = 1.19 19.36 + 0.59
Exercise 6.26 + 0.42 4.41 + 1.02 75.70 + 8.36 85.45 + 18.88 13.08 + 1.77 14.36 + 1.96
tDCS 2.86 + 0.48 444 + 098 63.51 + 6.79 120.08 + 5.32 1891 + 0.85 17.19 + 295
Sham-tDCS + Exercise 250 + 0.28 5.63 + 1.42 77.39 + 3.38 89.43 + 11.58 15.67 + 1.33 17.14 + 145
tDCS + Exercise 3.16 + 0.39 5.55 + 1.09 80.43 + 4.36 122.84 + 3.07 14.87 = 1.77 26.73 + 1.86

group displayed increased BDNF levels compared to the SS group;
the PSE group displayed decreased BDNF levels compared to the
SSE group. Furthermore, there were interactions between pain,
tDCS, and exercise (F(2,120) = 4.687, p < 0.001); pain, exercise, and
time (F1120) = 4.634, p < 0.05); pain and tDCS (F2120) = 8.595,
p < 0.01); pain and exercise (F;1120) = 9.909, p < 0.01); tDCS and
exercise (F(z,120) = 4.744, p < 0.02); tDCS and time (F(3120) = 8.421,
p < 0.05); and exercise and time (Fq120) = 4.541, p < 0.05). There
were main effects of time (Fy,120) = 13.780, p < 0.001), and pain
(F(ng) = 10.577, p< 0.01 )

Regarding IL-1P levels, there was an interaction between pain
and tDCS (four-way ANOVA/Bonferroni, F2120) = 5.767, p < 0.01;
Table 3). The PT groups displayed increased IL-1p levels compared
to the ST groups. Moreover, there were interactions between pain
and time (Fg1200 = 16.458, p < 0.001) and tDCS and time
(Fi2120) = 12925, p < 0.001). There were main effects of pain
(F(”zo) = 49.720, p< 0.00]}, tDCS (F(Z,‘IZU) = 6.728, p < 0.01 ), and
time (F[mzo) = 44936, p < 0.001).

Regarding IL-4 levels, there was an interaction between pain,
tDCS, exercise, and time (four-way ANOVA/Bonferroni,
F(2.120)=5.100, p < 0.01; Table 3). At 7 days post-treatment, the Pain
group displayed decreased IL-4 levels compared to the Sham-Pain
group. Moreover, at 7 days post-treatment, the PE group dis-
played increased IL-4 levels compared to the SE group; the PTE
group displayed increased IL-4 levels compared to the STE group.
Moreover, there were interactions between tDCS, exercise, and
time (F2,120) = 3.904, p < 0.05); pain and exercise (F1120) = 11.118,
p < 0.01); tDCS and time (F2,120) = 6.630, p < 0.01); and exercise
and time (Fq,120) = 23.886, p < 0.001). There were main effects of
pain (F1,120) = 7.598, p < 0.01), tDCS (Fiz120) = 20.603, p < 0.01),
exercise (Fi1i20) = 8.147, p < 0.05), and time (Fy120) = 7.134,
p < 0.01).

Discussion

In this study, we showed that bimodal tDCS, aerobic exercise, or
the combined treatments reverted thermal hyperalgesia in rats
subjected to CCI. This effect was associated by a remarkable

increase of the nociceptive threshold in all times assessed. tDCS or
aeraobic exercise alone partially increased the mechanical threshold
immediately and 24 h after the last treatment. However, the com-
bined treatments only displayed a slight improvement in the me-
chanical threshold at 7 days after the last treatment. We also
showed modulations of central biomarker levels indexed by in-
teractions observed among independent variables (pain, tDCS, ex-
ercise, and time) or main effects. The combination of tDCS and
exercise has been poorly investigated as an adjuvant treatment
against chronic pain. To our knowledge, this is the first study
evaluating the combined effect of tDCS and aerobic exercise on
nociceptive behavior in a neuropathic chronic pain model.

The differences found in the analgesic response induced by
treatments may be related to different pathways activated by me-
chanical or thermal stimuli; while the first test activates Ap fibers,
the second mainly activates the A8 and C fibers [35]. Current data
corroborate our previous study, which showed that tDCS abolished
the thermal hyperalgesia induced by CCI but was less effective on
mechanical hyperalgesia [25]. It should be stressed that the central
sensitization process triggered by neuropathic pain modulates the
activity of wide dynamic range (WDR) neurons in the deepest
laminae of the dorsal horn. This occurs in response to injury,
contributing to behavioral and electrophysiological changes in
chronic pain models [36]. Therefore, we hypothesized that synaptic
transmission in neurons of pain pathways is mostly affected by
nerve injury.

Numerous studies have used tDCS to treat neurological disor-
ders [37,38], and chronic pain [39,40]. Although the main action
mechanism of tDCS remains unclear, its analgesic effects comprise
the modulation of a wide range of neurotransmitters, receptors,
and ionic channels, including glutamatergic, serotoninergic,
GABAergic, cannabinoid, and adenosinergic pathways [9,18].
Moreover, long-term effects triggered by tDCS are related to the
facilitation of long-term potentiation phenomena [41].

However, exercise can provide both beneficial or detrimental
effects [42]. The antinociceptive effects of exercise are mediated by
opioid and non-opioid mechanisms, or an interaction between
them [16,43]. Wheel running for 5 days before inducing muscle
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pain has been reported to prevent the development of activity-
induced hyperalgesia through modulation of serotonin trans-
porters, mediated by mu-opioid receptors [44]. Cobianchi et al. [45]
showed that short- (from 3 to 7 days post-CCI), but not long-lasting
treadmill running, fully reverted mechanical allodynia. In our
study, 7 days post-surgery, the Sham-Pain groups still exhibited a
mild response to thermal stimulus, implying that inflammatory
pain signaling was still occurring.

Consistent with our previous study [46], the neuromodulatory
effects of tDCS on central biomarker levels depended on the
structure assessed. For instance, bimodal tDCS increased BDNF in
the cerebral cortex but decreased BDNF in the brainstem. Several
connections among midbrain structures might act to affect the
pronociceptive process. Such studies hold that descending facili-
tation involving BDNF/trkB and p38/MAPK signaling pathways
throughout the periaqueductal grey (PAG), rostroventromedial
medulla (RVM), and spinal cord increases NMDAR phosphorylation
to yield a pronociceptive effect [47,48].

The top-down effects triggered by tDCS have the ability to
modulate peripheral and central cytokine levels. For example, IL-18
and IL-10 levels were changed by tDCS in a model of chronic pain
[25], while in chronically stressed rats, tDCS modulated hippo-
campal TNF-a levels [28]. Moreover, tDCS decreased mostly inter-
leukin (IL-4, IL-6, IL-10) levels in the serum in depressed patients
[49]. These effects demonstrate the ability of tDCS to modulate
cytokines levels in cortical and subcortical structures, beyond a
humoral response, highlighting that their potential effects might be
implicated in biomarker development.

Additionally, exercise reverted the increase in pain-induced
BDNF levels in the spinal cord. This corroborates a previous study
showing that neurotrophic factors and interleukins are modulated
differently in response to exercise [50,51]. BDNF released from
pain-activated glial cells in the spinal cord has been reported to
drive a neuronal gradient shift inducing sensitization of primary

Biomarkers
modulation

&
:?),;JF

Behavioral IL-1p
responses

afferent neurons, which is restored by a BDNF antagonist [52] or
exercise [53].

Our exercise protocol increased IL-4 levels in the brainstem and
spinal cord but not in the cerebral cortex. Consistently, Bobinski
etal. [54] showed that treadmill exercise increased IL-4 levels in the
spinal cord in mice subjected to peripheral nerve injury. The anti-
inflammatory and protective properties of IL-4 levels might be
related to the preservation of spinal motor pathways through
upregulation of arginase-1, IL-10, and CD206+ cells [55]. However,
no effect was observed on IL-4 levels in the muscles and nerves in a
axonotmesis mouse model after eccentric treadmill exercise [56].
Therefore, we hypothesize that the pattern of IL-4 expression de-
pends on the exercise protocol (duration and intensity), pain
model, and central structure analyzed. Furthermore, we also
showed that IL-1B levels in the brainstem remained high after
treadmill exercise. Contrastingly, Bobinski et al. [57] found
decreased IL-1B levels in mice subjected to treadmill exercise.
However, our exercise protocol began 15 days post-injury and las-
ted for 8 days, whereas their protocol began 3 days post-surgery
and lasted for 10 days.

We also showed that exercise and/or tDCS modulates the
hyperalgesic response and inflammatory profile in rats subjected to
neuropathic pain. The reduction of the hypernociceptive response
occurred from immediately to 7 days after the end of treatment (21
days post-surgery). However, we found no synergic effects between
tDCS and aerobic exercise on the mechanical threshold in the short-
term, but only a slight improvement in the long-term. Contrast-
ingly, we showed a full reversal in thermal hyperalgesia. These
discrepancies might be due to unknown mechanisms by which
both treatments interact when applied in association [58]. Another
explanation for such results is a ceiling effect, probably involving
similar mechanisms between treatments [18,59]. Beyond that, it
should be noted that exercise imposes stress upon the
hypothalamic-pituitary-adrenal axis [60]. Therefore, we cannot

Central sensitization

e

Allodynia and hyperalgesia

Fig. 3. Schematic representation of neuroimmunomodulatory effects of tDCS and/or exercise on neuropathic pain model in rats.
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rule out that our employed protocol (treadmill exercise) had a
stressor component, and that it may have interfered with the short-
term effects. Contrastingly, a randomized placebo-controlled clin-
ical trial has shown that tDCS to the primary motor cortex (M1)
simultaneously applied with aerobic exercise reduced pain-related
outcomes in human females with fibromyalgia [61]. We also found
that the combined treatments increased BDNF and IL-4 levels in the
rat cerebral cortex and brainstem, respectively. However, the
combined treatments decreased IL-4 levels in the cerebral cortex.
An explanation for that might be attributed to a structure-
dependent function or interaction among pathways involved in
exercise and/or tDCS mechanisms. More studies are required to
elucidate the underlying mechanisms of combining these therapies
and their effect on pain-related outcomes.

Our study has some limitations. Firstly, we only assessed the
outcomes related to chronic pain in males, not females. Secondly,
our protocol for VOamax determination was based on an indirect
method, and it is possible that some animals ran slightly above or
below the maximal lactate steady state. Thirdly, the small head size
of the rat and the restraint required for tDCS application allowed for
only bimodal stimulation.

Conclusions

Our study showed that tDCS and aerobic exercise can treat
chronic pain. According with Fig. 3, it is possible to observe the
neuroimmunomodulatory effects of the therapies applied. Both
methods are safe, inexpensive, and accessible strategies in chronic
pain management by reducing the side effects of a sedentary life-
style, and providing whole-body benefits. To date, most studies
have focused on non-specific drugs that trigger several side effects
in addition to not treating the pathology. Therefore, tDCS or exer-
cise treatments should take into account the situation of each in-
dividual, while adjusting parameters to produce more efficient
results (stimulation intensity vs. exercise intensity; time to stimu-
lation vs. exercise). More studies are required to elucidate how tDCS
and exercise might be applied more efficiently and whether both
interventions may be used as a treatment approach.
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Highlights

Neuropathic pain triggered anxiogenic-like behavior in rats.
There was a synergic anxiolytic effect of the combination between tDCS and

exercise.

Repeated bimodal tDCS was effective in relieving the anxiety-like behavior.
Eight sessions of exercise were able to relief the anxiety-like behavior.
Peripheral and central neuroimmunomodulatory effects of exercise and/or tDCS.
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Abstract

Anxiety disorders cause distress and are commonly found comorbid with chronic pain.
Both are difficult to treat conditions, for which alternative treatment options are being
pursued. This study aimed to evaluate the effects of transcranial direct current stimulation
(tDCS), treadmill exercise or both combined on the anxiety-like behavior and associated
growth factors and inflammatory markers in the hippocampus and sciatic nerve of
neuropathic pain rats. Male Wistar rats (n=216) were subjected to sham-surgery or sciatic
nerve constriction for pain induction. Fourteen days following neuropathic pain
establishment, bimodal tDCS, treadmill exercise or the combination of both were used
for 20 minutes a day during 8 consecutive days. Elevated Plus Maze test was used to
assess anxiety-like behavior and locomotor activity at early (24 h) or late (7 days) phase
after the end of treatment. BDNF, TNF-a, and IL-10 levels in the hippocampus, and
BDNF, NGF and IL-10 levels in the sciatic nerve were assessed at 48h or 7 days after the
end of treatment. Rats from the pain groups developed an anxiety-like state. Both tDCS
and treadmill exercise provided ethological and neurochemical alterations induced by
pain at early and/or late phase; also, a modest synergic effect between tDCS and exercise
was observed. These results indicate that non-invasive neuromodulatory approaches can
attenuate the anxiety-like status, locomotor activity and alter the biochemical profile in
the hippocampus and sciatic nerve of neuropathic pain rats, and that combined

interventions may be considered as treatment options.

Keywords: pain, anxiety, tDCS, exercise, biomarkers
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1. Introduction

Chronic pain and neuropsychiatric diseases share broad neurobiological
features, which makes it difficult to identify whether depression and/or anxiety disorders
result from chronic pain conditions or vice versa. A useful example comes from a study
in which prime anxiety increased pain intensity and changed the activation pattern in the
human hippocampus [1]. However, other central and peripheral structures in different
pain conditions should be investigated for these neurofunctional and neurochemical
alterations, in order to unravel the causes of pain-induced anxiety behaviors [2].

It should also be emphasized that chronic pain unleashes widespread
physiological impairment in limbic structures. These effects range from an increase in
anxiety-like behavior and in the inability to extinguish context fear conditioning to a
marked shrink in hippocampal volume in mice and humans with chronic pain,
respectively [3]. Moreover, chronic pain seems to be implicated in higher TNF-o/BDNF
ratio in both hippocampi in mice [4], and TNF-o/IL-10, as well as TNF-a/IL-4 ratios in
serum of humans with generalized anxiety disorder [5].

The role that neurotrophic factors, as BDNF and NGF, have in neuronal
survival, plasticity and regeneration, is well described. On the other hand, these
neurotrophins are also involved in central pain sensitization in both mice and humans
[6,7]. Notably, the upregulation of neurotrophins, prostaglandins and proinflammatory
cytokines following an injury, along with synaptic facilitation through overexpression of
sodium channels in dorsal root ganglia (DRG) neurons contribute to central sensitization
[8]. These effects might be abrogated, in part, by the antinociceptive role that interleukin-
10 (IL-10) has, which downregulates voltage-gated sodium channels in neuropathic pain
conditions [9], being a potential therapeutic target for pain management. Altogether, these
reports warn for a key role of pain, neurotrophins and cytokines as drivers of
neuroinflammatory-induced anxiety disorders, and outline that use of non-
pharmacological approaches may be paramount to cope with disease-related outcomes.

Neuromodulatory technigues such as transcranial direct current stimulation
(tDCS) and physical exercise have increasingly been investigated in preclinical and
clinical settings. Although the tDCS action mechanisms are not yet well elucidated, it has
been thought that it involves a top-down modulation of neural networks, including glial
cells, through weak electrical currents applied upon the scalp [10,11]. tDCS has also

shown promising effects in the treatment of neuropsychiatric diseases such as chronic
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pain-induced anxiety, generalized anxiety disorder and depression [12]. On the other
hand, a wealth of studies assessing the effects of exercise on anxiety have shown
conflicting results. For instance, a report showed that the anxiolytic effects triggered by
exercise were similar to those provided by anxiolytic drugs in rats [13], while others
pointed out that treadmill or voluntary running exercise protocols in rodents prompt
anxiogenic effects, probably reflecting assessment at different time points after exercise
have ceased [14-16].

It is noteworthy that both neuromodulatory approaches lie upon modification
of a wide range of systems and neurotransmitters, including some that are similar
pathways between tDCS and exercise such as serotoninergic, noradrenergic and
dopaminergic [17-19]. On the other hand, the means by which both interventions interact
remains unclear and should be further pursued, mainly over chronic pain states, once
tDCS likely has more effective outcomes when associated with other therapies [20].
Therefore, we hypothesized that the combination of tDCS and exercise would trigger even
more pronounced anxiolytic effects upon anxiety-related behavior induced by

neuropathic pain, and neurochemical profile when compared to single treatment.

2. Material and Methods

Male Wistar rats (n=216; 8 weeks old, weighing 300£20g) were weighed and
assigned in a number of 3 into polypropylene cages (49 x 34 x 16 cm) with sawdust-
covering flooring. All rats were kept in a controlled environment (22+2°C room
temperature, ~60% relative air humidity, and dark/light cycle 12h/12h — lights on at 7
a.m.) with water and rodent chow available ad libitum. The experiments followed the
ARRIVE Guidelines [21] and the Brazilian Law #11.794 and were approved by the
Institutional Animal Care and Use Committee (GPPG-HCPA #20170061 and
#20180034).

2.1 Groups

On day 0, weight-matched rats were initially assigned in two groups for
Sham-Pain or Pain surgery. Fourteen days after surgical procedure, rats were then
subdivided to 12 subgroups (n = 9 rats/group) according to the treatments: Sham-Pain;

Sham-Pain+Sham-tDCS; Sham-Pain+Exercise; Sham-Pain+tDCS; Sham-Pain+Sham-
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tDCS+Exercise; Sham-Pain+tDCS+Exercise, Pain; Pain+Sham-tDCS; Pain+EXxercise;
Pain+tDCS; Pain+Sham-tDCS+Exercise; Pain+tDCS+EXxercise.

2.2 Experimental Design

As depicted in Figure 1, throughout 14 days after CCI or sham surgery, rats
from the pain groups gradually developed mechanical and thermal hypersensitivity,
features of chronic neuropathic pain [22,23]. Weight-matched rats were then assigned to
12 subgroups, as described above. From day 15 to 22, rats were treated with tDCS,
exercise or both combined, during 8 consecutive days. Twenty-four hours (early-phase,
day 23; n=108) and 7 days (late-phase, day 29; n=108) after the end of treatment, rats
were assessed for anxiety-like behavior. Finally, 24 hours after the end of behavioral tests,
rats were euthanized by decapitation and the left sciatic nerve and hippocampi were
harvested (Fig. 1).

---Figure 1---

2.3 Chronic Neuropathic Pain Model

Initially, rats were anesthetized by isoflurane inhalation (5% for induction,
and 3% to maintenance), and placed in lateral position on a heating pad surface at 30°C
(to maintain the body temperature). The fur was shaved on the left paw and skin antisepsis
was performed using 2% Povidone lodine. Under the absence of any paw pinch response
and eye blink, the common left sciatic nerve was exposed in the middle third of the thigh,
and three loose ligatures (4.0 Vycril) were tied at Imm intervals. All care was taken to
not interrupt epineural blood flow [24]. Similar procedures were used for sham surgery,
but the nerve was not ligated. At the end of surgery, the sciatic nerve was returned to its

position and the skin was sutured using 4.0 mononylon.

2.4 Transcranial Direct Current Stimulation (tDCS)

First, the top of the head of all rats were shaved. Next, pediatric
electrocardiogram (ECG) electrodes with conductive gel were trimmed to 1.5mm?, and

connected to a battery-driven stimulator of 0.5mA current, which provided a current
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density of 0.33mA/cm?, avoiding lesions [25]. Then, rats were gently restrained and had
their heads soaked with saline (0.9% NaCl). After that, the anodal and cathodal electrodes
were placed on the head (bimodal stimulation) using landmarks of the neck and shoulder
lines as a guide, and at the midpoint between the lateral angles of both eyes, respectively.
Finally, our stimulation protocol lasted 20 min a day, for 8 consecutive days (8:00 — 9:30
a.m.). Sham stimulated rats underwent similar procedures, yet the stimulator was

switched off.

2.5 Exercise Protocol

A week before surgery, the rats were gradually habituated to the treadmill.
On day 1 of training, rats were allowed to recognize the apparatus during 20 minutes in
the switched off mode. From day 2 to 4, rats were gradually conditioned to run by
increasing the exposure time on the treadmill from 10 to 20 and 30 minutes, respectively,
at low speed (5m/min). Finally, we determined the VO2max 0n the 5 days using an indirect
method [26]. Briefly, the rats started to run at 7m/min for 3 minutes, with a ramping up
speed of 5m/min each three minutes until the point of exhaustion. The time to fatigue (in
min), and workload (in m/min) were obtained as indexes of aerobic capacity, which in
turn, were taken as VOzmax. The exercise protocol consisted of running sessions at 70%

of VOamax, during 20 minutes, for 8 consecutive days, with 0° slope.

2.6 Elevated Plus Maze (EPM)

To assess anxiety-like behavior, the elevated plus-maze test was performed.
The EPM apparatus is composed of two open and two enclosed arms (50 x 40 x 10 cm),
extended from a common central platform (10 x 10 cm) and elevated 50 cm from the
floor. Briefly, rats were placed individually in the EPM central area facing one of the
open arms, and a video camera attached to the ceiling recorded the test during a 5-min
trial session. After each trial, the apparatus was cleaned with 70% alcohol in order to
eliminate olfactory cues from previous tested rats. This test was carried out between 8:00
a.m and 12:00 p.m. and rats were tested only once [27]. The videos were afterwards
analyzed by a blind experimenter and the following behaviors were evaluated: (1) number
of entries in the open arms (EOA); (2) time spent in the open arms (TOA), (3) number of

non-protected head-dipping movements (NPHD), (4) number of entries in the closed arms
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(ECA), (5) time spent in the closed arms (TCA), and (6) total number of crossing (TC).

2.7 Tissue Collection and Molecular Analysis

Forty-eight hours or 7 days after the end of treatment, rats were killed by
decapitation. The hippocampi and the left sciatic nerve were readily removed,
homogenized in protease inhibitor cocktail (P8340 SIGMA®) diluted in phosphate buffer
saline (PBS), and centrifuged at 2800 g for 10 minutes. After that, aliquots were collected
and stored at -80°C for posterior analysis. BDNF, NGF, TNF-a, and IL-10 levels were
assessed by ELISA according to the manufacturer (R&D; Minneapolis, MN). All values
were adjusted by the amount of protein in the sample using bovine serum albumin as

standard [28], and the results were expressed as pg/mg of protein.

2.8 Statistical Analysis

For behavioral and biochemical analysis, a 2 x 3 x 2 three-way ANOVA was
performed, taking into account the following conditions: sham-pain x pain; stimulation:
No-tDCS x Sham-tDCS x tDCS; and treatment: exercise x sedentary as independent
variables. If a statistical difference was found, the Bonferroni post-hoc test was run to
determine the interactions or main effects. All data are expressed as mean + standard error
of the mean (SEM), and p-values < .05 were considered statistically significant using
SPSS 26.0.

3. Results

3.1 Anxiety-like behavior and locomotor activity

Regarding EOA in the early phase, there was an interaction between pain x
tDCS x exercise (three-way ANOVA/Bonferroni, F 296 = 3.515; p<0.05; Fig. 2; Panel
A); where tDCS applied in the Sham-Pain sedentary group increased the EOA compared
to tDCS in Pain sedentary group. On the other hand, the pain group subjected to tDCS
plus exercise had a higher number of EOA, compared to its counterpart. Also, there was
a main effect of tDCS (F (2,96) = 3.395; p<0.04; Fig. 2; Panel A). Concerning EOA in the

late phase, we found no significant statistical difference between groups (three-way
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ANOVA, p>0.05; Fig. 2; Panel B).

Regarding TOA in the early phase, there was an interaction between pain x
exercise, where exercise was inclined to reverse the decreasing TOA induced by pain
(three-way ANOVA/Bonferroni, F (1,96) = 6.039; p<0.02; adjusted p-value=0.051; Fig. 2;
Panel C). Also, there was a main effect of tDCS (F (2,96) = 6.604; p<0.01; Fig. 2; Panel
C). Concerning TOA in the late phase, there was an interaction between pain x tDCS
(three-way ANOVA/Bonferroni, F (2,96) = 3.732; p<0.05; Fig. 2; Panel D), where tDCS
reverted the decreasing TOA induced by pain. Moreover, there was a main effect of pain
(F (1,96) = 4.439; p<0.05; Fig. 2; Panel D).

Regarding NPHD in the early phase, there was an interaction between pain x
exercise (three-way ANOVA/Bonferroni, F (2,9 = 3.476; p<0.05; Fig. 2; Panel E), where
exercise increased NPHD in pain groups. There was also a main effect of tDCS (F (1,96) =
6.113; p<0.02; Fig. 2; Panel E). Concerning NPHD in the late phase, there was a main
effect of exercise (three-way ANOVA/Bonferroni, F (196 = 6.898; p=0.01; Fig. 2; Panel
F), increasing the NPHD.

---Insert Figure 2---

Regarding ECA in the early phase, there was no statistically significant
difference of interactions or main effects (three-way ANOVA, p>0.05; Table 1). On the
other hand, in the late phase there was a main effect of tDCS (F (2.96) = 5.356; p<0.01;
Table 1) increasing the ECA.

Regarding TCA in the early phase, there was an interaction between pain x
tDCS x exercise (three-way ANOVA/Bonferroni, F 2,96y = 3.229; p<0.05; Table 1), where
tDCS plus exercise reduced the TCA in the pain group. Moreover, there was a main effect
of pain and tDCS (F (1,06) = 5.619; p<0.05; F (2,06) = 3.754; p<0.05; respectively; Table 1).
Concerning TCA in the late phase, there was a main effect of exercise (three-way
ANOVA/Bonferroni, F (196 = 6.975; p=0.01; Table 1) reducing this behavior, and pain
(F (196) = 6.143; p<0.02; Table 1) increasing it.

Regarding total crossings in the early phase, there was no statistical difference
between groups (three-way ANOVA,; p>0.05; Table 1). Concerning late phase, there was
a main effect of tDCS (three-way ANOVA/Bonferroni, F 96 = 6.123; p<0.01; Table 1)

increasing the total number of crossings.
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---Insert Table 1---

3.2 Hippocampal BDNF, TNF-a and IL-10 levels

Regarding BDNF levels in the early phase, there was an interaction between
pain x tDCS x exercise (three-way ANOVA/Bonferroni, F 60 = 3.205; p<0.05; Fig. 3;
Panel A), where tDCS or exercise in Pain groups showed an increase in the BDNF levels
compared to its counterparts. There was also a main effect of pain (F (160) = 11.498;
p<0.01; Fig. 3; Panel A). In the late phase, there was an interaction between tDCS x
exercise (F (2,60) = 16.277; p<0.01; Fig. 3; Panel B), where exercise or tDCS prevented a
decrease in the BDNF levels associated with Sham-tDCS. However, when both variables
were associated, there was a reduction in its levels. Moreover, there was also an
interaction between pain x exercise (F (1,60) = 8.753; p<0.01; Fig. 3; Panel B), and a main
effect of pain (F (1600 = 9.773; p<0.01; Fig. 3; Panel B), tDCS (F (260) = 4.587; p<0.02;
Fig. 3; Panel B), and exercise (F (,60) = 6.890; p<0.02; Fig. 3; Panel B).

Regarding TNF-a levels in the early phase, there was an interaction between
pain x exercise (three-way ANOVA/Bonferroni, F 1,60y = 53.961; p<0.01; Fig. 3; Panel
C), where exercise decreased the TNF-a levels in Pain groups. Moreover, there was an
interaction between pain x tDCS, also reducing TNF-a levels (F (2600 = 6.895; p<0.01;
Fig. 3; Panel C). Also, there was a main effect of exercise (F (1,60) = 36.589; p<0.01; Fig.
3; Panel C), and pain (F (160) = 12.532; p<0.01; Fig. 3; Panel C). In the late phase, there
was an interaction between pain x tDCS x exercise (F 60) = 7.031; p<0.01; Fig. 3; Panel
D), where tDCS, exercise or the associated variables decreased TNF-a levels induced by
pain. Moreover, there was an interaction between tDCS x exercise (F 60 = 9.889;
p<0.01; Fig. 3; Panel D), pain x exercise (F (1,60) = 33.167; p<0.01; Fig. 3; Panel D), and
pain x tDCS (F (2,60) = 18.835; p<0.01; Fig. 3; Panel D). Also, there was main effect of
pain (F (160 = 13.227; p<0.01; Fig. 3; Panel D), tDCS (F 2,60y = 9.608; p<0.01; Fig. 3;
Panel D), and exercise (F 2,60y = 29.517; p<0.01; Fig. 3; Panel D).

Regarding IL-10 levels in the early phase, there was a main effect of pain
reducing it (three-way ANOVA/Bonferroni, F (1,60) = 4.163; p<0.05; Fig. 3; Panel E). In
the late phase; however, no differences between groups were found (three-way ANOVA;
p>0.05; Fig. 3; Panel F).

---Insert Figure 3---
50



5.2 Métodos e resultados: Artigo 2

3.3 Sciatic nerve NGF, BDNF and IL-10 levels

Regarding NGF levels in the early phase, there was an interaction between
pain x exercise (three-way ANOVA/Bonferroni, F (1,60 = 4.055; p<0.05; Fig. 4; Panel A),
where the exercise in Sham-Pain groups increased the NGF levels. However, this effect
was not observed in Pain-groups subjected to exercise. There was also a main effect of
Pain, reducing NGF levels (F (1,60) = 122.172; p<0.01; Fig. 4; Panel A). In the late phase,
there was an interaction between tDCS x exercise (three-way ANOVA/Bonferroni, F (2,60)
= 9.475; p<0.01; Fig. 4; Panel B), where tDCS or exercise increased NGF levels.
However, when these variables were associated, this effect was not observed. Moreover,
there was a main effect of exercise (F @,60) = 29.918; p<0.01; Fig. 4; Panel B), increasing
the NGF levels, and of pain, reducing it (F (1,60) = 89.111; p<0.01; Fig. 4; Panel B).

Regarding BDNF levels in the early phase, there was an interaction between
pain x tDCS x exercise (three-way ANOVA/Bonferroni, F (2,60) = 715.002; p<0.01; Fig.
4; Panel C), where the association of tDCS and exercise increased BDNF levels only in
pain groups. Moreover, there was a main effect of tDCS, exercise (F 2,60 = 14.931; F (1,60
= 12.693; for both p<0.001; Fig. 4; Panel C), and pain (F (160) = 150.743; p<0.001; Fig.
4; Panel C). In the late phase, there was an interaction between pain x tDCS x exercise
(three-way ANOVA/Bonferroni, F 2,60) = 5.458; p<0.01; Fig. 4; Panel D), where exercise
prevented a reduction in the BDNF levels induced by pain. However, this effect was not
observed when associated with sham or active tDCS. Moreover, there was an interaction
between tDCS x exercise (F 2,60) = 6.998; p<0.001; Fig. 4; Panel D), pain x exercise (F
w60) = 5.581; p<0.03; Fig. 4; Panel D), and a main effect of tDCS (F (160) = 5.581;
p<0.001; Fig. 4; Panel D), exercise (F (60) = 4.836; p<0.04; Fig. 4; Panel D), and pain (F
w,60) = 319.731; p<0.001; Fig. 4; Panel D).

Regarding IL-10 levels in the early phase, there was a main effect of pain
(three-way ANOVA/Bonferroni, F (160 = 223.840; p<0.01; Fig. 4; Panel E), reducing it,
whilst tDCS or exercise increased it (F 2,60 = 10.499; F (1,60 = 13.504; for both p<0.001,
Fig. 4; Panel E). In the late phase, there was an interaction between pain x tDCS x
exercise (F (2,60) = 8.361; p<0.01; Fig. 4; Panel F), where I1L-10 levels were reduced in
pain groups, whilst tDCS and/or exercise increased its levels. Moreover, there was an
interaction between tDCS x exercise (F (2,60) = 4.553; p<0.02; Fig. 4; Panel F) and pain x

exercise (F @60 = 8.113; p<0.01; Fig. 4; Panel F). There was a main effect of pain,
51



5.2 Métodos e resultados: Artigo 2

reducing the IL-10 levels (F (1,60) = 16.936; p<0.01; Fig. 4; Panel F).

4. Discussion

The main finding of our study was that both tDCS and treadmill exercise
provided behavioral and neurochemical alterations in rats subjected to a chronic
neuropathic pain model. As such, we observed increased anxiogenic-like behaviors
induced by pain, effects that were attenuated by tDCS and/or exercise, in a time-
dependent manner, probably reflecting distinct mechanisms of modulation upon neural
pathways. In addition, pain and the applied treatments promoted neurochemical
alterations in the source of injury (sciatic nerve) and in the hippocampus, an important
limbic structure related with anxiety. Our results suggest that the anxiety-like behavior,
the locomotor activity, and central and peripheral neurochemical parameters may be
altered by neuromodulatory approaches. Thus, we suggest that complementary methods
targeting to mitigate the disease-related outcomes might be considered as non-
pharmacological treatments.

The neuropathic pain model induced by CCI in this study triggered
anxiogenic-like behavior, indexed by a reduction of TOA in both phases, as well as
reduced NPHD in the early phase. It is important to note that alterations in these
parameters cannot be attributed to impairments in exploratory activity of these animals,
since the total number of entries (crossings), commonly used as an index of locomotor
activity [29] has not been changed by pain. Corroborating our data, previous studies have
shown that neuropathic pain was associated with anxiety-like behavior by a decrease in
time spent in the open arms, but not in the number of EOA [30,31]. On the other hand, a
study found that neuropathic rats displayed an increased number of EOA and in the time
spent in the central zone in the open field test [32].

Bimodal tDCS increased the total crossings in the late phase, an effect
indexed by an increased number of ECA, suggesting an action on the corticospinal tract
facilitation/modulation [33]. Moreover, pain rats subjected to tDCS plus exercise and
sham-pain rats subjected to tDCS displayed a decrease in anxiety-like behavior regarding
EOA. These findings suggest that the anxiolytic effect of tDCS observed is state-
dependent [34,35], since tDCS alone increases the EOA in the sham-pain group (non-
pain rats), while in pain rats, the association of tDCS and exercise was necessary to

produce the same effect. Furthermore, in our previous study, we did not find a synergy in
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the analgesic effect of tDCS and exercise in the same pain model, highlighting that the
tDCS effect is dependent on the neurobiological basis of behavior under evaluation [22].

Exercise was found to have no effect in the TOA at late phase, but reduced
TCA. This indicates that animals remained in the center of the apparatus, which is
indicative of anxiety [36]. In the current study, neuropathic pain rats spent less TOA
(early and late phases), but whilst exercise was inclined to mitigate it, only tDCS reverted
this effect at late phase. This temporal difference might be due to the exercise effects
through peripheral and central modulatory systems [37], whilst the delayed tDCS effects
are attributed to its neuromodulatory feature and after-effects [38,39]. Previous reports
have shown acute anxiolytic effects of exercise; however, 10 days after exercise have
ceased, rats exhibited anxiety-like behavior [40,41]. Additionally, our previous study
showed that tDCS triggered anxiolytic effects that lasted up to 7 days after the end of
tDCS stimulation [42]. Surprisingly, we also noted a main effect of tDCS or exercise
increased the NPHD at early phase and late phase, respectively, an effect opposed to the
observed TOA. In this sense, we cannot exclude the possibility that the two therapeutic
approaches used here may have contributed to these discrepant ethological patterns.

A body of evidence has suggested a link between anxiety and immune
signaling in the hippocampus [29,43], which plays an important role in mnemonic, as
well as in emotional-affective aspects. Here, we found that pain and both interventions
modulated differently the hippocampal neurochemical profile. Whereas at early phase
tDCS and/or exercise increased BDNF levels in pain rats compared to the sham-pain, at
late phase, tDCS or exercise, but not its association, prevented a decrease in the BDNF
levels induced by Sham-tDCS. It should be highlighted that a preclinical study showed
that inflammatory and chronic pain decreased BDNF levels in the hippocampus and these
effects were related with poor cognitive function, impaired neurogenesis, and anxiety
[44-46]. On the other hand, it’s well known that exercise induces neuroprotection through
hippocampal BDNF/TrkB, PI3K/Akt signaling pathways and synaptophysin protein
upregulation [47], Moreover, it reduces the hippocampal TNF-a levels in aged
neuroinflammatory rats [48]. Regarding tDCS, studies have pointed out that its long-term
potentiation effects are dependent on polarity, NMDA-receptor and BDNF/TrkB
downstream activation pathways [49-51]; but in ovariectomized rats that present
hyperalgesia, no tDCS effect was found in the hippocampal BDNF levels [52].
Interestingly, the TNF-a levels in this same structure were increased in both phases in

pain rats, but were reversed by tDCS and/or exercise. Overall, such results are in
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agreement with our previous reports showing that tDCS increases BDNF, and decreases
TNF-a levels in the hippocampus [53,54].

An imbalanced immune profile held by an increased production of
proinflammatory cytokines, or an inappropriate anti-inflammatory response seems to be
determinant on anxiety outcomes. For example, a recent study surprisingly showed that
the administration of I1L-10 or IL-1f3 alone produced an anxiogenic effect in rats, but when
administered together, this effect was no longer observed [55]. In the current study, pain
rats showed a decrease in the hippocampal 1L-10 levels at early, without effect at late
phase, suggesting that other pro- and/or anti-inflammatory mediators might be
influencing these responses. Similarly, studies also demonstrated decreased IL-10 levels
in chronic pain models in the ipsilateral dorsal [56], but not ventral or whole hippocampus
[57]. In the same way, we cannot rule out the possibility of an overlapping site-specific
effect, since BDNF and TNF-a levels have been involved in the tDCS and exercise
responses in this structure, while the role of IL-10 in anxiety remains not well understood
[58].

Beyond the central levels, we showed that neuropathic pain also reduced the
sciatic nerve IL-10 levels up to 30 days after surgery, evidencing a long-lasting peripheral
effect; and both treatments, alone or associated, were effective in restoring these levels.
Of note, reduced IL-10 levels were also found in the DRG and sciatic nerve, 3 or 8 days
following the CCI [59], an effect that has important implications, given its role in motor
recovery and sensory function [60]. Furthermore, previous studies showed that combined
or isolated therapies involving exercise and ultrasound/insulin also increased the 1L-10
levels in the sciatic nerve of neuropathic pain rats [61,62], but not in mice [63]. A rational
explanation among the studies may be the different physiological adaptations provided
by exercise, including volume, intensity, duration, strain and slope treadmill degree.

Peripheral nerve injuries trigger the loss of a large number of sensory and
motor neurons, effects that are closely related with trophic factors, leading to an impaired
regeneration, sympathetic fibers sprouting and the development of thermal and
mechanical hypersensitivity [64]. In our study, the decreased sciatic nerve NGF levels
lasted up to 30 days after surgery. Meanwhile, in the early phase, it was found that NGF
levels were upregulated only in sham-pain exercised rats, whilst in the late phase (30 days
after surgery), both exercise and tDCS induced an increase in the NGF levels. It should
be emphasized that in pain states, neurotrophins play an essential role not only in the

initiation, but also in the maintenance of regenerative processes. For instance, systemic
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administration of an anti-NGF antibody [65] and central (intrathecal but not in the red
nucleus) NGF administration [66,67] displayed antinociceptive effects. In contrast, when
injected into the tibialis anterior muscle in humans, NGF produced progressively increase
of pain [68]. Of note, in clinical and preclinical pain studies, it was shown that exercise
reverted the decrease in the nociceptive thresholds triggered by NGF [69,70]. To sum up,
future reports should bridge the gap on how NGF paradoxically modulates nociceptive
pathways in order to clarify our comprehension regarding this neurotrophin.

Studies have demonstrated that the hypersensitivity following nerve injuries
is accompanied by an upregulation of BDNF in the DRG and spinal cord [71,72].
However, its role in the nerve is less clear and challenging as a therapeutic approach, once
BDNF has a crucial role in regeneration and remyelination processes [73]. In the present
study, we showed that pain decreased BDNF levels up to 30 days after surgery; besides
that, tDCS and/or exercise increased it at early, but not at late phase. Such effects
highlight that both interventions might trigger independent neuromodulatory effects,
likely interact or even struggle by the same long-term effects when associated [74]. In
this sense, the present study reinforces our comprehension regarding the dual role of
neurotrophic factors on pain processing, and calls attention on what nerve injury-targeted
therapies should take into consideration.

This study has some limitations and strengths that should be emphasized: a)
our study used only males; b) while from the biochemical nerve analyses we took in
consideration only the affected side, from the hippocampus we used both and whole
structures, although it is well known that anatomical differences exist among dorsal and
ventral regions; c) in our stimulation protocol, rats were awake, and therefore, there was
no confounding factor of either anesthesia or Sham-tDCS (restraint); d) electrical shocks

were not delivered during exercise to incite rats to run.

5. Conclusions

In summary, our findings showed the synergic effect of the combination of
tDCS and exercise in alleviating the anxiogenic-like behavior induced by pain, as we have
hypothesized before. This effect was observed in some parameters analyzed in the EPM;
however, our results also showed an anxiolytic effect of exercise and tDCS alone. In this
way, it highlights that these neuromodulatory techniques might share common

mechanism pathways, but also have distinct actions, according to altered behavioral
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parameters and lasting after-effects that were observed. In addition, the anxiety-like
behavior may be related to an imbalance in the central cytokine levels, for example,
increased hippocampal TNF-a levels in pain rats, that were restored to control levels by
tDCS or exercise. On the other hand, the role of neurotrophins regarding chronic pain and
neuromodulatory techniques highlighted in an increasing number of studies was also
shown in this study. Moreover, in the current study, we also show the interface between
peripheral and central biochemical alterations in the benefits of these neuromodulatory
techniques, as depicted in Figure 5. Our findings have shown that both tDCS and exercise,
or the combination of both, may be useful tools to treat anxiety frames associated or not

with chronic pain diseases.

---Insert Figure 5---
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Figure 2. Anxiety-like behavior assessed in the Elevated Plus Maze (EPM) in the early
(48h) and late (7 days) phases after the bimodal tDCS treatment and/or treadmill exercise
(n=9 per group). Data presented as mean and standard error of the mean (xSEM). Grey
scale represents sham-pain groups and green scale represents pain groups.

Panel A. Number of entries in the open arms in the early phase. Significant interaction
between pain x tDCS x exercise (3-way ANOVA/Bonferroni, p<0.05) and main effect of
tDCS (p<0.04).

Panel B. Number of entries in the open arms in the late phase. No significant statistical
difference between groups (3-way ANOVA, p>0.05).

Panel C. Time spent in the open arms in the early phase. Significant interaction between
pain x exercise (3-way ANOVA/Bonferroni, p<0.02), and main effect of tDCS (p<0.01).
Panel D. Time spent in the open arms in the late phase. Significant interaction between
pain x tDCS (3-way ANOVA/Bonferroni, p<0.05), and main effect of pain (p<0.05).
Panel E. Number of non-protected head dipping (NPHD) in the early phase. Significant
interaction between pain x exercise (3-way ANOVA/Bonferroni, p<0.05), and main
effect of tDCS (p<0.02).

Panel F. Number of non-protected head dipping (NPHD) in the late phase. Significant
main effect of exercise (3-way ANOVA/Bonferroni, p=0.01).
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Figure 3. BDNF, TNF-a, and IL-10 levels were assessed in the hippocampus at 48h and
7 days after the bimodal tDCS treatment and/or treadmill exercise (n=9 per group). Data
presented as mean and standard error of the mean (+SEM) pg/mg of protein.

Panel A. BDNF: significant 3-way ANOVA interaction between pain x tDCS x exercise
(p<0.05), and main effect of pain (p<0.01) in the early phase.

Panel B. In the late phase, there was an interaction between tDCS x exercise, and pain x
exercise (3-way ANOVA, p<0.01). Also, main effect of pain (p<0.01), tDCS (p<0.02),
and exercise (p<0.02).

Panel C. TNF-a: significant 3-way ANOVA interactions between pain X exercise
(p<0.01), and pain x tDCS (p<0.01) in the early phase. Also, main effect of exercise and
pain (p<0.01).

Panel D. In the late phase, significant 3-way ANOVA interactions between: pain x tDCS
x exercise (p<0.01), tDCS x exercise, pain x exercise, and pain x tDCS (p<0.01). Also,
main effect of pain, tDCS and exercise (p<0.01).

Panel E. IL-10: main effect of pain (3-way ANOVA, p<0.05) only in the early phase.
Panel F. In the late phase there was no effect (3-way ANOVA; p>0.05).
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Figure 4. NGF, BDNF, and IL-10 levels were assessed in the sciatic nerve at 48h and 7
days after the bimodal tDCS treatment and/or treadmill exercise (n=9 per group). Data
presented as mean and standard error of the mean (+SEM) pg/mg of protein.

Panel A. NGF: significant 3-way ANOVA interaction between pain x exercise (p<0.05),
and main effect of pain (p<0.01) in the early phase.

Panel B. In the late phase, interaction between tDCS x exercise (3-way ANOVA,
p<0.01), and main effect of exercise and pain (p<0.01).

Panel C. BDNF: significant 3-way ANOVA interaction between pain x tDCS x exercise
(p<0.01), and main effect of tDCS, exercise and pain (p<0.001) in the early phase.
Panel D. In the late phase, interactions between pain x tDCS x exercise (p<0.01), tDCS
x exercise (p<0.001), pain x exercise (p<0.03), and main effect of tDCS (p<0.001),
exercise (p<0.04) and pain (p<0.001).

Panel E. IL-10: main effect of pain (3-way ANOVA, p<0.01) in the early phase.

Panel F. In the late phase, interactions between pain x tDCS x exercise (3-way ANOVA,
p<0.01), tDCS x exercise (p<0.02), and pain x exercise (p<0.01), also main effect of pain
(p<0.01).
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Elevated Plus Maze (EPM) Entries in the closed arms (n)

Time spent in the closed arms (s)

Total crossing (n)

Groups Early Late Early Late Early Late

(48h) (7 days) (48h) (7 days) (48h) (7 days)
Sham-Pain 8.89+0.72 8.89+1.17 235.00+7.91 210.67+15.10 10.22+0.81 10.22+1.19
Sham-tDCS 10.22+0.83 11.11£0.42 208.67+8.87 214.00£12.34 11.67+0.94 12.4440.75
Sham Exercise 9.33=1.00 9.44+0.67 230.67+9.11 208.89+10.89 10.89+0.98 11.00+0.94
NP tDCS 10.78+0.68 11.56=0.73 211.67+11.89 211.33£14.07 13.22+0.78 13.000.93
Sham-tDCS+Exercise 8.78+0.46 10.11+0.39 228.11+10.87 189.11+13.12 10.00+0.50 11.78+0.64
{DCS+Exercise 9.56+0.71 10.56=0.80 228.56+12.50 211.89£10.14 10.67+0.67 11.89+0.59
Pain 10.11£1.06 9.22+0.80 223.00+10.57 245.78+8.64 10.89+1.06 10.00+0.88
Sham-tDCS 10.67+0.94 9.33+0.73 188.33+8.15 245.67+4.26 12.11+1.20 9.78+0.64
NP Exercise 9.89+0.84 10.3320.67 216.56=9.86 211.78=11.92 11.00+1.03 11.67+0.90
tDCS 8.89+0.54 11.2240.70 216.33£9.45 216.56£11.01 10.22+0.85 12.78+0.95
Sham-tDCS+Exercise 10.11+0.26 10.67+0.71 217.78+8.54 210.78+9.63 11.44+0.38 12.00+0.71
tDCS+Exercise 11.00=1.41 11.110.31 184.33£14.77 210.33+£6.99 13.67£1.80 13.56=0.90

Table. Anxiety-like behavior assessed in the Elevated Plus Maze (EPM) in the early (48h)

and late (7 days) phases after the bimodal tDCS treatment and/or treadmill exercise (n=9

per group). Data presented as mean and standard error of the mean (xSEM). NP:

neuropathic pain. Entries in the closed arms: significant 3-way ANOVA for main effect

of tDCS (p<0.01) only in the late phase. Time spent in the closed arms: significant 3-way

ANOVA interaction between pain x tDCS x exercise and main effect of pain and tDCS

(p<0.05) in the early phase. In the late phase, main effect of exercise (3-way ANOVA,
p=0.01). Total crossings: main effect of tDCS (3-way ANOVA, p<0.01).
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Os principais achados desta tese revelam que a ETCC combinada com o
exercicio fisico promoveu efeitos antinociceptivos e ansioliticos, revertendo a
hiperalgesia térmica, reduzindo a hiperalgesia mecéanica e o comportamento do tipo
ansioso (numero de entradas e no tempo gasto explorando os bracos abertos no EPM)
(Lopes et al., 2021, 2020). E importante enfatizar que a direcdo destes efeitos foi
dependente do tempo (curto e longo prazo) e da condicdo analisada (sham vs dor vs
tratamento), provavelmente refletindo mecanismos distintos de modulagdo das vias
neurais. Da mesma forma, é importante observar que, o tratamento isolado com ETCC
replicou estudos prévios realizados em nosso grupo de pesquisa no mesmo modelo de dor
neuropatica (Cioato et al., 2016; Marques-Filho et al., 2016). Contudo, embora o
exercicio tenha promovido efeitos antinociceptivos similares a ETCC, os mecanismos de
acdo e vias de sinalizacdo pelas quais ambas intervencdes possivelmente interagem entre
si, ainda permanecem pouco elucidadas.

Em relacdo ao comportamento nociceptivo, foi demonstrado que 7 dias apos
a cirurgia, tanto os ratos que receberam a CCIl, como também os animais do grupo sham-
dor, exibiram uma reducdo no limiar de retirada da pata em resposta ao teste da placa
quente, sugerindo que o componente inflamatorio ainda estava presente. Por outro lado,
aos 14 dias apds o procedimento cirurgico, apenas 0s ratos que receberam a constricao do
nervo, mantiveram esta reducdo, tanto no limiar térmico quanto mecanico. Estes
resultados confirmaram o desenvolvimento de dor neuropatica ao longo de 2 semanas e
foram acompanhados pela reducéo no tempo gasto nos bracos abertos (TOA) na tarefa do
labirinto em cruz elevado na 3242 semanas, corroborando estudos prévios que
demonstram o desenvolvimento do comportamento do tipo ansioso neste modelo de CCI
(Kremer et al., 2020).

E importante destacar também que, a reducdo na hiperalgesia mecanica,
observada pela associacdo entre ETCC e exercicio foram evidenciados somente no 7° dia
apos o término do tratamento. Portanto, hipotetiza-se que a falta de efeito observado
imediatamente e 24 horas apds o tratamento possa estar vinculada a possiveis fatores
intervenientes, incluindo: o padrdo de estimulacdo adotado em combina¢do com o
exercicio (i.e.: offline vs online), e até mesmo a imobilizacdo prévia dos animais seguida
pelo tipo de exercicio empregado (forcado) também pode ter contribuido como um fator

estressor para a auséncia dos efeitos sinérgicos observados em curto prazo. Em relacéo a
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hiperalgesia térmica, foi observado que ambos os tratamentos, isolados ou combinados,
reverteram a hipernocicepcdo, sem efeito sinergico observado. Desta forma, postula-se
que as diferencas encontradas na resposta analgésica induzida pelos tratamentos podem
estar relacionadas a diferentes vias ativadas por estimulos mecanicos ou térmicos;
enquanto o primeiro evoca respostas sobre as fibras AP, o segundo ativa principalmente
fibras Ad e C resposta a lesdo, contribuindo para mudangas comportamentais e
eletrofisiol6gicas nos modelos de dor cronica (Nazemi et al., 2015; Woolf, 2011).

A caracteristica ndo condicionada do EPM, por exemplo, imp&e um conflito
entre o fendtipo naturalmente exploratério do rato e a aversdo em explorar areas
novas/desprotegidas e, portanto, estar mais suscetivel a acdo de predadores (Cryan &
Holmes, 2005). Desta forma, aventurar-se nas zonas desprotegidas do aparato, denota
reducdo no comportamento do tipo ansioso, enquanto que comportamentos que priorizam
a tigmotaxia sdo geralmente observados em animais mais ansiosos. Estes achados foram
corroborados por estudos prévios que demonstraram que a administracdo de
benzodiazepinicos e barbituricos induziu a aumentos no numero de entradas e no tempo
gasto explorando os bragos abertos, enquanto estimulos ansiogénicos fazem com que
ratos despendam maior quantidade de tempo no compartimento protegido do aparato
(Walf & Frye, 2007; File, 1993).

Em nosso estudo, ratos com dor neuropatica tratados com ETCC e exercicio
aumentaram o numero de EOA em 48h ap6s o tratamento. Contudo, quando o grupo
sham-dor foi tratado somente com a ETCC também houve um aumento no nimero de
EOA, sugerindo que os efeitos da estimulacdo sdo estado-dependente (Nishida et al.,
2019; Shahbabaie et al., 2014). Também foi observado que ratos exercitados foram
propensos a despenderem maior quantidade de tempo nos bracos abertos (TOA) em 24
horas ap6s o tratamento; enquanto que os efeitos da ETCC sobre este parametro foram
observados somente em 7 dias apos o final do tratamento. Esta diferenca no padréo
temporal pode estar relacionada aos efeitos imediatos do exercicio sobre a modulagéo de
mecanismos periféricos e centrais (Dishman et al., 2006), enquanto que na ETCC estdo
relacionados, principalmente, a efeitos em longo prazo (Jamil et al., 2017; Liebetanz et
al., 2002). Corroborando estes achados, estudos prévios demonstraram que 0 exercicio
promoveu efeitos ansioliticos a curto prazo; no entanto, 10 dias ap6s o final do exercicio,
0s ratos exibiram um comportamento do tipo ansiogénico (Morgan et al., 2019; Nishijima
et al., 2013). Em resumo, é importante reforcar ainda que, o0 comportamento do tipo

ansioso observado em ratos com dor neuropética (observado aqui pela reducdo na EOA
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e TOA), ndo pode ser atribuido a déficits locomotores, devido ao nimero de cruzamentos
totais; um indice de atividade locomotora, ndo ter sido modificada pela dor (Skurlova et
al., 2011).

Além desses importantes achados comportamentais, € importante salientar
que ambas intervencdes também modularam o conteldo de citocinas pré e anti-
inflamatorias e fatores neurotréficos no sistema nervoso periférico (nervo isquiatico) e
central (medula espinhal, tronco encefélico, hipocampo e cortex cerebral). Estudos
prévios demonstraram que neuropatias periféricas ocasionadas por lesGes no nervo
isquiatico resultam na reducédo dos niveis de BDNF no CPF de ratos (Guida et al., 2018);
enquanto que a ETCC ou exercicio promovem aumento (Ong et al., 2019; Wu et al.,
2017). Corroborando tais achados, nosso estudo observou que a ETCC aumentou o0s
niveis de BDNF no cortex cerebral em 48h apds o final do tratamento, enquanto que 7
dias apos, houve um efeito sinérgico sobre o aumento desta neurotrofina. Embora os
niveis de IL-4 tenham sido reduzidos pela associagéo entre ETCC e exercicio, ndo foram
observados efeitos das intervengdes em reduzir os niveis de IL-1p em 48hs e 7 dias ap0s
o0 tratamento, semelhante a um estudo prévio (Santos et al., 2020). Em resumo, deve-se
salientar que os efeitos observados em nossas analises devem ser interpretados com
cautela, ja que em nosso estudo foi utilizado o cortex cerebral total e, portanto, estes
achados podem ter sido influenciados por estruturas adjacentes como as divisdes pré e
infralimbicas do CPF, alem do cortex cingulado anterior (CCA) que também foram
incluidas nas analises.

Estudos tém sugerido uma relacdo ténue entre ansiedade e sinalizacdo imune
no hipocampo (Haj-Mirzaian et al., 2017; Skurlova et al., 2011), uma estrutura cerebral
envolvida com aspectos mnemonicos, bem como afetivos e emocionais (Gray &
McNaughton, 2003). Neste trabalho, demonstramos que a dor e ambas as intervencoes
modularam diferentemente o perfil neuroquimico nesta estrutura. Foi demonstrado um
aumento induzido pela associacdo entre ETCC e exercicio nos niveis de BDNF em 48h
em ratos com neuropatia, em oposto a reducdo observada 7 dias ap6s. Corroborando estes
achados, outros estudos pré-clinicos mostraram que, tanto a dor inflamatoria quanto a dor
crénica diminuiram os niveis de BDNF no hipocampo, e esses efeitos foram associados
com prejuizos sobre a funcdo cognitiva, reducdo na neurogénese e aumento no
comportamento do tipo ansioso (Saffarpour et al., 2017; Zheng et al., 2017). Em nosso
trabalho foi demonstrado que a dor aumentou os niveis de TNF-a em 48h ¢ 7 dias; ¢

reduziu os niveis de IL-10 em 48h apenas. Contudo, a ETCC e/ou exercicio reduziram o
79



6. Discussdo

contetdo de TNF-o em 48h e 7 dias, respectivamente, sem altera¢ao nos niveis de IL-10.
Em conformidade com nossos achados, um estudo recente demonstrou que, a
administracdo apenas de IL-10 ou IL-1p produziram efeitos ansiogénicos em ratos, efeitos
que foram abolidos quando ambas as citocinas foram coadministradas (Munshi et al.,
2019). Portanto, é importante destacar que o equilibrio no perfil neuroquimico exercido
por mediadores pro e anti-inflamatdrios parece ser um fator determinante nos desfechos
de ansiedade. Da mesma forma, estudos também demonstraram niveis diminuidos de IL-
10 no hipocampo dorsal ipsilateral de ratos com dor cronica (Fiore et al., 2019), mas néo
no hipocampo ventral ou na estrutura inteira (Tyrtyshnaia et al., 2017). Além disso, ndo
se pode descartar a possibilidade de um efeito local especifico de outros mediadores, uma
vez que os niveis de BDNF e TNF-a foram alterados em resposta a ETCC e ao exercicio
nesta estrutura.

No tronco encefalico, foi observado que os grupos dor tratados com ETCC
apresentaram uma reducao nos niveis de BDNF. Este resultado esta em conformidade
com um estudo prévio demonstrando que em animais naive, a administracdo de BDNF
em fatias do nucleo magno da rafe promoveu o downregulation do KCC2, semelhante ao
observado em animais submetidos a um modelo de dor (Zhang et al., 2013). Em relagéo
a IL1B, animais dos grupos dor que receberam a ETCC sham ou exercicio aumentaram
ainda mais 0s niveis desta citocina; diferentemente de Bobinski et al., (2015) que
encontraram niveis reduzidos de IL-1B em camundongos submetidos ao exercicio em
esteira. Contudo, é importante salientar que nosso protocolo iniciou no 15° dia apds a CCl
e durou 8 dias consecutivos, enquanto que no referido estudo, o exercicio foi empregado
a partir do 3° dia ap0s a cirurgia e durou cerca de 2 semanas. Em relagédo aos niveis de
IL-4, a associacdo entre tratamentos ou o exercicio isolado promoveu aumento nos niveis
de IL-4 em comparacdo a seus pares em 7 dias. Estes resultados levantam a possibilidade
de que o efeito antinociceptivo sinérgico observado no 7° dia apds o tratamento sobre a
hiperalgesia mecéanica, podem ser mediados pelo upregulation e a sensibilizacdo que esta
citocina promove sobre vias opioidérgicas (Ugeyler et al., 2011).

Na medula espinhal, foi demonstrado que a dor aumentou o conteddo de
BDNF (48h e 7 dias) e que o exercicio reduziu seus niveis. Atualmente sabe-se que o
exercicio fisico é um importante mediador da antinocicepc¢ao, por restaurar a mudanca do
gradiente neuronal responsavel por induzir a sensibilizacdo dos neurénios aferentes
primérios pelo BDNF na medula espinhal (Coull et al., 2005). Em relac&o aos niveis de

IL-1B, a ETCC aplicada nos grupos dor aumentou os niveis desta citocina, enquanto que
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para a IL-4 o exercicio isolado ou associado a ETCC elevou o contetdo de IL-4.
Corroborando nossos achados, Bobinski et al., (2017) mostraram que 0 exercicio em
esteira aumentou os niveis de IL-4 na medula espinhal de camundongos submetidos a
lesdo de nervo periférico. Acredita-se que as propriedades anti-inflamatdrias e protetoras
desta citocina também possam estar relacionadas a preservacdo das vias motoras
espinhais por meio do upregulation da arginase-1, IL-10 e CD206+, indicadores da
presenca de macrofagos de fase resolutiva (M2) (Francos-Quijorna et al., 2016).

LesGes em nervos periféricos desencadeiam a perda de um grande nimero de
neurdnios sensoriais e motores, efeitos que estdo intimamente associados a fatores
tréficos, levando a prejuizos na regeneracdo, aumentos na reinervacdo por fibras
simpaticas e ao subsequente desenvolvimento de hipersensibilidade térmica e mecénica
(L6pez-Alvarez et al., 2015). No nervo isquiatico de ratos submetidos a cirurgia sham e
exercitados, o conteudo de NGF aumentou em 48h, enquanto que 7 dias ap0s, ambas
intervengdes isoladas também aumentaram o conteudo de NGF. Corroborando estes
achados, estudos demonstraram que a administracdo sistémica de anti-NGF (Ro et al.,
1999) ou central de NGF (intratecal, mas ndo no nucleo rubro) promoveu efeitos
antinociceptivos (Cirillo et al., 2010; Jing et al., 2009). Em contraste, quando injetado no
musculo tibial anterior em humanos, o NGF produziu um aumento progressivo na dor
(Hayashi et al., 2013). Em relacdo aos niveis de BDNF, a associacdo entre ETCC e
exercicio elevou o contetdo desta neurotrofina no nervo isquiatico em 48h; contudo aos
7 dias, apenas o exercicio preveniu sua reducdo. Estudos demonstraram que a
hipersensibilidade apos lesdes nervosas € acompanhada pelo upregulation do BDNF no
DRG e na medula espinhal (Terada et al., 2018; Merighi et al., 2008). Tais efeitos
destacam que ambas intervencdes podem desencadear efeitos neuromodulatérios
independentes, provavelmente interagir ou mesmo competir para manter oS mesmos
efeitos de longo prazo quando associados (Steinberg et al., 2019). Em relacdo a IL-10,
ambas intervenc@es de maneira isolada foram eficazes em reverter a reducdo no conteldo
de IL-10 induzida pela dor. J& no 7° dia, a associacdo entre terapias bem como o
tratamento isolado, promoveu aumentos no contelido desta citocina. E importante notar
que niveis reduzidos de IL-10 também foram encontrados no DRG e no nervo ciético, 3
ou 8 dias apds a CCI (Khan et al., 2015), um efeito que tem implicacbes importantes,
dado seu papel na recuperagcdo motora e funcéo sensorial (Mietto et al., 2015).

Coletivamente, os resultados desta tese (resumidos nas tabelas 1 e 2) sugerem

que, terapéuticas complementares com enfoque na reducdo da resposta pré inflamatdria
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local e sistémica podem ser ferramentas adjuvantes ndo farmacol6gicas para o alivio da
dor. Além disso, os efeitos neuromoduladores da ETCC e/ou exercicio sobre o contetido
de biomarcadores periféricos e centrais sdo dependentes da condigdo prévia e da estrutura

avaliada.

Tabela 1. Sintese dos resultados sobre os parametros comportamentais.
Tempo ETCC Exercicio ETCC + Exercicio

Imediatamente 1 limiar nociceptivo 1 limiar nociceptivo 1 limiar nociceptivo

1t limiar nociceptivo 1 limiar nociceptivo 1 limiar nociceptivo

24h 1T TOA 1T EOA
T EOA 1 NPHD | TCA
1 limiar nociceptivo
If WEA 1 limiar nociceptivo
7 dias 1 NPHD p 1 limiar nociceptivo
1 ECA | TCA
1T TC

EOA: entrada nos bragos abertos; TOA: tempo nos bracos abertos; NPHD: non-protected
head dippings; ECA: entrada nos bragos fechados; TCA: tempo nos bracgos fechados; TC:
cruzamentos totais.

Tabela 2. Sintese dos resultados sobre os parametros neuroquimicos.
Estruturas ETCC Exercicio ETCC + Exercicio

Cortex cerebral 1 BDNF (48h) S.E. 1 BDNF (7 dias)

| TNF-0 (48h) | TNF-o (48h) T BDNF (48h)

Hipocampo i : i : | BDNF (7 dias)
| TNF-a (7 dias) | TNF-a (7 dias) | TNF-a. (7 dias)
. | BDNF 1 IL-4 )
Tronco enceféalico L1t P IL-1B T1IL-4
. ) | BDNF e
Medula espinhal T IL-1B + 1L-4 (7 dias) 1 IL-4 (7 dias)
1 1L-10
) . 1 BDNF (48h)
Nervo isquiatico 11L-10 GEneweles) 1 NGF (7 dias)

A 7 Bl NGF* £ 1L-10 (7 dias)

S.E.: “sem efeito”; * Sham-ETCC; # Sham-dor+exercicio
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7. Consideracodes finais

X/
X4

O modelo de dor neuropética empregado neste estudo aumentou a sensibilidade
aos estimulos térmicos e mecanicos, além de desencadear comportamento do tipo

ansioso em ratos;

A ETCC e o exercicio fisico em esteira promoveram efeitos antinociceptivos e

ansioliticos;

Quando combinadas, ambas intervencdes também promoveram efeitos

antinociceptivos; e ansioliticos;

Ambas intervencGes modularam o perfil neuroquimico em diversas estruturas do
SNP e SNC.
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8. Limitacg0es e perspectivas

Embora este trabalho tenha contribuido para compreensdo sobre como a
associacdo entre duas intervencdes ndo farmacologicas modulam o comportamento e a
neuroquimica no sistema nervoso periférico e central, a elucidacdo detalhada pelas quais
as alteracdes no conteudo de citocinas pré e anti-inflamatérias, incluindo o tipo celular e
vias de sinalizacdo envolvidas, e alteracdes fisiologicas como modificacdes nas
propriedades elétricas celulares, permanecem desconhecidas, a0 menos em resposta ao
tratamento aqui empregado. Além disso, deve-se salientar que no atual estudo foram
utilizados apenas ratos, sem levar em consideracdo a possivel resposta fisiologica
observada em fémeas. Em relacdo ao tratamento, ambas intervengdes foram aplicadas
apenas em uma unica janela temporal (8 dias consecutivos; a contar do 15° apos o
estabelecimento do modelo de dor neuropética). Logo, é possivel que para uma dada
intensidade de estimulacdo, ou volume de exercicio, o tratamento tenha promovido
adaptacdes e respostas fisioldgicas divergentes, embora todo esforco, incluindo controles
adequados, tenha sido empregado para minimizar tais vieses.

Em breve, pretendemos efetuar a imuno-histoquimica no hipocampo ventral
destes animais procurando relacionar se a proliferacdo celular, presenca de neurénios
imaturos e maduros entre grupos, diferem em relacdo a condi¢do analisada e/ou
tratamento empregado. Estes tecidos provenientes da execucdo da segunda parte deste
projeto, bem como os anticorpos, ja foram obtidos, titulados e previamente testados
visando a otimizacgdo da técnica. A escolha pela porcao ventral do hipocampo, pauta-se
na literatura existente sugerindo que esta regido esta mais relacionada com processos
afetivos e emocionais, ao contrario do hipocampo dorsal, que estd mais envolvido com
processos mnemaonicos.

Por fim, é importante identificarmos se os efeitos do uso combinado entre
ETCC e exercicio sobre 0 comportamento, sdo semelhantes para outros modelos de dor
crbnica, dada caracteristica e heterogeneidade entre modelos e individuos. Além disso, é
sugestivo que se considere de maneira pré-analitica, especificamente na randomizacéo, o
controle de possiveis variaveis intervenientes, como a existéncia de animais propensos a
apresentarem comportamento do tipo ansiosos e/ou depressivos e que por conseguinte

possam interferir sobre os desfechos mensurados.
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Compreendendo a tua dor: divulgacao cientifica além da academia para a
sociedade

Alguma vez tu ja te questionaste como seria bom se ndo sentissemos dor?
Certamente j&, ndo é mesmo? Principalmente depois de bater com o dedinho minimo do
pé no cantinho de um moével! Deu até para “sentir” a dor ao ler isso, ndo ¢ mesmo? Isso
ocorre porque experiéncias de dor, sdo armazenadas em partes especificas da nossa
cabeca que vao alertar vocé para que quando vocé passar proximo a uma superficie rasa
de novo, tome cuidado para ndo “topar” com ela novamente!

Essa experiéncia de estimulos dolorosos e que, podem nos causar algum dano,
n6s chamamos de nocicepcdo e muitas vezes precede a dor. E por causa dela que vocé
evita por a mao na chapa do fogdo sem antes ter certeza de que ela esta fria e ndo ira te
queimar (pois alguma vez vocé ja se queimou e “criou” uma memoria de dor relacionada
a situagdo previamente experimentada)! Mas voltando ao assunto do dedinho no canto do
movel: vocé realmente acredita que seria possivel vivermos por muitos anos se ndo
sentissemos dor? A resposta é ndo, e sabem por qué? Porque pessoas que ndo sentem dor,
ndo conseguem perceber quando sofrem alguma lesdo como queimadura, traumas/batidas
e até mesmo alertas endogenos, ou seja do organismo sinalizando que algo ndo esta bem,
por exemplo, a ocorréncia de uma infeccdo ou de um infarto agudo do miocéardio. Neste
ultimo caso, por exemplo, pessoas que estdo prestes a infartar, geralmente se queixam de
dor no lado esquerdo do corpo e por ndo sentirem este alerta estariam impossibilitadas de
tomar alguma providéncia para evitar isso. Pois bem, entdo quer dizer que nos
machucarmos é algo normal? Também ndo! Mas o processo regenerativo é! Aquela
inflamacao vista no seu dedo do pé apos “chutar” o canto do sofd, fez o dedo inchar e
ficar até mesmo com aspecto arroxeado, ndo € mesmo? Aquilo nada mais € do que as
células de defesa do nosso corpo, consertando o dano. Em outras palavras, € como um
carro, que periodicamente necessita de manutengdo, mas...e se a manutencao do carro for
mal feita, ou usarmos sempre uma ferramenta que sabidamente resolve apenas
provisoriamente o problema, mas pode piorar no futuro, ndo iremos usar, ndo é mesmo?
Mas e se nds tivéssemos ferramentas mais acessiveis e que podem ser usadas com chances
minimas de estragar o carro? Usariamos essa(s), ndo € mesmo? Pois bem, foi isso que
tentamos fazer neste estudo. Em outras palavras, existem ferramentas que resolvem o
problema em curto prazo, mas podem apresentar efeitos inversos como piorar ainda mais
a tua dor. No entanto, existem outras que sdo mais acessiveis e que se usadas de maneira
adequada, podem trazer beneficios como o exercicio e a estimulagdo transcraniana por
corrente continua (ETCC).

E foi isso que fizemos em nosso estudo. Aqui, n6s observamos que ratos de
laboratdrio que receberam somente o ETCC, exercicio, ou a associa¢do dos 2 tratamentos,
apresentaram uma reducdo na dor e também nos sintomas de ansiedade, quando
comparamos com aqueles que ndo receberam nenhum tratamento. E isso mesmo, nos
sintomas de ansiedade também! Afinal, quando seu carro quebra, mais de uma peca €
danificada, ndo € mesmo? E é isto que acontece. Pessoas com dor, também podem
apresentar sintomas de ansiedade, depressdo, problemas para dormir, prejuizo de
mem©ria, e por ai vai.

Ainda ficou com ddvidas? Contate nosso grupo de pesquisa em dor para mais
informacdes pelo e-mail: labdorufrgs@gmail.com
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