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RESUMO 

Dor crônica e o uso nocivo do álcool representam um problema de saúde pública mundial, com 

altas prevalências, redução da qualidade de vida e elevados custos sociais e econômicos. Ambas 

as doenças resultam de processos mal adaptativos no sistema nervoso e as inter-relações entre 

a dor e o consumo de álcool são consideradas de natureza bidirecional. Mecanismos complexos 

envolvendo processos neuroplásticos são intrinsicamente ligados e a ineficácia das terapias 

atuais para o tratamento de dor crônica e do uso nocivo do álcool, pelo menos em parte, resulta 

da pouca compreensão científica para os processos envolvidos em cada uma dessas condições, 

assim como na associação delas. Por outro lado, as técnicas neuromodulatórias, como a 

estimulação transcraniana por corrente contínua (ETCC, ou tDCS, da sigla em inglês), atuam 

por múltiplos mecanismos de ação e apresentam poucos efeitos adversos, sendo promissoras 

abordagens terapêuticas. Considerando a relevância do tema, esta tese, composta por 3 

manuscritos científicos (artigo 1 – publicado, artigo 2 – submetido, artigo 3 – submetido), teve 

como objetivo avaliar o efeito do tratamento repetido com a ETCC sobre parâmetros 

comportamentais e neurais em ratos machos adultos submetidos ao modelo animal de dor 

neuropática crônica e / ou exposição involuntária ou voluntária ao álcool (dependendo do 

experimento). Foram desenvolvidos 2 experimentos, sendo em ambos, utilizado o modelo de 

dor neuropática pela constrição do nervo isquiático (CCI, da sigla em inglês). No primeiro 

experimento (artigos 1 e 2), os animais dos grupos que receberam álcool, foram tratados 1 vez 

ao dia, durante 15 dias por gavagem e foram divididos em 5 grupos: controle (CT), dor 

neuropática (NP), dor neuropática + ETCC (NPtDCS), dor neuropática + álcool (NPAL), dor 

neuropática + álcool + ETCC (NPALtDCS). No segundo experimento (artigo 3), os animais 

foram expostos ao consumo de álcool de forma voluntaria junto à água de beber, podendo optar 

por uma de duas garrafas, e foram divididos em 6 grupos: controle (CT), dor neuropática + 

shamETCC (NP), dor neuropática + álcool (NPAL), álcool + shamETCC (AL), álcool + ETCC 
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(ALtDCS) , dor neuropática + álcool + ETCC (NPALtDCS). No artigo 1 foram avaliados a 

hiperalgesia térmica e os níveis de NGF, IL-10, IL-1 α e IL-1 β em córtex e tronco encefálico; 

no artigo 2 foram avaliados o comportamento do tipo ansioso e os níveis centrais de IL-1 α e 

IL-1 β (hipocampo, estriado, cerebelo e medula espinhal), RNA mensageiro da Il1a e IL1b em 

cerebelo, hipocampo e medula espinhal; e imunorreatividade de neuropeptídeo Y (NPY) em 

hipotálamo; e o artigo 3 avaliou consumo de álcool, imunorreatividade de NPY em córtex pré-

frontal (CPF), amígdala e estriado, e BDNF, NGF, IL-10,e IL-6 em cerebelo e estriado. Os ratos 

com CCI apresentaram hiperalgesia térmica que foi revertida pelo tratamento com ETCC, e a 

ação da ETCC foi retardada pela abstinência ao álcool. Além disso, a CCI induziu um 

progressivo aumento no consumo de álcool que foi reduzido ao longo do tempo pelo tratamento 

com a ETCC. Tanto o CCI quanto a exposição ao álcool induziram a comportamentos do tipo 

ansioso, que foram revertidos pela ETCC. Dor neuropática crônica, exposição ativa ou passiva 

ao álcool e o tratamento com ETCC modularam a imunorreatividade central do NPY, os níveis 

centrais de IL-1α, IL-1ß e IL-10 e de NGF; aumentaram expressão de Il1a e Il1b em medula 

espinhal e de Il1b em cerebelo. CCI e / ou ETCC reduziram os níveis de BDNF no estriado. 

ETCC aumentou os níveis cerebelares de IL-6 e IL-10. CCI e / ou exposição ao tDCS reduziram 

os níveis de IL-1α no estriado e ratos expostos a associação de CCI, álcool e ETCC 

apresentaram um aumento nos níveis de IL-1α em hipocampo. Concluindo, nossos resultados 

sugerem a ETCC como uma ferramenta promissora no tratamento de quadros de dor crônica e 

do uso nocivo do álcool. Neste sentido esta tese aumenta a compreensão neurobiológica 

relacionada ao paradigma da associação das duas doenças e dos mecanismos envolvidos no 

tratamento com a ETCC. É importante salientar o aspecto translacional, pois tratamentos não 

farmacológicos como a ETCC são importantes ferramentas na terapia de transtornos que 

envolvam neurocircuitos complexos, como processos de dor crônica e abuso de álcool.  

Palavras-Chave: Dor neuropática; Etanol; Wistar; Biomarcadores; NPY; interleucinas. 
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ABSTRACT 

Chronic pain and harmful use of alcohol represent a worldwide public health problem, with 

high prevalence, reduced quality of life and high social and economic costs. Both diseases result 

from maladaptive processes in the nervous system and the interrelationships between pain and 

alcohol consumption are considered bidirectional in nature. Complex mechanisms involving 

neuroplastic processes are intricately linked and the ineffectiveness of current therapies for the 

treatment of chronic pain and the harmful use of alcohol, at least in part, results from little 

scientific understanding of the processes involved in each of these conditions, as well as in their 

association. On the other hand, neuromodulatory techniques, such as transcranial direct current 

stimulation (tDCS), act by multiple mechanisms and have few adverse effects, being promising 

therapeutic approaches. Considering the relevance of the theme, this doctoral dissertation, 

composed of 3 scientific manuscripts (article 1 - published, article 2 - in preparation, article 3 - 

submitted), aimed to evaluate the effect of repeated treatment with tDCS on behavioral and 

neural parameters in adult male rats submitted to the animal model of chronic neuropathic pain 

and / or forced or voluntary exposure to alcohol (depending on the experiment). Two 

experiments were developed, and both used the neuropathic pain model due to sciatic nerve 

constriction (CCI). In the first experiment (articles 1 and 2), the animals in the groups that 

received alcohol were treated once a day, during 15 days by gavage and were assigned to one 

of 5 groups: control (CT), neuropathic pain (NP), neuropathic pain + tDCS (NPtDCS), 

neuropathic pain + alcohol (NPAL), neuropathic pain + alcohol + tDCS (NPALtDCS). In the 

second experiment (article 3), the animals were voluntarily exposed to alcohol consumption, in 

which alcohol and water were offered in separate bottles, and rats were assigned to one of 6 

groups: control (CT), neuropathic pain + shamtDCS (NP), neuropathic pain + alcohol (NPAL), 

alcohol + shamtDCS (AL), alcohol + tDCS (ALtDCS), neuropathic pain + alcohol + tDCS 

(NPALtDCS). In article 1, thermal hyperalgesia and the levels of NGF, IL-10, IL-1α and IL-1β 
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in the cortex and brain stem were evaluated. In article 2, anxious-like behavior and central levels 

of IL-1α and IL-1β (hippocampus, striatum, cerebellum and spinal cord), mRNA of Il1a and 

Il1b in cerebellum, hippocampus and spinal cord were evaluated, and NPY immunoreactivity 

in hypothalamus. Finally, in article 3 alcohol consumption, NPY immunoreactivity in PFC, 

amygdala and striatum, and BDNF, NGF, IL-10, and IL-6 in cerebellum and striatum were 

assessed. The rats with CCI showed thermal hyperalgesia that was reversed by treatment with 

tDCS, and the action of tDCS was delayed by alcohol withdrawal. In addition, CCI induced a 

progressive increase in alcohol consumption that was reduced over time by treatment with 

tDCS. Both the CCI and exposure to alcohol induced anxiety-like behaviors, which were 

reversed by the tDCS. Chronic neuropathic pain, active or passive exposure to alcohol and 

treatment with tDCS modulated the central immunoreactivity of NPY, the central levels of IL-

1α, IL-1ß, IL-10 and NGF, and increased the expression of Il1a and Il1b in the spinal cord and 

Il1b in the cerebellum. CCI and / or tDCS reduced the levels of BDNF in the striatum. tDCS 

increased the cerebellar levels of IL-6 and IL-10. CCI and / or exposure to tDCS reduced levels 

of IL-1α in the striatum and rats exposed to the association of CCI, alcohol and tDCS showed 

an increase in IL-1α levels in the hippocampus. In conclusion, our results suggest tDCS as a 

promising tool for the treatment of chronic pain and of harmful alcohol use. In this sense, this 

dissertation increases the neurobiological understanding related to the paradigm of the 

association of the two diseases and the mechanisms involved in the treatment with tDCS. It is 

important to highlight the translational aspect, since non-pharmacological treatments such as 

tDCS are important tools in the treatment of disorders involving complex neurocircuits, such 

as chronic pain processes and alcohol abuse. 

Keywords: Neuropathic pain; Ethanol; Wistar; Biomarkers; NPY; interleukins. 
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APRESENTAÇÃO 

 

Esta Tese está estruturada em 3 partes:  

- Parte I - Introdução, Revisão da Literatura, Objetivos e Referências 

Bibliográficas;  

- Parte II - Materiais e Métodos, Resultados e Discussão na forma de 3 

manuscritos científicos;  

- Parte III – Considerações Finais e anexos. 

 O item Referências Bibliográficas refere-se somente às referências 

contidas nos itens Introdução, Revisão da Literatura e Considerações Finais. 

  Detalhes técnicos mais precisos sobre a metodologia empregada em cada 

um dos trabalhos apresentados podem ser encontrados nas referências citadas nos 

manuscritos. 
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INTRODUÇÃO 

Dor crônica é uma das condições mais complexas na prática de atenção à saúde, 

com altas prevalências, redução da qualidade de vida e elevados custos sociais e 

econômicos [1]–[4]. O processamento e interpretação de sinais de dor envolve a ativação 

de nervos periféricos e de circuitos ascendentes e descendentes deste a medula espinhal 

até estruturas supraespinhais [5]. Assim como no sistema nociceptivo, as diferentes fases 

do processo de dependência ao álcool demonstram uma notável capacidade de sofrer 

alterações neuroplásticas que envolvem processos mal adaptativos [6]. Medir os efeitos 

do álcool sobre a saúde requer consideração cuidadosa de múltiplos fatores, como volume 

e padrão de consumo [7], mas sem dúvidas representa outro complexo problema de saúde 

pública [8]. 

Evidências têm mostrado que as condições de dor crônica assim como os quadros 

envolvendo o uso nocivo de álcool desencadeiam uma série de alterações nos mecanismos 

moleculares e celulares de áreas específicas, tais como a amígdala, o hipotálamo, o 

hipocampo e o córtex pré-frontal [9], [10], promovendo neuromodulações em sistemas 

de neurotransmissão como o glutamatérgico,  GABAérgico, opioidérgico, e mediadores 

como CRF / urocortinas (Ucns) e proteína quinase C-épsilon (PKCε) [11]. A desregulação 

dessas vias decorrentes de lesão nervosa e / ou envolvida no uso nocivo do álcool 

promove, por exemplo, liberação de interleucinas (ILs), entre elas a IL-1 [12]–[14]; 

alteração do neuropeptídio Y (NPY) que é um importante promotor da plasticidade 

neuronal e amplamente distribuído no sistema nervoso [15]–[17].  

Neste contexto, a relação entre a dor crônica e o uso nocivo do álcool é estreita e 

parece bidirecional. Revisão sobre o tema aponta três principais interações entre o uso de 

álcool e a dor: I. o uso de álcool levando à hiperalgesia, II. o uso de álcool modulando a 
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hiperalgesia, III. a dor crônica como um fator de risco predispondo à recaída ao álcool 

[11]. A compreensão dos circuitos de sobreposição mal adaptativa entre ambas as doenças 

pode fornecer avanços no entendimento do processo de comorbidade entre as mesmas, 

assim como nas abordagens terapêuticas. Mais especificamente, a estimulação 

transcraniana por corrente contínua (ETCC) apresenta efeito primário de modulação do 

potencial de repouso neuronal [18] já sendo usada na prática clínica como alternativa de 

tratamento para essas doenças [19]. 

Por outro lado, os estudos experimentais utilizando modelos animais permitem a 

investigação e detalhamento daqueles neurocircuítos por detrás dessas doenças 

complexas [20]. Bem como, permitem o estudo dos mecanismos de ação das terapias 

farmacológicas e não-farmacológicas, avaliando impacto nas respostas nociceptivas, nos 

efeitos neurais, no perfil de segurança, entre outros. Portanto, considerando o 

conhecimento ainda insuficiente para a intrínseca ligação entre as condições de dor 

crônica e uso nocivo do álcool, e a ineficácia das terapias atuais que, pelo menos em parte, 

também resulta da lacuna de conhecimento na área, essa tese tem importante aspecto 

translacional. Esta tese utilizou modelos animais de condições com alta relevância clínica, 

dor neuropática crônica e uso nocivo de álcool, demonstrando o efeito promissor do uso 

repetido da ETCC no tratamento destas condições e contribuindo para um melhor 

entendimento dos mecanismos que contribuem e perpetuam essas doenças.  
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2.1 ESTRATÉGIAS PARA LOCALIZAR E SELECIONAR 

INFORMAÇÕES 

Nesta revisão de literatura buscou-se apresentar os principais aspectos da dor, 

álcool e ETCC, e suas relações com biomarcadores. A estratégia de busca envolveu as 

seguintes bases de dados: MEDLINE (site PubMed), LILACS e SciELO. Foram 

selecionados artigos publicados entre 2000 e 2020. 

Nos sites PubMed, LILACS e SciELO foram realizadas buscas utilizando os 

seguintes termos: pain, alcohol, tDCS, NPY, BDNF, NGF, IL-6, IL-10, IL-1α, IL-1β. Em 

relação ao termo pain, foram encontrados 635.230 artigos no PubMed e 21.839 artigos 

no LILACS, já no SciELO foram encontrados 17.324 artigos. Utilizando-se o termo 

alcohol foram encontrados 548.582 artigos no PubMed, 9.073 artigos no LILACS e 8.261 

no SciELO. Com o descritor tDCS a busca no PubMed encontrou 6.257 artigos, 47 no 

LILACS e 39 no SciELO. Para NPY, 6.422 artigos foram encontrados no PubMed, 36 no 

LILACS e 0 no SciELO. Com o descritor BDNF, foram encontrados 24.051 no PubMed, 

131 no LILACS e 102 no SciELO. Para NGF, 9.866 artigos foram encontrados no 

PubMed, 89 no LILACS e 33 no SciELO. Para IL-6, 128.795 artigos foram encontrados 

no PubMed, 1.746 no LILACS e 1.531 no SciELO. Ao utilizar o descritor IL-10 foram 

encontrados 60.803 artigos no PubMed, 1.391 no LILACS e 6.794 no SciELO. Em 

relação a IL-1α, 6.178 artigos foram encontrados no PubMed, 0 no LILACS e 423 no 

SciELO. Por último, a busca simples de IL-1β revelou 78.088 artigos no PubMed, 0 no 

LILACS e 407 no SciELO. 

Refinando-se a busca, com cruzamentos entre as palavras-chave, foi encontrado 

um reduzido número de artigos como mostrado na Figura 1. 
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Figura 1. Fluxograma da pesquisa realizada com as palavras-chave Pain, Alcohol, tDCS, 

NPY, BDNF, NGF, IL-6, IL-10, IL-1α e IL-1β. 

1 Pain  

2 Alcohol 

3 tDCS 

4 NPY 

5 BDNF 

6 NGF 

7 IL-6 

8 IL-10 

9 IL-1α  

10 IL-1β 

PUBMED 
1 = 635.230 

2 = 548.582 

3 = 6.257 

4 = 6.422 

5 = 24.051 

6 = 9.866 

7 = 128.795 

8 = 60.803 

9 = 6.178 

10 = 78.088 

 

LILACS 
1 = 21.839 

2 = 9.073 

3 = 47 

4 = 36 

5 = 131 

6 = 89 

7 = 1.746 

8 = 1391 

9 = 0  

10 = 0  

 

SciELO 
1 = 17.324 

2 = 8.261 

3 = 39 

4 = 0 

5 = 102 

6 = 33 

7 = 1.531 

8 = 6.794 

9 = 423 

10 = 407 

 

1+2 = 14.976 

1+3 = 565 

2+3 = 72 

1+2+3 = 4 

1+2+4 = 8 

1+2+5 = 24 

1+2+6 = 25 

1+2+7 = 151 

1+2+8 = 63 

1+2+9 = 4 

1+2+10 = 149 

 

1+2 = 197 

1+3 = 9 

2+3 = 0 

1+2+3 = 0 

1+2+4 = 0 

1+2+5 = 0 

1+2+6 = 0 

1+2+7 = 0  

1+2+8 = 0 

1+2+9 = 0 

1+2+10 = 0 

 

1+2 = 149 

1+3 = 0 

2+3 = 0 

1+2+3 = 0 

1+2+4 = 0 

1+2+5 = 0 

1+2+6 = 0 

1+2+7 = 1 

1+2+8 = 1 

1+2+9 = 0 

1+2+10 = 0 
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2.2 DOR 

 Registros pré-históricos mostram que antigas civilizações já buscavam entender o 

porquê da ocorrência de dor e os métodos de como controlá-la [21]. De acordo com 

definição atualizada pela Associação Internacional para Estudos da Dor (International 

Association for the Study of Pain – IASP), dor é “uma experiência sensorial e emocional 

desagradável associada, ou semelhante àquela associada a dano real ou potencial ao 

tecido” [22]. A dor é considerada um fenômeno subjetivo complexo, na qual cada 

indivíduo tem uma percepção única, influenciada por fatores biológicos, psicológicos e 

sociais [23]. 

 

2.2.1 Epidemiologia e impacto para a saúde dos quadros de dor 

A dor, como um sintoma de lesão ou doença, é experimentada por quase todos os 

indivíduos em algum momento ao longo da vida [4]. Porém, na maioria das pessoas, a 

experiência da dor é breve e facilmente resolvida com o tratamento ou procedimento 

adequado que resolva a sua causa [24]. Atualmente, a dor é avaliada como o quinto sinal 

vital em ambientes hospitalares [4], [25]. Por outro lado, a dor crônica é uma das 

condições mais complexa na prática de atenção à saúde, deixando de ser um sintoma de 

doença para ser tratado como uma doença, sendo responsável por 40% da procura por 

profissionais da saúde [3], [26]. Apesar da variação nas estimativas de prevalência de dor 

crônica, mais de 20% da população mundial sofre de dor crônica, segundo dados da 

Organização Mundial da Saúde (OMS) [1], corroborando a importância epidemiológica 

da dor [4], [27]. 

Como é possível observar, dor crônica é um importante problema de saúde [28], 

onde mais de um terço dos indivíduos com dor crônica definem sua dor como grave e 
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40% daqueles que sofrem de dor crônica não apresentam analgesia satisfatória [29], [30], 

gerando altos custos aos sistemas de saúde pública [28]. 

2.2.2 Fisiopatologia da dor 

Fisiologicamente, a dor é um alerta de que algo está errado no organismo, por 

exemplo, a dor produzida ao tocarmos em uma chapa quente, ao desenvolver uma lesão 

em músculo, osso ou órgão, a dor no peito decorrente de isquemia, entre outras [24], [31]. 

Nesses casos, a dor desempenha um papel de alerta, com função protetora, é um sintoma, 

conhecido como dor aguda [32]. No entanto, quando esta dor persiste por um tempo 

prolongado, decorrente de um processo mal adaptativo, passa a ser uma dor crônica, 

tornando-se doença e não mais um sintoma [24], [26]. 

O processo nociceptivo é o processamento da informação nociceptiva desde a 

periferia até o sistema nervoso central (SNC). Este processo compreende as etapas de 

transdução, transmissão e modulação de sinais neurais gerados em resposta a um estímulo 

nocivo [5]. Os nociceptores são receptores sensoriais de alto limiar que enviam sinais, 

induzindo a percepção da dor em resposta a um estímulo com potencial de dano. 

Nociceptores são terminações nervosas livres das fibras dos tipos C e Aδ [33], que 

possuem diferentes características em relação à constituição de fibras e velocidade de 

condução, lenta e rápida, respectivamente. Podem ser classificados, de acordo com a 

modalidade do estímulo ao qual respondem: mecânicos, químicos, térmicos e polimodais 

[33]. Os nociceptores são estimulados por substâncias, como a serotonina, H+, K+, 

histamina, bradicinina, colecistocinina e substância P [5], [33]. O estímulo nociceptivo 

detectado na periferia é transmitido ao SNC como estímulo elétrico, por meio de 

potenciais de ação [34].  

A comunicação entre os neurônios de 1a e 2ª ordem ocorre no corno dorsal da 

medula espinhal por meio de neurotransmissores, como o glutamato, substância P e 

https://pt.wikipedia.org/wiki/Receptor
https://pt.wikipedia.org/wiki/Dor
https://pt.wikipedia.org/wiki/Est%C3%ADmulo
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peptídeo relacionado ao gene da calcitonina (CGRP) [5]. Enquanto os dois últimos geram 

potenciais lentos, o glutamato promove potenciais excitatórios pós-sinápticos rápidos por 

meio da ativação de receptores ácido α-amino-3-hidróxi-5-metil-4-isoxazolepropiônico 

(AMPA) [5], [35]. 

No SNC, a ativação do neurônio de segunda ordem conduz a informação ao tálamo e, via 

neurônio de terceira ordem, chega ao córtex cerebral, onde a informação é percebida 

como dor, em especial no córtex somatossensorial e sistema límbico [5]. Dependendo do 

substrato neural, a percepção da dor pode ser subdivida em dois componentes: 1) 

componente sensorial, que codifica os aspectos discriminativos da dor como localização, 

intensidade, duração e caráter; e 2) componente afetivo, que envolve contexto afetivo-

cognitivo, emoção, percepção, aprendizado e memória [26], [36]. 

O processo de transição da dor aguda para crônica é complexo [26]. A IASP 

adotou parâmetros temporais para classificar a dor crônica, considerando três meses de 

presença de dor como o ponto mais conveniente de transição da dor aguda à dor crônica 

[2], [37]. Dor crônica é uma doença debilitante que pode levar, em longo prazo, à 

incapacidade física, redução da qualidade de vida e aumento dos gastos com assistência 

médica [28]. Embora o mecanismo exato de seu desenvolvimento seja desconhecido, 

sabe-se que são desencadeadas alterações plásticas relacionadas aos processos de 

sensibilização periférica e central [34], [38]. Por exemplo, alterações neuroplásticas 

podem durar além do processo cicatricial ou da cessação da nocicepção periférica, 

tornando-se "mal adaptativas", desencadeando um processo de sensibilização central 

[24], [38]. Além disso, alterações em circuitos neurais nociceptivos induzem alterações 

nos sistemas sensorial e afetivo-emocional relacionados a quadros de hiperalgesia e 

alodinia [5], [39], [40]. Evidências mostram que três processos neurais estão envolvidos 
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nos quadros de dor crônica: (i) sistema corticoespinal motor; (ii) sistema de modulação 

descendente da dor; e (iii) neuroplasticidade [41]. 

Dor também é classificada de acordo com o mecanismo fisiopatológico em: a) dor 

nociceptiva ou inflamatória; b) dor neuropática; c) dor mista [42]. A dor nociceptiva é 

decorrente de ativação de nociceptores e relacionada à lesão de ossos, músculos ou 

ligamentos, e órgãos. A transmissão nociceptiva é influenciada por processos centrais e 

periféricos e pela liberação de substâncias mediadoras (neurotransmissores, peptídeos e 

neuromoduladores) que podem ativar ou inibir este processo [5]. São exemplos de dores 

crônicas nociceptivas: osteoartrose, artrite reumatoide, fratura e rigidez muscular na dor 

lombar inespecífica, entre outras. Geralmente, responde bem ao tratamento com 

analgésicos, anti-inflamatórios clássicos como os não-esteroidais (AINES) e opioides 

fracos [43]. Por outro lado, a dor neuropática é induzida por lesão ou disfunção do sistema 

nervoso central ou periférico [31], [34], [43]. Além disso, caracterizada como em 

queimação, agulhadas ou dormência, tem uma distribuição anatômica plausível e uma 

condição de base predisponente, como - diabetes ou tratamento quimioterápico. Não 

responde bem aos tratamentos clássicos, sendo necessário o uso outras abordagens 

farmacológicas que atuem nos sistemas opioidérgico, gabaérgico, glutamatérgico e 

adrenérgico, além de bloqueio de canais de sódio e cálcio. Os fármacos mais 

frequentemente descritos em dor neuropática são os antidepressivos, os 

anticonvulsivantes, os beta-bloqueadores e os antagonistas de receptores NMDA. 

Entretanto, estes fármacos são relacionados a efeitos adversos que muitas vezes limitam 

o seu uso [22], [44], assim como seus efeitos analgésicos não abrangem todos os grupos 

de pacientes com a doença. Por fim, a dor mista é relacionada à lesão de nervos e 
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inflamação em tecidos adjacentes, como ocorre, por exemplo, na dor oncológica e 

síndrome do túnel do carpo [42]. 

A dor neuropática, alvo desta tese, é causado por doença, lesão ou disfunção no 

sistema somatossensorial ou pelo seu envolvimento em outros processos mórbidos, como 

compressão ou inflamação [31]. Constitui uma síndrome, com mecanismos ainda pouco 

esclarecidos, como, por exemplo, neuropatia alcoólica e neuralgia do trigêmeo. Há 

aumento da atividade neuronal e de circuitos nociceptivos (multicelulares, neuronais, e 

gliais) [45], [46], induzidos por aumento na excitabilidade de membrana, na eficácia 

sináptica e na plasticidade do SN somatossensitivo e / ou por redução da inibição 

nociceptiva descendente [31], [33], [34]. Estes fenômenos geralmente ocorrem depois de 

um estímulo nociceptivo intenso ou repetitivo, podendo ser desencadeados em resposta a 

inflamação periférica, atividade neuronal anormal ou lesão nervosa, levando a 

cronificação da dor [46]. 

2.2.3 Modelos animais de dor 

Modelos animais fornecem sistemas fundamentais para o estudo pré-clínico à 

medida que permitem investigar fisiopatologia, processos neurobiológicos e tratamento 

de doenças, sendo, para tanto, necessário elaboração de protocolos de pesquisa e a 

submissão a comitês de ética institucionais [47]. Os roedores são os mais utilizados pelas 

suas características: reprodução rápida, pequeno porte, similaridade dos genes com o 

humano, entre outras.  

A utilização de modelos animais de dor é uma ferramenta muito importante para 

um melhor entendimento dos processos nociceptivos e busca de novas terapêuticas 

analgésicas e anti-inflamatórias [48]. Estes modelos mimetizam situações de doença ou 

de lesão, auxiliando na compreensão da etiopatogenia destes fenômenos [20].  



Impacto da Estimulação Transcraniana por Corrente Contínua (ETCC) em ratos Wistar machos submetidos a um 

modelo de dor crônica e/ou à exposição ao álcool. 

 

12 

Para estudo da dor inflamatória podem ser usadas substâncias algogênicas 

injetadas em diferentes regiões do corpo do animal (pele, pata, músculos, articulações e 

vísceras). Exemplo desse tipo é o modelo da formalina, inicialmente descrito por 

Dubuison e Dennis [49]. Para mimetizar a dor visceral, têm sido utilizados estímulos 

nocivos como corrente elétrica, trauma mecânico, isquemia e substâncias químicas [48].  

Diferentes modelos também foram desenvolvidos para o estudo da dor 

neuropática, baseados nos multifatores da mesma. Alguns modelos servem para estudar 

os mecanismos periféricos e outros para os mecanismos centrais, exemplos: axotomias 

completas ou parciais, excitotóxicos, lesões centrais por contusão, e ligadura de nervos 

[50]. O modelo animal de dor neuropática utilizado nesta tese foi o da constrição crônica 

do nervo isquiático por meio de 4 ligaduras frouxas e contínuas ao redor do nervo [51]. 

 

2.3 ÁLCOOL 

O álcool, como substância psicoativa, tem seu consumo bastante antigo na história 

da humanidade. No entanto, seu uso crônico leva a dependência física, tornando-se nocivo 

ao indivíduo, tanto em nível de saúde física e mental quanto em nível social [52]. Os 

diagnósticos formais relacionados ao uso nocivo do álcool são baseados na última 

atualizaçã do Manual Diagnóstico e Estatístico de Transtornos Mentais (DSM-V), em 

Transtornos relacionados a substâncias e Transtornos aditivos, na qual o álcool é uma das 

10 classes distintas de drogas [53]. Os diagnósticos formais incluem: Transtorno por uso 

de álcool, Intoxicação por álcool, Abstinência de álcool, Outros transtornos induzidos por 

álcool e Transtorno relacionado ao álcool não especificado (ver anexo D). 
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 2.3.1 Epidemiologia e impacto para a saúde do uso nocivo de álcool 

O uso nocivo de álcool está associado a uma série de consequências físicas, 

psiquiátricas e sociais adversas [52]. Globalmente, 3 milhões de mortes por ano resultam 

do uso nocivo de álcool, representando 5,3% de todas as mortes. Além de ser atribuíveis 

ao consumo de álcool, a perda de 139 milhões de anos de vida ajustados por incapacidade 

(disability-adjusted life years - DALYs) e 5,1% por doenças e lesões incapacitantes, com 

a magnitude do dano determinado pelo volume de álcool consumido e o padrão de 

consumo [54]. Das mortes atribuídas ao álcool mais de 30% são decorrentes de lesões, 

como as causadas por acidentes de trânsito, autolesão e violência interpessoal; mais de 

20% relacionadas a transtornos digestivos; aproximadamente 20% relacionadas a doenças 

cardiovasculares e o restante a doenças infecciosas, câncer, transtornos mentais e outras 

condições de saúde [54], [55].  

Os efeitos nocivos do uso do álcool dependem de variáveis como, por exemplo: 

sexo, idade, quantidade consumida, associação com outras drogas, padrão de consumo, 

entre outras [7], [54]. A exposição pré-natal ao álcool pelo consumo materno pode causar 

danos ao feto em desenvolvimento, além de ser relacionada a baixo peso ao nascer [56]. 

É a principal causa evitável de defeitos congênitos e deficiências intelectuais e de 

desenvolvimento neurológico [57]. A síndrome alcoólica fetal foi descrita pela primeira 

vez em 1973, e engloba uma série de defeitos inatos à criança, decorrente de consumo 

materno de álcool durante a gestação. Essa condição pode causar danos cerebrais e 

problemas de crescimento que não podem ser revertidos [58]. O chamado Transtorno do 

espectro do álcool fetal (fetal alcohol spectrum disorders - FASDs) inclui diagnósticos 

diversos: síndrome alcoólica fetal (fetal alcohol syndrome - FAS), síndrome alcoólica 

fetal parcial, defeitos congênitos relacionados ao álcool (alcohol-related birth defects - 

ARBD), transtorno do neurodesenvolvimento relacionado ao álcool (alcohol-related 
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neurodevelopmental disorder - ARND), e transtorno neurocomportamental associado à 

exposição pré-natal ao álcool (neurobehavioral disorder associated with prenatal alcohol 

exposure - ND-PAE) [57]. Além disso, o álcool é um fator de risco para outros resultados 

adversos de gravidez e parto, como aborto espontâneo e natimorto [59].  

O álcool é a droga de escolha para a maioria dos adolescentes e a droga mais 

frequentemente associada à morte de adolescentes [60], [61]. Os transtornos decorrentes 

do uso de álcool estão associados a episódios depressivos, ansiedade severa, insônia e 

suicídio [62]. O comportamento violento sob a influência do álcool é um fenômeno 

conhecido e causa grande sofrimento às pessoas afetadas, além de enormes custos para a 

sociedade [63]. Problema no trabalho é outra consequência social e econômica associado 

ao uso abusivo de álcool [64]. Mudanças fisiológicas relacionadas ao envelhecimento 

podem alterar a apresentação das complicações médicas relacionadas ao alcoolismo. Por 

exemplo, em pacientes idosos os efeitos do álcool podem ser aumentados devido às 

associações farmacológicas próprias da idade [65].  

Além de tudo isso, consumidores de altas doses e / ou de uso crônico de álcool 

também são mais propensos ao consumo de outras drogas [66] e há uma relação causal 

entre o uso nocivo do álcool e uma série de transtornos mentais e comportamentais [54], 

[67]. Em uma cidade da Rússia, pesquisadores identificaram que os transtornos mentais 

e comportamentais causados pelo álcool estão presentes em 6,5% dos pacientes e 

apresentam longevidade diminuída [68]. Pacientes com problemas de saúde mental e uso 

de substâncias coexistentes representam um grande problema para os serviços de saúde 

[69], apesar de muitas vezes o estigma agravar as consequências médicas e sociais do uso 

nocivo de álcool [70]. 

 



Impacto da Estimulação Transcraniana por Corrente Contínua (ETCC) em ratos Wistar machos submetidos a um 

modelo de dor crônica e/ou à exposição ao álcool. 

 

15 

2.3.2 Fisiopatologia e a neuroquímica do álcool 

Apesar de ser aceito socialmente, o álcool é uma substância psicoativa, seu 

consumo agudo ou crônico tem efeitos diretos sobre o SNC [71], modulando múltiplos 

sistemas de neurotransmissores, como GABAérgico, glutamatérgico, dopaminérgico, 

serotonérgico e opioidérgico [72], [73], e canais iônicos dependentes de voltagem. Cabe 

ainda salientar que o neuropeptídeo Y (NPY) também parece desempenhar importante 

papel nas respostas dos mamíferos ao álcool [17], [74], [75].  

Altas doses de álcool reduzem agudamente a função do córtex pré-frontal e do 

lobo temporal, incluindo planejamento, fluência verbal, memória e controle motor 

complexo, como a função cerebelar [76]. Revisão sobre achados de neuroimagem, 

neurocognitivos e a toxicidade relacionada ao álcool em adolescentes demostrou que o 

uso do álcool piora o desempenho neurocognitivo, provocando alterações na estrutura 

cerebral da substância cinzenta e branca, e padrões de ativação cerebral funcionais [77], 

[78]. Esse outro estudo em ratos expostos ao álcool durante o início da adolescência (PD 

28-42) aumentou a densidade de espinhos dendríticos longos / finos da camada 5 de 

neurônios piramidais no córtex pré-límbico adulto, induzindo anormalidades celulares e 

dopaminérgicas, com redução pronunciada na modulação do receptor D1 da dopamina 

(DA), tanto do disparo intrínseco quanto das correntes NMDA evocadas em células 

piramidais [79]. 

A intoxicação aguda por álcool resulta em desinibição comportamental, 

interrupção do processamento socioemocional e desempenho psicomotor prejudicado 

[76]. Por outro lado, o uso crônico está associado a várias condições neurológicas graves, 

uma das quais é a encefalopatia de Wernicke [76]. Este transtorno neurológico agudo 

caracteriza-se pela tríade clínica: estado mental alterado, disfunções oculomotoras e 
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cerebelares. Quando não tratado pode progredir para a síndrome de Korsakoff, mais grave 

e classicamente caracterizada por amnésia anterógrada (e retrógrada), junto a déficits pré-

frontais [76].  

Estudos neuropatológicos estabeleceram a atrofia cerebelar no uso crônico de 

álcool [76], [80]. Volume reduzido da amígdala também foi descrito naqueles com 

consumo elevado de álcool [76], [81]. Até mesmo a abstinência alcoólica tem sido 

associada à perda de substância branca nos lobos temporais [82]. Para explicar todos esses 

efeitos deletérios do consumo de álcool, diferentes mecanismos têm sido propostos: o 

álcool sendo diretamente neurotóxico; a regulação positiva dos receptores NMDA, 

deixando os neurônios vulneráveis à excitotoxicidade do influxo maciço de cálcio; a 

morte celular que também pode ser por via neuroinflamatória, indução de mediadores 

inflamatórios e ativação microglial [76]. O uso crônico de álcool também é responsável 

por produzir neuropatia periférica dolorosa, que está presente em 25-66% dos pacientes 

alcoólatras [83]. É potencialmente incapacitante, caracterizada por dor e disestesias, 

principalmente nas extremidades inferiores [84].  

Além de tudo isso, o álcool e seus metabólitos são considerados hepatotóxicos. O 

fígado, como principal órgão responsável pelo metabolismo, é também o mais afetado 

pelo uso nocivo do álcool [85]. Existem basicamente três tipos de doenças do fígado 

determinadas pelo uso de álcool: esteatose (fígado gorduroso), hepatite alcoólica e cirrose 

alcoólica. Mas o álcool ainda exerce efeito tóxico, direta ou indiretamente: (1) no 

pâncreas – lesando as células acinares e as células estreladas que acabam induzindo 

sequências de "necrose-fibrose" e posterior atrofia; e (2) no trato gastrointestinal, 

provocando dano direto à mucosa do esôfago e do estômago, modificação da pressão 

esfincterial e comprometimento da motilidade, alteração da produção de ácido gástrico, e 
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dano direto pelo etanol à mucosa intestinal ou indiretamente, alterando a microflora, 

levando a prejuízos no sistema imunológico da mucosa [85]. 

Apesar do esforço de várias pesquisas na busca por delinear uma associação 

genômica para a condição do uso abusivo do álcool, principalmente no desenvolvimento 

para a dependência [73], [86], nenhum gene isolado ainda foi conclusivamente associado 

ao risco de dependência ao álcool [87], [88]. Evidências estabelecem um papel para os 

microRNAs no desenvolvimento e na patogênese da doença hepática [89]. É provável 

que vários genes interajam de formas complexas entre si e com experiências únicas de 

vida dos indivíduos para determinar a suscetibilidade à dependência do álcool [86]. 

Neste sentido, modelos animais, acessíveis a análises genéticas e farmacológicas, 

têm sido amplamente utilizados para estudar comportamentos complexos relacionados ao 

álcool [90]–[92]. 

 

2.4 RELAÇÃO ENTRE DOR CRÔNICA E O CONSUMO DE ÁLCOOL 

Alterações mal adaptativas nas redes cerebrais e desregulação dos sistemas 

neuroquímicos são reconhecidas como causas de estados de doença com sintomas 

persistentes, como a dor crônica e o uso nocivo de álcool [6], [93]. A relação entre essas 

duas condições muitas vezes se apresenta de forma direta, mas também indireta. E, apesar 

de muitos estudos na área, ainda não foi atingida uma compreensão clara e completa dos 

mecanismos envolvidos. Considerando o aspecto multidimensional de ambas, várias são 

as características comuns entre dor crônica e uso do álcool [94]. E, assim como para 

desenvolvimento e manutenção da dor crônica existem estágios [94]–[96], o uso nocivo 

de álcool apresenta-se em ciclos: desejo, abstinência e recaída; com mecanismos 

específicos fundamentando cada uma das fases [9], [97].  
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Investigações experimentais e clínicas evidenciam que o uso de álcool e / ou 

abstinência ao álcool pode levar a hiperalgesia (dor aguda) ou induzir dor crônica por 

meio de neuropatia alcoólica [11]. Além do efeito do álcool, como recompensa e alívio 

da dor [98], há os efeitos da abstinência, como hiperexcitabilidade, ansiedade, alterações 

de sono e disforia, entre outros, que contribuem para o abuso e a recaída [99]. O ciclo é 

perpetuado pelo aumento constante do consumo do álcool para aliviar os sintomas 

motivacionais desencadeados pela abstinência [97], [100]. Já os efeitos neuropáticos 

periféricos do álcool estão associadas à axonopatia e à redução da densidade das fibras 

nervosas [101]. Devido aos níveis menores de tiamina, induzidos pelo uso do álcool, há 

interrupção do metabolismo dos carboidratos, aumento do estresse oxidativo ou carga 

mitocondrial, desencadeando apoptose ou necrose, respectivamente [102]. Assim como, 

o acúmulo de metabólitos (acetaldeído) pode levar a uma maior produção de citocinas, 

estresse oxidativo potencializado e / ou aumento da proteína quinase ativada por 

mitogênio (MAPK) ou sinalização de PKC [11], [83], [103]. 

Entretanto, a relação é mais intrincada, bidirecional e com disfunções do circuito 

neuroimunoendócrino comum entre dor crônica e álcool [6], [11]. Os estudos apontam 

pelo menos três interações que há entre a dor e o álcool: (I) o uso de álcool levando à 

hiperalgesia, (II) o uso de álcool moderando a dor e a hiperalgesia, e (III) a dor crônica 

como um fator de risco que predispõe à recaída ao álcool [11]. O desequilíbrio 

dopaminérgico na via mesocorticolímbica explica parte do efeito [104], [105]. Ainda, 

como ocorre na dor crônica, há uma reorganização das conexões sinápticas (plasticidade 

estrutural) em circuitos cerebrais relevantes para a evolução aos transtornos por álcool 

[11], [106]. Glutamato/GABA, opioides, CRF/UCNs e PKCε são os principais 

mecanismos moleculares apontados para a comorbidade [6], [11], [107]. Ambas as 
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doenças envolvem circuitos límbicos ativados [93], [96], sendo o sistema de recompensa 

atribuído para o estado de cronicidade [108]–[110]. As disfunções emocionais e 

cognitivas envolvidas na dor crônica como para o uso nocivo do álcool resultam de um 

processo mal adaptativo na estrutura do encéfalo e alterações de conectividade no córtex 

pré-frontal, hipocampo, amígdala, hipotálamo e estriado [9], [11]. Estudos clínicos 

apontam os sintomas de ansiedade como provável fator explicativo subjacente às 

associações de dor e uso de álcool [111]. A intensidade da dor e a incapacidade 

relacionada à dor foram associadas à alteração emocional, que por sua vez foi associada 

à gravidade do uso de álcool [111]. Maior catastrofização da dor foi associada a níveis 

mais elevados de desejo e sintomas mais elevados de ansiedade [112]. Bebedores 

moderados a pesados relatam uma maior fissura e intenção de beber quando submetidos 

a um protocolo experimental de hiperalgesia [113]. Em resumo, a desregulação afetiva e 

sensorial relacionada a dor crônica e associada às alterações funcionais em resposta ao 

uso nocivo de álcool, explicam parte da inter-relação da comorbidade e vários são os 

neurocircuitos que se sobrepõem.  

 

2.5 ESTIMULAÇÃO TRANSCRANIANA POR CORRENTE CONTÍNUA 

(ETCC) 

Estimulação transcraniana por corrente contínua (ETCC) é uma técnica de 

estimulação não invasiva baseada em uma modulação do potencial de repouso neuronal 

(sem induzir potenciais de ação) [114], [115], na qual uma corrente elétrica contínua e de 

baixa intensidade (entre 1 e 2 mA) é aplicada em áreas corticais com o objetivo de facilitar 

ou inibir a atividade neuronal espontânea [116]. Os efeitos da ETCC em sessões repetidas 

podem ser do tipo neuromodulatórios e também plásticos [18], [39], [117]–[119] 

produzindo mudanças em nível central e periférico [120]. Esses efeitos dependem de 
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variados parâmetros, como: região cerebral da aplicação, distância e orientação dos 

axônios ou corpos celulares dos neurônios em relação ao campo elétrico [121] e 

disposição dos eletrodos (anodal, catodal e bimodal) [122]. O ânodo possui uma carga 

positiva em relação ao cátodo [123]. Estudo propõe que as alterações na polarização da 

membrana neuronal são o resultado da atividade (atração e repulsão) de íons de sódio e 

potássio, principalmente no meio extracelular [123]. ETCC altera a atividade em áreas 

corticais localizadas diretamente abaixo dos eletrodos, e também em áreas remotas do 

encéfalo, provavelmente devido à comunicações primárias entre a área estimulada e 

outras estruturas encefálicas [124]. O protocolo de aplicação mais frequentemente usado 

em humanos prevê aplicação da corrente por períodos de até 30 minutos por dia [125]. 

Os efeitos da ETCC envolvem uma cascata de eventos em níveis celular e 

molecular, além de estarem associados à modulação de atividade glutamatérgica, 

gabaérgica, dopaminérgica, serotonérgica e colinérgica [39], [40], [126]–[128]. Como 

exemplo, em um trabalho o bloqueio de receptores NMDA, os quais são ativados pelo 

glutamato, produz inibição dos efeitos da ETCC [129]. Estudos em modelos animais, 

modelos computacionais e culturas celulares têm sido desenvolvidos com a finalidade de 

aprofundar o conhecimento acerca dos mecanismos de ação [130], [131]. Como técnica 

de estimulação cerebral não invasiva, acessível, de fácil aplicação e baixo risco ao 

paciente, a ETCC é promissora no tratamento de dor crônica e do uso nocivo de álcool, 

bem como para outras doenças neuropsiquiátricas e neurológicas [132]. Os eventos 

adversos relatados incluem queimaduras leves na pele devido ao contato ineficiente com 

o eletrodo, além de cefaleia e fadiga após a estimulação, e sensação de queimação durante 

o procedimento [116], [133]. Entretanto, ainda se fazem necessários mais estudos que 
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objetivem ampliar uma melhor compreensão dos mecanismos neurobiológicos 

envolvidos, bem como, que sustentem sua aplicação em uma configuração clínica.  

 

2.5.1 ETCC no tratamento da dor e do uso nocivo de álcool 

Uma revisão epidemiológica de 2019 sobre a prevalência de dor crônica 

demonstrou que 30% da população mundial é acometida [27], sendo igualmente 

prevalente os problemas relacionados ao consumo de álcool [7]. Ambas as condições 

impõem altos custos à economia e saúde pública global [134]. Embora existam alguns 

tratamentos farmacológicos para a dor crônica [31], [43], [135] e o uso nocivo do álcool 

[136], grande parte dos pacientes são refratários aos tratamentos [137]. Assim, a busca de 

novas estratégias para o tratamento da dor crônica e do uso nocivo do álcool se faz 

necessária, sendo nesse contexto que as terapias adjuvantes, como a estimulação cerebral, 

desempenham significativo papel [138]. 

Um exemplo de terapia não farmacológica que vem sendo empregada em várias 

doenças do SNC é a técnica de estimulação cerebral – ETCC –  que modula a atividade 

cerebral dependente da polaridade do eletrodo aplicado [139], [140]. Estudos do nosso 

grupo de pesquisa têm demonstrado efeitos imediatos e duradouros sobre a nocicepção 

após tratamento com a ETCC [39], [119], [127], [141]. Os efeitos analgésicos da ETCC 

também foram demonstrados em estudos clínicos, reduzindo os escores de dor e a 

frequência do uso de analgésicos em diferentes estados de dor crônica [142], [143], 

provavelmente devido à sua capacidade de modular estruturas corticais e subcorticais, 

direta ou indiretamente envolvidas na inibição descendente do controle da dor [127], 

[143], [144]. Os efeitos analgésicos da ETCC envolvem mecanismos como a participação 

do BDNF e de receptores glutamatérgicos do tipo NMDA, relacionados ao processo de 

plasticidade sináptica [39], [119], [126]. Assim como na dor, a ETCC tem sido 
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investigada na neuromodulação dos efeitos ao álcool [140], [145]. Um estudo clinico 

demonstrou que a ETCC anódica aplicada à DLPFC esquerda melhorou as funções 

cognitivas e reduziu sintomas de depressão e craving por álcool [146]. Ainda em 2008, 

Boggio et al., já demostraram que o ETCC ativo diminui o desejo por álcool em pacientes 

adictos. ETCC bilateral aplicada no córtex pré-frontal dorsolateral em bebedores de altas 

doses e / ou de uso crônico alterou o comportamento em relação a recompensa e consumo 

de álcool [148]. Outro estudo clínico mostrou que 10 sessões de ETCC bilateral sobre o 

córtex DLPFC (catódico direito e anódico esquerdo) diminuiu o desejo e as recaídas do 

uso de álcool em pacientes com problemas graves relacionados ao álcool, mas não 

chegaram a reduzir os sintomas de ansiedade e nem melhoraram o desempenho cognitivo 

[138]. Estudos pré-clínicos do grupo também demostraram que a ETCC inibe o craving 

alimentar [144], [149].  

Ensaio clínico randomizado controlado por placebo avaliou sessões múltiplas de 

ETCC bilateral sobre o DLPFC no transtorno por uso de álcool, e sugeriu a ETCC como 

ferramenta adjunta promissora para reduzir fissura e recaída ao uso de álcool, facilitando 

a cessação do alcoolismo. ETCC é uma técnica bem tolerada, sem eventos adversos 

significativos [138]. A estimulação neuromodulatória do encefálo demonstra que a 

alteração da neuroplasticidade no DLPFC em pacientes alcoolistas é promissora como 

um tratamento para a dependência de álcool, mas os parâmetros neuromodulatórios ideais 

ainda não foram identificados [150]. Prévios estudos do grupo de pesquisa têm focado na 

plasticidade mal adaptativa associada à dor crônica e nos efeitos do tratamento com 

ETCC. Nosso grupo de pesquisa tem demonstrado em ensaios pré-clínicos utilizando 

ratos, que o tratamento repetitivo com ETCC reverteu a hiperalgesia e alodinia induzidas 

por estresse crônico [40], por dor crônica inflamatória (Laste et al., 2012) e por dor 
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neuropática (Cioato et al., 2016). Além disso, demonstramos o efeito profilático do ETCC 

no  estabelecimento de hiperalgesia e alodinia induzida por estresse crônico (Fregni et al, 

2018). Estudos clínicos utilizando uma única sessão de ETCC sobre a área motora 

esquerda mostram que esta reduz significativamente a dor neuropática associada à lesão 

da medula espinhal [151]. Na busca dos mecanismos neuroquímico envolvidos na ETCC, 

usando a estimulação invasiva do córtex motor, demonstrou que a liberação de 

aminoácidos glicina e GABA na área cinzenta periaquedutal pode estar envolvida no 

efeito analgésico [152]. O tratamento com ETCC modula o sistema dopaminérgico no 

córtex frontal, promovendo a liberação de dopamina [128], [153].  

Atual diretriz baseada em evidências e meta-análise secundária para o uso da 

ETCC, indica o tratamento com a técnica para dor neuropática e dependência de álcool 

como sendo provavelmente eficaz (Nível B) [19]. Os mediadores inflamatórios e as 

neurotrofinas, como veremos no tópico seguinte dessa tese, podem exercer funções 

diversas, tanto adaptativas, quanto mal adaptativas no processamento e desenvolvimento 

da dor crônica, assim como do uso nocivo do álcool. Especificamente, a ETCC parece 

neuromodular os principais circuitos neurológicos, readequando a plasticidade aberrante 

subjacente às fisiopatologias dessas doenças. Trabalho do nosso grupo demostrou que o 

efeito antialodínico da ETCC foi associado a diferentes sistemas de neurotransmissores, 

incluído o opioidérgico, noradrenérgico, gabaérgico e glutamatérgico, entre outros [128]. 

 

2.6 BIOMARCADORES  

 

Biomarcadores são utilizados como parâmetros de confirmação de diagnóstico, de 

relação causa-efeito e de efetividade de tratamento. Vários estudos buscam marcadores 

que possam estar relacionados com processos de doenças, entre elas a dor crônica e o uso 
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nocivo do álcool [93], [96], [97], [154], que podem ser avaliados tanto em nível periférico 

quanto central. Tanto as progressões para dor crônica como as condições relacionadas ao 

uso nocivo de álcool estão associadas a estados disfuncionais caracterizadas por 

desregulação em vias neuroinflamatórias e neuroendócrinas [155], [156]. E, estes 

mecanismos moleculares e celulares parecem ser responsáveis pela natureza progressiva 

e perpetuadora desses transtornos, especialmente quando são sub-tratados ou em 

pacientes refratários ao tratamento [9], [155].  

Revisões sobre o assunto destacam alguns dos principais mecanismos moleculares 

implicados tanto na dor crônica quanto no uso nocivo do álcool [6], [11]. O álcool inibe 

a atividade dos receptores ionotrópicos do glutamato e intensifica a inibição mediada por 

GABA em todo o SNC. Alterações nestes sistemas também podem ser observadas em 

condições de dor crônica, levando ao aumento dos níveis de glutamato e diminuição dos 

níveis de GABA [11]. Agonistas do receptor delta (DOR), um dos três subtipos principais 

de receptores opioides, são responsáveis pela analgesia em quadros de dor crônica [157] 

e apresentam também atividade protetora nos comportamentos relacionados ao álcool, 

por exemplo, na abstinência, diminuindo os comportamentos de ansiedade [158]. Já a via 

mesocorticolímbica, responsável por aspectos emocionais e cognitivos, tais como o 

reforço a estímulos prazerosos e a organização de funções executivas como atenção, 

planejamento e flexibilidade comportamental também é alterada em ambas as doenças 

[96], [97], [159]. Revisão sobre os efeitos do álcool no habenula lateral (LHb), uma 

estrutura epitalâmica, sugerem que canais de potássio do tipo M e a transmissão 

glutamatérgica, são alteradas pela exposição aguda e repetida ao álcool [160]. O uso 

nocivo do álcool também mostra relação com um desequilíbrio dopaminérgico na via 

mesocorticolímbica [105]. Esta via é composta por neurônios cujos corpos celulares se 
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originam na área tegmental ventral que inervam o estriado ventral, núcleo accumbens 

(NAc) e córtex pré-frontal (CPF). Por outro lado, a exposição ao ETCC está associada a 

diferentes sistemas de neurotransmissores (como o opioidérgico, gabaérgico e 

glutamatérgico, etc) e a duração dos efeitos posteriores depende do tempo de exposição 

ao tratamento [126], [128]. Em um estudo clínico, Taylor et al. (2012) indicaram 

alterações no sistema opioide endógeno induzidas pela modulação cerebral por 

estimulação elétrica (Taylor et al., 2012).  

Estudo que enfoca os efeitos das mudanças crônicas destaca vários neuropeptídeos 

pró-estresse (CRF, dinorfina) e anti-estresse (NPY, oxitocina) [156]. O NPY, amplamente 

distribuído no SNC e periférico dos mamíferos [15] é expresso em neurônios específicos 

do hipotálamo e sistema límbico, aparecendo alterado tanto na condição da dor 

neuropática como no uso nocivo do álcool [16], [17]. Há evidencias sobre o NPY em 

processos neurodegenerativos abordando-o como um alvo terapêutico [161]. O NPY, co-

secretado com outros neurotransmissores como GABA e glutamato [15], [74], [162], atua 

em 4 receptores específicos: Y1, Y2, Y4 e Y5. A estimulação do receptor Y1 parece ter 

efeito ansiolítico e do receptor Y2, ansiogênico [161]. Como um importante promotor da 

plasticidade neuronal, o NPY tem impacto na regulação de estados afetivos negativos, 

comportamento semelhante à ansiedade, nocicepção e recompensa. Diversas pesquisas 

pré-clínicas sugerem o papel anti-hiperalgésico do NPY em vários modelos de dor 

inflamatória e neuropática [163]. A infusão de NPY nos ventrículos ou na amígdala 

produz antinocicepção em modelo de dor neuropática em ratos, e esses efeitos são 

sinérgicos aos efeitos antinociceptivos da morfina [164], [165]. Um estudo prévio em 

roedores utilizando ablação seletiva ou inibição do receptor Y1 espinhais produziu 

diminuição da dor e preveniu a transição para dor crônica [163]. Outro estudo investigou 
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as cascatas em que NPY atua, evidenciou uma via de sinalização molecular intracelular 

envolvendo o NMDAR➔ adenilil ciclase tipo 1 (AC1) e induzida pela lesão de nervo 

[166]. Estudos pré-clínicos demonstram que os receptores Y1 e Y2 apresentam ações 

diferentes sobre o uso de álcool (uso agudo e crônico e abstinência) com padrões 

divergentes dependente da região do cérebro [74]. Postula-se que, no NAc, por meio de 

interações com a DA, o NPY module o comportamento de recompensa associado à 

resposta ao álcool [167]–[170]. Plescia et al., (2014) mostraram que mudanças plásticas 

complexas ocorrem no NPY durante a intoxicação (redução na expressão de NPY) por 

acetaldeído (o primeiro metabólito do álcool) e subsequente retirada (aumento dos níveis 

de NPY) nas regiões do hipocampo e NAcc de rato [171]. 

Vários mediadores interagem nos processos de dor crônica e de uso nocivo do 

álcool, como citocinas e fatores neurotróficos. Estudos anteriores em animais, 

demonstraram a complexidade da regulação da dor neuropática por fatores imunológicos 

endógenos [10], [14], [95], e nos quadros de uso nocivo de álcool [172], [173]. Por 

exemplo, as citocinas pró-inflamatórias liberadas durante o processo inflamatório podem 

causar hiperexcitabilidade nos neurônios transmissores da dor, levando à hiperalgesia e 

alodinia. Estudos do nosso grupo evidenciam alterações que acontecem no sistema 

neuroimunológico (no eixo córtex-tronco e medula espinhal-encéfalo) após modelos de 

lesão inflamatória e de dor crônica [39], [119], [141] e a ETCC também desempenha um 

papel neuroimmunomodulador semelhante [18], [118]. Estudo pré-clínico demonstrou 

que ETCC anodal reverte a hiperalgesia e alodinia induzidas por estresse crônico e 

diminui os níveis de TNFα em hipocampo [40]. Outro estudo, também em ratos expostos 

ao modelo de dor neuropática por CCI, investigou os efeitos da ETCC na resposta 

nociceptiva que mostrou-se eficaz em promover analgesia e reverter o aumento dos níveis 
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de IL-1β, IL-10 e TNF-α produzido pelo quadro de dor [118]. Portanto, a analgesia 

induzida por ETCC pode estar relacionada à neuroimunomodulação espinhal em longo 

prazo [118]. Esse estudo utilizando o mesmo modelo de dor neuropática em ratos 

demostrou alteração no comportamento do tipo ansioso e dos níveis de BDNF periféricos 

e centrais (diminuiu os níveis de BDNF em soro e córtex cerebral e aumentou em medula 

espinhal), na qual a ETCC reverteu as alterações [39]. Outro estudo do grupo utilizando 

ratas ovariectomizadas e tratadas com ETCC apresentou uma reversão da hiperalgesia e 

alteração nos de níveis de BDNF séricos e hipotalâmicos [174]. O BDNF é um importante 

regulador da plasticidade sináptica, formação de memória [175] e seu papel correlaciona 

à estrutura analisada. NGF por sua vez, outra neurotrofina também crucial, participa da 

gênese da dor neuropática aumentando a transmissão excitatória, reduzindo a transmissão 

inibitória e promovendo reforço da facilitação descendente no corno dorsal da medula 

espinhal [176]. Além disso, o consumo crônico de grandes quantidades de álcool em ratos 

leva a um aumento transitório dos níveis de NGF em regiões distintas do encéfalo [177]. 

Outro estudo demostrou que a exposição crônica ao álcool diminuiu os níveis de NGF, 

mas que esse efeito é dependente do tempo e do local, com efeitos variando dependendo 

da duração da exposição ao álcool e das estruturas analisadas [178]. No SNC, o NGF é 

responsável por uma regulação positiva de vários genes, como o BDNF nos neurônios 

nociceptivos, modulando e sensibilizando uma população representativa de neurônios 

envolvidos no processo de dor neuropática, mas também do uso nocivo do álcool [176]. 

Quanto às citocinas, elas podem ser pró-inflamatórias, que incluem IL-6 e IL-1β, 

ou anti-inflamatórias, como a IL-10 e o antagonista do receptor de IL-1 (IL-1Ra); suas 

funções são dependentes de estruturas específicas. Estudo visando avaliar a contribuição 

do sistema purinérgico na modulação dos níveis de interleucinas após CCI, demostrou 
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que a administração de um antagonista do receptor P2X4 reduziu os níveis de IL-1β, IL-

18, IL-6 e regulou positivamente o IL-1Ra [179]. O sistema IL-1 inclui três ligantes 

solúveis: dois agonistas conhecidos como IL-1α e IL-1β, e um antagonista natural o IL-

1Ra [10], [14], [180], [181]. A IL-1β é conhecida por desempenhar um papel importante 

na nocicepção na medida em que modula a excitabilidade neuronal ao afetar receptores 

neuronais como TRPV1, canais de sódio e GABA e receptores NMDA [14], [182]. Por 

outro lado, a IL-1α é um membro incomum da família IL-1 e uma citocina de função 

dupla, pois desencadeia a inflamação por ácidos nucléicos e padrões moleculares 

associados a danos (DAMPs), enquanto os demais membros das citocinas da família IL-

1 desencadeiam apenas a inflamação inata por meio da família de receptores IL-1 [181]. 

Ainda, IL-1α nuclear funciona para aumentar a expressão gênica (como fator de 

transcrição) e pode ser encontrada em indivíduos saudáveis, enquanto IL-1β é induzida 

apenas nas condições de doença [181], [183]. Trabalho que investigou a influência dos 

polimorfismos na família de genes de IL-1 (Il1a, Il1b e no antagonista do receptor Il1) 

em pacientes caucasianos com câncer, indicou que a variação genética no gene Il1b pode 

influenciar os níveis séricos com consequências proporcionais na resposta relacionada à 

dor [184]. Há associação entre alterações em sistemas inflamatórios e oxidativos, vários 

mediadores imunológicos liberados e que interagem com a dor crônica e o uso nocivo do 

álcool, como fator de necrose tumoral alfa (TNF-α), citocinas, óxido nítrico (NO), 

bradicinina e NGF que atuam, por exemplo, ligando aos receptores acoplados à proteína 

G e ativando as proteínas quinase A e C  responsáveis pela fosforilação de receptores, ou 

aumentando a expressão desses [185], [186].  
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Consequências socioeconômicas Outros danos Mortalidade/morbidade     

3.1 Da dor 

   

 

 

 

 

 

 

 

 

Figura 2. Marco conceitual da dor. 
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Consequências socioeconômicas Mortalidade/morbidade     Outros danos 

3.2 Do álcool 

   

 

 

 

 

 

 

  

 

Figura 3. Marco conceitual do álcool (adaptado de Organização Mundial da Saúde (OMS). Relatório Global sobre Álcool e Saúde – 2018. Genebra 

– Disponível https://www.who.int/news-room/fact-sheets/detail/alcohol).
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4 JUSTIFICATIVA 

 

Dor crônica é uma doença debilitante que afeta o SNC, com consequências 

nefastas para a condição física, psicológica e comportamental. Por outro lado, o consumo 

do álcool também tem efeitos diretos no SNC, alterando parâmetros bioquímicos e 

comportamentais, com consequências negativas para o indivíduo e para a sociedade. 

Tratamentos farmacológicos convencionais apresentam um grande número de efeitos 

colaterais e muitas vezes, são ineficientes, tanto no tratamento da dor crônica quanto no 

uso nocivo de álcool. Desta forma, a técnica neuromodulatória, ETCC, por ser de 

aplicação simples e de baixo custo e risco, pode ser uma ferramenta terapêutica não 

farmacológica eficaz no tratamento destes transtornos. No entanto são necessários 

estudos para melhor elucidação de seus mecanismos de ação. Considerando que ambas 

as condições têm altas prevalências e elevados custos sociais e econômicos, o objetivo 

deste projeto foi investigar o efeito do tratamento repetido com a ETCC sobre parâmetros 

comportamentais e neurais induzidos por um modelo animal de dor crônica e / ou uso de 

álcool. Assim como, ampliar o conhecimento dos mecanismos que estão intrinsicamente 

ligados a essas doenças, dor crônica e uso nocivo de álcool.  
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5.1 Objetivo Geral 

 

O objetivo geral desta Tese foi investigar o efeito do tratamento repetido com a 

ETCC sobre parâmetros comportamentais e neurais induzidos por um modelo animal de 

dor crônica e / ou exposição ao álcool. 

 

5.2 Objetivos Específicos 

  

Esta tese objetivou avaliar o efeito do tratamento repetido com a ETCC em ratos 

machos adultos submetidos ao modelo animal de dor crônica e / ou exposição ao álcool 

(ativa / passiva). Os resultados foram compilados em três manuscritos científicos. Os 

objetivos específicos seguem abaixo: 

 

Artigo I 

 Investigar o efeito do tratamento com ETCC como uma ferramenta 

neuromodulatória sobre a associação da dor neuropática e abstinência de álcool 

nos limiares nociceptivos;  

 Investigar o efeito do tratamento repetido com a ETCC em ratos machos adultos 

submetidos ao modelo animal de dor neuropática e / ou exposição ativa ao álcool 

nos níveis de NGF em córtex e tronco cerebral;  

 Avaliar mudanças nos níveis centrais de IL-1α, IL-1β e IL-10, em córtex e tronco 

cerebral, a partir do uso do ETCC como uma ferramenta neuromodulatória em 

ratos machos adultos submetidos ao modelo animal de dor neuropática e / ou 

exposição ativa ao álcool; 
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Artigo II 

 Investigar o efeito do tratamento com ETCC como uma ferramenta 

neuromodulatória sobre o comportamento do tipo ansioso em ratos machos 

adultos submetidos ao modelo animal de dor neuropática e / ou exposição ativa 

ao álcool; 

 Avaliar mudanças nos níveis de centrais de IL-1α e IL-1β em estriado, hipocampo, 

medula espinhal e cerebelo, a partir do uso do ETCC como uma ferramenta 

neuromodulatória em ratos machos adultos submetidos ao modelo animal de dor 

neuropática e / ou exposição ativa ao álcool; 

 Investigar a expressão gênica de Il1a e Il1b em medula espinhal, cerebelo e 

hipocampo em ratos com lesão nervosa e exposição ativa ao álcool e tratados com 

ETCC; 

 Investigar o efeito do tratamento da ETCC em ratos com lesão nervosa e 

exposição ativa ao álcool, nos níveis de neuropeptídio Y em hipotálamo. 

 

Artigo III 

 Avaliar o efeito do tratamento repetido com ETCC no consumo de álcool 

associado ou não a presença de dor crônica;  

 Avaliar o efeito do tratamento repetido com ETCC em ratos machos adultos 

submetidos ao modelo animal de dor crônica e / ou exposição passiva ao álcool 

nos níveis de neuropeptídio Y em córtex pré-frontal, amígdala e estriado; 
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 Avaliar o efeito do tratamento repetido com a ETCC em ratos machos adultos 

submetidos ao modelo animal de dor crônica e / ou exposição passiva ao álcool 

nos níveis de BDNF e NGF em cerebelo e estriado; 

 Avaliar o efeito do tratamento repetido com a ETCC em ratos machos adultos 

submetidos ao modelo animal de dor crônica e / ou exposição passiva ao álcool 

nos níveis de IL-10 e IL-6 no cerebelo e estriado. 
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ABSTRACT 

 

Background: Neuromodulatory techniques have been studied to treat drug addiction or 

compulsive eating as well as different chronic pain conditions, such as neuropathic and 

inflammatory pain in the clinical and preclinical settings. In this study, we aimed to 

investigate the effect of transcranial direct current stimulation (tDCS) on the association 

of alcohol withdrawal with neuropathic pain based on nociceptive and neurochemical 

parameters in rats. Methods: Thirty-six adult male Wistar rats were randomized into five 

groups: control, neuropathic pain, neuropathic pain+tDCS, neuropathic pain+alcohol, and 

neuropathic pain+alcohol+tDCS. The neuropathic pain model was induced by chronic 

constriction injury (CCI) to the sciatic nerve. Rats were then exposed to alcohol (20%) 

by oral gavage administration for 15 days (beginning 24 h after CCI). tDCS was started 

on the 17th day after surgery and lasted for 8 consecutive days. The nociceptive test (hot 

plate) was performed at baseline, 16 days after CCI, and immediately and 24 h after the 

last session of tDCS. Rats were killed by decapitation, and structures were removed and 

frozen for biochemical analysis (nerve growth factor and interleukin (IL-1α, IL-1β, and 

IL-10 measurements). Results: Neuropathy-induced thermal hyperalgesia was reversed 

by tDCS, an effect that was delayed by alcohol abstinence. In addition, tDCS treatment 

induced modulation of central levels of IL-1α, IL-1ß, and IL-10 and neurotrophic growth 

factor. Conclusion: We cannot rule out that the antinociceptive effect of tDCS could be 

related to increased central levels of IL-1α and IL-10. Therefore, tDCS may be a 

promising non-pharmacological therapeutic approach for chronic pain treatment. 

 

Keywords: tDCS, alcohol withdrawal, neuropathic pain, analgesia, rats 
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INTRODUCTION 

Neuropathic pain (NP) is a relevant clinical problem since it is severely 

debilitating and largely resistant to treatment because its mechanisms are poorly 

understood. Similarly, alcohol abuse is an extremely serious public health problem 

because alcohol is the most widely used addictive substance worldwide [2]. Alcohol 

consumption is also a risk factor for many chronic diseases, with its effects dependent on 

volume, alcohol content, and frequency of use [2, 3]. Taken together, these conditions 

change neurotransmitter levels, leading to changes in widespread modulation of neuronal 

activity [4]. 

Chronic alcohol exposure or withdrawal may cause detrimental impairment of the 

nociceptive system. A systematic review and meta-analysis [5] reported an association 

between chronic pain and alcohol use, which can be related to dysfunction in the neuro-

immuno-endocrine circuitry, leading to greater susceptibility to substance abuse, 

including alcohol abuse. It is related to dopaminergic imbalance in the mesocorticolimbic 

pathway [6] and changes in the reward system through dopaminergic signaling pathways 

between the ventral tegmental area, nucleus accumbens, and medial prefrontal cortex as 

observed in conditioned place preferences for pain in rats [7]. This modulation is similar 

to those reported in brain areas activated by alcohol-induced analgesic effects [8, 9]. This 

hypothesis is supported by reports showing that 25% of individuals who use alcohol aim 

to relieve some type of pain [10, 11, 12, 13]. . The use of alcohol induces analgesia in 

humans and animals due to changes in the central and peripheral nervous systems. 

However, these effects can lead to positive feedback loops and contribute to alcohol abuse 
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[14]. It is important to note that the previous preclinical study of the research group 

demonstrated that protracted alcohol withdrawal produced an analgesic effect indexed via 

an increased nociceptive threshold, which can be related to the increased central levels of 

BDNF and IL-10 [15]. On the other hand, some studies showed that alcohol withdrawal 

can trigger hyperalgesia as a component of withdrawal syndrome [16, 17]. The side 

effects of alcohol abstinence (hyperexcitability, anxiety, sleep disorders, and dysphoria, 

among others) also contribute to alcohol abuse as well as relapse [12, 18, 19]. In such 

instances, alcohol is consumed in increasing quantities to alleviate the motivational 

symptoms triggered by withdrawal [20, 21]. Paradoxically, hyperalgesic alcoholics 

respond better to the analgesic effects of alcohol than non-users, and this can be attributed 

to the belief that alcohol normalizes perceptions of pain and discomfort [22]. 

Additionally, a greater tendency toward familial alcoholism in the presence of chronic 

pain has been suggested [23]. 

It should also be stressed that both chronic pain and alcohol exposure/withdrawal 

lead to modifications in both central and peripheral neuroinflammatory patterns [2, 15, 

24]. For example, previous studies have reported altered patterns of cytokines and 

neurotrophic factors following inflammatory and chronic pain injury models throughout 

the cortex-brainstem-spinal cord axis [25, 26]. Additionally, binge drinking and binge-

like alcohol exposure induced the production of several cytokines, such as interleukins 

IL-10, IL-1α, and IL-1β, showing that both interventions can cause broad neuroimmune 

signaling throughout the peripheral and central nervous systems [2, 15, 27, 28]. Thus, it 

should be emphasized that an intermingled relationship between 

neuroimmunomodulatory and behavioral changes is involved in neuropathic pain and 
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symptoms of alcohol withdrawal, with new therapeutic approaches required to better 

understand and treat these conditions. 

Non-invasive brain stimulation techniques (NIBS) have been used to treat 

different conditions such as inflammatory and neuropathic pain in clinical [29] and 

preclinical settings [26, 30]. These neuromodulatory techniques can reduce cravings in 

individuals with drug addiction [31] or compulsive eating [32, 33]. Transcranial direct 

current stimulation (tDCS) is notable in that it is considered a safe, low-cost, and an easily 

applied technique for modulating the neuronal membranes’ resting potential using a weak 

electrical current applied through the scalp [34, 35 The analgesic effects of tDCS have 

also been demonstrated in clinical studies by reducing pain scores and the frequency of 

analgesic use in different chronic pain states [29, 36] probably due to its ability to 

modulate cortical and subcortical structures directly or indirectly involved in inhibitory 

descending pain control [29, 32, 37]. The neuromodulatory features of tDCS corroborate 

its use as a non-pharmacological approach modulating behavior and neuroimmune 

alterations induced by chronic pain and alcohol abstinence.  

Thus, we aimed to investigate the effect of tDCS treatment on the association 

between neuropathic pain and alcohol withdrawal based on the nociceptive and 

neurochemical parameters of rats. Furthermore, we hypothesized that the use of tDCS as 

a neuromodulatory tool would lead to modification of pain thresholds accompanied by 

changes in central biomarker levels. 

 

METHODS 

Animals 
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Thirty-six male Wistar rats (weight 200–250 g) were randomized by weight and 

kept in groups of three or four animals per home cage (49 × 34 × 16 cm). Rats were 

maintained in a room under controlled temperature (22±2°C), on a standard 12 h 

light/dark cycle (lights on at 7 a.m.), with access to water and chow ad libitum during the 

whole experiment. All experiments and procedures were approved by the Institutional 

Animal Care and Use Committee (GPPG-HCPA protocol no. 20150501). The 

experimental protocol complied with the ethical and methodological standards of the 

ARRIVE guidelines [38]. 

 

Experimental Design 

The rats were assigned into five groups: control (CT), neuropathic pain (NP), 

neuropathic pain plus transcranial direct current stimulation (NPtDCS), neuropathic pain 

plus alcohol (NPAL), and neuropathic pain plus alcohol plus tDCS (NPAL tDCS). During 

the establishment of NP (from 1 to 15th after the surgery procedure), the rats were given 

oral alcohol gavage. After that, the rats were subjected to a daily tDCS session for eight 

consecutive days. The nociceptive test (hot plate) was performed at baseline, 16 days after 

the CCI surgical procedure, immediately after the last session of tDCS, and 24 hours after 

the last session of tDCS. The rats were killed by decapitation 48 h post-treatment (Figure 

1). For all procedures (nociceptive and biochemical assays), the experimenter was blinded 

to the group of rats being tested. 
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Fig 1 Experimental Design. CCI: Chronic Constriction Injury; tDCS: Transcranial Direct 

Current Stimulation. 

 

Transcranial direct current stimulation  

The rats were subjected to bimodal tDCS (0.5 mA) for 20 min per day for 8 days 

under immobilization from the 17th- to 24th-day post-CCI surgery [37, 39]. The cathode 

was positioned at the midpoint between the lateral angles of both eyes (supraorbital area) 

and the anode was placed on the head using landmarks of the neck and shoulder lines as 

a guide (the anterior and posterior regions in the midline between the two hemispheres of 

the parietal cortex, as described by Takano et al [40]. Adapted electroencephalogram 

electrodes (1.5 cm2) with a conductive hydrogel were fixed to their heads with an adhesive 

tape to prevent removal and connected to a battery-driven stimulator to deliver a constant 

electrical current. The rats had their heads shaved for better adherence. To deliver the 

current, animals had to be immobilized using a soft cloth during stimulation. The 

stimulation was performed at the same time of day (11 a.m.) by the same researcher. This 

technique has been applied by our research group and has been found to show long-lasting 

effects and is able to mirror human tDCS protocols used in pain treatment [35, 41]. 

 

Neuropathic pain model: Chronic constriction injury (CCI) of the sciatic nerve 
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Chronic constriction injury (CCI) was induced as described by Bennett [42]. 

Briefly, each rat was anesthetized by isoflurane inhalation (5% for induction and 2.5% 

for maintenance). The common sciatic nerve was then exposed and freed from the 

adherent tissue at the mid-thigh by blunt dissection of the biceps femoris muscle. Three 

loose ligatures were placed 1 mm apart using a chromic gut suture vicryl 4.0. After the 

procedure, the wound was closed with non-absorbable mono nylon yarn 4.0. Rats 

undergoing surgery received intraperitoneal tramadol (5mg/kg) for pain relief 

immediately after surgery and once every 12 hours for 2 days after CCI induction [43]. 

 

Model of Exposure to Alcohol 

For alcohol administration, the ethanol was diluted daily with distilled water to 

prepare a 20% v/v solution. It was then delivered by oral gavage in a volume of 4 g/kg 

body weight according to previous studies [15, 44]. Administrations were performed from 

the 1st until the 15th day after the surgical procedure, between 8 a.m. and 10 a.m. The rats 

were weighed every three days to allow for adjustment of the volume/weight 

administered. 

 

Behavioral Tests 

The behavior test (hot plate) was performed at baseline, 16 days post-surgery, as 

well as immediately and 24 hours after the last tDCS session. 

 

Thermal Hyperalgesia (Hot Plate Test) 

This test was carried out to determine changes in latency such as licking or 

jumping responses, which resulted from supraspinal sensory integration and indicate 
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modifications in the supraspinal process [45, 46, 47]. The rats were acclimated 24 h prior 

to the test for a period of 5 min inside the switched apparatus. During the test, the plate 

temperature was maintained at 55°C ± 0.1. The rats were placed in a transparent 

polypropylene funnel on the heated surface. The time between placing the animals and 

the beginning of paw withdrawal or "tapping" was recorded as response latency in 

seconds, with each being a single measurement in each evaluation period [48, 49]. 

 

Sample Collection 

The rats were killed by decapitation 48 h after the last treatment session with 

tDCS, and the central nervous system structures (cerebral cortex and brainstem) were 

removed and frozen at −80°C for further analysis. 

 

Biochemical Assays 

Nerve growth factor (NGF), IL-1α, IL-1β, and IL-10 levels were determined by 

sandwich ELISA using monoclonal antibodies specific for each measurement (R&D 

Systems, Minneapolis, United States). Total protein was measured using the Bradford's 

method using bovine serum albumin as a standard [50] Results were expressed as pg/mg 

of protein. 

 

Statistical Analysis 

The behavioral tests were analyzed using generalized estimated equations (GEE) 

by Bonferroni. The biomarkers data were analyzed through a one-way ANOVA followed 

by a Student-Newman-Keuls test. P-values < 0.05 were considered statistically 

significant. SPSS 19.0 for Windows was used for statistical analyses. 
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RESULTS 

Thermal Hyperalgesia 

There was no difference between the groups at baseline (GEE: Wald χ2 = 79.99, 

P = 0.60). There was an interaction between group and time (GEE/Bonferroni; Wald χ2 

= 79.99, P = 0.001). The neuropathic pain groups displayed thermal hyperalgesia 16 days 

after CCI surgery as indexed by a decrease in the nociceptive threshold (Figure 2), thus 

confirming the effectiveness of neuropathic pain induction. This effect was immediately 

reversed 24 h after the end of tDCS treatment. However, this analgesic tDCS effect was 

only observed 24 h post tDCS treatment in the neuropathic pain + alcohol + tDCS group 

(Figure 2). 

 

Fig 2 Thermal hyperalgesia assessed by hot plate test at baseline, 16 days after the CCI 

model, immediately, and 24 hours after bicephalic tDCS treatment (n=36). Data are 

presented as mean ±standard error of the mean (SEM) of paw withdrawal latency (s). 

Control-Group (CT), Neuropathic pain (NP), Neuropathic pain+tDCS (NPtDCS), 

Neuropathic pain+Alcohol (NPAL) and Neuropathic pain+Alcohol+tDCS (NPALtDCS). 



Impacto da Estimulação Transcraniana por Corrente Contínua (ETCC) em ratos Wistar machos submetidos a um 

modelo de dor crônica e/ou à exposição ao álcool. 

 

67 

*There was an interaction between group and time (GEE/Bonferroni, Wald χ2 = 79.99, P 

= 0.001). 

 

Central NGF Levels 

There was an increase in cerebral cortex NGF levels in the neuropathic pain + 

alcohol group, when compared to the control group. In addition, neuropathic pain + tDCS 

and neuropathic pain + alcohol + tDCS groups displayed increased NGF levels compared 

to the control and neuropathic pain groups (one-way ANOVA/SNK, F(4,27) = 7.876, P = 

0.001; Figure 3, Panel A). There were no differences among the groups in terms of NGF 

levels in the brainstem (one-way ANOVA, F(4,27) = 2.371; P = 0.07, Figure 3, Panel B). 

 

Fig 3 NGF levels in the cerebral cortex (Panel A) and brainstem (Panel B) of rats 

subjected to CCI and alcohol abstinence as well as tDCS treatment. Data are presented as 

mean ± standard error of the mean (SEM) of pg/mg of protein. Control-Group (CT), 
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Neuropathic pain (NP), Neuropathic pain+tDCS (NPtDCS), Neuropathic pain+Alcohol 

(NPAL) and Neuropathic pain+Alcohol+tDCS (NPALtDCS). 

Panel A: There were significant differences among groups in terms of cerebral cortex 

NGF levels   (one-way ANOVA/SNK, P = 0.001).* - significant difference from CT 

group, and ** - significant difference from CT and NP group Panel B: There were no 

differences among the groups in terms of brainstem NGF levels (one-way ANOVA, F(4,27) 

= 2.371; P = 0.07). 

 

 

 

Central IL-1α Levels 

There was an increase in IL-1α levels in the cerebral cortex in the neuropathic 

pain + tDCS and neuropathic pain + alcohol + tDCS groups compared to the other groups 

(one-way ANOVA/SNK, F(4,27) = 5.364, P = 0.003; Figure 4, Panel A). There were no 

differences among groups in terms of IL-1α levels in the brainstem (one-way ANOVA, 

F(4,27) = 1.035, P = 0.40; Figure 4, Panel B). 
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Fig 4 IL-1α levels in the cerebral cortex (Panel A) and brainstem (Panel B) of rats 

subjected to CCI and alcohol abstinence as well as tDCS treatment. Data are presented as 

mean ± standard error of the mean (SEM) of pg/mg of protein. Control-Group (CT), 

Neuropathic pain (NP), Neuropathic pain+tDCS (NPtDCS), Neuropathic pain+Alcohol 

(NPAL) and Neuropathic pain+Alcohol+tDCS (NPALtDCS). 

Panel A: There was a significant difference in IL-1α levels in the cerebral cortex between 

groups (one-way ANOVA/SNK, F(4,27) = 5.364, P = 0.003) 

* Significant difference from CT, NP, and NPAL groups 

Panel B: There was no difference among the groups in terms of IL-1α levels in the 

brainstem (one-way ANOVA, F(4,27) = 1.035, P = 0.40). 

 

Central IL-1β Levels 

There was increase in IL-1β levels in the cerebral cortex in the neuropathic pain 

+ tDCS and neuropathic pain + alcohol + tDCS groups compared to the control group 
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(one-way ANOVA/SNK, F(4,27) = 3.391, P = 0.02; Figure 5, Panel A). There were no 

differences among groups in terms of IL-1β levels in the brainstem (one-way ANOVA, 

F(4,27) = 1.776, P = 0.16; Panel B). 

 

Fig 5 IL-1β levels in the cerebral cortex (Panel A) and brainstem (Panel B) of rats 

subjected to CCI and alcohol abstinence as well as tDCS treatment. Data are presented as 

mean ± standard error of the mean (SEM) of pg/mg of protein. Control-Group (CT), 

Neuropathic pain (NP), Neuropathic pain+tDCS (NPtDCS), Neuropathic pain+Alcohol 

(NPAL) and Neuropathic pain+Alcohol+tDCS (NPALtDCS).  

Panel A: There were differences among the groups in terms of IL-1β levels in the cerebral 

cortex (one-way ANOVA/SNK, P = 0.02). 

* Statistically significant difference from the CT group. 

Panel B: There were no differences among the groups in terms of IL-1β levels in the 

brainstem (one-way ANOVA, F(4,27) = 1.776, P = 0.16). 
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Central IL-10 Levels 

There were no differences among the groups in terms of IL-10 levels in the 

cerebral cortex (one-way ANOVA, F(4,27) = 2.335, P = 0.08; Figure 6, Panel A). In the 

brainstem, there was an increase in IL-10 levels in the neuropathic pain + tDCS group 

compared to other groups (one-way ANOVA/SNK, F(4,27) = 5.686, P = 0.002; Figure 6, 

Panel B). 

 

 

Fig 6 IL-10 levels in the cerebral cortex (Panel A) and brainstem (Panel B) of rats 

subjected to CCI and alcohol abstinence as well as tDCS treatment. Data are presented as 

mean ± standard error of the mean (SEM) of pg/mg of protein. Control-Group (CT), 

Neuropathic pain (NP), Neuropathic pain+tDCS (NPtDCS), Neuropathic pain+Alcohol 

(NPAL) and Neuropathic pain+Alcohol+tDCS (NPALtDCS).  
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Panel A: There were no differences among the groups in terms of IL-10 levels in the 

cerebral cortex (one-way ANOVA, F(4,27) = 2.335, P = 0.08). 

Panel B: There was a significant difference in IL-10 levels in the neuropathic pain + tDCS 

group compared to other groups (one-way ANOVA/SNK, F(4,27) = 5.686, P = 0.002).  

* Significant difference from CT, NP, NPAL, and NPALtDCS groups 
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DISCUSSION 

The present study showed that bimodal tDCS induced short- and long-term 

antinociceptive effects in rats with neuropathic pain. However, when alcohol abstinence 

was associated with CCI, only long-term effects were observed. These results corroborate 

our previous research which showed that tDCS may have analgesic effects in different 

chronic pain models [26, 37, 39]. Besides, tDCS treatment induced modulation of central 

levels of interleukins (IL-1α, IL-1ß, and IL-10). Cerebral cortex NGF levels were 

increased by tDCS treatment and alcohol withdrawal, with the effect of the latter 

intensified when simultaneously administered with the former. 

This study interestingly found that tDCS-induced analgesia was delayed by 

alcohol withdrawal. It is well known that alcohol consumption induces depressant effects 

in the central nervous system, modulates pain thresholds, and displays analgesic and anti-

inflammatory effects [51, 52]. As such, its withdrawal associated with chronic pain drives 

an imbalance between excitatory/inhibitory neurotransmission in different cortical and 

subcortical brain regions, such as the medial prefrontal cortex, nucleus accumbens, and 

amygdala, which are connected to important brain regions related to 

nociception/analgesia, including the periaqueductal gray and rostral ventromedial 

medulla. The delayed tDCS-induced analgesia may be due to its neuromodulatory role, 

after-effects, as well as its non-specific modes of action [53]. Alcohol is a psychoactive 

substance that acts on multiple important neurotransmitter systems, including the 

GABAergic, glutamatergic, serotonergic, and opioidergic systems [54-58]. Indeed, 

GABAA and NMDA receptors participate in alcohol-induced analgesia and alcohol 

withdrawal-induced hyperalgesia/hyperexcitability [59-64]. In this way, we can suggest 
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that the imbalance between these neurotransmitter systems could be involved in the 

delayed response observed in tDCS-induced analgesia. 

Despite a previous study showing an increase in the thermal nociceptive threshold 

induced by alcohol withdrawal in rats not experiencing pain as evaluated by the tail-flick 

latency test [15], effects of alcohol withdrawal effect upon thermal hyperalgesia were not 

observed in the current study. This difference can be interpreted in two ways: a) different 

status of the animals, with a group experiencing pain and the other not experiencing pain; 

and b) differences in evaluated behavior, nociceptive thresholds, and the degree of 

hyperalgesia. While the nociceptive threshold is the latency of response to the nociception 

stimulus, hyperalgesia is an abnormal increase in the sensitivity to nociceptive stimuli, 

including different activation of fibers and supraspinal responses triggered by each test 

[65]. In addition, our data are in agreement with those of previous studies, which 

suggested that alcohol withdrawal exacerbates the symptoms of mechanical hyperalgesia 

without affecting the thermal response [66]. In contrast, previous studies have shown 

mechanical and thermal hypersensitivity in Sprague-Dawley rats subjected to alcohol 

withdrawal [67, 68]. On the other hand, studies have suggested pain relief induced by 

alcohol, but the mechanisms of action as well as the variables involved are still unclear 

[69-72]. It is important to note that the inconsistencies found in the literature may be 

related to the protocol for alcohol use, withdrawal times, as well as the strains and baseline 

status of the animals. Currently, it is believed that neurotransmitter and inflammatory 

systems are common pathways involved in the pathologies of both chronic pain [24, 37] 

and alcohol withdrawal [15, 73]. In this study, we showed that tDCS improved thermal 

hyperalgesia and modulated central biomarker levels, corroborating previous studies from 

our research group [24, 30, 32, 36, 37]. tDCS treatment increased IL-1α in the cerebral 



Impacto da Estimulação Transcraniana por Corrente Contínua (ETCC) em ratos Wistar machos submetidos a um 

modelo de dor crônica e/ou à exposição ao álcool. 

 

75 

cortex in rats with chronic pain and alcohol abstinence. Previous studies have shown that 

IL-1α has antiallodynic and antihyperalgesic effects in a rat neuropathic pain model [74]. 

Thus, it is likely that an increase in central IL-1α levels might be the mechanism 

underlying the pain relief induced by tDCS treatment. 

It is important to note that the increased brainstem IL-10 levels found in the 

current study in the neuropathic pain group may have also contributed to the tDCS-

induced antinociceptive effect once it takes effect on key centers for pain modulation [25, 

37, 75]. In contrast, alcohol abstinence attenuated the effects of tDCS on IL-10 levels 

without leading to changes in long-lasting tDCS antinociceptive effects. On the other 

hand, a previous study using a different alcohol protocol showed an increase of IL-10 

levels in the hippocampus, prefrontal cortex, and brainstem in rats after alcohol 

abstinence [15]. Altogether, these findings highlight an important interaction between the 

immune system and alcohol exposure/withdrawal. 

It is interesting to note that IL-1α and IL-1ß act on the same receptor to 

differentially influence nociceptive transmission and neuropathic pain responses [74, 76, 

77]. As such, neurochemical measures were performed 48 h after the end of tDCS 

treatment or 26 days after CCI Model induction in the current study. This corroborates 

our previous findings that the levels of substances associated with neuropathic pain did 

not change when measured at the same time point. However, 29 days after CCI, 

neuropathic pain rats showed an increase in IL-1ß levels in the cerebral cortex. [37]. On 

the other hand, the tDCS group showed an increased level of IL-1 ß  in rats with 

neuropathic pain independent of alcohol abstinence. Previous studies have shown that 

intrathecal IL-1ß administration in normal and inflamed rats led to different effects [78] 

without changing the latencies of paw withdrawal in normal rats while producing 
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significant antinociception when administered intrathecally in rats with peripheral 

inflammation (carrageenan model). Considering the dual effect of IL-1ß, we cannot 

disregard the involvement of this interleukin in the observed antinociceptive effect in the 

current study. Analysis of the results of interleukin modulation should thus be related to 

the neuroimmunomodulatory effects of tCDS.  

NGF mediates neuronal activity as well as the synaptic plasticity of neurons [79]. In the 

current study, tDCS was able to cause analgesia in rats with neuropathic pain, with this 

effect linked to elevated levels of NGF in the cerebral cortex. In addition, we found that 

alcohol withdrawal also increased NGF levels in the cerebral cortex of rats with 

neuropathic pain, with the alcohol withdrawal effect intensified when associated with 

tDCS. A previous study showed that chronic exposure to ethanol decreased NGF levels 

but that this effect was time- and site-dependent, with effects varying depending on the 

length of alcohol exposure and structures analyzed [80]. Besides, chronic consumption of 

high amounts of alcohol in rats leads to a transient increase in NGF levels in distinct brain 

regions [81]. We also highlight that the changes in NGF levels observed in the study may 

have been influenced by the length of alcohol exposure or withdrawal. tDCS also triggers 

a central neuromodulatory effect once it modulates NGF levels independent of the alcohol 

withdrawal effect. 

 

CONCLUSION 

    The rationale of the current study was that pain from chronic conditions can be relieved 

by alcohol consumption. However, this substance is highly addictive for humans and 

animals. In this context, it is important to understand the central effects induced by 

alcohol exposure or withdrawal. In the same line, tDCS as a central neuromodulatory 
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technique may benefit patients suffering both from alcohol abuse and chronic neuropathic 

pain. Besides, alcohol abuse and neuropathic pain treatments are oftentimes refractive to 

pharmacological treatment. Thus, tDCS may be a promising non-pharmacological 

therapeutic approach for both chronic conditions. This study showed that bimodal tDCS 

was able to effectively induce analgesia in rats with neuropathic pain, which was delayed 

by alcohol abstinence. We suppose that the analgesic effect of tDCS might be related to 

increased central levels of IL-1α, IL-10, and NGF, since its antinociceptive role has been 

well described in key pain pathways likely due to its capacity to neuromodulate immune 

signaling. Concerning alcohol exposure/withdrawal, the increase in central NGF levels 

suggests that alcohol-induced neuroplasticity might contribute to this dependence taking 

into consideration its broad interference upon biological processes. Overall, further 

research is needed to improve and broaden existing knowledge regarding tDCS and the 

effects of alcohol on pain. 
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ABSTRACT 

 

The aim of this study was to evaluate the effects of transcranial direct current stimulation 

(tDCS) on anxiety-like behavior and neural parameters of rats with chronic pain and 

exposed to alcohol. Thirty-six adult male Wistar rats were randomized by weight and 

assigned to one of five groups: control (CT), neuropathic pain (NP), NPtDCS, NP plus 

alcohol (NPAL), and NPALtDCS. The rats were exposed to chronic constriction injury 

(CCI) of the sciatic nerve and alcohol (20% v/v solution, 4 g/kg) or vehicle (distilled 

water) by gavage for 15 days. Afterward, rats were treated using bimodal tDCS (0.5mA 

/ 20 min / 8 days) and tested twice in the open field (OF). Rats were killed 24h after the 

last behavioral assessment, and brain tissue samples were collected and processed for 

NPY immunohistochemistry, expression of IL1a and IL1b in the spinal cord, cerebellum, 

and hippocampus, and levels of IL-1α and IL-1β in the same brain structures and the 

striatum. Both, CCI and alcohol exposure, induced anxiety-like behavior, indexed by the 

lower number of central crossings and rearings in the OF. These behaviors were reversed 

by tDCS, which also modulated the hypothalamic NPY-immunoreactivity. NP decreased 

the levels of IL-1α in the striatum. The association of NP, AL, and tDCS increased the 

levels of IL-1α in the hippocampus. The alcohol-induced an increase in the expression of 

IL1a in the spinal cord, which is reverted by tDCS. The alcohol and tDCS increase the 

expression of IL1b in the spinal cord. The alcohol increased the expression of IL1b in the 

cerebellum. Thus, tDCS may be considered as a treatment option for anxiety symptoms 

induced by NP and alcohol consumption. Thus, the current study showed that tDCS 

changes anxiety-like behavior induced by chronic neuropathic pain, which could be 

related to its modulatory effect in the immunoreactivity of NPY and spinal cord 

expression of IL1a and IL1b. 
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1. INTRODUCTION 

Neural diseases may occur due to the alterations and adaptations of brain networks, 

promoting persistent symptoms, such as chronic pain and alcohol dependence (Sperry et 

al., 2021). Chronic pain triggers functional changes that are responsible for affective and 

cognitive dysfunctions (anxiety, emotional decision-making, and memory) (Llorca-

Torralba et al., 2019), just as activation of specific brain regions can occur due to ethanol 

dependence at particular stages of development (Vilpoux et al., 2009).  

The relationship between harmful alcohol use and pain is known to be bidirectional: on 

one hand, alcohol intake modulates pain and, on the other hand, acute and chronic pain 

influence alcohol-related behaviors (Robins et al., 2019). Both conditions seem to involve 

activated limbic circuits (Sperry et al., 2021), while brain regions such as the amygdala, 

the hippocampus, and the hypothalamus are activated by alcohol relapse-inducing 

stressors (Vilpoux et al., 2009). 

Pain intensity and pain-related disability have been associated with emotional 

dysregulation, which in turn is associated with the severity of alcohol use (Paulus et al., 

2017). It is important to highlight that alcohol dependence, which is  a chronic condition 

with repeated cycles of withdrawal, craving, and relapse, is associated with a progressive 

(allostatic) dysfunctional state characterized by changes in neuroendocrine and brain 

stress pathways that underlie the expression of withdrawal symptoms reflecting a 

negative affective state (dysphoria, anxiety) (Becker, 2017).  

Moreover, chronic pain affects sensory and emotional aversive responses causing 

anxiety-related illnesses (Llorca-Torralba et al., 2019). Additionally, it is known that the 

inflammatory pathways dysregulation alters brain circuits that modulate mood, pain, and 



Impacto da Estimulação Transcraniana por Corrente Contínua (ETCC) em ratos Wistar machos submetidos a um 

modelo de dor crônica e/ou à exposição ao álcool. 

 

94 

the response to stress (Maletic & Raison, 2009). Neuroinflammation is hypothesized to 

be influenced by alcohol consumption and also by chronic pain. In particular, the 

interleukin-1 (IL-1) system has been recognized as a key regulator of neuroimmune 

responses in several conditions, including alcohol intake and tissue injury (Mika et al., 

2008; Patel et al., 2019). Considering that neuroinflammation plays an important role in 

pain and alcohol conditions, many efforts have been combined to unravel its mechanisms 

and to develop new therapeutic strategies with anti-inflammatory properties. 

Besides, among the various neurotransmitter and neuropeptides involved in neuropathic 

pain and alcohol consumption, the neuropeptide Y (NPY) has implications in 

neurodegenerative diseases with stress-relieve, anxiolytic and neuroprotective properties 

(Reichmann & Holzer, 2016).  NPY is expressed in specific neurons in the limbic system, 

brain stem, and hypothalamus, which may explain why NPY impacts stress-related 

changes in affective-emotional behavior (Reichmann & Holzer, 2016). A better 

understanding of the neural circuits affected by chronic pain and alcohol exposure and 

their adaptations and their relationship with the NPY system will provide new 

opportunities for the development of appropriate therapies. 

In this context and considering that individuals with neuropathic pain and alcohol-related 

problems are oftentimes refractive to pharmacological treatment, transcranial direct 

current stimulation (tDCS) emerges as a non-invasive neuromodulatory technique that 

may benefit these patients. tDCS is a safe and low-cost tool that can be easily applied 

(Iannone et al., 2016; Schulze-Bonhage, 2017), and it has been used to treat different 

conditions. In our previous study, we showed that treatment with bimodal tDCS induced 

analgesia in rats with neuropathic pain, which was delayed by alcohol abstinence, and 

was associated with an increase in the central levels of IL-1α, IL-10, and NGF (Santos et 
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al., 2020). In other studies conducted in our group using different animal models we 

showed short- and long-term effects of tDCS treatment on anxiety-like behavior (de 

Oliveira et al., 2019; Filho et al., 2016), nociceptive parameters, and cytokines levels 

(Cioato et al., 2016; Laste et al., 2012; Lopes et al., 2020; Santos et al., 2020; Spezia 

Adachi et al., 2012, 2015).  

Thus, we aimed in the present study to investigate the effects of repeated tDCS over the 

anxious-like behavior and neurochemical parameters in nerve-injured rats exposed or not 

to alcohol consumption.  

 

2. MATERIALS AND METHODS  

2.1 Animals  

Thirty-six adult male Wistar rats (200–250 g / 45 to 60 days old) were randomized by 

weight and assigned to one of the five following groups: control (CT), NP, NP plus tDCS 

(NPtDCS), NP plus alcohol (NPAL), and NP plus AL plus tDCS (NPALtDCS). Rats were 

maintained in a room under controlled temperature (22 ± 2 °C), on a standard 12 h 

light/dark cycle, with ad libitum access to water and rodent chow. All experiments and 

procedures were approved by the Institutional Animal Care and Use Committee (GPPG-

HCPA protocol #150501) and complied with the ethical and methodological standards of 

the ARRIVE guidelines (Kilkenny et al., 2013). 

2.2 Experimental Design  

On day zero the rats were submitted to the chronic constriction injury (CCI) surgery, and 

subsequently started on alcohol passive drinking for the next 15 days (Figure 1). For 

alcohol administration, the ethanol was diluted daily with distilled water to prepare a 20 % 
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v/v solution and delivered in a volume of 4 g/kg body weight according to previous 

studies (Santos et al., 2020; Schunck et al., 2015). One day after the end of alcohol 

administration, rats were tested in the open field (OF). Subsequently, the rats received 

eight consecutive days of treatment with tDCS and were tested in the OF for a second 

time twenty-four hours after the end of treatment.  A day after the second OF test, the rats 

were killed by decapitation and brain tissue samples were collected and stored at −80 °C 

for further analysis. For all procedures, the experimenter was unaware of the experimental 

group each rat belonged to. 

 

Figure 1 - Experimental timeline. CCI = chronic constriction injury surgery. tDCS = 

transcranial direct current stimulation. 

 

2.3 Open field test (OF)   

The behavioral assessment was performed in a 60 × 40 × 50 cm varnished wooden cage 

with glass-lined inside walls. The linoleum floor was divided by dark lines into twelve 13 

× 13 cm squares. The OF test is often used to assess anxiety, exploration, and locomotion 

(Prut & Belzung, 2003). Each trial started immediately after the animals were placed in 

the back left corner and allowed to explore the surroundings for 5 min (Medeiros et al., 

2012). The box was cleaned between trials to remove odor from previously tested 

subjects. Three parameters were evaluated during the test: (1) number of total crossings, 

(2) number of internal square crossings; and (3) number of rearings (i.e., vertical activity). 
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The number of crossings of internal squares (all paws crossing the boundary into an 

adjacent marked-out area) assessed anxiety-like behaviors (Vuralli et al., 2019). Anxious 

rodents are afraid to explore and prefer to stay in a safer place, which is the outer perimeter 

of the OF. The number of rearing behaviors (standing upright on its hind legs) was used 

to assess exploratory activity and as an additional measure of anxiety in rodents (Sturman 

et al., 2018).  

2.4 Chronic constriction injury (CCI) of the sciatic nerve 

CCI was induced according to the method of Bennett and Xie (Bennett & Xie, 1988). 

Rats were anesthetized by isoflurane inhalation at doses of 5 % for induction and 2.5 % 

for maintenance. Four loose ligatures were made in the common sciatic nerve at the mid-

thigh, 1 mm apart using vicryl 4.0 suture. After the procedure, the incision site was 

sutured with non-absorbable mononylon yarn 4.0. Rats undergoing surgery received 

intraperitoneal tramadol (5 mg/kg) for pain relief immediately after surgery, and once 

every 12 hours for 2 additional days (Guzman-silva et al., 2008). 

2.5 Transcranial Direct Current Stimulation (tDCS)  

Our group has expertise using the tDCS technique in experimental models (de Oliveira et 

al., 2019; Filho et al., 2016; Laste et al., 2012; Santos et al., 2020). This technique mirrors 

the tDCS protocols for humans (da Graca-Tarragó et al., 2019; Fregni et al., 2006). The 

tDCS treatment started 16 days after the CCI model induction and confirmation of 

nociception by the hot plate test. It consisted of a bimodal stimulation by low-intensity 

constant current (0.5 mA) applied for 20 min during 8 days under immobilization using 

a soft cloth. The cathode was positioned at a point between the lateral angles of the eyes 

(supraorbital region) and the anode over the parietal cortex (Takano et al., 2011). All rats 

had their heads shaved for better adherence to the adapted electrocardiogram electrodes 
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(1.5 cm2) with a conductive hydrogel. Electrodes were fixed to the head with an adhesive 

tape (Micropore™) and connected to a battery-driven stimulator. The stimulation was 

performed at the same time of the day (11 AM), and by the same blind researcher in all 

eight sessions. 

2.6 Determination of IL-1α and IL-1β central levels 

The rats were killed by decapitation 24 hours after the last treatment session, and central 

nervous system structures (Spinal cord + Hippocampus + Cerebellum + Striatum) were 

removed and frozen at −80 °C. The levels of IL-1 alpha and beta were determined by 

sandwich ELISA using monoclonal antibodies specific for each measurement (R&D 

Systems, Minneapolis, United States). Total protein was determined by Bradford's 

method using bovine serum albumin as the standard (Bradford, 1976). 

2.7 Immunohistochemistry NPY  

The hypothalamus was fixed in 10 % buffered formaldehyde, processed, and embedded 

in paraffin. Afterward, brains were sliced (4 μm) using a microtome (Microm/HM360) 

and mounted on previously silanized glass slides. To perform immunohistochemistry, the 

slides were heated in an oven at 80 °C for 30 minutes, deparaffinized in xylol, and 

rehydrated in ethyl alcohol followed by distilled water. Antigen retrieval was performed 

in a citrate buffer (pH 6.0) in a 95 °C water bath for 20 minutes. The specimens were then 

cooled for 10 minutes in the buffer itself. Endogenous peroxidase activity was blocked 

using 5 % hydrogen peroxide solution in methanol for 20 minutes. Protein blocking was 

performed for 20 minutes using powdered skim milk diluted to 5 % in PBS. The sections 

were then incubated overnight at 2-8 °C with an anti-NPY primary antibody (Sigma, 

N9528) at 1:8000 dilution. Next, a rabbit IgG secondary antibody (Millipore, AP132P) 

was applied at 1:200 dilution for 90 min at room temperature. The reaction was then 
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visualized using Liquid Dab (Dako, K3468), as recommended by the manufacturer. The 

slides were counterstained in Harris hematoxylin for 10 seconds and differentiated in 2 % 

ammoniacal water for 30 seconds. The sections were dehydrated in absolute alcohol and 

placed in xylol to allow assembly of resin-type Entellan slides. For the number of cells, 

the total area, and the average size, the counts were stereologically made in 6 fields/slides 

for 2 rats/group. The results were calculated by the percentage of control and expressed 

as delta variation of control (value of group - 100). The numbers of cells indicate an 

increase or decrease of staining in comparison to the control group (% of control of 

immunoreactive cells/field). 

2.8 Analysis of gene expression by qRT-PCR 

After decapitation, the central nervous system structures (Spinal cord + Hippocampus + 

Cerebellum) of each animal were collected and individually stored in tubes at -80 °C. For 

RNA extraction, 100 mg of marrow and cerebellum and 50 mg of hippocampus were 

used. For the striatum, extraction was not possible due to the small size of the structure. 

RNA was extracted using TRIzol Reagent (Ambion, Inc - cat. number 15596026), 

according to manufacturers’ instructions. RNA integrity for each sample was measured 

using the Nanodrop 1000 spectrophotometer (Thermo Fisher, Waltham, Massachusetts, 

USA) and stored in a -20 °C freezer. 100 nanograms of RNA was reverse transcribed into 

complementary DNA (cDNA) using the M-MLV Reverse Transcriptase (Invitrogen, 

Carlsbad, California, USA - cat. number 28025-013) enzyme, according to 

manufacturers’ instructions. Reverse transcription was performed in the Veriti PCR 

System Thermal Cycling Block (Applied Biosystems, Foster City, California, USA) for 

5 minutes at 65 °C, 2 minutes at 37 °C, 50 minutes at 37 °C, and 15 minutes at 70 °C. 

The gene expression reaction was performed in 10 µL reactions containing 5 µL of 
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TaqMan Universal Master Mix II with UNG, 1 µL cDNA product, 0.5 µL gene expression 

assay (20X) of interest, 0.5 µL of gene expression assay (20X) housekeeping gene, and 3 

µL nuclease-free water. The following thermal cycling specifications were performed on 

the StepOne Real-Time PCR System Thermal Cycling Block (Applied Biosystems, 

Foster City, California, USA): 2 minutes at 50 °C, 10 minutes at 95 °C (polymerase 

activation), and 40 cycles each for 15 seconds at 95 °C (denature) and 1 minute at 60 °C 

(anneal/extend). qPCR gene expression was performed using a customized TaqMan 

probe. The fluorescent dye 6-carboxy-fluorescein (FAM) was used for detecting the genes 

of interest, and the fluorescent dye victoria (VIC) was used for detecting the reference 

gene GAPDH. All reactions were performed in triplicate in 48-well plates sealed with 

adhesive film. Relative fold change was computed using the 2-ΔΔCt method, in which each 

sample’s ΔΔCt is used to calculate a fold change relative to controls. ΔCt values were 

first calculated by subtracting the Ct value of GAPDH normalizer gene from Ct of interest 

gene from each sample (ΔCt = gene interest Ct – GAPDH Ct), and ΔΔCt values were 

calculated by subtracting the average of the control ΔCt values from each ΔCt sample 

(ΔΔCt = ΔCt sample – ΔCt control average). The value obtained from this calculation is 

applied to the formula 2-ΔΔCT and, thus, we obtained the relative expression of the gene of 

interest normalized to a reference gene (normalizer gene). 

2.9 Data analysis   

Data were expressed as the mean ± standard error of the mean (S.E.M.). The behavioral 

analysis in the OF was performed using Generalized Estimated Equations (GEEs) 

followed by Bonferroni’s correction. The data of immunohistochemical detection of NPY 

were calculated as the percentage of control of the number of immunoreactive cells per 

field and expressed as delta variation of control. Expressive changes were conventionally 
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considered when there was an increase or decrease in NPY staining over 40 % of the 

control group. The levels and expression of ILs were analyzed using one-way analysis of 

variance (ANOVA) followed by the Student-Newman-Keuls (SNK) method. P–values ≤ 

0.05 were reported as statistically significant. SPSS 26.0 was used for statistical analysis. 

 

3. RESULTS 

3.1 Open field test 

The OF is a largely used test for detecting anxiety-like behavior in rodents. In this 

experiment, behaviors similar to anxiety were evaluated at two time points, before and 

after treatment with tDCS (Figure 1). Regarding the number of crossings of internal 

squares and the number of rearings, there was interaction between group and time (GEE: 

Wald χ2 = 17.510, P < 0.001), and significant effects of time (GEE: Wald χ2 = 9.690, P 

< 0.05) and group (GEE: Wald χ2 = 23.021, P < 0.001). The Bonferroni post hoc analysis 

revealed that animals submitted to the CCI / alcohol presented a lower number of central 

crossings (Figure 2 a) and a lower number of rearings (Figure 2 b) in the pre-treatment 

test in the OF, compared to controls. On the other hand, tDCS treatment reversed the 

decrease of the number of central crossings and rearings as observed in the post-treatment 

test in the OF (Figure 2 a-b), suggesting an anxiolytic effect of tDCS. The number of total 

crossings was similar for all groups (GEE, P > 0.05), suggesting that there was no effect 

on the locomotor activity. 
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Figure 2 - Anxiety-like behavior parameters in the open field (OF) test (5 min sessions). 

(a) number of central crossings; (b) number of rearings. Data are expressed as mean ± 

SEM (GEE / Bonferroni, P<0.05). Phase I = test before treatment; Phase II = test after 

treatment. (*) Significant difference from CT; (#) Significant difference from CT, 

NPtDCS and NPALtDCS. n = 6-8/group. 

 

3.2 Central levels of IL-1α and IL-1β in striatum, hippocampus, spinal cord, and 

cerebellum  

In the striatum, it is possible to observe a pain effect in the levels of IL-1α. All groups 

subjected to CCI presented lower IL-1α levels in comparison with the control group (one-
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way ANOVA, F(4,24) = 7.491, P < 0.001; Table 1); there are no significant differences 

between groups in the striatal IL-1β levels (one-way ANOVA, F(4,27) = 01.933, P > 0.05; 

Table 1). 

Regarding the hippocampus, the NPALtDCS group presented higher IL-1α levels in 

comparison with control group (one-way ANOVA, F(4,27) = 2.656, P ≤ 0.05; Table 1); 

without significant differences between groups regarding hippocampal IL-1β levels (one-

way ANOVA, F(4,27) = 0.806, P > 0.05; Table 1). 

In the spinal cord and cerebellum, no significant differences were observed between 

groups regarding IL-1α and IL-1β levels (one-way ANOVA, F(4,27) = 2.122 and F(4,27) = 

1.984, respectively for spinal cord; F(4,27) = 2.187 and F(4,27) = 0.456, respectively for 

cerebellum, P > 0.05 for all; Table 1).  
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3.3 Expression of IL1a and IL1b in spinal cord, cerebellum, and hippocampus  

In the spinal cord, we observed an increase in the IL1a mRNA induced by alcohol; the 

NPAL group was different from the NP and NPtDCS groups (one-way ANOVA, F(4,25) = 

4.992, P < 0.05; Figure 3 a). In addition, there was an increase in the IL1b mRNA induced 

by alcohol and/or tDCS; the NPAL, NPtDCS, NPALtDCS groups were different from the 

CT and NP groups (one-way ANOVA, F(4,25) = 4.106, P < 0.05; Figure 3 b).   

Regarding the cerebellum, there was no significant difference observed regarding 

cerebellar IL1a mRNA between groups (one-way ANOVA, F(4,27) = 1.514, P > 0.05; 

Figure 3 c). On the other hand, there was an increase in the IL1b mRNA induced by 

alcohol observed in the NPAL and NPALtDCS groups (one-way ANOVA, F(4,25) = 6.004, 

P < 0.05; Figure 3 d).  

In the hippocampus, there was no difference between groups in the IL1a and Il1b mRNA 

(one-way ANOVA, F(4,25) = 0.556, F(4,26) = 2.042, respectively, P > 0.05; Figure 3 e and 

f).  
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Figure 3 - Gene expression of Il1a and Il1b, respectively, in the Spinal Cord (a, b), Cerebellum (c, d), and Hippocampus (e, f). Data are expressed 

as mean ± SEM, (one-way ANOVA/SNK, P<0.05). (*) Significant difference from CT and NP; (#) Significant difference from NP. n = 6/group.
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3.4 Neuropeptide Y detection 

The analysis of hypothalamic immunohistochemical detection of NPY antibody (Figure 

4) showed a tDCS treatment modulatory effect (Table 2). The NPtDCS group showed an 

increase in the immunoreactivity for NPY in the number of cells (123.19%) and total area 

marked (117.02%). Also, the NPALtDCS group showed an increase in the 

immunoreactivity for NPY in total area (66.31%) and average cell size (42.34%). 

However, NPY-immunoreactivity in untreated rats was similar to controls. 

Figure 4 - Illustrative images from NPY immunodetection in the hypothalamus of rats 

(Image-J; Magnification: 40X; Scale bars: 500 µm). (A) control, CT; (B) neuropathic 

pain, NP; (C) neuropathic pain plus transcranial direct current stimulation, NPtDCS; (D) 

neuropathic pain plus alcohol, NPAL; (E) neuropathic pain plus alcohol plus tDCS, 

NPALtDCS. Arrows point to NPY immunodetection in cell bodies and neurites. 

 



Impacto da Estimulação Transcraniana por Corrente Contínua (ETCC) em ratos Wistar machos submetidos a um modelo de dor crônica e/ou à exposição ao álcool. 

 

108 



 

109 

 

DISCUSSION 

The current study shows that rats exposed to a model of neuropathic pain, associated or not 

with alcohol consumption, present anxiety-like behaviors. These behaviors, indexed by a 

decrease in the spontaneous rearing and in the number of central crossings in the open field test 

(Sturman et al., 2018; Vuralli et al., 2019), were reverted by tDCS treatment over the course of 

eight days. Besides that, we showed that these behavioral alterations were associated with 

changes in the IL-1α and IL-1β levels, in the IL1a and IL1b expression in the spinal cord, 

hippocampus, striatum, and cerebellum, and in the hypothalamic NPY immunoreactivity.  

Empirical evidence supports the hypothesis that alcohol dependence is among the pathologies 

arising from aberrant neurobiological substrates of pain (Egli et al., 2012). In a previous study 

using the same protocols, we showed the effectiveness of the CCI pain model in inducing 

hypernociception (Santos et al., 2020). The interrelation between chronic pain and alcohol 

consumption is of increasing interest since both conditions have a high impact on public health 

(Zale et al., 2015). However, despite evidence that alcohol has effects on pain processes and 

symptoms (Thompson et al., 2017), and that pain contributes to alcohol consumption (Egli et 

al., 2012), not enough attention has been devoted to the mechanistic understanding of this 

relationship, paramount for preventing and treating both problems. Among other emotional 

problems, symptoms of anxiety are highly prevalent in NP and alcohol consumption conditions, 

as has been reported in both preclinical and clinical studies (Lee et al., 2015; Radat et al., 2013; 

Sieberg et al., 2018; Smith & Randall, 2012). We have previously demonstrated that rats 

submitted to the CCI pain model exhibit anxiety-like symptoms for at least 21 days after surgery 

(Filho et al., 2016; Lopes et al., 2021). 

In the current study, we demonstrate that CCI rats develop an anxious-like state that was 

reversed by repeated tDCS treatment. Some previous studies have already shown that tDCS has 

anxiolytic effects in rodents under several conditions (Filho et al., 2016; Lopes et al., 2021; 
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Macedo et al., 2016). Furthermore, the literature on the use of tDCS to treat anxiety in humans 

has been recently reviewed by us (Stein et al., 2020), and shows that, despite the small number 

of clinical studies to date, tDCS is a well-tolerated method of neuromodulation that holds 

promise for the treatment of this condition. 

Chronic pain and alcohol are known to change the levels of cytokines in different tissues (Crews 

et al., 2006). Among several cytokines, IL-1 is considered to have diverse physiological 

functions and pathological significance in health and disease (Kaneko et al., 2019). 

Furthermore, IL-1α and β play a fundamental role in the development and progression of 

anxiety-like states (Murray et al., 2013; Rossi et al., 2012). Here, we mainly show that rats 

under CCI, regardless of whether they were exposed to alcohol or treated with tDCS, have 

reduced IL-1α - but not IL-1β - levels in the striatum. In contrast, IL-1α levels were significantly 

increased in the hippocampus of rats with CCI exposed to alcohol and treated with tDCS. No 

changes were observed in IL-1α levels in the spinal cord and cerebellum, nor in the IL-1β levels 

in any of the analyzed brain structures. Our previous studies demonstrate the complexity of 

regulating neuropathic pain by endogenous immunological factors (Callai et al., 2019; Cioato 

et al., 2016; Lopes et al., 2020; Santos et al., 2020). Also, exposure to alcohol produces changes 

in the immune function, as shown in a study involving prenatal alcohol exposure in combination 

with neuropathic pain, resulting in increased protein expression of IL-1β, TNF-α, and IL-6 

(Noor et al., 2017). It is important to note that ILs have important homeostatic functions in 

normal organisms; however, overproduction of pro-inflammatory cytokines is implicated in the 

pathophysiological changes that occur during different disease states (Furman et al., 2019), 

including neuropathic pain (Gonçalves dos Santos et al., 2020) and alcohol exposure (Neupane, 

2016). However, in the current study, we did find a significant reduction of IL-1α level in the 

striatum induced by CCI, without the effect of alcohol or tDCS. Previous studies have shown 

that IL-1α has antiallodynic and antihyperalgesic effects in a rat neuropathic pain model (Mika 
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et al., 2008),  Thus, we can suggest that a decrease in central IL-1α levels might be the 

mechanism underlying the neuropathic pain. 

Moreover, the interaction between nociception and anxiety-like states in rodents may also be 

regulated by endogenous anxiolytic neuropeptides and neurotransmitters (Zhang et al., 2014). 

An important neuropeptide is NPY, which has appeared as a relevant component in nociceptive 

signaling modulation through its action on several receptors in the central nervous system 

(Gibbs et al., 2004; Gupta et al., 2019). In addition, NPY (co-secreted with other 

neurotransmitters, GABA and glutamate) and its receptors are related to the etiology and 

pathophysiology of mood and anxiety disorders, and the central regulation of drug/alcohol use, 

nociception, reward, and energy homeostasis (Baliki & Apkarian, 2015; Pilat et al., 2015; 

Reichmann & Holzer, 2016; Robinson & Thiele, 2017; Vilpoux et al., 2009). NPY is a highly 

conserved endogenous peptide in the central and peripheral nervous systems of all mammals, 

which has been implicated in both pro- and antinociceptive effects (Diaz-delCastillo et al., 

2018). The analgesic effects of NPY was previously demonstrated by Yalamury and colleagues 

(2012); using pharmacological modulation of NPY Y1 and Y2 receptors in a postoperative 

model of pain, these authors show that a single dose of intrathecally administered NPY was 

sufficient to attenuate postoperative pain behaviors for 48 h and that the administration of a Y2 

receptor antagonist has anti-hyperalgesic effects (Yalamuri et al., 2013). Accordingly, selective 

ablation or inhibition of spinal Y1 interneurons produced changes in the endogenous NPY-Y1 

signaling cascade, generating pain reduction and preventing the transition to chronic pain 

(Nelson & Taylor, 2021). Furthermore, the anxiolytic activity of NPY is primarily mediated by 

Y1 receptors. For instance, the administration of a selective Y1 receptor antagonist before or 

together with NPY abolishes its anxiolytic effect (Lach & de Lima, 2013). Unpublished data 

from our lab using CCI and alcohol consumption in rats suggest a modulatory role of tDCS in 

the immunoreactivity of NPY in central structures (PFC, amygdala, and striatum) (Santos et al, 
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personal communication). In the present study, we show that the CCI or alcohol consumption 

did not change the expression of NPY in the hypothalamus; however, its expression was 

increased by tDCS treatment. Therefore, we can suggest that this effect could be related to the 

tDCS anxiolytic effects, which could be a result of the neuromodulation-induced 

neuroplasticity (Monai et al., 2016; Nitsche et al., 2012). In addition, the peptide’s regulation 

of disease states suggest that modulation of the activity of the NPY system via receptor 

agonists/antagonists may be a putative treatment mechanism in affective disorders as well as 

alcohol use disorders (Thorsell & Mathé, 2017).  

We recognize that the present study has some limitations. First, the causal relationship between 

alcohol consumption and comorbidity with neuropathic pain has not been defined, as it was not 

our primary objective at this point (we focused specifically on the effects of the association of 

both conditions). Future studies still need to clarify this causal relationship that involves 

complex brain circuits. Second, the sample size was limited, especially for the assessment of 

central NPY immunoreactivity, and it should be further amplified. Third, other brain regions, 

such as the amygdala, crucial in both NP and alcohol consumption processes, need to be further 

investigated to unravel their role in both conditions. Beyond that, future studies should 

investigate the effects of brain modulatory interventions in chronic pain and alcohol 

consumption conditions through the dopamine and the endogenous opioid system.  

Despite the limitations, the results of the current study offer insights into how limbic structures 

may be involved in the establishment and the modulation of both diseases. The current findings 

also support the understanding of the modulatory characteristics of transcranial direct current 

stimulation. Since chronic pain and harmful use of alcohol reduce the quality of life and they 

are important clinical and economic problems, promising modulatory therapies, including 

tDCS, must be encouraged. 
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CONCLUSION 

Our results collaborate with the better molecular understanding involved in the paradigm of the 

association of chronic pain and alcohol consumption. An important result was the robust 

decrease in the IL-1α levels observed in the striatum induced by CCI, suggesting a role of the 

IL-1α in the neurobiology of NP. Thus, the current study showed that tDCS changes anxiety-

like behavior induced by chronic neuropathic pain, which could be related to its modulatory 

effect in the immunoreactivity of NPY and spinal cord expression of IL1a and IL1b. 
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Abstract- This study aimed to evaluate the effects of repeated bimodal transcranial direct 

current stimulation (tDCS) on alcohol consumption and immunohistological and neurochemical 

parameters in nerve-injured rats. Forty-eight adult male Wistar rats were distributed into six 

groups: control, neuropathic pain (NP)+sham-tDCS, NP+alcohol+sham-tDCS, alcohol+sham-

tDCS, alcohol+tDCS, and NP+alcohol+tDCS. NP is induced by chronic sciatic nerve 

constriction (CCI). The rats were exposed to a 10% alcohol solution by voluntary consumption 

for 14 days. From the 16th day after surgery, bimodal tDCS was applied for 20 minutes/day for 

8 days. Brain structures were collected to evaluate the number of neuropeptide Y (NPY)-

positive neurons, neurites, and argyrophilic grains by immunohistochemistry, and brain-derived 

neurotrophic factor (BDNF), nerve growth factor (NGF), interleukin (IL)-6, and IL-10 by 

ELISA. Nerve-injured rats showed a progressive increase in alcohol consumption compared to 

the non-injured rats. In addition, there was a reduction in voluntary alcohol consumption over 

time induced by tDCS. Alcohol exposure, chronic pain, and tDCS treatment modulated the 

central NPY immunoreactivity. tDCS increased the cerebellar levels of IL-6 and IL-10, and 

CCI and/or tDCS reduced striatal BDNF levels. The current data suggest that tDCS could be a 

promising non-pharmacological adjuvant to treat patients with chronic pain who use alcohol to 

relieve their symptoms.  

Keywords- Chronic pain, Alcohol, tDCS, Neuropeptide Y, Cytokines, Rats 

 

Introduction 

Alcohol provides an accessible means for chronic pain patients to relieve their symptoms, 

despite its potential consequences for long-term health, such as alcohol dependence and alcohol 

withdrawal syndrome. Approximately 25% of patients with chronic pain consume alcohol to 

relieve their symptoms [1]. However, chronic alcohol intake is known to induce selective 

neuronal damage [2] and exacerbates pain, with marked increases in sensitivity occurring after 
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a period of abstinence [3,4]. Both pain and chronic alcohol consumption result in the interaction 

of a broad range of physiological mechanisms in the nervous system [5,6]. Several biochemical 

markers seem to be involved in both chronic alcohol consumption and the development of 

chronic pain.  

The development of alcohol dependency induces an adaptive process in the amygdala-NPY 

system, as well as in the levels of brain-derived neurotrophic factor (BDNF) in areas such as 

the hippocampus, cerebral cortex, and striatum [7]. In rodents, NPY regulates negative affective 

states, anxiety-like behavior, nociception, and reward [7]. Furthermore, through its action on 

the dopaminergic system, NPY may modulate reward circuitry in animals subjected to alcohol 

consumption [7].  Preclinical studies have shown significant and temporally dynamic changes 

in the central and peripheral cytokines under pain conditions [8,9] and alcohol exposure [10]. 

Considering the complexity of chronic pain and alcohol dependence, it is important to search 

for new therapeutic options. Neuromodulatory techniques have been used to relieve chronic 

pain and drug cravings, including alcohol dependence [11]. Particularly, transcranial direct 

current stimulation (tDCS) is a safe and low-cost tool that can be easily applied to such 

therapeutic options [12]. Our previous preclinical studies have shown short- and long-term 

effects on nociceptive parameters after tDCS treatment in different chronic pain models, 

altering central cytokine (IL-1β, IL-10, TNF-α), and neurotrophin (BDNF) levels 

[8,13,14,15,16,17]. However, there have been no studies on the effects of tDCS on chronic pain 

associated with alcohol exposure. In this way, it has been suggested that noninvasive brain 

stimulation may represent a promising alternative treatment when these conditions are 

associated.  

Thus, in the current study, considering that chronic pain can trigger alcohol consumption in 

individuals to relieve their symptoms and induce alcohol dependence, we aimed to evaluate the 
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effects of repeated bimodal transcranial direct current stimulation (tDCS) on alcohol 

consumption and immunohistological and neurochemical parameters in nerve-injured rats. 

 

Materials and Methods 

An expanded version of all methods is available in the Supplementary Methods section. 

Animals 

Forty-eight adult male Wistar rats (200–250 g) from the Center for Reproduction and 

Experimentation of Laboratory Animals at Universidade Federal do Rio Grande do Sul/Brazil 

were used in this study. Initially, animals were randomized by weight and maintained in groups 

of four per cage (49 × 34 × 16 cm). Rats were housed in a vivarium under standard 

environmental conditions under a 12-hour light/dark cycle (lights on at 7 a.m.). The animals 

had ad libitum access to water and rodent chow. All experimental procedures were approved 

by the Institutional Animal Care and Use Committee (GPPG-HCPA#15.0501). The 

experimental protocol complied with the ethical and methodological standards of the ARRIVE 

guidelines [18]. 

Experimental design 

The rats were acclimated to the vivarium for 15 d. The rats were randomly assigned by weight 

to six groups (n = 8/group): control (CT) - no manipulation; neuropathic pain (NP) - chronic 

sciatic nerve constriction injury (CCI) plus sham tDCS; NP+alcohol (NPAL) - CCI and alcohol 

administration plus sham-tDCS; alcohol (AL) - alcohol administration plus sham-tDCS; 

AL+tDCS (ALtDCS) - alcohol administration and tDCS treatment; and NP+AL+tDCS 

(NPALtDCS) - CCI, alcohol administration, and tDCS treatment. The sequence of steps and 

experimental group sizes are elaborated in the experimental design (Figure 1). All investigators 

were blinded to the treatment so that the bias between the groups receiving active or sham tDCS 

treatment could be diminished. Three researchers analyzed the results; importantly, these 
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evaluators were unaware of the experimental protocol. Rats were killed by decapitation 7 days 

after the end of the tDCS treatment and alcohol withdrawal.  

                                 

Figure 1. Experimental timeline. CCI: chronic constriction injury; tDCS: transcranial direct current 

stimulation. 

Neuropathic pain model 

NP was induced by CCI of the sciatic nerve according to the method described by Bennett and 

Xie [19].  

Model of alcohol exposure  

The protocol for voluntary ethanol consumption in the two-bottle choice model was adapted 

from Carnicella et al. [20].   

Transcranial direct current stimulation (tDCS) 
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Rats were subjected to bimodal tDCS (0.5 mA) under immobilization for 20 min per day for 8 

consecutive days, starting on the 16th day after CCI surgery [14,8,17].         

 

Figure 2. Electrode placement on the rat scalp during tDCS sessions. A = Anode; C = Cathode. 

Created with BioRender.com 

Immunohistochemistry 

Two animals were used for evaluating the brain structures (PFC, amygdala, and striatum) that 

had been fixed in 10% buffered formaldehyde, processed, and embedded in paraffin. An 

average of 16 fields were used to obtain the immunoreactivity of NPY in neurons, neurites, and 

argyrophilic grains per field per rat, and the average was obtained between two rats per group. 

Numbers indicate an increase or decrease of staining in comparison to the control group (% of 

control of immunoreactive cells/field) (Table 1). Expressive changes were conventionally 

considered when there was an increase or decrease in NPY staining in over 40% of the control 

group. The results were calculated as the percentage of control and expressed as delta variation 

of control (value of group -100).    



Impacto da Estimulação Transcraniana por Corrente Contínua (ETCC) em ratos Wistar machos submetidos a um modelo de 

dor crônica e/ou à exposição ao álcool. 

127 

 

Determination of biomarker central levels 

The levels of BDNF, NGF, IL-6, and IL-10 were determined using a sandwich enzyme-linked 

immunosorbent assay (ELISA) (R&D Systems, Minneapolis, USA), which uses specific 

monoclonal antibodies.  

Statistical analysis 

Data are expressed as the mean ± standard error of the mean (SEM). NP establishment was 

detected by the von Frey test at baseline and 14 days after surgery, and alcohol consumption 

analysis was carried out using generalized estimated equations (GEEs) followed by 

Bonferroni’s correction. The levels of biomarkers were analyzed using one-way ANOVA 

followed by the Student–Newman–Keuls (SNK) method. The immunohistochemical detection 

of NPY was calculated as the percentage of control of the number of immunoreactive cells per 

field and expressed as delta variation of the control. Statistical significance was set at P <0.05. 

Statistical analysis was performed using SPSS version 26.0. 

Results 

Data from the nociceptive tests were reported in the Supplementary Results section 

(Supplementary Figure 1). 

Alcohol consumption 

There was an interaction between group and time (GEE: Wald χ2 = 9929.081, P < 0.001). On 

day 11, nerve-injured rats consumed less alcohol than non-injured rats. On days 13 and 15, 

alcohol consumption decreased in all the groups. On day 17, a peak of alcohol consumption 

was observed in all groups, except in the non-injured groups subjected to tDCS. On day 19, 

there was a decrease in alcohol consumption in all groups; however, the consumption of injured 

rats increased from this point on. On day 23, the nerve-injured rats exposed to alcohol (NPAL) 

increased their consumption, while both groups subjected to tDCS (ALtDCS and NPALtDCS) 

showed less alcohol consumption, and the AL group presented stabilized levels of alcohol 
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consumption. It is interesting to note that rats in pain increased alcohol consumption over time, 

while pain-free rats showed decreased alcohol consumption (Figure 3; Supplementary Figure 

2; Supplementary Table 1). 

                            

Figure 3. Measurement of alcohol consumption. Data were expressed as mean ± S.E.M. Different 

letters show significant differences between groups. There was a significant effect of time (GEE, P < 

0.05) and group (GEE, P < 0.001). There was an interaction between group and time (GEE, P < 

0.001). AL: alcohol group; NPAL: neuropathic pain plus alcohol group; ALtDCS:  alcohol plus tDCS 

group; NPALtDCS: neuropathic pain plus alcohol plus tDCS group. n = 8 / group. 

Neuropeptide Y  

Alcohol exposure, nerve injury, and tDCS treatment modulated central NPY immunoreactivity 

(Table 1). Analysis of the PFC showed that the CCI induced an increase in the immunoreactivity 

for NPY in the argyrophilic grains (169.38%); the NPAL group showed an increase in neurites 

(91.14%) and argyrophilic grains (205.26%); and the AL group showed increased 

immunoreactivity in neurites (100.24%) and argyrophilic grains (255.98%). The rats subjected 

to alcohol consumption plus tDCS treatment (ALtDCS group) showed an increase in NPY 

immunoreactivity in argyrophilic grains (184.78%); the NPALtDCS group showed increased 
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NPY in neurites (54.73%) and argyrophilic grains (96.17%) (Figure 4; Table 1).        

 

Figure 4. Representative images of NPY immunodetection in neurons (a), neurites (b), and 

argyrophilic grains (c) in the Prefrontal Cortex (Image-Pro Plus 7.0, Media Cybernetics, Rockville, 

MD, USA). (A) CT: control group; (B) NP: neuropathic pain group; (C) NPAL: neuropathic pain plus 

alcohol group; (D) AL: alcohol group; (E) ALtDCS: alcohol plus tDCS group; (F) NPALtDCS: 

neuropathic pain plus alcohol plus tDCS group. Magnification: 40X; Scale bars: 500μm. 

 

The amygdala analysis showed that the NP group presented an increase in the number of NPY-

positive neurons (117.29%), neurites (115.66%), and argyrophilic grains (66.97%). The NPAL 

group showed an increase in NPY immunoreactivity in neurites (129.38%); however, the 

increase in neurons induced by CCI was reversed when the rats were exposed to alcohol (a 

decrease of 12.91%), while the argyrophilic grains (an increase of 12%) were similar to control 

levels. The AL group showed an increase in immunoreactivity in neurites (89.40%), while the 

NPALtDCS group showed a decrease in neurons (46.19%), reverting the pain effect, and an 

increase in the immunoreactivity for NPY in neurites (136.70%) and argyrophilic grains 
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(42.71%) (Figure 5; Table 1).  

 

Figure 5. Representative images of NPY immunodetection in neurons (a), neurites (b), and 

argyrophilic grains (c) in the amygdala (Image-Pro Plus 7.0, Media Cybernetics, Rockville, MD, 

USA). (A) CT: control group; (B) NP: neuropathic pain group; (C) NPAL: neuropathic pain plus 

alcohol group; (D) AL: alcohol group; (E) ALtDCS: alcohol plus tDCS group; (F) NPALtDCS: 

neuropathic pain plus alcohol plus tDCS group. Magnification: 40X; Scale bars: 500μm. 

 

The striatum analysis showed that NPY immunoreactivity decreased in the NP group (56.46% 

in neurons; 61.19% in neurites), AL group (57.21% in neurons), and ALtDCS group (60.36% 

in neurons; 56.72% in neurites). The animals exposed to CCI, alcohol, and tDCS presented a 
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reversal of these decreases in immunoreactivity (Figure 6; Table 1).

 

Figure 6. Representative images of NPY immunodetection in neurons (a), neurites (b), and 

argyrophilic grains (c) in the striatum (Image-Pro Plus 7.0, Media Cybernetics, Rockville, MD, USA). 

(A) CT: control group; (B) NP: neuropathic pain group; (C) NPAL: neuropathic pain plus alcohol 

group; (D) AL: alcohol group; (E) ALtDCS: alcohol plus tDCS group; (F) NPALtDCS: neuropathic 

pain plus alcohol plus tDCS group. Magnification: 40X; Scale bars: 500μm. 

 

BDNF, NGF, IL-6, and IL-10 levels in the cerebellum and striatum  

In the cerebellum, the ALtDCS group presented an increase in IL-6 levels compared to the 

NPAL group (one-way ANOVA/SNK, F(5,42) = 2.61, P < 0.05), and IL-10 levels compared to 

the other groups (one-way ANOVA/SNK: F(5,42) = 2.92, P < 0.05). There were no differences 

in cerebellar BDNF and NGF levels between groups (one-way ANOVA: P > 0.05, for both) 

(Table 2). 

In the striatum, the NPAL, ALtDCS, and NPALtDCS groups showed lower BDNF levels than 

the CT group (one-way ANOVA/SNK, F(5,42) = 5.24, P < 0.05). In addition, the NP group 

showed a significant decrease in the CT and AL groups (one-way ANOVA/SNK: F(5,42) = 
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5.24, P < 0.001). The striatal NGF, IL-10, and IL-6 levels were not different between groups 

(one-way ANOVA, P > 0.05, for all) (Table 2). 

Discussion  

In the current study, we showed that tDCS decreases alcohol consumption, an effect that is 

more pronounced in non-injured rats. The alcohol consumption level is dependent on the state 

of the animal; while the non-injured animals consumed more alcohol initially, during the 

treatment, it was the injured animals that consumed more alcohol, as observed on day 23 (NPAL 

group). The peak of alcohol consumption was observed on day 17, except for the non-injured 

rats subjected to tDCS treatment. Alcohol exposure, CCI, and tDCS treatment modulated NPY 

immunoreactivity in the PFC, amygdala, and striatum. Moreover, only the association between 

alcohol withdrawal and tDCS treatment increased the cerebellar levels of IL-6 and IL-10. The 

striatal BDNF levels were decreased by CCI and tDCS treatment, demonstrating the long-term 

effect of tDCS (7 days after the end of treatment).  

The increased alcohol consumption over time induced by CCI may be related to its analgesic 

effect, as suggested previously [21], and corroborated by a systematic review suggesting 

alcohol-inducing pain relief [22]. A study showed an inverse relationship between drinking 

levels and hyperalgesia over four weeks in rats with inflammatory pain, without an increase in 

the absolute value of alcohol consumption over time, corroborating the analgesic effect [23]. 

However, the mechanisms of action remain unclear [24]. Currently, it is believed that the 

neurotransmitter systems and inflammation are common pathways involved in both 

pathologies: chronic pain [8] and alcohol withdrawal [25]. In addition, previous studies have 

shown that the affective and sensory dimensions of pain may be important factors in alcohol 

abstinence syndrome, and the relief of negative emotional states can trigger alcohol 

consumption [26,27]. Our results corroborate clinical studies, where repeated tDCS applied 

bilaterally over the PFC is a promising adjunctive tool to reduce alcohol craving and relapse, 
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facilitating alcoholism cessation [28,29]. We have also shown that tDCS inhibits food cravings 

in rats [30]. Both drugs and food are known to develop addiction by activation of brain 

circuitries involved in reward, motivation, and decision-making processes [31].   

The current study showed that CCI promoted a more pronounced decrease in striatal BDNF 

levels than other conditions, and alcohol consumption and tDCS increased the cerebellar levels 

of IL-6 and IL-10. Like cytokines, BDNF is an important regulator of synaptic plasticity and 

memory formation [32]. Our previous study showed an increase in PFC BDNF levels and IL-

10 levels in the hippocampus, PFC, and brainstem in rats even after 11 days of alcohol 

withdrawal [25]. Proinflammatory cytokines, such as IL-6, play a major role in initiating and 

sustaining inflammatory events, and their roles are tissue-specific and can be altered by alcohol 

[33], and by tDCS [8,9,13,14]. The striatum and cerebellum participate in the accessory motor 

system, acting in fine-tuning motor movements, which can be related to the tDCS effects and 

alcohol abstinence observed in the current study. A previous study showed that patients 

abstaining from alcohol had reduced inhibitory control and higher trait impulsivity, which 

characterized a dysfunction in the neural inhibitory ability during movement preparation [34]. 

Thus, we suggest that tDCS over the cerebral cortex of rats can modify inhibitory processes, 

decrease alcohol consumption, and alter biomarkers.  

To the best of our knowledge, this is the first study to demonstrate the effects of tDCS treatment 

on NPY-immunoreactivity in alcohol consumption/withdrawal. NPY has been shown to 

modulate both alcohol consumption and aversion-resistant intake, which may be a secondary 

effect of prolonged alcohol consumption [35]. PFC, amygdala, and striatum were chosen by 

their involvement in the rewarding system [36], and drug addiction [37]. NPY is associated 

with both alcohol consumption/withdrawal and chronic pain [38,39]. We observed that CCI 

modulated the NPY-immunoreactivity in the PFC and in the amygdala, increasing its levels, 

and decreasing it in the striatum; however, the association with alcohol reversed this effect in 
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the amygdala. In addition, tDCS reversed the increased NPY-immunoreactivity by alcohol 

consumption/withdrawal in the PFC, demonstrating the modulatory effect of tDCS. Moreover, 

the association between alcohol and tDCS induced a decrease in NPY immunoreactivity in the 

amygdala. These results suggest a modulatory effect of tDCS and alcohol consumption in a 

maladaptive state induced by CCI.  

In the PFC, alcohol, CCI, and tDCS treatment altered NPY immunoreactivity, characterizing a 

greater sensitivity of argyrophilic grains to these interventions, and cells' specific NPY 

response. The PFC participates in decision-making, executive function, and reward circuitry 

[40,41,42]. In addition, individuals with chronic pain have been hypothesized to present deficits 

in PFC functioning and may be more susceptible to alcohol misuse and poor pain management 

[26]. Considering that argyrophilic grains are granular or punctuate deposits related to 

neurodegenerative disorders [43], the increase in NPY immunoreactivity in the grains from the 

PFC may be involved in these harmful effects.   

Finally, some limitations of our study should be pointed out: (1) we did not evaluate the cause-

effect relationship between the central NPY immunoreactivity and alcohol exposure or tDCS; 

(2) the groups of non-injured rats did not undergo surgery, anesthesia, or analgesic procedures. 

Thus, the possible effect on alcohol consumption cannot be discarded; (3) there is no sham-

tDCS group; however, to replace this, we opted to immobilize rats from all groups except for 

the control. 

Conclusion 

Our results show that the level of alcohol consumption is dependent on the state of the animal, 

and bimodal tDCS treatment decreases alcohol consumption independent of the presence of 

CCI in rats. Considering our results, and given that the changes in the NPY and BDNF levels 

were modulated in the striatum, we believe that an investigation of the relationship between 

NPY and BDNF may clarify aspects of pain and tDCS effects. Thus, these results suggest that 
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tDCS can be a non-pharmacological adjuvant for treating alcohol consumption or withdrawal 

symptoms in patients with chronic pain who use alcohol to relieve their symptoms.  
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CONSIDERAÇÕES FINAIS 

 

A ineficácia das terapias atuais para as condições de dor crônica e uso nocivo do álcool, 

pelo menos em parte, resulta da pouca compreensão dos vários mecanismos envolvidos em 

cada uma dessas condições, assim como na associação delas. Considerando que são transtornos 

prevalentes, com piora na qualidade de vida, os tratamentos atuais insuficientes e os altos gastos 

com a saúde e para a economia, há uma busca contínua por novas terapêuticas. Nesta tese 

buscamos avaliar os efeitos da ETCC como estratégia terapêutica promissora para tratar ambas 

as doenças, uma vez que é de baixo custo e com poucos efeitos adversos. O uso de modelos 

animais adequados é essencial para compreensão dos mecanismos e translacionalidade da 

técnica. 

Nesta tese demonstramos que um protocolo de estimulação com ETCC por 8 dias é 

capaz de, 1. reverter a hiperalgesia térmica induzida pelos modelos de CCI e / ou exposição ao 

álcool; 2. reverter o comportamento do tipo ansioso induzido pela dor neuropática crônica e dor 

neuropática associada ao álcool, 3. reduzir o consumo voluntário de álcool independente da 

presença de CCI. Além disso, vimos que CCI aumentou o consumo de álcool. 

Levando em consideração a ampla interferência sobre os processos biológicos das 

doenças e do tratamento, sugerimos: que a modulação do NPY avaliada por meio da 

imunoreatividade no hipotálamo e outras estruturas do sistema límbico, a expressão gênica e os 

níveis das proteínas IL-1α e β em áreas distintas do SNC podem ser mecanismos de ação 

envoltos na estimulação com a ETCC; que o aumento nos níveis centrais de NGF pode estar 

relacionado com a neuroplasticidade induzida pelo álcool contribuindo assim para sua 

cronicidade. 

Em resumo, nossos resultados aumentam a compreensão molecular envolta no 

paradigma da associação da dor neuropática crônica e uso nocivo de álcool e que a ETCC se 
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caracteriza como uma alternativa terapêutica promissora para estas condições. Apesar dos 

resultados interessantes obtidos nesta tese, entendemos que ainda há campo a ser melhor 

explorado tanto na interface da comorbidade dor crônica / uso de álcool quanto nos mecanismos 

da técnica de ETCC. 
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9. PERSPECTIVAS 

Acreditamos que nossos resultados expandem o conhecimento presente no campo de 

pesquisa sobre a dor crônica e uso nocivo de álcool. Como perspectivas futuras podemos 

caracterizar o perfil oxidativo em diferentes estruturas cerebrais envoltos para essas doenças. 

Incluir a investigação mais pormenorizada dos mecanismos de ação envoltos nos receptores – 

opioidérgico, glutamatérgico e dopaminérgico – através de estimulação ou antagonismo 

farmacológico dos mesmos. Quanto ao tratamento com a ETCC, a ínsula pode ser alvo para a 

estimulação cerebral, visto ter muitas funções críticas relacionadas ao vício/sistema de 

recompensa, mas para isso seria necessário estudar um meio que permita o direcionamento da 

estimulação à esta estrutura. 
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D) DIAGNOSTICOS DE USO NOCIVO DO ÁLCOOL CONFORME DSM-5 

a. TRANSTORNO POR USO DE ÁLCOOL 

 

b. INTOXICAÇÃO POR ÁLCOOL 
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c. ABSTINÊNCIA DE ÁLCOOL 

 

 

 

 

 

d. OUTROS TRANSTORNOS INDUZIDOS POR ÁLCOOL 
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