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Resumo

Epilepsia é o termo utilizado para descrever uma sindrome cerebral cronica de diversas
etiologias caracterizada por recorrentes crises convulsivas devido a descargas neuronais
excessivas, sendo um dos principais transtornos neurolégicos em adultos e criangas.
Apesar da grande variedade de farmacos antiepiléticos, muitos pacientes relatam efeitos
adversos que impedem o seu uso continuado. Além disso, hd um contingente de
pacientes refratdrio aos tratamentos farmacol6gicos disponiveis. Portanto, o
desenvolvimento de novas abordagens terapéuticas que possam fazer uso de
mecanismos multiplos de acéo e efeitos adversos minimizados — como a estimulacéo
transcraniana por corrente continua (ETCC) — é considerado de grande interesse na
terapéutica. Poucos estudos pré-clinicos utilizando a técnica de ETCC foram traduzidos
em pesquisa clinica (nimero de sessdes e efeitos na frequéncia de crises). Além disto, a
maioria dos achados néo foi testada (efeitos de ETCC no estado de mal epilético, crises
de auséncia, efeitos neuroprotetores no hipocampo e seu uso combinado com um
farmaco especifico). J& os estudos clinicos com ETCC foram testados em vérias
sindromes epilépticas, mas grande parte destes estudos clinicos ndo foram previamente
avaliada em estudos pré-clinicos (encefalite de Rasmussen, epilepsia resistente a
medicamentos e epilepsia por esclerose hipocampal). E importante salientar que, a
maioria dos estudos envolvendo epilepsia e ETCC mostra resultados positivos. Nesta
tese foi avaliado o efeito da ETCC em ratos submetidos ao modelo de kindling por
pentilenotetrazol (PTZ), sobre pardmetros comportamentais convulsivos e bioquimicos,
bem como comparou o efeito da estimulacdo anodal e catodal associadas ou ndo ao
farmaco anticonvulsivante diazepam, buscando avaliar um possivel sinergismo entre
ETCC e o tratamento farmacoldgico. Os pardmetros neuroquimicos avaliados foram

niveis de IL1-B, TNFa, NGF ¢ BDNF) em hipocampo e cdrtex, apds o tratamento de



kindling e ap6s a ETCC. Nem a a estimulacdo transcraniana por corrente continua
anodal (ETCC-a) nem a a estimulagdo transcraniana por corrente continua catodal
(ETCC-c) reduziram a ocorréncia de convulsdes clénicas do membro anterior. Porém
quando associado ao diazepam (DZP), a ETCC-c (ETCC-c/DZP0.15) aumentou a
laténcia para a primeira convulsdo no quarto e sexto dias. Os niveis de IL-1B do
hipocampo foram reduzidos por ETCC-c e ETCC-c/DZP0.15. Por outro lado, esses
tratamentos induziram um aumento nos niveis corticais de IL-1B. Os niveis de TNF-a
no hipocampo ndo foram alterados por ETCC-c ou ETCC-a, mas ETCC-c e ETCC-
¢/DZP0.15 aumentaram seus niveis no cortex cerebral. Os niveis de NGF cortical foram
aumentados pela ETCC-c e pela ETCC-c/DZP0.15. ETCC-a/DZP0.15 reduziu os niveis
de BDNF no hipocampo e ETCC-c/DZP0.15 aumentou esses niveis no cortex cerebral.
Em conclusdo, a ETCC-c isolada ou em combinacdo com uma dose baixa de DZP
mostrou efeitos neuroprotetores, melhorando os niveis de neurotrofinas centrais e
diminuindo os niveis de IL-1f hipocampal ap6s o estimulo repetido induzido por PTZ,
sem efeito estatisticamente significativo no comportamento convulsivo. Esta técnica
pode ter uso potencial na epilepsia muito provavelmente como adjuvante na

farmacoterapia convencional.

Palavras-chave: kindling, estimulagdo transcraniana por corrente continua (ETCC),

inflamacéo



Abstract

Epilepsy is the term used to describe a chronic cerebral syndrome of various etiologies
characterized by recurrent seizures due to excessive neuronal discharges being one of
the major neurological disorders in adults and children. Despite the wide variety of
antiepileptic drugs, many patients report adverse effects that prevent their continued
use. Besides, there is a contingent of patients refractory to available pharmacological
treatments. Therefore, the development of new therapeutic approaches that may make
use of multiple mechanisms of action and minimized adverse effects - such as
transcranial direct current (tDCS) stimulation - is considered of great therapeutic
interest. Few preclinical studies using the tDCS technique have been translated into
clinical research (number of sessions, effects on the frequency of seizures). In addition,
most of the findings were not tested (tDCS effects on the status of epilepsy, absence
crises, neuroprotective effects on the hippocampus and their combined use with a
specific drug). Clinical studies with tDCS have been tested in several epilepsy
syndromes, but most of these clinical studies have not been previously evaluated in
preclinical studies (Rasmussen encephalitis, drug resistant epilepsy and epilepsy due to
hippocampal sclerosis). It is important to note that most studies involving epilepsy and
tDCS show positive results. In this thesis, the effect of tDCS on rats submitted to the
kindling model by pentylenetetrazole (PTZ) on behavioral and biochemical parameters
was evaluated, as well as the effect of anodal and catodal stimulation associated or not
with the anticonvulsant drug diazepam, in order to evaluate a possible synergism
between the tDCS and the pharmacological treatment. The neurochemical parameters
evaluated were levels of IL1-B, TNFa, NGF and BDNF) in hippocampus and cortex,
after the kindling treatment and tDCS. Neither anodal-tDCS (a-tDCS) nor cathodal-

tDCS (c-tDCS) reduced the occurrence of clonic seizures of the anterior limb.



Associated with diazepam (DZP), c-tDCS (c-tDCS/DZP0.15) increased the latency for
the first seizure on the 4th and 6th days. The levels of IL-1p from the hippocampus were
reduced by c-tDCS and c-tDCS/DZP0.15. On the other hand, these treatments induced
an increase in the cortical levels of IL-1B. TNF-a levels in the hippocampus were not
altered by c-tDCS or a-tDCS, but c-tDCS and c-tDCS/DZP0.15 increased their levels in
the cerebral cortex. Cortical NGF levels were increased by c-tDCS and c-
tDCS/DZP0.15. a-tDCS/DZP0.15 reduced levels of BDNF in the hippocampus and c-
tDCS/DZP0.15 increased those levels in the cerebral cortex. In conclusion, c-tDCS
alone or in combination with a low dose of DZP showed neuroprotective effects,
improving central neurotrophin levels and decreasing levels of hippocampal IL-1( after
repeated PTZ-induced stimulation, with no statistically significant effect on convulsive
behavior. This technique may have potential use in epilepsy most likely as adjuvant in

conventional pharmacotherapy.

Keywords: kindling, transcranial direct-current stimulation (tDCS), inflammation
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1 INTRODUCAO

Epilepsia é um termo utilizado para descrever uma sindrome cerebral cronica
de vérias etiologias caracterizada por recorrentes crises convulsivas devido a descargas
neuronais excessivas (Chindo et al., 2014), sendo um dos principais transtornos
neuroldgicos em adultos e criangas. Segundo dados da OMS (2018), 50 milhdes de
pessoas sdo acometidas pela sindrome ao redor do mundo. Atualmente, a epilepsia tem
sido reconhecida como um transtorno da excitabilidade cerebral caracterizada por crises
recorrentes ndo provocadas (Chao et al., 2013) que resultam da atividade anormal,
excessiva e sincronizada dos diferentes agrupamentos de células nervosas do cérebro
(Amiri et al., 2012). Epilepsia est4 associada a uma variedade de sintomas clinicos
como alteragbes da consciéncia, de movimentos e de sensagdes. E importante salientar
que ap6s longo tempo de evolugdo da doenga, verifica-se uma deterioracédo de conduta
sob a forma de impulsividade, irritabilidade, ataques de flria, rebaixamento da
cognicdo, concentracdo e juizo critico, hipobulia, diminui¢do do altruismo, criatividade
e compaixdo, enquanto aumentam o egocentrismo, individualismo, instintos e impulsos

primitivos (Sugimoto et al., 2012).

Epilepsia afeta aproximadamente 0,5-1% da populagdo mundial (Dhir et al.,
2005). Contudo, apesar da introducdo de uma variedade de novos farmacos
antiepiléticos, muitos pacientes relatam efeitos adversos que impedem o uso continuado
dos mesmos, e dados epidemioldgicos indicam que 20-40% dos pacientes com
diagndsticos recentes de epilepsia se tornardo refratarios ao tratamento (French, 2007;
Loscher e Schmidt, 2004). Portanto, o desenvolvimento de novas abordagens
terapéuticas, que possam fazer uso de mecanismos mdltiplos de acdo, com menos
efeitos adversos € considerado de grande interesse na terapéutica (White, 1997; Schmidt
e Rogawski, 2002; Wolfgang, 2005).

Mais especificamente, a epilepsia do lobo temporal mesial (ELTM) apresenta
esclerose hipocampal como uma alteragdo histolégica comum nestes pacientes
(Andrade-Valenga et al., 2008). Um estudo utilizando morfometria por ressonancia
magnética (RM) demonstrou que o dano neuronal em pacientes com ELTM se estende
além do hipocampo e acomete regifes que se conectam funcionalmente e
anatomicamente ao hipocampo. Tal achado sugere que exista lesdo abrangendo uma

rede neuronal, o que pode ser responsavel em conjunto pelas manifestacdes clinicas
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observadas nesses pacientes (Holmes et al., 2013). As causas da refratariedade ao
farmaco e ao tratamento cirurgico ainda sdo desconhecidas, porém supde-se que um dos
motivos seja a presenca de lesdo neuronal acometendo outras areas cerebrais além do
hipocampo (Andrade-Valenca et al., 2008). Considerando que uma grande parcela de

individuos é refratdria aos tratamentos existentes a busca de novas alternativas

terapéuticas, proficua.

Muitas das sequelas da epilepsia crénica resultam do estresse oxidativo e
excitotoxicidade com dano mitocondrial e morte celular (Cardenas- Rodriguez et al.,
2013; Li et al., 2013; Chindo et al., 2014). Espécies reativas de oxigénio (EROS) e
espécies reativas de nitrogénio (ERNS) tém despertado grande interesse da medicina
clinica e experimental. O estresse oxidativo est4 fortemente implicado em convulsdes
induzidas por excitotoxicidade, devido a geracdo de EROS na mitocondria. Comparado
a outros tecidos, o cérebro é altamente suscetivel a dano por estresse oxidativo devido
ao alto nivel de metabolismo oxidativo e baixos niveis tanto de enzimas varredoras de
radicais livres como de moléculas antioxidantes (Zhen et al., 2014). Neste contexto,
estudos experimentais tém relacionado fortemente o estresse oxidativo e dano celular a
convulsdes induzidas por farmacos como pentilenotetrazol (PTZ) e pilocarpina (Costa et
al., 2012), tornando-se estes, importantes modelos experimentais para a avaliagdo de

potenciais terapias anticonvulsivantes (Zhao et al., 2014).

Estudos clinicos e experimentais demonstram o envolvimento do eixo
neuroimune na fisiopatologia da epilepsia. A inducdo experimental de epilepsia em
areas corticais de roedores na regido CA3 do hipocampo induz aumento da expresséo de
RNAm de diversas citocinas, tais como TNFa, IL-1p e IL-6. Da mesma forma, em
pacientes humanos, uma Unica convulsdo aumenta os niveis de IL-1p em células do
sistema nervoso central (SNC). A remogdo cirdrgica do foco epiléptico por lobectomia
temporal anterior ndo s6 impede quaisquer outras crises epilépticas nestes pacientes,
mas também reduz acentuadamente o0s niveis séricos de TNFa e de IL-1p. Considerados
em conjunto, estes dados sugerem que durante crises epilépticas a atividade neuronal
ativa as células da glia promovendo a liberagdo de citocinas pro-inflamatorias, e
envolve varios pardmetros adicionais de inflamacdo neurogénica (Xanthos e
Sandkuhler, 2014).

Além de tratamento farmacoldgico, o tratamento ndo farmacoldgico da

epilepsia inclui cirurgia, estimulagéo do nervo vago, dieta cetogénica e outras terapias

17



alternativas e/ou complementares. Terapias alternativas incluem técnicas como yoga,
acupuntura, quiropraxia, massagem terapéutica, biofeedback de EEG, aromaterapia,
homeopatia, ervas medicinais (medicina tradicional chinesa), etc. Tais intervencdes séo

muitas vezes complementares ao tratamento farmacoldgico (Saxena e Nadkarni, 2011).

Métodos relacionados a estimulacdo do SNC também tém sido estudados, tais
como o uso da estimulagdo cortical invasiva e da estimulagdo cerebral ndo invasiva; esta
dltima dividida em duas modalidades: estimulacdo magnética transcraniana (EMT) e
estimulagdo transcraniana por corrente continua (ETCC). Modalidades menos invasivas
de estimulagdo cerebral, como a ETCC, tém mostrado bons resultados em pacientes
com depressdo, acidente vascular cerebral e alteraces da excitabilidade cortical como

distonia focal, cefaleia, dor cronica, depresséo e epilepsia (Liebetanz et al., 2006a).

ETCC induz mudangas na excitabilidade cortical, apresenta baixo risco e
pouco desconforto, e com a utilizagdo em sessoes repetidas o efeito pode ser duradouro
(Nitsche et al., 2008). ETCC envolve aplicagéo de corrente galvanica constante de baixa
intensidade (1-2 mA) no escalpo por meio de eletrodos (20-35 cm?) para modular a
excitabilidade de &reas corticais. Estimulacdo anodal tipicamente despolariza (aumenta
excitagdo) e estimulacdo catodal hiperpolariza (diminui excitagdo) 0s neurdnios
(Nitsche et al., 2008; Rosen et al., 2009).

ETCC tem sido aplicada no tratamento da epilepsia, espasticidade, transtornos
do movimento, doenca vascular periférica e de certos transtornos psiquiatricos
(Raghavan et al., 2008). O efeito agudo da ETCC (efeito imediato) ocorre devido a uma
diminuicdo (anddica) ou aumento (catédica) do limiar de repouso neuronal
(Ruscheweyh et al.,, 2011). No entanto, os efeitos em longo prazo envolvem a
participacdo do fator neuronal derivado do cérebro (BDNF) e de receptores
glutamatérgicos NMDA em mecanismos de plasticidade sinaptica (Fertonani et al.,
2010).

Kamida e colaboradores (2013) demonstraram que estimulagdo catodal tem
efeito anticonvulsivante por pelo menos um dia em modelo de convulséo induzida por
estimulagdo elétrica na amigdala de ratos, e com efeitos positivos na performance
cognitiva. Atualmente ndo existem trabalhos demonstrando o efeito da ETCC em
modelos animais de epilepsia induzida quimicamente. Portanto, a ETCC de fraca
intensidade é uma modalidade de estimulacéo cerebral ndo-invasiva, indolor, que é bem

tolerada e ndo apresenta nenhuma sensagdo auditiva ou sensitiva desagradavel como
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outras técnicas de estimulagdo cerebral (Nitsche et al., 2003). A seguranga dessa técnica
também tem sido constantemente observada. Ndo ha possibilidade de causar lesdo
cerebral pela formagdo de produtos téxicos, pois ndo ha interacdo dos eletrodos com o
cortex cerebral (Nitsche et al., 2003). Estudo com ressonancia magnética antes e ap0s
30 e 60 minutos da estimulacdo cerebral aplicada em cortex motor ou pré-frontal ndo
indicou alteracdo patoldgica, concluindo que a ETCC ndo induz edema cerebral,
alteracOes da barreira hematoencefalica ou do tecido cerebral (Nitsche et al., 2004). Por
fim, estudo de Accornero e colaboradores (2007) mostrou que durante e apds 20
minutos do término da estimulagdo ndo houve variagBes em batimento cardiaco, presséo
arterial ou temperatura. Trata-se de método seguro para ser empregado em seres
humanos e apresenta vantagem de poder ser combinada com outras intervengdes. Com
isso, a ETCC poderd ser um método adicional no tratamento da epilepsia, porém
estudos adicionais focando mudangas neuroquimicas e moleculares devem ser

realizados para confirmar essa hipotese.
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2 REVISAO DA LITERATURA

2.1 Epilepsia

Epilepsia é considerada um transtorno neurolégico multifatorial e altamente
diversificado sintomatologicamente, caracterizada por crises recorrentes néo
provocadas. Estudos fisiologicos mostram que as convulsdes refletem hiperatividade
transitoria, anormal e sincrona de uma populacdo de neurbnios no cérebro. Tal
disfuncdo cerebral pode ser acompanhada por alteragbes motores, sensoriais e
autondmicas dependendo da regido cerebral envolvida na origem e/ou na propagacéao

das crises (Lason et al., 2013).

Em 2014, a Liga Internacional Contra Epilepsia (ILAE — International League
Against Epilepsy) divulgou uma defini¢do conceitual de convulsdes e epilepsia, seguida
de uma definicdo operacional (pratica). As principais mudancas foram: (1) epilepsia
pode existir ap6s duas convulsdes ndo provocadas com mais de 24 horas de intervalo
(definicdo antiga) ou uma crise ndo provocada quando se sabe que o risco para outro é
alto (> 60%); (2) convulsdes reflexas e convulsdes que fazem parte de uma sindrome de
epilepsia constituem epilepsia; (3) epilepsia pode ser considerada resolvida quando uma
sindrome dependente da idade é superada ou quando uma pessoa esté livre de crises por
pelo menos dez anos, sendo os Ultimos cinco anos livre farmacos anti- epilépticos
(Fisher et al., 2014).

A presenca de epilepsia é definida pela recorréncia de crises epilépticas
espontaneas (pelo menos duas) - ndo provocadas por febre, insultos agudos SNC ou
desequilibrios toxico-metabdlicos graves (Gallucci Neto e Marchetti, 2005; Marchetti,
2001). Epilepsias podem ser classificadas de acordo com dois grandes eixos:
topografico e etioldgico. No eixo topogréfico, epilepsias sdo separadas em generalizadas
e focais. As generalizadas caracterizam-se por crises epilépticas cujo inicio envolve
ambos o0s hemisférios simultaneamente. De forma geral, sdo geneticamente
determinadas e acompanhadas de alteracdo da consciéncia; quando presentes, as
manifestagcbes motoras sdo sempre bilaterais. Como seus principais exemplos temos as
crises de auséncia, crises mioclonicas e crises tonico-clonicas generalizadas (TCG)
(Figura 1) (Berg et al., 2010; Guilhoto, 2011).
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J& nas epilepsias focais, as crises epilépticas iniciam de forma localizada numa
area especifica do cérebro, e suas manifestagdes clinicas sdo dependentes do local de
inicio, bem como da velocidade de propagacdo da descarga epileptogénica. As crises
dividem-se em focais simples (sem comprometimento da consciéncia) e focais
complexas (com comprometimento ao menos parcial da consciéncia durante o
episddio). Por fim, uma crise focal, seja simples ou complexa, quando propagada para
todo o cortex cerebral, pode terminar numa crise TCG, recebendo a denominacdo de

crise focal secundariamente generalizada (Elger e Schmidt, 2008).

Figura 1. Classificacé@o de crises expandida

Classificagfio de Crises

Crises Generalizadas Crise Focais Desconhecida
Dcorrem em redes neurongis Originandas dentro de redes Evidécia insuficients
bilateralmente distribuidas que limitadas o um hemisféria pora coracterizar coma
rapidamente as engajam focal, generalizada ou

I ambas
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T

I Tipica I Auséncia com I Atipica I i
car
especiais Podesvoluirpara W
Auséncia
miscidnica I
Miezlonia
palpebral

Crise convulsiva bilateral I

Fonte: Berg et al., (2010); Guilhoto, (2011)

No eixo etiologico, as epilepsias sdo divididas em genética, estrutural/
metabdlica e de causa desconhecida. O conceito de epilepsia genética é de que a
sindrome € resultado direto de um defeito (s) genético (s) conhecido ou presumido (5)
em que as convulsdes sdo a principal expressdo desta alteracdo, por exemplo, esclerose
tuberosa e malformagdes do desenvolvimento cortical. No entanto, ndo é excluida a
possibilidade de que fatores ambientais (externos ao individuo) possam contribuir para a
expressdo da doenca (Berg et al., 2010). Entende-se por causa estrutural/ metabdlica o
fato de que, conceitualmente, h4 uma outra condicdo estrutural ou metabdlica distinta ou
outra doenca que demonstraram estar associadas ao risco aumentado de desenvolver
epilepsia (lesbes estruturais, como acidente vascular cerebral, trauma e infec¢do). no
entanto, existe um transtorno distinto entre o defeito genético e a epilepsia. Epilepsias

de causa desconhecida devem ser vistas de forma neutra e indicar que a natureza da
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causa subjacente ainda é desconhecida; podem ser oriundas de um defeito genético
fundamental em sua esséncia ou ainda a consequéncia de uma outra alteragao ainda ndo

reconhecida (Berg et al., 2010).

Os mecanismos celulares de geragdo de convulsdes envolvem excitagdo
“runaway” ritmica ou tonica ou a interagdo sincronizada e ritmica entre neurdnios
excitatorios e inibitorios e condutancias de membrana (Lason et al., 2013). Tem sido
aceito que as crises epiléticas podem ser geradas em resposta a desbalango entre
influéncias excitatorias e inibitorias, resultando em despolarizacéo ténica ou descargas
neuronais repetitivas e ritmicas (Sterman e Thompson, 2014). O primeiro mecanismo
compreende hiperatividade da transmissdo glutamatérgica e transtornos funcionais de
canais de sodio e célcio ligantes ou voltagem-dependentes. A deficiéncia nos processos

de inibicdo estd relacionada principalmente a inibicdo insuficiente mediada pelo

receptor GABAA, e por correntes de potéssio extracelulares (Lason et al., 2013).

2.2 Fisiopatologia da epilepsia

Caracterizada por descargas neuronais anormais, a epilepsia é considerada uma
desordem paroxistica. Apesar da sua etiologia ser diversa, a alteracdo fundamental é
secundaria as descargas sincronicas de uma rede de neurdnios, devido as alteragdes nas
membranas neuronais ou desequilibrio entre influéncias excitatorias e inibitorias
(Browne e Holmes, 2008).

Com a finalidade de manter o potencial de repouso, a enzima transmembrana
Na'/K* ATPase libera Na* para o meio extracelular e K* para o meio intracelular, na
proporcdo de 3 Na'/2K", permitindo que o interior da membrana fique polarizada, ou
seja, com carga elétrica negativa em relagdo ao seu exterior. A despolarizacéo (potencial
de agdo) ocorre com o estimulo nervoso, quando acontece a abertura de canais de Na',
ocasionando a sua entrada para o ambiente intracelular. Em seguida, com a saida de K*
pela abertura de seus canais e por meio do transporte ativo de Na® para o meio
extracelular através da Na'/K* ATPase, ocorre a repolarizagdo da membrana. E
denominada de impulso nervoso essa sequéncia de despolarizagdes/repolarizagdes que
se propagam ao longo do neurénio (Glynn, 1993; Skou & Esmann, 1992; Jorgensen,
1990; Skou, 1990).
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Intimamente controlada pela abertura ou blogueio de canais iGnicos operados
por voltagem, que séo regulados pelo influxo de cations para o interior do neurénio,
essa excitabilidade intrinseca do sistema nervoso tem papel importante na deflagracéo
das crises epilépticas. Algumas formas de epilepsias séo relacionadas a mutagdes em
subunidades dos canais de Na* dependentes de voltagem no SNC, importantes para a
répida despolarizacdo da membrana neuronal, que ocorre amplamente e de forma
desordenada nos processos epilépticos (Porto et al., 2007).

Evitando a repeticdo do potencial de acdo, os canais de K* dependentes de
voltagem participam da repolarizagdo e hiperpolarizagdo da membrana que segue as
alteracdes paroxisticas da despolarizagdo. A geracdo de hiperexcitabilidade pode estar
relacionada a mutacGes nos genes responsaveis pela formagdo dos canais de potéssio,

devido & diminuigdo na repolarizacéo (Porto et al., 2007).

2.2.1 Glutamato e GABA

O glutamato é o principal neurotransmissor excitatério no SNC, enquanto que
0 &cido y-aminobutirico (GABA) é o principal neurotransmissor inibitério (Figura 2). O

balanco do tdnus glutamatérgico e gabaérgico é crucial para a fungdo neuroldgica

normal (Guerriero et al., 2015).

Figura 2. Efeitos do GABA e glutamato na transmisséo do impulso nervoso dos

neurdnios transmissores aos neurdnios receptores

hWlensagem
transmissora
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Fonte: Adaptado de https://es.dreamstime.com/foto-de-archivo-neurotransmisores-implicados-en-

epilepsia-image12522920

Por um lado, a liberacdo aguda de glutamato apds trauma causa
excitotoxicidade induzindo lesdo cerebral, decorrente de lesdo neuronal, morte celular e
disfuncdo de neurdnios sobreviventes. Por outro lado, a interrupgdo retardada de
circuitos excitatorios de glutamato leva a deficiéncias na fun¢éo cognitiva e motora e na

plasticidade experiéncia-dependente (Guerriero et al., 2015).

GABA modula vias excitatorias no SNC e, ap6s lesdo, a perda de células
produtoras de GABA altera o balango entre excitagéo e inibigdo levando a leséo celular
e apoptose. Os resultados da excitotoxicidade glutamatérgica compartilham elementos
comuns observados em traumatismos cranio-encefalicos leves (Giza e Hovda, 2014) a
severos, estado de mal epilético, isquemia, e doengas neurodegenerativas (Arundine e
Tymianski, 2004).

A ruptura do equilibrio entre excitacdo e inibigdo € o mecanismo mais aceito
para o estabelecimento de hiperexcitabilidade. No SNC adulto, este mecanismo implica
em aumento da neurotransmissdo glutamatérgica e/ou em supressdo da
neurotransmissdo GABAGérgica (DiNuzzo et al., 2014). Além disto, lesbes neuronais
traumaticas podem levar a danos celulares por meio de disfuncdo mitocondrial, perda
axonal, estresse oxidativo e anormalidades vasculares cerebrais (Guerriero et al., 2015).
Portanto, é importante salientar que as crises epilépticas ndo sdo somente o resultado de
hiperexcitacdo, mas também o resultado de um desequilibrio entre influéncias
inibitorias e excitatorias (Scharfman, 2007). Algumas vezes, a perda da inibicdo, ao
contrério de aumento especifico na excitacdo, pode estar no cerne da condigdo
epiléptica (Yu et al., 2006; Ogiwara et al., 2007).

O receptor do tipo NMDA de glutamato (N-metil-D-aspartato) pds-sinéptico
possui atuagéo importante nas alteragdes despolarizantes capazes de produzir descargas
epilépticas (Franga, 1998). A perda de funcdo de receptores GABAA também tem sido
relacionada a sindromes epilépticas tanto em humanos como em roedores (DiNuzzo et
al., 2014), assim como a ineficiéncia do neurotransmissor GABA tem sido relacionada a
maior excitabilidade neuronal (Btaszczyk, 2016). Tais anomalias na neurotransmissao,

seja 0 aumento da transmissdo excitatoria, a reducdo da transmissdo inibitdria ou ambas
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situacbes (Figura 2), alteram a excitabilidade neuronal e suas conexdes sinapticas

resultando em crises convulsivas (Meldrum, 1984).

2.3 Neuroinflamagéo

Epileptogénese esta associada, em conjunto com danos neuronais sutis, gliose e
microgliose, a um estado inflamat6rio exacerbado e persistente no microambiente do
tecido neural (Alyu and Dikmen, 2016). Os processos inflamatorios podem ter origem
no SNC ou serem decorrentes da circulagdo sistémica por meio de ruptura na barreira
hematoencefalica (BHE) (Choi and Koh, 2008). Neuroinflamac&o é caracterizada por
ativagdo da microglia, astrécitos e células endoteliais da barreira hematoencefélica,
assim como por infiltracdo de proteinas plasméticas e células imunoldgicas. Os
membros mais conhecidos dentre as moléculas inflamatérias podem ser classificados
em enzimas pro-inflamatorias, incluindo COX-2, éxido nitrico sintase induzivel
(iNOS), e NADPH oxidase (NOX); citocinas como IL-1p, IL-6, e TNF-a; e fatores de
crescimento como o NGF (fator de crescimento neuronal) e de plasticidade como o
BDNF (fator neurotrofico de derivado do cérebro) (Dey et al., 2016). As citocinas,
proteinas que modulam processos inflamatdrios, sdo principalmente produzidas por
células gliais e neurdnios durante o processo neuroinflamatério (Alyu and Dikmen,
2016). Citocinas pré-inflamatorias, IL-IB, IL-2 e IL-6, tipicamente encontradas em
pequenas quantidades no encéfalo, tem seus niveis aumentados apds crises convulsivas
(Scorza et al., 2018).

IL-IB, uma citocina pré-inflamatdria, expressa em microglia ativada e
astrocitos, induz o aumento da liberagdo de glutamato em astrocitos e a diminuicdo da
recaptacdo de glutamato com consequente hiperexcitabilidade neuronal (Alyu and
Dikmen, 2016). Tem sido sugerido que a IL-1p induz convulsdes por meio da supra-
regulacdo de receptores NMDA em células pos-sinépticas via ativacdo da subunidade
GIuN2B do receptor NMDA (Viviani et al., 2003). Também tem sido relatado que a
citocina IL-1p estd significativamente aumentada no liquor em criancas epilépticas
sugerindo o papel importante desta citocina no inicio e na progressao da epilepsia (Shi
et al., 2017; Rana e Musto, 2018).

AlteragBes moleculares e neuroquimicas sdo comumente observadas post-

mortem em cérebro de pacientes com epilepsia e em estudos pré-clinicos utilizando
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modelos animais de epilepsia (Vezzani et al., 2011). Além disso, estudos recentes
demonstram que crises convulsivas induzem aumento da permeabilidade da BHE,
intensificando e perpetuando a neuroinflamacdo decorrente do extravasamento de
leucécitos e moléculas inflamatdrias de vasos sanguineos no parénquima cerebral
(Gorter et al., 2015). Em geral, convulsdes prolongadas iniciais podem provocar
respostas imunoldgicas e inflamatérias agudas no encéfalo, enquanto que convulsdes
espontaneas e recorrentes subsequentes sustentam a neuroinflamacéo cronica (Dey et
al., 2016).

2.4 Tratamentos farmacolégicos

Também conhecidos como anticonvulsivantes, os farmacos antiepilépticos so
usados no tratamento da epilepsia e de alteragcdes convulsivas ndo epileptiformes (Rang
e Dale, 2011). Quando administrados por um determinado periodo, 0s
anticonvulsivantes diminuem a incidéncia ou a severidade das crises epilépticas. Varias
propostas terapéuticas para o tratamento das epilepsias foram utilizadas antes do
desenvolvimento dos anticonvulsivantes, dentre elas oculosterapia, ligadura das artérias
vertebrais, compressdo testicular, trepanacéo, aplicagdo de ventosas, histerectomia e o

uso de preparacOes a base de ervas e extratos animais (Porto et al., 2007).

Farmacos antiepilépticos agem no SNC de duas maneiras: reduzindo as
descargas elétricas patoldgicas ou inibindo a propagacdo de atividade elétrica aberrante.
Isto pode ocorrer por meio de efeitos em canais idnicos especificos, neurotransmissores
inibitérios ou excitatérios. Embora haja multiplos efeitos neurofisiologicos dos
anticonvulsivantes teorizados e hipotetizados, é importante reconhecer que o0s
verdadeiros mecanismos de agéo desses agentes sdo pouco compreendidos e podem ser
multifatoriais (Dichter, 1994).

Em cerca de dois tergos dos pacientes, as crises convulsivas podem ser
suprimidas com o uso dos anticonvulsivantes. Os pacientes devem tomar o farmaco
diariamente, mesmo que na maioria dos dias figuem sem crises (French, 2017). Apesar
da otimizagdo da terapia farmacoldgica, cerca de 10% dos pacientes permanecem
experimentando crises com intervalos de um més ou menos, comprometendo a

qualidade vida e a atividade laboral (Rang e Dale, 2011).
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O sal de brometo de potéssio foi introduzido por Locock (1857) e utilizado
como primeiro farmaco antiepiléptico eficaz, baseando-se o na ideia errénea de que 0s
pacientes com epilepsia tinham hipersexualidade (Figura 3). Locock usou o sal e
observou resposta positiva em 14 de 15 mulheres com epilepsia catamenial (Porto et al.,
2007).

Durante as ultimas trés décadas, a introducdo de mais de 15 farmacos
antiepilépticos de terceira geragdo forneceu aos médicos e pacientes mais opgdes para o
tratamento de muitos tipos de convulsdes (Loscher et al., 2013). Dentre o rol de
antiepilépticos disponivel no mercado (Tabela 1), temos os farmacos de primeira
geracdo (fenitoina, carbamazepina, fenobarbital, diazepam e valproato de sddio), que
mesmo apresentando um ndmero significativo de efeitos adversos, permanecem sendo
amplamente utilizados (Porto et al., 2007; Rang e Dale, 2011). Entretanto, com o
surgimento dos anticonvulsivantes de segunda (lamotrigina, vigabatrina, tiagabina,
topiramato, gabapentina e leviracetam) e de terceira geracgoes, o tratamento da epilepsia
tem apresentado muitos avangos. Todavia, um nUmero considerdvel de pacientes
continua sem reducdes significativas das crises. Ademais, um contigente de pacientes
sofre mais danos em decorréncia do tratamento farmacoldégico do que em relacdo a
condicao epiléptica, o que justifica a busca por novas alternativas terapéuticas (Porto et
al., 2007).

Figura 3. NUmero de anticonvulsivantes e ano de introducio
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2.5 Estimulacao Transcraniana por Corrente Continua (ETCC)

Estimulacdo transcraniana por corrente continua (ETCC) é uma técnica de
estimulacdo cerebral ndo invasiva baseada na alteracdo do potencial de repouso da
membrana neuronal para induzir alteragdes da excitabilidade cortical. ETCC induz um
campo elétrico constante transcraniano, induzindo mudancas na excitabilidade cortical
instantaneas (‘online’) e de longa duracédo (‘offline’) em nivel de excitabilidade cortical
por meio de um processo de polarizagdo da membrana celular (Paulus, 2003).
Originalmente aplicado atraveés de dois eletrodos embebidos com solugdo salina
colocados sobre o couro cabeludo e com intensidades na faixa de 0,5-2 mA, ETCC
demonstrou modulacéo significativa da fisiologia de varios sistemas cerebrais. Os
efeitos da ETCC véo desde a modula¢do em niveis de excitabilidade cortical até redes
cognitivas de alta-ordem (Santarnecchi et al., 2015), com resultados promissores para o
tratamento de condicdes neuroldgicas e psiquiatricas (Liew et al., 2014). Sdo utilizados

dois eletrodos, anodo e catodo, que, dispostos em diferentes montagens, criam um fluxo
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de corrente elétrica continua de baixa intensidade que atinge uma regido especifica do
cortex cerebral, modulando-a de acordo com a polaridade: a estimulacdo anodal ou
anddica induz despolarizacdo da membrana neuronal enquanto a estimulagéo catodal ou
catddica induz hiperpolarizagdo (Brunoni et al., 2012). Durante a ETCC anodal, a
corrente fornecida no "&nodo" atrai ions negativos nos tecidos abaixo do eletrodo: isto
reduz o limiar de repouso da membrana, facilitando assim o disparo neuronal (aumenta
a excitabilidade cortical). Pelo contrério, os eletrodos com carga negativa (ETCC
catodal) afetam regiGes proximas ao atrair cargas positivas (Figura 4), aumentando o
limiar e fazendo a area estimulada menos propensa a ser ativada em resposta a estimulos

enddgenos ou exdgenos (reducao da excitabilidade cortical) (Rossi et al., 2016).

Figura 4. Efeitos da ETCC catddica e anddica
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Fonte: Adaptado de http://www.gtmedi.com/proDetail?id=19

Em uma recente revisdo (Boon et al., 2018), foram reunidas evidéncias de
qualidade muito baixa a moderada que ndo foram capazes de demonstrar efeitos
antiepilépticos consistentes a partir da realizacdo de uma Unica sessdo de ETCC. Uma

Unica sessdo de ETCC, no entanto, ndo foi associada a nenhum evento adverso grave.
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Foram reunidas também evidéncias de qualidade muito baixa a moderada,
demonstrando uma reducdo na frequéncia de crises apds trés ou cinco sessdes de ETCC
aplicadas em dias consecutivos, sem relatos de eventos adversos graves. Atualmente, as
evidéncias sdo limitadas a pacientes com sindromes epilépticas especificas, como
pacientes com epilepsia do lobo temporal mesial (ELTM) com esclerose hipocampal ou
pacientes com sindrome de Lennox-Gastaut. Devido & falta de estudos incluindo
pacientes com sindromes epilépticas mais diversas, questdes secundarias ndo foram

avaliadas para ETCC.

2.6 Modelo de Kindling

Kindling € um modelo crénico de epilepsia em que a administragao repetitiva e
intermitente de estimulos quimicos ou elétricos subconvulsivantes pode levar a
amplificacdo progressiva das convulsdes, culminando em atividade convulsiva
generalizada (McNamara, 1984). A primeira descri¢do de kindling foi dada por Graham
V. Goddard em 1969 (Goddard et al., 1969). Goddard descreveu que o estimulo
subconvulsivo inicial (estimulo que ndo produz nenhum sinal comportamental ou
eletrogréfico de convulsdes), quando aplicado repetidas vezes em ratos, induziria a
convulsdes completas apds algumas estimulaces (Goddard et al., 1969). O principio
cléssico, “convulsbes geram convulses” (Ben-Ari, 2006), descreve com precisdo o
principio subjacente e o resultado do modelo de kindling. Kindling pode ser induzido
por metodos quimicos e elétricos (Karler et al., 1989). O kindling quimico envolve a
administraco sistematica de certas substancias quimicas convulsivas (Dhir et al., 2012).
A inducéo do kindling quimico é mais facil e consome menos tempo se comparado ao
kindling elétrico. Dentre os protocolos de kindling destaca-se o induzido por PTZ, um
antagonista do receptor GABAA,, que induz convulsdes severas ap6s sua administracéo
(Orloff et al., 1949). Sendo este 0 modelo animal mais amplamente aceito na busca de
novos farmacos antiepilépticos. Corda e colegas (1990) associaram o desenvolvimento
de kindling induzido por PTZ a diminuic&o da atividade de canais de cloreto acoplados
a GABA como demonstrado pela ligacéo especifica de t-[*S] butilbiciclofosforotionato

e absorcdo de %Cl a preparaces de membrana do cortex cerebral de ratos.

Uma vez que as convulsdes tenham sido generalizadas, as alteragOes

produzidas pelo modelo de kindling geralmente persistem por meses ou anos. E um dos
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modelos mais utilizados de epileptogénese e epilepsia do lobo temporal mesial (ELTM).
As taxas de animais que atingem o estado epilético no modelo, podem variar entre 20 e
80% (Bascufiana et al., 2016).
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Tabela 1. Caracteristicas dos farmacos antiepilépticos aprovados e utilizados na clinica

Anticonvulsivantes de primeira geracao

Brometo de
potassio
Fenobarbital

Fenitoina

Trimetadiona

Primidona

Etossuximida

Dow

Bayer

Parke-Davis/
Pfizer

Abbott

Imperial
Chemical
Industries

Parke-Davis/
Pfizer

1857%

1912%

1938

1946

1954

1958

Potenciacdo do GABA?

Potenciagcdo do GABA

Bloqueador de canal de
sodio

Bloqueador de canal de
célcio tipo T
Potenciacdo do GABA

Bloqueador de canal de
célcio tipo T

32

TCGs, convulsdes
miocldnicas
Convulsdes parciais
e generalizadas,
sedacéo, transtornos
de ansiedade,
alteracGes de sono
Conwvulsdes parciais
e generalizadas

Crises de auséncia

Conwvulsdes parciais
e generalizadas,

Crises de auséncia

Convulsoes focais
e generalizadas
Convulses focais
e generalizadas

De primeira linha
COM USo Venoso

Crises de auséncia

Convulsbes focais
e generalizadas

De primeira linha
sem

Uso adjuvante,
sedativo,

Indutor enzimatico;
ndo é util para crise
de auséncia,
hipersensibilidade
da pele

Indutor enzimatico;
hipersensibilidade
da pele,
farmacocinética
ndo-linear, ndo é
atil para crise de
auséncia e
convulsbes
mioclénicas
Teratogénico

Indutor enzimatico;
hipersensibilidade
da pele, ndo é util
para crise de
auséncia, sedativo
Sonoléncia, perda
de apetite, ndusea,



Continuagdo

Anticonvulsivantes de segunda geracéo
Diazepam Roche 1963

Carbamazepina  Novartis 1964

Valproato Sanofi/Abbott 1967

Clonazepam Roche 1968

Potenciagcdo do GABA

Blogueio do canal de
sodio

Mudltiplo (potenciacdo
do GABA, inibigéo do
glutamato (NMDA),
bloqueio dos canais de
sodio e célcio tipo T)

Potenciacdo do GABA

33

Transtornos
convulsivos, estado
de mal epiléptico,
ansiedade,

abstinéncia alcoolica

Conwvulsdes parciais
e generalizadas, dor
trigeminal,
transtorno bipolar

Convulsdes parciais
e generalizadas,
crises de auséncia,
profilaxia de
enxaqueca,
transtorno bipolar
Sindrome de
Lennox—Gastaut,
convulsbes

hipersensibilidade
da pele

Convulsdes focais
e generalizadas,
uso i.v, sem
hepatotoxicidade
clinica ou
hipersensibilidade
cutanea

De primeira linha

De primeira linha,
convulsdes focais
e generalizadas
uso i.v, sem
hipersensibilidade
cutanea
Convulsoes focais
e generalizadas,
sem

vomito,

depresséo,
episodios
psicoticos, insdnia,
anemia apléastica
rara

Uso como
adjuvante em
emergéncia;
sedativo; induz
tolerancia
farmacolégica

Indutor enzimatico;
hipersensibilidade
da pele; ndo é util
para crises de
auséncia ou
convulsbes
mioclénicas
Inibidor enzimatico;
teratogenicidade
substancial; ganho
de peso

Uso como
adjuvante; sedativo;
induz tolerancia



Continuagdo

Clobazam

Anticonvulsivantes de terceira geragao

Progabida

Vigabatrina

Lamotrigina

Oxcarbazepina

Hoechst Roussel/ 1975
Lundbeck/Sanofi
Synthelabo 1985

Sanofi/Lundbeck 1989

GlaxoSmithKline 1990

Novartis 1990

Potenciagcdo do GABA

Potenciagcdo do GABA

Potenciacdo do GABA

Bloqueador de canal de
sodio

Bloqueador de canal de
sodio

34

miocldnicas,
transtornos de
panico

Sindrome de
Lennox—Gastaut,
transtornos de
ansiedade

Sindrome de
Lennox—Gastaut,
convulsdes
mioclénicas,
hipertonia muscular
Espasmos infantis,
crises parciais
complexas
(atualmente apenas
para uso adjunto)

Convulsdes parciais
e generalizadas,
Sindrome de
Lennox—Gastaut,
transtorno bipolar
Crises parciais

hepatotoxicidade

Conwvulsdes focais
e generalizadas,
sem
hepatotoxicidade

Uso raro para
convulsoes focais

Sem
hepatotoxicidade

De primeira linha,
convulsdes focais
e generalizadas,

De primeira linha

farmacoldgica

Uso como
adjuvante; sedativo;
induz tolerancia

Hepatotoxicidade,
nao é mais usado
amplamente

N&o e util para
crises de auséncia
ou convulsdes
miocldnicas; perda
de viséo; ganho de
peso

Indutor enzimatico;
hipersensibilidade
cutanea

Indutor enzimatico;
hipersensibilidade
da pele; néo é util
para crises de
auséncia ou
convulsdes



Continuagdo

Felbamato

Gabapentina

Topiramato

Tiagabina

Levetiracetam

Carter-Wallace/
MedPointe
Pharmaceuticals

Parke-Davis/
Pfizer

Janssen/Johnson
& Johnson

Novo Nordisk

UCB Pharma

1993

1993

1995

1996

2000

Mudltiplo (potenciagdo
do GABA, inibigéo do

glutamato (NMDA),

bloqueio dos canais de

sodio e célcio)

Bloqueador de canal de
célcio (subunidade 023)

Mudltiplo (potenciagdo
do GABA, inibigéo do

glutamato (AMPA),

bloqueio dos canais de

sodio e célcio)

Potenciacdo do GABA

Modulagéo de SV2A

35

Convulsdes parciais
e generalizadas,
Sindrome de
Lennox—Gastaut

Conwvulsdes parciais
e generalizadas,
neuralgia pos-
herpética e diabética,
sindrome das pernas
inquietas
Convulsdes parciais
e generalizadas,
Sindrome de
Lennox—Gastaut,
profilaxia de
enxaqueca

Crises parciais

Convulsdes parciais
e generalizadas,
crises parciais,
convulsdes tonico-
clonicas
generalizadas;
epilepsia mioclénica

Convulsoes focais
e generalizadas

Uso como
adjuvante; sem
hepatotoxicidade

De primeira linha,
convulsdes focais
e generalizadas,
sem
hepatotoxicidade

Uso como
adjuvante; sem
hepatotoxicidade

De primeira linha,
uso i.v, sem
hepatotoxicidade

miocldnicas

Uso como
adjuvante; anemia
aplastica;
hepatotoxicidade;
hipersensibilidade
da pele

Ganho de peso; ndo
é util para crises de
auséncia ou
convulsbes
miocldnicas

Sonoléncia, tontura,
comprometimento
cognitivo,
problemas de fala,
pedras nos rins,
perda de peso
N&o é util para
crises de auséncia
ou convulsdes
mioclénicas

N&o € util para
crises de auséncia
ou convulsdes
mioclénicas



Continuagdo

Zonisamida

Estiripentol

Pregabalina

Rufinamida

Lacosamida

Eslicarbazepina
(acetato)

Retigabina
(ezogabina)

Elan/Eisai

Biocodex

Pfizer

Eisai

UCB Pharma

Bial/Eisai

GlaxoSmithKline

2000

2002

2004

2004

2008

2009

2011

Bloqueador de canal de
sodio

Potenciagdo do GABA,
bloqueador de canal de

sodio

Bloqueador de canal de
célcio (subunidade 023)

Blogueio do canal de
sodio

Inativacéo lenta
aprimorada de canais de
sodio dependentes de
voltagem

Bloqueador de canal de
sodio

Ativador de canal de
potéssio

36

juvenil
Crises parciais

Sindrome de Dravet

Crises parciais, dor
neuropatica,
transtorno de
ansiedade
generalizada,
fibromialgia

Sindrome de
Lennox—Gastaut

Crises parciais

Crises parciais

Crises parciais

Convulsoes focais
e generalizadas,
sem
hepatotoxicidade
Sem
hepatotoxicidade

Sem
hepatotoxicidade

Uso como
adjuvante, sem
hepatotoxicidade
Uso como
adjuvante, sem
hepatotoxicidade

Uso como
adjuvante para
crises parciais
Uso como
adjuvante em
crises parciais,
quando outros
anticonvusivantes

Uso como
adjuvante; sedativo

Uso como
adjuvante

Atualmente apenas
para uso adjuvante;
ndo é util para
crises de auséncia
ou convulsdes
miocldnicas; ganho
de peso

Uso como
adjuvante

Uso como
adjuvante

Indutor enzimatico;
uso como adjuvante

Uso como
adjuvante;
coloragéo azul de
labios e unhas;
disfuncéo retiniana;



Continuagdo

Perampanel Eisai

Fonte: Loscher et al., (2013)

2012

Antagonista do receptor
de Glutamato (AMPA)

37

Crises parciais

falharam

Uso como
adjuvante em
crises parciais

ndo é util para
crises de auséncia
ou convulsdes
mioclénicas

Uso como
adjuvante, ndo é util
para crises de
auséncia ou
convulsdes
miocl6nicas



Considerando o exposto acima e em virtude da refratariedade aos tratamentos
farmacoldgicos apresentada por um percentual dos pacientes com epilepsia, hd um
crescente interesse em terapias alternativas como a ETCC (Assenza et al., 2017). ETCC
catodal em modelos animais de epilepsia mostrou um aumento do limiar para a
atividade convulsiva localizada (Liebetanz et al., 2006b) e diminui¢do do brotamento
em hipocampo imaturo (Kamida et al., 2011). Estudo prévio mostrou que a ETCC
catodal reduziu as convulsdes em até 21% (Kamida et al., 2011), outros mostraram uma
reducdo no nimero e na duracdo média do pico e descargas de ondas lentas ap6s a
ETCC (Zobeiri e van Luijtelaar, 2013). Além disso, estudos em animais ndo mostraram
qualquer lesdo provocada pela estimulagédo (Liebetanz et al., 2006b; Kamida et al.,
2011). Estudos clinicos com ETCC sdo promissores, com 4 de 6 (67%) estudos
mostrando uma reducdo efetiva nas crises epilépticas e 5/6 (83%), uma reducdo da
atividade epileptiforme (San-Juan et al., 2015). Importante salientar que tem sido
demonstrado que a ETCC é segura em humanos (pacientes adultos e pediatricos)
(Fregni et al., 2006; San-Juan et al., 2011; Varga et al., 2011; Yook et al., 2011). No
entanto, alguns resultados ndo sdo conclusivos ou negativos por limitagGes
metodoldgicas e diferengas nos pardmetros de avaliacdo. Por exemplo, o nimero de
pacientes dos estudos tem sido pequeno e heterogéneo. Além disto, a ETCC foi aplicada
com diferentes parametros (Fregni et al., 2006; San-Juan et al., 2011; Varga et al., 2011;
Yook et al, 2011; Auvichayapat et al., 2013). Desta forma, mais estudos sdo
necessarios para definir os melhores protocolos de estimulacéo e entender os efeitos em
longo prazo da ETCC (San-Juan et al., 2015).
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3 OBJETIVOS

3.1 Objetivo Principal

Considerando a relevancia do tema, esta tese tem por objetivo avaliar, por meio
de ensaios pré-clinicos, a estimulacdo transcraniana por corrente continua (ETCC),
como uma nova estratégia terapéutica neuromodulatdria para o tratamento da epilepsia,
bem como determinar o efeito desta estratégia sobre a neuroinflamacdo induzida em
modelo experimental de epilepsia. Para tanto deve avaliar o efeito da ETCC em ratos
submetidos ao modelo de kindling por pentilenotetrazol, sobre pardmetros de
comportamentais convulsivos e bioquimicos, bem como comparar o efeito da
estimulacéo anodal e catodal associadas ou néo ao farmaco anticonvulsivante diazepam,

buscando avaliar um possivel sinergismo entre ETCC e o tratamento farmacoldgico.

3.2 Objetivos Especificos

e Realizar revisdo sistematica sobre a utilizagdo da ETCC em epilepsia, no
intuito de resumir as evidéncias relacionadas aos efeitos da ETCC nesta
patologia, tanto em estudos clinicos quanto pré-clinicos, através de um
framework para fornecer informagfes sobre a taxa de traducdo da pesquisa pré-
clinica em estudos clinicos. Além disso, tentar determinar areas importantes para
testes clinicos, verificar se os resultados sdo complementares e identificar

possiveis limitac6es dos estudos (Artigo 1).
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e Avaliar os efeitos da ETCC-a ou ETCC-c em ratos submetidos ao modelo de

kindling induzido por pentilenotetrazol (PTZ), sobre os seguines parametros:

o comparar o efeito da estimulagdo transcraniana por corrente continua
(ETCC) anodal e catodal com farmaco anticonvulsivante - diazepam - no
modelo de kindling por PTZ sob pardmetros de comportamento
convulsivo;

0 avaliar o uso paralelo da estimulagdo transcraniana por corrente continua
(ETCC) anodal e catodal e tratamentos com farmaco anticonvulsivante
no modelo de kindling por PTZ sob pardmetros de comportamento
convulsivo;

o avaliar o efeito da estimulacdo transcraniana por corrente continua
(ETCC) anodal e catodal sob pardmetros bioquimicos ap6s o modelo de
kindling e apds a ETCC-a ou ETCC-c, através da determinacdo da
concentragdo de IL-1B, TNF-a, BDNF e NGF em hipocampo e cortex

cerebral (Artigo I1).
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4 ARTIGOS CIENTIFICOS

ARTIGO I: Preclinical to clinical translation of studies of transcranial
direct-current stimulation in the treatment of epilepsy: A systematic

review

Status: publicado no periddico Frontiers in Neuroscience (FI=3,877)
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Epilepsy B a chronic brain syndrome characterzed by recument sazunaes resulting from
excessive neuronal discharges. Daspite the development of various new anteploptic
drugs, many patents ara refractory to treatment and report side effects. Non-nvasive
methods of brain stimulation, such as transcranial direct current stmulation (ECS),
have been itested as aformatve approaches o drectly modulate the excitabilfy of
epiepiogenic newral circuits. Although some pilet and initial clinical studies hawe shown
positve resulis. there is sfill uncerainty regarding the next steps of investigation in
this figkd. Therofors, we reviewed pracinical and clinical sfudies using the following
frameworc: (1) preclinical studies that have been successiully franslated to clinical
studies, (2} praclinical studies that have falled to be transited o dirical studies, and
(3 clinical findings that were not previously tested n precinical studies. We sessched
Publied, Web of Science, Embase, and ScELD (2002-2017) using the keywords
DG, "aplepsy.” “cinical frials,” and “animal models.™ Cur initial sasrch resulted in 64
articles. After apphying inclusion and exciusion criteria, we screanad 17 ful-text articles
to axtract findings abowt the efficacy of tDCS, with respect to the therapeutic framework
u=ad and the resulting reduction in seizures and epilaptiiorm pattarms. Wi found that
few preclinical findings hawe been translaled into chnical research {number of sessions
and effects on seizure feguency) and that most findings have not bean tested cinicaly
[effects of 1DCE on status apilepticus and absence epilepsy, neuroproteciive affects in
the hippocampus, and combined uwsa with specific medications). Finally, considenng that
clinical studies on {DCS have been conducted for several apiieptic syndromsas, most
wiora not previcusty tesied in preclinical studies (Rasmussen’s encephalitiz, drug resistant
opiepsy, and hippocampal scleross-induced apilopsy). Overall, most studies repart
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positve findings. Howewer, it i mporant to underscone that a successiul praclinical
study may not indicate 2uccess in a clinical study, considering the diferences highlighted
herein. Although most studies report significant findings, there are still important neighis
from preclinical work that must be tested clinically. Understanding these factors may
improve the evidence for the potential use of this technigue as a dinical tool in the

treatment of epilepsy.

Koywords: animail modeds, clinical irinls, opdopsy, non-inmake roin stmulation, Tansomnial drect ourmant

INTRODUCTION

Tedhniques involving stimulation of the central nervous system
have been extensively studied in recent years. These techniques
have boen shown to improve symptoms in 2 range of newrological
dizorders. Both invasive and non-invasive brain stimutation
techniques have been described. Mon-invasive techniques can
be divided inlo transcranial magnelic stimulation (TMS),
transcranial alternating currend stimutstion, and transcranizl
direct ourrent stimlation ((DCS) (Woods ef al, 2006),

tDCS relies on the modification of the newronal resting
membrane potential to induce changes in cortical excitahility.
This technique consists on applying a weak, direct, constant, and
low intensity electric ourrent over the scalp wsing two electrodes:
an znode and a cathode {Gomez Palacio Schjctnan et al, 2013}
The electrodes are arranged in different assemblies, creating
2 fow of low-lewel continuows electrical curment targeting
& specific region of the cercbral comex. Anodal stimulation
induces depolarization of the neuronal membrane, and therefore
facilitates neuronal firing. In contrast, cathodal stimulation has
the opposite effecl, hyperpolarizing the newronal membrane
{Figare 1; Jackson ¢t al, 2016} tDCS is applied at intensities
ranging from 0.5-2 mA acress safine-soaked electrodes placed on
the human or animal scalp (Figare 2} [rom authar]

tMCS has been shown to improve symploms in patients with
depression, stroke, focal dystoniz, migraine, chronic pain, and
epilepsy (Lichetans of 2., 2004e). Epilepsy represents a chronic
brain syndrome of diverse etiology, characterized by recurrent
seizures resulting from excessive neuronal discharge (Chindo
et gl, 2014} This syndrome affects ~0.5-1% of the worlds
poputation (Dhir of al, 2005), and is associzied with a variety
of clinical symptoms such as impaired conscioesness, movement
and sensation (Chindo et al, 2014). Epileptical discharges are
generated in response to a loss of balance between excitatory and
inhibitory connections, resulting in tonic depolarization of brain
circuits (McCormick 2nd Contrerss, 2001 ). The pathophysiobosy
of epilepsy includes hyperactivity of excitstory glutamatergic
trensmission, and @ deficit of inhibitory signaling, mainly
resulting from insufficient newrotransmission medisted by -
aminobutyric acid A receptors (GABA yp (Lason et &, 2013).

Diegpite the diversity of new antepilleptic drugs, a large
proportion of individuals suffering from epilepsy i refractory
o pharmacoiogy treatment (Loscher, 20027), andfor reports side
effects which hinder the wse of dmugs. Epidemiologicsl data
indicate that 20-40% of patients with newly dizgnosed epilepsy

become refractory to treatment (Loscher and Schmidt, 2004;
French, 20073 For this reasom, there is & continuous search for
new therzpeutic strategies, from which (DS has emerped =
a possible aliemnative. In this study, we aimed 0 summarize
the evidence concerning the effects of 1[5 in epilepsy in bath
clinical and preclinical stodies. We wsed & framewark o provide
insight into the translation rate of preclinical into clinical studies.
In addition, we attempted to determine important aress for
clinical testing, 1o verify if thess results are complementary, and
to kentify possible imitations of these stedies.

METHODS

Search Strategy

This systematic review was based on 2 lilerature search using
PubMed, Web of Science, Embase and SciELO. The keyword
“tDCE" was wsed in combination with other keywords such
a5 “eppilepsy,” “clinical trials” and “animal models”™ The term
“AND" was used in each combination {Figere 3). In addition, the
reference sections of the stidics that met our inchusion criteria
were mamezlly screened for relevant publications.

Inclusion and Exclusion Criteria

Studies had to meet the foflowing criteria: (1) publication in
English between 2002 and 2017, (2) report oniginal rescarch,
and {3} report case mepors Exclusion criterion were: (1) lack
of original data {e.g review articles, editorial material. articles
reporting duplicate data); (2) articles addressing only effects of
ather brzin stimulation technigues, such as alternating electrical
curreni stimulation, or TME.

Data Extraction and Outcomes

Two investigators (GGR and CO) extracted data from the full
articles independently. Any dissgreements were resolved by a
third investigator (PP). However, we summarized the results
in 2 narrative format The pomary ouicome of our study was
seipure suppression {55). Relevant articles reporting the owutcome
of interest were identified, and standardized tables were utilized
to extract the following varishles: cxperiment, total sessions,
interval between sessions, number of individuals (W), montage,
contact arez of electrodes, sham group and resultsfinsights. The
primary authaor collected the name of the authors, titles and study
design. When further information about the study was needed,
the zuthaors were contacted by email.
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Risk of Bias Assessment

Risk of bizs was zssessed by two reviewers (GGR and OO, for
each included preclinical study, using SYRCLE® Risk of Bias
toal for animal studies (Hoofjmans ot al, 2014). We extracted
study characteristics related 1o construct and external validiby
{Henderson et af, 2003) For construct validity, we imcluded
sex, spocies and sirain, type of cpilepsy model, total treatment
sessions and the interval between them, and the use of any
other intervention. For dinical studies, we ranked each of
the following as having & high. low, or unclesr risk of bias
when included afocation concealment, Minding of participants,
personne] and outcome sssesenrs, inoomplete cutcome data, and
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FIGURE 3 | Flowohar of e quany an irensoranial divect-oumant slimuisdion o

oy etuhes.

selective outcome reporting {Higgine and Green, 20011 Since
the primary outcome incheded only the (DCS effectiveness, not
harmful effects, results may be biased

Framework of Translation From Preclinical

Studies to Clinical Studies

In onder to analyze the results for this review, we used &
framework o understand whether preclinical findings were
translated into clinical studies, and whether or not this
trapnslational research confirmed preclinical findings. Therefore,
we crezted three main categaories: (1) preclinics] studies that have
been successfilly translated in clinical studies, {2) proclinical
stwdies that have failed 1o translate in clinical stedies, {3) clinical
findings that were not tested previowsly in preclinical studies.

RESULTS

The final search identified £4 studies. After applying the inclusion
and exclusion criteria, we included 17 articles with diferent
typos of designs {5 preclinical’12 clinical) for full text anslysis.
We screened the articles according to the mein oulcome, the
suppression of seirures, and summarized the results separately
fior basic {Table 1) and clinical {Table Z) research. Interestingly,
the results obtained from the search in PubMed and Web of
Science were the same. We summarized cur findings using the
framewnrik discussed shove

From Tables 1.2, we observed thal most clinical studies
showed significant results with respect to epileptiform activity,
though only 11 sudies (91.67%) had positive results in clinicsl
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outoomes such 2 seizure frequency reduction. For safety, none
of them showed an increase in seizure fTequency or moderate to
severe adverse effects, On the other hand, two preclinical studies
confirmed the initis] hypothesis that cathodal-tDCS indwoes
anticommdsant effect.

Preclinical Studies That Have Been

Successfully Translated to Clinical Studies
Reduction in Seizure Frequency by Cathodal tDCS
The first sudy anafyzed results of DRSS in rats subjected to
a cortical ramp model of focal cpilepsy. In this model, the
anticomyulsive effect induced by cathodal-tDMCS (c-tDMCS) varied
according to the duration of simulation and strength of the
current Inaddition, the effiect may be associated to modidation of
cortical excitability that outlasts the actual stimulation (Lichetanz
et al, Xo0eb). Kamida o &l {2013) reported similar resubts
using amygdala-kndled rats; c-tDCS treatment significantly
improved the scizure stage, decreased after-discharge duration,
and elevated after-discharge threshold 1 day after the last (DS
session. Similar Gndings have also been reported in clinical
studies by Fregni et al. {20046), Yook ot al (2011, San-Juan et al
{2011), Auvichsyapat et el (2003), Assenza et al. (2014, Tekturk
et al. {2016a,b], Auvichayapat ct al (2016), Zoghi of al. (2016,
Assenza ef al (2017), and Szn-Juan ot &l (2017), condocted in a
total of 138 patients.

Preclinical Studies That Have Failed to Be
Translated to Clinical Studies

Status Epilepticus

In 2011, Kamida et =l (20i1) wsed = model of pilocarpine-
induced status  epllepticus (SE) in immature rats, and
demonstrated a2 21% reduction in comvulsions on posinatsl
day 55 There are o studies evaluating the etfects of tDCS in
patients expericncing SE. However, there is a case meport (that
does not meet the inclusion criteria for this review) that has
tested this approach (Grippe et 21, 2015) Therefore, this design
might be a good opportunity for a fature trial
Meuroprotective Effects in the Hippocampus

C-[MC5S has been reported to exert neuroprotective effects in the
immature 1zl hippocampus, reducing SE-induced hippocampal
cefl Joss, as well as supragranular and CA3 sprouting (Famida
et al, 2011). This hippecampal impairment is cased by seizure-
induced newronal damage and synaptic reorganization, which
starts soon after SE (Covolan and Mello, 2000) This type of a
study is difficult to perform in 2 clinical setting; however, it would
chearly be worthwhile to test, for example after brain injury that
may lead to further impairment in cortical aress and result in
epileptogenic foci (" Ambrosio and Perwcca, 2004).

Effacts in Absence Epilepsy

fobein and van Lufielasr (2013) using a genelic absence model
of epilepsy, showed that c-tDCS reduces slow-wave discharges
{5W D) in rats during stimulation and atfects the mean duration
of 5WDs after slimulation, both in an iotensity-dependent
manner. Behavioral changes were also observed in response o
the highest stimulation intensity. Spectral analysis of EEG during
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stimulation revealed an increase in sub-delta znd delta frequency
ranges, suggesting that cortical cells were hyperpolarized. These
preclinical fAndings have nol been replicated clinmically, as no
clinical study has evaluated tDCS in petients with shsence
epilepsy. This constitutes another opportunity for future studies.

Combination of tDCS With Specific Drugs to Test
Synergistic Effects

In an acute seirure induced by pentylenetetrarcle, c-iDCS
reduced EEG spike bursts, and suppressed climical seizures
in rats. c-tDCS, in combination with lorazepam, was more
effective in 85 compared with either tDCS or lorazepam slone,
and prevented loss of motor cortex inhibition during paired-
pulse transcranial magnetic stimulation (ppTMS) accompanied
by pentylenctetrazole injection. This study provides evidence
of the neurzl subsirate of the anticpileptic effects of tDCS
through ppTMS measures and demonstrales Lhet c-iDCS
enhances GABAergic intracorica]l inbibition medisted by
GARA, signaling  Further, c-tDCS prevented the los of
GCABAergic ppTMS inhibition thel & expecled with PTZ-
mediated GABA, antagonism. This corroborates the hypothesis
that tDCS may influence neurotransmitter levels and receptor
function i bumans (Medeiros et 21, 2012). Thus, a combination
of c-tDCE and CARAergic pharmacotherapy could be proposed.
for example with benzodiarepine treatment (Dhamne et al,
2015).

Clinical Findings Mot Replicated in
Preclinical Studies

Epitepsy is charactermoed by muliiple heterogencous syndromes
with variows chologies and symptoms, msutficiently addressed
in current animal models despite the number of experimental
options (Kandratavicius et zl, 2014; Depaufis znd Hamelin,
2015). The chodce of approprizte pratocol remains & challenge;
most animal models wsed in epilepsy research are models
of cpileptic seizures rather than cpilepsy per sz, making
ditferentiation subjective {Loscher, 2011} Thas, there are still
limitations and shoricomings regarding models of refractory
epilepsy and epilepsy because of hippocampal sclernsis, which
often compromise the translational zpplication of preclinical
findings. Nonetheless, such clinical findings represent an
opportunity to perform prechinical studies in an attempt 1o
estahlish reproducible animal modets and clarify the mechanisms
involved in bath pathology and treatment with tDCS.

Effects in Rasmussan's Encephalitis

Rasmussen'’s encephalitis is a rare and progressive inflam melory
dispzse that resches one cerebral hemisphere, and lesds to
intractable partial-onset seizures. Currently, the only effective
treatment is hemispherectomy, but this procedure may cause
irreversible neurcliogical deficits. In a case report, 5an-Juan of 2l
{2011) reported that one paticnt with Rasmussen’s encephalitis
was seizare free and another showed 2 50% reduction in seimere
frequency within & months of follew-up afler 1DCS treatment.
In 8 recent study, two patients with Rasmussen’s encephalitis
received modulated c-t0CS (2 mA for 30min on 3 consecutive
days) and demonstrated reduced selrure frequency following

stimulation. One patiend showed more than 50% reduction in
seipure frequency, and the longest positive effect lasted for 1
month (Tekturk et al, 20162} Thus, 1S may be used to treat
this pathology in order to avoid or delay surgical intervention
(Sen-Juan etal, 2011),

In znother study, patients with Lennox-Gastast syndrome
received pharmacological trestmend for 5 consecutive days
and 2mA c-iDCS over the primary mofor cortex (M1} for
20min This combinstion was more effective in reducing
seipure frequency and epileptic discharges than pharmacobogical
treatment slone. This reduction was sustained for 3 weeks after
treatment (Auvicheyapat et 2., 2014).

Effects in Drug Resistant Epilepsy

Approximately one-third of epilepsy patients develop drug
resistance, and only 50% can lzke bepefit from the surgicsl
removal of an epileplic focus (Assenza et g1, 2017). Although
surgery is an option in cases of dmyg resistant epilepsy, many
patients hawve no access to medical centers that perform respective
epilepsy surgery. Furthermore, some patients may have a seizure
focus located in eloguent corlex where resection is likely to cawse
deficit {Auvichayapat et 2. 2013).

Many madels of refraciory epilepsy have been developed over
the past 20 years, which use two approaches: (1) seizures or
epilepsy misdels resistant to anticpileptic drugs (for example, &
Hz psychomaotor seizure made] in mice) and (2) chronic epilepsy
models, such as kindling, Kindling inwvoives the application of
repeated excitstory stimuli to induce partial seizures, followed
by subsequent generalimed seizures. This leads to increased
seizure length and severity with continuous stimulation {Loscher,
2001} It i imporiant highlight that we did oot find preclinical
studies melzting the use of tDCS in refractory epilepsy, resulling
in g lack of mechanistic and neurochemical clarifications. An
alternative trestment i neuromodislation, which represents an
attempt 1o mmprove the quality of fife of patients with refraclony
cpilepsy.

In 2006, Fregmi ot 2l (2006} conducted & controfled
study applying c-t[MCS in 19 patients with refractory epilepsy;
this unprecedented study mvestigated the elecirographic and
clinical response to c-t0C5 in this epileptic condition. Patients
underwent one session of c-tDCS (20min, | mA}  targeting
the epiteplogenic focus. The active stimulation did not induce
seizures and was well-toderated. and the treatment promoted
Large reduction in number of epileptiform discharges (EDs) in
the EEG and in the frequency of seizures. These paramelers were
meastred and compared before (baseling], immediately after, and
15 and 34 days after cither sham or active stimulstion.

Yook ct al. (20011) demonsirated in a case report of bilatersl
perisyivian syndrome that 1D, when applied over the madpoint
between P4 and T4, had a lasting effect over 2 2-month period
following treatment termination, decreasing the duration of each
seizure episode. For 2 months after the second trestment session,
only one seizare allack occurred, 8 considerable improvement
over the eighl seimure attacks per month prios to tDCS, when the
patient was treated only with antiepileptic drugs.

The large reduction in interictal epileptiform EBG discharges
in two suhjects with drug-refractory continuous spike-wave
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discharges during show sleep suggests that the simultaneous
application of (M5 tresiment and EEG recording allows
the assessment of safety parameters during trealment. This
methodology ensures that the stimdation is sufficiently focal
and provides a detailed evaluation of epileptic activity changes
induced by (DS, representing 2n attractive outlook for epilepsy
treatment (Faria ot &l 2012).

Auvichayapat el al. (2013) showed that a single session of
active tDCS treatment was associated with significant reductions
in epileptic discharge frequency in children with refractory
cpilepsy immedistely, 24, and 48h after tDCS treatment. In
zddition, 4 weeks after irestment, a small decrease in semure
frequency was detected.

In focal resistant epilepsy, two patients received c-{DNCS
{constant current of 1 mA) during 2 real session in 2 single-blind,
sham-controlled siwdy, followed by | month of chservation.
Drhuring this period, the patients or caregivers provided a defailed
seizure cabendar {frequency per week at bassl, post-sham and
post-tINCS time podnts). These patients experienced reduction in
seirure frequencies of ~70 and 0% (Assenza e 2], 2004).

Effects in Epilepsy Due to Hippocampal Sclerosis
Animals subjected to kainate or pllocarpine-imduced SE
develop spontaneous seizures after a pre-epieptic period
or seimue free, this cam be due hippocampal injury,
resulting in an znimal model of mesidl lemporal lobe
epilepsy (MTLE) with hippocampal sclerosis (Sloviter, 2008).
Although MTLE is well-described in in clinical studies, with
respect o electrophysicbogical and histologicsl pearameters,
it remains partially reproduced in most mdent models
(Depaulis and Hamefin, 2015). Even if there anims] maodeis
described, remazins some doubt about their relisbility and
extrapolation of their findings to the clinicel setting, which
represents 2 [imitation in the condoction of preclinical
studies using tDCS in models of MTLE due to hippocampal
sClerosis.

In 2 randomized, placeho-controlled, doubie-blinded clinical
trial with 3 sessions, 5 sessions and pleocho stimulstion, 3
and 5 sessions of c-tDCS stimulation decreased the fequency
of seizures and interictal epileptiform discharge {immediately
post-tDCS e, baseline) in adults with MTLE and hippocampal
sclerosis, compared to sham tDCS (San-Tuan o al, 2007) ILis
known that MTLE with hippocampal sclerosis is 2 drug-resistant
focal epilepsy syndrome. Another study showed that §3.33%
of MTLE patients who received modulated c-tDCS {2 md for
30 min on 3 consecutive days) showed more than 50% reduction
in seizure frequency during a 1-month follow-up. Moreover, 50%
these patients were seizure-free in the 1-month period post-1DCS
{Tekdurk o al, 2016h).

Hecently, the case of a patient with drug-resistant temporal
lobe epilepsy was reported. tDCS reduced seizure frequency from
& 110 per day to 0-3 per day. Seizure dizrkes revesled that seimure
rates remained low {from 0 to 2 per day) for 4 months, and
then begzn 1o increase {foghi et al, 2016). A recent database of
published tDXCS clinical trials, authored by Lefmscheur, presents
& detailed List of studies assessing the clinical effect of tDCS,
incheding in epileptic patients {Lefaucheur, 2008)

DISCUSSION

In this siudy, we performed a systematic review of clinical and
preclinical studies using 1005 as a therapeutic approach in the
treatment of eplepsy. Most studies presented here involved the
use of c-t[CSE, and several have investigated the effiects of c-tDCS
on sponianeows neursl activity and evoked motor responses
of the central and peripheral nervous system. These studies
provide evidence that the effects of tDCS involve 2 non-symaptic
mechanism of action, based on changes in neural membrane
function {(Ardofino et al, 2005).

A[MCS has been applied in the treatment of epilepsy, spasticity,
movement disorders, peripheral vascular disease, and certain
peychiatric disorders {Raghavan el 2l, 2008 The acute effects of
week (D5 on ongoing epileptiform activity are well-esizblished
in znimal models. However, the underlying mechanism by
which probonged tDCS modulstes seimere initiation propensity
and epileptogenesis remains unknown (fackson et al, 2016).
In eddition, animal studies suggest thai prolonged cathaodal
1S {c-tDCS) has anticomvelsant effects. On the other hand,
anodal (DMCS (3-4DCS) has comtrary effects, decrezsing the
threshold for producing the seizume activity (evident in EEG),
while behavioral changes are not observed (Hayashi ot al | 1988,
Liebetanz ot al., 2006h). Monetheless, Teliurk et al attempted
to prevent the generstion and propagation of seizures by
applying a-tDMCS. This attempt was based on the hypothesis that
even if c-{DCS decresses cortical excitability, a-1DCS increases
the effects of inhibitory connections (Tekturk et al, 2006a).
Therefore, they wsed c-tDCS targeting the epileptic fod and
a-t0CE targeting the surrounding normal corical tissue, an
approach that was not effective in reducing the frequency of
SELTUTEE

Eplepsy is 2 pathology with the intrinsic characteristic of
hypersynchronois brain activity. Therefore, epilepsy represents
2 mode] for shnormal hyperexcitatory plastic changes within
cortical circuitry (Sen-fusn el al, 20017). The heterogeneity
reported when wsing tDMCS o treat refractory epilepsy may
partly be atiribuied to the different etiology of that pathology.
Accordingly, different approaches may be zssessed in distinct
types of epilepsy, due to the paucity of sudies available. For
example, in drug-resistant post-traumatic epilepsy patients, only
one doible-blinded randomized control trizl has been published
(Frogni ot 2, 2006). The causes of meiracteriness of epilepsy to
drugs and surgical trestment remaim unknown, However, one
possibbe explanation is the presence of neyrons] damage affecting
other brain areas besides the hippocampus (Petrovskd et al,
2000 Fhang ef al, 2017} A morphometric study using magnetic
resonance imaging showed thal neuwronal damage in patients
with temporzl lobe epllepsy extends beyond the hippocampus,
and affects regions that connect to the hippocampus funciionalky
and anatomically (van Elst ot al, 2000}, This finding suggests
the presence of @ neursl network injury which underlics the
clinical manifestations in these patients {Andrade-Valenga et af,
2o0e), Maore specifically, MTLE is commonly associated with
hippocampal sclerosts (Andrade-Valenga ef al,, 2008

A previous review by our research group (Medeiros et al,
1001) discusses the presumed mechanisms of action of tDCS,
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atempting to elucidate the underying neurobiology and cell-
signaling pathways involved. These, we suggest that tDCS
induces plasticity, improves peuronal vizbility and morphology,
modulzies synaptic transmission, and biosynthesis of molecules.

tICE has consistently been reported to be safe, and a
recent review confirmed the absence of evidence for seripus
iverse effects (Bikson et al, 2006} {DCS & 2 technique
{hat can be spplied with low risk and little discomfort, and
when wsed in repeated sessions, can have long-lasting effects
{Mitsche et al, 2008). The effects of (DS in the short term
occur due to 3 decrease {anodal) or mcrease (cathodal) in
nevronal firing threshold (Ruscheweyh o ab, 2011). However,
long-term effects iovolve the participation of brain-derved
netronal factor (BONF) and glutamatergic N-methyl-d-aspartate
{MMDA) receplors in synaptic plasticity mechanisms {Ferionani
et al, 2010). Brain damage induced by the formation of tomc
products does nol eocur wsing this technigue, because there is
o direct contact of electrodes with the cesehral cortex (Mitsche
et al, 2003) Magnetic resonance imaging before and after 30
and &0 min of stimulation applied to the prefrontal and motor
cortex did not exhibil pathological signal aiterations. As such,
it was concluded that tINCS does nof indwce cerebral edema, or
render abnormal the blood brain barrier or brain tissue {Hosen
gtal, 200%). Finslly, Accornero et al. (2007) showed no shnormal
variations in heart rate, blood pressure, or temperature during
and 30 min zfler the end of the stimulstion. Theretfore, {5 s a
safr method for use in humans, and has the advantage of being
exily combined with other interventions, as pharmacological
ireatment.

San-Juan et &l (2015) reviewed the efficacy and safety of
{1C5 in epilepsy. The authors anslyzed % artiches wsing ditferent

methodologies (3 pre-clinicalfé clinical). Moreowver, i vivo
and in vitre animal siudies demonstrated thet direct current
slimulation could induce suppression of epileptiform activaty
without nenrological injury. Four owt of six {67%) clinical studies
revealed an etfective decrease in epileptic seizures, and fve out of
six (83%) showed 2 reduction of interictal epileptiform activity
(San-Juam et al, 2085 Scorza and Brumoni, 2015) In fact, in
this review we did oot find evidence that tDCS in epdepsy may
bezd to an Incresse in seirures or any other significant adverse
effects (Pereira ot al, 2014). Additionsl stuedies involving a large
cohort of patients are reguired to investigate the effects of tDCS
in drsg-resistant epilepsy.

[n order to develop optimal stimulation protocols and long-
term follow-up, animal studies and larger prospective clinical
trials with homogenous epileptic conditions are needed. Ewvery
study uses different patient categories, stimulation protocols,
clectrode  sizes, stimulation stes, and stimulation current
strength. Therefore, conclusions drawn from the comparison of
these studies showld be used to provide standardized measures,
in order to improve reproducibility of odtcomes (Gschwind
and van Mierlo, 2016). Epleptogenssis involves an increase in
excitatory symaplic sirenpth, and seizure foci are characterized
by a pathological reduction of inhibitory (GABA-releasing)
terminals and an incresse in excitatory (glutamatergic) terminals
(Figare 4; Fregni and Pascual-Leone, 2007} Hence, the poncple
mechanism of sction of tDCS might be the induction of
long-term-depression-lie (LTI effects, ie. reducing cortical
excitability and the probability of paroxysmal activity in
epileptogenic cortical regions (Mitsche and Paulus, 2009), While
the immediste anticonvulsant effects of c-tDCS involve the
hyperpolarization of neuronal soms and desynchroniration of

FIGURE 4 | Exctuity i Gpiopeaganic 100s Mgt ba Cearsnsod Dy athodl frarsoranial Sec-oursnt simulatan. Adapted 1om Frogn and Prsou-Laoms (2007

Abnarmal EEG
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neuronal activity, its long-term effects seem 1o oocur through
the modukztion of synaptic transmission, causing LTD in the
thalamus-cingulate pathway. ‘This proces appears fo e N-
methyl-D aspartate (NMDA) receptor- and duration-dependent
{Chang ct al., 2015), thus c-tDCS seems to promote infracortical
inhibition. On the other hand, a-4[}CS facilitates synaplic
plasticity medizted by a long-term polentiation (LTP)-like
mechanism, a5 well & previows sludies presented that brief
seizwres could induwce LTP and mossy fiber sprouting in the
hippocampus: therefore, the mechanism of LTP formation might
be similar to the mechanism of epileptogenesis (Chang ot al,
2015 Rroji et al., 2005). Finally, the mechanisms underlying the
effects of tDCS seem to be involved not only in local polarty-
relzted modifications of cortical excitshility, but also in more
complex interhemispheric connections (Tatt ot al, 2016

CONCLUSIONS

Considering the data obtzined in this review, we conclude
that $DCS should be considered a viable therapewtic option
in refractory epifepsy, particulary in patients who ane unahle
to undergo surgery. In general, animal studies wsed c-ADCS
with currents ranging from 100 to 200 pA; even with defined
moniages, the stimulation sppears to be bicephalic, due to the
animal’s skull size. At present, clinical studies imvolving c-{DCS
use ranging from I to 2mA. and the cathode is placed over the
epileptic fodi in majomty. Cathods] tDCS appears to decrease
excitability through hyperpolarizafion associated fo LTD-like
mechanisms. Moreover, because t[HC5 is simple to use, low
cost, and ezsily accessible, it B 2 good option in countries
with limited resources (Scorza and Brunoni, 2015; Zoghi et al,
2014). Therefore, despite the intriguing possibility of moduelatmg
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Abstract

Despite the introduction of new antiepileptic drugs, about 30% of patients with epilepsy
are refractory to drug therapy. Thus, the search for non-pharmacological interventions
such as transcranial direct current stimulation (tDCS) may be an alternative treatment
either alone or in combination with low doses of anticonvulsants. This study evaluated
the effect of anodal (a-tDCS) and cathodal tDCS (c-tDCS) on seizures induced by
pentylenetetrazole (PTZ) in rats submitted to the kindling model using diazepam (DZP)
as anticonvulsant gold standard. Neither a-tDCS nor c-tDCS reduced the occurrence of
clonic forelimb seizures. Associated with diazepam, c-tDCS (c-tDCS-DZPO0.15)
increased the latency to first clonic forelimb seizure on the 4™ and 6" days.
Hippocampal IL-1f levels were reduced by c-tDCS and c-tDCS-DZP0.15. On the other
hand, these treatments induced an increase in cortical IL-1f levels. Hippocampal TNF-a
levels were not altered by c-tDCS or a-tDCS, but c-tDCS and c-tDCS-DZP0.15
increased those levels in cerebral cortex. Cortical NGF levels were increased by c-tDCS
and c-tDCS-DZP0.15. a-tDCS-DZP0.15 reduced hippocampal BDNF levels and c-
tDCS-DZP0.15 increased those levels in cerebral cortex. In conclusion, c-tDCS alone or
in combination with a low dose of DZP showed neuroprotective effects, improving
central neurotrophin levels and decreasing hippocampal IL-1f levels after PTZ-induced
kindling without statistically significant effect on seizure behavior.

Keywords: Transcranial direct current stimulation; Kindling; Pentylenetetrazole;
Neuroinflammation; Cytokines
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1. Introduction

With detrimental effects on health and life quality, epilepsy is a chronic neurological
disorder characterized by recurrent seizures [1,2]. These effects include complex
psychiatric, behavioral, cognitive, and social problems in more than 50% of patients
with drug-resistant epilepsy [3]. Additionally, to poor drug effectiveness, patients may
suffer from adverse effects such as depression, irritability, and loss of cognitive
functions [4]. In the past two decades more than 15 antiepileptic drugs (AEDs) were
developed to treat epilepsy, most of which work based on a single action mechanism
[5,6]. Despite these developments, about 30% of adults and adolescents with common
forms of epilepsy still suffer from seizures. This underscores the failure of drug-based
treatments, either in monotherapy regimens or in combinations of AED [7,4].

Considering this scenario, alternative treatment strategies such as transcranial direct-
current stimulation (tDCS) provide a non-invasive tool to control drug-resistant seizures
[8]. tDCS has been shown to improve symptoms of patients with Alzheimer’s disease
[9], Parkinson’sdisease [10], post-stroke motor deficit [11], and untreatable seizures
[12]. The detailed mechanism of action of tDCS remains unknown, but it appears to
involve a combination of hyperpolarization and depolarization of axons besides changes
in synaptic functions [13]. Several clinical studies have demonstrated that tDCS may
produce both short- and long-term suppressive effects on seizures, suggesting a
complex mechanism underlying its effects [8,14]. A previous study using deep brain
stimulation (DBS) showed that along-term-depression-like (LTD) stimulation protocol
(0.1-Hz stimulation) delayed basolateral amygdala kindling [15]. Also, low-frequency
stimulation induces LTD, decreasing the frequency and amplitude of the seizure-like
activity in hippocampal slices [16]. This allows suggesting that the induction of LTD

might be helpful in suppressing seizure, which in turn may be the main action
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mechanism of tDCS on seizures. Consequently, cortical excitability decreases, along
side the probability of paroxysmal activity in epileptogenic cortical regions [17].
Moreover, the immediate anticonvulsant effects of cathodal-tDCS (c-tDCS) consist of
the hyperpolarization of neuronal soma and the desynchronization of neuronal activity
[8]. The long-term effect of c-tDCS has been suggested to occur through the modulation
of synaptic transmission, inducing NMDA receptor-dependent LTD in the
thalamocingulate pathway [8]. Although preclinical studies suggest that c-tDCS has
anticonvulsant effect, the effects of anodal-tDCS (a-tDCS) seem to be the opposite.
Research shows that a-tDCS decreases the threshold for seizure activity — as evident in
electroencephalogram evaluations — without behavioral changes [18,19]. In the attempt
to prevent the generation and propagation of seizures with a-tDCS, a survey was
conducted based on the hypothesis that, even if c-tDCS decreases cortical excitability,
a-tDCS increases the activity of inhibitory connections. However, this a-tDCS approach
was not effective in reducing seizure frequency [20].

The importance of inflammatory processes and their relationship with the etiology of
epilepsy has been investigated in recent years [21]. Characterized primarily by
astrogliosis, microglial activation, and the production of cytokines and chemokines,
neuroinflammation has been observed both in human and experimental models of
epilepsy [22]. Experimental data have demonstrated the intrinsic relationship between
epilepsy and inflammation, showing that inflammatory molecules are involved in
significant loss of neuronal cells after cerebral insults from seizures [23,24]. Evidence
such as the fact that anti-inflammatory therapies appear to have anticonvulsant effect on
drug-resistant epilepsy supports the role of inflammation in epilepsy [25,26]. Also,
seizure activity may activate immune cells of the brain or microglia, consequently

producing inflammatory cytokines [24]. Additionally, spontaneous seizures may
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perpetuate chronic inflammation [27]. Increased levels of cytokines were observed in
rodent brain submitted to seizures induced chemically and electrically [28,29,30].
Accordingly, besides the fact that inflammation is a consequence of seizure activity, it
appears to play a key role in epileptogenesis.

In this scenario, the aim of this study was to determine the effects of a-tDCS or c-
tDCS in rats submitted to the pentylenetetrazole (PTZ)-induced kindling model. Also,
behavior and neurochemical parameters were evaluated, and the effect of combined
treatments of a-tDCS or c-tDCS with diazepam (DZP), a therapeutically relevant

anticonvulsant, was assessed.

2. Material and Methods

2.1. Animals

The experiment was carried out using 152 male Wistar rats (2 months of age, 300-
400 g). Animals (three per cage) were kept in polypropylene home cages (49 x 34x 16
cm) in a temperature-controlled environment (22 + 2 °C) with access to water and food
ad libitum. The floor of cages was lined with sawdust, and animals were maintained
under a standard 12 h dark/light cycle (lights on at 7:00 a.m. and off at 7:00 p.m.). Rats
were assigned randomly to eight groups. All experiments and procedures were approved
by the Institutional Committee for Animal Care and Use (GPPG/HCPA protocol No.
160265) and conducted in compliance with Brazilian laws [31-33] and the Laboratory
Guide for the Care and Use of Animals [34], which regulates the scientific use of
animals. Vigorous attempts were made to minimize the number of animals required to
produce reliable scientific data and mitigate external sources of pain and discomfort.

2.2. Pharmacological agents
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PTZ was purchased from Sigma-Aldrich Co. (St. Louis, MO, U.S.A.). DZP
(Compaz® 5 mg/mL, Cristalia Ltda., Sdo Paulo, Brazil) was provided by Hospital de
Clinicas de Porto Alegre, Porto Alegre, Rio Grande do Sul, Brazil and was used as the
reference anticonvulsant drug for comparison (positive control). PTZ and DZP were
dissolved in normal saline (SAL) and administered (10 mL/kg body weight)
intraperitoneally (i.p.) [35].

2.3. Kindling procedure

The PTZ-induced kindling model was carried out as described by De Oliveira et al.
[36] with minor modifications. The severity of seizures was evaluated using the Racine
scale. The PTZ dose used was 50 mg/kg i.p. based on a pilot test. This convulsant agent
was administered every three days, totaling six treatments (16 days). Rats were
distributed into eight groups: (i) sham/SAL/PTZ (submitted to PTZ and to SHAM
tDCS); the groups submitted to tDCS were divided in three groups: (ii) tDCS/SAL/SAL
— received only SAL,; (iii) tDCS/SAL/PTZ (received SAL and PTZ); (iv) and
tDCS/DZP0.15/PTZ (received DZP 0.15 mg/kg and PTZ);the groups that were not
submitted to tDCSwere divided in four groups: (v) SAL/SAL (received only SAL); (vi)
SAL/PTZ (received SAL and PTZ); (vii) DZP3/PTZ (received DZP 3 mg/kg and PTZ);
and (viii) DZP0.15/PTZ (received DZP 0.15 mg/kg and PTZ). A schematic diagram
demonstrating the experimental design used is shown in Figure 1.

Immediately after PTZ injection, rats were placed individually in acrylic observation
chambers for 30 min, and behavioral seizure was observed. The parameters evaluated
were latency to first clonic forelimb seizure and occurrence of clonic forelimb seizures
longer than 3 s (Racine Scale Stage 3). Animals were observed on each day PTZ was
administered. DZP, a gamma-aminobutyric acid A receptors (GABAAR) agonist, was

used in this study as a positive control (3 mg/kg). Also, a low DZP dose (0.15 mg/kg)
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was used to assess its association with tDCS in the PTZ-induced kindling model. DZP
doses were determined according to pilot tests (dose-response). All behavioral
experiments were carried out between 7 a.m. and 11 a.m.

2.4. tDCS treatment

Animals received tDCS on interval days between the PTZ administrations
throughout the experimental protocol (a total of 10 sessions). Rats of the active
treatment groups were submitted toa 20-min daily session of a-tDCS or c-tDCS every
morning for 10 days, as described by Adachi et al. [37] and Laste et al. [38]. A constant
direct current of 0.5 mA was delivered from a battery-powered stimulator using
electrocardiogram electrodes with conductive adhesive hydrogel. The rats’ heads were
shaved to ensure proper adherence andelectrodes were trimmed to 1.5 cm? for better fit.
The electrodes were fixed to the head with adhesive tape (Micropore™) and covered
with a protective mesh to prevent removal. For cathodal assembly, the anode was
positioned at the midpoint between the lateral angles of both eyes (supraorbital area),
and the cathode 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 Dhamne et al. [39] with minor
modifications). This technique mirrors human tDCS protocols used in epilepsy
treatment [12,40,41,42,14,43,44,20,45] and has been used by several research groups. It
changes cortical excitability, suppressing seizures [39,46,47,18,48]. For the anodal
assembly, the anodal electrode was positioned between the ears, from the neck of the rat
(parietal cortex) [49, with modifications], while the cathodal electrode was positioned at
the midpoint of the lateral angle of the eyes (supraorbital area). The electrodes were

placed on the skin [37]. For sham stimulation, the electrodes were placed and fixed on
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the same sites as used for real stimulation; however, they were not connected to the
battery.

2.5. Tissue Collection

Rats were killed by decapitation at the end of kindling protocol, immediately after
the observation. After decapitation, the hippocampus and cerebral cortex were removed,
stored in independent slots (without buffer solution), and frozen at -80°C for subsequent
analysis.

2.6. Biochemical Assays

The hippocampus and cerebral cortex of each rat was collected and frozen at —80°C
upon analysis. The cerebral structures were homogenized in a mixture of Protease
Inhibitor Cocktail (Sigma® #P8340) and phosphate buffered saline (PBS) (1:100) at pH
7.2 using a handheld homogenizer. The homogenate was centrifuged for 5 min at
10,000 rpm. The resultant supernatant was used for the BDNF, IL-18, NGF, and TNF-a
assays. The levels of BDNF, IL-13, NGF, and TNF-a were determined by sandwich
enzyme-linked immunosorbent assay (sandwich-ELISA) using monoclonal antibodies
specific for each measurement (R&D Systems, Minneapolis, United States, #DY?248,
#DY501, #DY556 and #DY510 respectively). Procedures were performed in
accordance with the manufacturer’s protocol. Optical density was measured using an
ELISA reader at450 nm. Data were expressed in pg/mgof protein. Total protein was
measured using Bradford’s method and bovine serum albumin asstandard [50].

2.7. Statistical analysis

The results of PTZ-induced kindling, occurrence of clonic forelimb seizures, and
latency time to its onset were analyzed using Fisher's exact probability test and the

Generalized Estimating Equation (GEE) followed by the Bonferroni test, respectively.
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Biochemical data were expressed as means + standard error of the mean (SEM) and
analyzed by one-way ANOVA. Means were compared using the Student Newman-
Keuls (SNK) test, and the P-value< 0.05 was considered as statistically significant. All
experiments were independently repeated at least three times, with triplicate samples for
each treatment. Data were analyzed using the GraphPad Prism v.5 program (Intuitive
Software for Science, San Diego, CA, U.S.A)) and Statistical Package for Social

Sciences (SPSS, Chicago, USA) version 20.0.

3. Results
3.1. Effects of tDCS on parameters of seizures

The results shown in Table 1 demonstrate that DZP 3 mg/kg blocked the occurrence
of clonic forelimb seizures for more than 3 s (Fisher’s exact test, P< 0.001). c-tDCS did
not change the convulsive behavior of the animals (occurrence of seizure or latency to
the first bilateral forelimb clonus lasting more than 3 s) (Table 1 and 2; Fisher’s exact
test, P >0.05 and GEE: Wald XZ: 111.84; 28; P>0.05, respectively). In contrast, a-tDCS
increased the number of seizures and reduced the latency to first seizure, as observed on
the 4™ and 5" days into exposure to PTZ, similarly to what was observed for the
negative control (SAL/PTZ) (Table 1 and 2; Fisher’s exact test, P > 0.05 and GEE, P >
0.05, respectively).

The association of c-tDCS and a low dose of DZP (c-tDCS/DZP0.15/PTZ) induces
an increase the latency to first seizure, as shown on the 4" and 6" days (Table 2; GEE, P
< 0.01). It is possible to observe that the behavior of the c-tDCS/DZP0.15/PTZ group
differed from that of the negative control in the number of seizures on the 3", 4™ 5"
and 6™ days, though with no statistically difference when compared to the SAL/PTZ

group (Table 1; Fisher’s exact test, P > 0.05)
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Associated with a-tDCS, a low dose of DZP (a-tDCS/DZP0.15/PTZ) induced an
increase in the occurrence of seizures on the 2““, 4”‘, and 5" days; however, there was
no statistically significant difference when compared to the SAL/PTZ group (Table 1;
Fisher’s exact test, P >0.05). Following the same trend, this association reduced the
latency to the first bilateral forelimb clonus lasting more than 3 s, also evidenced on the
2" 4™ and 5"days, though with nostatistically significant difference when compared to
the negative control (Table 2; GEE, P >0.05).

c-tDCS alone orassociated with DZP 0.15mg reduced PTZ-induced mortality of
kindled rats; however, there was no statistically significant difference (Figure 2;
Kaplan-Meier/Mantel-Cox, P >0.05). DZP 3 mg/kg prevented mortality when compared
to the SAL/PTZ group (Kaplan-Meier/Mantel-Cox, P <0.01). However, the association
of a-tDCS with DZP 0.15mg induced the same mortality levels, as observed for the
negative control group (SAL/PTZ) (Figure 2; Kaplan-Meier/Mantel-Cox, P = 0.96).

3.2. Effects of tDCS on parameters of neuroinflammation

Hippocampal IL-1p levels were increased by PTZ, as shown in Figure 3A
(SAL/PTZ) compared to the SAL/SAL group (one-way ANOVA/SNK, P< 0.05). In
contrast, we observed a decrease in the basal levels of IL-1f in the c-tDCS/SAL/SAL
group, compared tothe total control group (SAL/SAL) (Figure 3A; one-way
ANOVA/SNK, P < 0.05). Oppositely, the a-tDCS/SAL/SAL group had increased levels
of IL-1p, similarly to the group treated with PTZ (Figure 3A; one-way ANOVA/SNK, P
<0.05).

Figure 3B shows that the groups that received c-tDCS alone (c-tDCS/SAL/PTZ) or
in association with DZP 0.15 mg/kg (c-tDCS/DZP0.15/PTZ) had reduced IL-1f levels
compared to the SAL/PTZ group (one-way ANOVA/SNK, P <0.05). There was no

significant difference between hippocampal IL-1p3 levels in the groups that received
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anodal treatments (a-tDCS/SAL/PTZ and a-tDCS/DZP0.15/PTZ; one-way
ANOVA/SNK, P > 0.05). Also, the group treated with DZP 3 mg/kg or DZP 0.15
mg/kg showed no significant difference compared to the SAL/PTZ group (one-way
ANOVA/SNK, P>0.05).

PTZ did not alter cortical IL-1p levels (Figure 3C, one-way ANOVA/SNK, P
>0.05). Also, neither c-tDCS nor a-tDCS altered the levels of this interleukin (Figure
3C, one-way ANOVA/SNK, P> 0.05).

c-tDCS alone or associated with DZP 0.15 mg/kg raised IL-1p levels compared to
SAL/PTZ (Figure 3D; one-way ANOVA/SNK, P < 0.05). a-tDCS did not induce any
change in cortical IL-1p levels (one-way ANOVA/SNK, P > 0.05).

Hippocampal TNF-a levels did not differ across treated groups when compared to
the negative control (SAL/PTZ) (Figures 4A and 4B; one-way ANOVA/SNK, P >
0.05). In the cerebral cortex, PTZ did not affect TNF-a levels; identical results were
observed for the groups treated with c-tDCS or a-tDCS compared to the SAL/SAL
group (Figure 4C; one-way ANOVA/SNK, P > 0.05).

c-tDCS alone or in association with DZP 0.15 mg/kg induced a significant increase
incortical TNF-a levels, as shown in Figure 4D (one-way ANOVA/SNK, P < 0.05). On
the other hand, a-tDCS did not induce alterations in the levels of this cytokine (one-way
ANOVA/SNK, P > 0.05).

Figure 5 shows that PTZ did not alter NGF levels in the hippocampus and cerebral
cortex (Figure 5A and 5C; one-way ANOVA/SNK, P > 0.05). Also, neither c-tDCS nor
a-tDCS changed the levels of this neurotrophin compared to the SAL/SAL group in
both brain structures (Figure 5A and 5C; one-way ANOVA/SNK, P > 0.05). The groups

treated with c-tDCS alone or associated with DZP 0.15 mg/kg showed a significant
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difference in NGF levels compared to the SAL/PTZ group in cerebral cortex (Figure
5D; one-way ANOVA/SNK, P < 0.05).

Figure 6A shows that PTZ and c-tDCS did not alter the levels of BDNF in
hippocampus when compared to the SAL/SAL group (one-way ANOVA/SNK, P >
0.05). However, a-tDCS was able to reduce the levels of this neurotrophin (one-way
ANOVA/SNK, P < 0.05). Following the same trend, a-tDCS associated with DZP also
reduced hippocampal BDNF levels (Figure 6B; one-way ANOVA/SNK, P < 0.05).
Figure 6C shows that PTZ did not alter cortical BDNF levels (one-way ANOVA/SNK,
P > 0.05). The same effect was observed after c-tDCS and a-tDCS (one-way
ANOVA/SNK, P > 0.05). The group treated with c-tDCS associated to DZP 0.15 mg/kg
showed a significant difference in the cortical BDNF levels compared to the SAL/PTZ

group (Figure 6D; one-way ANOVA/SNK, P < 0.05).

4. Discussion

In this study we show that there is a tendency to increase latency to first seizure
on the 4™ and 6" days after c-tDCS/DZP0.15/PTZ treatment. This contrasts with the
negative control both in the number of seizures and latency to first seizure. Also, a-
tDCS increased the number of seizures, reducing the latency to first seizure as seen on
the 4™ and 5™ days and increasing the mortality of kindled rats. On the other hand, c-
tDCS alone or associated with DZP reduced mortality, though with no statistically
significant difference.

It is important to highlight that this study is the first to analyze the protective
effect of tDCS in the PTZ-induced kindling model and to compare the effect of a-tDCS
and c-tDCS. Our data confirm the findings of astudy [39] that showed that the combined

use of c-tDCS and lorazepam is more effective in suppressing seizures than in
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improving clinical outcome, when compared to c-tDCS or the drug administered
individually. It is important to emphasize that the association with a therapeutic
alternative such as tDCS may allow reducing drug doses, thereby decreasing
undesirable effects without loss of anticonvulsive effect.

It is important to note that the kindling model is induced by pentylenetetrazole,
which is a GABA receptor antagonist that binds to the picrotoxin recognition site on the
GABA-A benzodiazepine-chloride-ionophore complex, decreasing GABA inhibition
[51]. Benzodiazepines such as DZP are positive allosteric modulators of synaptic
GABAA receptors that are responsible for classical phasic inhibition [52]. This occurs
because channel opening frequency increases, rising conductance of the chloride ion
and inhibiting action potential [53]. Although benzodiazepines are considered potent
anticonvulsants, their clinical use is limited due to the associated adverse effects,
including psychomotor impairment, sedation, ataxia, and risk of dependence [23]. Even
though c-tDCS alone did not produce a consistent improvement in seizure behavior, it
presented better results when compared to a-tDCS, a finding that was discussed in other
studies [54,41,55]. Nevertheless, it should be underscored that a-tDCS induced higher
mortality in the animals submitted to kindling.

Moreover, c-tDCS reduced the hippocampal IL-1B levels in the c-
tDCS/SAL/SAL group compared to the control group (SAL/SAL). This result confirms
the findings of a study recently published by our research group that showed that tDCS
reduced TNF-a and IL-1f protein levels in the Wistar Kyoto rats (WKY) [56]. It
suggests the modulation of inflammatory response by tDCS in the control animals. We
also observed that c-tDCS and its association with diazepam (c-tDCS/DZP0.15/PTZ)
reduced the levels of IL-1f raised by PTZ in hippocampus. However, c-tDCS increased

cortical IL-1p levels. a-tDCS increased IL-1f in the SAL/SAL (a-tDCS/SAL/SAL)
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group, similarly to what was observed for the negative control (SAL/PTZ) in
hippocampus. It is also important to highlight that this result differs from the effect
caused by c-tDCS in the c-tDCS/SAL/SAL group, since IL-1p levels were even lower
than in the total control (SAL/SAL).

In addition, we observed an increase in IL-1f in the DZP3 group. This finding
was unexpected and suggests the modulation of inflammatory response by
anticonvulsive activity, confirming the results of a previous study [57]. Kolosowska et
al. [58] found that IL-1p, but not TNF-a, appears to play an important role in the
kindling process as a good marker for fully developed seizures. The authors further
demonstrated an increase in IL-1p concentration in the final stage of kindling, when
tonic-clonic seizures are established. Thus, IL-1p is a critical factor involved in the
generation and in the spread of seizures [59,60]. In addition, pro-inflammatory
mediators such as cytokines like IL-1f3 and TNF-a and growth factors such as BDNF
undergo positive regulation during neuroinflammation. This process is involved in the
activation of microglia, astrocytes, and endothelial cells of the blood-brain barrier [61].
Contrary to what we observed in the hippocampus of animals submitted to kindling, in
the cerebral cortex we observed an increase in IL-1f levels induced by c-tDCS. This
finding confirms the results published by Sayya et al. [62] in a study that suggested that
IL-1B could be linked to neuroprotection to the damage induced by epilepsy due to
altered epileptogenesis by delaying the acquisition of generalized seizures. It has also
been shown that infusion of chronic central IL-1f3 appears to delay the acquisition of
kindling by blocking the generalization of seizures during the early stages of
epileptogenesis [58]. It is important to note that modified cytokine levels are linked to
increased sensitivity to pain and kindling stimuli [63]. A consistent body of

experimental evidence suggests that neuroinflammation processes contribute to the
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etiopathogenesis of convulsions [64]. Therefore, such changes are observed in the brain
of epileptic patients and in brain tissue samples from animals submitted to experimental
models of epilepsy [21].

We observed a reduction in cortical TNF-a levels of animals submitted to
kindling and to a-tDCS, besides an increase in the parameter in those receiving c-tDCS.
This suggests that TNF-o is important in the activation, differentiation, proliferation,
and infiltration of immune cells in the neuroinflammation process [65]. It is interesting
to clarify dual role of TNF-a in the pathophysiology of seizures and epilepsy. TNF
receptor type 1 (TNFR1 or p55) activation induces a pro-convulsive effect; on the other
hand, receptor 2 (TNFR2 or p75) activation induces an anti-convulsive effect [66,67].
Thus, inhibitory or stimulatory effects will be observed in the emergence of seizures,
depending on the concentration and type of receptor involved in this process [68]. On
the other hand, no significant changes were detected in TNF-a levels during PTZ-
induced kindling; however, increased levels of IL-1B were observed in rats that had
fully developed seizures [58]. This may be due to the fact that this cytokine is more
active at the early and late inflammatory stages [69]. The different TNF-a levels
reported in the literature may be attributed to the administration of different doses of the
seizure agent as well as to the inter-strain sensitivity in PTZ-induced seizures.

Finally, c-tDCS alone or in association with DZP induced an increase in the
levels of NGF and BDNF in cerebral cortex. As already mentioned, excess IL-1p
production may induceneurodegeneration in in vivo models [70]. However, the in vitro
effect appears to be the opposite, when IL-1 hasneuroprotective effect in degenerative
process induced by excitatory amino acids, which seems to be linked to NGF activity
[71]. c-tDCS during kindling significantly increased levels of NGF and BDNF.

Moreover, we observed a reduction in the hippocampal levels of BDNF in the a-
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tDCS/SAL/SAL group, compared to the negative control. Likewise, we observed that a-
tDCS associated with DZP also reduced hippocampal BDNF levels. It is well known
that NGF and BNDF are neurotrophins produced in the brain by neuronal and non-
neuronal cells [72]. They regulate neuronal survival, differentiation, and reorganization
of connectivity in developing and adult brains as well as in neuronal excitability through
the synthesis of neurotransmitters, synapse formation, and axon elongation [72,73].
Humpel et al. [51] showed that BDNF levels might be linked to protection mechanisms
against damage after kindling seizures and in sprouting responses. It is important to note
that BDNF levels were increased in the hippocampus of animals 3 h and 24 h as well as
up to 3 days after the last PTZ injection. It is known that various brain lesions increase
the activity of neurotrophic factors in the affected areas and around them, which can
regulate axonal and dendritic remodeling, which is required in order to maintain
damaged neurons and even to prevent the cells from dying [74]. This may explain the
improvement in the convulsive behavior in the groups that received c-tDCS, especially
in those associated with a low dose of DZP, since their levels of NGF and BDNF
increased. Furthermore, it has been proposed that these neurotrophins can mediate
anticonvulsive actions associated with other drugs reduce susceptibility to PTZ [72].
The results observed in the present study confirm the findings published in
previous research, which showed the ability of tDCS to modulate seizures in a PTZ-
induced kindling model based on its beneficial effects on inflammatory parameters
[23,64]. Previous studies provide evidence that tDCS reduces inflammatory markers in
neuropathic pain and chronic stress-induced pain models [75,37] confirming our results.
However, the modulation of neuroinflammatory pathways by tDCS has not been
completely clarified. A previous study suggested that tDCS might activate glial cells

[76], indicating the pro-inflammatory effect of stimulation. In agreement with another
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study [77], our results demonstrate that these effects on inflammation might depend on
stimulation parameters. Central and peripheral neuromodulatory techniques like electro
acupuncture [78], vagus nerve stimulation [79], epidural motor cortex stimulation [80],
and deep brain stimulation [81] have been associated with anti-inflammatory effects in
pathological scenarios, supporting the role of tDCS in neuroinflammatory conditions.

Thus, our findings demonstrate that c-tDCS did not significantly decrease PTZ-
induced seizures in the kindling model, but c-tDCS alone or associated with a low dose
of DZP had neuroprotective effects, improving neurotrophin levels and decreasing IL-
1B levels in the hippocampus after PTZ-induced kindling. Instead, a-tDCS has been
shown to worsen seizure parameters, in addition to overturning NGF and BDNF levels.

Conclusion

In conclusion, c-tDCS alone or in combination with a low dose of DZP had
neuroprotective effects, improving central neurotrophin levels and decreasing
hippocampal IL-1f levels after PTZ-induced kindling, without a statistically significant
effect in the seizure behavior. In this way, c-tDCS should be further investigated in new
studies focusing on the elucidation of its mechanism of action and its interaction with
other anticonvulsant drugs. This technique may have potential use in epilepsy or as an

adjuvant in conventional pharmacotherapy.
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Figure legends

Figure 1. Diagram illustrating the chronological events of the experiments. (A) groups
not treated with tDCS. (B) tDCS groups.

Figure 2. The effect of tDCS on mortality in rats submitted to PTZ-kindling.
Cumulative survival (Kaplan-Meier) during PTZ-kindling. N = 9 - 20 animals per group
(**P < 0.01). P-values were calculated using the log-rank (Mantel-Cox) test compared
to the SAL/PTZ group.

Figure 3. The effect of tDCS on IL-1p levels in hippocampus and cerebral cortex. Data
are presented as the mean + SEM, n = 4-8 animals per group.

(A) Effect of c-tDCS and a-tDCS on IL-1B levels in hippocampus. One-way
ANOVA/SNK. * significant difference compared to the SAL/SAL group, P < 0.05.

(B) Effect of c-tDCS and a-tDCS on IL-1B levels in hippocampus. One-way
ANOVA/SNK. * significant difference compared to the SAL/PTZ group, P < 0.05.

(C) Effect of c-tDCS and a-tDCS on IL-1B levels in cerebral cortex. One-way
ANOVA/SNK. There was no significant difference, P > 0.05. (D) Effect of c-tDCS and
a-tDCS on IL-1p levels in cerebral cortex. One-way ANOVA/SNK. * significant
difference compared to the SAL/PTZ group, P < 0.05.

Figure 4. The effect of tDCS on TNF-a levels in hippocampus and cerebral cortex. Data
are presented as the mean £ SEM, n= 5-11 animals per group.

(A) Effect of c-tDCS and a-tDCS on TNF-a levels in hippocampus. One-way
ANOVA/SNK. There was no significant difference, P > 0.05.

(B) Effect of c-tDCS and a-tDCS on TNF-o levels in hippocampus. One-way
ANOVA/SNK. There was no significant difference, P > 0.05.

(C) Effect of c-tDCS and a-tDCS on TNF-a levels in cerebral cortex. One-way
ANOVA/SNK. There was no significant difference, P > 0.05.

(D) Effect of c-tDCS and a-tDCS on TNF-o levels in cerebral cortex. One-way
ANOVA/SNK. * significant difference compared to the SAL/PTZ group, P < 0.05.
Figure 5. The effect of tDCS on NGF levels in hippocampus and cerebral cortex. Data
are presented as the mean+ SEM, n =5 - 10 animals per group.

(A) Effect of c-tDCS and a-tDCS on NGF levels in hippocampus. One-way
ANOVA/SNK. There was no significant difference, P > 0.05.

(B) Effect of c-tDCS and a-tDCS on NGF levels in hippocampus. One-way
ANOVA/SNK. There was no significant difference, P > 0.05.
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(C) Effect of c-tDCS and a-tDCS on NGF levels in cerebral cortex. One-way
ANOVA/SNK. There was no significant difference, P > 0.05.

(D) Effect of c-tDCS and a-tDCS on NGF levels in cerebral cortex. One-way
ANOVA/SNK. * significant difference compared to the SAL/PTZ group, P < 0.05.
Figure 6. The effect of tDCS on BDNF levels in hippocampus and cerebral cortex. Data
are presented as the mean+ SEM. n =4 - 11 animals per group.

(A) Effect of c-tDCS and a-tDCS on BDNF levels in hippocampus. One-way
ANOVA/SNK. * significant difference compared to the SAL/SAL group, P < 0.05.

(B) Effect of c-tDCS and a-tDCS on BDNF levels in hippocampus. One-way
ANOVA/SNK. * significant difference compared to the SAL/PTZ group, P < 0.05.

(C) Effect of c-tDCS and a-tDCS on BDNF levels in cerebral cortex. One-way
ANOVA/SNK. There was no significant difference, P > 0.05.

(D) Effect of c-tDCS and a-tDCS on BDNF levels in cerebral cortex. One-way
ANOVA/SNK. * significant difference compared to the SAL/PTZ group, P < 0.05.
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Figure 2
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Figure 4
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Figure 5

Panel A

14 -

Hippocampal NGF Levels
(pg/mg of protein)
(=] (] o =)} =] g :

Panel B

ot o et

TSI II= T

Hippocampal NGF Levels
(pg/mg of protein)

91



Panel C

; 10 C
£ 9
X 8
=g 7
2% 6
£ 1
g 4
T 3
£,
O 1
0 :
g < o g
w ® » »
e - c':,\% CJ\"'O
Na Na
& o
Panel D
_ 14 - * *
£ 12 T D
Z 10 -
.4":_.‘ 8 4
%.g - II
Z = 4 - - - -
d By 0
(2@ W H m 5B
g
— Vv Y AV A\ 4V 4 4
2 & & &L & & &S
% » O SN S
= T 4 9 F
~ ¥ S R
5 S o ;\QC
o >

92




Figure 6
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Table 1

Effects of c-tDCS and a-tDCS on the number of animals presenting seizures
(bilateral forelimb clonus lasting more than 3 s) during repeated PTZ
administration

Number of seizures (%)

Groups Day 2 Day 3 Day 4 Day 5 Day 6
SAL/PTZ 40 61.11 66.67 75 50

DZP0.15/PTZ 25 30 45 27.78" 29.41
DZP3/PTZ 0" 07" 07" 0" 0"

Sham/SAL/PTZ 50 38.89 40 50 30.77
c-tDCS/SAL/PTZ 58.33 58.33 66.67 58.33 63.64
c-tDCS/DZP0.15/PTZ  58.33 33.33 36.36 50 22.22
a-tDCS/SAL/PTZ 70 50 71.43 85.71 33.33
a-tDCS/DZP0.15/PTZ  66.67 375 85.71 83.33 14.29

N =9 - 20 animals per group (*P < 0.05, **P < 0.01, and ***P < 0.001; Fisher’s Exact
Test, compared to the SAL/PTZ group).
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Table 2
Effects of c-tDCS and a-tDCS on latency to the 1** bilateral forelimb clonus lasting more than 3 s in rats submitted to PTZ-kindling

Latency to first seizure (min.)

Groups Day 2 Day 3 Day 4 Day 5 Day 6
SAL/PTZ 19.94 + 2.94 14.76 + 2.97 12.56 + 2.59 11.00 + 2.70 13.99 + 3.30
DZP0.15/PTZ 2431 +2.28 2254 + 256 19.16 + 2.65 23.12+2.35" 22.29+2.76
DZP3/PTZ 30.00 +0.00™" 30.00 +0.00™" 30.00 + 0.00™" 30.00 + 0.00™" 30.00 + 0.00™"
Sham/SAL/PTZ 17.77 + 3.17 16.79 + 3.05 19.95 + 3.13 16.45 + 3.36 24.32 +3.20°
c-tDCS/SAL/PTZ 16.36 + 3.42 15.99 + 3.54 14.51 + 3.25 18.03 + 3.29 18.83 + 3.27
c-tDCS/DZP0.15/PTZ 15.54 + 3.56 21.81 +3.35 22.36+2.95" 17.42 + 3.64 25.86 +2.42"
a-tDCS/SAL/PTZ 11.05 + 3.93 17.58 + 4.30 12.10 + 4.12 10.41 + 3.26 19.97 + 4.90
a-tDCS/DZP0.15/PTZ 13.49 + 4.03 20.82 +3.98 10.19 + 3.20 9.09 + 3.88 22.91+3.33

N =9 - 20 per group (*P < 0.05 **P < 0.01, and ***P < 0.001, compared to the SAL/PTZ group). The comparisons between the eight groups, according to the
number of treatments, were analyzed by using the GEE. Bonferroni multiple comparisons were used to complete the evaluation statistical calculations.
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5 DISCUSSAO

Nesta tese, realizamos uma revisao sistematica de estudos clinicos e pré-clinicos
usando a estimulagdo transcraniana por corrente continua (ETCC) como uma
abordagem terapéutica para a epilepsia. A maioria dos estudos encontrados demonstrou
maior eficacia com o uso da estimulagdo transcraniana por corrente continua catodal
(ETCC-c). Os efeitos antiepilépticos da ETCC-c podem ser explicados pela diminuicéo
da excitabilidade cortical, que induz a hiperpolarizagdo das membranas neuronais e
subsequente alteracdo da eficacia sinptica (Nitsche et al., 2003b). Embora a eficcia
antiepiléptica seja promissora com a ETCC-c reduzindo a excitabilidade, tem sido
demonstrado que a estimulacdo transcraniana por corrente continua anodal (ETCC-a)
aumenta a amplitude e reduz o tempo do disparo neuronal glutamatérgico (efeito oposto
observado com ETCC-c), consequentemente aumentando a excitabilidade (Pelletier e
Cicchetti 2015). ETCC néo induz o disparo neuronal por estimulos supralimiares,
diferentemente da estimulagdo magnética transcraniana. Apesar de haver um caso
clinico relatando que uma crianga teve uma convulsdo ap6s um protocolo diério

repetido de ETCC (Ekici, 2015), a indugdo de convulsdes por ETCC néo € comum.

Embora o completo mecanismo de a¢do da ETCC permaneca desconhecido, este
parece envolver uma combinacdo de hiperpolarizacdo e despolarizagdo de axonios e
alteracbes das fungbes sinapticas (Pelletier e Cicchetti 2015). Vaérios estudos
investigaram os efeitos da ETCC-c na atividade neural esponténea e nas respostas
motoras evocadas do sistema nervoso central e periférico. Estes relataram que os efeitos
resultantes da ETCC envolvem um mecanismo de acdo néo-sindptico baseado em
alteragdes das fungdes da membrana neural (Ardolino et al., 2005). Portanto, os autores
sugeriram outros mecanismos, como mudancgas nas concentracbes de ions, alteracdes
das proteinas transmembrana e alteracfes eletroliticas relacionadas ao hidrogénio
induzidas pela exposicdo a uma corrente elétrica constante (Ardolino et al., 2005;
Nitsche et al., 2005; Fricke et al., 2011).

A aplicacdo de um campo elétrico constante no escalpo gera dois polos elétricos
com cargas opostas, constituidas por dois eletrodos. Durante a ETCC-a, a corrente
fornecida no &nodo atrai ions negativos na area abaixo do eletrodo, reduzindo, assim, o
limiar e facilitando o disparo neuronal (aumento da excitabilidade cortical). Por outro

lado, os eletrodos com carga negativa (ETCC-c) atraem cargas positivas, aumentando o
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limiar tornando a area estimulada menos suscetivel a estimulos enddgenos ou exdgenos
(reduzindo a excitabilidade cortical) (Rossi et al., 2016; Nitsche et al., 2008; Rosen et
al., 2009). Os efeitos da ETCC séo dependentes da montagem dos eletrodos, parametros
de estimulacéo e local de estimulacdo. A excitabilidade € alterada e a duracéo do efeito
é dependente dos pardmetros das correntes diretas utilizadas, como intensidade e tempo

de aplicacdo (Nitsche e Paulus, 2000; George e Aston-Jones, 2010).

Em revisdo anterior do nosso grupo de pesquisa (Medeiros et al., 2012) foram
discutidos os mecanismos presumiveis da acdo da ETCC, tentando elucidar as vias
subjacentes neurobioldgicas e de sinalizacdo celular. Esta revisdo evidencia que a ETCC
induz plasticidade, melhora a viabilidade e a morfologia neuronal, modula a transmissdo
sindptica e a biossintese de moléculas. Além disso, varios eventos de modulacdo
associados a atividade glutamatérgica, GABAérgica, dopaminérgica, serotoninérgica e

colinérgica séo induzidos pela ETCC.

Recente revisdo confirmou a auséncia de evidéncia de efeitos adversos graves
(Bikson et al., 2016) confirmando a seguranga da ETCC. Esta técnica pode ser aplicada
com baixo risco e pouco desconforto e, quando usada em sessdes repetidas, pode ter
efeitos duradouros (Nitsche et al., 2008). O efeito da ETCC no curto prazo (efeito
imediato) ocorre devido a diminuigdo (anddico) ou aumento (catddico) do limiar de
disparo neuronal (Ruscheweyh et al., 2011). No entanto, os efeitos em longo prazo
envolvem a participacdo do BDNF e receptores NMDA nos mecanismos de plasticidade
sindptica (Fertonani et al., 2010). Como nesta técnica ndo ha contato direto de eletrodos
com o cortex cerebral, ndo hé formacéo de produtos toxicos indutores de dano cerebral
(Nitsche et al., 2003a). Ressonancia magnética antes e apds 30 e 60 min de estimulacéo,
aplicada ao cortex pré-frontal e ao cdrtex motor, ndo apresentou sinal de alteracbes
patoldgicas. Desta forma, é possivel concluir que a ETCC ndo provoca anomalias na
BHE ou no tecido cerebral, nem edema cerebral (Rosen et al., 2009). Finalmente,
Accornero e colaboradores (2007) nédo verificaram variagdes anormais na frequéncia
cardiaca, pressdo arterial ou temperatura durante e 20 minutos apds o término da
estimulagdo. Portanto, ETCC é um método seguro para uso em humanos, e tem a
vantagem de poder ser combinado com outras intervengdes, como tratamento

farmacoldgico.

ETCC tem sido utilizada no tratamento de epilepsia, espasticidade, alteracdes de

movimento, doenca vascular periférica e transtornos psiquiatricos (Raghavan et al.,

98



2008). Embora os efeitos agudos da ETCC na atividade epileptiforme em curso estejam
bem estabelecidos em modelos animais, permanece desconhecido o mecanismo pelo
qual a ETCC prolongada modula o inicio da convulsdo e a epileptogénese (Jackson et
al., 2016). Além disso, enquanto estudos em animais sugerem que a ETCC-c
prolongada pode ter efeito anticonvulsivante; a ETCC-a tem efeitos contrarios, mas ndo
consistentes, diminuindo o limiar da atividade convulsiva - evidente no EEG - mesmo
ndo observando mudangas comportamentais (Liebetanz et al., 2006b; Hayashi et al.,
1988). Tekturk e colegas buscaram evitar a geragdo e a propagacdo das convulsdes
utilizando ETCC-a. Hipotetizaram que, mesmo que o ETCC-c diminua a excitabilidade
cortical, 0 ETCC-a aumenta os efeitos das conexdes inibitdrias (Tekturk et al., 2016).
Sendo assim, eles usaram ETCC-c direcionando os focos epilépticos e ETCC-a, ao
tecido cortical normal circundante, o que ndo foi eficaz na reducéo da frequéncia de

convulsoes.

Epilepsia é uma doenca com caracteristica intrinseca de atividade
hipersincronica. Portanto, a epilepsia representa 0 modelo para alteragdes plasticas
hiperexcitatérias anormais dentro do circuito cortical (San-Juan et al., 2017). A
heterogeneidade entre estudos usando ETCC para o tratamento da epilepsia refrataria
pode ser parcialmente atribuida & etiologia diversa da patologia. Portanto, diferentes
abordagens podem ser avaliadas para diferentes tipos de epilepsia, porque apenas alguns
estudos estdo disponiveis. Por exemplo, em pacientes com epilepsia pos-traumética
resistente a medicamentos, apenas um ensaio clinico randomizado duplo-cego foi
publicado (Fregni et al., 2006). As causas da refratariedade da epilepsia aos
medicamentos e ao tratamento cirurgico ainda sdo desconhecidas. No entanto, um
possivel motivo € a presenca de danos neuronais que afetam outras areas do encéfalo,
além do hipocampo (Petrovski et al.,, 2010; Zhang et al., 2017). Um estudo
morfométrico usando imagens de ressonancia magnética mostrou que o dano neuronal
em pacientes com epilepsia do lobo temporal se estende para aléem do hipocampo e afeta
regides que conectam o hipocampo funcional e anatomicamente (van Elst et al., 2000).
Esse achado sugere a presenca de uma lesdo na rede neural, subjacente as manifestaces
clinicas nesses pacientes (Andrade-Valenca et al., 2008). Mais especificamente, a
epilepsia do lobo temporal mesial € comumente associada & esclerose hipocampal nos

achados histologicos desses pacientes (Andrade-Valenca et al., 2008).
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San-Juan e colaboradores (2015) publicaram uma revisdo sobre a eficicia e
seguranca da ETCC na epilepsia. Os autores analisaram nove artigos utilizando
diferentes metodologias (trés pré-clinicas/seis clinicas). Além disso, estudos in vivo e in
vitro demonstraram que a ETCC poderia induzir a supressdo da atividade epileptiforme
sem lesdo neuroldgica. Quatro de seis (67%) estudos clinicos revelaram uma
diminuicdo efetiva das crises epilépticas e cinco de seis (83%), uma reducéo da
atividade epileptiforme interictal (San-Juan et al., 2015; Scorza e Brunoni, 2015). De
fato, ndo encontramos evidéncias de que a utilizagdo de ETCC na epilepsia possa
provocar um aumento de convulsdes, nem gerar qualquer outro efeito adverso
significativo (Pereira et al., 2016). Estudos adicionais envolvendo um maior nimero de
pacientes sd0 necessarios para investigar os efeitos da ETCC na epilepsia resistente a

medicamentos.

A fim de desenvolver protocolos de estimulagéo ideais e acompanhamento em
longo prazo, estudos em animais e ensaios clinicos prospectivos maiores com condi¢des
epilépticas homogéneas sdo necessarios. Em pesquisa anterior, foi demonstrado que
cada estudo usa diferentes categorias de pacientes, protocolos de estimula¢éo, tamanhos
de eletrodos, locais de estimulagéo e forca de corrente de estimulacdo. Portanto, as
conclusdes a partir da comparacdo desses estudos devem ser usadas para fornecer
medidas padronizadas, a fim de permitir a reprodutibilidade dos desfechos (Gschwind e
van Mierlo, 2016). A epileptogénese envolve um aumento na forca sinaptica excitatoria,
e os focos de convulséo sdo caracterizados por uma reducéo da atividade em terminais
inibitorios (GABAGérgicos) e um aumento em terminais excitatorios (glutamatérgicos)
(Fregni e Pascual-Leone, 2007). Assim, o principal mecanismo de a¢do da ETCC pode
ser uma indugdo de efeitos do tipo depressédo de longa duragédo (LTD), ou seja, a
reducdo da excitabilidade cortical e a probabilidade de atividade paroxistica em regiGes
corticais epileptogénicas (Nitsche e Paulus, 2009). Enquanto o0s efeitos
anticonvulsivantes imediatos da ETCC-c envolvem a hiperpolarizagdo do soma
neuronal e a dessincronizagdo da atividade neuronal, seus efeitos em longo prazo
parecem ocorrer por meio da modulacdo da transmisséo sinéptica, podendo causar LTD
via talamo-cingulado, que parece ser dependente da duragdo e dos receptores NMDA
(Chang et al., 2015), assim a ETCC-c parece promover a inibigdo intracortical. Por
outro lado, a ETCC-a facilita a plasticidade sinaptica via potenciacdo de longa duragdo

(LTP), bem como estudos anteriores mostraram que convulsdes breves poderiam
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induzir LTP e surgimento de fibras musgosas no hipocampo, portanto o mecanismo de
formacéo de LTP poderia ser semelhante ao mecanismo de epileptogénese (Chang et al.,
2015; Rroji et al., 2015). Finalmente, os mecanismos subjacentes aos efeitos da ETCC
parecem estar envolvidos ndo apenas em modificacOes locais relacionadas & polaridade
da excitabilidade cortical, mas também em conexdes inter-hemisféricas mais complexas
(Tatti et al., 2016).

Os resultados obtidos nesta tese demonstram que a associagédo de ETCC-c e
diazepam (DZP) em dose baixa (ETCC-c/DZP0.15) demonstrou uma tendéncia a
aumentar a laténcia para a primeira convulséo nos dias quatro e seis do protocolo de
kindling. Isso contrasta com o controle negativo tanto no nimero de convulsdes quanto
na laténcia para a primeira convulséo. Além disso, verificamos que a ETCC-a aumentou
0 numero de convulsdes, reduzindo a laténcia para a primeira convulsdo, observada nos
dias quatro e cinco, e aumentando a mortalidade dos ratos submetidos ao modelo de
kindling por pentilenotetrazol (PTZ). Por outro lado, a ETCC-c isolada ou associada ao

DZP reduziu a mortalidade, embora sem diferenca estatisticamente significativa.

E importante ressaltar que este estudo é o primeiro a analisar o efeito protetor da
ETCC no modelo de kindling induzido por PTZ e comparar o efeito de ETCC-a e
ETCC-c. Nossos dados confirmam os achados de um estudo (Dhamne et al., 2015) que
mostrou que o uso combinado de ETCC-c e lorazepam é mais eficaz na supressdo de
convulsdes quando comparado & ETCC-c isolada ou ao farmaco administrado
individualmente. E importante enfatizar que a associacio com uma alternativa
terapéutica, como a ETCC, pode permitir a redugdo das doses de farmacos, diminuindo

os efeitos indesejaveis sem perda do efeito anticonvulsivo.

E necessario salientar que o modelo de kindling €é induzido pelo
pentilenotetrazol, que € um antagonista do receptor GABA que se liga ao sitio de
reconhecimento da picrotoxina blogueando o canal de cloreto (CI) do complexo do
receptor GABA,, diminuindo a inibicio de GABA (Humpel et al., 1993). Os
benzodiazepinicos, como o DZP, sdo moduladores alostéricos positivos dos receptores
GABA sinapticos, responsaveis pela inibicdo fasica classica (Bruun et al., 2015). Isso
ocorre porque a frequéncia de abertura do canal aumenta, aumentando a conduténcia do
ion CI', inibindo o potencial de acdo (Ataee et al., 2016). Embora os benzodiazepinicos
sejam considerados anticonvulsivantes potentes, seu uso clinico é limitado devido aos

efeitos adversos associados, incluindo comprometimento psicomotor, sedagéo, ataxia,

101



tolerancia e dependéncia (Frantz et al., 2017). ETCC-c isolada ndo produziu melhora
consistente no comportamento convulsivo, mas apresentou melhores resultados
comparado a ETCC-a, corroborando outros estudos (San-Juan et al., 2017; Assenza et
al., 2017; Zoghi et al., 2016), no entanto deve-se ressaltar que a ETCC-a induziu maior

mortalidade nos animais submetidos ao kindling.

Além disso, a ETCC-c reduziu os niveis de IL-1B no hipocampo no grupo
ETCC-c/SAL/SAL em comparagdo com o grupo controle (SAL/SAL). Este achado
corrobora um estudo recentemente publicado pelo nosso grupo de pesquisa que mostrou
que a ETCC reduz os niveis de TNF-a e IL-1f nos ratos Wistar Kyoto (WKY) (Leffa et
al., 2018). Este achado sugere a modulacdo da resposta inflamatéria pela ETCC nos
animais controles, ou seja, na auséncia de exposicdo ao agente convulsivante.
Observamos também que a ETCC-c e sua associacdo com diazepam (ETCC-
¢/DZP0.15/PTZ) reduziram os niveis de IL-1p gerados pelo PTZ no hipocampo. No
entanto, a ETCC-c aumentou os niveis corticais de IL-13. ETCC-a aumentou IL-1p no
grupo SAL/SAL (ETCC-a/SAL/SAL), similarmente ao que foi observado para o
controle negativo (SAL/PTZ) no hipocampo. Também é importante ressaltar que esse
resultado difere do efeito causado pela ETCC-c no grupo ETCC-c/SAL/SAL, uma vez

que os niveis de IL-1f foram ainda menores do que no controle total (SAL/SAL).

Além disto, observamos um aumento na IL-1B no grupo DZP3. Esse resultado
foi inesperado e sugere a modulagdo da resposta inflamatoria pela atividade
anticonvulsiva, confirmando os resultados de um estudo anterior (Figueroba et al.,
2014). Kolosowska e colaboradores (2014) demonstraram que a IL-1p, mas ndo o TNF-
a, parece desempenhar um papel importante no processo de inflamagdo como um bom
marcador para convulsdes totalmente desenvolvidas. Os autores observaram ainda um
aumento na concentragdo de IL-1B no estdgio final do kindling, quando convulsdes
tonico-clonicas séo estabelecidas. Assim, IL-1B € um fator critico envolvido na geragéo
e na propagacdo das convulsdes (De Simoni et al., 2000; Vezzani et al., 2002). Além
disso, mediadores pro-inflamatérios como as citocinas IL-13 e TNF-a ¢ fatores de
crescimento como o BDNF sofrem regulagdo positiva durante a neuroinflamagéo. Este
processo esta envolvido na ativacdo da microglia, astrdcitos e células endoteliais da
BHE (Dey et al., 2016). Ao contrario do que observamos no hipocampo de animais
submetidos ao kindling, no cdrtex cerebral, houve um aumento nos niveis de IL-13

induzidos pela ETCC-c. Esse achado corrobora estudo de Sayya e colegas (2005) que

102



sugeriram que a IL-1p poderia estar associada a neuroprote¢do aos danos induzidos pela
epilepsia, devido a epileptogénese alterada pelo retardo na aquisicdo das convulsdes
generalizadas. Também foi demonstrado que a infusdo de IL-1p central crOnica parece
atrasar a aquisi¢do do kindling, bloqueando a generalizagéo das convulsdes durante 0s
estagios iniciais da epileptogénese (Kotosowska et al., 2014). Vale ressaltar que os
niveis alterados de citocinas estdo ligados ao aumento da sensibilidade & dor e aos
estimulos induzidos pelo kindling (Clinton et al., 2011). Evidéncias sugerem que
processos de neuroinflamagéo contribuem para a etiopatogénese das convulsdes (Hoda
et al., 2017), tais alteracOes sdo observadas no cérebro de pacientes epilépticos e em
amostras de tecido cerebral de animais submetidos a modelos experimentais de

epilepsia (Vezzani et al., 2011).

Observamos uma reducao nos niveis de TNF-a cortical dos animais submetidos
ao kindling e 8 ETCC-a, além de um aumento no pardmetro naqueles recebendo ETCC-
c. Isto sugere que o TNF-o é importante na ativacdo, diferenciacdo, proliferagdo e
infiltracio de células imunes no processo de neuroinflamagdo (Sonar e Lal, 2015). E
interessante salientar o duplo papel do TNF-a na fisiopatologia das convulsdes e da
epilepsia. A ativacdo do receptor TNF tipo 1 (TNFR1 ou p55) induz um efeito pro-
convulsivo; por outro lado, a ativagdo do receptor 2 (TNFR2 ou p75) induz um efeito
anticonvulsivo (Weinberg et al., 2013; Balosso et al., 2013). Assim, efeitos inibitdrios
ou estimulatérios serdo observados no surgimento de convulsfes, dependendo da
concentracdo e do tipo de receptor envolvido nesse processo (Balosso et al., 2005). Em
contrapartida, ndo foram detectadas alteracfes significativas nos niveis de TNF-a
durante o kindling induzido por PTZ; no entanto, niveis aumentados de IL-1p foram
observados em ratos que tiveram convulsdes plenamente desenvolvidas (Kotosowska et
al., 2014). Isto pode ser devido a esta citocina ser mais ativa em estagios inflamatdrios
precoces e tardios (Lai et al., 2006). Os diferentes niveis de TNF-a relatados na
literatura podem ser atribuidos a administragdo de diferentes doses do agente

convulsivo, bem como a sensibilidade intercepa em convulsées induzidas por PTZ.

Finalmente, a ETCC-c isolada ou em associagdo com o DZP induziu aumento
nos niveis de NGF e BDNF em cdrtex cerebral. Como j& mencionado, o excesso de
producdo de IL-1P pode induzir a neurodegenera¢cdo em modelos in vivo (Rothwell e
Strijbos, 1995). No entanto, o efeito in vitro parece ser o oposto, quando a IL-1p tem

efeito neuroprotetor no processo degenerativo induzido por aminodcidos excitatorios, o
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que parece estar ligado a atividade do NGF (Strijbos e Rothwell, 1995). A ETCC-c
durante o kindling aumentou significativamente os niveis de NGF e BDNF. Além disso,
observamos uma reducgdo nos niveis hipocampais do BDNF no grupo ETCC-
a/SAL/SAL, comparado ao controle negativo. Da mesma forma, observamos que a
ETCC-a associada ao DZP também reduziu os niveis de BDNF no hipocampo. E sabido
que o NGF e o BNDF séo neurotrofinas produzidas no cérebro por células neuronais e
ndo neuronais (Tirassa e Costa, 2007). Eles regulam a sobrevivéncia, a diferenciagéo e a
reorganizacdo neuronal em cérebros em desenvolvimento e adultos, bem como na
excitabilidade neuronal por meio da sintese de neurotransmissores, formacéo de
sinapses e alongamento de axonios (Tirassa e Costa, 2007; Poo, 2001). Humpel e
colaboradores (1993) mostraram que os niveis de BDNF podem estar ligados a
mecanismos de protecdo contra danos apds as convulsdes no modelo de kindling e em
respostas de brotamento. E necesséario ressaltar que os niveis de BDNF foram
aumentados no hipocampo dos animais 3 h e 24 h, bem como até trés dias apds a Ultima
injecdo de PTZ. Sabe-se que varias lesGes cerebrais aumentam a atividade de fatores
neurotréficos nas areas afetadas e ao seu redor, 0 que pode regular o remodelamento
axonal e dendritico, que é imprescindivel para manter os neurdnios danificados e até
mesmo impedir que as celulas morram (Satfran et al., 1990). Isso pode explicar a
melhora no comportamento convulsivo nos grupos que receberam ETCC-c,
especialmente naqueles associados com uma dose baixa de DZP, uma vez que seus
niveis de NGF e BDNF aumentaram. Além disso, tem sido proposto que essas
neurotrofinas podem mediar as ac¢fes anticonvulsivas associadas a outros farmacos,

reduzindo a suscetibilidade ao PTZ (Tirassa e Costa, 2007).

Os resultados observados na presente tese confirmam os achados publicados em
pesquisas anteriores, que mostraram a capacidade da ETCC em modular convulsdes em
um modelo de kindling induzido por PTZ, baseado em seus efeitos benéficos sobre
pardmetros inflamatérios (Frantz et al., 2017; Hoda et al., 2017). Estudos anteriores
fornecem evidéncias de que a ETCC reduz os marcadores inflamatérios na dor
neuropatica e nos modelos de dor induzida por estresse cronico (Cioato et al., 2016;
Adachi et al., 2012), confirmando nossos resultados. No entanto, a modulagéo das vias
neuroinflamatérias pela ETCC ainda ndo foi completamente esclarecida. Um estudo
anterior sugeriu que a ETCC poderia ativar células gliais (King et al., 2000), indicando

o efeito pré-inflamatdrio da estimulacdo. Corroborando outro estudo (Yoon et al.,

104



2016), nossos resultados demonstram que esses efeitos na inflamagdo dependem de
pardmetros de estimulacdo. Técnicas neuromodulatdrias centrais e periféricas, como
eletroacupuntura (Yu et al., 2015), estimulagdo do nervo vago (Pedron et al., 2014),
estimulagdo do cortex motor epidural (Kandel, 2012) e estimulagdo cerebral profunda
(Rohan et al., 2015), tém sido associadas a efeitos anti-inflamatérios em cenarios

patoldgicos, apoiando o papel de ETCC em condic¢Bes neuroinflamatdrias.

Assim, nossos resultados demonstram que a ETCC-c ndo diminuiu
significativamente as convulsdes induzidas por PTZ no modelo de kindling, mas a
ETCC-c isolada ou associada a uma dose baixa de DZP exibiu efeitos neuroprotetores,
melhorando os niveis de neurotrofinas e diminuindo os niveis de IL-1p no hipocampo
apds o kindling induzido por PTZ. Por outro lado, a ETCC-a demonstrou agravar 0s

parametros de convulsdo, além de reduzir os niveis de NGF e BDNF.
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6 CONCLUSAO

A ETCC deve ser considerada uma opcéo terapéutica vidvel no tratamento da
epilepsia refrataria, particularmente em pacientes que ndo podem se submeter a cirurgia.
Em geral, em estudos com animais foram utilizados ETCC-c com corrente variando de
100 a 200pA, e mesmo com montagens definidas, a estimulacdo parece ser bicefélica,
devido ao tamanho dos crénios dos animais. J& em estudos clinicos foi utilizado o
ETCC-c com corrente variando de 1 a 2mA e a montagem inclui o catodo sobre os
focos epilépticos, em sua maioria. Ainda sdo necessarios mais estudos multicéntricos,
duplo-cego e controlados por sham (placebo), avaliando essa técnica ndo invasiva, 0 que
pode ser justificado por custo-efetividade e prevencdo de complicagdes cirurgicas.
Novos métodos de avaliagdo em tempo real com EEG e também o uso de outros
marcadores neurais também podem ajudar na compreensdo dos efeitos clinicos da
ETCC na epilepsia.

Os resultados deste trabalho demonstraram que a ETCC-c isolada ou em
combinagdo com uma dose baixa de DZP demonstrou efeitos neuroprotetores,
melhorando os niveis centrais de neurotrofinas além de reduzir os niveis hipocampais
de IL-1pB ap6s o kindling induzido por PTZ, sem efeito estatisticamente significativo no
comportamento convulsivo. Apesar da intrigante possibilidade de modular as redes
neurais (por exemplo, a ETCC-c parece diminuir a excitabilidade por meio da
hiperpolarizagdo associada a mecanismos do tipo LTD), a ETCC ainda requer uma
analise aprofundada dos protocolos mais adequados e a elucidacdo de seu mecanismo de
acdo. Dessa forma, sugere-se que a ETCC-c deve ser investigada em novos estudos,
com enfoque na elucidagdo de seu mecanismo de agdo e sua interagdo com outros
anticonvulsivantes. Embora existam varios ensaios publicados neste campo, ainda ha
necessidade de mais evidéncias, a fim de compreender o real papel da ETCC, que pode

ter uso potencial na epilepsia ou como adjuvante na farmacoterapia convencional.
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