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RESUMO

As epilepsias afetam aproximadamente 65 milhdes de pessoas mundialmente, e
representam um grupo de doencas com etiologias, padroes de eletroencefalograma
(EEG) e comorbidades heterogéneas. A epilepsia do lobo temporal (ELT) € a forma
mais comum de epilepsia focal em adultos, refrataria aos tratamentos disponiveis. As
caracteristicas estruturais da ELT envolvem alteracbes morfofuncionais do
hipocampo, como a esclerose hipocampal, reorganizacéo sinaptica dos microcircuitos
neuronais, prejuizo no funcionamento do sistema GABAérgico, na conectividade
neuronal e mudancas nos padrdes oscilatérios. A caracterizacdo de padrbes
oscilatorios, por meio de registros de potencial de campo local in vitro, pode contribuir
para descobertas que sao significativamente (teis para o entendimento da rede
hipocampal anormal durante a epileptogénese. A avaliacdo destes padrées pode ser
util para identificar biomarcadores de processos neuropatoldgicos em andamento em
doencas do sistema nervoso central (SNC), como a epilepsia, e particularmente a ELT
com comprometimento da formacdo hipocampal, que possui uma organizacao
peculiar da rede neuronal. Neste trabalho, caracterizamos a atividade oscilatéria in
vitro e sua sincronia na formacédo hipocampal de ratos Wistar epilépticos adultos, em
dois estagios da epileptogénese, 30 e 60 dias ap6s o Status Epilepticus (SE) induzido
pela pilocarpina. Registros extracelulares foram realizados em pares nas regioes
cortex entorrinal (CE)-giro dentado (GD), GD-CA3, CA3-CAl e CE-CAl de fatias
contendo a formacao hipocampal de animais epilépticos (n=19) e de animais controle
pareados por idade (n=20). Os registros foram realizados durante hiperexcitabilidade
induzida por 4-aminopiridina (4-AP) no liquido de perfusdo e durante a atividade
espontanea da rede, sem 4-AP. Inicialmente, avaliamos a geracdo de eventos ictais
e interictais induzidos por 4-AP em fatias de animais epilépticos e controle pareados
por idade. Em seguida, foram selecionados trechos de 5s no intervalo de eventos
epileptiformes interictais nos intervalos dos eventos interictais, e trechos de 5s de
atividade esponténea da rede (sem atividade epileptiforme), afim de quantificar a
densidade espectral de poténcia (PSD) (nepoch = 30-50) e coeréncia de fase (Nepoch=
20-25) das oscilaces registradas. Foi possivel demonstrar que aos 30 dias apos SE,
a regido CAl das fatias de animais epilépticos, perfundidas com 4-AP, obtiveram
maior ictogénese e maior poténcia das oscilagbes gama em CE, CAl e CA3 e das
oscilacdes de alta frequéncia (HFOs) em CA3. A coeréncia de fase foi maior em gama
médio entre CA1-CA3 e CE-CA1 e em HFOs entre CE-CA1 neste periodo nos animais
epilépticos. Aos 60 dias apdés SE, observamos um aumento da ictogénese em CE e
GD; maior poténcia das oscilagbes gama em CAl, CA3 e GD, e de HFOs em CE,
CA3 e GD; e maior coeréncia de fase em HFOs entre CA1-CA3. Durante a atividade
espontanea da rede, sem 4-AP, aos 30 dias apds SE, as fatias de animais epilépticos
também apresentaram maior poténcia das oscilacbes gama em todas as regioes
registradas, e de HFOs no CE. Aos 60 dias ap6s SE, as regifes do CE, CA3 e DG de
fatias de animais epilépticos apresentaram maior poténcia das oscilacbes gama,
maior poténcia de HFOs no GD; e maior coeréncia de fase em fast ripples entre GD-
CA3, quando comparado ao grupo controle. Os resultados acima mostram alteracées
especificas nos padrdes oscilatérios de acordo com o periodo da epileptogénese e
de acordo com a regido da formacdo hipocampal. Além disso, esses resultados
ressaltam o papel crucial das oscilacdes gama e HFOs em processos patolégicos em
andamento durante reorganizacdo da rede neuronal, cruciais para o estabelecimento
da epilepsia e também para a manutencdao recorrente da hiperexcitabilidade da rede.
A alteracdo dos padrdes oscilatorios e da sincronia da rede hipocampal podem refletir



o funcionamento dinamico do sistema GABAérgico inibitério durante o
desenvolvimento da ELT. De fato, os interneurénios GABAérgicos coordenam
dinamicamente a atividade das redes hipocampais, sendo de fundamental
importancia para a geracao da atividade oscilatéria, contribuindo para epileptogénese
e ictogénese, demonstrando sua funcdo no controle e na geracdo das crises
epilépticas que vai além da inibicdo convencional.

Palavras-chave: Epilepsia; Oscilagbes cerebrais; Formacao hipocampal; Registros
extracelulares; Sistema GABAérgico.



ABSTRACT

The epilepsies affect approximately 65 million people worldwide, and represent a
group of diseases with heterogeneous etiologies, electroencephalogram (EEG)
patterns, and comorbidities. Temporal lobe epilepsy (TLE) is the most common form
of drug-refractory focal epilepsy in adults. The structural features of TLE involve
morphofunctional changes in the hippocampus, such as hippocampal sclerosis,
synaptic reorganization of neuronal microcircuits, impairment of the GABAergic
system, neuronal connectivity and changes in oscillatory patterns. The
characterization of oscillatory patterns, through in vitro local field potential recordings,
may contribute to findings that are significantly useful for understanding the abnormal
hippocampal network during epileptogenesis. The evaluation of these patterns can be
useful to identify biomarkers of ongoing neuropathological processes in central
nervous system (CNS) diseases, such as epilepsy, and particularly TLE with
impairment of the hippocampal formation, which has a peculiar neuronal network
organization. Here, we characterized the in vitro oscillatory activity and its synchrony
within the hippocampal formation of adult epileptic male Wistar rats at two different
stages of epileptogenesis, 30 and 60 days after pilocarpine-induced Status
Epilepticus (SE). Extracellular pair recordings were performed in Entorhinal
cortex (EC)- Dentate gyrus (DG), DG-CA3, CA3-CA1 and EC-CAL of hippocampal
formation slices of epileptic (n=19) and aged-matched control (n=20) animals under 4-
Aminopyridine (4-AP)-induced hyperexcitability or under spontaneous network activity
condition, without 4-AP. First, we evaluated the 4-AP-induced ictal and interictal
events in hippocampal-EC slices from epileptic and control age-matched rats.
Thereafter, we selected 5s-epochs intervals between interictal epileptiform events
(IEDs) and 5s-epoch of spontaneous network activity, without 4-AP, to perform the
power spectral density (PSD) (nepoch= 30-50) and phase coherence (Nepoch= 20-25)
analysis. We found that at 30 days post-SE, 4-AP bathed slices from epileptic
animals had increased ictogenesis in CA1; higher power of gamma bands in EC, CA1
and CA3; and high-frequency oscillations (HFOs) in CA3. Phase coherence was
higher in middle gamma between CA1-CA3 and EC-CA1, and in HFOs between EC-
CALl. At 60 days post-SE, we observed increased ictogenesis in EC and DG; higher
power of gamma bands in CAl, CA3 and DG, HFOs in EC, CA3 and DG; and
higher phase coherence in HFOs between CA1-CA3. Under spontaneous network
activity at 30 days post-SE, slices from epileptic animals already presented higher
power of gamma bands in all recorded regions, and HFOs in EC. At 60 days post-SE,
they had higher power of gamma bands in EC, CA3 and DG, higher power of HFOs in
DG; and higher phase coherence in fast ripples oscillations between DG-CA3, when
compared to controls. We found, in a region- and stage-specific manner, alterations in
gamma and HFOs within the hippocampal formation of epileptic animals under a
second insult of hyperexcitability and during the spontaneous network activity, without
epileptiform activity. Our results suggest the critical role of gamma and HFOs in
ongoing pathological processes of network reorganization, crucial to the epilepsy
establishment and recurrent feedback of hyperexcitability. The altered oscillatory
patterns and network interactions in the hippocampal formation may reflect the
functional involvement of inhibitory mechanisms during the development of TLE. In
fact, GABAergic interneurons dynamically coordinate the activity of hippocampal
networks, being of critical importance for the generation of oscillatory activity, and
consequent contributing to epileptogenesis and ictogenesis, demonstrating an
unconventional function beyond the control of seizures.



Keywords: Epilepsy; Brain oscillations; Hippocampus; Extracellular recordings;
GABAergic system.



LISTA DE ABREVIATURAS
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HFOs — oscilagcbes de alta frequéncia (do inglés, high frequency oscillations)

Hz - Hertz

ILAE — Liga internacional contra epilepsia (do inglés, International League against
Epilepsy)

LFP — potencial de campo local (do inglés, local field potential)

MEG - magnetoencefalograma

PA — potencial de agao

PSD — densidade espectral de poténcia (do inglés, power spectral density)

SE - status epilepticus

SNC - sistema nervoso central

SUDEP- morte subita e inesperada em epilepsia (do inglés, sudden unexpected

death in epilepsy)

TEA - transtorno do espectro do autismo
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PARTE |- FUNDAMENTAGAO TEORICA
INTRODUCAO
1 EPILEPSIA

A epilepsia € uma doenca neurolégica crbnica com mudltiplas causas,
caracterizada pela predisposicdo de gerar crises epilépticas espontaneas e
recorrentes (Fisher et al., 2014), associada a comorbidades neurobiolbgicas,
cognitivas, psicologicas e sociais que impactam na qualidade de vida dos pacientes
(Fisher et al., 2005). Para a sua definicdo, é necessaria a ocorréncia de pelo menos
duas crises epilépticas ndo provocadas (ou reflexas) ocorrendo com um intervalo
superior a 24 h; uma crise epiléptica ndo provocada (ou reflexa) e a probabilidade de
ocorréncia de outras crises similar ao risco geral de recorréncia (de pelo menos 60%)
apoOs duas crises epilépticas ndo provocadas, ocorrendo nos préximos 10 anos; e
diagnostico de uma sindrome epiléptica (Fisher et al., 2014).

A International League Against Epilepsy (ILAE) esclarece que a epilepsia tem
sido tradicionalmente mencionada como um distarbio ou um grupo de distarbios, afim
de enfatizar que é composta de muitas doencgas e condi¢gfes distintas, e que podem
ser resultantes de muitas causas diferentes (Fisher et al., 2005, 2014). Em vista disso,
a identificacdo das epilepsias requer informacdes clinicas especificas, incluindo idade
de inicio, manifestacbes comportamentais, comorbidades, etiologias, sinais e
sintomas associados ao sistema nervoso central (SNC), gravidade e decurso. Outros
achados clinicos como de eletroencefalografia (EEG) e imagem também sao
necessarios para maior precisao no diagnostico (Devinsky et al., 2018).

Para se ter a classificacdo das epilepsias, € fundamental se conhecer a
classificacdo dos tipos de crises epilépticas (Fisher et al., 2014). De fato, existem

muitas razdes pelas quais a classificacdo das crises epilépticas é importante, tanto
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para o diagnostico, prognoéstico e escolha do tratamento dos pacientes; quanto para
o avanco do conhecimento sobre a epilepsia. Isto permite a popularizacdo do

conhecimento e comunicacao entre o manejo clinico, ensino e pesquisa.

1.1 Classificacdo das crises epilépticas

Crises epilépticas sd@o caracterizadas por interrupcbes recorrentes e
imprevisiveis da funcdo normal cerebral, e sdo interpretadas como um sintoma de
epilepsia, definidas como "uma ocorréncia transitoria de sinais e / ou sintomas devido
ao excesso anormal ou excesso de atividade neuronal sincrona no cérebro” (Fisher
et al., 2005, 2017). A classificacdo das crises epilépticas, desenvolvida pela ILAE
(Fisher et al., 2017; Falco-Walter, Scheffer e Fisher, 2018) (Figura 1) comeg¢a com a
determinagao das manifestagdes iniciais das crises, podendo ser divididas como de
inicio focal, generalizado ou desconhecido. O reconhecimento das crises de acordo
com sua origem tem uma base anatbmica, e é investigada a partir do
eletroencefalograma (EEG) e da analise clinica.

O primeiro tipo de crises, as focais, sao subclassificadas como perceptivas ou
desperceptivas, dependendo se a percepcao € mantida ou ndo. A classificacdo de
acordo com o nivel de percepcdo tem uma base comportamental, justificada pela
importancia préatica do seu comprometimento. Além disso, crises focais também s&o
subagrupadas naquelas com sintomas e sinais motores e ndo motores no inicio da
crise. Por fim, o tipo de crise “focal evoluindo para tdénico-clénica bilateral” € um tipo
especial de crise, que reflete um padréo de propagacao da crise, mais do que um tipo
unitario de crise epiléptica (Fisher et al., 2017).

Crises de inicio generalizado, a segunda classificacdo do tipo de crises, sao

divididas naquelas com sintomas e sinais motores e ndo motores no inicio da crise.
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Crises de inicio desconhecido podem ser referidas pela simples palavra “nao
classificadas” ou com caracteristicas adicionais, incluindo motoras, ndo motoras,

ténico-clénicas, espasmos epilépticos e parada comportamental (Fisher et al., 2017).

T Fe R INiCIO INiCIO
GENERALIZADO DESCONHECIDO
PERCEPTIVAS
Motoras Motoras
ténico-clénicas ténico-clonicas
DESPERCEPTIVAS clonicas espasmos epilépticos
ténicas
mioclénicas Niao Motora
mioclono-ténico-clonicas parada comportamental
micclono-atdnicas
Inicio Motor aténicas
automatismos espasmos epilépticos
atdnicas N&o Motoras (auséncia)
clénicas tipicas
espasmos epilépticos atipicas
hipercinéticas mioclénicas
miocldnicas mioclonias palpebrais

ténicas

Inicio Ndo motor
autondmicas
paradas comportamentais
cognitivas
emocionais
Sensoriais

Focal evoluindo para tonico-

clonica bilateral MNdo classificadas

Figura 1 Classificacdo dos tipos de crises epilépticas. Adaptado de (Fisher et al. 2017).

1.2 Classificacéo das epilepsias

Apés o diagnostico do tipo de crise epiléptica, 0 proximo passo € a
classificacéo dos tipos de epilepsias (Scheffer et al., 2017), que incluem as epilepsias
focais, epilepsias generalizadas, epilepsias focais e generalizadas combinadas, e
também um grupo de epilepsias desconhecidas. A terceira classificacao refere-se as

sindromes epilépticas no qual um diagnostico sindrémico especifico pode ser feito,
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considerando um conjunto de caracteristicas como tipos de crises, caracteristicas de
EEG e de imagem.

A etiologia responsavel pelo desenvolvimento de epilepsia pode ser
diagnosticada em muitos casos, no entanto muitos pacientes nao possuem a causa
definida, e somente o tratamento para controle das crises epilépticas é possivel
(Pitk&nen, 2010; Manford, 2017; Thijs et al., 2019). As etiologias incluem estruturais,
genéticas, infecciosas, metabodlicas, imune e desconhecidas, e podem ser
consideradas determinantes no decurso clinico e progndstico da doenca (Shorvon,

2011). Um esquema da classificacdo resumida pode ser visualizado na Figura 2.

Inicio da Crise Epiléptica

[ Focal ] [ Generalizada J [Desconhecida ]

d

Etiologia
Tipo de Epilepsia « Estrutural
. + Genética
Comorbidades }> Focal G 7 Generalizada S - Infecciosa
oca Enzl==5 e focal « Metabdlica

combinadas + Imune

Desconhecida
\—‘ Sindromes Epilépticas }——/

Figura 2 Esquema de classificacéo dos tipos de epilepsias. Adaptado de (Scheffer et al. 2017).

1.3 Epidemiologia
1.3.1 Incidéncia e Prevaléncia

A Epilepsia afeta aproximadamente 70 milhGes de pessoas de todas as idades
e ragas, e € considerada uma das desordens neuroldgicas crénicas mais comuns de
todo o mundo (Ngugi et al., 2010). As epilepsias de inicio focal sédo responséveis por
cerca de 60% de todos os casos de epilepsia em adultos, e a epilepsia do lobo

temporal (ELT) € o mais comum tipo de epilepsia focal.
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Em paises desenvolvidos, a prevaléncia de epilepsia ao longo da vida é de
5,8/1.000 habitantes, enquanto nas areas rurais de paises em desenvolvimento é de
15,4/1.000 habitantes (Ngugi et al., 2010). A incidéncia de epilepsia é de
45/100.000/ano em paises desenvolvidos, em comparagdo com 81,7/100.000/ano em
paises em desenvolvimento (Ngugi et al.,, 2011). A prevaléncia e incidéncia sao
maiores em paises de baixa e média renda em decorréncia de maiores fatores de
risco, como acidentes, risco de traumas e lesdes, infec¢des, intercorréncias no pré e
pos-natal e erros inatos do metabolismo (Singh e Trevick, 2016; Fiest et al., 2017).

A prevaléncia de epilepsia tende a ser mais baixa no inicio da vida, aumenta
durante a adolescéncia e no inicio da idade adulta, diminuindo apds a meia-idade (em
torno dos 30 anos), permanecendo razoavelmente constante pelo resto da vida (Fiest
et al., 2017). A incidéncia de epilepsia, por sua vez, tende a ser maior em homens do
gue em mulheres, e em grupos de idades mais jovens (por exemplo, na infancia e no
inicio infancia) e grupos de idade mais avancada (por exemplo, acima de 50-60 anos

de idade).

1.3.2 Mortalidade

A mortalidade na epilepsia € uma causa de preocupacdo crescente,
considerando que as taxas de mortalidade em pacientes com epilepsia sdo até trés
vezes maiores em comparacdo com a populacado saudavel (Espinosa-Jovel et al.,
2018). As causas mais comuns incluem a morte subita e inesperada em epilepsia
(SUDEP- do inglés, sudden unexpected death in epilepsy), Status epilepticus (SE),
afogamento, acidentes, quedas e queimaduras; e também as causas nao

relacionadas com a epilepsia, como pneumonia por aspiracdo, suicidio, efeitos
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contralaterais de AED (drogas antiepilépticas) e/ou drogas psiquiatricas, como
obesidade e efeitos cardiovasculares (Devinsky et al., 2018).

A SUDEP é a principal causa de morte relacionada diretamente a epilepsia
(Tomson, Nashef e Ryvlin, 2008). Relata-se que o risco de SUDEP a cada 1000
pessoas com epilepsia por ano varia de 6,3 a 9,3 em candidatos a cirurgia ou em
pacientes que continuam com crises epilépticas apoOs cirurgia de epilepsia,
principalmente refrataria; 1,1 a 5,9 em pacientes com epilepsia com acompanhamento
clinico; e 0,35 a 2,3 na populagdo da comunidade (Tomson, Nashef e Ryvlin, 2008;
Devinsky et al., 2016).

A taxa de mortalidade prematura relacionada a epilepsia € maior em paises
em desenvolvimento, de baixa e média renda, quando comparado aos paises
desenvolvidos, estando diretamente associado a falta de acesso e precarizacéo de

assisténcia médica (Levira et al., 2017).

1.4 Epilepsia do lobo temporal (ELT)

A ELT é um dos tipos mais comuns de epilepsia focal em adultos
(Chatzikonstantinou, 2014). E caracterizada principalmente por crises espontaneas
recorrentes geralmente refratarias e pela reorganizacdo morfofuncional da formacéo
hipocampal (Curia et al., 2014). A formagdo hipocampal possui mecanismos
anatdmicos e fisiolégicos bem desenvolvidos que promovem a sincronizacao
neuronal, desempenhando uma funcéo central e possuindo uma relacéao direta com
a fisiopatologia da ELT (Chatzikonstantinou, 2014). Portanto, inicialmente &
necessario o entendimento da organizacdo celular e estrutural da formacéo
hipocampal, bem como da conectividade entre as estruturas que compreendem esse

circuito.
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1.4.1 A formacao hipocampal

A formacao hipocampal é uma das areas mais bem descritas do encéfalo, que
tém atraido a atengdo de neuroanatomistas desde os primeiros estudos de Ramon y
Cajal e Lorente de N6, no inicio do século 20. A formacdo hipocampal é uma area
pertencente ao sistema limbico, composta pelo giro denteado (GD), hipocampo, o
complexo subicular e o cértex entorrinal (CE) (Witter e Amaral, 2004; Schultz e
Engelhardt, 2014).

O GD é a regidao de entrada para o hipocampo, e possui trés camadas: a
camada molecular; a camada granular; e o hilo, também denominado CA4 (Cappaert,
Van Strien e Witter, 2015). A camada molecular, é caracterizada pela auséncia de
corpos celulares, e é habitada por dendritos das células granulares, basket cells e de
neurdnios polimorficos, assim como ramificacdes de axénios provenientes do CE e
de outras regides (Insausti e Amaral, 2003; Cappaert, Van Strien e Witter, 2015). A
camada granular é uma faixa Unica compacta de corpos celulares neuronais (células
granulares e outros tipos celulares, como basket cells), em formato de “U” ou “V”
dependendo da posicao septotemporal. O hilo, por sua vez, também conhecida como
zona polimorfica do GD ou CA4, é composta por variados tipos celulares, com maior
presenca de células musgosas (Cappaert, Van Strien e Witter, 2015; Hammond,
2015).

O hipocampo é dividido ainda em trés regiées do Corno de Amon 1 (CAl), 2
(CA2) e 3 (CA3), e em geral possui uma organizagao laminar similar para todas as
camadas (Insausti e Amaral, 2003; Cappaert, Van Strien e Witter, 2015). A camada
principal, € chamada também de camada piramidal ou stratum piramidale,

caracterizada pelo grande agrupamento de neurénios piramidais; a camada estreita,
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relativamente livre de células localizada abaixo da camada piramidal, é chamada de
stratum oriens, o qual apresenta interneurdnios, células trilaminares horizontais e as
células oriens-lacunosum-moleculare (células O-LM), assim como dendritos basais
de células piramidais. Em CA3, mas ndo em CA2 e CAL, uma zona acelular estreita,
chamada de stratum lucidum, esté localizada logo acima da camada piramidal, que
possui axdnios provenientes das células musgosas do GD, e dendritos apicais
proximais dos neurdnios piramidais de CA3. Superficial ao stratum lucidum em CA3,
e imediatamente acima da camada piramidal em CA2 e CAL, é o stratum radiatum. O
stratum radiatum pode ser definido como a regido suprapiramidal em gque conexdes
associativas CA3-CA3 e CA3-CAl e conexbes da colateral de Schaffer estdo
localizadas. As células presentes nessa camada sédo interneurdnios, dendritos apicais
dos neurdnios piramidais, e axbnios da colateral de Schaffer e da via comissural. A
por¢cdo mais superficial do hipocampo é chamada de stratum lacunosum-moleculare,
gue apresenta fibras da via perfurante do CE, fibras oriundas da camada 3 do CE, e
interneurdnios inibitorios. Aferéncias de outras regides, como as do ndcleo reuniens
do talamo, também terminam nesta camada, em CAl (Witter e Amaral, 2004;
Cappaert, Van Strien e Witter, 2015; Hammond, 2015).

O complexo subicular € uma estrutura central posicionada entre o hipocampo
e o CE, bem como uma série de estruturas corticais e subcorticais (O’Mara, 2005;
Lévesque e Avoli, 2021), e representa um importante ponto de retransmissao
singptica da formacao hipocampal para estruturas pertencentes do sistema limbico.
E composta pelo prosubiculo, presubiculo, subiculo, parasubiculo e pés-subiculo
(Witter e Amaral, 2004; Cappaert, Van Strien e Witter, 2015), e é constituido por trés
camadas, a camada molecular, a camada piramidal, e a camada polimérfica (O’Mara,

2005). A principal camada de células do subiculo apresenta neurbnios piramidais
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relativamente uniformes em forma e tamanho, e estendem seus dendritos apicais
para a camada molecular, e os dendritos basais se estendem em por¢cées mais
profundas da camada de células piramidais (Witter e Amaral, 2004).

O cértex entorrinal (CE) trata-se de uma das principais aferéncias para o
hipocampo. Baseado na sua citoarquitetura e padrbes de projecéo, o CE possui duas
subdivisbes, as areas medial e lateral (cortex entorrinal medial e cértex entorrinal
lateral, CEM e CEL respectivamente). E subdividido em seis camadas, sendo quatro
camadas celulares (camadas Il, Ill, V e VI) e duas camadas acelulares ou plexiformes
(camadas | e IV ou lamina dissecante). O CE € a principal ponto de comunicagao
entre 0 hipocampo e estruturas neocorticais, contendo conexdes aferentes e
eferentes dos cértex de associagdo, o neocortex, o bulbo olfatério e o cortex limbico
(Schultz e Engelhardt, 2014; Schultz, Sommer e Peters, 2015). A principal via de
entrada hipocampal ocorre pela via perfurante, a qual se inicia-se na camada Il do
CEL e CEM, e perfura o subiculo antes de chegar no GD. Além disso, do CE também
parte uma outra via originaria da camada Ill, que se conecta diretamente a CAl,
chamada de via temporoamonica (Cappaert, Van Strien e Witter, 2015).

A Figura 3 € uma representacdo da organizacdo do circuito hipocampal-CE.
Células das camadas 2 e 3 do cortex entorrinal (CE) se projetam densamente para
células granulares individuais do giro dentado (GD) através da via perfurante. As
células granulares do GD projetam-se, através das fibras musgosas, para a area CA3.
A regido CA3 é caracterizada por conexdes recorrentes auto associativas entre seus
neurdnios piramidais e também projecdes para os neurbnios piramidais de CA1 (e
para outras estruturas subcorticais), através das colaterais de Schaffer. A area CA1l
do hipocampo recebe duas entradas excitatorias principais, uma da area CA3 (via

colaterais de Schaffer) e a outra da CE (via perfurante). Finalmente, neurénios da
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regido CAl tém aferéncias principalmente para o subiculo, a regido terminal do
hipocampo, que esta conectado a camada profunda do CE. Fisiologicamente, o CE
fornece a principal entrada para o hipocampo alcancando o GD através da via
perfurante, e também recebe saida de CA1l através do subiculo, completando assim

o0 circuito hipocampal-CE (Witter et al., 2000).

Cortex
Entorrinal

Vi

Figura 3 Circuito hipocampal-CE. A principal via aferente do hipocampo origina-se no CE, que forma
conexdes com o0 GD. As células granulares do GD projetam, através das fibras musgosas, para a area
CA3 hipocampal. Os neurdnios piramidais de CA3 enviam axdnios para 0s neurdnios piramidais de
CAl, através das colaterais de Schaffer (via trissinaptica).Os ax6nios das células piramidais de CA1,
projetam-se o CE, formando o loop hipocampo-CE. O hipocampo também recebe aferéncia da camada
3 do CE, diretamente para os neurdnios piramidais de CA1, denominada via temporoaménica (Witter
et al., 2000; Cappaert, Van Strien e Witter, 2015). Criado em BioRender.com.

As conexbfes CE-DG, GD-CA3 e CA3-CAl, sao conhecidas como a via
trissinaptica do hipocampo, enquanto a sinapse entre CE-CA1 é denominada via

temporoamonica (Insausti e Amaral, 2003; Witter e Amaral, 2004).

1.4.2 Fisiopatologiada ELT

A ELT abrange uma variedade de disturbios que apresentam a caracteristica
comum de crises epilépticas que surgem no lobo temporal (Bertram, 2009). Em geral,
as caracteristicas fisiopatologicas da ELT incluem um GD reorganizado, uma

deplecao neuronal e aumento da gliose na regiao do Corno de Amon (CA), e a perda
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neuronal da camada 2 e 3 do CE (Cross e Cavazos, 2007; Sloviter, 2008; Danzer et
al., 2010; Noebels et al., 2012; Ren et al., 2014). No entanto, é importante ressaltar
gue as alteracdes decorrentes da ELT sédo geralmente associadas a uma patologia
subjacente, incluindo tumores, malformagdes vasculares, displasias corticais, trauma,
e esclerose hipocampal (Mcintyre e Gilby, 2010), fornecendo também caracteristicas
especificas de geracdo e propagacgao das crises epilépticas.

A epilepsia limbica é uma das formas mais comuns de epilepsia focal e
também é uma das epilepsias mais submetidas a intervencao cirirgica (Janszky et
al., 2005; Chatzikonstantinou, 2014). Estruturas temporais mediais como o
hipocampo, CE, coértex piriforme e olfatorio, e amigdala, sdo fortemente associadas
ao inicio das crises epilépticas (Bertram, 2009; Noebels et al.,, 2012; Goldberg e
Coulter, 2013), uma vez que quando identificadas como foco epiléptico e ressecadas,
€ possivel obter o controle das crises epilépticas nos pacientes com epilepsia do lobo
temporal mesial (ELTm) (Ahmad, Khanna e Sani, 2020). As perturbacdes do sistema
limbico frequentemente resultam em comorbidades debilitantes e deficiéncias
funcionais, além das consequéncias diretas das crises epilépticas (Mcintyre e Gilby,
2010).

O hipocampo, em particular, exerce um papel fundamental no desenvolvimento
da ELTm, uma vez que processos fisiopatoldgicos hipocampais sdo fortemente
associados a origem e manutencao das crises epilépticas (Chatzikonstantinou, 2014).
A esclerose hipocampal (EH) por exemplo, é o achado patolégico mais comum na
ELTm (Cendes et al., 2014; Thom, 2014; Walker, 2015). No entanto, ainda permanece
inconclusivo se a EH é consequéncia das crises epilépticas recorrentes, ou trata-se

de uma alteracéo patologica desencadeante da geragdo das crises.
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A regido do CA de pacientes com ELTm pode ser considerada a area mais
vulneravel a perda neuronal (Bluimcke, Mrcpath e Wiestler, 2002; Sloviter, 2008;
Walker, 2015), que pode variar ao longo das regides do CA e estruturas adjacentes,
podendo ser superior a 50% até a perda neuronal quase completa em pacientes com
ELTm comparados com pacientes neurologicamente normais. A ILAE (International
League Against Epilepsy) classifica a EH em quatro tipos (Blumcke et al., 2013). A
EH do tipo 1 é a mais comum, correspondendo a 60-80% dos casos. A area de CAl
apresenta em torno de 80% de morte de neurbnios piramidais, CA2 possui morte
neuronal de 30-50%, CA3 apresenta entre 30 a 90% de perda neuronal, enquanto
CAA4 possui 40-90% de morte neuronal, assim como o GD possui 50-60% de perda
de células granulares. A EH do tipo 2 é uma forma mais rara de EH, onde somente 5-
10% dos pacientes com ELTm apresentam esse padrao histopatolégico. A HS do tipo
2 € caracterizada pela perda de 80% dos neurdnios piramidais, predominantemente
na regiao de CA1. A EH do tipo 3 ocorre principalmente na regido de CA4 e GD, com
morte neuronal de 50% e 30%, respectivamente; enquanto CA3, CA2 e CAl sao
moderadamente afetadas (< 30%). Possui incidéncia de 4-7% entre 0os pacientes com
ELTm. O tipo 4, é caracterizado pela presenca de gliose e auséncia de EH, ou seja,
guando ndo ha morte neuronal significativa, apenas gliose; e ocorre em 20% dos
pacientes com ELTm (Blimcke et al., 2013; Cendes et al., 2014; Walker, 2015).

Na ELT com EH, também é possivel observar a desorganizacao das células
granulares e sua dispersao ao longo do GD (Sparks et al., 2020). Na disperséo das
células granulares, a laminacdo compacta dos corpos celulares é perdida, e tem sido
associada com a reducao da proteina da matriz extracelular Relina (Haas et al., 2002).
Dessa forma, a conectividade entre células granulares é facilitada, promovendo

hiperexcitabilidade.
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O brotamento de fibras musgosas também ja foi descrito na ELT (Sutula et al.,
1989; Noebels et al., 2012). Nessa forma de sinaptogénese, os axdnios das células
granulares formam novas sinapses excitatorias anormais com os dendritos de células
granulares, resultando em uma rede excitatoria recorrente (Zhang et al., 2009).
Alternativamente, o brotamento das fibras musgosas também pode desencadear uma
inibicdo aumentada no GD ao invés de hiperexcitabilidade, ao promover a excitagao
das células em cesto (basket cells), que em seguida promovem a inibicdo das células
granulares (Boyett e Buckmaster, 2001; Noebels et al., 2012).

O CE, a principal via eferente para o hipocampo, e com grande projecéo para
0 GD e CA1, apresenta perda neuronal e gliose na camada lll e, em menor grau, na
camada Il do CE em modelos animais e pacientes com ELTm (Du et al., 1993, 1995).
No entanto, apesar da perda neuronal, ocorre 0 aumento da excitabilidade dos
neurénios do CE (Kobayashi e Buckmaster, 2003; Tolner et al., 2007), o que pode
facilitar a geracdo de crises epilépticas em CE, e a propagacdo dessa atividade ao
longo do hipocampo (Ren et al., 2014).

Interessantemente, as alteragbes morfofuncionais encontradas ao longo da
formagao hipocampal de pacientes com ELTm, podem tanto facilitar ou promover a
hiperexcitabilidade; quanto prejudicar a inibicAio GABAérgica, ou também
restabelecé-la, embora talvez de forma inadequada (Noebels et al., 2012). Alteracbes
da interagdo entre areas limbicas j& foram evidenciadas em fatias cerebrais de
animais epilépticos (Barbarosie e Avoli, 1997; Calcagnotto, Barbarosie e Avoli, 2000;
D’Antuono et al., 2002). Porém, em adi¢cao as mudancas de conectividade do sistema
limbico decorrentes da perda neuronal, a integridade funcional dos neur6nios do
hipocampo representa um ponto de controle critico para a geracdo e recorréncia de

crises limbicas e a possibilidade de interacGes reverberantes entre regibes menos
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afetadas. Na epilepsia, a maioria dos estudos concentra-se na investigacdo das
alteracOes celulares e moleculares causadas por insultos patoldgicos, que resultam
em uma condicao epiléptica ativa; e também as alteracfes decorrentes da geracao e
recorréncia de crises epilépticas. No entanto, o papel especifico de cada estrutura
pertencente a formacao hipocampal e sua relagdo com a epileptogénese e ictogénese

ainda precisam ser elucidados.

1.4.3 Sistema GABAérgico

Evidéncias clinicas e experimentais demonstram o importante papel do
sistema GABAérgico em inlUmeros processos neuronais, incluindo na neurogénese,
maturacdo neuronal, apoptose neuronal, no controle da excitabilidade e nas
oscilacbes da rede (Ben-Ari et al., 2007, 2012; Kilb, 2012; Luhmann, Fukuda e Kilb,
2015). Diante disso, as alteragcdes no sistema GABAérgico sdo associadas a
inUmeros processos patoldgicos e doencas do sistema nervoso central (SNC) (Zhang
et al., 2021), incluindo epilepsia, esquizofrenia, transtorno do espectro autista (TEA),
doenca de Alzheimer, e doenca de Parkinson (Wu e Sun, 2015; Zandt e Naegele,
2017; Jahangir et al., 2021; Jiménez-Balado e Eich, 2021; Tang, Jaenisch e Sur, 2021;
Zhang et al., 2021).

O acido gama-aminobutirico (GABA) é o principal neurotransmissor inibitorio
no SNC de mamiferos, o qual é sintetizado pela enzima descarboxilase do acido
glutdmico (DAG) e estocado em vesiculas sinapticas em neurbnios GABAérgicos
(Purves et al.,, 2010; Kandel et al.,, 2014). O sistema GABAérgico também inclui
transportadores de GABA, como GAT1-3 e BGT-1, que estéo envolvidos na captacéo
ou liberacao de GABA (Kilb, 2012; Merino, 2019). Dentre os receptores componentes

desse sistema, estdo 0s receptores ionotropicos GABAa e GABAc, e receptores
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metabotropicos GABAs (Purves et al., 2010). Apos ativagdo neuronal, as moléculas
de GABA sao liberadas, através da fusdo das vesiculas na fenda sinaptica, atingindo
uma concentracdo na faixa milimolar (Purves et al., 2010). Por conseguinte, o GABA
pode agir tanto em receptores pés-sindpticos quanto extra sinapticos, de modo geral,
fornecendo controle inibitério sobre o fluxo excitatério da rede neuronal (Purves et al.,
2010; Merino, 2019).

A inibicdo sinaptica no SNC é mediada por grupos distintos de interneurénios,
0s quais desempenham papéis funcionais unicos no microcircuito (Kepecs e Fishell,
2014). Interneurdnios podem ser classificados em mais de 20 subtipos com base em
critérios especificos, incluindo morfologia, padréo de conectividade, perfil molecular e
fisiologia (Figura 4) (Ascoli et al., 2008; Kepecs e Fishell, 2014). Com relacdo a
morfologia, leva-se em consideragcdo 0s principais componentes estruturais dos
interneurdnios incluindo o soma, os dendritos, o0 axénio, além dos seus componentes
elétricos e quimicos, e também suas conexdes singpticas. Quanto as caracteristicas
moleculares, a classificacdo é especialmente de acordo com a expressdo de
moléculas como proteinas de ligacdo de Ca?*, como por exemplo os interneurénios
gue expressam PV (parvalbumina), e os neuropeptideos SOM (somatostatina), VIP
(peptideo intestinal vasoativo), CR (calretinina), CB (calbindina) e NPY
(neuropeptideo Y). Além disso, existem outras categorias de moléculas como fatores
de transcricdo, neurotransmissores ou suas enzimas de sintese, receptores,
proteinas estruturais, canais ibnicos, conexinas, panexinas e transportadores de
membrana. Por fim, a classificacdo referente as caracteristicas eletrofisiologicas inclui
as caracteristicas ativas e passivas da membrana celular, padr6es de disparo de

potenciais de acdo e formas de propagacao, sendo fundamental para determinar que
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papel essas células desempenham na atividade do circuito (Ascoli et al., 2008;
Kepecs e Fishell, 2014).

A nivel celular, a transmissao sinaptica GABAérgica € importante na regulacéo
da sensibilidade do circuito neuronal e na sincroniza¢éo das oscilagdes da rede (Avoli
e de Curtis, 2011). As propriedades fisiol6gicas e de conectividade dos interneurdnios
permitem controlar a producao ritmica de grandes populacdes de células piramidais

excitatorias, bem como outras populac¢des interneuronais (Zaitsev, 2017).

Morfologia Conectividade Marcadores  Propriedades
; _ intrinsecas
_.4 ~ Parvalbumina
Somatostatina
— Peptideo
é vasointestinal
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Calretinina
—o 1

|
!

—. -

Oxido nitrico
sintase

_.Q..
B Relina

Figura 4 Classificacdo dos interneurbnios de acordo com as propriedades morfolégicas, de
conectividade, marcadores moleculares e propriedades intrinsecas. Adaptado de (Kepecs e Fishell,
2014).

A inibicdo no SNC é exercida por interneurénios perissomaticos e dendriticos
gue podem realizar diferentes tarefas inibitérias (Miles et al., 1996; Royer et al., 2012).

Em geral, interneurébnios GABAérgicos com contato pds-sinaptico perissomatico,

28



como os interneurdnios PV, sdo bem compreendidos em termos de sua capacidade
de controlar os disparos de potencial de acao, sincronia e as oscila¢cdes da rede (Cobb
etal., 1995). As sinapses dendriticas, promovidas por interneurénios SOM, promovem
o controle da eletrogénese, a plasticidade sinaptica, e estados de atividade em seus
alvos (Savanthrapadian et al., 2014). Além disso, interneurbnios que expressam VIP,
tém sido propostos por mediarem a desinibicdo, por meio da inibicdo de
interneurdnios SST e uma fracdo menor de interneurénios PV. A inibicdo desses
interneurdnios, por sua vez, desinibe as células principais. Dessa forma,
considerando que os diferentes subtipos de interneurdnios possuem diferentes
padrdes de controle da atividade neuronal, cada subtipo interneuronal possui fungdes
especializadas em gerar ou modular diferentes ritmos cerebrais (Dupret, Pleydell-
Bouverie e Csicsvari, 2008; Klausberger e Somogyi, 2008).

A relagdo entre o sistema GABAEérgico e as crises epilépticas foi inicialmente
sugerida quando criangas, no seu primeiro ano de vida, alimentadas com uma formula
acidentalmente deficiente em piridoxina, apresentaram convulsées (Molony e
Parmelee, 1954). A piridoxina (também conhecida como vitamina B6) € essencial para
o equilibrio excitag&o/inibicdo neuronal, pois trata-se de uma coenzima para a sintese
de GABA a partir do acido glutdmico por meio da enzima DAG (Purves et al., 2010).
Dessa forma, a restricdo de piridoxina no organismo das criangas foi relacionada ao
desenvolvimento de alteracdes comportamentais e crises epilépticas duradouras
(Nelson, 1956; Purves et al., 2010). Desde entao, a relacédo entre sistema GABAérgico
e epilepsia tem sido investigada (Treiman, 2001; Trevelyan e Schevon, 2013).

Estudos mostram que alteracBes na neurotransmissdo GABAérgica estado
envolvidas na geracéo de atividade epileptiforme in vitro (Avoli et al., 1996; Kohling et

al., 2000; Khazipov et al., 2004; Uva et al., 2005, 2017; Avoli e de Curtis, 2011,
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Gafurov e Bausch, 2013; Boido et al., 2014) e crises epilépticas in vivo (Khazipov e
Holmes, 2003; Hansen, Sperling e Sanchez, 2004; Vendramin Pasquetti et al., 2017,
Di Cristo et al., 2018), e no aumento de padrdes oscilatérios patoldgicos, como as
HFOs (Wendling et al., 2002; Khazipov, 2016; Uva et al., 2017). Além disso, o blogueio
da transmissdo GABAérgica é uma abordagem experimental amplamente utilizada
para a inducdo de crises epilépticas e epilepsia (Hansen, Sperling e Sanchez, 2004;
Cymerblit-Sabba e Schiller, 2010; Salami et al., 2015; Reschke et al., 2018; Lazzarotto
et al., 2021). Portanto, esses estudos confirmam que a disfuncdo GABAérgica, por
meio da alteracdo da transmissao sinaptica inibitoria ou pela alteracdo dos circuitos
neuronais, contribuem para o desenvolvimento de crises epilépticas.

A partir dessa perspectiva, deve-se considerar que os subtipos de neurbnios
GABAEérgicos podem desempenhar papéis distintos na geracao de crises epilépticas,
e irdo contribuir para propriedades fisiopatolégicas especificas das redes neuronais
onde estéo envolvidos (Ledri et al., 2014; Zaitsev, 2017). Portanto, a inibicdo mediada
por GABA pode restringir a atividade neuronal, mas também pode promover a
sincronizacdo neuronal (Avoli e de Curtis, 2011; Khazipov, 2016) e
consequentemente facilitar a geracdo de eventos semelhantes a crises epilépticas
(Kohling et al., 2000; Barbarosie et al., 2002; Khazipov e Holmes, 2003).

No entanto, evidéncias experimentais ainda sugerem que o tratamento celular
baseado em precursores de interneurdénios sdo um tratamento promissor para crises
epilépticas (Richardson et al., 2008; Hunt e Baraban, 2015; Spatazza, Mancia Leon e
Alvarez-Buylla, 2017). Aléem disso, evidéncias experimentais e clinicas demonstram
gue a restauracao da inibic&do interrompe ou previne significativamente a geragao de
crises epilépticas (Greenfield, 2013; Liu et al., 2013; Paschen et al., 2020). De fato,

drogas que possuem como alvo o sistema GABAEérgico, principalmente o receptor

30



GABAa, sdo amplamente utilizadas para o tratamento das epilepsias (Mula, 2011;

Greenfield, 2013).

2 RITMOS CEREBRAIS

Os ritmos, ou oscilagcdes cerebrais, refletem as flutuagbes de voltagem
extracelular, decorrentes da somagéo da atividade elétrica e sinaptica de conjuntos
neuronais (Buzséaki, 2006). O estudo das oscila¢des cerebrais fornece a oportunidade
de investigar, em diferentes regides do encéfalo, o padrao oscilatério neuronal e suas
fungBes, os mecanismos celulares e sindpticos subjacentes a rede neuronal, e a sua
correlacdo com fungBes cerebrais superiores; tanto em estados fisiologicos quanto
em estados patoldgicos.

As caracteristicas do potencial de campo local (LFP, do inglés local field
potential) dependem das propriedades estruturais e funcionais do tecido cerebral,
associada a contribuicdo conjunta de fontes geradoras das correntes elétricas e
singpticas (Buzsaki, Anastassiou e Koch, 2012). O LFP é gerado pela soma de
correntes de entrada e saida (sink e source) em redes neuronais que circundam o
eletrodo de registro extracelular (Buzsaki, 2006), e também possui a contribuicdo de
potenciais de acdo mediados por Ca?*, respostas intrinsecas dependentes de
voltagem, bem como de potenciais de acdo, e potenciais de acdo rebote apds a
hiperpolarizacdo (Buzséki, 2006; Buzséaki, Anastassiou e Koch, 2012).

Além disso, dois fatores que influenciam a geracdo do LFP incluem a
organizacdo celular e sinaptica da rede e a sincronia das fontes geradoras de
corrente, sendo estas fundamentais para o processamento e comunicacdo neural
(Buzsaki e Draguhn, 2004; Fries, 2005; Uhlhaas et al., 2010). A atividade sincronizada

de diferentes areas cerebrais determina o nivel de interacdo entre as mesmas e
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fornece um mecanismo de coordenacdo de grupos neuronais (Buzsaki e Watson,
2012; lgarashi et al., 2014). Dessa forma, as oscilacdes cerebrais sao altamente
associadas a processos cognitivos de alto nivel, bem como tarefas de menor
complexidade (Ward, 2003; Fries, 2005, 2015; Dipoppa, Szwed e Gutkin, 2016).

As oscilagbes cerebrais registradas no eletroencefalograma (EEG) sao
categorizadas dependendo da sua faixa de frequéncia (niumero de ciclos por
segundo- Hz). Os diferentes tipos de oscilagbes incluem: delta (1-4 Hz), teta (4-12
Hz), alfa (8-12 Hz), beta (12-30 Hz), high-frequency oscillations (HFOs) (gama, ripples
e fast ripples: 30-500 Hz) (Buzsaki, 2006; Belluscio et al., 2012; Tort et al., 2013;
Pasquetti et al., 2019) (Figura 5). A atividade neural oscilatéria também pode ser
registrada utilizando outras metodologias, incluindo a magnetoencefalografia (MEG)
e o eletrocorticograma (ECoG). Além disso, as oscila¢des cerebrais também podem
ser detectadas in vitro por meio do registro extracelular (Buzsaki, 2006). Em geral, o
tracado bruto registrado no EEG é composto por ondas senoidais de diferentes
frequéncias, amplitude e fase. Dessa forma, a andlise da atividade oscilatoria se
baseia na decomposicao desse tracado bruto em suas ondas componentes (Mathalon
e Sohal, 2015). A contribuicdo de cada frequéncia que compde o sinal € mensurada
pela sua poténcia relativa, em uma andalise denominada densidade espectral de
poténcia (PSD, do inglés power spectral density). A poténcia de uma frequéncia
especifica pode revelar a funcionalidade de um conjunto de neurdnios de uma
determinada regido, e refletir as alteracfes ritmicas na excitabilidade neuronal (Fries,
2005). A conectividade entre regides distintas, por sua vez, pode ser analisada
através da magnitude quadratica da coeréncia. (do inglés, magnitude-squared
coherence) (Roach e Mathalon, 2008; Mathalon e Sohal, 2015), a qual reflete a

sincronizacdo de dois sinais em uma frequéncia especifica, sendo assim
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demonstrando o padrdo oscilatério e a atividade sincrona de diferentes grupos
neuronais e regides cerebrais. Portanto, essas ferramentas podem fornecer
informacfes relevantes sobre os processos cerebrais fisiolégicos dinamicos, e
também sobre a fisiopatologia de doencas neurologicas, psiquiatricas e

neurodegenerativas (Roach e Mathalon, 2008; Yener e Basar, 2013; Mathalon e

Sohal, 2015).
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Figura 5. Exemplo de faixas de frequéncia registradas no EEG. Adaptado de Vendramin Pasquetti,
2019.

2.1 Ritmos Cerebrais, como biomarcadores fisiolégicos e patoldgicos
Diferentes bandas de frequéncia refletem diferentes processos fisiolégicos em
individuos saudaveis. A oscilacdo delta esta associada ao sono e estados de
consciéncia reduzida, além de estar associada com a motivacdo e sistemas de
recompensa (Dang-Vu et al., 2008; Knyazev, 2012). Teta esta associado ao
comportamento exploratorio, aprendizado e na memoria episodica (Herweg, Solomon
e Kahana, 2020). Alfa esta associada a ociosidade, e também atribuida a inibicdo de

processos neurais associados ao processamento cognitivo (Klimesch, Sauseng e
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Hanslmayr, 2007). A oscilacdo beta reflete um estado cerebral de equilibrio da
atividade neuronal, e estdo associadas a integracdo sensorio-motora, € processos
perceptuais, cognitivos e motores (Schmidt et al., 2019). As oscilacbes gama estao
associada a percepcéo, atencdo e memoria (Fries, Nikoli¢ e Singer, 2007; Colgin et
al., 2009). Enquanto as HFOs, podem ser registradas durante processos sensoriais e
processamento de informacgdes, aprendizado e memoria (Kucewicz et al., 2014).

No entanto, além do seu envolvimento em processos neurofisiolégicos e
cognitivos, as alteracdes nos padrbes oscilatorios tém sido associadas a varias
neuropatologias, incluindo doenca de Alzheimer, doenga de Parkinson, transtorno do
espectro do autismo (TEA), esquizofrenia e epilepsia (Uhlhaas e Singer, 2010;
Goutagny et al., 2013; Wang et al., 2013; Nina et al., 2014; Staba, Stead e Worrell,
2014; Kessler, Seymour e Rippon, 2016; Takeuchi e Berényi, 2020). Por isso, a
andlise das alteracdes dos padrbes oscilatorios tem cada vez mais se tornado Uutil
para o diagnostico de doencgas neuroldgicas ja estabelecidas e processos patologicos
em andamento, assim como progndstico terapéutico (Yener e Basar, 2013; Takeuchi
e Berényi, 2020).

Na epilepsia, as alteragBes nos padrdes oscilatérios sdo indicados como
preditivos de crises epilépticas, uma vez que refletem processos patoldgicos dos
circuitos neuronais (Zijlmans et al., 2012; Staba, Stead e Worrell, 2014; Pitk&nen et
al., 2016). Estudos ja demonstraram a alteracdo das oscilacbes delta (1-4Hz)
(Pasquetti et al., 2019), teta (4-8 Hz) (Arabadzisz et al., 2005; Dugladze et al., 2007,
Chauviere et al., 2009; Kitchigina e Butuzova, 2009; Grasse, Karunakaran e Moxon,
2013; Broggini et al., 2016) e também das HFOs (80-500 Hz) (Bragin, Engel, Wilson,
Fried e Buzséaki, 1999; Worrell et al., 2008; Zijimans et al., 2012; Matsumoto et al.,

2013; Pearce et al., 2013; Hamidi, Lévesque e Avoli, 2014; Uva et al., 2017) em
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estagios precoces da epileptogénese e durante crises epilépticas, sendo indicadores
da zona de inicio da crise e também estimulando a formacdo de redes neuronais
geradoras de crises (Bragin, Engel, Wilson, Fried e Mathern, 1999; Jirsch et al., 2006;
Lévesque et al., 2012, 2017; Weiss et al., 2016).

As andlises de padrdes oscilatérios de areas isoladas do cérebro séo
importantes, mas nao o suficiente para explicar todos os aspectos de processamento
de informacdes dentro do cérebro. Portanto, além das mudancgas locais na dindmica
das oscilagcbes cerebrais, a dindmica de conectividade entre diferentes areas do
cérebro devem ser investigadas para uma descricdo mais precisa dos mecanismos
neurofisiolégicos subjacentes as doencas neuroldgicas (Mathalon e Sohal, 2015).

O sistema limbico gera ritmos fisioldgicos sincronizados no cérebro normal, no
entanto no cérebro de pacientes e animais com epilepsia, a sincronizagdo se torna
patologica (Avoli, 2014). O aumento da sincronia ja foi demonstrado em modelos
experimentais de ELT, onde ha o aumento de sincronizacao entre diferentes regides
limbicas (Avoli et al., 1996; Barbarosie e Avoli, 1997; Gafurov e Bausch, 2013;
Grasse, Karunakaran e Moxon, 2013; Broggini et al., 2016). Além disso, alteragcfes
de sincronia em bandas de frequéncia especificas também foram evidenciadas em
modelos experimentais (Grasse, Karunakaran e Moxon, 2013; Broggini et al., 2016;
Pasquetti et al., 2019) e pacientes com epilepsia (Warren et al., 2010; Cotic et al.,
2013, 2015). Portanto, a sincronizacdo neuronal excessiva € um fenbmeno que ocorre
entre as células, dentro de redes locais e entre estruturas limbicas, sendo
considerado um biomarcador das epilepsias, principalmente por ser determinante na
geracdo de crises espontaneas recorrentes (Grasse, Karunakaran e Moxon, 2013;

Jiruska et al., 2013; Avoli, 2014).
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3 MODELOS ANIMAIS DE EPILEPSIAS

O entendimento sobre os mecanismos subjacentes a epileptogénese e
geracdo de crises na ELT e outras formas de epilepsia ndo pode ser totalmente
adquirido em estudos clinicos com humanos. Como resultado, o uso de modelos
animais adequados é essencial. Os modelos animais in vivo de epilepsia incluem
vérias ferramentas, incluindo agentes neuroquimicos, protocolos de estimulacdo
elétrica, insultos térmicos ou hipéxicos, lesGes traumaticas, optogenética, e linhagens
de roedores com inducdo idiopatica ou crises audiogénicas. Dessa forma, torna-se
vidvel a investigagcdo e manipulagdo dos mecanismos subjacentes as epilepsias,
sendo assim uma area importante da pesquisa em epilepsia (Kandratavicius et al.,
2014).

Modelos in vitro compostos por sistemas biol6gicos mais simples também
podem ser particularmente Uteis para o estudo de mecanismos celulares e
moleculares envolvidos na progresséo da epileptogénese. As preparacdes de tecido
cerebral in vitro permitem o estudo acessivel das redes cerebrais e a identificacéo de
caracteristicas moleculares, celulares e eletrofisiologicas sobre a funcéo cerebral
muitas vezes ndo disponivel nos modelos in vivo. Nesses modelos, preparacdes
cerebrais de roedores e de tecido humano pés-cirargico podem ser usadas de forma
aguda ou através de uma preparacdo organotipica, e podem gerar uma atividade
elétrica in vitro semelhante a atividade eletrografica observada em pacientes com
epilepsia. Além disso, os modelos in vitro podem consumir menos tempo e recursos
em comparagcdo aos modelos in vivo, principalmente considerando os modelos

cronicos de epilepsia (Dulla et al., 2018).
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3.1 Modelos in vivo de ELT

A maior parte do conhecimento atual sobre a fisiopatologia da ELT é baseado
em modelos animais que reproduzem uma sequéncia de eventos semelhantes aos
observados em pacientes com ELT. Os trés modelos mais comumente utilizados de
ELT sédo o modelo de abrasamento ou kindling (Goddard, 1967), modelo de &acido
cainico (Nadler, Perry e Cotman, 1978; Lévesque; e Avoli, 2013) e o modelo de
pilocarpina (Turski et al., 1983; Curia et al., 2008). Cada modelo compartilha
similaridades com a epilepsia humana, no entanto, nenhum modelo é uma
representacdo perfeita (homodloga). Fazendo uso do modelo adequado, os
pesquisadores podem investigar as mudancgas que ocorrem durante a epileptogénese

e a ictogénese.

3.1.1 Modelo de epilepsia induzida por pilocarpina

Descrito pela primeira vez no inicio da década de 1980, o modelo de
pilocarpina é o terceiro modelo de epilepsia mais comumente utilizado e acredita-se
gue esse € 0 modelo que mais se assemelha ao decurso da ELT adquirida (Turski et
al., 1983; Cavalheiro et al., 2006; Curia et al., 2008; Scorza et al., 2009).

A Pilocarpina é um agonista ndo especifico de receptores colinérgicos do tipo
muscarinico, que induz Status Epilepticus (SE) por meio da ativacdo do receptor
muscarinico M1. A ativacdo do receptor M1 regula positivamente a fosfolipase C, o
trifosfato de inositol e o Ca*? intracelular, alterando correntes de K* e Ca*?. O aumento
da excitabilidade ocorre provavelmente devido a diminuicdo da atividade das
ATPases no hipocampo, que néo repolarizam a membrana. O aumento do Ca*?
promove a liberagcdo de glutamato, que age nos receptores AMPA, permitindo a

entrada de Na* e de mais Ca*2. A despolarizacdo permite a ativacdo dos receptores
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NMDA, que novamente permitem a entrada de Ca*? na célula pds-sinaptica, o que,
de maneira prolongada, induz excitotoxicidade e morte celular. A massiva ativacéo de
receptores de glutamato, com retroalimentacédo positiva pela entrada constante de
Ca*? acaba por gerar um prolongado SE, capaz de danificar permanentemente a rede
neuronal do animal, o que desencadeara a epileptogénese (Cavalheiro et al., 2006).

Em camundongos nocaute para o receptor muscarinico M1, a pilocarpina nao
induz crises epilépticas (Hamilton et al., 1997). Além disso, o SE induzido por
pilocarpina pode ser bloqueado pela administragdo do antagonista muscarinico
atropina (Maslanski et al., 1994).

O modelo de pilocarpina € caracterizado pela administracdo de uma Unica dose
de pilocarpina pela via sistémica (ou intraperitoneal, i.p.) ou via intrahipocampal (De
Furtado et al., 2002; Lévesque, Avoli e Bernard, 2016). Ambos os métodos de
administracdo induzem similares caracteristicas eletrofisiolégicas, comportamentais,
bem como alteracdes histopatologicas, as observadas em pacientes com ELT (Curia
et al., 2008). No entanto, este conceito ainda precisa ser revisto pois a quantidade de
areas lesadas e redes associadas no método de administracdo sistémico (Leite,
Garcia-Cairasco e Cavalheiro, 2002; Castro et al., 2011), indicam que estruturas
extratemporais e subcorticais estdo envolvidas na expressao de alteragbes
comportamentais, EEG, celulares e moleculares, muito além das classicamente
associadas a ELT.

Os eventos induzidos pela administracéo de pilocarpina incluem o SE seguido
por um periodo latente com a auséncia de crises epilépticas (Turski et al., 1983), que
esta associado a reorganizacdo das redes neurais e mudancas na excitabilidade
celular (Pitkdnen e Sutula, 2002; Cavalheiro et al., 2006). A duracdo do periodo

latente depende de inumeros fatores, incluindo dose e suscetibilidade a pilocarpina,
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tempo do SE, idade e peso (Curia et al., 2008). Ap6s o periodo latente, entre 1-4
semanas, se inicia uma condicdo crbnica de crises espontaneas recorrentes
(Cavalheiro et al., 2006; Curia et al., 2008; Lévesque, Avoli e Bernard, 2016).

A manifestacdo motora das crises epilépticas é classificada em cinco estagios
de acordo com a escala de Racine, iniciando com um leve comportamento anormal
(estagio um) até as crises tonico-clénicas (estagio cinco) (Racine, 1972). As taxas de
mortalidade neste modelo s&o muito altas, com alguns estudos relatando entre 20%
- 40% de mortalidade (Curia et al., 2008; Lévesque, Avoli e Bernard, 2016). Como
uma abordagem alternativa para reduzir a mortalidade dos animais, pode-se reduzir
a duragcao do SE, utilizando diazepam (5 — 10 mg/ kg) (Pitkdnen et al., 2005). No
entanto, deve-se notar que a duracdo do SE é crucial para o desenvolvimento da
epilepsia (Curia et al., 2008; Chen et al., 2013).

O dano neuronal excitotdéxico associado a alteracdes moleculares levam a
morte neuronal, reorganizacao sinptica, sinaptogénese e neurogénese no GD, bem
como mudancas nas propriedades eletrofisiolégicas neuronais e nos circuitos
inibitérios, perda de interneurénios GABAérgicos no hipocampo, brotamento de fibras
musgosas, proliferacdo de astrocitos e outras caracteristicas muito similares as
observadas em pacientes com ELT (Pitkédnen e Sutula, 2002; Cavalheiro et al., 2006;
Nirwan, Vyas e Vohora, 2018). As regides hipocampais CA1 e CA3, amigdala, tAlamo,
neocortex e cortex piriforme séo altamente suscetiveis ao danos neuronais induzidos
pela pilocarpina (Kandratavicius et al., 2014; Nirwan, Vyas e Vohora, 2018). No
entanto, independentemente da lesdo encontrada em pacientes ou modelos animais
de ELT, o principal questionamento sdo 0s mecanismos envolvidos na geracao das

crises espontaneas na ELT.

39



3.2 Modelos in vitro de epilepsia

As preparac0es in vitro de fatias cerebrais sdo um meio extremamente Gtil para
o0 estudo de crises epilépticas e epilepsia. Alguns dos modelos de atividade
epileptiforme induzida em tecido cerebral in vitro mimetizam a atividade gerada no
tecido epiléptico durante o periodo crénico, além de serem semelhantes a epilepsia
humana farmaco-resistente (Dulla et al., 2018). H4 uma série de modelos utilizando
fatias cerebrais e a inducao de atividade epileptiforme in vitro, os quais sao utilizados
para investigar os mecanismos da génese e propagacdo de atividade epiléptica,
atividades celulares e de rede, e também o estudo da eficacia de tratamentos
farmacoldgicos (Heinemann, Kann e Schuchmann, 2006; Avoli e Jefferys, 2015;
Heuzeroth et al., 2019).

A utilizacdo in vitro de preparacbes de fatias cerebrais foi sugerida pela
primeira vez por um estudo no qual eventos semelhantes a crises epilépticas foram
induzidos pela redugéo da concentracdo extracelular de CI~ no meio de perfuséo de
fatias agudas de hipocampo (Yamamoto, 1972). Eventos semelhantes a crises
epilépticas podem ser induzidos pela reducdo do Ca?* ou Mg? ou aumento da
concentracédo de K* no meio extracelular (Subramanian et al., 2018; Codadu, Parrish
e Trevelyan, 2019). Esses estudos reforcaram que além do hipocampo outras
estruturas corticais sdo suscetiveis ao desenvolvimento de eventos semelhantes a
crises epilépticas, fornecendo também ferramentas para o estudo de propagacao
desse tipo de eventos entre regides distintas das fatias cerebrais (Avoli e Jefferys,
2015; Dulla et al., 2018). Alternativamente, a aplicacdo farmacolégica de drogas com
potencial ictogénico, como 4-aminopiridina (4-AP), acido cainico ou pilocarpina
podem ser utilizados (Lévesque; e Avoli, 2013; Avoli e Jefferys, 2015; Nirwan, Vyas e

Vohora, 2018).
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No entanto, ao utilizar esses modelos deve-se ter em mente as desvantagens
de tais preparacdes, uma vez que nao possuem elementos importantes de modelos
in vivo, como conectividade de longo alcance no cérebro, diferencas na fisiologia e
anatomia cerebral entre as espécies e também caracteristicas comportamentais,

dessa maneira refletindo aspectos limitados da epilepsia (Dulla et al., 2018).

3.2.1 4-aminopiridina

O modelo de epilepsia in vitro induzido por 4-aminopiridina (4-AP) tem sido
amplamente utilizado nas dltimas trés décadas, com o objetivo de identificar os
mecanismos subjacentes a sincronizagdo do hipocampo e redes neuronais
parahipocampais (Perreault e Avoli, 1991; Avoli et al., 1996; Barbarosie e Avoli, 1997;
Calcagnotto, Barbarosie e Avoli, 2000; D’Antuono et al., 2002; Avoli e de Curtis, 2011,
Lisgaras, Mikroulis e Psarropoulou, 2021).

A 4-AP é um composto bloqueador de canais de K* dependentes de voltagem
(Figura 6), bem conhecido pela preservacdo da transmissdo GABAérgica e
glutamatérgica (Buckle e Haas, 1982; Perreault e Avoli, 1991; Traub, Colling e
Jefferys, 1995). Com o bloqueio dos canais de K* dependentes de voltagem ha uma
despolarizacdo da membrana plasméatica e um aumento da duracdo do potencial de
acdo. Além disso, a 4-AP também atua na ativacdo de canais de Ca?* dependentes
de voltagem (VACCs), especificamente canais de Ca?* ativados por alta voltagem
(HVACCs) (Wu et al., 2009). Dessa forma, a 4-AP aumenta a concentracéo de Ca?*
intracelular e liberacdo de neurotransmissores. Essa a¢ao juntamente com o aumento
da duracdo do potencial de acdo contribui para a excitabilidade neuronal; e
consequente inducéo de atividade epileptiforme em fatias cerebrais (Voskuyl e Albus,

1985; Rutecki, Lebeda e Johnston, 1987; Avoli et al., 1996; Avoli e Jefferys, 2015).
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Figura 6 Células excitaveis que geram potenciais de a¢éo (PAs) com uma frequéncia reduzida, podem
ter essa frequéncia aumentada a niveis normais, através do bloqueio dos canais de K+. O bloqueio
dos canais de K+ leva a despolariza¢do da membrana celular tornando seu potencial mais préximo do
limiar de disparo de PAs, facilitando a geracdo, e também aumentando a duracdo dos PAs e a
hiperexcitabilidade. Figura modificada de (Wulff, Castle e Pardo, 2009).

A sua utilizagdo in vitro foi primeiramente demonstrada por Galvan e
colaboradores (Galvan, Grafe e Bruggencate, 1982), onde a 4-AP foi capaz de induzir
eventos ictais espontaneos ou evocados por estimulo em fatias corticais de
porquinho-da-india. Em fatias hipocampais, Voskuyl & Albus (1985) identificaram dois
tipos de eventos, denominados interictais; o primeiro tipo de evento interictal se
assemelhava a atividade epileptiforme espontanea induzida por antagonistas de
receptor GABAa, e se originava na regido CA3, enquanto o segundo tipo de evento
interictal teve maior duracao, e propagou-se de forma mais lenta, e nédo teve alteracao
na presenca de antagonistas glutamatérgicos (Voskuyl e Albus, 1985). Esses
resultados foram confirmados posteriormente por outros estudos (Rutecki, Lebeda e
Johnston, 1987; Perreault e Avoli, 1991; Avoli et al., 1996).

Os eventos epileptiformes registrados em preparacdes de fatias cerebrais in
vitro consistem em despolarizacdes neuronais, levando ao disparo do potencial de

acao sincrono e sustentado neuronal (Avoli et al., 2002). Como mencionado
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anteriormente, ambas as transmissfes excitatérias e inibitérias sdo preservadas no
modelo in vitro de 4-AP (Rutecki, Lebeda e Johnston, 1987), e dessa forma modulam
as frequéncias e duracdes dos eventos epileptiformes (Avoli et al., 2002), gerando um
potencial de campo local especifico, o qual possui similaridade com a atividade de
potencial de campo observada em pacientes com epilepsia focal (Avoli et al., 2002;
Gonzalez-Sulser et al., 2011; Dulla et al., 2018). Dessa forma, os eventos gerados
pela aplicacdo de 4-AP no meio de perfusdo de fatias cerebrais consistem em trés
tipos de atividade no potencial de campo: i) eventos interictais rapidos mediados
principalmente por receptores de glutamato, ii) eventos interictais lentos mediados por
GABA e iii) eventos ictais de longa duragdo, mediados por ambas transmissdes
excitatorias e inibitérias (Barbarosie e Avoli, 1997; Avoli et al., 2002; Gonzalez-Sulser
et al., 2011).

A atividade interictal, que € mediada por receptores de glutamato, origina-se
em CA3, se espalha através de CALl e do subiculo para a CE, e retorna para CA3
através do GD (via perfurante). Em contraste, os eventos ictais, dependentes da
ativagdo dos receptores glutamatérgicos e GABAAa, séo iniciados no CE de onde se
propagam sucessivamente para o GD, areas CA3 e CA1 hipocampais, e o subiculo
(Gonzalez-Sulser et al., 2011). Além disso, para que eventos ictais estejam presentes
no hipocampo é necessaria uma conexdo preservada entre o CE e o hipocampo
(Barbarosie e Avoli, 1997; Barbarosie et al., 2000).

A utilizacdo de 4-AP em preparacdes cerebrais in vitro € uma ferramenta Uutil
para o estudo dos mecanismos subjacentes a epilepsia. Além disso, o modelo de
epilepsia in vitro induzido por 4-AP tem sido utilizado para a avaliacdo de AEDs, e
apresenta resultados coerentes em relacao a eficacia clinica das mesmas (D’Antuono

et al., 2010; Heuzeroth et al., 2019).
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Os eventos interictais, em particular, desempenham um papel extremamente
relevante  na  epileptogénese, sendo considerados um  biomarcador
eletroencefalografico de processos neuropatolégicos em andamento no tecido
epiléptico (de Curtis e Avanzini, 2001; Rosati et al., 2003; de Curtis, Jefferys e Avali,
2013). As descargas epileptiformes interictais sdo um fenbmeno complexo que
envolve varios processos celulares e da rede neuronal (de Curtis e Avanzini, 2001;
Huberfeld et al., 2011; Chvojka et al., 2019), e a sua detec¢do no EEG possui alto
valor diagndstico e também preditivo para a ocorréncia de crises epilépticas (Rosati
et al., 2003; Jacobs et al., 2008; Bortel et al., 2010; Chauviére et al., 2012; Chvojka et
al.,, 2019; Glaba et al., 2020). O entendimento dos mecanismos neurofisiologicos,
dindmica temporal, e a organizacao da rede neuronal durante o periodo interictal e/ou
entre eventos interictais pode fornecer um redirecionamento significativo e altamente
informativo sobre a epileptogénese (Salami, Lévesque, et al., 2014; Lévesque,

Salami, et al., 2018).

4 HIPOTESE E JUSTIFICATIVA

A formacdo hipocampal apresenta uma rede sinaptica extremamente
organizada entre aferéncias, interagdes locais e eferéncias para as demais regides
corticais/subcorticais. Sabemos que existem alteracdes estruturais e sinapticas na
rede neuronal da formacdo hipocampal na ELT (Curia et al., 2014; Navidhamidi,
Ghasemi e Mehranfard, 2017) e que o sistema GABAérgico tem um papel muito
importante na epileptogénese (Treiman, 2001; Khazipov, 2016; Zandt e Naegele,
2017; Dudek, 2020). Estas alteracbes podem induzir mudancas nos padrdes de
oscilacbes e na sincronia entre diferentes &reas envolvidas no processo de

hiperexcitabilidade, epileptogénese e ictogénese.
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Portanto, nossa hipbétese é que as areas que compreendem a formacao
hipocampal apresentam um aumento da susceptibilidade a ictogénese e mudancas
nos padrdes oscilatorios associados a descargas epileptiformes, e que tais alteracdes
séo especificas de cada fase de desenvolvimento da epileptogénese.

Além disso, como o envolvimento do sistema GABAérgico é crucial na
epileptogénese, e a funcao especifica dos varios subtipos de interneurdnios inibitérios
estd comprometida durante o processo epileptogénico, buscamos fazer uma revisao
critica sobre o conceito pré-estabelecido de que a caracteristica chave no
desenvolvimento da epilepsia € apenas 0 aumento da excitacdo e a diminuicdo da

inibic&o.

5 OBJETIVOS
5.1 Objetivos gerais

Investigar os padrdes de geracdo de atividade epileptiforme, poténcia e
sincronia nas vias trissinaptica hipocampal e temporoamdnica, em diferentes
periodos da epileptogénese, em modelo de epilepsia induzida por pilocarpina em
ratos. Além disso, revisar o papel do sistema GABAérgico na fisiopatologia da
epilepsia, e revisitar os mecanismos inibitérios envolvidos no balango entre excitacao

e inibicdo no cérebro.

5.2 Objetivos especificos
5.2.1. Caracterizar a geracao de atividade epileptiforme no CE, GD, CA3 e CA1 em
fatias de hipocampo-CE de animais epilépticos e controle, 30 e 60 dias ap6s o SE,

durante a hiperexcitabilidade induzida por 4-AP.

45



5.2.2. Investigar as alterac6es dos padrbes oscilatérios em CE, GD, CA3 e CAl em
fatias de hipocampo-CE de animais epilépticos e controle, 30 e 60 dias apos o SE,
durante a hiperexcitabilidade induzida por 4-AP.

5.2.3. Examinar a sincronia das oscilagdes entre CE, GD, CA3 e CAl em fatias de
hipocampo-CE de animais epilépticos e controle, 30 dias e 60 apos o SE, durante a
hiperexcitabilidade induzida por 4-AP.

5.2.4. Investigar as alteracdes nos padrdes oscilatorios em CE, GD, CA3 e CAl em
fatias de hipocampo-CE de animais epilépticos e controle, 30 e 60 dias apos o SE,
durante a atividade de rede basal e espontanea.

5.2.5. Detectar alteragbes na sincronia de oscilagoes entre CE, GD, CA3 e CAl em
fatias de hipocampo-CE de animais epilépticos e controle, 30 e 60 dias apos o SE,
durante a atividade de rede basal e espontanea.

5.2.6. Revisar a fisiopatologia da epilepsia e o envolvimento do sistema GABAérgico
no desbalanco entre excitacdo e inibicdo no cérebro, revisitando a funcdo dos

interneurdnios além da inibicdo no circuito.
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PARTE II- METODOLOGIA E RESULTADOS

A parte Il do presente trabalho esta dividida em dois capitulos.

O capitulo | contém a verséo aceita permitida para divulgagéo pela revista do artigo
cientifico “In vitro oscillation patterns throughout the hippocampal formation in a rodent
model of epilepsy”, publicado na revista cientifica Neuroscience
(DOI:10.1016/j.neuroscience.2021.10.020). Neste capitulo descrevemos as
alteragbes encontradas na geracdo de atividade epileptiforme, nos padrdes
oscilatorios e na sincronia entre regides da formacéo hipocampal in vitro de animais

epilépticos, durante dois periodos da epileptogénese.

O capitulo 1l contém a verséo aceita permitida para divulgagéo pela revista do artigo
de revisdo “GABAergic interneurons in epilepsy: More than a simple change in
inhibition”, publicado na revista cientifica Epilepsy & Behavior (DOI:
10.1016/j.yebeh.2020.106935). Este artigo ressalta o envolvimento do sistema
GABAérgico na fisiopatologia da epilepsia, e em particular, debate a funcédo dos

interneurdnios na regulacdo da excitacao e inibicdo no cérebro.
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Capitulo |

In vitro oscillation patterns throughout the hippocampal formation in a rodent model

of epilepsy
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ABSTRACT

Specific oscillatory patterns are considered biomarkers of pathological neuronal
network in brain diseases, such as epilepsy. However, the dynamics of underlying
oscillations during the epileptogenesis throughout the hippocampal formation in the
temporal lobe epilepsy is not clear. Here, we characterized in vitro oscillatory patterns
within the hippocampal formation of epileptic rats, under 4-aminopyridine (4-AP)-
induced hyperexcitability and during the spontaneous network activity, at two periods
of epileptogenesis. First, at the beginning of epileptic chronic phase, 30 days post-
pilocarpine-induced Status Epilepticus (SE). Second, at the established epilepsy, 60
days post-SE. The 4-AP-bathed slices from epileptic rats had increased susceptibility
to ictogenesis in CA1 at 30 days post-SE, and in entorhinal cortex and dentate gyrus
at 60 days post-SE. Higher power and phase coherence were detected mainly for
gamma and/or high frequency oscillations (HFOs), in a region- and stage-specific
manner. Interestingly, under spontaneous network activity, even without 4-AP-induced
hyperexcitability, slices from epileptic animals already exhibited higher power of
gamma and HFOs in different areas of hippocampal formation at both periods of
epileptogenesis, and higher phase coherence in fast ripples at 60 days post-SE. These
findings reinforce the critical role of gamma and HFOs in each one of the hippocampal
formation areas during ongoing neuropathological processes, tuning the neuronal

network to epilepsy.

Key words: gamma rhythm, high-frequency oscillations, in vitro electrophysiology,

hippocampus, coherence, synchrony
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INTRODUCTION

Epilepsy is one of the most common neurological disorders. About 65 million
people worldwide are diagnosed with epilepsy (Thurman et al., 2011; Sirven, 2015).
In particular, the temporal lobe epilepsy (TLE), a common form of refractory epilepsy
in adulthood (Berg et al., 2010), is characterized by seizures generated in the temporal
cortex and limbic structures, including hippocampus, entorhinal cortex (EC) and
amygdala (Bertram, 2009; Goldberg e Coulter, 2013; Toyoda et al., 2013; Boido et al.,
2014). TLE can be also associated with hippocampal sclerosis characterized by cell
loss in the hippocampal CA3 and CA1l areas and in the dentate gyrus (DG) (Sloviter,
2008; Bertram, 2009; Thom, 2014; Walker, 2015), synaptic reorganization (Sutula et
al., 1989; Cross e Cavazos, 2007; Danzer et al., 2010; Zhang et al., 2014) and altered
GABAergic inhibition (Zandt e Naegele, 2017; Righes Marafiga, Vendramin Pasquetti
e Calcagnotto, 2020).

Neural network oscillations are considered as indicator of the rhythmic neuronal
excitability and synaptic function and are fundamental in coordinating neural activity
throughout the brain (Fries, 2005). An important hallmark of dysfunctional neural
networks is the excessive or abnormal neuronal activity (Fisher et al., 2005; Grasse,
Karunakaran e Moxon, 2013; Jiruska et al., 2013) that can be recorded on the
electroencephalogram (EEG) (Fisher, Scharfman e deCurtis, 2014). The altered brain
oscillation patterns seen in epilepsy patients (Bartolomei et al., 2001; Kramer e Cash,
2012), have also been identified in neurological and psychiatric disorders, such as
schizophrenia (Uhlhaas e Singer, 2010), Alzheimer's disease (Goutagny et al., 2013),
and autism spectrum disorder (ASD) (Kessler, Seymour e Rippon, 2016).

Changes in brain oscillation patterns are becoming useful biomarkers to identify

the epileptic foci and to predict the development of pathological neural networks
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(Zijlmans et al., 2012; Staba, Stead e Worrell, 2014; Pitkanen et al., 2016). Studies
have demonstrated an altered power spectral density (PSD) of delta (1-4 Hz)
(Pasquetti et al., 2019), theta (4-12 Hz) (Arabadzisz et al., 2005; Dugladze et al.,
2007; Chauviere et al., 2009; Kitchigina e Butuzova, 2009), and high-frequency
oscillations (HFOs) (80—-500 Hz) (Worrell et al., 2008; Zijlmans et al., 2012; Matsumoto
et al., 2013; Pearce et al., 2013; Hamidi, Lévesque e Avoli, 2014; Uva et al., 2017) at
early stages of epileptogenesis and during the chronic spontaneous recurrent seizures
(SRS). Interictal oscillations in particular, which include interictal epileptiform
discharges (IEDs) and the occurrence of pathological HFOs (termed fast ripples) are
considered markers of abnormal neural network activity (Jefferys et al., 2012; Salami,
Lévesque, et al., 2014; Staba et al., 2017), reflecting the dynamic processes occurring
at the seizure onset zone and pathological mechanisms underlying the establishment
of focal epileptic disorders (Lévesque et al., 2011; Jefferys et al., 2012; Salami,
Lévesque, et al., 2014; Lévesque, Salami, et al., 2018; Ewell et al., 2019).

In addition to changes in oscillatory patterns, synchronization between distinct
network activities also could be predictive of seizure development (Grasse,
Karunakaran e Moxon, 2013; Jiruska et al., 2013; Broggini et al., 2016; Kitchigina,
2018). Synchronized activities between different areas of the brain provide dynamic
changes in neuronal ensembles coordination, which is crucial to the control of network
excitability, and consequently the ictogenesis and epileptogenesis processes
(Uhlhaas e Singer, 2006; Buzsaki e Watson, 2012). In limbic regions, changes in
neuronal synchronization can precede and facilitate development of SRS (Traub et
al., 2004; Grasse, Karunakaran e Moxon, 2013; Jiruska et al., 2013). Therefore, it is
crucial to investigate the network oscillatory changes underlying epileptiform activity

initiation and propagation in the hippocampal formation.
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Considering that seizures are difficult to predict and can be quite disruptive to
the patient’s life (Jacoby, 2008), it is relevant to advance our understanding about the
pathogenesis of TLE, and the dynamics of underlying oscillations and synchrony
during the epileptogenic process. Here, we studied the in vitro oscillation patterns and
synchrony in hippocampal-entorhinal cortex slices from epileptic rats under 4-
aminopyridine (4-AP)-induced hyperexcitability and during the spontaneous network
activity, at two periods of epileptogenesis. At the beginning of epileptic chronic phase,
30 days post-Status Epilepticus (SE) induced by pilocarpine, and at the established

epilepsy, 60 days post-SE.

EXPERIMENTAL PROCEDURES
Animals

All procedures in this study were performed according to the Brazilian Society
for Neurosciences (SBNeC) and the Brazilian Law on the Use of Animals (Federal
Law 11.794/2008), and approved by the Institutional Ethical Committee (CEUA
UFRGS protocol no. 33274). We used adult male Wistar rats (30-40 days old; 100-
200 g) obtained from the institutional animal facility (Department of Biochemistry,
UFRGS). We focus on adult male Wistar rats in order to reduce the number of animals
needed, once the female rats need to be differentiated according to the estrous cycle,
and 6 more groups per age (30 and 60-days post-SE induction) will be necessary to
perform such study. Animals were housed in 65x25x15 cm Plexyglass cages (2-3
animals per cage) and maintained under a standard 12/12-h light/dark cycle (light
cycle starting at 7 am and ending at 7 pm) at an acclimatized room (22—-26°C). The

animals had access to water and food ad libitum. The study design and procedures
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were reported according to the Animals in Research: Reporting in Vivo Experiments

(ARRIVE) guidelines (Percie Du Sert et al., 2020).

Drugs

For the Status Epilepticus (SE) induction, we used pilocarpine hydrochloride
(360 mg/kg, i.p.; Sigma-Aldrich); methyl scopolamine (1 mg/kg i.p.; Sigma-Aldrich) and
diazepam (10 mg/kg, i.p.; Teuto). During the in vitro electrophysiology, in order to
induce epileptiform activity, we used 4-Aminopyridine (4-AP - 50-100 pM; Sigma-
Aldrich) added to the normal artificial cerebrospinal fluid (NnACSF) perfusion system (2

mL/min).

Status epilepticus induction

Aged-matched rats (n=45) were randomly divided in two groups: (1) injected
with pilocarpine (n=25), and (2) injected with saline instead of pilocarpine (control
group; N=20). The pilocarpine hydrochloride (360 mg/kg, i.p.; Sigma-Aldrich) was
administrated intraperitoneally 20 min after methyl scopolamine administration (1
mg/kg i.p.; Sigma-Aldrich) and then each animal was observed for 90 minutes, while
their seizure behavior was scored according to the Racine scale (Racine, Gartner e
Mclintyre Burnham, 1972). For all procedures mentioned above the final volume of
injection was calculated based on 1mL/Kg of body weight. Status epilepticus (SE) was
defined as continuous seizures with Racine score Il to V, with no return to lower
scores for at least 5 min. The SE was ended after 90 min using diazepam (10 mg/Kg,
i.p.; Teuto). Four animals did not developed SE and were excluded of the study, and
two animals died during the SE induction. Thereafter, the animals were subdivided in

two groups: 30 days post-SE (n=9); 60 days post-SE (n=10). Studies already showed
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that 30 days after pilocarpine administration animals that had SE can present SRS,
with a mean latent period of 14.8 days (range of 4-44 days) (Curia et al., 2008; Scorza
et al., 2009). Our group previously observed occurrence of SRS at the period after 30
days post-SE (Pasquetti et al., 2019). Therefore, the in vitro electrophysiology was
started at this point. SRS occurred in all animals that had SE and survived until 30
days after pilocarpine administration. We detected the later presence of SRS in the
SE animals by behavioral manifestation and random observation. Animals were
considered epileptic when at least two SRS were visually observed during a period of
30 to 60 days post-SE induction. Food and water consumption were monitored weekly
after SE induction to guarantee the animals health. No animals needed to be

euthanized.

Slice preparation

Horizontal hippocampal-EC slices (Barbarosie e Avoli, 1997; Calcagnotto,
Barbarosie e Avoli, 2000) were prepared from epileptic rats at 30 and 60 days after
SE induction, and age-matched controls. Following anesthesia with isoflurane, rats
were euthanized by decapitation. The brain was rapidly removed in ice-cold
oxygenated (95% 02/5% CO2) high-sucrose artificial cerebrospinal fluid (SACSF)
containing (in mM) 150 sucrose, 50 NaCl, 25 NaHCOs, 10 dextrose, 7 MgSOs, 2.5
KCI, 1 NaH2PO4 and 0.5 CaCl.. The 400 pm thickness slices were cut in 4°C
oxygenated sACSF using a VT 1000S microtome (Leica), incubated at 35°C for 45
min, and thereafter maintained at room temperature in normal artificial cerebrospinal
fluid (hnACSF) containing (in mM) 124 NaCl, 26 NaHCOg3, 10 dextrose, 3 KCI, 2 CaClz,

2 MgSO4, and 1.25 NaH2POs4. Dual extracellular recordings were performed
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simultaneously in the entorhinal cortex (EC) (upper layers), CAl (stratum radiatum),

CA3 (stratum radiatum) and/or dentate gyrus (DG) (granule cell layer).

In vitro electrophysiology

Each slice was individually transferred to the recording chamber, which was
continuously perfused with oxygenated nACSF (2-3 mL/min at room temperature).
Dual extracellular recordings were performed simultaneously within the hippocampal
formation (CAl, CA3, DG and EC) of individual slice, visualized using an infrared
differential interference contrast (IR-DIC) video-microscopy system (BX51WI,
Olympus), and 4x objective. Patch micropipettes (4-7 MQ) were pulled from
borosilicate glass using a computer-controlled micropipette puller (P-1000, Sutter
Instrument) and filled with nACSF.

The spontaneous local field potentials (LFP) of hippocampus and EC were
recorded during 5 min of nACSF slice perfusion. Thereafter, field potential profiles
were recorded during nACSF slice perfusion with 4-AP (50-100uM) for at least 2 hours,
to the development of epileptiform activity. As previously described (Avoli et al., 1996;
Calcagnotto, Barbarosie e Avoli, 2000; D’Antuono et al., 2002), hippocampal-EC
slices from pilocarpine-treated and control rats responded to 4-AP by generating
interictal and ictal discharges. In vitro dual extracellular recordings were made in a
total of four locations, always in one of hippocampal recording sites: CA1 (stratum
radiatum), CA3 (stratum radiatum), granule cell layer of DG; and also, in the layer 2/3
of EC. The pair of electrodes were placed as follows: EC-DG, EC-CA1l, CA1-CA3,
and DG-CA3. Data were monitored and recorded using the Multiclamp 700B amplifier

(Molecular Devices), coupled oscilloscope and acquired by pClamp 10.3 software
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(Molecular Devices). Recordings were sampled at 10 kHz, and low pass filtered at 2

kHz.

Data analysis

Subsequent data analyses were performed with CLAMPFIT 10.3 (Molecular
Devices). The latency, rate of occurrence and duration of interictal and ictal discharges
were analyzed offline (Calcagnotto, Barbarosie e Avoli, 2000; D’Antuono et al., 2002;
Codadu et al., 2019). Comparisons were made between control and epileptic aged-
matched animals, and between aged-matched animals with the same treatment
(saline or pilocarpine).

We performed the power spectral densities (PSD) and phase coherence
analysis using MATLAB (Pasquetti et al., 2019). In slices perfused with nACSF without
developing epileptiform activity, we selected 5s-epochs of the spontaneous LFP
activity, recorded from slices of both groups 30- and 60-days post-SE. For recordings
under 4-AP-bath application, we selected 5s-epochs of LFP of interictal periods,
corresponding to the intervals between interictal events discharges (IEDs), to make
sure that no interictal spike was present. We computed the PSD using the pwelch
function from the Signal Processing Toolbox. Phase coherence was computed using
mscohere function (Signal Processing Toolbox). Both calculations were carried out
using 4-s Hamming windows with 50% overlap. The frequency bands were separated
in delta (1-4 Hz), theta (4-12 Hz), beta (12- 30 Hz), slow gamma (30-50 Hz), middle
gamma (50-90 Hz) and HFOs (fast gamma (90-150 Hz), ripples (150-250 Hz) and fast
ripples (250-400 Hz) (Buzsaki, 2006; Belluscio et al., 2012; Tort et al., 2013; Pasquetti
et al., 2019). In order to verify the presence of oscillations, we estimate the peak

frequency according to (Scheffzik et al., 2013). To estimate the peak of frequency,
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we fitted a 1/f curve using power values around each frequency band of interest and
then we obtained a normalized peak power value by subtracting the 1/f fit from the real
peak power value (Scheffzik et al., 2013; Scheffer-Teixeira e Tort, 2017). To ensure
that changes in power can be observed besides aperiodic activity in the signal, we
analyzed the PSD of two control conditions (4-AP perfusion and basal activity in
control slices) removing the 1/f-like aperiodic activity from the PSD.

We presented the PSD values for each experimental conditions with the
periodic and aperiodic frequency components. However, taking into account the
presence of oscillations in the LFP signals identified by the PSD analysis and 1/f fitting,
we observed that the 1/f background induce a modest increase of PSD values (Fig.
S3 and S6), and at least in this study, the oscillatory components seem not to be either
confounded with or masked by the predominant activity of 1/f noise, since the peak of
frequencies are visible in the original PSD even with the 1/f background, and are still

very evident after filtering (Fig. S3 and S6).

Statistical Analysis

The sample size was calculated using the Minitab 17®, based on the standard
deviation, significance level and estimated statistical power of our previous work
(Pasquetti et al., 2019). To test the normality of the data we used the Kolmogorov-
Smirnov test. Parametric data were analyzed using the Student’s t-test. For non-
parametric data, we used Mann-Whitney U test. In order to identify outliers, we used
ROUT method in the GraphPad Prism. No blinding was performed in our analysis.
Results were considered significant if the p-value was less than 0.05. Statistical

analysis was performed with either GraphPad Prism version 6.01 or SPSS.
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RESULTS
Characteristics of 4-AP-induced epileptiform activity in hippocampal-EC slices
at 30 days post-SE induction

The 4-AP-induced epileptiform events in EC and in CA1 showed no differences
either in frequency and latency of IEDs (P > 0.05; Fig. 1Ab, c; and P > 0.05, Fig. 1Ae,
f, respectively; Table S1), or in frequency and duration of ictal events (P > 0.05; Fig.
1Ab, d and P > 0.05; Fig. 1Ae, g, respectively; Table S1) between epileptic and control
groups. However, in CAL, the latency for the first ictal event was shorter in slices from
epileptic animals, when compared to the control group (P = 0.04, Fig. S1B; Table S1).

In CAS, slices from epileptic animals also did not present differences either in
frequency and latency of IEDs (P > 0.05; Fig. 1Bb, c; Table S1), or in frequency of ictal
events (P > 0.05; Fig. 1Bb, d; Table S1). However, ictal events in CA3 of slices from
epileptic animals had longer duration when compared to controls (P = 0.03, Fig. 1Bb,
d; Table S1). In DG, IEDs in slices from epileptic animals presented lower frequency
(P =0.02, Fig. 1Be, f; Table S1) but with no significant difference in latency (P > 0.05,
Fig. 1Be, f; Table S1) when compared to controls. Ictal events had lower frequency (P
< 0.0001, Fig. 1Be, g; Table S1) and shorter duration (P < 0.0001, Fig. 1Be, g; Table
S1) in DG, when compared to the control group. In addition, similar to CA1l, the latency
for the first ictal event was higher in DG in slices from epileptic animals when compared
to the control group (DG: P = 0.03, Fig. S1D; Table S1).

We also quantified the percentage of slices able to generate ictal events
recorded at 30 days post-SE, in epileptic and aged-matched control rats (Fig. S2;
Table S1). In control slices, ictal events were observed in 90% of EC (n= 9/10 slices),
90.9% of CAl (n=10/11 slices), 100% of CA3 (n= 9/9 slices) and 75% of DG (n= 6/8

slices). In slices from epileptic animals, ictal events were observed in 87.5% of EC (n=
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7/8 slices), 100% of CA1 (n= 7/7 slices), 83.3% of CA3 (n= 5/6 slices) and 85.7% of
DG (n= 6/7 slices) (Fig. S2). The CA1 of slices from epileptic group had a higher
percentage to generated ictal events than the control group (P =0.0032, Fig. S2B). In
CA3 instead, we found a lower percentage of slices generating ictal events in the
epileptic group, when compared to the control group (P < 0.001, Fig. S2C). In other
hand, in EC and DG there were no significant difference between epileptic and control

groups (P > 0.05, Fig. S2A, D).

Power spectral density in hippocampal-EC slices at periods between 4-AP-
induced IEDs at 30 days post-SE induction

We next performed the PSD analysis at periods of 5s-epochs between IEDs,
induced by 4-AP perfusion of hippocampal-EC slices from epileptic and control
animals (Table S2). We observed that slices from epileptic animals, at 30 days post-
SE, exhibited significantly higher power of slow gamma in EC (P = 0.018; Fig. 2Ab)
than control slices. No significant differences were found for the other frequencies (P
> 0.05; Fig. 2Aa, b, c, d). In CAL, there was higher power of middle gamma (P = 0.008)
in slices from epileptic animals (Fig. 2Bb), but no significant differences for the other
frequencies when compared to the control animals (P > 0.05 for all cases; Fig. 2Ba, b,
c, d). In CA3, slices from epileptic animals presented lower power of delta (P < 0.0001)
and theta (P = 0.011, Fig. 2Ca), and higher power of slow gamma (P = 0.008), middle
gamma (P < 0.0001) and fast gamma (P < 0.0001) (Fig. 2Cb) than controls. We also
found higher power of ripples (150-250 Hz) (P < 0.0001) and fast ripples (250-400 Hz)
in CA3 (P = 0.002) (Fig. 2Cc, d) in slices from epileptic animals, when compared to

the control. The DG of slices from epileptic animals had higher theta power (P = 0.012;
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Fig. 2Da), with no differences in the other frequencies when compared to the control
group (Fig. 2Da, b, c, d).

To confirm that changes of oscillatory activity are present although the aperiodic
activity contribution, we analyzed peak frequencies of PSD separating periodic signal
of aperiodic activity in 5s-epochs of in vitro recordings from 4-AP-bathed slices (Fig.
S3). Peak frequency of oscillations was found in EC (Fig. S3A-F), as follows: 2.3 Hz
for delta, 5.9 Hz for theta, 18.8 Hz for beta, 47.2 Hz for slow gamma, 54.9 Hz for middle
gamma, 91.4 Hz for fast gamma, 156 Hz ripples and 258 Hz for fast ripples. Similar to
EC, in CAl the peak frequency of oscillations was found (Fig. S3G-L), as follows: 1.03
Hz for delta, 6.34 Hz for theta, 17.6 Hz for beta, 36.7 Hz for slow gamma, 85.1 Hz for
middle gamma, 99 Hz for fast gamma, 229 Hz ripples and 261 Hz for fast ripples. In
CA3 (Fig. S3M-R), the peak frequency of oscillations was 3.1 Hz for delta, 5 Hz for
theta, 14.6 Hz for beta, 31.8 Hz for slow gamma, 63.1 Hz for middle gamma, 90.9 Hz
for fast gamma, 165 Hz ripples and 293 Hz for fast ripples. Finally, in DG (Fig. S3S-
Z), the peak frequency of oscillations was 1.95 Hz for delta, 11.9 Hz for theta, 16.5 Hz
for beta, 41.5 Hz for slow gamma, 89.1 Hz for middle gamma, 101 Hz for fast gamma,
169 Hz ripples and 251 Hz for fast ripples.

Characteristics of 4-AP-induced epileptiform activity in hippocampal-EC slices
at 60 days post-SE induction

In EC, we found significantly lower frequency of IEDs in slices from epileptic
animals when compared to slices from control animals (P = 0.009, Fig. 3Ab, c; Table
S1). However, the latency for the first interictal event was shorter in EC of slices from
epileptic animals (P = 0.022, Fig.3Ab, c; Table S1). In addition, EC of slices from
epileptic animals at 60 days post-SE had higher duration of ictal events when

compared to EC of slices from epileptic animals at 30 days post-SE (P = 0.04; Table
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S1). In CAL, there were no significant differences either in frequency and latency of
IEDs (P > 0.05; Fig. 3Ae, f; Table S1), or in frequency and duration of ictal events (P
> 0.05; Fig.3Ae, g; Table S1) between groups. However, ictal events in CAL slices
from epileptic animals at 60 days post-SE presented a higher latency to the first event
than the same region at 30 days post-SE (P = 0.005; Table S1). In CA3, there were
no significant differences either in frequency or latency for IEDs between epileptic and
control groups (P > 0.05; Fig. 3Bb, c; Table S1). In addition, there was no significant
difference in frequency of ictal events in CA3 of slices from epileptic animals when
compared to the control group (P > 0.05; Fig. 3Bb, d; Table S1), but the duration of
ictal events was smaller in slices from epileptic animals when compared to controls (P
= 0.02; Fig. 3Bb, d; Table S1). Besides, the CA3 from epileptic animals at 60 days
post-SE had a lower duration of ictal events than slices from epileptic animals at 30
days post-SE (P = 0.03; Table S1).

In DG, we did not find significant differences either in frequency or latency for
IEDs in slices from epileptic animals when compared to the control group (P > 0.05;
Fig. 3Be, f; Table S1). Frequency of ictal events in DG also was not different between
groups (P > 0.05; Fig. 3Be, g; Table S1), but the duration of ictal events was smaller
in slices from epileptic animals when compared to controls (P = 0.02; Fig. 3Be, g;
Table S1). There was no difference in the latency for the first ictal event in all recorded
regions between groups (P > 0.05, Fig. S4). However, the DG of slices from epileptic
animals at 60 days post-SE still had a higher frequency of IEDs, and higher duration
of ictal event, when compared to DG of slices at 30 days post-SE (P = 0.008; P =
0.001; Table S1).

We also evaluated the percentage of slices able to generate ictal events

induced by 4-AP in epileptic rats and aged-matched control rats, at 60 days post-SE
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induction (Fig. S5; Table S1). We are able to demonstrate that control slices presented
ictal events in 66.6% of EC (n= 6/9 slices), 80% of CA1 (n = 8/10 slices), 80% of CA3
(n= 8/10 slices) and 44.4% of DG (n= 4/9 slices). In slices from epileptic animals, the
ictal events were observed in 70% of EC (n= 7/10 slices), 80% of CA1 (n= 8/10 slices),
80 % of CA3 (n= 8/10 slices) and 75% of DG (n= 6/8 slices). There were no significant
differences in the percentage of EC (Fig. S5A), CAl (Fig. S5B) and CA3 (Fig. S5C)
with ictal events, when compared epileptic to the control groups. However, in DG, the
percentage of slices able to generate ictal events in the epileptic group was

significantly higher than the control group (P < 0.0001, Fig. S5D).

Power spectral density in hippocampal-EC slices at periods between 4-AP-
induced IEDs at 60 days post-SE induction

At 60 days post-SE, the hippocampal-EC slices from epileptic animals exhibited
significantly differences in PSD values of different frequencies when compared to
slices from the control group (Table S2). The EC had higher power of theta (P = 0.044)
and beta (P = 0.020) (Fig. 4Aa). The CA1 had higher power of beta (P = 0.013) and
slow gamma (P = 0.020) (Fig. 4Ba, b). The CA3 had higher power of theta (P = 0.004),
beta (P = 0.0002), slow- (P = 0.005), middle- (P <0.0001) and fast- gamma (P = 0.021)
(Fig. 4Ca, b). Finally, the DG presented higher power of slow- (P = 0.018), middle- (P
< 0.0001), and fast- gamma (P = 0.0001) (Fig. 4Db).

The EC of slices from the epileptic animals also had higher fast ripples power
(P < 0.0001) (Fig. 4Ad) than the control group. In CA1, the epileptic group presented
lower power of ripples (P < 0.001), and fast ripples (P = 0.010) when compared to the
control group (Fig. 4Bc, d). There were no differences in power of ripples and fast

ripples in CA3 between groups (P > 0.05; Fig. 4Cc, d). However, DG of epileptic
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animals had a higher power of ripples (P = 0.012) and fast ripples (P < 0.001) (Fig.

4Dc, d), when compared to the control group.

Phase coherence analysis within hippocampal formation regions at periods
between 4-AP-induced IEDs at 30- and 60-days post-SE induction

Figure 5 shows the phase coherence analysis, with corresponding matrices for
control and SE groups, where x-axis represents the respective pair of electrodes
recorded, while y-axis shows the mean coherence for the frequency bands (0 to 400
Hz).

At 30 days post-SE (Fig. 5A; Table S3), slices from epileptic animals had a
lower phase coherence in middle gamma (U=188; P = 0.015) and fast ripples (U=53;
P < 0.0001) between EC-DG, when compared to the control group. Also, the epileptic
group had higher phase coherence in middle gamma (U=143; P = 0.01), fast gamma
(t=5.33; P <0.0001) and ripples (t=5.12; P < 0.0001) between EC-CAL. Between CA1-
CA3, there were significant lower phase coherence in theta (t=2.97; P = 0.004), and
fast ripples (U=202; P = 0.031); and higher in middle gamma (t=3.54; P = 0.001).
Finally, between DG-CAS3, slices from epileptic animals had lower phase coherence in
fast ripples (P < 0.0001).

At 60 days post-SE (Fig. 5B; Table S3), slices from epileptic animals had lower
phase coherence in middle gamma (t=2.15; P = 0.036) and ripples (t=2.52; P = 0.016)
between EC-DG, both when compared to the control group. The epileptic group had
lower phase coherence in delta (t=2.08; P = 0.043), beta (t=3.88; P = 0.0003), middle
gamma (U=155; P = 0.009), fast gamma (U=114; P = 0.001) and ripples (U=120; P =
0.006) between EC-CAL. Higher phase coherence in fast gamma (t=3.97; P = 0.0003)

was found between CA1-CA3 in slices from epileptic animals. Slices from epileptic
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animals had lower phase coherence in delta (t= 3.99; P = 0.0003), theta (U=178; P =
0.0085), middle gamma (t=3.97; P = 0.0003), fast gamma (t=4.58; P < 0.0001) and
ripples (t=4.42; P < 0.0001) between DG-CA3.

Changes in power spectral density in hippocampal-EC slices, during the
spontaneous network activity, at 30 days post-SE induction

The structural, morphological and functional changes reported in the brain
tissue from epileptic animals generate aberrant and pathological neuronal network and
recruit different microcircuits (Riban et al., 2002; Arabadzisz et al., 2005; Sharma et
al., 2007; Curia et al., 2008) that modify oscillation patterns. Would be of a great
significance to detect different oscillation patterns in slices from epileptic animals even
in absence of epileptiform activity induced by 4-AP.

To ensure the presence of oscillatory activity during the spontaneous network
activity, through in vitro extracellular recordings, first we measured the PSD removing
the contribution of aperiodic 1/f-like signal. Peak frequency of oscillations was found
in EC (Fig. S6A-F), as follows: 3.2 Hz for delta, 5.8 Hz for theta, 17.9 Hz for beta, 41.8
Hz for slow gamma, 77.7 Hz for middle gamma, 95.2 Hz for fast gamma, 160 Hz
ripples and 376 Hz for fast ripples. Similar to EC, in CAl the peak frequency of
oscillations was found (Fig. S6G-L), as follows: 3.3 Hz for delta, 5.7 Hz for theta, 27.1
Hz for beta, 44.7 Hz for slow gamma, 60 Hz for middle gamma, 109 Hz for fast gamma,
157 Hz ripples and 258 Hz for fast ripples. In CA3 (Fig. S6M-R), the peak frequency
of oscillations was 2.8 Hz for delta, 6.1 Hz for theta, 18.4 Hz for beta, 42 Hz for slow
gamma, 84 Hz for middle gamma, 108 Hz for fast gamma, 156 Hz ripples and 254 Hz
for fast ripples. Finally, in DG (Fig. S6S-Z), the peak frequency of oscillations was 3.54
Hz for delta, 6.8 Hz for theta, 17.7 Hz for beta, 46.2 Hz for slow gamma, 57.5 Hz for

middle gamma, 98 Hz for fast gamma, 154 Hz ripples and 262 Hz for fast ripples.

65



Although no ictal or interictal epileptiform discharges were detected, at 30 days
post-SE, the EC of slices from epileptic animals had higher power of middle gamma
(P =0.0008) and fast gamma (P = 0.010) (Fig. 6Ab; Table S4) than controls. The CAl
of slices from epileptic animals had higher power of slow gamma (P = 0.001) and
middle gamma (P = 0.002), when compared to the control group (Fig. 6Bb; Table S4).
In CA3, the epileptic group presented higher power of beta (P = 0.008) and slow
gamma (P = 0.018) when compared to the control group (Fig. 6Ca, b; Table S4). The
DG of slices from epileptic animals had higher power of delta (P = 0.0006) and slow
gamma (P = 0.0002), and lower power of fast gamma (P = 0.040) than controls (Fig.
6Da, b; Table S4).

We did not find significant differences in power of oscillations in the range of
150 to 400 Hz between groups in EC (Fig. 6Ac, d; Table S4), CA1 (Fig. 6Bc, d; Table
S4) or CA3 (Fig. 6Cc, d; Table S4). On the other hand, the DG of slices from epileptic

animals had lower power of ripples than controls (P = 0.040) (Fig. 6Dc; Table S4).

Changes in power spectral density in hippocampal-EC slices, during the
spontaneous network activity, at 60 days post-SE induction

At 60 days post-SE, no ictal or interictal epileptiform activity were recorded but
we were able to find that the EC had higher power of delta (P = 0.009), beta (P =
0.009), slow gamma (P = 0.003), and lower power of fast gamma (P = 0.002), when
compared to controls (Fig. 7Aa, b; Table S4). The CAL1 of slices from epileptic animals
had lower power of fast gamma (P = 0.001) (Fig. 7Bb; Table S4). The CA3 had higher
power of delta (P = 0.014), theta (P = 0.003), beta (P = 0.0002), slow- (P = 0.002) and
middle gamma (P = 0.040) (Fig. 7Ca, b; Table S4) than controls. Finally, the DG from

epileptic animals presented higher power of beta (P = 0.009), slow gamma (P = 0.009),
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middle gamma (P < 0.0001), and fast gamma than controls (P < 0.0001) (Fig. 7Da, b;
Table S4).

Regarding the PSD of oscillations in the range of 150 to 400 Hz (Table S4), we
found significant differences between groups in EC, CA1 and DG (Fig. 7). The EC and
CA1 of slices from epileptic animals had lower power of ripples (P < 0.0001; P <
0.0001) and fast ripples (P = 0.002; P < 0.0001) (Fig. 7Ac, d; 7Bc, d) when compared
to the same region in controls. There were no differences between groups in CA3 (P
> 0.05) (Fig. 7Cc, d), while in DG, the epileptic group had higher power of ripples (P =

0.006) and fast ripples (P = 0.0004), when compared to controls (Fig. 7Dc, d).

Phase coherence analysis within hippocampal formation regions at 30- and 60-
days post-SE induction during the spontaneous network activity

At 30 days post-SE, there were no differences in phase coherence in all
oscillations between EC-DG, EC-CA1, CA1-CA3 and DG-CA3 of slices from epileptic
and control animals, perfused with ACSF (P > 0.05) (Fig. 8A; Table S5). At 60 days
post-SE (Fig. 8B; Table S5), the phase coherence between EC-DG also did not
present significant differences in all frequencies analyzed (P > 0.05). However, phase
coherence was lower not only in theta (t=2.16; P = 0.035), slow gamma (t=2.37; P =
0.022), middle gamma (t=3.05; P = 0.004) and ripples (t=5.46; P < 0.0001) between
EC-CAL, but also in slow gamma (t=2.39; P = 0.020) and fast ripples (U=189; P =
0.016) between CA1-CA3 when compared to control slices. Finally, slices from
epileptic animals presented higher phase coherence in fast ripples between DG-CA3

(U=50; P < 0.0001).

DISCUSSION
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Characterization of the oscillation patterns underlying pathological neuronal
network, at specific areas of hippocampal formation, during the epileptogenesis is
important to understand the dynamics of epileptiform activity in TLE. Our main findings
include that the 4-AP-induced higher susceptibility to ictogenesis in CA1 at 30 days
post-SE, and in EC and DG at 60 days post-SE; lower power of theta oscillations in
CA3 at 30 days post-SE and higher power of gamma and HFOs in different areas of
hippocampal formation at both stages of epileptogenesis. In addition, the spontaneous
network activity of hippocampal-EC slices from epileptic animals already revealed a
higher power of gamma and HFOs in EC at both stages of epileptogenesis, and higher
phase coherence in HFO at 60 days post-SE even without epileptiform discharges,

reflecting the aberrant reorganization of the hippocampal formation network.

In vitro epileptiform activity induced by 4-AP

As expected, bath application of 4-AP induced epileptiform activity in
hippocampal-EC slice preparations (Avoli et al., 1996; Avoli e Jefferys, 2015). Also,
our data reinforces that slices from pilocarpine-treated rats are susceptible to generate
epileptiform activity induced by an insult of hyperexcitability as 4-AP bath application
(D’Antuono et al., 2002; Panuccio et al., 2010).

CAl area of slices from epileptic rats, at 30 days post-SE, had increased
susceptibility to ictogenesis induced by 4-AP, identified by lower latency to generate
ictal events, and the higher percentage of slices generating those events, when
compared with control slices. This latency increased at 60 days post-SE when
compared to 30 days post-SE, but it was similar to aged-matched controls. The
hippocampal CAl area is one of the most vulnerable regions in epilepsy in both,

human and animal models of epilepsy (Lehmann et al., 2000; Scharfman, 2007;
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Navidhamidi, Ghasemi e Mehranfard, 2017). Several adaptive changes in the CAl
area of epileptic animals may contribute to hyperexcitability. For example, cell damage
and synaptic loss (Turski et al., 1983), axonal sprouting (Esclapez et al., 1999;
Lehmann et al., 2000), altered intrinsic properties, and decreased dendritic inhibition
(Cossatrt et al., 2001) of CA1 pyramidal cells.

On the contrary, CA3 area of slices from epileptic animals at 30 days post-SE
were less susceptible to generate ictal events induced by 4-AP than controls. In
hippocampal slice preparation from patients with TLE, the CA3 area also showed to
be less susceptible to generate epileptiform activity (Reyes-Garcia et al., 2018).
Similarly, experiments using intrinsic optical signal (I0S) showed low activity in CA3
area of slices from epileptic animals, with lower 10S at 3 weeks post-SE, when
compared to other limbic areas, regardless of the presence of 4-AP (Biagini et al.,
2005). In our study, the ictal events in CA3 were longer in slices from epileptic animals
than controls. This duration decreased at 60 days post-SE when compared to the 30
days post-SE, but did not show difference from the aged-matched control. Despite
relatively resistant to generate prolonged discharges, long-lasting epileptiform activity
had been recorded in CA3 of slices containing EC, that were in fact driven by the EC
(Walther et al., 1986; Jones e Lambert, 1990; Avoli et al., 1996; Barbarosie e Avoli,
1997).

The DG of slices from epileptic animals at 30 days post-SE had longer latency
to ictal events with shorter duration, and less frequent IEDs, than controls. At 60 days
post-SE, although the duration of ictal events was shorter in DG from epileptic animals,
the susceptibility to generate ictal events was higher, when compared to control group;
and the duration of ictal events increased when compared to the 30 days post-SE

group, demonstrating a higher ictogenesis in the DG at established epilepsy. DG plays
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an important role in battling the epileptiform discharges propagation from EC to
hippocampus (Barbarosie et al., 2000; Hsu, 2007). As observed in animal models and
patients with TLE, the DG undergoes a variety of pathological changes that may
disrupt the gating function, contributing to the development of epilepsy (Scharfman,
2019). In slices from epileptic animals, this effect could be attributed to the altered
intrinsic and network properties of granule cells (Kelly e Beck, 2017) and reduced
granule cell inhibition in DG (Kobayashi e Buckmaster, 2003). Moreover, a transient
loss of feedback inhibition in the DG, could facilitate, but not sustain the ictogenesis in
hippocampal circuitry as much as the control slices, probably by functional
disconnection of hilar border interneurons (Jarero-Basulto et al., 2018).

The 4-AP induced-epileptiform activity in EC at 30 days post-SE was similar in
both groups, but at 60 days post-SE, despite the lower frequency of IEDs, those events
had a shorter latency to the first occurrence, while ictal events had higher frequency
than control slices, indicating a higher propensity to ictogenesis at established
epilepsy. Several studies using hippocampal-EC slice preparations have shown that
the EC is able to generate epileptiform events, and may have lower seizure threshold
than the hippocampus per se (Panuccio et al., 2010; Ren et al., 2014). The lower
frequency of IEDs in slices from epileptic animals may be attributed to either the loss
of EC cells, preferentially in layer Ill, observed in human and animal models of TLE
(Du et al.,, 1993, 1995), or to the impaired propagation of IEDs from CA3, via
hippocampal CA1 and subiculum, back to the EC, caused by the hippocampal—
entorhinal loop rupture (Avoli et al., 1996, Barbarosie and Avoli, 1997). Interestingly,
despite the EC cell loss, the remaining cells have increased excitability in TLE
(Kobayashi e Buckmaster, 2003; Tolner et al., 2007) and could contribute to the

increased ictogenesis.
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The in vitro characterization of epileptiform activity at different areas of
hippocampal formation reinforces the critical role of each one of them in the
pathological circuit. The EC being crucial for ictal and interictal discharges generation
and modulation; DG controlling the hyperexcitability during the ongoing
epileptogenesis; CALl exhibiting the increment of vulnerability and susceptibility to

ictogenesis; and CA3 driving the activity in the hippocampal-EC circuit.

Oscillation patterns during 4-AP-induced hyperexcitability

Modified hippocampal oscillatory patterns constitutes an important key in brain
diseases, mainly by controlling other connected neuronal networks (Scharfman, 2007,
Colgin, 2011). We demonstrated that CA3 area of 4-AP-bathed hippocampal-EC slices
from epileptic animals at 30 days post-SE had lower power of delta and theta
oscillations during the IED intervals than controls. Decreased hippocampal theta
rhythm is also observed after IEDs in patients (Fu et al., 2018), and in animal model
of TLE during the latent and chronic stages (Ge et al., 2013; Pasquetti et al., 2019),
suggesting that IEDs have a significant impact on theta rhythm in epilepsy. On the
other hand, higher power of theta was detected in DG at 30 days post-SE, and in EC
and in CA3 at 60 days post-SE in slices from epileptic animals. The higher power of
theta in these hippocampal formation areas had been suggested as a compensatory
mechanism to the high-frequency excitatory activity generation triggered by
GABAergic dysfunction (Genovesi et al., 2011). Therefore, the heterogeneity in power
of theta rhythm in the hippocampal-EC slices at the two periods of epileptogenesis
may reflect the ongoing neural reorganization (Curia et al., 2008).

Beta oscillations are important for long-range synchronization (Traub et al.,

1996; Whittington et al., 1997), contributing to epileptiform discharges generation
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during the epileptogenic process. Here, we observed higher power of beta in EC, CA1
and CA3, at 60 days post-SE but not at 30 days post-SE when compared to controls.
This late increased in power of beta may reflect mechanisms of ictogenesis during
chronic stages of epilepsy. Interestingly, increased power of pre-ictal beta oscillation
(Sorokin, Paz e Huguenard, 2016) in patients and rat model of absence seizures had
been related with seizure susceptibility (Glaba et al., 2020).

Gamma oscillations have a close relation with epileptiform activity generation
recorded in vitro (Quilichini et al., 2012). At 30 days post-SE, we found higher power
of slow gamma in EC, middle gamma in CA1l, and all gamma bands in CA3 areas of
slices from epileptic animals than control slices. At 60 days post-SE, we found higher
power of all gamma bands in CA3 and DG, and slow gamma in CAl area of slices
from epileptic animals, than control slices. At different stages of epileptogenesis, after
a 4-AP-induced hyperexcitability, the ongoing pathological neuronal network induced
the increment of gamma oscillations within the hippocampal formation, mainly in CA3
and CAl hippocampal areas. This may reflect the role of gamma oscillations as a
potential biomarker to localize pathological neuronal network with IEDs generation in
the brain (Ren et al., 2015).

Not only gamma, but also faster oscillations are implicated in the epileptiform activity
generation (Hamidi, Lévesque e Avoli, 2014; Salami, Lévesque, et al., 2014), and both
HFOs, ripples and fast ripples bands have been identified in EEG of patients and
animal models of TLE (Bragin et al., 2004; Pearce et al., 2013; Ewell et al., 2019;
Jacobs e Zijlmans, 2020). Here, we demonstrated that HFOs could be detected at
inter-IEDs in hippocampal-EC slices under 4-AP application. There are evidences
supporting that HFOs at ripples (150-250 Hz) and fast ripples (250-500 Hz) bands

associated with IEDs are good biomarkers of the epileptogenic processes (Salami,
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Levesque, et al., 2014; Jacobs et al., 2016; Thomschewski, Hincapié e Frauscher,
2019). At 30 days post-SE, the hippocampal CA3 area presented higher power of
ripples and fast ripples. Functional changes of CA3 oscillatory network at earlier
stages of epileptogenesis, during 4-AP-induced hyperexcitability, may be relevant to
establish the chronic process. At 60 days post-SE, EC had higher power of fast ripples,
and the DG, higher power of ripples and fast ripples. Accordingly HFOs increased
during neuronal networks hyperexcitability, reflecting abnormal and enhanced forms
of neuronal synchronization (Jefferys et al.,, 2012). Studies have shown that
oscillations within the range of 80 to 250 Hz (named ripples) and 250 to 400 Hz (termed
fast ripples) can be observed in the local field potential recorded from the hippocampus
and the temporal cortex of rodent models and patients with epilepsy (Bragin, Engel,
Wilson, Fried e Buzsaki, 1999; Bragin, Engel, Wilson, Fried e Mathern, 1999; Bragin
et al., 2002, 2004; Staba et al., 2002; Schevon et al., 2009; Weiss et al., 2016). Our
results confirm that the CA3 region appears to have an important role in TLE,
becoming a generator of pathological HFOs, and the source of pathological processes
to other hippocampal regions (Barbarosie e Avoli, 1997; D’Antuono et al., 2002;
Lévesque, Behr e Avoli, 2015). In fact, studies have already shown that the occurrence
of interictal spikes with fast ripples is increased in CA3, and are associated with an
increased seizure frequency (Lévesque et al., 2011; Salami, Lévesque, et al., 2014).
This suggests that CAS3 interictal oscillations (interictal spikes associated with
pathological HFOs) reflect the ongoing pathological processes in the CA3, crucial to
the establishment of epilepsy. Accordingly, in our study the CA3 area was less affected
and therefore, less susceptible to generate ictal events in the hippocampal-EC slices
from epileptic animals during the 4-AP-induced epileptiform activity. This suggests that

the circuit reorganization of CA3 facilitates the generation of pathological processes

73



and ictogenesis in other regions of hippocampal formation. Besides, as other
hippocampal areas presented important damage and changes in epileptiform activity,
we particularly suggest that structural and functional impairment in the pilocarpine
model of epilepsy affected the hippocampal output, facilitating the ictogenesis in these
regions (Panuccio et al., 2010).

Altogether, the higher power of HFOs may be predictive of epileptogenic
networks formation, as in the CA3 hippocampal area at 30 days post-SE; and of
specific targets of epileptogenesis, as in the EC and DG at 60 days post-SE (Fedele

et al., 2017; Jacobs e Zijlmans, 2020).

Phase coherence of gamma and HFOs during 4-AP-induced hyperexcitability

In this study, the phase coherence analysis can reveal the synchronized activity
between distinct regions of hippocampal-EC circuit at specific frequency bands
(Horwitz, 2003), and may emphasize pivotal clues of epileptogenesis and ictogenesis.
We show higher phase coherence of gamma oscillations between CA1-CA3 in slices
from epileptic animals, at 30 days post-SE when compared to aged-matched controls.
Therefore, gamma oscillations are synchronized at the beginning of the chronic phase
of epileptogenesis throughout the hippocampal-EC slices from epileptic animals,
contributing to ictogenesis. However, at 60 days post-SE, we observed lower phase
coherence in slow and/or middle gamma between EC-DG, EC-CA1 and DG-CA3 of
slices from epileptic animals compared to controls. These findings suggested that, at
the established epilepsy, the synchronization of gamma oscillations may be impaired
by induced interneuron cell loss, abnormal maturation of granule cells and mossy fiber

sprouting (Scharfman, 2019; Lybrand et al., 2021) during the earlier epileptogenesis.
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Higher phase coherence in HFOs was found between EC-CAL, at 30 days post-
SE. As reported by several studies of surgical treatment for epilepsy, the brain tissue
resection-based on HFO rates and spectral power changes are correlated with the
good seizure-free outcomes (Jacobs et al., 2008; Fujiwara et al., 2012; Fedele et al.,
2017). The occurrence of HFOs during epileptogenesis indicates a pathological
network reorganization evolving to epilepsy (Bragin et al., 2004). At 60 days post-SE,
we also found higher phase coherence in HFOs, in CA3-CA1l areas of 4-AP bathed
slices from epileptic animals. Overall, the two periods of epileptogenesis in the
pilocarpine model of epilepsy were characterized by dynamic changes in oscillation

patterns and phase coherence, mainly at HFOs range.

Oscillation patterns during the spontaneous network activity

Spontaneous network activity propagates through developing neuronal circuits
in specific patterns (Kerschensteiner, 2014). Although neither ictal nor IEDs were
detected in the hippocampal-EC slices in absence of 4-AP, the power of gamma
oscillations in the EC, CAl1, CA3 and DG areas was higher in slices from epileptic
animals than controls at 30- and 60-days post-SE. These gamma oscillations in the
hippocampus were similar to what we observed in slices from epileptic animals under
4-AP-induced hyperexcitability and may reflect an ongoing epileptogenic process in
epileptic animals (Goldberg e Coulter, 2013). In fact, increased gamma oscillations
has been observed in brain areas associated with seizures in patients and animal
models of epilepsy (Hughes, 2008; de Curtis e Gnatkovsky, 2009). These results
confirm again that gamma oscillations are valuable biomarkers for the epileptogenesis
and ictogenesis. Despite of HFOs at the range of ripples and fast ripples been reported

as strong indicators of epileptogenic processes, during the spontaneous LFP recorded
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in slices from epileptic animals, we observed higher power of ripples and fast ripples
only in the DG at 60 days post-SE, when compared to controls. It may reinforce that
the DG represents a key area to the epileptogenic process, by losing its gating

function.

Phase coherence during the spontaneous network activity

At 30 days post-SE, under spontaneous network activity, no differences were
found in phase coherence on different oscillations between slices from epileptic and
control animals. However, at 60 days post-SE phase coherence was higher in fast
ripples between DG-CAS3 regions of slices from epileptic animals. Indeed, DG was the
area with higher power of fast ripples oscillations in these slices in absence of 4-AP.
Therefore, the local network dynamics are affected by the pathological reorganization
subsequent to pilocarpine-induced SE (Garrido Sanabria et al., 2002). This ongoing
pathological process may affect the long-range aberrant connectivity throughout the
hippocampal-EC slices from epileptic animals, including the neuronal network of DG-
CA3 circuitry that undergo to important morphological and functional changes that

contribute to the epileptogenesis (Zhang, Fan e Wang, 2017).

Major findings and significance

Specific neural networks oscillatory patterns associated with epileptiform
discharges are hallmarks of pathological excessive or abnormal ongoing neuronal
activity in epilepsy. In a region-specific manner, we demonstrated the 4-AP-induced
increased ictogenesis and distinct oscillations dynamics in the hippocampal formation
of epileptic animals at two period of epileptogenesis. Gamma and high frequency

oscillations are key features during ongoing neuropathological processes of neuronal
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networks activity and hyperexcitability in the hippocampal formation in vitro. We
emphasize that the spontaneous neuronal network of slices from epileptic animals,
even before an insult of excitability, present dysfunctional oscillation patterns and
synchronicity, reinforcing the development of aberrant neuronal circuitry throughout
the hippocampal formation induced by the already established aberrant network and

epileptogenesis.
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Figure 1. Dual extracellular recordings in hippocampal—-EC slices from epileptic and control rats,
at 30 days post-SE. Traces without epileptiform activity (left), with interictal activity (middle), and with
ictal activity (right).

(Aa) Schematic representation of a horizontal hippocampal-EC slice, showing the locations of two
extracellular recording electrodes in entorhinal cortex (EC, blue) and CA1 (green). n of animals: Control:
9, SE: 8.

(Ab) Representative local field potential (LFP) recordings (top) obtained from EC during application of
4-AP in a hippocampal-EC slice that generated interictal (trace in blue) and ictal discharges (outlined in
blue).

(Ac) Boxplot illustrating the pooled data of frequency (number of events/30s; Mann—Whitney U test,
U=57, P > 0.05) (left) and the latency for IEDs (min; Mann—Whitney U test, U=70, P > 0.05) (right); and
(Ad) the frequency (number of events/30min; Mann—-Whitney U test, U=66.5, P > 0.05) (left) and
duration of Ictal events (min; Mann—Whitney U test, U=49, P > 0.05) (right). n of recordings: Control:
12, SE: 12; n of slices: Control:10, SE: 8.

(Ae) Representative local field potential recordings (top) obtained from CA1 during application of 4-AP
in a hippocampal-EC slice that generated interictal (trace in green) and ictal discharges (outlined in
green).

(Af) Boxplot illustrating the pooled data of frequency (number of events/30s; Mann—Whitney U test,
U=55.5, P > 0.05) (left) and latency for IEDs (min; Mann—Whitney U test, U=58.5, P > 0.05) (right); and
(Ag) frequency (number of events/30min; Mann—-Whitney U test, U=65.5, P > 0.05) (left) and duration
of Ictal events (min; Mann-Whitney U test, U=54.4, P > 0.05) (right). n of recordings: Control: 13, SE:
11; n of slices: Control: 11, SE: 7.

(Ba) Schematic representation of a horizontal hippocampal-EC slice, showing the locations of two
extracellular recording electrodes in CA3 (pink) and dentate gyrus (DG, red).

86



(Bb) Representative local field potential recordings (top) obtained from CA3 during application of 4-AP
in a hippocampal-EC slice that generated interictal (trace in pink) and ictal discharges (outlined in pink).
(Bc) Boxplot illustrating the pooled data of frequency (number of events/30s; Mann—Whitney U test,
U=65, P > 0.05) (left) and the latency for IEDs (min; Mann—Whitney U test, U=66, P > 0.05) (right); and
(Bd) the frequency (number of events/30min; Mann—-Whitney U test, U=45.5, P > 0.05) (left) and
duration of Ictal events (min; Mann—Whitney U test, U=34, *P < 0.05) (right). n of recordings: Control:
14, SE:10; n of slices: Control: 9, SE: 6.

(Be) Representative local field potential recordings (top) obtained from DG during application of 4-AP
in a hippocampal-EC slice that generated interictal (trace in red) and ictal discharges (outlined in
orange).

(Bf) Boxplot illustrating the pooled data of frequency (number of events/30s; Mann—Whitney U test,
U=24, *P < 0.05) (left) and the latency for IEDs (min; Mann—-Whitney U test, U=41.5, *P > 0.05) (right);
and (Bd) the frequency (number of events/30min; Mann—Whitney U test, U=10.50, *P < 0.05) (left) and
duration of Ictal events (min; Mann-Whitney U test, U=26.5, *P < 0.05) (right). n of recordings: Control:
13, SE: 9; n of slices: Control: 8, SE: 7.

87



EC- layer 2/3

Aa Delta Theta Beta Ab SG = MG Ripples Ad Fast ripples
N N . H t
6oy & H £ 7 By ot &3 5
Z 215, éwo _ . =) 1 20a
550 3 §10 ;2 =1 g6 ga%'}%%%{' : 503
£ 1 27 {_—25%5 4 3: £2 £l go2
D40p E £, E2 o 2OCanmoSE 2 GontrolSE T Eoi =]
- 2 Comol SE 2 Conwol SE 2 Conirol SE P4 200
@ 30 b} Contral SE
z ‘53
T30 E
E 52
S (=}
210 =
i
0 E\3 0
0 12 30 30 50 90 250 250 400
Frequency (Hz) Frequency (Hz) Frequency (Hz) Frequency (Hz)

CA1- Stratum radiatum

Ba Delta Theta Beta Bb ;56 MG _FG Bc Ripples Bd Fast ripples
z H * H "
45 % 5 8 6 s, ce — £3, 0 H 0.08 %
40| Ezo gws 5 = %5 i * 32 o Sus _ %u$
| o s ee Hl 2* 15 ey HE L
£30 "’ é “2 + ] & 4 2 imose 2 tomorsE 2 80' fm é £o04 £ 0.005] =
825 CurmuiSE g Control SE 3 Control SE %3 Eo z o] E . Z 0.00 Control SE
= T, 2
E2 EY E
2 20. 2
L 0
0 o
12 30 50 90 150 250 400
Frequency (Hz) Frequency (Hz) Frequency (Hz)
CA3- Stratum radiatum
Ca Delta Theta Beta Cb ~8G MG FG Cd Fast ripples
8 . B 5 H o T 5
WO el Rl . Tl Tl ey 008 boon -2
ze0l 23 # tH 25 Hg 22 2 §
o 25 25 [-H =} E2 El £ 0.03 20.010)
%70 E,o o Eucunlrol 3 ConarSE %4 2O 2 onmrse 2 oA Eoooy
weu 83 0.02 20.000 -ontrol
2
E2
2 0.01
1
0 4 12 30 030 50 90 150 250 250 400
Frequency (Hz) Frequency (Hz) Frequency (Hz)
DG- Granular layer
Da Delta Theta Beta Db SG MG FG Dc Dd Fast ripples

s

|sed Power
rom

H

£0.020
20015
20010
Eo00s
20000

80
0

o

&

lormalised Power
S mwam
ormalised Power

OBt
Ffpfnw
ler

o o
B

Normalised Power

G

s Pl [l

Normalised Power

Nomalised Power
O amm

]

260 L s §5 2°ComaSE 3§ ComoiSE 2 CommoiSE g 0.8l 0.03

DC:SU Control SE ontrol SE Control SE % 4 D_ 0.5 Control SE
o

D40 i 3 0.4 0.02}

2 @ 2

%30 £ E 0.3f

Eop ] 502 0.01

S Z, =

Z10 0.1

0 0 0 0
0 4 12 30 30 50 90 150 150 250 400
Frequency (Hz) Frequency (Hz) Frequency (Hz) Frequency (Hz)

Figure 2. Power spectral densities of frequencies between 0 and 400 Hz in hippocampal-EC
slices from epileptic and control animals, at 30 days post-SE induction. Control group (n of epoch:
45-50; n of animals: 9); Epileptic group (n of epoch: 46-50; n of animals: 8). SG: Slow gamma; MG:
Middle gamma; FG: Fast gamma.

(Aa) Delta, theta, beta frequency bands in EC of control and epileptic groups. Data are presented as
mean * SD. Inset, box-and-whiskers plot illustrating the pooled data for control and epileptic groups.
Unpaired t-test or Mann—Whitney U test, P > 0.05.

(Ab) Slow-, middle- and fast gamma frequency bands in EC of control and epileptic groups, showing a
higher power of slow gamma in slices from epileptic animals, compared to controls (t=2.39; *P < 0.05).
Data are presented as mean + SD. Inset, box-and-whiskers plot illustrating the pooled data for control
and epileptic groups. Unpaired t-test.

(Ac) Ripples frequency band in EC of control and epileptic groups. Data are presented as mean + SD.
Inset, box-and-whiskers plot illustrating the pooled data for control and epileptic groups. Mann—-Whitney
U test, P > 0.05.

(Ad) Fast ripples frequency band in EC of control and epileptic groups. Data are presented as mean +
SD. Inset, box-and-whiskers plot illustrating the pooled data for control and epileptic groups. Mann—
Whitney U test, P > 0.05.

(Ba) Delta, theta, beta frequency bands in CA1 of control and epileptic groups. Data are presented as
mean = SD. Inset, box-and-whiskers plot illustrating the pooled data for control and epileptic groups.
Unpaired t-test or Mann—Whitney U test, P > 0.05.
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(Bb) Slow-, middle- and fast gamma frequency bands in CA1 of control and epileptic groups, showing
a higher power of middle gamma oscillation in CA1 of slices from epileptic animals, compared to
controls (Mann-Whitney U test, U=886; *P < 0.05). Data are presented as mean + SD. Inset, box-and-
whiskers plot illustrating the pooled data for control and epileptic groups.

(Bc) Ripples frequency band in CA1 of control and epileptic groups. Data are presented as mean + SD.
Inset, box-and-whiskers plot illustrating the pooled data for control and epileptic groups. Mann—-Whitney
U test, P > 0.05.

(Bd) Fast ripples frequency band in CAl of control and epileptic groups. Data are presented as mean
+ SD. Inset, box-and-whiskers plot illustrating the pooled data for control and epileptic groups. Unpaired
t-test, P > 0.05.

(Ca) Delta, theta, beta frequency bands in CA3 of control and epileptic groups, showing a lower power
of delta (Unpaired t-test, t=4.24; *P < 0.05) and theta (Unpaired t-test, t=2.59; *P < 0.05) in CA3 of slices
from epileptic animals, than controls. Data are presented as mean + SD. Inset, box-and-whiskers plot
illustrating the pooled data for control and epileptic groups.

(Cb) Slow-, middle- and fast gamma frequency bands in CA3 of control and epileptic groups, illustrating
a higher power of slow- (Unpaired t-test, t=2.68; *P < 0.05), middle- (Unpaired t-test, t=6.87; *P < 0.05)
and fast- gamma (Unpaired t-test, t=6.45; *P < 0.05) in CA3 of slices from epileptic animals than
controls. Data are presented as mean + SD. Inset, box-and-whiskers plot illustrating the pooled data for
control and epileptic groups.

(Cc) Ripples frequency band in CA3 of control and epileptic groups. Slices from epileptic animals
presented a higher power of ripples than controls (Mann—Whitney U test, U= 300; *P < 0.05). Data are
presented as mean = SD. Inset, box-and-whiskers plot illustrating the pooled data for control and
epileptic groups.

(Cd) Fast ripples frequency band in CA3 of control and epileptic groups. Slices from epileptic animals
presented a higher power of fast ripples than controls (Mann—Whitney U test, U= 805; *P < 0.05). Data
are presented as mean * SD. Inset, box-and-whiskers plot illustrating the pooled data for control and
epileptic groups.

(Da) Delta, theta, beta frequency bands in DG of control and epileptic groups. Slices from epileptic
animals presented a higher power of theta (Unpaired t-test, t=2.55; *P < 0.05). Data are presented as
mean + SD. Inset, box-and-whiskers plot illustrating the pooled data for control and epileptic groups.
(Db) Slow-, middle- and fast gamma frequency bands in DG of control and epileptic groups. Data are
presented as mean = SD. Inset, box-and-whiskers plot illustrating the pooled data for control and
epileptic groups. Unpaired t-test or Mann—Whitney U test, P > 0.05.

(Dc) Ripples frequency band in DG of control and epileptic groups. Data are presented as mean + SD.
Inset, box-and-whiskers plot illustrating the pooled data for control and epileptic groups. Unpaired t-test,
P > 0.05.

(Dd) Fast ripples frequency band in DG of control and epileptic groups. Data are presented as mean *
SD. Inset, box-and-whiskers plot illustrating the pooled data for control and epileptic groups. Unpaired
t-test, P > 0.05.
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Figure 3. Dual extracellular recordings in hippocampal—EC slices from epileptic and control rats,
at 60 days post-SE induction. Traces without epileptiform activity (left), interictal activity (middle), and
ictal activity (left).

(Aa) Schematic representation of a horizontal hippocampal-EC slice, showing the locations of two
extracellular recording electrodes in entorhinal cortex (EC, blue) and CA1 (green). n of animals: Control:
8, SE: 9.

(Ab) Representative local field potential recordings (top) obtained from EC during application of 4A-P
in a hippocampal-EC slice that generated interictal (trace in blue) and ictal discharges (outlined in blue).
(Ac) Boxplot illustrating the pooled data of frequency (number of events/30s; Mann—Whitney U test,
U=28, *P < 0.05) (left) and the latency for IEDs (min; Mann—-Whitney U test, U=33, *P < 0.05) (right);
and (Ad) the frequency (number of events/30min; Mann-Whitney U test, U=69, P > 0.05) (left) and
duration of Ictal events (min; Mann—Whitney U test, U=51, P > 0.05) (right). n of recordings: Control:
12, SE: 12-13; n of slices: Control: 9, SE: 10.

(Ae) Representative field potential recordings (top) obtained from CA1 during application of 4-AP in a
hippocampal-EC slice that generated interictal (trace in green) and ictal discharges (outlined in green).
(Af) Boxplot illustrating the pooled data of frequency (number of events/30s; Mann—Whitney U test,
U=100, P > 0.05) (left) and latency for IEDs (min; Mann—Whitney U test, U=116, P > 0.05) (right); and
(Ag) frequency (number of events/30min; Mann-Whitney U test, U=115.5, P > 0.05) (left) and duration
of Ictal events (min; Mann-Whitney U test, U=134.5, P > 0.05) (right). n recordings: Control: 14-15, SE:
18; n slices: Control: 10, SE: 10.

(Ba) Schematic representation of a horizontal hippocampal-EC slice, showing the locations of two
extracellular recording electrodes in CA3 (pink) and dentate gyrus (DG, red). n animals: Control: 9; SE:
9.

(Bb) Representative field potential recordings (top) obtained from CA3 during application of 4A-P in a
hippocampal-EC slice that generated interictal (trace in pink) and ictal discharges (outlined in pink).
(Bc) Boxplot illustrating the pooled data of frequency (number of events/30s; Mann—Whitney U test,
U=90.5, P > 0.05) (left) and the latency for IEDs (min; Mann—Whitney U test, U=70.5, P > 0.05) (right);
and (Bd) the frequency (number of events/30min; Mann-Whitney U test, U=97, P > 0.05) (left) and
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duration of Ictal events (min; Mann—Whitney U test, U=56, *P < 0.05) (right). n recordings: Control: 11-
12; SE: 18-20; n slices: Control: 10; SE: 10.

(Be) Representative field potential recordings (top) obtained from DG during application of 4A-P in a
hippocampal-EC slice that generated interictal (trace in red) and ictal discharges (outlined in orange).
(Bf) Boxplot illustrating the pooled data of frequency (number of events/30s; Mann-Whitney U test,
U=41 P > 0.05) (left) and the latency for IEDs (min; Mann—-Whitney U test, U=31, P > 0.05) (right); and
(Bd) the frequency (number of events/30min; Mann—-Whitney U test, U=41, P > 0.05) (left) and duration
of Ictal events (min; Mann-Whitney U test, U=19, *P < 0.05) (right). n recordings: Control: 8, SE: 12; n
slices: Control: 9, SE: 8.
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Figure 4. Power spectral densities of frequencies between 0 and 400 Hz in hippocampal-EC
slices from epileptic and control animals, at 60 days post-SE induction. Control group (n of epoch:
35-50; n of animals: 9); Epileptic group (n of epoch: 30-50; n of animals: 8-9). SG: Slow gamma; MG:
Middle gamma; FG: Fast gamma.

(Aa) Delta, theta, beta frequency bands in EC of control and epileptic groups. Power of theta (Unpaired
t-test, t=2.04; *P < 0.05), and beta (Unpaired t-test, t=2.35; *P < 0.05) was higher in EC of slices from
epileptic animals than control slices. Data are presented as mean + SD. Inset, box-and-whiskers plot
illustrating the pooled data for control and epileptic groups.

(Ab) Slow-, middle- and fast gamma frequency bands in EC of control and epileptic groups. Data are
presented as mean = SD. Inset, box-and-whiskers plot illustrating the pooled data for control and
epileptic groups. Unpaired t-test or Mann—-Whitney U test, P > 0.05.

(Ac) Ripples frequency band in EC of control and epileptic groups. Data are presented as mean + SD.
Inset, box-and-whiskers plot illustrating the pooled data for control and epileptic groups. Mann—-Whitney
U test, P > 0.05.

(Ad) Fast ripples frequency band in EC of control and epileptic groups. Data are presented as mean +
SD. Inset, box-and-whiskers plot illustrating the pooled data for control and epileptic groups. Unpaired
t-test, t=6.88; *P < 0.05.

(Ba) Delta, theta, beta frequency bands in CA1 of control and epileptic groups. Data are presented as
mean = SD. Power of beta oscillation was higher in CA1 of slices from epileptic animals than control
slices (Unpaired t-test, t=2.50; *P < 0.05). Inset, box-and-whiskers plot illustrating the pooled data for

control and epileptic groups.
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(Bb) Slow-, middle- and fast gamma frequency bands in CA1 of control and epileptic groups. Data are
presented as mean + SD. Power of slow gamma oscillation was higher in CA1 of slices from epileptic
animals than control slices (Unpaired t-test, t=2.36; *P < 0.05). Inset, box-and-whiskers plot illustrating
the pooled data for control and epileptic groups.

(Bc) Ripples frequency band in CA1 of control and epileptic groups. Data are presented as mean + SD.
Inset, box-and-whiskers plot illustrating the pooled data for control and epileptic groups. Mann—Whitney
U test, U=687; *P < 0.05.

(Bd) Fast ripples frequency band in CAl of control and epileptic groups. Data are presented as mean
+ SD. Inset, box-and-whiskers plot illustrating the pooled data for control and epileptic groups. Mann—
Whitney U test, U=746.5; *P < 0.05.

(Ca) Delta, theta, beta frequency bands in CA3 of control and epileptic groups. A higher power of theta
(Mann—Whitney U test, U=801; *P <0.05) and beta (Unpaired t-test, t=3.81; *P <0.05) were found in
CAS of slices from epileptic animals, when compared to controls. Data are presented as mean * SD.
Inset, box-and-whiskers plot illustrating the pooled data for control and epileptic groups.

(Cb) Slow-, middle- and fast gamma frequency bands in CA3 of control and epileptic groups. Power of
slow- (Mann—Whitney U test, U=846; *P <0.05), middle- (Mann—Whitney U test, U=635; *P <0.05) and
fast gamma (Mann-Whitney U test, U=917.5; *P <0.05) were higher in the epileptic group, when
compared to control group. Data are presented as mean + SD. Inset, box-and-whiskers plot illustrating
the pooled data for control and epileptic groups.

(Cc) Ripples frequency band in CA3 of control and epileptic groups. Data are presented as mean + SD.
Inset, box-and-whiskers plot illustrating the pooled data for control and epileptic groups. Mann—-Whitney
U test, P > 0.05.

(Cd) Fast ripples frequency band in CA3 of control and epileptic animals. Data are presented as mean
+ SD. Inset, box-and-whiskers plot illustrating the pooled data for control and epileptic groups. Mann—
Whitney U test, P > 0.05.

(Da) Delta, theta, beta frequency bands in DG of control and epileptic groups. Data are presented as
mean * SD. Inset, box-and-whiskers plot illustrating the pooled data for control and epileptic groups.
Unpaired t-test or Mann—Whitney U test, P > 0.05.

(Db) Slow-, middle- and fast gamma frequency bands in DG of control and epileptic groups. Slices from
epileptic animals had a higher power of slow- (Mann—Whitney U test, U=909; *P < 0.05), middle- (Mann—
Whitney U test, U=646; *P < 0.05), and fast gamma oscillations (Mann-Whitney U test, U=702; *P <
0.05) than control slices. Data are presented as mean + SD. Inset, box-and-whiskers plot illustrating
the pooled data for control and epileptic groups.

(Dc) Ripples frequency band in DG of control and epileptic groups. Data are presented as mean + SD.
Inset, box-and-whiskers plot illustrating the pooled data for control and epileptic groups. Mann-Whitney
U test, U=868; *P < 0.05.

(Dd) Fast ripples frequency band in DG of control and epileptic groups. Data are presented as mean +
SD. Inset, box-and-whiskers plot illustrating the pooled data for control and epileptic groups. Mann—
Whitney U test, U=457.5; *P < 0.05.
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Figure 5. Phase coherence matrices from control and epileptic groups, at 30- and 60-days post-
SE induction. The x axis is representing the respective pair of electrodes recorded (EC-DG, EC-CAL,
CA1-CA3, DG-CA3), while y axis is showing the mean coherence for all frequency’s bands. Warmer
colors represent higher coherence. Unpaired t-test or Mann-Whitney test; * P < 0.05; differences from
control group.

(A) Control and epileptic groups at 30 days post-SE (Control: n of epoch: 20-25, n of animals: 9, SE: n
of epoch: 24-25, n of animals: 8).

(B) Control and epileptic groups at 60 days post-SE induction (Control: n of epoch: 20-25, n of animals:
8, SE: n of epoch: 20-25, n of animals: 9).
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Figure 6. Power spectral densities of frequencies between 0 and 400 Hz in hippocampal-EC
slices from epileptic and control animals, during spontaneous network activity, at 30 days post-
SE induction. Control group (n of epoch: 30-50; n of animals: 8-9); Epileptic group (n of epoch: 35-50;
n of animals: 9). SG: Slow gamma; MG: Middle gamma; FG: Fast gamma.

(Aa) Delta, theta, beta frequency bands in EC of control and epileptic groups. Data are presented as
mean = SD. Inset, box-and-whiskers plot illustrating the pooled data for control and epileptic groups.
Unpaired t-test or Mann—Whitney U test, P > 0.05.

(Ab) Slow-, middle- and fast gamma frequency bands in EC of control and epileptic groups. Power of
middle- (Unpaired t-test, t=3.45; *P < 0.05) and fast- gamma oscillation (Unpaired t-test, t=2.60; *P <
0.05) were higher in EC of slices from epileptic animals than controls. Data are presented as mean +
SD. Inset, box-and-whiskers plot illustrating the pooled data for control and epileptic groups.

(Ac) Ripples frequency band in EC of control and epileptic groups. Data are presented as mean + SD.
Inset, box-and-whiskers plot illustrating the pooled data for control and epileptic groups. Unpaired t-test,
P > 0.05.

(Ad) Fast ripples frequency band in EC of control and epileptic groups. Data are presented as mean +
SD. Inset, box-and-whiskers plot illustrating the pooled data for control and epileptic groups. Unpaired
t-test, P > 0.05.

(Ba) Delta, theta, beta frequency bands in CA1 of control and epileptic groups. Data are presented as
mean = SD. Inset, box-and-whiskers plot illustrating the pooled data for control and epileptic groups.
Unpaired t-test or Mann—Whitney U test, P > 0.05.

(Bb) Slow-, middle- and fast gamma frequency bands in CA1 of control and epileptic groups. Slices
from epileptic groups had higher Power of slow- (Mann-Whitney U test, U=752; *P < 0.05) and middle
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oscillations (Unpaired t-test, t=3.10; *P < 0.05) than control slices. Data are presented as mean + SD.
Inset, box-and-whiskers plot illustrating the pooled data for control and epileptic groups.

(Bc) Ripples frequency band in CA1 of control and epileptic groups. Data are presented as mean * SD.
Inset, box-and-whiskers plot illustrating the pooled data for control and epileptic groups. Unpaired t-test,
P > 0.05.

(Bd) Fast ripples frequency band in CAL of control and epileptic groups. Data are presented as mean
+ SD. Inset, box-and-whiskers plot illustrating the pooled data for control and epileptic groups. Mann—
Whitney U test, P > 0.05.

(Ca) Delta, theta, beta frequency bands in CA3 of control and epileptic groups. Power of beta
oscillations was higher in slices from epileptic animals (Unpaired t-test, t=2.68; *P < 0.05) when
compared to control slices. Data are presented as mean * SD. Inset, box-and-whiskers plot illustrating
the pooled data for control and epileptic groups.

(Cb) Slow-, middle- and fast gamma frequency bands in CA3 of control and epileptic groups. Power of
slow gamma oscillations was higher in slices from epileptic animals (Unpaired t-test, t=2.40; *P < 0.05)
when compared to control slices. Data are presented as mean = SD. Inset, box-and-whiskers plot
illustrating the pooled data for control and epileptic groups.

(Cc) Ripples frequency band in CA3 of control and epileptic groups. Data are presented as mean * SD.
Inset, box-and-whiskers plot illustrating the pooled data for control and epileptic groups. Mann—-Whitney
U test, P > 0.05.

(Cd) Fast ripples frequency band in CA3 of control and epileptic groups. Data are presented as mean
+ SD. Inset, box-and-whiskers plot illustrating the pooled data for control and epileptic groups. Mann—
Whitney U test, P > 0.05.

(Da) Delta, theta, beta frequency bands in DG of control and epileptic groups. Power of delta oscillations
was higher in slices from epileptic animals (Mann—Whitney U test, U=726; *P < 0.05) than control slices.
Data are presented as mean + SD. Inset, box-and-whiskers plot illustrating the pooled data for control
and epileptic groups.

(Db) Slow-, middle- and fast gamma frequency bands in DG of control and epileptic groups. Power of
slow gamma was higher (Unpaired t-test, t=3.92; *P < 0.05); and power of fast gamma oscillations was
lower in slices from epileptic animals (Mann-Whitney U test, U=932; *P < 0.05), in comparison to
controls. Data are presented as mean + SD. Inset, box-and-whiskers plot illustrating the pooled data for
control and epileptic groups.

(Dc) Ripples frequency band in DG of control and epileptic groups. Data are presented as mean + SD.
Inset, box-and-whiskers plot illustrating the pooled data for control and epileptic groups. Mann-Whitney
U test, U=933; *P < 0.05.

(Dd) Fast ripples frequency band in DG of control and epileptic animals. Data are presented as mean
+ SD. Inset, box-and-whiskers plot illustrating the pooled data for control and epileptic groups. Mann—
Whitney U test, U=1112; *P < 0.05.
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Figure 7. Power spectral densities of frequencies between 0 and 400 Hz in hippocampal-EC
slices from epileptic and control animals, during spontaneous network activity, at 60 days post-
SE induction. Control group (n of epoch: 30-50; n of animals: 8-9); Epileptic group (n of epoch: 35-50;
n of animals: 9). SG: Slow gamma; MG: Middle gamma; FG: Fast gamma.

(Aa) Delta, theta, beta frequency bands in EC of control and epileptic groups. Higher power of delta
(Mann—-Whitney U test, U=874; *P < 0.05), theta (Unpaired t-test, t=1.0; *P < 0.05) and beta (Mann—
Whitney U test, U=877; *P < 0.05) were found in slices from epileptic animals, when compared to
controls. Data are presented as mean + SD. Inset, box-and-whiskers plot illustrating the pooled data for
control and epileptic groups.

(Ab) Slow-, middle- and fast gamma frequency bands in EC of control and epileptic groups. Higher
power of slow gamma (Unpaired t-test, t=3.02; *P < 0.05), and lower power of fast gamma (Mann-—
Whitney U test, U=794; *P < 0.05) were found in slices from epileptic animals, when compared to
controls. Data are presented as mean * SD. Inset, box-and-whiskers plot illustrating the pooled data for
control and epileptic groups.

(Ac) Ripples frequency band in EC of control and epileptic. Data are presented as mean * SD. Inset,
box-and-whiskers plot illustrating the pooled data for control and epileptic groups. Unpaired t-test,
t=5.38; *P < 0.05.

(Ad) Fast ripples frequency band in EC of control and epileptic groups. Data are presented as mean +
SD. Inset, box-and-whiskers plot illustrating the pooled data for control and epileptic groups. Mann—
Whitney U test, U=790; *P < 0.05.
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(Ba) Delta, theta, beta frequency bands in CA1 of control and epileptic groups. Data are presented as
mean = SD. Inset, box-and-whiskers plot illustrating the pooled data for control and epileptic groups.
Unpaired t-test or Mann—-Whitney U test, P > 0.05.

(Bb) Slow-, middle- and fast gamma frequency bands in CA1 of control and epileptic groups. Power of
fast gamma oscillation was lower in slices from epileptic animals (Unpaired t-test, t=3.21; *P < 0.05),
than in controls. Data are presented as mean + SD. Inset, box-and-whiskers plot illustrating the pooled
data for control and epileptic groups.

(Bc) Ripples frequency band in CA1 of control and epileptic groups. Data are presented as mean + SD.
Inset, box-and-whiskers plot illustrating the pooled data for control and epileptic groups. Unpaired t-test,
t=4.75; *P < 0.05.

(Bd) Fast ripples frequency band in CAL of control and epileptic groups. Data are presented as mean
+ SD. Inset, box-and-whiskers plot illustrating the pooled data for control and epileptic groups. Mann-
Whitney test, U=503; *P < 0.05.

(Ca) Delta, theta, beta frequency bands in CA3 of control and epileptic groups. Power of delta (Mann-
Whitney test, U=896; *P < 0.05), theta (Unpaired t-test, t=3.02; *P < 0.05), beta (Unpaired t-test, t=3.89;
*P < 0.05) bands were higher in slices from epileptic animals, than control slices. Data are presented
as mean = SD. Inset, box-and-whiskers plot illustrating the pooled data for control and epileptic groups.
(Cb) Slow-, middle- and fast gamma frequency bands in CA3 of control and epileptic groups. Power of
slow- (Mann-Whitney test, U=711; *P < 0.05), and middle (Mann-Whitney test, U=912; *P < 0.05)
gamma bands were higher in slices from epileptic animals, than control slices. Data are presented as
mean + SD. Inset, box-and-whiskers plot illustrating the pooled data for control and epileptic groups.
(Cc) Ripples frequency band in CA3 of control and epileptic groups. Data are presented as mean + SD.
Inset, box-and-whiskers plot illustrating the pooled data for control and epileptic groups. Mann-Whitney
test, P > 0.05.

(Cd) Fast ripples frequency band in CA3 of control and epileptic groups. Data are presented as mean
+ SD. Inset, box-and-whiskers plot illustrating the pooled data for control and epileptic groups. Unpaired
t-test, P > 0.05.

(Da) Delta, theta, beta frequency bands in DG of control and epileptic groups. Slices from epileptic
animals had higher power of beta (Unpaired t-test, t=2.63; *P < 0.05) than control slices. Data are
presented as mean = SD. Inset, box-and-whiskers plot illustrating the pooled data for control and
epileptic groups.

(Db) Slow-, middle- and fast gamma frequency bands in DG of control and epileptic groups. Power of
slow- (Mann-Whitney test, U=816; *P < 0.05), middle- (Unpaired t-test, t=5.37; *P < 0.05), and fast-
(Unpaired t-test, t=4.72; *P < 0.05) gamma were higher in slices from epileptic animals than control
slices. Data are presented as mean = SD. Inset, box-and-whiskers plot illustrating the pooled data for
control and epileptic groups.

(Dc) Ripples frequency band in DG of control and epileptic groups. Data are presented as mean % SD.
Inset, box-and-whiskers plot illustrating the pooled data for control and epileptic groups. Unpaired t-test,
t=2.80; *P < 0.05.

(Dd) Fast ripples frequency band in DG of control and epileptic groups. Data are presented as mean *
SD. Inset, box-and-whiskers plot illustrating the pooled data for control and epileptic groups. Mann-
Whitney test, U=744; *P < 0.05.
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Figure 8. Phase coherence matrices from control and epileptic groups, during spontaneous
network activity, at 30- and 60-days post-SE induction. The x axis is representing the respective
pair of electrodes recorded (EC-DG, EC-CA1, CA1-CA3, DG-CA3), while y axis is showing the mean
coherence for all frequency’s bands. Warmer colors represent higher coherence. Unpaired t-test or
Mann-Whitney test; * P < 0.05; differences from control group.
(A) Control and epileptic groups at 30 days post-SE (Control: n of epoch: 20-25, n of animals: 8, SE: n
of epoch: 20-25, n of animals: 9).

(B) Control and epileptic groups at 60 days post-SE induction (Control: n of epoch: 20-25, n of animals:
8, SE: n of epoch: 20-25, n of animals: 9).
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SUPPLEMENTARY INFORMATION

A EC- layer 2/3

)

100+

min

804 ®

60-

40-

20+

0

——

Latency for ictal activity (

O

100+

60-

40+
(1)

Control 30 days post-SE

CAZ3- Stratum radiatum

20- _‘L

Latency for ictal activity (min)

Control 30 days post-SE

B CA1- Stratum radiatum

-
(=]
e

=]
o
1

(=1}
o
1

Y
o
1

N
(=]
1

:1&

Latency for ictal activity (min)
o

D DG- Granular layer

=100+

=]
o
'l

[=1]
o
L

F-Y
o
1

]
o
1

Control 30 days post-SE

(=1

——

Latency for ictal activity (min)

Control 30 days post-SE

Figure S1. Latency for the first ictal discharge in hippocampal-EC slices from epileptic and
control rats, at 30 days post-SE. (A) EC, (B) CA1l, (C) CA3 and (D) DG. Mann-Whitney U test, *P <

0.05.

100



A EC-layer 2/3 B CA1- Stratum radiatum

*
2 100+ 2 100-
2 2
& 80- 8 80-
8 8
2 g0- 2 60
£ £
3 404 S 40-
w w
] ]
2 o
T 20 T 204
k] k]
2 0- £ 0-
Control 30 days post-SE Control 30 days post-SE
No Ictal activity No Ictal activity
I |ctal activity Bl |ctal activity
C CABS3- Stratum radiatum D DG- Granular layer
*
- 2 100+
g' 100 s
& 80- s
= 8
L 50- L
£ £
g | 5
o 40 2
8 2
@ 20+ 2
‘S <]
= 0- ES
Control 30 days post-SE Control 30 days post-SE
No Ictal activity No Ictal activity
Bl [ctal activity Bl [ctal activity

Figure S2. Percentage of slices generating ictal discharges after 4-AP bath application, at 30
days post-SE. (A) EC, (B) CAL, (C) CA3 and (D) DG. EC Control: 90% (9/10 slices), EC SE: 87.5%
(7/8 slices); CA1 Control: 90.9% (10/11 slices), CA1 SE: 100% (7/7 slices); CA3 Control: 100% (9/9
slices), CA3 SE: 83.3% (5/6 slices); DG Control: 75% (6/8 slices), DG SE: 85.7% (6/7 slices). *P < 0.05,
Fisher’s exact test.
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Figure S3. Original PSD (grey) containing aperiodic activity and the 1/f fit removal from PSD
(orange) of 4-AP-bathed control slices for all frequency bands in each hippocampal formation
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Figure S4. Latency for the first ictal discharge in hippocampal-EC slices from epileptic and
control rats, at 60 days post-SE. (A) EC, (B) CA1, (C) CA3 and (D) DG. Mann-Whitney U test, *P <
0.05.
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Figure S5. Percentage of slices generating ictal discharges after 4-AP bath application, at 60
days post-SE. (A) EC, (B) CA1, (C) CA3 and (D) DG. EC Control: 66% (6/9 slices), EC SE: 70% (7/10
slices); CA1 Control: 80% (8/10 slices), CA1 SE: 80% (8/10 slices); CA3 Control: 80% (8/10 slices),
CAS3 SE: 80% (8/10 slices); DG Control: 44.4% (4/9 slices), DG SE: 75% (6/8 slices). *P < 0.05, Fisher’s
exact test.
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Figure S6. Original PSD (grey) containing aperiodic activity and the 1/f fit removal from PSD
(orange) during spontaneous network activity of control slices for all frequency bands in each
hippocampal formation region. (A-F) EC, (G-L) CAl, (M-R) CA3 and (T-Z) DG.
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Table S1. Characteristics of 4-AP-induced epileptiform activity in EC, CA1, CA3 and DG at 30- and 60-days post-SE

induction.
IEDs IDs
Region Group Frequency Latency (min) Frequency Latency (min) Duration (min)
(events/30s) (events/30min)
30 days post-SE
EC Control 9.75+7.80 0.79+0.97 1.33+0.65 58.6+32.4 1.14+1.04
SE 6.00£2.98 1.99+2.45 1.41+0.66 78.7£26.7 0.96+1.62
CAl Control 7.61+5.50 0.54+0.58 1.460.77 60.7£33.2 2.21+3.16
SE 5.63+£3.95 0.82+0.65 1.72+1.19 35.4+25.5% 2.00£1.80
CA3 Control 10.2+9.08 0.52+0.41 1.64+0.84 66.6+32.8 1.45+1.57
SE 8.1046.10 0.3740.18 1.10+0.31 55.3+24.9 3.21+2.712
DG Control 1.65+1.30 0.32+0.18 2.76+£1.01 63.0+£30.7 1.69+1.30
SE 0.72+0.782 0.72+0.78% 1.22+0.44° 86.6+10.0° 0.72+0.78?
60 days post-SE
EC Control 13.0£7.15 0.94+0.91 1.50+0.52 75.94+27.3 1.76+2.10
SE 6.33+2.80° 0.26+0.242 1.46+0.77 83.1 £17.7 2.05 +1.90¢
CAl Control 15.00+11.05° 0.54+0.59 1.20+0.41 69.7+£28.4 1.86+1.52
SE 10.2+8.19 0.44+0.31 1.38+0.60 65.1+26.6¢ 1.86+1.77
CA3 Control 9.66 +6.09 0.31+0.21 1.75%0.75 66.6+32.8 3.44 £3.04°
SE 7.35%5.72 0.59+0.54 1.50+0.68 58.6+28.2¢ 1.29+1.152
DG Control 14.38 £9.92 0.43+0.63 1.75+0.46° 80.9+25.5 6.02 +1.44°
SE 11.50 +6.24¢ 0.37+0.54 1.66+0.88 73.2+26.9 2.94+3.09%

Data are expressed as mean+SD. 2 P < 0.05; difference from control group; ® P < 0.001; difference from control group; ¢ P < 0.05; difference from control 30
days post-SE; ¢ P < 0.05; difference from SE 30 days post-SE. IEDs: Interictal events discharges; IDs: Ictal events. EC: entorhinal cortex; DG: dentate gyrus
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Table S2. PSD of different oscillations, under 4-AP induced hyperexcitability, in EC, CAl1, CA3 and DG at 30- and 60 days

post-SE.
Region Group Delta Theta Beta Slow Middle Fast gamma Ripples Fast Ripples
gamma gamma
30 days post-SE

EC Control 5.92+3.48 5.38+2.07 4.84+1.70 4.25+0.95 3.08+0.42 1.33 +0.29 0.15+0.06 0.009+0.003
SE 5.63+1.86 5.94+1.53 5.22+0.94 4.67+0.732 3.10+0.40 1.30+0.28 0.14+0.03 0.009+0.002

CA1l Control 5.79+3.40 5.34+2.03 4.64+1.34 3.78+1.04 2.97+0.66 1.44+0.45 0.17 +0.06 0.010+0.003
SE 5.61+3.54 5.24+1.87 4.83+1.35 4.04+0.70 3.32+0.50° 1.51+0.49 0.16 +0.06 0.009+0.001

CA3 Control 5.61+3.54 6.80+4.07 4.58+2.01 3.46+1.43 2.31+0.91 0.88+0.44 0.09+0.04 0.006+0.003
SE 4.93+2 .45¢ 5.06+2.352 4.17+1.57 4.06+0.57° 3.35+0.52¢ 1.54+0.55¢ 0.17+0.07¢ 0.008+0.003°

DG Control 4.35+2.66 4.33+2.00 4.20+1.78 4.02+0.63 3.14 +0.57 1.40+0.62 0.16+0.07 0.008+0.008
SE 4.86+2.51 5.40+2.172 4.72+1.66 4.10+1.23 3.21+0.43 1.28+0.51 0.15+0.07 0.008+0.003

60 days post-SE

EC Control 5.44+2.63 6.24+2.34 4.65+1.84 4.16+1.39 3.17+0.41 1.17 +0.40 0.11+0.04 0.004+0.0005
SE 6.23+2.56 7.08+1.722  5.42+1.37% 4.34+0.81 3.15+0.35 1.25+0.32 0.13+0.05 0.006+0.0007°¢

CA1l Control 6.57+3.20 6.90+2.42 5.03+1.53 4.10+1.17 2.89+0.55 1.13+0.26 0.13 +0.04 0.007+0.003
SE 7.45+2.79 7.27+1.98 5.71+1.16%  4.59+0.90% 2.80+0.49 1.06+0.23 0.10 +0.03° 0.005+0.0022

CA3 Control  6.62 +2.96 5.31+2.58 3.98+1.88 3.30+1.79 2.17+1.19 0.92+0.52 0.11+0.07 0.008+0.006
SE 6.14+2.762 6.89+2.23°  5.26+1.42°  4.48+1.00° 3.15+0.48° 1.28+0.412 0.14+0.07 0.009+0.004

DG Control 6.78+2.92 6.56+2.48 4.69+2.41 3.32+1.93 1.99 +1.10 0.77+0.43 0.08+0.05 0.004+0.003
SE 6.48+3.49 7.36+2.61 5.38+1.20 4.43+0.822 2.92+0.53c 1.14+0.29° 0.11+0.042 0.006+0.002°

Data are expressed as mean+SD. 2 P < 0.05, difference from control group; ? P < 0.01, difference from control group; ¢ P < 0.001, difference from control

group, ¢ P < 0.0001, difference from control group. EC: entorhinal cortex; DG: dentate gyrus
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Table S3. Mean phase coherence of different oscillations, under 4-AP induced hyperexcitability, between EC, CA1, CA3

and DG, at 30- and 60- days post-SE.

Region Group Delta Theta Beta Slow Middle Fast gamma Ripples Fast Ripples
gamma gamma
30 days post-SE
EC-DG Control  0.44%0.09 0.43+0.05 0.41+0.04 0.41+0.03 0.46x0.07  0.49+0.09 0.47+0.07 0.47+0.02
SE 0.41+0.09 0.42+0.05 0.42+0.05 0.40+0.03 0.41+0.022 0.44+0.03 0.43+0.01 0.43%0.01¢
EC-CA1 Control  0.41+0.09 0.45+0.05 0.42+0.03 0.44+0.05 0.41+0.02 0.40+0.02 0.41+0.01 0.49+0.04
SE 0.42+0.08 0.42+0.06 0.41+0.03 0.42+0.04 0.44+0.042 0.4820.06¢ 0.48%0.05¢ 0.48+0.05
CA1-CA3 Control  0.41+0.08 0.44+0.05 0.43+0.04 0.45+0.07 0.40£0.02 0.43+0.03 0.45+0.03 0.50+0.06
SE 0.45+0.12 0.40+0.05° 0.42+0.03 0.42+0.02 0.43%0.04° 0.45+0.06 0.46+0.04 0.45+0.03%
DG-CA3 Control  0.39+0.10 0.42+0.05 0.42+0.02 0.43+0.05 0.45+0.05 0.48+0.07 0.49+0.08 0.50£0.06
SE 0.43+0.10 0.43+0.05 0.41+0.03 0.41+0.03 0.44+0.02 0.48+0.05 0.47+0.04 0.44%0.01¢
60 days post-SE
EC-DG Control  0.40+0.09 0.41+0.05 0.42+0.03 0.41+0.03 0.43+0.03 0.44+0.04 0.44+0.03 0.43+0.02
SE 0.38+0.09 0.43+0.06 0.41+0.02 0.42+0.03 0.41+0.022 0.43+0.02 0.42+0.01°2 0.44+0.02
EC-CA1 Control 0.43#0.11 0.43+0.06 0.44+0.03 0.45+0.04 0.46+0.06 0.49+0.09 0.47+0.07 0.44+0.02
SE 0.37+0.08? 0.44+0.05 0.40+0.03°¢ 0.43+0.03 0.42+0.05° 0.41+0.01° 0.42+0.01° 0.44+0.02
CA1-CA3 Control  0.42+0.08 0.42+0.05 0.41+0.04 0.42+0.03 0.41+0.02 0.41+0.01 0.44+0.02 0.44+0.01
SE 0.44+0.12 0.44+0.07 0.43+0.05 0.42+0.03 0.42+0.03 0.44+0.02° 0.44+0.03 0.44+0.02
DG-CA3 Control  0.52+0.14 0.45+0.07 0.43+0.05 0.43+0.03 0.45+0.04 0.48+0.06 0.48+0.05 0.47+0.04
SE 0.38+0.09° 0.40+0.05° 0.42+0.04 0.42+0.04 0.41+0.02° 0.41+0.02¢ 0.42+0.02¢ 0.49+0.06

Data are expressed as mean+SD. 2 P < 0.05, difference from control group; ® P < 0.01, difference from control group; ¢ P < 0.001, difference from control

group; ¢ P < 0.0001, difference from control group. EC: entorhinal cortex; DG: dentate gyrus
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Table S4. PSD of different oscillations in EC, CA1, CA3 and DG in absence of 4-AP, at 30- and 60-days post-SE.

Region Group Delta Theta Beta Slow Middle Fast gamma Ripples Fast Ripples
gamma gamma
30 days post-SE

EC Control 5.55+3.91 6.36+2.73 5.22+1.97 3.83+1.16 2.70+0.84 1.15+0.43 0.12+0.06 0.007+0.004
SE 4.94+2.80 5.57+2.42 4.73+1.27 4.11+0.85 3.20+0.59°¢ 1.37+0.402 0.14+0.05 0.006+0.002

CA1l Control 3.43+2.14 4.73+2.49 4.27+2.09 3.37+1.09 2.65+1.08 1.28+0.62 0.15+0.09 0.008+0.006
SE 4.21+2.28 4.89+1.83 4.54+1.34 4.1141.12° 3.21+0.63° 1.42+0.49 0.15+0.07 0.007+0.003

CA3 Control 5.01+3.58 5.77+2.25 4.42+1.23 3.51+0.97 2.69+0.72 1.35+0.62 0.13+0.06 0.007+0.004
SE 4.96+2.63 6.50+2.62 5.12+1.38°  3.98+0.972 2.94+0.50 1.26+0.37 0.13+0.04 0.006+0.002

DG Control 4.00+2.52 5.79+2.59 4.89+1.66 3.96+0.88 3.14+0.67 1.47+0.60 0.16+0.08 0.007+0.003
SE 5.70+2.72¢ 5.68+1.80 5.42+1.20 4.59+0.69° 3.14+0.43 1.20+0.352 0.11+0.042 0.006+0.002

60 days post-SE

EC Control 3.97+1.82 5.17+2.09 4.24+1.37 3.65+0.89 2.85+0.69 1.34+0.50 0.16+0.07 0.015+0.011
SE 5.47+2.84° 5.59+2.04 4.94+1.66°  4.28+1.16° 2.82+0.84 1.09+0.42° 0.10+0.02¢ 0.008+0.003°

CA1l Control 6.80+2.67 6.24+1.81 5.08+0.90 4.12+0.79 2.99+.0.45 1.23+0.20 0.14+0.04 0.010+0.005
SE 6.04+2.65 5.59+1.95 5.02+1.71 3.99+1.34 2.94+0.41 1.02+0.42° 0.10+0.04¢ 0.006+0.002¢

CA3 Control 5.48+3.15 5.64+2.53 4.34+1.67 3.54+1.26 2.37+0.86 0.99+0.44 0.10+0.05 0.005+0.002
SE 6.76+3.162 6.98+1.85°  5.68+1.77°  4.46+1.15° 2.82+0.372 0.99+0.29 0.09+0.04 0.006+0.003

DG Control 4.96+2.57 5.09+2.01 3.99+1.52 3.55+1.43 2.28+0.77 0.90+0.32 0.10+0.04 0.006+0.003
SE 5.44+2.79 5.72+2.00 4.77+1.43°  4.33+0.78° 3.04+0.60¢ 1.25+0.41¢ 0.12+0.04° 0.008+0.002°¢

Data are expressed in mean+SD. 2 P < 0.05, *difference from control group; ® P < 0.01, difference from control group; ¢ P < 0.001, difference from control

group; ¢ P < 0.0001, difference from control group. EC: entorhinal cortex; DG: dentate gyrus
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Table S5. Mean phase coherence of different oscillations in the EC, CA1, CA3 and DG in absence of 4-AP, at 30- and 60-
days post-SE induction.

Region Group Delta Theta Beta Slow Middle Fast gamma Ripples Fast Ripples
gamma gamma
30 days post-SE
EC-DG Control  0.41+0.07 0.42+0.05 0.43+0.03 0.43+0.03 0.44+0.02 0.46+0.04 0.47+0.06 0.45+0.03
SE 0.45+0.08 0.39+0.07 0.43£0.05 0.42+0.03 0.44+0.03 0.47+0.04 0.47+0.04 0.44+0.03
EC-CA1 Control  0.41+0.09 0.43+0.07 0.43+0.04 0.41+0.03 0.43+0.03 0.47+0.06 0.48+0.07 0.45+0.03
SE 0.42+0.08 0.41+0.04 0.42+0.03 0.41+0.04 0.43+0.02 0.46+0.04 0.46+0.02 0.46+0.02
CA1-CA3 Control  0.40+0.08 0.41+0.06 0.42+0.04 0.43+0.02 0.44+0.03 0.46+0.05 0.46+0.04 0.47+0.04
SE 0.39+0.09 0.41+0.04 0.42+0.03 0.41+0.04 0.43+0.03 0.47+0.05 0.48+0.05 0.45+0.02
DG-CA3 Control  0.43+0.08 0.40£0.06 0.43+0.03 0.42+0.03 0.44+0.04 0.47+0.06 0.48+0.06 0.46+0.02
SE 0.40+0.10 0.42+0.03 0.42+0.03 0.43+0.03 0.43+0.02 0.45+0.04 0.46+0.03 0.45+0.02
60 days post-SE
EC-DG Control  0.43+0.09 0.43+0.06 0.42+0.05 0.42+0.02 0.42+0.02 0.41+0.02 0.43+0.02 0.51+0.02
SE 0.43+0.10 0.42+0.05 0.42+0.03 0.41+0.02 0.41+0.02 0.42+0.02 0.44+0.02 0.49+0.03
EC-CA1 Control  0.41£0.07 0.45+0.06 0.42+0.01 0.43+0.04 0.46+0.05 0.48+0.09 0.46+0.02 0.49+0.04
SE 0.40+0.11 0.4240.05% 0.41+0.03 0.40+0.03%  0.42+0.02° 0.42+0.01 0.42+0.01¢ 0.50+0.05
CA1-CA3 Control  0.39+0.08 0.42+0.06 0.42+0.04 0.41+0.03 0.42+0.02 0.43+0.03 0.44+0.03 0.46+0.02
SE 0.42+0.11 0.42+0.05 0.41+0.03 0.39+0.022 0.41+0.03 0.44+0.02 0.44+0.03 0.44+0.02%
DG-CA3 Control  0.43+0.08 0.42+0.05 0.41+0.03 0.41+0.03 0.42+0.03 0.42+0.02 0.42+0.01 0.434£0.01
SE 0.42+0.08 0.42+0.05 0.41+0.03 0.42+0.04 0.42+0.02 0.41+0.02 0.42+0.01 0.48+0.04¢

Data are expressed in meanSD. 2 P < 0.05, difference from control group; ® P < 0.01, difference from control group; ¢ P < 0.001, difference from control

group; ¢ P < 0.0001, difference from control group. EC: entorhinal cortex; DG: dentate gyrus
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Capitulo Il

GABAergic interneurons in epilepsy: More than a simple change in inhibition
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Abstract

The pathophysiology of epilepsy has been historically grounded on
hyperexcitability attributed to the oversimplified imbalance between excitation (E) and
inhibition (1) in the brain. The decreased inhibition is mostly attributed to deficits in
gamma-aminobutyric acid-containing (GABAergic) interneurons, the main source of
inhibition in the central nervous system. However, the cell diversity, the wide range of
spatiotemporal connectivity and the distinct effects of the neurotransmitter GABA,
especially during development must be considered to critically revisit the concept of
hyperexcitability caused by decreased inhibition as a key characteristic in the
development of epilepsy. Here, we will discuss that behind this known mechanism,
there is a heterogeneity of GABAergic interneurons with distinct functions and sources,
which have specific roles in controlling the neural network activity within the recruited

microcircuit and altered network during the epileptogenic process.

Keywords: GABAergic system; interneurons; neuronal network; epilepsy;

excitation-inhibition imbalance.
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1. Introduction

Over the years, the physiopathology of epilepsy has been superficially
grounded on the imbalance between excitation (E) and inhibition (1) (E-I) in the brain,
presumably due to an increased excitation and reduced inhibition. However, the
mechanisms underlying epileptogenesis include processes that range from genes and
subcellular signaling cascades to complex neural circuits and neuronal plasticity [1, 2].
Although epileptiform activities and seizures could result from a shift in the balanced
E-l [3-7], they are the tip of the iceberg in epilepsy and represent only an event in a
complex process of epileptogenesis (Fig. 1). This process includes cellular diversity;
synaptic spatiotemporal dynamics of interneuronal connectivity; synaptic
reorganization of neuronal microcircuits modifying network synchrony and brain
oscillations; and inhibition/excitation interaction, which could be either reinforced or
weakened, besides the specific epilepsy etiology and associated comorbidities.
Therefore, epileptogenesis are far more complex than the simply decreasing inhibition
and increase excitation and different issues need to be considered. For example, the
neurotransmitters involved in the process can induce paradoxical effects, especially
during development; the antiepileptic drugs do not necessarily decrease or abolish
seizures by decreasing excitation or increasing inhibition; and network excitability can
be modulated not only by synaptic and intrinsic neuronal properties, but also by
metabolic and signaling pathways [8]. In addition, the loss of a glutamatergic cell
population, such as, the mossy cells in the hilus of the dentate gyrus of the
hippocampus, can be involved on seizure generation instead of decreasing excitability
[9]. Although excitatory cells are equally important in seizure generation and epilepsy,

we will focus our effort in explore alterations in the inhibitory system.
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The impact of impairment in inhibition on brain diseases, including epilepsy,
has been consistently investigated [10-13]. Since gamma-aminobutyric acid-
containing (GABAergic) interneurons are the main source of inhibition in the brain [14],
the population diversity of these cells and their wide range of connectivity, distribution
and density must be considered to understand the mechanisms underlying epilepsy
[15, 16]. Therefore, the concept that a key point for the epilepsy development is

hyperexcitability caused by decreased inhibition must be revisited.

2. Generation of interneuron diversity

Most of GABAergic interneurons in the cerebral cortex and hippocampus
originate from three main progenitor regions in the embryonic subpallium: mainly from
the caudal and medial ganglionic eminences (CGE and MGE), and a small percentage
from the preoptic area (POA) [17-20]. The MGE produces 60% of the cortical and
hippocampal interneurons, including fast-spiking parvalbumin (FS-PV)-expressing
basket and chandelier cells; and somatostatin (SOM)-expressing interneurons with or
without coexpression of either calretinin (CR), neuropeptide-Y (NPY), or reelin. The
CGE generates about 30% of interneurons including cholecystokinin (CCK), CR,
vasointestinal peptide (VIP), reelin, and neurogliaform cells [12]. The POA gives rise
to a small population of multipolar GABAergic neocortical interneurons with rapid and
adaptive firing neurons expressing reelin and/or NPY [19]. In addition, GABAergic
neurons developed at later stages of human fetal period [21, 22] increase the cellular
diversity of inhibitory neuron subtypes that eventually influence the cortical circuitry.
These GABAergic interneurons play a central role in information processing by

regulating neural activity and local circuits, and by synchronizing neural network
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oscillations [23], through their inhibitory effects on excitatory and inhibitory neurons

(Fig. 1).

3. Spatiotemporal dynamics of interneuronal connectivity

Different interneuron subtypes are positioned at subcellular domains to control
network activity. In the cortex and hippocampus, inhibitory interneuron subtypes differ
in their functional and temporal connectivity at distinct postsynaptic domains on
pyramidal cells [24-26]. Together with the interneuronal network connectivity, the
intrinsic properties of interneurons are particularly crucial to generate and control
neuronal oscillations and plasticity [27]. At different time points, GABAergic afferents
make synapses on distinct domains of pyramidal cells, dendrites or soma, and one
specific domain of pyramidal cells can also receive synaptic contacts from distinct
GABAergic interneurons [28]. For example, distal dendritic inhibition from distinct
sources, induced essentially by non-fast spiking SOM-, NPY-expressing interneurons,
regulates excitatory inputs and is able to inhibit calcium spikes, contributing
differentially to dendritic computations and synaptic plasticity [25, 26]. Whereas
perisomatic inhibition (i.e., soma, axon initial segment and thick proximal dendrites of
cortical and hippocampal pyramidal cells), performed by FS-PV-expressing basket
cells or CCK-expressing interneurons, is critical for controlling synchronous network
activity [24, 28-33] (Fig. 1). For example, in the hippocampus, basket cells [34]
strongly increase their firing rate and the discharges are phase-coupled to the
oscillatory cycles of ripples [25] and are moderately coupled to the ascending phase
of extracellular gamma oscillations in the pyramidal cell layer. Basket cells have the
ability to gate precisely the timing of action potential generation [29, 35, 36]. Moreover,

CCK-expressing cells fire at a theta phase when CA1 pyramidal cells start firing, and
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during gamma oscillations, CCK-expressing cells fire just before CA1 pyramidal cells
[37]. However, FS-PV-expressing interneurons can also innervate either axons [38] or
dendrites of target cells with temporal differences [30, 39-41]. Consequently, the
position of FS-PV-expressing interneurons seems to be crucial to regulate the output
of excitatory circuits and local spiking activity. Different inhibitory interneuron subtypes,
which conducted different oscillation patterns in the brain, intrinsically regulate network
activity; and the coordinated spatiotemporal synaptic interaction between several
classes of interneurons and pyramidal cells during network oscillations can actively
generate and modulate inhibition, synchrony and plasticity at different developmental
and behavioral states [25, 42]. Thus, GABAergic interneurons participate actively in
regulating neuronal networks and brain oscillations [12, 43].

Deficits of GABAergic inputs at specific subcellular domain and timing,
modifying the interneuronal circuitry, could affect brain oscillations, inhibition,
synchrony and plasticity [25, 44-47]. Indeed, the epileptic brain is able to generate an
oscillatory pattern in the network with different spatiotemporal synchronicity [48].
However, the GABAergic-mediated abnormalities are associated not only with
epilepsy [15, 49]. Similar deficits in the GABAergic system are shared with several
neurological and psychiatric disorders [50], such as, schizophrenia [51], anxiety [52],
and autism spectrum disorder (ASD) [53], that present common mechanisms
associated with epilepsy as we address below. Indeed, the concept of
“"interneuronopathy”, implying the impaired development, migration or function of
interneurons, has emerged as a possible physiopathological mechanism of these
disorders [54-57]. Reductions of PV-, SOM- and Reelin-expressing interneurons and
GABA transporter-I [58] and reduction in cortical interneuronal processes [59] are

reported in schizophrenia, similar to what is observed in epilepsy [60]. Since PV-
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expressing basket cells project to the perisomatic domain, controlling the output and
synchrony of pyramidal neurons, impairment of cortical inhibition [61] and the
disruption of synchronized firing activity of cortical neurons [62] has been reported in
patients with schizophrenia. The impairment of neurotransmission mediated by
GABAergic signaling is also implicated in the pathophysiology of anxiety [63]. A recent
study had shown alteration of GABAergic signaling, decrease in GABAergic
interneurons and an increase in GABAa receptor B3 subunit expression in the
hippocampus, associated with anxiety-like behavior in epileptic mice [52].
Interestingly, MGE precursor cells grafted into hippocampus of newborn rats were able
to modulate the inhibitory tone in the hippocampus, decreasing in the levels of anxiety
of transplanted animals [64]. Also, studies indicate that GABAergic neurotransmission
is altered in ASD in humans [65-67], and GABAergic interneuron number and
positioning are altered, mainly PV- expressing cells in mouse models of ASD [68-70].
The interneuron subtypes affected vary across ASD models and may include PV,
SOM, or NPY-expressing interneurons [71, 72]. Seizures and deficit of cortical
inhibitory synaptic transmission had been recorded in some ASD models (unpublished
data from our group). Therefore, concurrent epilepsy can be part of the deficits
observed in ASD. However almost 40% the individuals with ASD develop epilepsy at
different stages of life with different degrees of impairment and a greater number
present epileptiform activity on the EEG without clinical epilepsy [73-76] and the
cognitive deficits could be attribute to a pure ASD phenotype rather than an epilepsy-
related comorbidity [57].

In fact, this pathophysiological mechanism of interneuronopathy which have
implication on the connectivity and synchrony in the brain, have been shown to be

associated with the in the clinical manifestation of these neurological and psychiatric
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disorders such as cognitive or behavioral deficits and seizures [57, 77]. There is
consistent evidence across studies that neurological and psychiatric disorders such
as, schizophrenia and autism present reduction of neural synchronicity, and impaired
cognitive functions, for example, perception, memory, attention, social cognition,
suggesting that besides the impaired inhibition, the abnormal synchrony, caused by
the E-I imbalance, could be involved in the onset of the cognitive dysfunctions. In
epilepsy, besides seizures, cognitive or behavioral deficits could be a feature.
However, the symptomatology is more complex, once it is dependent of the source of
altered interneuronal connectivity, the epileptic focus and synchrony impairment (Fig.

1), that lead to specific cognitive deficits and seizure behavior [77].

4. Microcircuit with inhibitory motifs and brain oscillations

The GABAergic interneurons of different subtypes are involved in different
microcircuit motifs, such as feed-forward inhibition, feedback inhibition and counter-
inhibition (Fig. 1). Dysfunction in these microcircuits have been identified in epilepsy.

FS-PV-expressing basket cells, for example, are able to generate ripples
oscillations (up to 200 Hz) by triggering synchronous firing of pyramidal cells and
inhibitory postsynaptic events [78]. In addition, the intrinsic properties of FS-PV-
expressing interneurons and fast kinetics of GABAAa receptors are important to achieve
precise timing for gamma oscillations in cortex and hippocampus [79-81]. Besides FS
interneurons, SOM-expressing neurons activity also regulates gamma oscillations in
visual cortex and in basal forebrain areas [82, 83]. Studies have shown that the
activation of PV and SOM-expressing interneurons generates high-frequency
oscillations (HFOs) [84], and that the perisomatic inhibition of basket cells in CA1

pyramidal cells is fundamental to generate gamma oscillations [78, 79, 85].
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Strong activation of FS-PV-expressing cells or loss inhibition in the microcircuit
could trigger epileptiform activity that recruits adjacent neural circuits [86-88]. PV-
expressing interneurons appear to control the ictal event spread, even far from the
epileptogenic focus, contributing to reduce the seizure generalization [89]. The
impairment of perisomatic inhibition, caused by silencing PV-expressing interneurons,
facilitates the development of spontaneous seizures [90]. In addition, altered activity
of PV-expressing cells affects not only inhibitory, but also excitatory inputs to
pyramidal neurons in the inhibitory microcircuits [91].

Besides changes in the strength of inhibition in the modified network activity,
the displacement, number and size of interneurons also appears to contribute to rewire
the microcircuit motifs, leading to epileptogenesis, abnormal brain oscillation pattern
and neurodevelopmental deficits. Indeed, interneuronal displacement [49, 92, 93],
reduction in cortical interneuronal processes [60], decrement of PV-expressing
interneurons in the hippocampal CA1 and hilus [15, 16, 94-99] and SOM-expressing
interneurons in the dentate gyrus [94, 100-104], aberrant synaptic reorganization and
increased soma size of interneurons [105-108], have been reported in both animal
models and patients with epilepsy. The decreased number of PV-expressing
interneurons reduces the inhibition of pyramidal and granule cells, that in turn, can
increase excitability not only locally, but also in other connected regions [94, 99, 109].
The decreased number of SOM interneurons in the hilus is directly correlated with the
reduced inhibitory synaptic input to granule cells [101, 110]. Finally, the decreased
density, increased soma size, axonal sprouting and reorganization with aberrant
synaptic connections of SOM-expressing interneurons in the hippocampus not only
reduces pyramidal cell excitability in the hippocampal CAl, but also affects other

inhibitory interneurons. The result is a potentially build up disinhibited network [100]
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with increased synchronization of pyramidal cell activity, leading to epileptiform activity
[13, 111]. This reorganized circuitry could synchronize granule cell activity, disrupt
network organization and increase excitation, despite the increment of GABAergic

terminals, contributing to the inhibitory dysfunction in epilepsy.

5. GABAergic interneurons and hyperexcitability

The excitation and the inhibition, at different levels in the neuronal network,
control the neuronal firing patterns and brain oscillations [112-116].

PV- and SOM-expressing interneurons, targeting different subcellular domains
of pyramidal cells (Fig. 1), play important roles in E-I circuitry, and consequently, are
involved in oscillations and epileptiform activity generation. The PV-expressing cells
in the cortex maintain the gamma and beta bands across the cortical layers and,
together with SOM-expressing cells, contribute to regulate delta oscillations in mice
[117]. In addition, activation of PV- and SOM-expressing interneurons in the entorhinal
cortex is able to trigger interictal and ictal discharges in mice, similar to temporal lobe
epilepsy in humans [118].

During development, interneurons are critical for circuit formation and early
network activity [45, 119] in both cortex and hippocampus. At the first postnatal week,
interneurons and principal cells form excitatory circuits, even before the excitatory
inputs become exclusively of the principal cells [120]. This is functionally significant,
since the distribution of interneurons are fundamental to generate early network
oscillations which, in turn, provide the necessary depolarization for glutamatergic
synapses development via calcium influx through NMDA receptors [12, 121]. Although
the immature excitatory currents are necessary for circuit development, they also

increase the probability of the brain to develop seizures. Studies revealed that giant
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depolarizing potential (GDP)-like events, characteristic of excitatory GABAergic
synapses [120, 122], are present in the developing network. These GDP operate to
synchronize electrical activity, to induce brain network development [121, 123, 124].
However, they increase the probability of seizure generation [122, 124].

Some studies have shown the potential involvement of inhibitory interneurons
in seizure initiation and maintenance, with the increase of interneurons firing rates
seconds to minutes before the seizure onset, in dentate gyrus, CA1, CA3 and hilus
[125]. The activation of PV- and SOM-expressing interneurons targeting CA3
pyramidal cells can suppress epileptiform activity [28] and the inhibition of PV- and/or
SOM-expressing interneurons, either individually or together, reduces seizure
duration, while inhibiting PV-expressing interneurons increased seizure threshold
[126].

The GABAergic inputs reduce network excitability and contribute essentially to
the oscillatory patterning and synchronization of neural activity (as mentioned above).
However, the impact of neural activity in target structures and enhanced GABAergic
transmission may, in certain cases, facilitate seizures by inducing synchronization that
can spread across neighboring networks [77]. Moreover, GABA-mediated
hyperpolarization is essential for the development of synchronized low-frequency
oscillations dependent of low-threshold calcium channels in absence seizures [127-
129]. Therefore, such complex and varied mechanisms indicates that hyperexcitability
in epilepsy goes beyond of simply decreasing inhibition.

Taking into account the essential participation of different interneurons of
distinct origins in modulating neuronal network activity, for many years, intracerebral
grafting of interneuronal precursor cells harvest from ganglionic eminences or derived

from human embryonic stem cells have been used as an approach to restore inhibition
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in different types of disease based-models, such as epilepsy [130-137]. Cell
replacement studies using MGE precursors (the main source of PV- and SOM-
expressing interneurons) showed considerable cell survival, differentiation, migration
and functionally integration within the host neuronal network, and consequently
rescuing the loss of inhibition [92, 130-133, 135, 138-147]. When MGE-precursor cells
are grafted into the brain of animal models of epilepsy, seizure threshold increases,
frequency and duration of epileptic seizures reduce, GABAergic inhibition and brain
oscillations are restored [130, 132, 134, 142]. As mentioned, changes in GABAergic
function impair synaptic plasticity and disrupt network organization and normal brain
oscillations, affecting not only inhibitory, but also excitatory inputs to principal cells and
interneurons. Interneuron precursor transplants have a potent impact over the
seizures by restoring inhibition within the circuit, which presumably modifies the
complex interactions between neuronal networks with distinct neuronal firing and
dynamical evolution of synchronization.

The functional evaluation of interneurons on the reorganized network in
epilepsy, and their readjusted pattern could help us to understand the intricate
mechanism behind seizure generation and seizure control, further than the simple

feature of decreasing and increasing inhibition.
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Figure 1: Top: Seizures and the shift in the balanced of excitation (E) and inhibition () are the tip of the
iceberg in epilepsy and represent only an event in a complex process of epileptogenesis. Bottom: The
cellular diversity represented by different GABAergic interneuron subtypes originated from caudal and
medial ganglionic eminences (CGE: blue/green and MGE: orange/red) that make synapse on distinct
domains of pyramidal cells and one specific domain of pyramidal cells receiving synaptic contacts from
distinct GABAergic interneurons (Synaptic spatiotemporal dynamics of interneuronal connectivity).
Distal dendritic inhibition is performed by SOM-, NPY-expressing interneurons, whereas FS-PV-
expressing basket cells or CCK-expressing interneurons perform perisomatic inhibition. PV-expressing
also make synapses at the dendrites of pyramidal cells. CR-expressing cells make synapses with
interneurons at dendritic domain. The diversity of GABAergic interneurons is involved synaptic
reorganization of different neuronal microcircuits recruited during the epileptogenic process.
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PARTE Ill- DISCUSSAO E CONCLUSOES

DISCUSSAO

1 Aumento da hiperexcitabilidade induzida por 4-AP

Estudos in vitro realizados em preparacdes de fatias cerebrais com as
conexodes intactas sdo amplamente utilizados (Avoli e Jefferys, 2016) e demonstram
gue, ap6s a perfusdo com 4-AP, iniciam-se eventos com padrdes de atividade
epileptiforme, que se assemelham as crises limbicas que ocorrem em pacientes com
ELT (Avoli et al., 2002; Gonzalez-Sulser et al., 2011; Dulla et al., 2018). Neste
trabalho, associamos o uso do modelo in vivo de epilepsia induzida por pilocarpina,
gue mimetiza de forma similar as alteracdes fisiopatoldgicas crénicas da ELT (Garrido
Sanabria et al., 2002; Curia et al., 2008), com o modelo in vitro de epilepsia induzido
por 4-AP, utilizando fatias de hipocampo com CE (hipocampo-CE), que possui como
vantagem produzir uma sincronizagdo da rede enquanto preserva a inibicéo
GABAérgica (Perreault e Avoli, 1991; Avoli et al., 1996; Barbarosie e Avoli, 1997,
Calcagnotto, Barbarosie e Avoli, 2000; Gafurov e Bausch, 2013). Dessa forma,
podemos investigar as alteracbes decorrentes da ELT na geracdo de atividade
epileptiforme em fungbes especificas de estruturas limbicas e o envolvimento do
sistema GABAérgico. Os detalhes da metodologia empregada podem ser
encontrados no ANEXO 2.

A atividade de potencial de campo, registrada através do EEG ou de registros
extracelulares in vitro, contém caracteristicas importantes para a identificacao de
condicdes cerebrais fisiolégicas e patoldgicas em andamento (Olejniczak, 2006;
Buzsaki, Anastassiou e Koch, 2012). A caracterizacdo de eventos epileptiformes em

particular, fornece informagdes fundamentais sobre os mecanismos que conduzem a
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geracdo de eventos patologicos, assim como a sincronizagcdo anormal e
hiperexcitabilidade de conjuntos neuronais (Avoli et al., 2002; Avoli, 2014; Dulla et al.,

2018).

Os eventos epileptiformes do tipo interictal foram um dos primeiros eventos
epileptiformes a serem reproduzidos in vitro em preparacdoes de fatias cerebrais
(Galvan, Grafe e Bruggencate, 1982; Voskuyl e Albus, 1985), e podem ser
identificados em fatias cerebrais obtidas de pacientes submetidos a cirurgia para ELT
refrataria (Avoli et al., 2005), fatias de hipocampo-CE de animais naive (Barbarosie e
Avoli, 1997; Calcagnotto, Barbarosie e Avoli, 2000) e de animais epilépticos
(D’Antuono et al.,, 2002; Panuccio et al., 2010). Desde entdo, esses estudos
comprovam que 0s eventos interictais estdo envolvidos no desenvolvimento da
epileptogénese (Staba et al., 2002; Lévesque, Salami, et al., 2018), sao preditivos de
crises epilépticas e epilepsia (Jacobs et al., 2008, 2016; Schevon et al., 2009;
Chauviere et al., 2012), e podem ser utilizados como prognoéstico de tratamento e

remissdo da ELT (Fedele et al., 2017; Shah et al., 2019).

No presente trabalho, as fatias hipocampais de ratos epilépticos, 30 dias ap6s
o SE, perfundidas com 4-AP, apresentaram uma diminuicdo da laténcia para a
geracédo de eventos ictais quando comparado ao grupo controle, sugerindo que CA1
possui uma maior suscetibilidade a ictogénese, a qual pode estar correlacionada com
0 aumento da excitabilidade nessa regiao (Figura 7). A area CA1 do hipocampo é
uma das regifes mais vulneraveis em pacientes com epilepsia, e em modelos animais
de ELT (Lehmann et al., 2000; Scharfman, 2007; Navidhamidi, Ghasemi e
Mehranfard, 2017), a qual apresenta morte celular e perda sinaptica (Turski et al.,
1983), aumento do input glutamatérgico como resultado do brotamento axonal de

células piramidais (Esclapez et al., 1999; Lehmann et al., 2000; Smith e Dudek, 2001),
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diminuicao do input GABAérgico induzido por perda de interneurénios (Cossart et al.,
2001; Smith e Dudek, 2001; Dinocourt et al., 2003), e alteracdo de propriedades
intrinsecas de células piramidais e interneurénios de CA1l (Yaari e Beck, 2002;
Dugladze et al., 2007). Algumas dessas modificacbes ocorrem durante o periodo
latente, provavelmente como uma consequéncia direta do SE (Dinocourt et al., 2003),
e durante o estagio cronico tais altera¢cées sdo mantidas e muitas vezes exacerbadas
(Smith e Dudek, 2001; Gorter e Lopes da Silva, 2002), contribuindo para o0 aumento
da excitabilidade em CAL. Dessa forma, a hiperexcitabilidade pode constituir um fator
decisivo para a geragao e propagacao de atividade epileptiforme in vitro. No entanto,
60 dias apds o SE, ndo observamos alteracdes na geracdo de eventos interictais e
ictais em CALl de fatias oriundas de animais epilépticos. Portanto, em um periodo
avancado da epileptogénese (60 dias apos o SE), as alteracdes na suscetibilidade a
ictogénese nao foram observadas, sugerindo que 0s mecanismos envolvendo
hiperexcitabilidade em CA1 foram interrompidos ou compensados, possivelmente
correlacionado com mudancas neuronais plasticas dependentes da idade e da
condicao epiléptica prolongada (Gorter e Lopes da Silva, 2002; Panuccio et al., 2010).
Dessa forma mais estudos sdo necesséarios afim de elucidar os mecanismos

subjacentes a condicao epiléptica ja estabelecida em CAL.

De maneira oposta, a regido CA3 das fatias de hipocampo-CE de animais
epilépticos aos 30 dias apds o SE, foram menos suscetiveis a geracao de eventos
ictais induzidos por 4-AP, do que as fatias de hipocampo-CE de animais controle,
pareados por idade. No entanto, os eventos ictais tiveram maior duracdo no grupo
epiléptico quando comparado aos controles. Esta duracao foi reduzida aos 60 dias
apos o SE em comparacao aos 30 dias apds o SE, mas nao apresentou diferenca do

respectivo grupo controle (pareado pela idade). Em fatias hipocampais oriundas de
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pacientes com ELT refrataria, CA3 também teve menor suscetibilidade em gerar
atividade epileptiforme (Reyes-Garcia et al., 2018), assim como em fatias de
hipocampo oriundos de animais com epilepsia induzida por pilocarpina, onde os
eventos interictais apresentaram menor frequéncia quando comparado ao grupo
controle (Nagao, Massimo e Gloor, 1994; Panuccio et al., 2010). Com relacdo as
alteracdes anatdmicas em CA3 decorrentes da epileptogénese, estudos demonstram
uma modesta perda neuronal em animais tratados com pilocarpina (Turski et al.,
1983; Esclapez et al., 1999). Dessa forma, as altera¢des funcionais encontradas em
CA3 podem estar correlacionadas com o grau de comprometimento anatdmico e
estrutural desse microcircuito, mas também podem refletir o papel de CA3 no controle
da progresséo do processo epileptogénico e estabelecimento cronico da epilepsia
(Barbarosie e Avoli, 1997). Apesar de CA3 ser fundamental na geragéo de um circuito
excitatorio aberrante durante a epileptogénese parece que 0 microcircuito ndo é

afetado (Navidhamidi, Ghasemi e Mehranfard, 2017).

Alteracdes celulares e moleculares desencadeadas pela epileptogénese
também séo encontradas no GD e no CE (Gorter e Lopes da Silva, 2002; Buckmaster,
Kobayashi e Wen, 2003; Kobayashi e Buckmaster, 2003; Dengler e Coulter, 2016;
Nakahara et al., 2018). O GD desempenha um papel fundamental no controle da
propagacéo de atividade epileptiforme do CE para o hipocampo (Barbarosie et al.,
2000; Hsu, 2007). No entanto, conforme descrito por estudos em pacientes com ELT
e em modelos animais de epilepsia induzida por pilocarpina, as alteracdes
fisiopatologicas no GD tem sido correlacionadas com a modificacdo da funcdo de
controle de entrada de eventos patoldgicos para o hipocampo, contribuindo assim
para o desenvolvimento de epilepsia (Scharfman, 2019). Nesse trabalho, o GD de

fatias de animais epilépticos, 30 dias ap0s o SE, apresentou maior laténcia e menor
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duracdo de eventos ictais, e menor frequéncia de eventos interictais do que 0s
controles. Dessa forma, esses resultados indicam que a funcéo de controle do GD
permanece intacta no periodo inicial da epilepsia induzida por pilocarpina. No entanto,
aos 60 dias apos o SE, a suscetibilidade para a geracédo de eventos ictais foi maior
no GD de animais epilépticos quando comparada ao grupo controle, e a duracéo dos
eventos ictais foi maior quando comparada ao grupo de 30 dias apds o SE (Figura 7).
O aumento da ictogénese no GD aos 60 dias apds o SE pode ser atribuido a uma
alteracdo nas propriedades intrinsecas e de rede das células granulares (Dengler e
Coulter, 2016; Kelly e Beck, 2017), e a redugdo do input inibitério sobre as células
granulares (Sloviter, 1987; Kobayashi e Buckmaster, 2003), refletindo uma
perturbacdo funcional dessa regido, que passa a facilitar o desenvolvimento da

epilepsia.

Outras estruturas temporais mesiais, além do hipocampo, estdo envolvidas na
fisiopatologia da ELT e, em particular, o CE é capaz de gerar eventos epileptiformes
in vitro, possuindo um limiar inferior na geracéo desses eventos, quando comparado
ao hipocampo (Panuccio et al., 2010; Ren et al., 2014). A atividade epileptiforme
induzida por 4-AP no CE de fatias de hipocampo-CE de animais epilépticos, 30 dias
apos o SE, foi semelhante em ambos os grupos. Aos 60 dias apos o SE, o CE das
fatias de animais epilépticos tiveram menor laténcia para a geracdo de eventos
interictais, no entanto esses eventos foram menos frequentes do que no grupo
controle; e os eventos ictais apresentaram maior frequéncia quando comparados ao
grupo controle (Figura 7). Apesar do CE apresentar morte celular em modelos de ELT,
evidéncias demonstram o aumento da excitabilidade celular nessa regido (Kobayashi
e Buckmaster, 2003; Tolner et al.,, 2007), a qual pode estar envolvida na menor

laténcia para a geracao de eventos interictais e no aumento da frequéncia de eventos
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ictais, contribuindo para o estabelecimento da ictogénese. Por outro lado, a
diminuicao da frequéncia dos eventos interictais ainda pode ser afetada pela alteracao
e perda celular no CE de fatias de animais epilépticos, preferencialmente na camada
l1l, observada em humanos e em modelo animal de epilepsia induzida por pilocarpina,
(Du et al., 1993, 1995). Além disso, outra hipotese é que a diminuicdo na frequéncia
de eventos interictais pode ser decorrente de uma ruptura no circuito hipocampo-CE,
acarretando na alteracdo na propagacao de eventos interictais, oriundos de CA3, via

CALl e subiculo, para o CE (Avoli et al., 1996; Barbarosie e Avoli, 1997).

A caracterizagdo in vitro da atividade epileptiforme no modelo animal de
epilepsia induzida por pilocarpina reforca o papel singular de cada uma das regides
da formacdao hipocampal. Enfatizamos que o CE é crucial para a geracao e modulacao
dos eventos ictais e interictais, principalmente 60 dias apos o SE; CAl apresenta
maior suscetibilidade a ictogénese 30 dias apods o SE; CA3 possui menores déficits
funcionais decorrentes da ELT, sugerindo que essa regiao pode conduzir a atividade
patolégica no circuito hipocampo-CE; e por fim o GD, que controla a
hiperexcitabilidade durante a epileptogénese em um periodo inicial, no entanto perde

essa funcédo quando a epilepsia é estabelecida.

30 DIAS APOS O SE 60 DIAS APOS O SE

Figura 7 Representacao grafica de fatias de hipocampo e CE de animais epilépticos durante a perfuséo
com 4-AP, 30 e 60 dias apds o SE. O aumento da hiperexcitabilidade induzida por 4-AP foi observado
em CALl de fatias de animais epilépticos, 30 dias apés SE; e no CE e DG de fatias de animais
epilépticos, 60 dias apds SE; ambos comparados ao grupo controle pareado por idade. SE: Status
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Epilepticus; 4-AP: 4-aminopiridina; CE: Cortex Entorrinal; GD: Giro Denteado. Criado em Adobe
lllustrator®.

2 Alteracdes na poténcia espectral das oscilagdes durante a hiperexcitabilidade
induzida por 4-AP

Inimeros estudos apontam a relacdo entre ELT e redes cerebrais
funcionalmente anormais (Bernhardt et al., 2013; Kramer e Cash, 2012; Shah et al.,
2019). Considerando que a atividade neuronal anormal ndo ocorre em um neurénio
isolado, pelo contrario, resulta da atividade patolégica de um conjunto de neurdnios,
propde-se que as crises epilépticas sado decorrentes de uma alteracao funcional dos
microcircuitos neuronais, e que a ELT é resultante das alteracdes fisiopatologicas e
funcionais da rede neuronal (Kramer e Cash, 2012; Gonzalez Otarula e Schuele,

2020).

A atividade oscilatéria classificada em diferentes faixas de frequéncia pode
refletir a fungdo dos varios circuitos neuronais cerebrais (Buzsaki, 2006; Colgin,
2016), e a sua alteracdo constitui uma caracteristica crucial para a identificacdo de
processos fisiopatologicos (Scharfman, 2007; Colgin, 2011). A analise de poténcia
espectral dos tracados interictais (sem eventos interictais) demonstrou que a regiao
CA3 de fatias de hipocampo-CE de animais epilépticos, 30 dias apds o SE, teve
menor poténcia das oscilacdes delta e teta, do que os controles. A diminuigao do ritmo
teta do hipocampo também é observada apds eventos interictais em pacientes com
ELT (Fu et al., 2018), e em modelo animal de epilepsia induzida por pilocarpina nos
estagios latente e cronico (Ge et al., 2013; Pasquetti et al., 2019), sugerindo que 0s
eventos interictais tém um impacto relevante no ritmo teta na epilepsia. Porém,
observamos que as fatias de hipocampo-CE dos animais epilépticos apresentaram

uma maior poténcia da oscilacdo teta no GD 30 dias apés o SE, e no CE e CA3 aos
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60 dias apos o SE, quando comparados aos controles. A maior poténcia de teta
encontrada em regides da formacao hipocampal pode ser atribuida @ um mecanismo
compensatorio, onde o aumento da poténcia de oscilacbes de baixa frequéncia
contrabalangcam o aumento das HFOs, devido ao aumento de atividade excitatoria
desencadeada por uma disfuncdo GABAérgica (Genovesi et al., 2011). Portanto, a
heterogeneidade da poténcia do ritmo teta nas fatias de hipocampo-CE podem refletir
a reorganizacao neural no dois periodos de epileptogénese (Curia et al., 2008).

As oscilagbes beta contribuem para a geracdo de eventos epileptiformes
durante a epileptogénese, e sdo extremamente importantes para a sincronizagao de
longo alcance (Traub et al., 1996; Whittington et al., 1997). N6s demonstramos que
as fatias de hipocampo-CE de animais epilépticos tiveram maior poténcia de beta em
CE, CAl1 e CA3, em 60 dias apdés o SE, mas ndo aos 30 dias apds o SE, quando
comparado ao respectivo grupo controle. Este aumento na poténcia de beta somente
durante estagios crénicos da epilepsia pode estar correlacionado com mecanismos
de estabelecimento da epilepsia, e a geragéao de eventos epileptiformes recorrentes.
Em pacientes com ELT, h4 aumento da poténcia da oscilacdo beta no periodo preé-
ictal (Sorokin, Paz e Huguenard, 2016); além disso em um modelo experimental de
crises de auséncia, foi demonstrado que o aumento da poténcia da oscilacao beta
esta correlacionado com a suscetibilidade de gerar crises epilépticas (Glaba et al.,
2020).

As oscilacBes gama também possuem uma estreita relacdo com a geracao de
atividade epileptiforme in vitro (Quilichini et al., 2012). Aos 30 dias apds o SE,
encontramos maior poténcia de gama lento em CE, gama médio em CAl e gama
lento, médio e rapido em CAS3 das fatias de hipocampo-CE de animais epilépticos,

guando comparado aos controles. Aos 60 dias apdos o SE, encontramos maior
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poténcia de todas as bandas de frequéncia gama em CA3 e GD, e gama lento em
CALl de fatias de hipocampo-CE de animais epilépticos, do que em fatias de controle.
Assim, observamos que em diferentes estagios da epileptogénese, apds um segundo
insulto de hiperexcitabilidade induzido por 4-AP, ocorre uma alteracdo na poténcia
das oscilagdes gama na formac&o hipocampal, principalmente em CA3 e CAl;
ressaltando o papel das oscilagbes gama como um potencial biomarcador para a
identificacdo da rede neuronal patolégica com geracdo de eventos interictais no
cérebro (Ren et al., 2015).

N&o apenas gama, mas também oscila¢cdes mais rapidas estdo envolvidas na
geracdo de atividade epileptiforme (Hamidi, Lévesque e Avoli, 2014; Salami,
Levesque, et al., 2014), e tanto HFOs quanto as oscilagcbes gama sé&o identificadas
no EEG de pacientes com ELT e modelos animais de epilepsia induzida por acido
cainico ou pilocarpina (Bragin et al., 2004; Lévesque et al., 2011; Pearce et al., 2013;
Ewell et al., 2019; Jacobs e Zijlmans, 2020). Aqui, demonstramos que as HFOs
podem ser detectadas nos intervalos de eventos interictais em fatias de hipocampo-
CE. Evidéncias demonstram que as HFOs, denominadas ripples (150-250 Hz) e fast
ripples (250-500 Hz) associadas a eventos interictais sdo excelentes biomarcadores
da epileptogénese (Zijimans et al., 2011; Salami, Levesque, et al., 2014; Jacobs et
al., 2016; Lévesque, Salami, et al., 2018; Thomschewski, Hincapié e Frauscher,
2019). Aos 30 dias apés o SE, a regido CA3 de fatias de hipocampo-CE de animais
epilépticos apresentou maior poténcia de HFOs. Alteracdes da atividade oscilatoria
de alta frequéncia em CA3, aos 30 dias ap6s o SE, pode demonstrar a relevancia
dessa regido especifica na progressdo da epileptogénese e estabelecimento da
ictogénese. Aos 60 dias ap6s o SE, o CE apresentou maior poténcia de ripples, e 0

GD, maior poténcia de ambas HFOs. Assim, as HFOs tiveram maior poténcia nas
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redes neuronais de animais epilépticos com um segundo insulto de
hiperexcitabilidade, possivelmente refletindo o0os mecanismos anormais de
sincronizacdo neuronal desses microcircuitos (Jefferys et al., 2012). Dessa forma,
consideramos que a maior poténcia das HFOs pode ter um valor preditivo de
formacdo de redes epileptogénicas, como na area CA3 do hipocampo aos 30 dias
apos o SE; e de alvos especificos de epileptogénese, como no CE e GD aos 60 dias
apos o SE (Fedele et al., 2017; Jacobs e Zijlmans, 2020). As alteracdes da atividade
oscilatoria na formagéo hipocampal de animais epilépticos, 30 e 60 dias ap6s o SE,

estdo resumidas na Figura 8.

30 DIAS APOS O SE 60 DIAS APOS O SE

TB
GL GM GR

?GLGMGRRFR

Figura 8 Alteracdes na densidade espectral de poténcia em fatias de hipocampo e CE de animais
epilépticos durante a perfusdo com 4-AP, 30 e 60 dias ap6és o SE (comparados ao grupo controle
pareado por idade). O sol representa o aumento da hiperexcitabilidade induzida por 4-AP , 30 e 60 dias
apos o SE. SE: Status Epilepticus; CE: Cértex Entorrinal; GD: Giro Denteado; D: Delta; T: Teta; B:
Beta; GL: Gama lento; GM: Gama médio; GR: Gama rapido, R: Ripples; FR: Fast ripples.

1: aumento; |: diminuigdo. Criado em Adobe lllustrator®.

3 Alteragcdes na sincronia de oscilagbes entre diferentes regides da formacéo
hipocampal durante a hiperexcitabilidade induzida por 4-AP

Atividades neuronais sincronizadas de diferentes areas cerebrais exercem
uma grande influéncia na capacidade de interacdo entre circuitos, e fornecem um
mecanismo para o0 processamento e propagacao da informacao (Buzsaki e Draguhn,
2004; Buzsaki e Watson, 2012; Igarashi et al., 2014; Colgin, 2016; Malkov et al.,

2021). Neste estudo, a analise de coeréncia de fase pode revelar a atividade
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sincronizada entre regides distintas do circuito hipocampo-CE em bandas de
frequéncia especificas, e pode enfatizar a atividade oscilatéria sincrona entre regides
especificas (Horwitz, 2003), fundamental para o desenvolvimento e estabelecimento
da ELT.

As fatias de hipocampo-CE de animais epilépticos perfundidas com 4-AP, 30
dias ap6s o SE, apresentaram uma maior coeréncia de fase das oscilagbes gama
entre CA1-CA3, quando comparados aos controles pareados por idade. No entanto,
aos 60 dias ap6s o SE, observamos uma menor coeréncia de fase de gama lento e/ou
gama médio entre CE-DG, CE-CA1 e GD-CAS de fatias de hipocampo-CE de animais
epilépticos, comparado aos controles. Esses resultados sugerem que, as oscilagées
gama estéo sincronizadas, no inicio da fase crbénica da epileptogénese em fatias de
hipocampo-CE de animais epilépticos, contribuindo para a ictogénese (Figura 9). No
entanto, na condicéo epiléptica estabelecida aos 60 dias apés o SE, a sincronizagdo
das oscilagbes gama estd reduzida, podendo ser decorrente das alteracdes
funcionais e estruturais resultantes da epilepsia, como por exemplo, perda de
interneurdnios, maturagdo anormal de células granulares e brotamento de fibras
musgosas (Scharfman, 2019; Lybrand et al., 2021).

Referente as HFOs, observamos uma maior coeréncia de fase entre CE-CA1,
30 dias apés o SE (Figura 9). A presenca de HFOs durante a epileptogénese pode
indicar a reorganizacédo da rede patoldgica, a qual pode apresentar danos funcionais
e estruturais importantes no circuito do hipocampo-CE, contribuindo para o
estabelecimento da ELT (Bragin et al., 2004; Lévesque et al., 2011; Lévesque, Shiri,
et al., 2018), mas também pode indicar a continuidade de uma rede irreversivelmente
patoldgica, sincrona e hiperexcitavel. Aos 60 dias apés o SE, também encontramos

uma maior coeréncia de fase de HFOs entre CA3-CA1l das fatias de hipocampo-CE
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de animais epilépticos (Figura 9). Conforme relatado por varios estudos, as HFOs
também podem ser utilizadas como fator decisivo para o diagndstico, tratamento
cirdrgico e prognéstico de pacientes com epilepsia (Jacobs et al., 2008; Fujiwara et
al., 2012; Fedele et al., 2017), dessa forma, em modelos que mimetizam periodos

cronicos da epilepsia, a deteccédo do aumento de HFOs é esperada.

30 DIAS APOS O SE 60 DIAS APOS O SE

CA1-CA3

4am

*E:B‘GD EC-DG CA3-GD CE-GD
*GMFR DTGMGRR *GMR

Figura 9 Alteracdes na coeréncia de fase em fatias de hipocampo e CE de animais epilépticos durante
a perfusdo com 4-AP, 30 e 60 dias ap6s o SE (comparados ao grupo controle pareado por idade). O
sol representa o aumento da hiperexcitabilidade induzida por 4-AP , 30 e 60 dias ap6s o SE. SE: Status
Epilepticus; CE: Cortex Entorrinal; GD: Giro Denteado; D: Delta; T: Teta; B: Beta; GL: Gama lento; GM:
Gama médio; GR: Gama rapido, R: Ripples; FR: Fast ripples. 1: aumento; |: diminui¢cdo. Criado em
Adobe lllustrator®.

4 Alteracbes na poténcia espectral das oscilagbes durante a atividade
espontanea darede

A atividade neuronal espontanea da rede também se propaga através dos
circuitos neuronais em padrdes oscilatorios especificos (Kerschensteiner, 2014;
Colgin, 2016). Embora n&o tenha sido registrada atividade epileptiforme nas fatias de
hipocampo-CE durante a perfusdo com ACSF, a andlise dos trechos da atividade
espontanea da rede relevou maior poténcia das oscilagbes gama em CE, CAl, CA3
e GD em fatias de hipocampo-CE de animais epilépticos, 30 e 60 dias apés o SE,
guando comparado aos respectivos controles (Figura 10). Essa alteracéo na poténcia
das oscilagbes gama foi semelhante ao que observamos nas fatias de hipocampo-CE

de animais epilépticos durante a perfusdo com ACSF e 4-AP, sugerindo que a

145



mudanca na atividade oscilatoria na faixa de frequéncia gama pode refletir os
processos patoldégicos em andamento, que contribuem para a ictogénese (Goldberg
e Coulter, 2013; Sato et al., 2017). Evidéncias demonstram o0 aumento das oscilacdes
gama em areas do cérebro associada a crises epilépticas em pacientes e modelos
animais de epilepsia (Hughes, 2008; de Curtis e Gnatkovsky, 2009). Portanto, estes
resultados reinforcam que as oscilagbes gama sdo biomarcadores Uteis para a
epileptogénese.

As HFOs, também referidas como importantes marcadores de processos
patolégicos em andamento e da epileptogénese, foram encontradas nas fatias de
hipocampo-CE de animais epilépticos, durante a atividade espontanea da rede. No
entanto, observamos maior poténcia de ripples e fast ripples somente no GD aos 60
dias apds o SE, quando comparado ao grupo controle (Figura 10). Dessa forma, na
auséncia de um segundo insulto de hiperexcitabilidade, e considerando que somente
processos patolégicos em decurso e a excitabilidade anormal da rede estdo sendo
avaliadas nesse protocolo experimental, esse resultado demonstra que o GD
representa uma area crucial para o processo epileptogénico. O GD foi a Unica regiao
com aumento de HFOs per se, o que pode ser considerado um biomarcador da perda

de controle sobre os inputs para hipocampo.

30 DIAS APOS O SE 60 DIAS APOS O SE
DBGL
¢GL oM GMGR GRRFR GRRFR

CA1 CE CA1 CE

f BGL
CA3
GD DTB CA3 Q
Q GLGM GD
*DGL¢GRR BGL GM GRRFR

Figura 10 Alteracdes na densidade espectral de poténcia em fatias de hipocampo e CE de animais
epilépticos durante a atividade espontanea da rede, 30 e 60 dias ap6s o SE (comparados ao grupo
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controle pareado por idade). SE: Status Epilepticus; CE: Cértex Entorrinal; GD: Giro Denteado; D:
Delta; T: Teta; B: Beta; GL: Gama lento; GM: Gama médio; GR: Gama rapido, R: Ripples; FR: Fast
ripples. 1: aumento; |: diminui¢cdo. Criado em Adobe lllustrator®.

5 Alteracdes na sincronia das oscilacdes durante a atividade espontanea da
rede

Aos 30 dias apés o SE, os grupos SE e controle ndo apresentaram nenhuma
diferenca na coeréncia de fase entre as oscilacdes durante a atividade de rede
espontanea. No entanto, aos 60 dias ap0s o SE, a coeréncia de fase foi maior nas
oscilacbes de alta frequéncia entre GD-CA3 das fatias hipocampais-CE de animais
epilépticos (Figura 11). Na auséncia de 4-AP, o GD também apresentou maior
poténcia das oscilacfes rapidas, demonstrando que a atividade espontanea da rede
apresenta alteracdes oscilatorias decorrente da reorganizacao sinaptica e estrutural
no modelo de epilepsia induzida por pilocarpina (Garrido Sanabria et al., 2002).
Consequentemente, é provavel que ocorram alteragdes na conectividade no circuito
hipocampo-CE de fatias de animais epilépticos. De fato, o GD e CA3 sofrem
mudancas morfoldgicas e funcionais que contribuem para a epileptogénese (Zhang,
Fan e Wang, 2017), e por meio da analise de coeréncia em fatias de hipocampo-CE
foi possivel identificar uma especifica e importante alteracdo da conectividade entre
esses microcircuitos, influenciando assim o desenvolvimento de redes hiperexcitaveis

e geradoras de crises (Figura 11).
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30 DIAS APOS O SE 60 DIAS APOS O SE

CE-CA1 CE-CA1
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Figura 11 Alteracdes na coeréncia de fase em fatias de hipocampo e CE de animais epilépticos durante
a atividade espontanea da rede, 30 e 60 dias apds o SE (comparados ao grupo controle pareado por
idade). SE: Status Epilepticus; CE: Cértex Entorrinal; GD: Giro Denteado; D: Delta; T: Teta; B: Beta;
GL: Gama lento; GM: Gama médio; GR: Gama rapido, R: Ripples; FR: Fast ripples; SA: sem alteracgdes.
1: aumento; |: diminuigdo. Criado em Adobe lllustrator®.

6 O sistema GABAEérgico e as epilepsias

A importancia da inibicdo mediada pelo GABA no encéfalo normal e sua fungéo
em doencas decorrentes do desequilibrio de excitagao/inibicdo, como a epilepsia, séo
bem aceitos, gracas ao conhecimento cada vez maior da fisiologia do SNC, os
progressos da genética e demais avancos cientificos (Genovesi et al., 2011; Ben-Ari
et al., 2012; Liu et al., 2014; Magloire et al., 2019; Tang, Jaenisch e Sur, 2021; Zhang
et al., 2021). No entanto, é importante ressaltar que a sinalizacdo GABAérgica possuli
uma gama de funcdes que nao se resumem apenas na inibicdo dos circuitos.

Os interneurdnios GABAérgicos séo reconhecidos com base nos seus padrbes
de disparo, perfis de expressdo molecular, e suas inervacdes de dominios
subcelulares distintos em células piramidais (Ascoli et al., 2008). Desse modo,
desempenham um papel central na regulacdo da atividade hipocampal e cortical
através dos seus efeitos inibitérios em neurdnios excitatorios, formando um sistema
de controle altamente eficiente, e regulando a sensibilidade do circuito neuronal
(Kepecs e Fishell, 2014). Além disso, o controle da geracao de padrdes oscilatérios

promovido pelos interneurénios podem se revelar muito mais importante do que a
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inibicdo em si, promovendo a sincronizacao neuronal e facilitando a geracao de crises
epilépticas (Cobb et al., 1995; Avoli e de Curtis, 2011; Khazipov, 2016).

Os mecanismos envolvidos na geracdo de crises epilépticas sdo complexos, e
nao podem ser resumidos como um prejuizo ou colapso do sistema inibitério. O
envolvimento do sistema GABAérgico na fisiopatologia da epilepsia € evidente, uma
vez que a ruptura da rede sinaptica e a reorganizacdo das redes neuronais no cortex
e no hipocampo na epileptogénese inclui a perda ou alteragdes intrisinsecas de
interneurdénios GABAérgicos (Liu et al., 2014). Portanto, definir as populagfes
neuronais, seu perfil de expressdao molecular, conexdes sinapticas e atividade
temporal, juntamente com a alteracdo da atividade desses tipos celulares, nos permite
compreender de forma mais clara o papel da sinalizacao inibitéria no desenvolvimento

de redes patoldgicas.

CONCLUSOES

Neste trabalho foi possivel identificar alteragcdes nos padrdes oscilatérios em
fatias de hipocampo-CE de animais epilépticos durante um segundo insulto de
hiperexcitabilidade induzido por 4-AP, mas também durante a atividade espontanea
da rede neuronal, em dois periodos da epileptogénese. A caracterizacao dos padrdes
de atividade epileptiforme e das oscilagdes hipocampais em cada regido da formacéo
hipocampal durante o periodo interictal € decisivo para entender o processo de
geracao das crises epilépticas. No entanto, a identificacdo de alteracdes oscilatérias
in vitro durante um periodo de atividade espontanea da rede na auséncia de atividade
epileptiforme, ressalta que este circuito neuronal mantém uma progressao gradual de

alteracOes que também contribuem para a geracéo de crises epilépticas.
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E importante ressaltar que a reorganizac&o dos circuitos neurais na ELT inclui
uma série de modificacbes estruturais e funcionais, que ndo se resumem a um
prejuizo ou dano dos componentes do sistema GABAérgico. Em vista disso, a
investigacdo minusciosa das alteragfes excitatérias e inibitorias da rede neuronal
pode contribuir para o0 entendimento dos mecanismos envolvidos no
desenvolvimento, progresséao da epileptogénese e ictogénese. Em patrticular, elucidar
a fungéo dos interneurdnios na rede neuronal aberrante é crucial para a compreensao
gue a ELT néo é exclusivamente decorrente de um desequilibrio entre excitacdo e

inibicdo, com énfase em um prejuizo no sistema GABAérgico.
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ANEXO 2 Resumo da metodologia empregada no Capitulo | (Parte II)

Step 1 Step 2 Step 3
Pilocarpine-induced SE In vitro electrophysiology Offline analysis
® ® ®
Male Wistar rats . .
b Behavioral evaluation

- 40 days old {7 Pilocarpine (360 mg/Kg/mLi.p.)  Racine scale
Q. .. 9 e . 3-5 score at least 5 min= SE
v ;o 4" Saline (NaCl 0.9%) i.p.
w . » (Control group) SE group= Pilocarpine +

> development of SE

30 or 60 days post-SE Dual extracellular recordings

Horizontal brain slices

o EC

) < CA1

n - - — CA3

DG
ACSF and/or 4-AP perfusion

Offline analysis Epileptiform event types HF regions

o | Epileptiform activity characterization — |ctal and interictal events — EC, CA1,CA3, DG

o

g Power spectral density analysis — |nterictal events intervals —— EC, CA1, CA3, DG

Phase coherence analysis — Interictal events intervals — EC-CA1, CA1-CA3, CA3-DG, DG-EC

Step 1: Aged-matched rats were randomly divided in two groups: (1) injected with pilocarpine, and (2)
injected with saline instead of pilocarpine. Each animal was observed for 90 minutes, while their seizure
behavior was scored according to the Racine scale (Racine, Gartner e Mcintyre Burnham, 1972). Status
epilepticus (SE) was defined as continuous seizures with Racine score Ill to V, with no return to lower
scores for at least 5 min. The SE was ended after 90 min using diazepam (10 mg/Kg, i.p.). In our
experimental protocol, SE induced by pilocarpine caused approximately 10% of mortality. The
heterogeneity of data as susceptibility and latency of seizures during the SE induction (data not shown),
may to certify that the SRS observed at 30 and 60 days after SE induction are in fact, a characteristic
chronic epileptic condition, established due an ensemble of cellular and molecular alterations in the
brain network. Only rats who developed SE were used in this group (SE group). Step 2: Rats were
euthanized by decapitation. Horizontal hippocampal-EC slices were prepared from epileptic rats at 30
and 60 days after SE induction, and age-matched controls. Dual extracellular recordings were
performed simultaneously in EC-CAL, CA1-CA3, CA3-DG and/or DG-EC. The spontaneous local field
potentials (LFP) of hippocampus and EC were recorded during 5 min of nACSF slice perfusion.
Thereafter, field potential profiles were recorded during NACSF slice perfusion with 4-AP (50-100uM)
for at least 2 hours, to the development of epileptiform activity. Step 3: We used between 1-2 slices per
animal to performed the offline analysis in EC, CAl, CA3 and DG, as follow: the latency for the first
interictal and ictal event, rate of occurrence of events (number of events/30s for interictal events,
number of events/30min for ictal events), duration of ictal events, and percentage of slices generating
ictal events. Thereafter, to analyze the power spectral densities (PSD) during 4-AP-induced
hyperexcitability or spontaneous network activity, we chose 5s-epochs of interictal intervals events (IIE)
or 5-epochs of basal activity, respectively; from EC, CA1l, CA3 and DG extracellular recordings. To
analyze the phase coherence, we chose paired recordings of EC-CA1, CA1-CA3, CA3-DG, DG-EC at
the same conditions previously described. The PSD and phase coherence analysis were performed
using the mean of all epochs per group. At least 5 epochs per slice were used, in order to have a better
sampling of the interictal period. HF: hippocampal formation; EC: entorhinal cortex; DG: dentate gyrus;
4-AP: 4-aminopyridine. Created with BioRender.com.
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ANEXO 3 Participacdo em outros trabalhos

ANEXO 3.1 Hippocampal gamma and sharp-wave ripple oscillations are altered
in a Cntnap2 mouse model of autism spectrum disorder

Autores: Rosalia Paterno; Joseane Righes Marafiga; Harrison Ramsay; Tina Li;
Kathryn A. Salvati; Scott C. Baraban.

Status: Publicado na revista cientifica Cell Reports, 37, 2021.

DOI: https://doi.org/10.1016/j.celrep.2021.109970

Parte deste trabalho foi desenvolvido durante o0 meu doutorado sanduiche, no
laboratério de Epilepsia do Prof. Dr. Scott C. Baraban, da Universidade da Califérnia,
Sao Francisco, EUA; no periodo de 2019 a 2020. O objetivo era investigar o papel do
gene Cntnap2 no hipocampo, realizando uma série de estudos anatdomicos,
comportamentais, eletrofisiologicos in vitro e in vivo usando camundongos nocaute
Cntnap2 adultos.

A minha partipagdo nesse estudo foi atraveés da realizagdo da eletrofisiologia
in vitro, onde pude caracterizar a transmissao sinaptica inibitoria de células piramidais
de CA1, em animais nocaute para Cntnap2 e animais controle. Além disso, avaliamos
as propriedades intrinsecas de interneurbnios PV* dos animais mencionados
anteriormente. Logo ap0s a realizacdo dos experimentos, foi também realizada a

andlise estatistica, discusséo dos dados e escrita do artigo cientifico.
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ANEXO 3.2 Hippocampal CA1l and cortical interictal oscillations in the

pilocarpine model of epilepsy

Autores: Mayara Vendramin Pasquetti, Leticia Meier, Joseane Righes Marafiga,
Leticia Barbieri Caus , Adriano Bretanha Lopes Tort, Maria Elisa Calcagnotto.
Status: Publicado na revista cientifica Brain Research, 1722, November 1, 2019.

DOI: https://doi.org/10.1016/j.brainres.2019.146351

Este trabalho focou na investigacdo das alteracdes nos padrbes oscilatorios
interictais in vivo no modelo de epilepsia induzido por pilocarpina; do qual participei
da realizacdo da metodologia, principalmente na inducdo de SE nos animais; assim
como na interpretacédo e discussao dos dados. A partir da identificagao de alteragbes
nos padrdes oscilatérios e de sincronia no hipocampo e no cértex in vivo durante o0s
periodos interictais sem atividade epileptiforme, tivemos o interesse pela investigacao
dos padrdes oscilatdrios hipocampais in vitro no modelo de epilepsia induzido por

pilocarpina.
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ANEXO 3.3 Neuroprotective effect of resveratrol against valproic acid-induced
impairment in interneuronal network in the primary somatosensory area, seizure

activity and disrupted cortical oscillation pattern

Autores: Mellanie Fontes-Dutra*; Joseane Righes Marafiga*; Julio Santos-Terra;
lohanna Deckmann; Gustavo Brum Schwingel; Bruna Rabelo; Rafael Kazmierzak de
Moraes; Marilia Rockenbach; Mayara Vendramin Pasquetti; Carmem Gottfried, Maria
Elisa Calcagnotto. *MFD and JRM contributed equally to this work.

Status: Submetido para publicacao.

O desenvolvimento desse trabalho foi uma parceria entre o laboratério de
Neurofisiologia e Neuroquimica da Excitabilidade Neuronal e Plasticidade Sinaptica
(NNNESP), coordenado pela Profa. Dra. Maria Elisa Calcagnotto, e o laboratorio
Grupo de Pesquisa Translacional de Desordens do Espectro do Autismo (GETTEA),
coordenado pela Profa. Dra. Carmem Gottfried. O objetivo foi investigar se a
exposicdo pré-natal ao acido valpréico (VPA) afeta diferentes subpopulagfes
interneuronais, a expressao de fatores de transcricdo como LHX6, a transmissao
sinaptica inibitoria em diferentes camadas corticais da area primaria somatossensorial
in vitro, e as oscilagbes corticais in vivo. Além disso, investigamos se o resveratrol
(RSV) poderia prevenir os efeitos da exposicéo pré-natal ao VPA.

Em vista disso, minha contribuicdo para o estudo foi a realizacdo dos
experimentos de eletrofisiologia in vitro (correntes inibitérias pds-sinapticas
espontaneas e em miniatura, CIPSs e CIPSm, respectivamente), seguida da analise
estatistica, discussdo dos resultados da eletrofisiologia in vitro e também de todo

conjunto de dados, e por fim, a escrita do artigo cientifico.
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