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RESUMO

A cafeina é uma substancia psicoativa utilizada mundialmente. O presente estudo
analisa o0 comportamento relacionado a convulsdo e os padrdes eletrocorticograficos
(ECoG) observados em ratos apdés uma dose toxica de cafeina (150 mg/kg;
intraperitoneal). Sessenta e trés ratos foram divididos em trés experimentos: 1-
Descricdo do comportamento associado a convulsdo induzida por cafeina; 2-
Comparacdo dos padrées eletrocorticogréficos induzidos por cafeina e
pentilenotetrazol e 3- Avaliacdo da resposta eletrocorticogréfica as drogas
antiepilépticas (diazepam, fenitoina e fenobarbital). A analise comportamental
demonstrou convulsdes tonico-clénicas com perda do reflexo postural e laténcia de
365,8 s apdés a administracdo da cafeina. As altera¢cfes induzidas pela cafeina no
ECoG foram consistentes com o desenvolvimento de convulsbes com evolugéo
rapida e potencial de explosdo consistente com os padrbes comportamentais
observados durante a convulsédo induzida por cafeina. O ECoG das ondas cerebrais
variou significativamente entre as convulsdes causadas por cafeina e
pentilenotetrazol. As forgcas cerebrais predominantes observadas durante as
convulsdes foram as oscilacdes da banda beta. As convulsdes induzidas por cafeina
foram resistentes a tentativa de controle com fenitoina e fenobarbital, mas
responderam bem ao diazepam, o que é consistente com um estudo de pilocarpina,
gue mostrou que o diazepam tem efeitos anticonvulsivantes. Esses achados séo
importantes para o desenvolvimento de tratamentos eficazes para a intoxicagcdo por

cafeina, em particular para individuos com baixo limiar convulsivo.

Palavras-chave: Cafeina, convulsfGes, eletrocorticografia, intoxicacao,

toxicologia.



ABSTRACT

Caffeine is a psychoactive substance used worldwide. The present study analyzes
the seizure-related behavior and electrocorticographic (ECoG) patterns observed in
rats following of a toxic dose of caffeine (150 mg/kg; intraperitoneal). Sixty-three rats
were divided into three experiments: 1-Behavior's Description associated with
caffeine-induced convulsion; 2- Comparison of the electrocorticographic patterns
induced by caffeine and pentylenetetrazole, and 3- Assessment of the
electrocorticographic response to antiepileptic drugs (diazepam, phenytoin, and
phenobarbital). The behavioral analysis demonstrated tonic-clonic seizures with a
loss of postural reflex and a latency of 365.8 s after the caffeine’s administration.
Caffeine-induced changes in the ECoG were consistent with the development of
seizures with rapid evolution and burst potential consistent with the behavioral
patterns observed during the caffeine-induced seizure. The ECoG of the brainwaves
varied significantly between the seizures caused by caffeine and pentylenetetrazole.
The predominant brain forces observed during the seizures were beta-band
oscillations. The caffeine-induced seizures were resistant to attempted control with
phenytoin and phenobarbital, but responded well to diazepam, which is consistent
with a study of Pilocarpine, which showed that diazepam has anticonvulsant effects.
These findings are important for the development of effective treatments for caffeine

intoxication, in particular for individuals with a low seizure threshold.

Keywords: Caffeine, seizures, electrocorticography, intoxication, toxicology.
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1 VISAO INTEGRADORA DO PROBLEMA

A estrutura molecular da cafeina pertence a um grupo de xantinas
trimetiladas que incluem seus compostos intimamente relacionados: teobromina
(presente no cacau) e teofilina (presente no cha). (TAVARES; SAKATA, 2012)

As xantinas tém em comum uma seérie de propriedades, em particular a
capacidade de relaxar a musculatura lisa; estimular o sistema nervoso central e
promover diurese. (PAUWELS et al 2001)

A cafeina é uma substancia psicoativa muito utilizada em todo o mundo, com
efeitos em inumeras funcdes fisioldgicas, incluindo resisténcia fisica, humor, sono e
dor. Nos Estados Unidos, por exemplo, 85% da populacdo adulta tem uma ingestao
média diaria de 135 mg de cafeina (chegando a 188 mg/dia em individuos de 35 a
49 anos), este composto, pode ser encontrado em cafés, chas, energéticos,
refrigerantes diversos e cacau (ULLRICH et al.,, 2015; PONG et al.,, 2015). A
quantidade de cafeina presente em uma xicara de café, uma das principais fontes,
geralmente esta entre 47 e 134mg, porém, pode variar de acordo com a espécie de
planta, tipo de gréo, localizacdo geografica e praticas culturais. (FREDHOLM et al,
1999)

Apés a ingestdo oral a cafeina € completamente absorvida e amplamente
distribuida, atravessando facilmente barreiras tdo apertadas quanto a barreira
hematoencefalica. No cérebro, a cafeina ativa a liberacdo de transmissores
principalmente excitatérios e atua como um antagonista ndo seletivo da adenosina
para os receptores Al e A2. (FISONE et al.,, 2004) Ambos os ligantes, cafeina e
adenosina, apresentam alta similaridade de suas estruturas quimicas. (HUANG et
al., 2005) Eles podem afetar a liberagdo de neurotransmissores como a acetilcolina,
dopamina, noradrenalina, acido gama-aminobutirico e serotonina, o que melhora o
humor, (ZHANG, 2001) estimula o organismo, melhora a concentracdo e elimina a
fadiga fisica. (SMITH, 2002)

Nos ultimos anos, o risco de intoxicacdo por cafeina aumentou devido a
maior disponibilidade de analgésicos, medicamentos estimulantes do sistema
nervoso central (SNC) e suplementos alimentares em lojas de varejo, lojas de
alimentos saudaveis e mercados eletronicos. (CAPPELLETTI et al., 2018)

Entre os efeitos colaterais da cafeina estdo inclusos: cefaleia, insonia,

taquicardia, sintomas dispépticos, relaxamento do musculo liso e estimulacdo do
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musculo cardiaco, que ocorrem em baixas doses (cerca de 200mg para adultos). No
entanto, doses elevadas, superiores a 400mg/dia parecem conduzir a sintomas de
ansiedade, nauseas, irritabilidade e nervosismo, a dose oral letal para adultos foi
estimada em cerca de 10g (150 a 200mg/kg) por pessoa, em criangas, a ingestao de
35mg/kg é capaz de levar a toxicidade moderada. (ALTERMANN et al, 2008; KENT,
2014).

Embora a afinidade da cafeina para os receptores de adenosina independa
da idade, a suscetibilidade a acdo da cafeina € maior em criancas e adolescentes,
pois existem diferencas quanto a eliminacdo dessa substancia do organismo, uma
vez que a principal enzima responsavel pela metabolizacdo da cafeina, CYP1AZ2,
possui uma atividade diferente com a idade. Os adolescentes sdo mais sensiveis a
toxicidade por consumo excessivo de cafeina, uma vez que o metabolismo da
cafeina diminui durante essa fase devido a elevada progressao natural do horménio
do crescimento, que aumenta o risco de efeitos toxicos de cafeina nesta populacao.
(TEMPLE et al, 2009) Outros estudos apontam, no entanto, o contrario, sugerindo
gue criancas sejam menos sensiveis a cafeina em relacdo aos adultos, exceto em
altas doses. Um estudo feito com seis jovens e seis idosos revelou maior
sensibilidade nos idosos, que manifestaram mais efeitos que as crian¢as. (NEHLING
et al, 1992)

Ainda com relacdo a sensibilidade a cafeina, foram observadas algumas
diferengas entre os efeitos da cafeina entre homens e mulheres, sugerindo-se a
existéncia de 41 distdrbios do sono mais acentuados nas mulheres do que nos
homens, associados aos efeitos estimulantes do consumo de café. (GASPAR,
2014)

Estudos em humanos e em animais sugerem gque a cafeina pode induzir
convulsdo quando em doses toxicas ou apds periodos prolongados de ingestdo, em
qualquer individuo, mas principalmente aqueles com baixo limiar de convulséo.
(KALFMAN et al. 2003; VAN KOERT et al, 2018)

Tratando-se de crises convulsivas provocadas por cafeina, deve-se
considerar que a acao desta substancia sobre neurotransmissores e sua influéncia
na atividade cerebral influenciam na eficacia de determinados farmacos.

Os resultados indicam que a cafeina, em uma dose relativamente alta de

200mg/kg, reduziu a poténcia protetora do fenitoina, fenobarbital e diazepam,
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enquanto a poténcia do VPA permaneceu inalterada (CHROSCINSKA-KRAWCZYK,
et al 2011; KULKARNI, et al 1991)

Dada a significativa presenca dessa substancia no cotidiano dos individuos,
muitos estudos ja expuseram alguns dos seus possiveis efeitos colaterais. Dentre
esses, a cafeina como indutora de episodios convulsivos é um dos mais graves
desfechos possiveis sugeridos, e um dos menos explorados. Apesar da importancia,
a literatura conta com limitado contetdo sobre o tema, entdo, estudos como este sao
necessarios para aprofundar o conhecimento e aprimorar a conduta terapéutica
frente a convulsbes induzidas por cafeina.

Nesse contexto, o presente estudo analisou o0 comportamento relacionado a
convulsdo e os padrdes eletrocorticograficos (ECoG) em ratos Wistar apds a
administracdo de uma dose téxica de cafeina, como também avaliou a resposta a
drogas antiepilépticas classicas (diazepam, fenitoina e fenobarbital) apés convulsédo

induzida por cafeina.

1.1 Efeitos da cafeina na atividade elétrica cerebral

A cafeina exerce grande potencial sobre o SNC, de modo a estimular
principalmente o cértex, aumentando a vigilancia e diminuindo a sensacédo de
cansaco. Estudos eletrofisiolégicos em ratos mostraram que a atividade elétrica é
estimulada pela administracdo intravenosa de 100mg/kg de cafeina. Em gatos, uma
dose de 10mg/kg de cafeina produz uma ativacdo elétrica cortical semelhante a
atividade registrada durante o despertar fisiologico ou a uma atividade produzida
pela estimulacdo direta da formacao reticular, uma estrutura que desempenha um
importante papel na vigilancia e no despertar. (NEHLING et al, 1992)

Véarios mecanismos foram recomendados para esclarecer os efeitos
neuroprotetores da cafeina, abrangendo a modulacdo da excitotoxicidade
glutamatérgica e neuroinflamacao via receptores de adenosina (CHEN et al., 2013;
REN; CHEN, 2020). A cafeina pode promover uma agéo anti-neuroinflamatéria em
varias condi¢cdes patoldgicas. O fornecimento de cafeina (injecdo intraperitoneal
diaria) diminui a ativacdo da microglia induzida por lipopolissacarideo (LPS) em trés
regides do hipocampo, de maneira dependente da dose (BROTHERS et al., 2010;
REN; CHEN, 2020) e anular a neuroinflamagao promovida por LPS e a disfuncdo

sinaptica em cérebros de camundongos adultos (REN; CHEN, 2020 )
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As metilxantinas também sdo capazes de elevar a excitabilidade observada
in vitro no hipocampo de ratos e ativar o ritmo theta do eletroencefalograma no
hipocampo de coelhos. Foi observado, ainda, que altas doses de cafeina provocam
modificacdes elétricas no hipocampo semelhantes as que séo registradas no
eletroencefalograma durante crises generalizadas. O potencial efeito estimulante
que a cafeina exerce sobre o hipocampo mostra a importancia do sistema limbico no
desenvolvimento dos efeitos convulsivos e ansiogénicos das metilxantinas. (POPOLI
et al, 1987)

Ao mesmo tempo em que a cafeina aumenta a atividade elétrica cortical,
induz uma diminuicdo significativa da atividade elétrica em neurdnios talamicos,
mesmo em pequenas doses (0,1mg/kg i.v). Da mesma forma, a administracao
iontoforética direta (técnica de transferéncia de drogas mediada por fluxo elétrico) de
cafeina diminui a atividade elétrica espontanea de neurénios no nucleo caudado do
rato, uma vez que a metilxantina parece capaz de ativar a via nigroestriatal
estimulando a liberacdo de dopamina pelas terminacdes nervosas nigroestriatais.
(NEHLING et al, 1992)

1.2 Cafeina e eletrocorticograma

O conceito de Eletroencefalograma (EEG), eletro-(referente ao registro de
sinais elétricos vindos do cérebro) encéfalo-(referente a sinais emitidos da cabeca) e
grama (ou grafia que significa escrita ou desenho) surgiram com Richard Caton
(1842 - 1926), cientista Inglés que fez a observagao do primeiro sinal elétrico
proveniente do escalpo humano em 1875. (SANEI; CHAMBERS, 2007; SILVA, 2005;
SILVA, 2017)

O registro eletroencefalografico (EEG) é uma ferramenta alternativa utilizada
para avaliar a atividade elétrica cerebral por meio da soma dos potenciais pés-
sinapticos gerados por células piramidais no cértex cerebral geradas pelo fluxo de
jons. (BUZSAKI, et al., 2012) Com isso, se apresenta como uma técnica eficiente
para medir o disturbio da atividade elétrica em modelos animais. (VAN SON et al.,
2018; VOICULESCU et al., 2015)

Atualmente, EEGs sao realizados tanto de forma invasiva quanto nao
invasiva, com diversas aplicacbes e diferentes equipamentos, que possuem

ferramentas de processamento de sinais no estado da arte, eletrodos especificos
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para as tarefas necessarias e capacidade de armazenamento para realizar exames
de longa duracéo. (SILVA, 2005; SANEI; CHAMBERS, 2007; SILVA, 2017)

Dentre as técnicas para medicdo da atividade cerebral ha a técnica de
registro eletrocorticografico que é realizada com o posicionamento de sensores na
superficie do cortex. A atividade registrada € proveniente de populacbes de
neurdnios préximos aos eletrodos. Esta técnica de registro combina alta resolugéo
temporal e espacial. No entanto, € uma técnica invasiva, com a necessidade de
procedimentos cirdrgicos.

Um estudo feito em ratos avaliou registros eletrocorticograficos apds o
consumo de cafeina e observou um aumento da amplitude de todas as ondas
cerebrais sugerindo que a cafeina ou qualquer de seus metabdlitos pode afetar
direta ou indiretamente as vias envolvidas na geracdo desses ritmos, podendo
instigar as fungdes cognitivas associadas as oscilagcdes cerebrais legitimando o fato
de que a cafeina age como um estimulante do sistema nervoso central. (FERRE,
2016; CABRAL et al, 2021)

1.3 Cafeina e convulsdes

Pesquisas mostram que o consumo cronico de cafeina pode ocasionar em
dependéncia fisica e tolerancia aos seus efeitos centrais. (NEHLIG et al. 1992;
BERNSTEIN et al. 2002; CHROSCINSKA-KRAWCZYK et al 2011) Dentre as
complicacBes da overdose a mais perigosa é a atividade convulsiva. Observou-se
em estudos que a cafeina pode diminuir o limiar convulsivo em modelos
experimentais de epilepsia ou induzir convulsdes em roedores quando fornecida em
doses acima de 400mg/kg. (CUTRUFO et al. 1992; CZUCZWAR et al. 1990;
CHROSCINSKA-KRAWCZYK et al 2011)

Estudo com animais demonstraram que a cafeina influencia a excitabilidade
cerebral e desencadeia convulsdes seguidas por encefalopatia em ratos. Em um
estudo, vérias doses de cafeina foram administradas durante observacdes
comportamentais e registros de eletroencefalografia (EEG). Doses de 100 e 200
mg/kg de cafeina causaram dilatacdo pupilar, inquietacdo e reflexos intermitentes,
enquanto no EEG, foram observadas rajadas de pontas ou ondas agudas,
semelhantes ao padrdo EEG visto durante crises epilépticas. Em doses acima de

150 mg/kg, ocorreram crises generalizadas; doses de 300 mg/kg e acima, evoluiram
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para status epileticus fatal nos ratos; o mesmo fendmeno é visto em gatos, caes,
porquinhos-da-india, ratos e coelhos (VAN KOERT et al, 2018)

Em outro estudo, foi evidenciada a maior suscetibilidade a convulsdes
associada a cafeina, ratos pré-tratados com cafeina (100mg/kg) foram, em seguida,
tratados com pentilenotetrazol (PTZ) (30mg/kg), que € um modelo animal de crises
focais, crises generalizadas tonico-cldnicas e crises de auséncia. Comparado com
os controles (animais tratados somente com PTZ), o grupo cuja cafeina foi
administrada teve mais convulsdes e um pico continuo nas gravacbes de EEG.
Crises severas foram observadas em 12/15 ratos no grupo cafeina, mas n&do nos
controles. (CUTRUFO et al, 1992)

Uma pesquisa feita com anticonvulsivantes e cafeina, demonstrou que a
mesma apresentou efeitos convulsivantes apos a administracdo do pentilenotetrazol
a 20 mg/kg. (TCHEKALAROVA et al, 2009; CHROSCINSKA-KRAWCZYK et al,
2011) Outro estudo buscou analisar os efeitos epileptogénicos da cafeina e outros
metilxantinas em fatias de hipocampo e corroboraram que a acdo especifica das
metilxantinas est4 correlacionado com suas afinidades com receptores de
adenosina. (MORAIDIS; BINGMAN, 1994; CHROSCINSKA-KRAWCZYK et al 2011)

Em alguns estudos, cujo objetivo era observar a resposta a
anticonvulsivantes em crises convulsivas causadas pela cafeina, ratos foram
tratados com cafeina e com uma das seguintes drogas: carbamazepina, fenitoina,
fenobarbital, acido valpréico, felbamato, oxcarbazepina, lamotrigina, tiagabina,
gabapentina e topiramato. Observou-se que injecdes de cafeina aumentaram
significativamente a quantidade de fenobarbital, carbamazepina, fenitoina,
topiramato, gabapentina, acido valproico e felbamato necessarios para proteger 50%
dos ratos contra convulsdes, enquanto nenhuma alteracdo foi observada com

oxcarbazepina, lamotrigina e tiagabina. (VAN KOERT et al, 2018).
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1.4 Objetivos

1.4.1GERAL
Estudar os efeitos da cafeina sobre o sistema nervoso central para a

caracterizacao de padrao convulsivo.

1.4.2 ESPECIFICOS

o Caracterizar alteracbes comportamentais de animais em convulsao
ocasionada pela aplicacéo intraperitoneal de uma dose toxica de cafeina.

o Caracterizar registros eletrocorticograficos de animais em convulsao
ocasionada pela aplicacao intraperitoneal de cafeina, analisando as forcas
cerebrais (delta, theta, alfa, beta e gama).

o Avaliar a eficacia de drogas anticonvulsivantes no controle de crises

convulsivas causadas pela cafeina.
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Abstract

Caffeine is a psychoactive substance used worldwide. The present study analyzes
the seizure-related behavior and electrocorticographic (ECoG) patterns observed in
Wistar rats following the administration of a toxic dose of caffeine (150 mg/kg;
intraperitoneal). Sixty-three rats were divided into three experiments: 1- Description
of the behavior associated with caffeine-induced convulsion; 2- Comparison of the
electrocorticographic patterns induced by caffeine and pentylenetetrazole (PTZ), and
3- Assessment of the electrocorticographic response to antiepileptic drugs
(diazepam, phenytoin, and phenobarbital). The behavioral analysis demonstrated
tonic-clonic seizures with a loss of postural reflex and a latency of 365.8 seconds
after the administration of the caffeine. Caffeine-induced changes in the ECoG were
consistent with the development of seizures with rapid evolution and burst potential
consistent with the behavioral patterns observed during the caffeine-induced seizure.
The ECoG of the brainwaves varied significantly between the seizures caused by
caffeine and PTZ. The predominant brain forces observed during the seizures were
beta-band oscillations. The caffeine-induced seizures were resistant to attempted
control with phenytoin and phenobarbital, but responded well to diazepam, which is
consistent with a study of Pilocarpine, which showed that diazepam has
anticonvulsant effects. These findings are important for the development of effective
treatments for caffeine intoxication, in particular for individuals with a low seizure
threshold.

Keywords: caffeine, seizures, electrocorticography, intoxication, toxicology.

2.2Introduction

Caffeine, a purine-like molecule (1,3,7-trimethylxanthine), is the most commonly-
used psychostimulant in Western countries (Ullrich et al., 2015; Xu et al., 2015). In
the United States, for example, 85% of the adult population has an average daily
intake of 135 mg of caffeine (reaching 188 mg/day in the 35-49 age group). Caffeine
can be found in coffee, tea, energy drinks, soft drinks, and cocoa (Pong et al., 2015;
Ullrich et al., 2015). Xanthine like caffeine share a number of properties, including the
ability to relax smooth muscles, stimulate the central nervous system, and promote

diuresis (Bueno, 2003; Pauwels et al., 2001). However, high caffeine intake can have
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a range of side effects, and a general limit of 400 mg of caffeine per day is
recommended for adults, given personal variations in metabolism and sensitivity to
this compound (Dam et al., 2020).

When ingested orally, caffeine is absorbed completely and distributed widely,
crossing even the tightly-closed blood-brain barrier with ease. In the brain, caffeine
activates primarily the release of excitatory transmitters and acts as a non-selective
adenosine antagonist for the A1 and A2 receptors (Fisone et al., 2004). Both these
ligands — caffeine and adenosine — are highly similar in their chemical structure
(Huang et al.,, 2005). They may affect the release of neurotransmitters such as
acetylcholine, dopamine, noradrenaline, gamma-aminobutyric acid, and serotonin,
which improves mood (Zhang, 2001), stimulates the body, improves concentration,
and eliminates physical fatigue (Smith, 2002).

In recent years, the risk of caffeine intoxication has increased dramatically due to the
inclusion of this substance in a growing number of medications, such as pain
relievers and stimulants of the Central Nervous System, and dietary supplements,
which are readily available from retailers, including online markets (Cappelletti et al.,
2018).

A number of studies have shown that caffeine may trigger seizures in both normal
and epileptic individuals after the ingestion of a toxic dose (Banner and Czijka., 1980;
Mueller and Solow., 1982; Cohen et al., 1992; Paech., 1996; lyadurai and Chung.,
2007; Roggla and Moser., 2007; Babu et al., 2011) or prolonged periods of intake
(Kaufman and Sachdeo., 2003; Bonilha and Li., 2004 Maiga et al., 2011; Mackow et
al., 2016). This occurs in particular in individuals that have a low seizure threshold
(Kalfman et al., 2003; Van Koert et al., 2018).

The dangers of caffeine are related to its ample diffusion, which results in a high,
partially-conscious consumption pattern, due to the difficulty of determining the
amount ingested. This results in an inability to predict specific effects in terms of the
processes triggered by caffeine — even at a “safe” dose — which may mask
underlying cardiovascular conditions (Cappelletti et al., 2018).

High doses, of over 400 mg/day, appear to induce anxiety, nausea, irritability, and
nervousness. The lethal oral dose for an adult has been estimated to be 10 g
(approximately 150-200 mg/kg). In children, the ingestion of 35 mg/kg can lead to

moderate toxicity (Altermann et al., 2008).
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Electroencephalographic recordings (EEG) are an alternative tool for the assessment
of the electrical activity of the brain through the sum of the postsynaptic potentials
generated by the pyramidal cells of the cerebral cortex through ionic flow (Buzaki et
al., 2012). This technique has proven to be a highly effective procedure for the
measurement of the disturbance of electrical activity in animal models (Van Son et
al., 2018; Voiculescu et al., 2015).

In this context, the present study analyzed seizure-related behavior and
electrocorticographic (ECoG) patterns in Wistar rats following the administration of a
toxic dose of caffeine. It also evaluates the response to classical antiepileptic drugs
(diazepam, phenytoin and phenobarbital) following caffeine-induced seizure.

2.2. Materials and Methods

2.2.1 ANIMALS

Sixty-three adult male Wistar rats (250-280 g) were obtained from the Central Animal
Facility of the Federal University of Pard (UFPA) and kept in the experimental
vivarium of the UFPA Laboratory of Pharmacology and Toxicology of Natural
Products. The animals were housed at a controlled temperature of 23-25°C with a
12-h light-dark cycle, and ad libitum access to food and water.

The present study was conducted in accordance with the precepts of the Brazilian
legislation for animal experimentation and the ethical principles of the National
Council for the Control of Animal Experimentation (CONCEA, Brazil). Prior to
initiating the study, it was approved by the UFPA Committee on Ethics in Research
on the Use of Animals (CEPAE-UFPA: # 4662260819).

2.2.2 EXPERIMENTAL DESIGN

The present study was based on three separate experiments, with n = 9 animals per
experimental group. The first experiment described the convulsive behavior induced
by a toxic dose of caffeine (150 mg/kg; intraperitoneal [ip]), including the latency of
the onset of the convulsions, in this experiment will be identified morphographic
elements that was repeated in the records during the convulsions caused by caffeine.
The second experiment recorded the electrocorticographic (ECoG) patterns of the
rats following the administration of caffeine and compared the results with the ECoGs

of rats that received pentylenetetrazole (PTZ, positive control of induced seizure, 60
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mg/kg, ip) and a control group (saline solution in volume equivalent to the dose of
caffeine applied). Each of these groups consisting of nine animals, which underwent
surgery for the implantation of the electrodes.

In the third experiment, the animals were also divided into three groups of nine
animals, in which electrodes were implanted surgically. Each group was treated with
a different anticonvulsant drug, 60 seconds after the administration of the caffeine,
either (a) diazepam (DZP, 10 mg/kg, intravenous [iv]), (b) phenobarbital (PBT, 10
mg/kg, iv), or (c) phenytoin (PHT, 10 mg/kg, iv). These doses are within the
therapeutic range, and each group received only one of the drugs prior to the
collection of the ECoG recordings.

Overall, 63 animals were used in the present study, considering that each
experimental group consisted of nine animals. Experiment 1 had only a single group
(n = 9 animals), whereas experiments 2 and 3 each involved three groups nine

animals, with a total of 27 animals in each case.

2.2.3 CHEMICALS

Ketamine hydrochloride (Konig laboratory, Santana de Parnaiba-SP, Brazil), xylazine
hydrochloride (Vallée laboratory, Montes Claros-MG, Brazil), and lidocaine
(Hipolabor laboratory, Sabara-MG, Brazil) were used for the surgical implantation of
the electrodes. Caffeine and pentylenetetrazole were obtained from Sigma (USA).
Phenobarbital (Aventis-Pharma, Ribeirdo Preto-SP, Brazil), phenytoin, and diazepam

(Unido Quimica, Embu-Guacu-SP, Brazil) were selected as the anticonvulsant drugs.

2.2.4 DESCRIPTION OF THE SEIZURE-RELATED BEHAVIOR

The behavior associated with the caffeine-induced seizure was described based on
the observation of animals that received a 150 mg/kg dose of caffeine
intraperitoneally (ip). After the administration of the caffeine, the latency of the onset
of each type of convulsive behavior was recorded in the following sequence: (a)
Erection of the vibrissae and retraction of the pin; (b) Immobility with deep and
rhythmic breathing; (c) Excitability and motor incoordination; (d) Tonic spasms of the
forelimbs; (e) Tonic-clonic seizures with transient loss of the postural reflex, and (f)
Tonic-clonic seizures with a loss of the postural reflex. The convulsive condition

evolved rapidly, which justifies the adoption of a 10-minute sampling interval for this
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experiment. The data were pooled for the nine animals of there groups, for the
presentation of the mean and standard deviation the latency of each behavior.

2.2.5 ELECTROCORTICOGRAPHY AND DATA ANALYSIS

The electrodes were implanted surgically at bregma coordinate -0.96, 1 mm to the
side of each hemisphere represented by the motor cortex (Paxinos 2005). Five days
after surgery, the electrodes were connected to a data acquisition system consisting
of a high-impedance amplifier (Grass Technologies, P511), monitored by an
oscilloscope (Protek, 6510). The data were digitized continuously at a rate of 1 KHz
by a computer equipped with a data acquisition board (National Instruments, Austin,
TX), and stored on a hard disk for processing using specialized software (LabVIEW
express). The recording electrode was located on the right side of the hemisphere
and the reference electrode on the left side (Estumano et al., 2019). All experimental
procedures were conducted in a Faraday cage.

A tool was constructed using the Python programming language (version 2.7) for the
analysis of the signals obtained during the experiments. The Numpy and Scipy
libraries were used for mathematical processing and the Matplolib library for
graphics. The graphical interface was developed using the PyQt4 library.

The records were analyzed at frequencied of up to 50 Hz. The bands were analyzed
following Jalilifar et al. (2017) and Hamoy et al. (2018) , who classify the bands as
Delta (1-4 Hz), Theta (4-8 Hz), Alpha (8-12 Hz), Beta (12-28), and Gamma, at 28—
40 Hz (Hamoy et al., 2018; De Melo et al., 2020, Oliveira et al., 2020).

2.2.6 STATISTICAL ANALYSIS

The results are presented as the mean value * standard deviation (SD). The
normality of the variances was verified by the Kolmogorov-Smirnov test and the
homogeneity by the Levene test. The groups were compared using a one-way
Analysis of Variance (ANOVA), followed by Tukey's post hoc test, whenever
appropriate. All the analyses were run in GraphPad® Prism 6, and considered a p <

0.05 significance level.
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2.3. Results

2.3.1 BEHAVIORAL FEATURES OF CAFFEINE-INDUCED SEIZURES

The behavioral test determined the latency of the evolution of seizures following the
administration of caffeine. A rapid evolution to the most intense seizure was
observed. It is important to note here that, while the latency refers to the initial onset
of the seizure (presented here as a mean value for the individual, with its respective
variation), the behavior may be repeated during subsequent seizures. The first
manifestation of a change in behavior is the erection of the vibrissae and retraction of
the pinnae (ears), with a mean latency of 40.78 + 10.12 seconds, followed by
immobility with deep and rhythmic breathing (mean latency = 104.6 + 11.93
seconds). The subsequent behavioral change is the onset of motor excitability and
incoordination (mean latency = 149.2 + 19.39 seconds), followed by tonic spasms of
the forelimbs (mean latency = 179.6 + 15.35 seconds), which are a focal seizure with
secondary generalization. These shifts are followed by tonic-clonic seizure with a
transient loss of the postural reflex (230.1 + 28.68 seconds) and tonic-clonic seizure
with the loss of the postural reflex, with a mean latency of 365.8 + 33.93 seconds. As
shown below, electrocorticographic changes were also triggered by the caffeine, with
their onset coinciding with the latency of the different behavioral components, as

presented here.

2.3.2 ELECTROCORTICOGRAPHY OF THE CONTROL GROUP

The electrocorticographic records of the control group revealed higher power at low
frequencies (0-10 Hz), that is, the delta (1-4 Hz), theta (4-8 Hz), and alpha (8-12
Hz) brainwaves, with reduced amplitude variation. This indicates the synchronization
of the brain between the capture of the signal by the reference electrode (left

hemisphere) and the recording electrode, in the right hemisphere (Figure 1A-D).
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Figure 1. Electrocorticographic records of the control animals (n = 9) obtained during
the present study: (A) Electrocorticographic trace (5 minutes) obtained from the right
hemisphere, using the left hemisphere as a reference. (B) Baseline magnification
over 1 second. (C) Frequency spectrogram showing higher signal power density at
low frequencies (1-10 Hz). (D) Frequency histogram of one of the individuals of there
control group, showing the concentration of power between 1 Hz and 10 Hz.

2.3.3 THE ECOG TRACES OF CAFFEINE-INDUCED SEIZURES HAVE THREE
REPEATED PATTERNS

The caffeine-induced shifts in the ECoG were compatible with the observed
development of the seizures, including their rapid evolution and the potential for
bursts of increased amplitude, shown by the red arrow (Figure 2A). The timing of the
ECoG responses is consistent with that of the behavioral shifts observed during the
observation of the caffeine-induced seizure, including increased excitability and tonic
forelimb spasms (observed at approximately 180 seconds). Caffeine-induced
seizures increased brain wave oscillations, in particular in the 0-50 Hz frequency
range (Figure 2B-C).

The ECoG trace of the caffeine group presented repeated patterns that are identified
here as SP1, SP2 and SP3 (Figure 2D-F), which have amplitudes varying periods,
but are invariably repeated. Each observed pattern contributed to the potency

observed during caffeine-induced seizures.

Julianne Elba Cunha Azevedo Mestrado em Farmacologia e Bioquimica — Pag. 15



Al: D]f)

SP-2 ¢
SP-1 o Change of ECoG trace SP-1
~ 05 1 ll _ o5 l
P ©
8% 0.0 B 0.0V g g -
& e
£ g
<_-05 < _os
Latency
1.0 40.78+10.12 s -y,
B 100 200 300 400 C 800 4 18 a
Time (s)
5 E 1c

10 ks 1 iui
M R
0 100 200 300 400 500 &00

equency (Hz)
w
B R
e 9 ®
NS S
> o &
Amplit
Lo s P
o
N
v
-

Coos

Amplitude (»

Figure 2. Electrocorticographic records of caffeine-induced seizures in Wistar rats,
with a duration of 10 minutes (n = 9): (A) ECoG trace showing the identification points
for SP1 (blue arrow), SP2 (red arrow), SP3 (black arrow), and the general latency
(red line) of the seizure; (B) Frequency spectrogram following the administration of
the caffeine; (C) Frequency histogram of an individual of the caffeine group showing
the concentration of power between 1 Hz and 50 Hz (total of 600 seconds); the
ECoG trace patterns recorded following the administration of caffeine in (D) SP1 (the
blue arrow indicates the shift in the trace following the administration of caffeine), (E)

SP2; (F) SP3.

2.3.4 CHANGES IN THE ECOG PROFILE CAUSED BY PENTYLENETETRAZOLE-
AND CAFFEINE-INDUCED SEIZURES

Caffeine-induced changes in the ECoG trace were compared with the model of
seizures induced by pentylenetetrazole, or PTZ (Figure 3), which shows changes in
the ECoG trace and amplitude oscillations consistent consistent with seizure (Figure
3A, B). The frequency spectrogram indicates an increase in the power distribution at
frequencies of 1-50 Hz (Figure 3C), while the histogram of amplitudes (Figure 3D)
indicates a peak at 3—8 Hz. These patterns were quite distinct from those observed in

the caffeine-induced seizures (Figure 2).
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Figure 3 — Electrocorticographic records (n = 9) of: (A) the EcoG signal following
seizure induced by Pentylenetetrazole (PTZ), over a 10-minute sample; (B)
Magnification of the PTZ-altered ECoG trace at 1 second; (C) Frequency
spectrogram following the PTZ-induced seizure; (D) Histogram (one column per Hz)

of the power concentration (1-50 Hz) of an individual of the PTZ group.

The spectral decomposition of the ECoG records of the delta, theta, alpha, beta, and
gamma waves reveals more evident differences in PTZ-induced seizures (Figure 4A)
in comparison with the caffeine-induced seizures. At frequencies of 1-40 Hz (Figure
4B), the control group had a mean power of 0.04663 + 0.01435 mV ? /Hz x 103,
which was significantly lower (F 2, 24)= 95.32, p < 0.0001) than either the PTZ (1.732
+ 0.3311 mV ?/Hz x 10) or the caffeine group (0.8064 + 0.3034 mV 2 /Hz x 107®).
This demonstrates a significant increase in the potency of the ECoG of both PTZ and

caffeine (Figure 4B), in comparison with the control group.
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Figure 4. (A) Power Spectral Density (PSD) following the administration of caffeine
and pentylenetetrazole, in comparison with the control group. The shaded horizontal
lines indicate the frequency bands (delta, theta, alpha, beta, and gamma). (B) Mean
amplitude recorded during seizures induced by caffeine and pentylenetetrazole in
comparison with the control group. ©® indicates statistical difference for the control

group; ® indicates statistical difference for the caffeine group. p < 0.0001 (n = 9).

2.3.5 CHANGES IN BRAINWAVE OSCILLATIONS CAUSED BY CAFFEINE AND
THE SP2 AND SP3 TRACE PATTERNS

The plot of the Power Spectral Density (PSD) indicates increased amplitudes in the
SP2 and SP3 firing patterns in comparison with the caffeine-induced seizure (Figure
5A). The mean delta oscillation (1-4 Hz) in the control group was 0.01266 =+
0.0009746 mV 2/ Hz x 10, which is significantly lower than the caffeine group (mean
delta = 0.08804 + 0.006953 mV 2/ Hz x 10®), which indicates increase in delta
oscillations under caffeine intoxication (p<0.0001).

The SP2 firing pattern presented a mean value of 0.06474 + 0.009471 mV 2/ Hz x
103, and was not significantly from the mean delta of the caffeine group (Figure 5B).
However, the SP3 was significantly higher (F, 32) = 272.5; p<0.0001), at 0.1317 +
0.01363 mV %/ Hz x 10°,

In the case of the theta band (Figure 5C), the mean oscillation of the control group
was 0.07722 + 0.002454 mV 2/ Hz x 107, significant lower (F232 = 38.89; p <
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0.0001) than the caffeine group (0.1436 + 0.04022 mV ?/ Hz x 107%), SP2 (0.1580 +
0.01175 mV 2/ Hz x 10®) and SP3 (0.1823 + 0.01055 mV?% Hz x 107%). Significant
variation was also found among treatments in the alpha frequencies (Figure 5D), with
the control group presenting the lowest mean (0.004028 + 0.01055 mV 2/ Hz x 10'3),
which was significantly lower (F (332 = 414.4; p<0.0001) than that recorded for the
caffeine group (0.06105 + 0.008481 mV 2/ Hz x 107). The highest power was
recorded for the SP2 group (0.1669 + 0.01882 mV 2/ Hz x 10°), which was
statistically similar to the SP3 group (0.1557 + 0.01013 mV 2/ Hz x 10'3).

The beta band presented the greatest amplitude of oscillation during seizures (Figure
5E), with the SP2 group returning a mean value of 1.698 + 0.3228 mV ?/ Hz x 107,
the highest power recorded in any group, and significantly higher (F (332 = 168.9; p <
0.0001) than the SP3 (0.8805 + 0.1050 mV 2/ Hz x 107%), caffeine (0.2429 + 0.08299
mV 2/ Hz x 10, and control groups (0.006465 + 0.0003215 mV %/ Hz x 107). The
gamma oscillations (Figure 5F) also had the greatest amplitude in SP2, with a mean
of 1.343 £ 0.1839 mV ?/ Hz x 10, which was significantly higher (F (332 = 288.9; p <
0.0001) than the SP3 (0.8776 + 0.08613 mV 2/ Hz x 10 , control (0.03728 +
0.003775 mV 2/ Hz x 10'®), and caffeine groups (0.2289 + 0.06078 mV %/ Hz x 107%).

A-30 -3 Delta1-4 Hz

I [ sk ok
4\,‘( a [ SP-3 | B
/l ' . ‘ z

| Caffeine ||

Figure 5: (A) Power Spectral Density (PSD) recorded following the administration of
caffeine, comparing the SP2 and SP3 patterns with their respective brain oscillations
(1-50 Hz); (B) mean delta power (1-4 Hz) during caffeine-induced seizures and in
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the SP2 and SP3 patterns; (C) mean theta power (4—8 Hz) during caffeine-induced
seizures and in SP2 and SP3; (D) mean alpha power (8-12 Hz) during caffeine-
induced seizures and in SP2 and SP3; (E) mean beta power (12-28 Hz) during
caffeine-induced seizures and in SP2 and SP3; (F) mean gamma power (28—-40 Hz)
during caffeine-induced seizures and in SP2 and SP3. *** p<0.0001; **p<0.001;
*p<0.05. (n = 9).

2.3.6 EFFECTIVENESS OF ANTICONVULSANTS FOR THE CONTROL OF
CAFFEINE-INDUCED SEIZURES

In the control group, the amplitude of the ECoG trace (0.04663 = 0.06078 mV 2 /Hz x
10-3) was significantly lower (Figure 6D) than that of the caffeine group (0.8064 = O
.3034 mV 2 /Hz x 10-3) (p<0.0001).The phenobarbital group ( Figure 6A) had a mean
amplitude of 0.5524 + 0.1144 mV 2 /Hz x 10-3, which was significantly lower than
that of the caffeine group (p<0.05) but still significantly higher than the control group
(p<0.0001) (Figure 6D). Treatment with phenytoin was even less effective (Figure
6B), with an amplitude of 0.7556 + 0.1992 mV2/Hz x 10-3, significantly higher than
the control group (p<0.0001), but not different from the caffeine group (Figure 6D).
Overall, diazepam was the most effective treatment (Figure 6C), with a mean
amplitude of 0.2947 + 0.04515 mV 2 / Hz x 10-3 (Figure 6D) in comparison with
phenobarbital and phenytoin (p<0.0001).showed lower recording potency than
caffeine and phenytoin (p<0.0001), phenobarbital (p<0.05) and higher than the
control group (p<0.05).
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Figure 6 - Electrocorticographic (ECoG) traces demonstrating the action of (A)
phenobarbital (PBT); (B) Phenytoin (PHT), and (C) Diazepam (DZP) when applied in
an attempt to control caffeine-induced seizures (600 s). (D) Mean amplitude recorded
in the control and caffeine groups, and in the groups in which the caffeine-induced
seizures treated with phenobarbital (PBT), phenytoin (PHT), and diazepam (DzP). @
indicates statistical difference for the control group; ® indicates statistical difference
for the caffeine group; © indicates statistical difference for the phenobarbital group:;

@ indicates statistical difference for the phenytoin group. (n = 9).

2.4. Discussion

The pharmacological effects of caffeine include stimulation of the central nervous
system and the heart, which normally occur at plasma concentrations of at least 15
mg/L. Common features of caffeine intoxication, also known as “caffeinism” (a state
of toxicity caused by excessive caffeine consumption), may include anxiety,
restlessness, insomnia, gastrointestinal disturbances, tremors, and psychomotor
agitation (Cappelletti et al., 2018). The present study analyzed the seizure-related
behavior and electrocorticographic (ECoG) patterns of Wistar rats following the
administration of a toxic dose of caffeine, as well as evaluating the response to the
anticonvulsant drugs diazepam, phenytoin and phenobarbital. This study
demonstrated, for the first time, the behavioral and electrocorticographic changes
caused by a toxic dose of caffeine. While factors such as the pharmacokinetic
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differences between humans and rodents must be taken into account, the design of
the experiment presented here provides important insights into the effects of high
doses of caffeine on the brain. Following the administration of caffeine, the condition
of the individual evolved rapidly to the most intense convulsion, with a latency of
approximately 300 seconds to the onset of tonic-clonic crisis with the loss of the
postural reflex.

The caffeine-induced changes in the ECoG were consistent with the development of
the seizures, primarily in terms of their rapid evolution (Figure 2A). There was also a
clear difference in the ECoG trace of the brainwaves of the PTZ seizures in
comparison with the seizures caused by caffeine (Figure 4B). The anticonvulsant
drug diazepam was far more effective for the control of caffeine-induced seizures

than either phenytoin or fenobarbital (Figure 6D).

2.4.1 BEHAVIORAL AND ELECTROCORTICOGRAPHIC CHANGES: THE
CHARACTERISTICS OF THE CAFFEINE-INDUCED CONVULSION COMPARED
WITH OTHER MODELS

The comparison of the timing of the behavioral changes and shifts in the ECoG trace
shows that the two records largely overlap (Figure 2A). The electrocorticographic
responses are thus consistent with the behavioral patterns recorded during the
caffeine-induced seizure, including increased excitability, such as tonic forelimb
spasms (observed at 179.6 + 15.35 seconds from the onset of the seizure).
Extremely high doses of caffeine are known to increase brain excitability and trigger
seizures and encephalopathy in animals, and caffeine is thus widely used as an
animal model of seizure (Bauer and Sander, 2019, Chu N., 1981). The tonic clonic
evolution of the caffeine-induced seizures was consistent with the findings of Van
Koert et al. (2018). The seizure threshold may be lowered when caffeine is used as a
thermogenic or consumed in excess (Babu et al. 2011; Bonilha & Li, 2004; lyadurai &
Chung, 2007). In comparison with the behavioral pattern observed in PTZ-induced
seizures, analyzed extensively by Cutrufo et al. (1992), Luttjohann et al. (2009), and
Goto et al (1983), the common features include the bristling of the vibrissae, followed
by a sudden stop and subsequent excitability, both initiating focally, with secondary
generalization.

Experimental convulsive models have not often used caffeine as an

chemoconvulsant and the ECoG traces are distinct from those observed for PTZ
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(Figures 2, 3 and 4). In experimental models that have used PTZ to induce seizures
Goto et al. (1983), Bauer & Sander, (2019), and Yavuz et al. (2019) found that the
combined use of caffeine permitted a reduction in the dose of PTZ, acting
synergistically to lower the threshold of suceptibility and facilitate the onset of the
seizure. Seizures induced by caffeine presented a standard pattern with the highest
ECoG potency being identified for SP2 (Figure 2).

Following the administration of pilocarpine, the rats presented facial automatisms
associated with moderate salivation, akinesia, and generalized tremors (Turski et al.,
1987; Hoexter et al.,, 2005). Caffeine-induced excitability has many behavioral
features that are similar to the experimental pilocarpine model, albeit with reduced
latency. Hoexter et al. (2005) found that association with caffeine did not influence

the intensity of the seizures in the pilocarpine or kainic acid models.

2.4.2 ELECTROCORTICOGRAPHIC CHANGES: ECOG PATTERNS AND BRAIN
FORCES

The changes observed in the ECoG trace confirm the convulsive potential of caffeine
(Van Koert et al., 2018; Nehlig et al., 1992). The predominant trace patterns were
SP2 and SP3 (figure 2), in which the brain oscillations with the greatest power were
the alpha, beta, and gamma bands.

The SP2 pattern had the greatest potency, and was the principal change observed
during the seizure induced by caffeine. The oscillations in the beta frequency band
(12—-28 Hz) were the most powerful (Figure 5). Nehlig et al. (1992) identified beta as
the band activated most intensively following the administration of caffeine,
regardless of whether the dose is toxic or not. There is also a predominance of beta
waves in PTZ seizures (Luttjohann et al., 2009), and this is the principal feature of
epileptic seizures in general (Van Son et al.,, 2018). Hamoy et al (2018) also
observed a predominance of beta oscillations in seizures induced by cunaniol.

The observed oscillation patterns varied in the other low-frequency bands, that is, the
theta (4-8 Hz), alpha (8-12 Hz), and gamma bands (28-40 Hz). The theta band is
characteristic of low-conscious states (Korotkova et al. 2018; Crivelli-Decker et al.
2018), in which the SP3 pattern is the most prominent. In the case of the alpha band,
which is associated with processes of relaxation and imagination (Minami & Amano,
2017; Ahn et al., 2019), no statistical difference was found between the SP2 and SP3
patterns. In the gamma band, by contrast, which is correlated with visual, tactile and
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auditory stimuli (Merkel et al., 2018; Meler et al., 2020), there was a predominance of
SP2 (Figure 5). The predominant oscillation shifts from pattern SP2 to SP3. In SP2,
the predominant power is in the beta wave band, while in SP3, it is in the delta range,
with the power alternating during the convulsive condition, depending on the

observed pattern.

2.4.3 EVALUATION OF THE ANTICONVULSANT DRUGS FOR THE CONTROL OF
CAFFEINE-INDUCED SEIZURES

Diazepam was the anticonvulsant drug that presented the most effective control of
caffeine-induced seizures, in comparison with Phenobarbital and Phenytoin. The
electrocorticogram of the group pre-treated with benzodiazepine indicated a
decrease in the intensity of the convulsive condition in comparison with the caffeine
group, with a mean value closest to that of the negative control group. Even so, the
ECoG potency was not reduced completely, despite causing an improvement in the
intensity of the cerebral asynchrony during the convulsion. Marangos et al. (1981),
Chweh et al. (1986), and Van et al, (2018) tested diazepam for the control of
caffeine-induced seizures, although it was not found to be effective. The results of
the present study indicate that brain activity did not decrease to baseline levels
following the application of diazepam.

Diazepam presented good results for the control of convulsive conditions induced
experimentally by cunaniol (Costa et al. 2006; Hamoy et al. 2018), and in the control
of the convulsive phase observed during intoxication with oleandrin (De Melo et al.
2020). In general, diazepam is the most effective drug used for the control of
seizures caused by chemoconvulsants. The effects of caffeine on the Central
Nervous System go beyond the simple antagonism of the adenosine receptor (Bauer
& Sander 2019; Esmaile & Heidare 2019; Nehling et al. 1992; Popoli et al. 1987), and
may include the antagonism of benzodiazepine receptors, but in this case, the
binding is weak, which may be related to the better response of diazepam, although
brain activity is not reduced completely (Figure 6).

A number of previous studies (Morrissett et al.,, 1987; Suchomelova et al., 2015;
Tollner et al., 2016; Rossi et al., 2017) have demonstrated the protective action of
Diazepam against the anticonvulsant effects of Pilocarpine. This action is based on

the fact that the drug does not permit the spread of convulsive discharges. In
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caffeine-induced seizures, diazepam reduced the power of the ECoG trace, although
it remained above baseline levels.

Jankiewicz et al. (2007) found that caffeine reduced the effects of the anticonvulsants
phenobarbital and phenytoin against electroshock-induced seizures in mice. Despite
being based on a different model, the results of the present study found no evidence
of any control of the caffeine-induced seizures by phenytoin, and the brain potential
recorded by the ECoG trace was still significantly above the baseline level following
the administration of phenobarbital (Figure 6).

While phenytoin is known to increase caffeine clearance and reduced its half-life by
nearly 50%. (Bauer and Sander, 2019; Wietholtz et al, 1989), the ECoG traces
indicated that neither this drug nor phenobarbital was effective for the control of
caffeine-induced seizures (Figure 6). Previous studies have shown that caffeine
lowers the threshold for PTZ-induced seizures and modifies the response to
anticonvulsants, carbamazepine, phenytoin, and valproate (Luszczki et al., 2006;
Tollner et al, 2016), which is similar to the findings of the present study (Figure 6).
Given this, the consumption of caffeine may interfere with the treatment of epileptic
patients.

Chroscinska-Krawczyk et al. (2011) found that caffeine reduces the protective effects
of traditional antiepileptic drugs (carbamazepine, phenobarbital, phenytoin, and
valproate) as well as the newer compound, topiramate, against
electroconvulsiveness in mice. This indicates that methylxanthines should be taken

with caution in patients with a low seizure threshold.

2.5. Conclusions

Convulsions caused by caffeine are less potent than those triggered by
pentylenetetrazole. The analysis of the electrocorticographic traces of animals in
seizure found three distinct patterns. The highest oscillation in the recording pattern
was observed in the beta wave band, which is consistent with other convulsive
models. Caffeine-induced seizures are resistant to phenytoin and phenobarbital but
respond well to diazepam. These findings provide important insights for the treatment

of caffeine intoxication, in particular for individuals with a low seizure threshold.
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3. CONCLUSOES INTEGRADORAS

As convulsbes causadas pela cafeina sdo menos potentes do que as
desencadeadas pelo pentilenotetrazol. A analise dos tragos eletrocorticograficos dos
animais em convulsao encontrou trés padrdes distintos. A maior oscilagdo no padrao
de registro foi observada na banda de onda beta, o que é consistente com outros
modelos convulsivos. As convulsGes induzidas por cafeina sédo resistentes a
fenitoina e ao fenobarbital, mas respondem bem ao diazepam. Esses achados
fornecem informacgdes importantes para o tratamento da intoxicagdo por cafeina, em

particular para individuos com baixo limiar convulsivo.
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ARTICLE INFO ABSTRACT

Handling Editor: Dr. Jose Luis Domingo Caffeine is a psychoactive substance used worldwide. The present study analyzes the seizure-related behavior

and electrocorticographic (ECoG) patterns observed in rats following of a toxic dose of caffeine (150 mg/kg;

Keywords: intraperitoneal). Sixty-three rats were divided into three experiments: 1-Behavior’s Description associated with
Ca_ffeme caffeine-induced convulsion; 2- Comparison of the electrocorticographic patterns induced by caffeine and pen-
Seizures tylenetetrazole, and 3- Assessment of the electrocorticographic response to antiepileptic drugs (diazepam,
Electrocorticography . . . . . . . .

Intoxication phenytoin, and phenobarbital). The behavioral analysis demonstrated tonic-clonic seizures with a loss of postural
Toxicology reflex and a latency of 365.8 s after the caffeine’s administration. Caffeine-induced changes in the ECoG were

consistent with the development of seizures with rapid evolution and burst potential consistent with the
behavioral patterns observed during the caffeine-induced seizure. The ECoG of the brainwaves varied signifi-
cantly between the seizures caused by caffeine and pentylenetetrazole. The predominant brain forces observed
during the seizures were beta-band oscillations. The caffeine-induced seizures were resistant to attempted control
with phenytoin and phenobarbital, but responded well to diazepam, which is consistent with a study of Pilo-
carpine, which showed that diazepam has anticonvulsant effects. These findings are important for the devel-
opment of effective treatments for caffeine intoxication, in particular for individuals with a low seizure threshold.

1. Introduction

Caffeine, a purine-like molecule (1,3,7-trimethylxanthine), is the
most commonly-used psychostimulant in Western countries (Ullrich
et al.,, 2015; Xu et al., 2015). In the United States, for example, 85% of
the adult population has an average daily intake of 135 mg of caffeine
(reaching 188 mg/day in the 35-49 age group). Caffeine can be found in
coffee, tea, energy drinks, soft drinks, and cocoa (Pong et al., 2015;
Ullrich et al., 2015). Xanthine like caffeine share a number of properties,
including the ability to relax smooth muscles, stimulate the central
nervous system, and promote diuresis (Bueno, 2003; Pauwels et al.,

2001). However, high caffeine intake can have a range of side effects,
and a general limit of 400 mg of caffeine per day is recommended for
adults, given personal variations in metabolism and sensitivity to this
compound (Dam et al., 2020).

When ingested orally, caffeine is absorbed completely and distrib-
uted widely, crossing even the tightly-closed blood-brain barrier with
ease. In the brain, caffeine activates primarily the release of excitatory
transmitters and acts as a non-selective adenosine antagonist for the Al
and A2 receptors (Fisone et al., 2004). Both these ligands - caffeine and
adenosine — are highly similar in their chemical structure (Huang et al.,
2005). They may affect the release of neurotransmitters such as
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acetylcholine, dopamine, noradrenaline, gamma-aminobutyric acid,
and serotonin, which improves mood (Zhang, 2001), stimulates the
body, improves concentration, and eliminates physical fatigue (Smith,
2002).

In recent years, the risk of caffeine intoxication has increased
dramatically due to the inclusion of this substance in a growing number
of medications, such as pain relievers and stimulants of the Central
Nervous System, and dietary supplements, which are readily available
from retailers, including online markets (Cappelletti et al., 2018).

A number of studies have shown that caffeine may trigger seizures in
both normal and epileptic individuals after the ingestion of a toxic dose
(Banner and Czaijka, 1980; Mueller and Solow., 1982; Cohen et al.,
1992; Paech, 1996; Iyadurai and Chung., 2007; Roggla and Moser.,
2007; Babu et al., 2011) or prolonged periods of intake (Kaufman and
Sachdeo., 2003; Bonilha and Li., 2004 Maiga et al., 2012; Mackow et al.,
2016). This occurs in particular in individuals that have a low seizure
threshold (Kaufman and Sachdeo, 2003; Van Koert et al., 2018).

The dangers of caffeine are related to its ample diffusion, which re-
sults in a high, partially-conscious consumption pattern, due to the
difficulty of determining the amount ingested. This results in an inability
to predict specific effects in terms of the processes triggered by caffeine —
even at a “safe” dose — which may mask underlying cardiovascular
conditions (Cappelletti et al., 2018).

High doses, of over 400 mg/day, appear to induce anxiety, nausea,
irritability, and nervousness. The lethal oral dose for an adult has been
estimated to be 10 g (approximately 150-200 mg/kg). In children, the
ingestion of 35 mg/kg can lead to moderate toxicity (Altermann et al.,
2008).

Electroencephalographic recordings (EEG) are an alternative tool for
the assessment of the electrical activity of the brain through the sum of
the postsynaptic potentials generated by the pyramidal cells of the ce-
rebral cortex through ionic flow (Buzsaki et al., 2012). This technique
has proven to be a highly effective procedure for the measurement of the
disturbance of electrical activity in animal models (Van Son et al., 2018;
Voiculescu et al., 2015).

In this context, the present study analyzed seizure-related behavior
and electrocorticographic (ECoG) patterns in Wistar rats following the
administration of a toxic dose of caffeine. It also evaluates the response
to classical antiepileptic drugs (diazepam, phenytoin and phenobarbital)
following caffeine-induced seizure.

2. Materials and methods
2.1. Animals

Sixty-three adult male Wistar rats (250-280 g) were obtained from
the Central Animal Facility of the Federal University of Pard (UFPA) and
kept in the experimental vivarium of the UFPA Laboratory of Pharma-
cology and Toxicology of Natural Products. The animals were housed at
a controlled temperature of 23-25 °C with a 12-h light-dark cycle, and
ad libitum access to food and water.

The present study was conducted in accordance with the precepts of
the Brazilian legislation for animal experimentation and the ethical
principles of the National Council for the Control of Animal Experi-
mentation (CONCEA, Brazil). Prior to initiating the study, it was
approved by the UFPA Committee on Ethics in Research on the Use of
Animals (CEPAE-UFPA: # 4662260819).

2.2. Experimental design

The present study was based on three separate experiments, with n =
9 animals per experimental group. The first experiment described the
convulsive behavior induced by a toxic dose of caffeine (150 mg/kg;
intraperitoneal [ip]), including the latency of the onset of the convul-
sions, in this experiment will be identified morphographic elements that
was repeated in the records during the convulsions caused by caffeine.
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The second experiment recorded the electrocorticographic (ECoG) pat-
terns of the rats following the administration of caffeine and compared
the results with the ECoGs of rats that received pentylenetetrazole (PTZ,
positive control of induced seizure, 60 mg/kg, ip) and a control group
(saline solution in volume equivalent to the dose of caffeine applied).
Each of these groups consisting of nine animals, which underwent sur-
gery for the implantation of the electrodes.

In the third experiment, the animals were also divided into three
groups of nine animals, in which electrodes were implanted surgically.
Each group was treated with a different anticonvulsant drug, 60 s after
the administration of the caffeine, either (a) diazepam (DZP, 10 mg/kg,
intravenous [iv]), (b) phenobarbital (PBT, 10 mg/kg, iv), or (c)
phenytoin (PHT, 10 mg/kg, iv). These doses are within the therapeutic
range, and each group received only one of the drugs prior to the
collection of the ECoG recordings.

Overall, 63 animals were used in the present study, considering that
each experimental group consisted of nine animals. Experiment 1 had
only a single group (n = 9 animals), whereas experiments 2 and 3 each
involved three groups nine animals, with a total of 27 animals in each
case.

2.3. Chemicals

Ketamine hydrochloride (Konig laboratory, Santana de Parnaiba-SP,
Brazil), xylazine hydrochloride (Vallée laboratory, Montes Claros-MG,
Brazil), and lidocaine (Hipolabor laboratory, Sabara-MG, Brazil) were
used for the surgical implantation of the electrodes. Caffeine and pen-
tylenetetrazole were obtained from Sigma (USA). Phenobarbital
(Aventis-Pharma, Ribeirao Preto-SP, Brazil), phenytoin, and diazepam
(Uniao Quimica, Embu-Guacu-SP, Brazil) were selected as the anticon-
vulsant drugs.

2.4. Description of the seizure-related behavior

The behavior associated with the caffeine-induced seizure was
described based on the observation of animals that received a 150 mg/
kg dose of caffeine intraperitoneally (ip). After the administration of the
caffeine, the latency of the onset of each type of convulsive behavior was
recorded in the following sequence: (a) Erection of the vibrissae and
retraction of the pin; (b) Immobility with deep and rhythmic breathing;
(c) Excitability and motor incoordination; (d) Tonic spasms of the
forelimbs; (e) Tonic-clonic seizures with transient loss of the postural
reflex, and (f) Tonic-clonic seizures with a loss of the postural reflex. The
convulsive condition evolved rapidly, which justifies the adoption of a
10-min sampling interval for this experiment. The data were pooled for
the nine animals of there groups, for the presentation of the mean and
standard deviation the latency of each behavior.

2.5. Electrocorticography and data analysis

The electrodes were implanted surgically at bregma coordinate
—0.96, 1 mm to the side of each hemisphere represented by the motor
cortex (Paxinos and Watson, 2005). Five days after surgery, the elec-
trodes were connected to a data acquisition system consisting of a
high-impedance amplifier (Grass Technologies, P511), monitored by an
oscilloscope (Protek, 6510). The data were digitized continuously at a
rate of 1 KHz by a computer equipped with a data acquisition board
(National Instruments, Austin, TX), and stored on a hard disk for pro-
cessing using specialized software (LabVIEW express). The recording
electrode was located on the right side of the hemisphere and the
reference electrode on the left side. All experimental procedures were
conducted in a Faraday cage.

A tool was constructed using the Python programming language
(version 2.7) for the analysis of the signals obtained during the experi-
ments. The Numpy and Scipy libraries were used for mathematical
processing and the Matplolib library for graphics. The graphical
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interface was developed using the PyQt4 library.

The records were analyzed at frequencied of up to 50 Hz. The bands
were analyzed following Jalilifar et al. (2017) and Hamoy et al. (2018),
who classify the bands as Delta (1-4 Hz), Theta (4-8 Hz), Alpha (8-12
Hz), Beta (12-28), and Gamma, at 28-40 Hz (Hamoy et al., 2018; De
Melo et al., 2020; Oliveira et al., 2020).

2.6. Statistical analysis

The results are presented as the mean value + standard deviation
(SD). The normality of the variances was verified by the Kolmogorov-
Smirnov test and the homogeneity by the Levene test. The groups
were compared using a one-way Analysis of Variance (ANOVA), fol-
lowed by Tukey’s post hoc test, whenever appropriate. All the analyses
were run in GraphPad® Prism 6, and considered a p < 0.05 significance
level.

3. Results
3.1. Behavioral features of caffeine-induced seizures

The behavioral test determined the latency of the evolution of sei-
zures following the administration of caffeine. A rapid evolution to the
most intense seizure was observed. It is important to note here that,
while the latency refers to the initial onset of the seizure (presented here
as a mean value for the individual, with its respective variation), the
behavior may be repeated during subsequent seizures. The first mani-
festation of a change in behavior is the erection of the vibrissae and
retraction of the pinnae (ears), with a mean latency of 40.78 + 10.12 s,
followed by immobility with deep and rhythmic breathing (mean la-
tency = 104.6 + 11.93 s). The subsequent behavioral change is the onset
of motor excitability and incoordination (mean latency = 149.2 +
19.39 s), followed by tonic spasms of the forelimbs (mean latency =
179.6 + 15.35 s), which are a focal seizure with secondary generaliza-
tion. These shifts are followed by tonic-clonic seizure with a transient
loss of the postural reflex (230.1 + 28.68 s) and tonic-clonic seizure with
the loss of the postural reflex, with a mean latency of 365.8 + 33.93 s. As
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shown below, electrocorticographic changes were also triggered by the
caffeine, with their onset coinciding with the latency of the different
behavioral components, as presented here.

3.2. Electrocorticography of the control group

The electrocorticographic records of the control group revealed
higher power at low frequencies (0-10 Hz), that is, the delta (1-4 Hz),
theta (4-8 Hz), and alpha (8-12 Hz) brainwaves, with reduced ampli-
tude variation. This indicates the synchronization of the brain between
the capture of the signal by the reference electrode (left hemisphere) and
the recording electrode, in the right hemisphere (Fig. 1A-D).

3.3. The ECoG traces of caffeine-induced seizures have three repeated
patterns

The caffeine-induced shifts in the ECoG were compatible with the
observed development of the seizures, including their rapid evolution
and the potential for bursts of increased amplitude, shown by the red
arrow (Fig. 2A). The timing of the ECoG responses is consistent with that
of the behavioral shifts observed during the observation of the caffeine-
induced seizure, including increased excitability and tonic forelimb
spasms (observed at approximately 180 s). Caffeine-induced seizures
increased brain wave oscillations, in particular in the 0-50 Hz frequency
range (Fig. 2B and C).

The ECoG trace of the caffeine group presented repeated patterns
that are identified here as SP1, SP2 and SP3 (Fig. 2D-F), which have
amplitudes varying periods, but are invariably repeated. Each observed
pattern contributed to the potency observed during caffeine-induced
seizures.

3.4. Changes in the ECoG profile caused by pentylenetetrazole- and
caffeine-induced seizures

Caffeine-induced changes in the ECoG trace were compared with the

model of seizures induced by pentylenetetrazole, or PTZ (Fig. 3), which
shows changes in the ECoG trace and amplitude oscillations consistent
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Fig. 2. Electrocorticographic records of caffeine-induced seizures in Wistar rats, with a duration of 10 min (n = 9): (A) ECoG trace showing the identification points
for SP1 (blue arrow), SP2 (red arrow), SP3 (black arrow), and the general latency (red line) of the seizure; (B) Frequency spectrogram following the administration of
the caffeine; (C) Frequency histogram of an individual of the caffeine group showing the concentration of power between 1 Hz and 50 Hz (total of 600 s); the ECoG
trace patterns recorded following the administration of caffeine in (D) SP1 (the blue arrow indicates the shift in the trace following the administration of caffeine), (E)
SP2; (F) SP3. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

consistent with seizure (Fig. 3A and B). The frequency spectrogram in-
dicates an increase in the power distribution at frequencies of 1-50 Hz
(Fig. 3C), while the histogram of amplitudes (Fig. 3D) indicates a peak at
3-8 Hz. These patterns were quite distinct from those observed in the
caffeine-induced seizures (Fig. 2).

The spectral decomposition of the ECoG records of the delta, theta,
alpha, beta, and gamma waves reveals more evident differences in PTZ-
induced seizures (Fig. 4A) in comparison with the caffeine-induced
seizures. At frequencies of 1-40 Hz (Fig. 4B), the control group had a
mean power of 0.04663 + 0.01435 mV 2/Hz x 103, which was signif-
icantly lower (F (2, 24y = 95.32, p < 0.0001) than either the PTZ (1.732
4+ 0.3311 mV 2/Hz x 10~2) or the caffeine group (0.8064 =+ 0.3034 mV
2/Hz x 103). This demonstrates a significant increase in the potency of
the ECoG of both PTZ and caffeine (Fig. 4B), in comparison with the
control group.

3.5. Changes in brainwave oscillations caused by caffeine and the SP2
and SP3 trace patterns

The plot of the Power Spectral Density (PSD) indicates increased
amplitudes in the SP2 and SP3 firing patterns in comparison with the
caffeine-induced seizure (Fig. 5A). The mean delta oscillation (1-4 Hz)
in the control group was 0.01266 =+ 0.0009746 mV 2/Hz x 103, which
is significantly lower than the caffeine group (mean delta = 0.08804 +

0.006953 mV 2/Hz x 10*3), which indicates increase in delta oscillations
under caffeine intoxication (p < 0.0001).

The SP2 firing pattern presented a mean value of 0.06474 +
0.009471 mV 2/Hz x 1073, and was not significantly from the mean
delta of the caffeine group (Fig. 5B). However, the SP3 was signiﬁcantly
h1gher (F (3, 32) = 272.5; p < 0.0001), at 0.1317 + 0.01363 mV 2/Hz x
1073

In the case of the theta band (Fig. 5C), the mean oscillation of the
control group was 0.07722 =+ 0.002454 mV 2/Hz x 1073, significant
lower (F (2.32) = 38.89; p < 0.0001) than the caffeine group (0.1436 +
0.04022 mV %/Hz x 10~3), SP2 (0.1580 + 0.01175 mV >/Hz x 10~>) and
SP3 (0.1823 + 0.01055 mV2/Hz x 10™>). Significant variation was also
found among treatments in the alpha frequencies (Fig. 5D), with the
control group presenting the lowest mean (0.004028 + 0.01055 mV 2/
Hz x 10’3), which was significantly lower (F (3 32) = 414.4; p < 0.0001)
than that recorded for the caffeine group (0.06105 = 0.008481 mV %/Hz
x 1073). The highest power was recorded for the SP2 group (0.1669 +
0.01882 mV 2/Hz x 10’3), which was statistically similar to the SP3
group (0.1557 + 0.01013 mV 2/Hz x 10~3).

The beta band presented the greatest amplitude of oscillation during
seizures (Fig. 5E), with the SP2 group returning a mean value of 1.698
+0.3228 mV 2/Hz x 102, the highest power recorded in any group, and
significantly higher (F (3.32) = 168.9; p < 0.0001) than the SP3 (0.8805
+ 0.1050 mV %/Hz x 1073), caffeine (0.2429 + 0.08299 mV 2/Hz x
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0.0001 (n = 9).

10~%), and control groups (0.006465 + 0.0003215 mV 2/Hz x 107%).
The gamma oscillations (Fig. 5F) also had the greatest amplitude in SP2,
with a mean of 1.343 + 0.1839 mV 2/Hz x 10~3, which was significantly
higher (F (3.32) = 288.9; p < 0.0001) than the SP3 (0.8776 + 0.08613
mV %/Hz x 1073), control (0.03728 + 0.003775 mV 2/Hz x 10~%), and
caffeine groups (0.2289 + 0.06078 mV 2/Hz x 10_3).

indicates statistical difference for the control group;

® indicates statistical difference for the caffeine group. p <

3.6. Effectiveness of anticonvulsants for the control of caffeine-induced
seizures

In the control group, the amplitude of the ECoG trace (0.04663 +
0.06078 mV 2/Hz x 10-3) was significantly lower (Fig. 6D) than that of
the caffeine group (0.8064 + 0 0.3034 mV 2/Hz x 10-3) (p < 0.0001).
The phenobarbital group (Fig. 6A) had a mean amplitude of 0.5524 +
0.1144 mV 2/Hz x 10-3, which was significantly lower than that of the
caffeine group (p < 0.05) but still significantly higher than the control
group (p < 0.0001) (Fig. 6D). Treatment with phenytoin was even less



J.E.C. Azevedo et al. Food and Chemical Toxicology 170 (2022) 113452

A -30 : Delta1-4 Hz
. | sp-2 s -
| spP-3
Caffeine

W\\ﬁ 1/'/\1/\\&/; H

Py
L My

10 20 30
Frequency (H=)

Q=

Amplitude

Beta12-28 Hz Gamma 28-40 Hz

@)

= ¥ l—__***x_
., 2 I_"tl_
5 o e 20
= = x 15

= =
E ~ T 1.0
3 z N
o = > 05 ‘
2 : :
= E £ 0.05 = ,
: : 5o E
£ © 0.03
= o
- g © 0.02 ——]
5] 5 0.01
E & 3 0.00

L] > & £“ -
©O' § o -
& & K &
< [va

Fig. 5. (A) Power Spectral Density (PSD) recorded following the administration of caffeine, comparing the SP2 and SP3 patterns with their respective brain os-
cillations (1-50 Hz); (B) mean delta power (1-4 Hz) during caffeine-induced seizures and in the SP2 and SP3 patterns; (C) mean theta power (4-8 Hz) during caffeine-
induced seizures and in SP2 and SP3; (D) mean alpha power (8-12 Hz) during caffeine-induced seizures and in SP2 and SP3; (E) mean beta power (12-28 Hz) during

caffeine-induced seizures and in SP2 and SP3; (F) mean gamma power (28-40 Hz) during caffeine-induced seizures and in SP2 and SP3. ***p <0.0001; **p <0.001;
*<0.05. (n=9).

A B
w0 PBT i PHT " DZP
05 0s 05

Amplitude (mV)
°
l

Amplitude (mV)

Amplitude (mV)
°
l

0 160 200 360 400 560 600 & 160 360 360 %00 500 600 0 100 200 300 400 500 600
Time (s) Time (s) Time (s)
D
1.59
? alc
o .
; 1.0 a’b
~ 0.54 é ‘ a/b/e/d
NE | R A
>
£
g
3
o
T
N Q
&
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effective (Fig. 6B), with an amplitude of 0.7556 + 0.1992 mV2/Hz x 10-
3, significantly higher than the control group (p < 0.0001), but not
different from the caffeine group (Fig. 6D). Overall, diazepam was the
most effective treatment (Fig. 6C), with a mean amplitude of 0.2947 +
0.04515 mV 2/Hz x 10-3 (Fig. 6D) in comparison with phenobarbital
and phenytoin (p < 0.0001).showed lower recording potency than
caffeine and phenytoin (p < 0.0001), phenobarbital (p < 0.05) and

indicates statistical
indicates statistical difference for the phenytoin group. (n = 9).

higher than the control group (p < 0.05).
4. Discussion
The pharmacological effects of caffeine include stimulation of the

central nervous system and the heart, which normally occur at plasma
concentrations of at least 15 mg/L. Common features of caffeine
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intoxication, also known as “caffeinism” (a state of toxicity caused by
excessive caffeine consumption), may include anxiety, restlessness,
insomnia, gastrointestinal disturbances, tremors, and psychomotor
agitation (Cappelletti et al., 2018). The present study analyzed the
seizure-related behavior and electrocorticographic (ECoG) patterns of
Wistar rats following the administration of a toxic dose of caffeine, as
well as evaluating the response to the anticonvulsant drugs diazepam,
phenytoin and phenobarbital. This study demonstrated, for the first
time, the behavioral and electrocorticographic changes caused by a toxic
dose of caffeine. While factors such as the pharmacokinetic differences
between humans and rodents must be taken into account, the design of
the experiment presented here provides important insights into the ef-
fects of high doses of caffeine on the brain. Following the administration
of caffeine, the condition of the individual evolved rapidly to the most
intense convulsion, with a latency of approximately 300 s to the onset of
tonic-clonic crisis with the loss of the postural reflex.

The caffeine-induced changes in the ECoG were consistent with the
development of the seizures, primarily in terms of their rapid evolution
(Fig. 2A). There was also a clear difference in the ECoG trace of the
brainwaves of the PTZ seizures in comparison with the seizures caused
by caffeine (Fig. 4B). The anticonvulsant drug diazepam was far more
effective for the control of caffeine-induced seizures than either
phenytoin or fenobarbital (Fig. 6D).

4.1. Behavioral and electrocorticographic changes: the characteristics of
the caffeine-induced convulsion compared with other models

The comparison of the timing of the behavioral changes and shifts in
the ECoG trace shows that the two records largely overlap (Fig. 2A). The
electrocorticographic responses are thus consistent with the behavioral
patterns recorded during the caffeine-induced seizure, including
increased excitability, such as tonic forelimb spasms (observed at 179.6
+ 15.35 s from the onset of the seizure). Extremely high doses of caffeine
are known to increase brain excitability and trigger seizures and en-
cephalopathy in animals, and caffeine is thus widely used as an animal
model of seizure (Bauer and Sander, 2019; Chu N., 1981). The tonic
clonic evolution of the caffeine-induced seizures was consistent with the
findings of Van Koert et al. (2018). The seizure threshold may be low-
ered when caffeine is used as a thermogenic or consumed in excess
(Babu et al., 2011; Bonilha and Li, 2004; Iyadurai and Chung, 2007). In
comparison with the behavioral pattern observed in PTZ-induced sei-
zures, analyzed extensively by Cutrufo et al. (1992), Liittjohann et al.
(2009), and Goto et al. (1983), the common features include the bris-
tling of the vibrissae, followed by a sudden stop and subsequent excit-
ability, both initiating focally, with secondary generalization.

Experimental convulsive models have not often used caffeine as an
chemoconvulsant and the ECoG traces are distinct from those observed
for PTZ (Figs. 2-4). In experimental models that have used PTZ to induce
seizures Goto et al. (1983), Bauer & Sander (2019), and Yavuz et al.
(2019) found that the combined use of caffeine permitted a reduction in
the dose of PTZ, acting synergistically to lower the threshold of sus-
ceptibility and facilitate the onset of the seizure. Seizures induced by
caffeine presented a standard pattern with the highest ECoG potency
being identified for SP2 (Fig. 2).

Following the administration of pilocarpine, the rats presented facial
automatisms associated with moderate salivation, akinesia, and gener-
alized tremors (Turski et al.,, 1987; Hoexter et al., 2005).
Caffeine-induced excitability has many behavioral features that are
similar to the experimental pilocarpine model, albeit with reduced la-
tency. Hoexter et al. (2005) found that association with caffeine did not
influence the intensity of the seizures in the pilocarpine or kainic acid
models.

4.2. Electrocorticographic changes: ECoG patterns and brain forces

The changes observed in the ECoG trace confirm the convulsive
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potential of caffeine (Van Koert et al., 2018; Nehlig et al., 1992). The
predominant trace patterns were SP2 and SP3 (Fig. 2), in which the
brain oscillations with the greatest power were the alpha, beta, and
gamma bands.

The SP2 pattern had the greatest potency, and was the principal
change observed during the seizure induced by caffeine. The oscillations
in the beta frequency band (12-28 Hz) were the most powerful (Fig. 5).
Nehlig et al. (1992) identified beta as the band activated most inten-
sively following the administration of caffeine, regardless of whether the
dose is toxic or not. There is also a predominance of beta waves in PTZ
seizures (Liittjohann et al., 2009), and this is the principal feature of
epileptic seizures in general (Van Son et al., 2018). Hamoy et al. (2018)
also observed a predominance of beta oscillations in seizures induced by
cunaniol.

The observed oscillation patterns varied in the other low-frequency
bands, that is, the theta (4-8 Hz), alpha (8-12 Hz), and gamma bands
(28-40 Hz). The theta band is characteristic of low-conscious states
(Korotkova et al., 2018; Crivelli-Decker et al., 2018), in which the SP3
pattern is the most prominent. In the case of the alpha band, which is
associated with processes of relaxation and imagination (Minami and
Amano, 2017; Ahn et al., 2019), no statistical difference was found
between the SP2 and SP3 patterns. In the gamma band, by contrast,
which is correlated with visual, tactile and auditory stimuli (Merkel
et al.,, 2018; Meier et al., 2020), there was a predominance of SP2
(Fig. 5). The predominant oscillation shifts from pattern SP2 to SP3. In
SP2, the predominant power is in the beta wave band, while in SP3, it is
in the delta range, with the power alternating during the convulsive
condition, depending on the observed pattern.

4.3. Evaluation of the anticonvulsant drugs for the control of caffeine-
induced seizures

Diazepam was the anticonvulsant drug that presented the most
effective control of caffeine-induced seizures, in comparison with
Phenobarbital and Phenytoin. The electrocorticogram of the group pre-
treated with benzodiazepine indicated a decrease in the intensity of the
convulsive condition in comparison with the caffeine group, with a
mean value closest to that of the negative control group. Even so, the
ECoG potency was not reduced completely, despite causing an
improvement in the intensity of the cerebral asynchrony during the
convulsion. Marangos et al. (1981), Chweh et al. (1986), and Van Son
et al. (2018) tested diazepam for the control of caffeine-induced sei-
zures, although it was not found to be effective. The results of the pre-
sent study indicate that brain activity did not decrease to baseline levels
following the application of diazepam.

Diazepam presented good results for the control of convulsive con-
ditions induced experimentally by cunaniol (Costa et al. 2006; Hamoy
et al., 2018), and in the control of the convulsive phase observed during
intoxication with oleandrin (De Melo et al., 2020). In general, diazepam
is the most effective drug used for the control of seizures caused by
chemoconvulsants. The effects of caffeine on the Central Nervous Sys-
tem go beyond the simple antagonism of the adenosine receptor (Bauer
and Sander, 2019; Esmaili and Heydari, 2019; Nehlig et al., 1992; Popoli
et al., 1987), and may include the antagonism of benzodiazepine re-
ceptors, but in this case, the binding is weak, which may be related to the
better response of diazepam, although brain activity is not reduced
completely (Fig. 6).

A number of previous studies (Morrisett et al., 1987; Suchomelova
et al., 2015; Torllner et al., 2016; Rossi et al., 2017) have demonstrated
the protective action of Diazepam against the anticonvulsant effects of
Pilocarpine. This action is based on the fact that the drug does not permit
the spread of convulsive discharges. In caffeine-induced seizures, diaz-
epam reduced the power of the ECoG trace, although it remained above
baseline levels.

Jankiewicz et al. (2007) found that caffeine reduced the effects of the
anticonvulsants phenobarbital and phenytoin against
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electroshock-induced seizures in mice. Despite being based on a
different model, the results of the present study found no evidence of any
control of the caffeine-induced seizures by phenytoin, and the brain
potential recorded by the ECoG trace was still significantly above the
baseline level following the administration of phenobarbital (Fig. 6).

While phenytoin is known to increase caffeine clearance and reduced
its half-life by nearly 50%. (Bauer and Sander, 2019; Wietholtz et al.,
1989), the ECoG traces indicated that neither this drug nor phenobar-
bital was effective for the control of caffeine-induced seizures (Fig. 6).
Previous studies have shown that caffeine lowers the threshold for
PTZ-induced seizures and modifies the response to anticonvulsants,
carbamazepine, phenytoin, and valproate (Luszczki et al., 2006; Torll-
ner et al., 2016), which is similar to the findings of the present study
(Fig. 6). Given this, the consumption of caffeine may interfere with the
treatment of epileptic patients.

Chroscinska-Krawczyk et al. (2011) found that caffeine reduces the
protective effects of traditional antiepileptic drugs (carbamazepine,
phenobarbital, phenytoin, and valproate) as well as the newer com-
pound, topiramate, against electroconvulsiveness in mice. This indicates
that methylxanthines should be taken with caution in patients with a
low seizure threshold.

5. Conclusions

Convulsions caused by caffeine are less potent than those triggered
by pentylenetetrazole. The analysis of the electrocorticographic traces of
animals in seizure found three distinct patterns. The highest oscillation
in the recording pattern was observed in the beta wave band, which is
consistent with other convulsive models. Caffeine-induced seizures are
resistant to phenytoin and phenobarbital but respond well to diazepam.
These findings provide important insights for the treatment of caffeine
intoxication, in particular for individuals with a low seizure threshold.
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