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APRESENTAÇÃO 

 

Conforme as normas do Programa de Pós Graduação em Ciências 

Biológicas: Bioquímica, a presente tese de doutorado está organizada em três 

partes e os resultados estão apresentados na forma de artigo científico. 

A Parte I contém os Resumos, a Lista de Abreviaturas, a Introdução e os 

Objetivos do trabalho. 

A Parte II aborda essencialmente os Materiais e Métodos e os 

Resultados do trabalho, sendo apresentada na forma de capítulos constituídos 

por artigos científicos publicados e/ou em preparação. O capítulo 1 refere-se ao 

artigo intitulado “The Janus face of caffeine”. O capítulo 2 refere-se ao artigo 

intitulado “Prenatal caffeine intake differently affects synaptic proteins during 

fetal brain development”. O capítulo 3 refere-se ao artigo intitulado “The impact 

of different doses of caffeine during rat brain development in neurobehavioral 

development and glutamate receptors and transporter ontogeny.” 

A Parte III constitui-se da interpretação dos resultados (Discussão), 

Conclusões, Perspectivas e Referências. 

As sessões de introdução, discussão e conclusão encontradas nesta 

tese apresentam interpretações e comentários gerais sobre os resultados 

presentes nos artigos científicos. As referências bibliográficas adicionais ao 

final desta tese representam as utilizadas apenas nas partes I e III desta tese. 
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RESUMO 

A cafeína é um psicoestimulante muito consumido na dieta, tendo como 
principais fontes alimentares o café, o chá verde, refrigerantes de cola e 
energéticos. Uma vez que a cafeína ultrapassa a placenta e a barreira 
hematoencefálica, o consumo de cafeína durante a gestação pode afetar o feto 
em qualquer momento da gravidez. Alguns estudos têm mostrado que o 
consumo excessivo de cafeína em humanos pode estar associado com o 
aumento de aborto espontâneo e de baixo peso ao nascer. No entanto, é difícil 
de controlar fatores de confusão; dessa maneira, estudos experimentais são 
importantes para avaliar o efeito do consumo de cafeína no desenvolvimento 
encefálico. No primeiro capítulo desta tese, ratas Wistar foram tratadas com 
cafeína na água de beber (0,1; 0,3 e 1,0 g/L, o que corresponde à baixa, 
moderada e elevada ingestão, respectivamente), durante o ciclo escuro em dias 
de semana, duas semanas antes do acasalamento e durante toda a gestação. 
As ratas foram sacrificadas no dia embrionário 18 ou 20 (E18 ou E20, 
respectivamente), e o córtex e o hipocampo dos fetos foram dissecados para 
análise por Western Blot. Verificamos o imunoconteúdo cortical e hipocampal 
das seguintes proteínas: Proteína Associada ao Cone de Crescimento (GAP-43), 
Sonic Hedgehog (Shh), Proteína Associada ao Sinaptossoma (SNAP-25), Fator 
Neurotrófico Derivado do Encéfalo (BDNF) e seu receptor Tirosina Cinase B 
(TrkB). Além disso, foi avaliado o número de células neuronais e não-neuronais 
em ambas idades e regiões encefálicas pela marcação de NeuN. Em E18 no 
hipocampo, a maior dose de cafeína diminuiu TrkB e aumentou Shh, e a dose 
moderada (0,3 g/L) reduziu GAP-43; no córtex, houve uma diminuição de BDNF 
e um aumento de Shh nos embriões expostos à dose mais alta de cafeína nessa 
idade. No E20, o BDNF cortical foi aumentado pela dose mais elevada, e as 
doses de 0,3 g/L e 1,0 g/L de cafeína aumentaram Shh no hipocampo. Não 
houve efeito da dose mais baixa (0,1 g/L) no imunoconteúdo das proteínas 
estudadas em ambas as estruturas encefálicas e idades embrionárias. O número 
de células neuronais foi aumentado pela dose mais baixa de cafeína no córtex 
em E20, e a dose moderada aumentou o número de neurônios hipocampais em 
E18. A exposição de cafeína durante a embriogênese em roedores influenciou 
em modificações de proteínas cruciais para o desenvolvimento encefálico. Por 
isso, seria necessário analisar se estas modificações poderiam refletir em 
alterações pós-natais no desenvolvimento. Para isso, utilizando a mesma escala 
de tratamento de cafeína durante a gestação e lactação, verificamos o 
desenvolvimento motor e reflexo, o metabolismo da cafeína e a sinalização 
glutamatérgica nos dias pós-natal (DPN) 7, 14 e 21. Não houve diferença no 
desenvolvimento reflexo dos animais que receberam cafeína. A atividade 
locomotora aumentou com a idade, mas a cafeína não influenciou na locomoção. 
No entanto, cafeína a 1,0 g/L reduziu o peso corporal dos filhotes nos DPN 14 e 
21, enquanto a exposição à 0,3 g/L de cafeína reduziu o peso corporal no DPN 
21. Os níveis plasmáticos de cafeína e teobromina não foram afetados pela 
idade, mas encontramos interação de idade e tratamento nos níveis plasmáticos 
de paraxantina e teofilina. No DPN 7, a ingestão moderada de cafeína (0,3 g/L) 
aumentou o GLT-1 e a razão pGluN1/GluN1 no córtex, enquanto que a dose 
mais elevada (1,0 g/L) diminuiu o GLT-1 e aumentou a razão pGluN1/GluN1 no 
hipocampo; todas as doses de cafeína aumentaram o GluA1 hipocampal nesta 
idade. A dose moderada de cafeína aumentou o mGlu5 em ambas as estruturas 
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encefálicas e aumentou o GluA1 no córtex no DPN 14. Cafeína a 0,3 g/L diminuiu 
GluA1 e mGlu5 no córtex e aumentou GluN2A hipocampal no DPN 21, e a dose 
mais elevada também diminuiu o mGlu5 cortical no DPN 21; a dose moderada 
reduziu o imunoconteúdo hipocampal de GluA1 e mGlu5 nesta idade. A ligação 
específica ao glutamato (binding) foi transitoriamente reduzida no córtex no DPN 
14 pela dose moderada (0,3 g/L), retornando a níveis semelhantes ao controle 
no DPN 21. Com este trabalho  enfatizamos a importância de haver um controle 
do consumo de cafeína  durante um período crítico para o desenvolvimento e 
maturação encefálica, no entanto mais estudos são necessários para investigar 
o impacto dessas alterações a longo prazo. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



4 
 

ABSTRACT 

Caffeine is the most consumed psychostimulant worldwide, present in coffee, 
green tea, cola soft drinks and energy drinks. Since caffeine freely crosses 
placenta and blood-brain barrier during pregnancy, epidemiology studies have 
found association between caffeine intake and miscarriage and low birth weight; 
however, some confounding factors may affect the results. Therefore, animal 
studies are an important tool to evaluate caffeine intake during brain 
development. In the first chapter of this thesis, adult female Wistar rats received 
caffeine in the drinking water (0.1, 0.3 and 1.0 g/L) during the active cycle in 
weekdays, two weeks before mating and throughout pregnancy. Cerebral cortex 
and hippocampus from embryonic stages 18 or 20 (E18 or E20, respectively) 
were collected for immunodetection of the following synaptic proteins: brain-
derived neurotrophic factor (BDNF), TrkB receptor, Sonic Hedgehog (Shh), 
Growth Associated Protein 43 (GAP-43) and Synaptossomal-associated Protein 
25 (SNAP-25). We also estimated the number of NeuN-stained nuclei (mature 
neurons) and non-neuronal nuclei in both brain regions and embryonic periods. 
At E18 in hippocampus, high caffeine intake (1.0 g/L) decreased TrkB and 
increased Shh, whereas the moderate dose reduced hippocampal GAP-43. In 
whole cortex, BDNF was decreased and Shh was increased in fetuses exposed 
to the highest dose of caffeine. At E20, BDNF in whole cortex increased at the 
highest dose, and Shh in hippocampus increased at both moderate and high 
caffeine doses of caffeine. The lowest dose of caffeine has no effect in all proteins 
assessed in whole cortex and hippocampus for both embryonic stages. NeuN-
stained nuclei was increased in the cortex at E20 and in the hippocampus at E18 
by lower and moderate doses of caffeine, respectively. Caffeine exposure during 
rat embryogenesis modified key proteins in brain development. Therefore, it is 
essential to evaluate whether these changes may reflect in alterations 
postnatally. For this, using the same protocol of caffeine administration, we 
studied whether different doses of caffeine intake during pregnancy and lactation 
may affect reflex and motor development, caffeine metabolism, ontogeny of 
glutamate receptors and transporter and glutamate binding in cortex and 
hippocampus in pups at post-natal days (PND) 7, 14 and 21. We did not find 
differences in reflex development. However, the highest dose decreased body 
weight from PND 14 up to weaning (PND 21), whereas 0.3 g/L caffeine decreased 
body weight at PND 21. Locomotor activity increased with age, but it was not 
modified by caffeine at any dose. Caffeine and theobromine plasma levels were 
unaffected by age, but there was interaction between age and dose in plasma 
levels of paraxanthine and theophylline. At PND 7, moderate caffeine intake (0.3 
g/L) increased GLT-1 and pGluN1/GluN1 ratio in whole cortex, whereas the 
highest dose decreased GLT-1 and increased pGluN1/GluN1 ratio in 
hippocampus. All doses of caffeine increased hippocampal GluA1 at this age. 
Moreover, moderate dose of caffeine increased mGlu5 in both brain structures 
and increased GluA1 in whole cortex at PND 14. Caffeine 0.3 g/L decreased 
cortical GluA1 and mGlu5 and increased hippocampal GluN2A at PND 21. The 
highest dose also decreased cortical mGlu5 at this age. Conversely, the moderate 
dose decreased GluA1 and mGlu5 in hippocampus at this age. Glutamate binding 
were transiently reduced in cortex from rat pups exposed to the lowest dose of 
caffeine up to PND 14, but it was normalized at PND 21. This work emphasizes 
the importance of controlling caffeine intake during critical periods of rat brain 
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development and maturation, and more research is needed to evaluate the 
impact of these changes later in life. 
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LISTA DE ABREVIATURAS 

A1: Receptor de adenosina do tipo 1 

A2A: Receptor de adenosina do tipo 2A 

A2B: Receptor de adenosina do tipo 2B 

A3: Receptor de adenosina do tipo 3 

Akt: Proteína cinase B 

AMPA: Ácido α-amino-3-hidróxi-5-metilisoxazol-4-propiônico 

AMPc: AMP cíclico 

BDNF: Fator neurotrófico derivado do encéfalo (do inglês Brain-Derived 

Neurotrophic Factor) 

CAMKII: Ca2+/calmodulina cinase II (do inglês Ca2+/calmodulin-dependent 

protein kinase II) 

CREB: Proteína de ligação ao AMPc (do inglês cAMP response element-

binding protein) 

CYP450: Citocromo P 450 

CYP1A2: Subunidade do citocromo P 450 

EAAC: Transportador de glutamato (do inglês Excitatory Amino Acid Carrier)  

EAAT: Transportador de glutamato (do inglês Excitatory Amino Acid Transporter) 

ERK: Proteína cinase extracelular regulada (do inglês Ras/extracellular signal-

regulated kinase) 

FDA: Food and Drug Administration 

GAP-43: Proteína associada ao cone de crescimento de 43 kDa (do inglês 

Growth-Associated Protein 43) 

GLAST: Transportador de glutamato (do inglês Glutamate aspartate transporter) 

GluA1: Subunidade A1 do receptor AMPA 
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GluA2: Subunidade A2 do receptor AMPA 

GluA3: Subunidade A3 do receptor AMPA 

GluA4: Subunidade A4 do receptor AMPA 

GLT-1: Transportador de glutamato (do inglês Glutamate transporter subtype 1) 

KA: Cainato (do inglês kainate) 

MAPK: Proteína cinase ativadora de mitógeno (do inglês Mitogen-activated 

protein kinase) 

mGlu1: Receptor metabotrópico de glutamato 1 

mGlu2: Receptor metabotrópico de glutamato 2 

mGlu3: Receptor metabotrópico de glutamato 3 

mGlu4: Receptor metabotrópico de glutamato 4 

mGlu5: Receptor metabotrópico de glutamato 5 

mGlu6: Receptor metabotrópico de glutamato 6 

mGlu7: Receptor metabotrópico de glutamato 7 

mGlu8: Receptor metabotrópico de glutamato 8 

NGF: Fator de crescimento do nervo (do inglês Nerve Growth Factor) 

NMDA: N-metil-D-aspartato 

GLAST: Transportador de glutamato (do inglês Glutamate–aspartate 

Transporter)  

GLT-1: Transportador de glutamato-1 (do inglês Glutamate Transporter) 

GluN1: Subunidade 1 do receptor de NMDA 

GluN2A: Subunidade 2A do receptor de NMDA 

GluN2B: Subunidade 2B do receptor de NMDA 

GluN3: Subunidade 3 do receptor de NMDA 

NT-3: Neurotrofina-3 
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NT-4/5: Neurotrofina-4/5 

RNAm: RNA mensageiro 

SNC: Sistema nervoso central 

SNAP-25: Proteína associada ao sinaptossoma de 25 kDa (do inglês 

Synaptossomal-Associated Protein 25) 

SNARE (do inglês Soluble N-ethylmaleimide-sensitive factor attachment protein 

receptor) 

Shh: Sonic Hedgehog 

TrkA: Receptor tirosina cinase do tipo A (do inglês Tyrosin kinase A) 

TrkB: Receptor tirosina cinase do tipo B (do inglês Tyrosin kinase B) 

TrkC: Receptor tirosina cinase do tipo C (do inglês Tyrosin kinase C) 
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1. INTRODUÇÃO 

 

1.1 CAFEÍNA 

 

1.1.1 Classificação e histórico 

A cafeína (1,3,7-trimetilxantina) é um alcaloide do grupo das 

metilxantinas, que são metabólitos secundários de plantas obtido do 

metabolismo de nucleotídeos de purinas (Ashihara e Cozier, 1999). As 

metilxantinas são encontradas em quase 100 espécies de plantas diferentes, 

embora altas concentrações desses compostos estejam restritas a algumas 

espécies, como Coffea arabica (café), Camellia sinensis (chá verde) e 

Theobroma cacao (cacau) (Ashihara e Cozier, 1999). 

A história do uso da cafeína está fortemente ligada à história do café, 

principal fonte natural de cafeína. Admite‐se que o café, tal como se conhece 

nos dias de hoje, seja originário da Etiópia tendo‐se difundido na península 

arábica e daí para o resto do mundo. Uma lenda popular atribui a sua descoberta 

a um pastor de cabras Etíope, chamado Kaldi, que teria percebido que o rebanho 

ficava agitado após alguns animais terem comido as frutas de um arbusto. Kaldi 

também quis provar os bagos dessa misteriosa planta e foi imediatamente 

invadido por uma euforia tendo, nessa noite, dormido menos que o costume. Ele 

informou ao abade de um mosteiro local o ocorrido e a partir de então começou 

a conquista pelo território (Weinberg e Bealer, 2001). A palavra "café" deriva da 

palavra árabe qahva (ou qahwah), que significa uma bebida feita a partir de 

plantas. Apesar de ser uma planta originária da Etiópia, foi a Arábia a 

responsável pela propagação da cultura do café. Somente no século XIV, na 
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Pérsia, os primeiros grãos de café foram torrados para se transformar em bebida 

(Weinberg e Bealer, 2001). 

 Na Europa, o café apareceu no século XVI sendo introduzido, 

principalmente, pelos espanhóis e holandeses no período das descobertas. A 

partir da segunda metade do século XVII, principalmente nas grandes cidades o 

café passou a ser considerado uma bebida de intelectuais, e em países como a 

França as cafeterias se tornaram locais de reunião de pensadores, entre eles 

Victor Hugo, Voltaire e Rousseau (Ukers, 1922; Weinberg e Bealer, 2001). 

As primeiras sementes de café chegaram ao Brasil em 1727 no Estado do 

Pará. Devido às condições climáticas favoráveis, o cultivo de cafeeiros se 

espalhou rapidamente. Em sua trajetória pelo Brasil o café passou pelo 

Maranhão, Bahia, Rio de Janeiro, expandindo-se pela Serra do Mar até atingir o 

Vale do Paraíba. A cultura espalhou-se para todo o Sudoeste Brasileiro, 

passando de uma posição relativamente secundária para a de produto-base da 

economia brasileira em 1780, destacando-se como o mais importante da história 

do Brasil (Carvalho, 1993). A exportação brasileira do café começou a crescer a 

partir de 1816. Na década de 1830-1840, o produto assumiu a liderança das 

exportações do país, com mais de 40% do total. Em 1840, o Brasil tornou-se o 

maior produtor mundial de café. Deu-se início ao período áureo do ciclo de café 

em que as exportações chegaram a representar 70 % das exportações do país 

(Taunay, 1939). 

 

1.1.2 Principais fontes alimentares e consumo no mundo 

A cafeína é uma das substâncias psicoestimulantes mais consumidas 

mundialmente, presente em bebidas como café, chá, refrigerantes, energéticos 



11 
 

e em alguns alimentos. O teor de cafeína desses alimentos varia de 40-180 

mg/150 mL para o café, de 24-50 mg/150 mL para o chá, de 15 a 29 mg/180 mL 

para bebidas à base de cola, 2-7 mg/150 mL de cacau, e 1 a 36 mg/28 g para o 

chocolate (Barone e Roberts, 1996; Debry, 1994). O consumo de cafeína a partir 

de todas as fontes pode ser estimado para cerca de 70-76 mg/pessoa/dia em 

todo o mundo (Fredholm et al., 1999), mas atinge 210-238 mg/dia nos EUA e 

Canadá e mais de 400 mg/pessoa/dia na Suécia e Finlândia, onde 80 a 100% 

do consumo de cafeína é proveniente do café (Barone e Roberts, 1996; Debry, 

1994; Viani, 1996, Figura 1). No Reino Unido, o consumo é tão elevado como na 

Suécia e na Finlândia, porém 55% é advinda do consumo de chá, 43% do café, 

e 2% de bebidas à base de cola (Barone e Roberts, 1996). 

 

Figura 1. Consumo de cafeína (café, chá, mate e chocolate) por pessoa por dia, em mg. 
(Adaptado de Fredholm et al., 1999). 
 

No Brasil, dados provenientes da Pesquisa de Orçamentos Familiares de 

2008-2009 demonstrou que o consumo médio de cafeína per capita (diário) no 

país foi estimado em 115,57 mg. Moradores da região Sul apresentaram maior 

ingestão média (128,35 mg) e da Região Norte, menor (99,67 mg) (Sartori e da 
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Silva, 2013). A tabela 1 representa o conteúdo de cafeína em alimentos 

consumidos pela população brasileira. 

 
Tabela 1. Conteúdo de cafeína em alimentos populares, refrigerantes e energéticos 
(Altimari et al., 2001). 

Café (xícara de 150 mL) Cafeína (mg) 

Expresso 110-150 

Coado 64-124 

Instantâneo 40-108 

Descafeinado instantâneo 2-5 

Chá (granel ou saquinhos – xícara de 150 mL)  

Infusão de um minuto 9-33 

Infusão de três minutos 20-46 

Infusão de cinco minutos 20-50 

Chá instantâneo 12-28 

Outros produtos  

Refrigerante à base de cola (350 mL) 46 

Bebidas energéticas (250 mL) 80 

Chocolate ao leite (28 g) 6 

Chocolate de confeiteiro (28 g) 35 

 

1.1.3 Metabolismo 

 A cafeína é rápida e completamente absorvida pelo trato gastrintestinal, e 

a excreção é predominantemente renal (Yesair et al., 1984). A biodisponibilidade 

da cafeína (5mg/kg) em humanos adultos mostrou uma rápida absorção oral, 

atingindo o pico plasmático em aproximadamente 30 minutos (Blanchard e 

Sawers, 1983). Para doses inferiores a 10 mg/kg, a meia-vida da cafeína varia 

de 0,7-1,2 h em ratos e camundongos, de 3 a 5 h em macaco (Bonati et al., 1984) 

e de 2,5 a 4,5 h em humanos (Arnaud, 1987). A absorção, a biodisponibilidade 

e a excreção urinária e fecal de cafeína não mostraram diferenças entre espécies 

(Arnaud, 1985; Arnaud et al., 1989; Walton et al., 2001). As diferenças entre 

espécies têm sido relatadas para a farmacocinética, que em animais é dose-

dependente devido à saturação da transformação metabólica da cafeína 

(Bortolotti et al., 1985). A ligação da cafeína à albumina é baixa (10-30%), e seu 
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volume de distribuição varia de 0,5 a 0,75 L/kg em humanos e 0,9 L/kg em ratos, 

o que indica que é amplamente distribuída em todo o corpo (Bonati et al., 1984). 

Devido ao seu caráter lipofílico, a cafeína passa livremente pelas membranas 

biológicas. Durante a gestação, parece que nenhuma barreira fisiológica limita a 

passagem de cafeína pelos tecidos, pois um rápido equilíbrio é atingido entre a 

mãe e o feto, no sangue e em outros tecidos. No entanto, a cafeína atravessa a 

barreira hemato-encefálica por difusão simples e por transporte mediado por 

carreadores (McCall et al., 1982). Em humanos adultos, menos de 2% do 

composto ingerido é excretado na urina como cafeína (Arnaud, 1987; Somani e 

Gupta, 1988). 

 A cafeína é metabolizada no fígado pelo sistema da enzima oxidase do 

citocromo P450 (CYP450), formando as dimetilxantinas teobromina, teofilina e 

paraxantina. A principal isoenzima do complexo CYP450 responsável pelo 

metabolismo da cafeína é a CYP1A2; por isso, a cafeína é comumente utilizada 

como um marcador da atividade dessa enzima in vivo (Nordmark et al., 1999). O 

metabolismo de cafeína é dependente da maturação desta enzima, visto que a 

maturação, a expressão e a atividade desta enzima é altamente dependente do 

desenvolvimento (Leeder, 2001). De um modo geral, uma baixa funcionalidade 

do citocromo foi detectada no feto, com o aumento da atividade aparentemente 

desencadeada por exposição pós-natal (Blake et al., 2005). Nos seres humanos 

e em animais, as metilxantinas atravessam facilmente a barreira placentária e 

todos os tecidos, podendo afetar o feto/recém-nascido em qualquer momento 

durante a gestação ou logo após o nascimento (Abdi et al., 1993; Arnaud et al., 

1983; Kimmel et al., 1984). 
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Em humanos, a cafeína é demetilada a seus intermediários 

dimetilxantinas, sendo que mais de 80% da cafeína administrada por via oral é 

metabolizada a paraxantina (1,7-dimetilxantina), e cerca de 16% é convertida em 

teobromina (3,7-dimetilxantina) e teofilina (1,3-dimetilxantina) (Lelo et al., 1986). 

É importante mencionar que, em roedores, a paraxantina é a principal 

dimetilxantina, embora os níveis de teofilina também sejam elevados (Bonati et 

al., 1984; Fredholm et al., 1999). Além disso, os derivados trimetílicos, produtos 

da hidroxilação da cafeína, correspondem a 40% dos metabólitos da cafeína em 

ratos, em comparação a 6% em seres humanos (Arnaud, 1985) (Figura 2). 



15 
 

 

Figura 2. Metabólitos da cafeína e principais diferenças entre humanos e roedores no 
metabolismo da cafeína (Adaptado de Porciúncula et al., 2013). 
 

Em humanos, o metabolismo da cafeína se desenvolve durante o primeiro 

ano de vida (Pearlman et al., 1989), e pode ser influenciado por vários fatores 

(Aldridge et al., 1979). A meia-vida da cafeína diminui gradualmente no recém-

nascido a termo (Aranda et al., 1979; Le Guennec e Billon, 1987), e diminui 

exponencialmente com a idade pós-natal, revelando que o metabolismo da 
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cafeína se desenvolve durante o primeiro ano de vida (Aldridge et al., 1979; 

Parsons e Neims, 1981; Pearlman et al., 1989). No entanto, esta substância tem 

uma meia-vida mais longa em prematuros (Parsons e Neims, 1981). A meia-vida 

da cafeína em neonatos em aleitamento materno exclusivo é prolongada quando 

comparada à eliminação da cafeína em neonatos em uso de fórmulas infantis 

(Blake et al., 2005; Le Guennec e Billon, 1987), e esta diferença foi relacionada 

a um aumento da expressão de CYP1A in vitro pela fórmula infantil (Xu et al., 

2005).  

Embora permaneça indefinido se a ingestão de cafeína durante a 

gestação representa um perigo fetal, existe uma preocupação considerável com 

o uso generalizado de cafeína, devido à sua meia-vida prolongada durante este 

período: durante o primeiro trimestre, a meia-vida da cafeína varia de 2 a 4,5 

horas, mas aumenta para 10 horas na 17ª semana gestacional e acima de 18 

horas a partir da 18ª semana de gravidez (Aldridge et al., 1981). 

 

1.1.4 Mecanismo de ação 

A ação farmacológica da cafeína consiste no bloqueio dos receptores de 

adenosina, um nucleosídeo que no sistema nervoso central (SNC) atua como 

um neuromodulador controlando a liberação de neurotransmissores, a 

excitabilidade neuronal e o ritmo circadiano por meio de seus receptores 

metabotrópicos A1, A2A, A2B e A3 (Cunha, 2001; Fredholm et al., 2005). Os 

receptores de adenosina do tipo A1 e A2A são os mais expressos no SNC, e são 

os alvos farmacológicos da cafeína (Fredholm et al., 1999; Nehlig et al., 1992). 

A ativação dos receptores A1 exerce ações inibitórias sobre a transmissão 

sináptica enquanto que a dos receptores A2A exerce ações facilitatórias sobre a 
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transmissão sináptica (Cunha et al., 2001). No SNC a cafeína é um potente 

estimulante aumentando o estado de alerta, diminuindo o sono e a sensação de 

fadiga (Rogers et al., 2005). 

 

1.1.5 Desenvolvimento do Sistema Nervoso Central – comparação entre 

humanos e roedores 

Uma das principais razões para relacionar os resultados em experimentos 

em animais com os realizados em humanos é a ideia de que o sistema nervoso 

de diferentes espécies evolui de ancestrais comuns e que pode apresentar 

mecanismos moleculares semelhantes. Dentro desse contexto, por exemplo, em 

experimentos que estudam a influência de drogas psicoativas no sistema 

nervoso central (SNC), os ratos mostram sinais de dependência química quando 

submetidos a protocolos de auto-administração de cocaína. Dessa maneira, 

ratos são excelentes modelos para estudos que visam a compreender como as 

drogas psicoativas exercem seus efeitos sobre o SNC (Bear et al., 2002). 

Considerando o desenvolvimento do córtex e hipocampo, os dias 

embrionários 18 e 20 de ratos correspondem ao final do primeiro trimestre e ao 

início do segundo trimestre gestacional em humanos, respectivamente (Clancy 

et al., 2001). O nível de maturação do sistema nervoso em um humano recém-

nascido corresponde ao dia pós-natal 10 em ratos (Tchekalarova et al., 2005; 

Williams, 2008). O pico de neurogênese ocorre no final do período embrionário, 

o pico de crescimento axonal por volta de 7 dias pós-natal e o pico de 

crescimento dendrítico durante a segunda semana pós-natal (Clancy et al., 2001; 

Ramsdell, 2010). A primeira e a segunda semana pós-natal em roedores 

corresponderia ao desenvolvimento do SNC em humanos aos primeiros 3 anos 
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e 6 anos de vida, respectivamente (Marco et al., 2011). O esquema abaixo 

mostra a comparação do período de desenvolvimento do SNC em ratos e 

humanos (Figura 3). 

 

Figura 3. Comparação do período de desenvolvimento do SNC durante a gestação e 
lactação em ratos e em humanos. DE: dia embrionário; DPN: dia pós-natal (Adaptado 
de Clancy et al., 2001; Marco et al., 2011; Tchekalarova et al., 2005; Williams, 2008). 
 

Filogeneticamente, o estriado e áreas motoras corticais desenvolvem-se 

mais cedo do que as regiões do cérebro associadas à cognição (Johnson, 2003; 

Thompson et al., 2000). Mesmo para regiões corticais, há um tempo diferenciado 

de desenvolvimento, sugerindo que cada região do cérebro tem um caminho ou 

trajetória especial de desenvolvimento. Como resultado da maturação, o 

funcionamento de cada região do cérebro e sua conectividade com outras 

regiões reflete em uma mudança do desenvolvimento regional. 

Comparativamente, este processo ocorre em todos os mamíferos, com 

relativamente os mesmos marcos de desenvolvimento do início da puberdade 

ou o aparecimento de níveis elevados de cognição. Este período pós-natal 

prolongado de desenvolvimento torna áreas específicas do cérebro mais ou 

menos sensíveis aos efeitos agudos e permanentes de estimulantes 
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dependendo da idade em que os estimulantes são administrados. Assim, a 

cafeína como um psicoestimulante provoca mudanças evidentes no 

comportamento dos animais. Considerando a exposição pré-natal ou pós-natal, 

alguns fatores podem interferir com os efeitos da cafeína sobre o 

comportamento, como protocolo de dose-resposta, tempo de exposição e idade 

em que os animais são testados (Porciúncula et al., 2013). 

 

1.1.6 Estudos epidemiológicos – cafeína na gestação 

O interesse pelo estudo da cafeína durante o período gestacional 

começou em meados da década de 70, quando estudos em animais indicaram 

que a cafeína estaria relacionada a uma diminuição no crescimento intra-uterino, 

redução do peso ao nascer e anormalidades esqueléticas (Dlugosz e Bracken, 

1992; Heller, 1987). Em 1980, com base nos achados de estudos em animais, a 

agência do governo americano responsável pelo controle de indústrias 

alimentícias e de medicamentos, o FDA (do inglês Food and Drug 

Administration), desaconselhou o consumo de alimentos e bebidas que 

contenham quantidades significativas de cafeína especialmente durante o 

primeiro trimestre gestacional (Goyan, 1980). Mesmo que naquela época ainda 

fossem incipientes os estudos sobre as implicações do consumo de cafeína para 

a saúde do feto, a partir dessa determinação da FDA uma série de estudos têm 

sido feitos tentando estabelecer se o consumo de cafeína pode ser recomendado 

e a dose diária adequada. De fato, a grande dificuldade de muitos estudos 

epidemiológicos é monitorar com maior confiabilidade os efeitos do consumo de 

diferentes doses de cafeína durante o período gestacional sobre o feto e o 

recém-nascido (Boylan et al., 2008). Sabe-se que a cafeína atravessa facilmente 
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a barreira da placenta para o feto, mas as gestantes metabolizam mais 

lentamente essa substância, e o feto ainda não possui totalmente expressas as 

enzimas necessárias para a metabolização completa (Aldridge et al., 1979; 

1981). 

Os estudos epidemiológicos sobre os efeitos da cafeína no 

desenvolvimento do feto parecem indicar associação somente com consumo 

elevado. O consumo de cafeína acima de 300 mg por dia durante o período 

gestacional pode estar associado a uma maior incidência de aborto espontâneo 

(Cnattingius et al., 2000; George et al., 2006; Giannelli et al., 2003; Wen et al., 

2001). Entretanto, após ajuste de vieses como os sintomas de gravidez (náusea 

e vômitos), não há aumento do risco (Maconochie et al., 2007; Weng et al., 

2008). A discrepância dos achados epidemiológicos atuais com os anteriores 

também reside no fato de não se ter avaliado que muitas mulheres que ingerem 

quantidades maiores de cafeína também são tabagistas, ingerem bebidas 

alcoólicas e o nível de escolaridade é predominantemente baixo (Fenster et al., 

1991). Tabagistas tendem a consumir mais cafeína porque a metabolizam mais 

rápido do que não-fumantes. Dessa maneira, é importante verificar todos os 

fatores de confusão que podem influenciar na associação do consumo de 

cafeína. 

Estudos epidemiológicos relacionados à associação entre redução no 

crescimento fetal e baixo peso ao nascer e consumo de cafeína durante a 

gestação (acima de 300 mg/dia) mostraram aumento do risco de nascimento de 

bebês pequenos para a idade gestacional (Care Study Group, 2008; Hoyt et al., 

2014; Sengpiel et al., 2013; Xue et al., 2008). No entanto, a redução no peso ao 

nascer tem baixa relevância clínica; por exemplo, Infante-Rivard (2007) revelou 
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uma redução de 31 a 38 g de peso corporal do feto para cada 100 mg de cafeína 

consumida durante o segundo e terceiro trimestres; por outro lado, outros 

estudos não encontraram associação no baixo peso ao nascer e consumo de 

cafeína, até mesmo consumo elevado (Bracken et al., 2003; Clausson et al., 

2002; Grosso et al., 2001).    

Ainda não existe um consenso na comunidade científica sobre os efeitos 

do consumo de cafeína em doses moderadas durante a gestação, pois muitos 

estudos não encontraram nenhum efeito significativo quando analisado o 

crescimento intrauterino, o peso do bebê após o nascimento e a duração do 

período gestacional (Bracken et al., 2003; Clausson et al., 2002). Entretanto, a 

maioria dos médicos desaconselha o consumo habitual de bebidas e alimentos 

que contenham quantidades significativas cafeína especialmente no primeiro 

trimestre da gestação. 

Além do controle dos fatores de confusão, tais como fumo e álcool, de 

acordo com Brent et al. (2011), é importante considerar “o sinal de gravidez”, que 

consiste em sintomas (náuseas e vômito) que pode ocorrer no início da gestação 

devido aos altos níveis séricos de gonadotrofina coriônica (HCG). Esses 

sintomas podem contribuir para a redução do consumo de bebidas que 

contenham cafeína, o que pode significar um efeito protetor do “sinal de gravidez” 

(Brent et al., 2011).  

Por ser difícil controlar todos os fatores de confusão em um estudo 

epidemiológico, alguns estudos são bem sucedidos em controlar um fator, 

enquanto outros consideraram outros fatores de confusão. Ainda não há um 

consenso sobre a quantidade segura de ingestão de cafeína durante todo o 

período gestacional. Desta forma, é necessária a realização de estudos em 
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animais, nos quais muitos fatores de confusão podem ser facilmente 

controlados. 

 

1.1.7 Efeitos do consumo perinatal de cafeína em roedores 

 No que diz respeito ao desenvolvimento do SNC no embrião, a cafeína 

pode acelerar a formação de vesículas do telencéfalo (Sahir et al., 2000). 

Estudos in vitro utilizando culturas de astrócitos e neurônios tratados com cafeína 

apresentaram um aumento na expressão do gene para a Sonic hedgehog, um 

morfógeno expresso no SNC em desenvolvimento, cuja função é promover, por 

exemplo, a diferenciação dos neurônios motores da medula espinhal (Sahir et 

al., 2004). O tratamento com cafeína durante o período gestacional influencia 

alguns sistemas de neurotransmissão e neuromodulação cerebrais de ratos, pois 

fêmeas tratadas durante o período gestacional com cafeína apresentam 

aumento nos níveis de adenosina endógenos e diminuição na densidade dos 

receptores de adenosina do tipo A1 bem como os seus fetos (León et al., 2002; 

2005). Além do sistema adenosinérgico, outros sistemas de neurotransmissores 

podem ser modulados pela administração de cafeína, tais como o sistema 

glutamatérgico e colinérgico, entre outros. Neste sentido, León et al. (2005), 

reportou que o imunoconteúdo dos receptores de glutamato metabotrópicos do 

grupo I foram diminuídos pelo tratamento com cafeína nos encéfalos dos fetos e 

das fêmeas no final da gestação (León et al., 2005). Adicionalmente, um estudo 

mostrou que o tratamento com cafeína durante a gestação pode afetar o sistema 

colinérgico, visto que os animais aos 21 dias de idade apresentaram um aumento 

na atividade da acetilcolinesterase no hipocampo (da Silva et al., 2008). 
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Animais neonatos tratados com cafeína também apresentam alterações 

comportamentais e nos padrões de expressão de proteínas importantes para o 

funcionamento do SNC. Ratos neonatos que foram tratados com cafeína 

apresentaram hiperalgesia, menos ansiedade, mas não desempenharam 

satisfatoriamente uma tarefa que envolve aprendizado e memória (Pan e Chen, 

2007). Análises morfológicas de ratos adultos que foram tratados com cafeína 

durante os primeiros doze dias de vida revelam um aumento no comprimento 

dos dendritos dos neurônios piramidais do córtex pré-frontal (Juárez-Méndez et 

al., 2006). Proteínas astrocitárias também apresentaram seus níveis reduzidos 

aos 15 dias pós-natal em animais tratados com cafeína durante 3º até o 10º dia 

pós-natal, seguido de uma diminuição na proliferação dos astrócitos (Desfrere et 

al., 2007). 

 

1.2 VIAS DE SINALIZAÇÃO CRUCIAIS PARA O DESENVOLVIMENTO E 

MATURAÇÃO DO SNC 

 

É essencial o correto estabelecimento de conexões neuronais no sistema 

nervoso central durante o desenvolvimento, e essas são geradas por meio de 

uma sequência de eventos que envolve diferenciação e crescimento de axônios 

e dendritos, inervação alvo, morte celular, sinaptogênese e refinamento 

sináptico. Muitos fatores são cruciais para este processo de desenvolvimento, 

dentre eles as neurotrofinas (Zweifel et al., 2005). 
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1.2.1 BDNF 

O primeiro membro da família de neurotrofinas foi o fator de crescimento 

neurotrófico (NGF, do inglês Neuronal Growth Factor), e foi descoberto no início 

dos anos 1950 como uma proteína que promove a sobrevivência e crescimento 

de neurônios do sistema simpático e sensorial durante o desenvolvimento 

(Cohen et al., 1954). O estabelecimento da família de neurotrofinas surgiu com 

a purificação e caracterização do fator neurotrófico derivado do encéfalo (BDNF, 

do inglês Brain-Derived Neurotrophic Factor) do encéfalo de porco, que tem um 

efeito neurotrófico semelhante em neurônios sensoriais cultivados, e sua 

sequência de aminoácidos é altamente homóloga à NGF. As ações celulares das 

neurotrofinas são mediadas por dois tipos de receptores – um receptor tirosina-

cinase de alta afinidade (Trk) e um receptor de pan-neurotrofina de baixa 

afinidade (p75). Cada Trk é referencialmente ativada por um ou mais 

neurotrofinas - TrkA por NGF, TrkB pelo BDNF e NT-4/5, e TrkC por NT-3 – e é 

responsável por mediar a maioria das respostas celulares (Greene e Kaplan, 

1995), enquanto o receptor p75 forma um complexo com o receptor do Trk e 

modula a sua tradução (Barker e Shooter, 1994). 

As neurotrofinas são sintetizadas como pré-proproteínas por ambos os 

tipos de células neuronais e não neuronais (Seidah et al., 1996; Thoenen, 1991). 

As proteínas produzidas pelos genes que codificam neurotrofinas contêm um 

péptido sinal para a secreção de proteínas (pré-proteína) e a proteína precursora 

(pró-proteína). Quando a região hidrofóbica do péptido sinal é removida a partir 

da pré-proneurotrofina no N-terminal, a pró-neurotrofina é gerada (Bartkowska 

et al., 2010). 
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Após a síntese no retículo endoplasmático, o pró-BDNF (precursor do 

BDNF) liga-se à sortilina intracelular do complexo de Golgi para facilitar o 

empacotamento correto do domínio maduro. Um motivo no domínio maduro do  

BDNF se liga a carboxipeptidase E (CPE), uma interação que classifica o BDNF 

em vesículas densas, que são um componente da via de secreção regulada. Na 

ausência deste motivo, o BDNF é direcionado para a via constitutiva. A secreção 

regulada é prevalente em neurônios. Grânulos de secreção contendo 

neurotrofina são transportados para os dendritos e espinhas dendríticas, e são 

segregados pós-sinapticamente (Lu et al., 2005). 

No retículo endoplasmático, o pró-BDNF é empacotado em vesículas 

densas para ser transportado e liberado pela via constitutiva (espontânea) ou 

pela via secretada (induzida por estímulo) (Mowla et al., 1999). Após clivagem 

para a forma madura, o BDNF liga-se ao seu receptor TrkB, a dimerização deste 

receptor resulta na ativação da cinase, e o receptor se auto-fosforila em muitos 

resíduos de tirosina, ativando proteínas alvo envolvidas em cascatas 

intracelulares de sinalização, tais como proteína cinase extracelular regulada 

(ERK, do inglês Ras/extracellular sinal-regulated kinase) e proteína cinase B 

(Akt) (Patapoutian e Reichardt, 2001; Reichardt, 2006) (Figura 4). 
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Figura 4. Sinalização do BDNF e de seu receptor TrkB na modulação da sinapse 
glutamatérgica. Akt: proteína cinase B; AMPA: ácido α-amino-3-hidróxi-5-metilisoxazol-
4-propiônico; BDNF: fator neurotrófico derivado do encéfalo; ERK: cinase extracelular 
regulada; NMDA: N-metil-D-aspartato (Adaptado de Carvalho et al., 2008). 
 

O nível de expressão de neurotrofinas e seus receptores é geralmente 

elevado durante todo o desenvolvimento do SNC dos mamíferos (Fryer et al., 

1996; Knüsel et al., 1994; Numan et al., 2005; Tang et al., 2010). Durante o 

desenvolvimento, as neurotrofinas são seletivamente expressas em diferentes 

estágios conforme a estrutura cerebral. 

A imunorreatividade ao BDNF já está presente no 13° dia embrionário 

(E13) no SNC de ratos, especialmente na subplaca neocortical e nos 

neuroblastos da placa cortical em desenvolvimento, e em E18 todas as células 

da placa cortical encontram-se marcadas por esta neurotrofina (Fukumitsu et al., 

1998). No rato a forma truncada de TrkB não foi detectada antes de E15 e a sua 

expressão é baixa até o nascimento, aumentando gradualmente durante o 

desenvolvimento neonatal (Fryer et al., 1996). A proteína de TrkB de 

comprimento completo (TrkB-FL) é expressa no encéfalo de rato durante o 
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desenvolvimento embrionário inicial (E13-14) (Fryer et al., 1996; Fukumitsu et 

al., 1998; Knüsel et al., 1994). 

A sinalização pelo BDNF participa como um regulador retrógrado do 

desenvolvimento das sinapses, sendo essencial para o crescimento e elongação 

dos dendritos de sinapses inibitórias e excitatórias (Carvalho et al., 2008; Lipsky 

e Marini, 2007; Singh et al., 2006; Tyler e Pozzo-Miller, 2004).  A superexpressão 

de BDNF em camundongos transgênicos aumenta o número de sinapses nos 

gânglios simpáticos e acelera a maturação de vias inibitórias no córtex visual em 

desenvolvimento (Huang et al., 1999). Além disso, o BDNF aumenta a 

transmissão sináptica excitatória no córtex cerebral e no hipocampo por 

mecanismos pré- e pós-sinápticos. No terminal pré-sináptico, o BDNF aumenta 

a liberação de glutamato e a frequência de potenciais excitatórios em neurônios 

hipocampais e corticais (Lessmann e Heumann, 1998; Takei et al., 1998), e sua 

ação pós-sináptica é pela fosforilação das subunidades NR1 e NR2B do receptor 

de glutamato NMDA, levando a um aumento da probabilidade de abertura do 

canal iônico deste receptor (Levine et al., 1998; Lin et al., 1998). Além disso, o 

BDNF parece regular a expressão de subunidades do receptor NMDA em 

neurônios hipocampais (Caldeira et al., 2007). 

 

1.2.2 Shh 

Shh (Sonic Hedgehog) é um membro da família de glicoproteínas 

Hedgehog, que está envolvida no desenvolvimento de muitos órgãos e grupos 

celulares (Echelard et al., 1993; McGowan e McCoy, 2013; Pillai-Kastoori et al., 

2014). Nos mamíferos e aves, Shh é o único membro da família hedgehog (hh) 

que é expresso no SNC. Essa proteína é expressa ventralmente em estados 
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embrionários iniciais e está envolvida no desenvolvimento do cérebro posterior 

ventral, do mesencéfalo e do prosencéfalo (Ruiz i Altaba, 1998; 1999). A via de 

sinalização pela Shh induz diferentes classes de neurônios no cérebro ventral, 

regula o tamanho do mesencéfalo ventral, e controla o desenvolvimento dos 

gânglios basais (Chiang et al., 1996; Hynes et al., 1995; Kotz et al., 1998; 

Machold et al., 2003). Após este período inicial de expressão de Shh no tubo 

neural ventral, outras regiões do cérebro também começam a expressá-la. Logo 

após o fechamento do tubo neural, Shh é detectado na zona limite intratalâmica, 

e no final da embriogênese, em neurônios de Purkinje do cerebelo, na amígdala, 

no giro denteado do hipocampo, placa tectal, bulbo olfatório e neocortex (Ruiz i 

Altaba et al., 2002). Este morfógeno é altamente expresso no encéfalo de rato a 

partir do 12° dia embrionário até o 2° dia pós-natal (Petralia et al., 2011). 

A proteína Sonic hedgehog (Shh) está envolvida em vários aspectos da 

embriogênese. No sistema nervoso central dos mamíferos, Shh tem um papel 

importante no padrão ventral ao longo da neuraxis, incluindo o telencéfalo 

(Agarwala et al, 2001; Echelard et al., 1993; Ericson et al., 1995; Roelink et al., 

1994; Ruiz i Altaba et al., 1995). Mecanismos moleculares semelhantes podem 

ser aplicados ao desenvolvimento do neocórtex cerebral. Na verdade, também 

tem sido relatado que a Shh é um mitógeno para o neocórtex e progenitores 

tectais, e que ele modula a proliferação celular in vitro (Dahmane et al., 2001; 

Palma e Ruiz i Altaba, 2004). 

Em um modelo de camundongos transgênicos com deficiência na 

sinalização pela Shh em células progenitoras em estágios embrionários tardios, 

a divisão celular foi mais lenta do que em camundongos do tipo selvagem, e 

alguns neurônios não migraram para a camada superficial do telencéfalo dorsal 
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(Komada et al., 2008). Por outro lado, a supra-regulação da sinalização de Shh 

promoveu aumento da espessura e tamanho do neocórtex (Shikata et al., 2010). 

Houve um aumento na proliferação de células-tronco neurais do córtex de ratos 

no estágio embrionário E18 quando induzidas por Shh (Reinchisi et al., 2013). 

No entanto, quando se avalia o tratamento pré-natal com outro psicoestimulante, 

a cocaína, a expressão Shh no mesencéfalo ventral, estritamente relacionada 

com a neurotransmissão dopaminérgica, permaneceu inalterada (Koebbe et al., 

1999). Culturas de neurônios hipocampais tratadas com Shh apresentaram os 

terminais pré-sinápticos significativamente maiores, com aumentos variáveis no 

tamanho das vesículas sinápticas (Mitchell et al., 2012). Além disso, a 

neurogênese durante a idade adulta representa uma única forma de plasticidade 

no giro dentado hipocampal que requer a presença de células estaminais 

neurais, e a origem destas células e a sua manutenção no denteado são 

controlados por fontes distintas de Shh durante o período embrionário (Li et al., 

2013). 

 

1.2.3 GAP-43 

 A Proteína Associada ao Crescimento 43 (GAP-43, do inglês Growth 

Associated Protein 43), encontra-se abundante nos cones axonais de 

crescimento no SNC em desenvolvimento, e desempenha um papel fundamental 

na diferenciação neuronal, plasticidade e regeneração (Benowitz e Routtenberg, 

1997; Dani et al., 1991). A fosforilação de GAP-43 pela proteína cinase C (PKC, 

do inglês Phosphoprotein Kinase C) é importante para várias funções 

intracelulares, como o direcionamento axonal nas terminações nervosas e a 

sinaptogênese (Afadlal et al., 2010).  
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Durante o desenvolvimento do sistema nervoso, os cones de crescimento 

desempenham um papel central na orientação axonal (Mueller, 1999; Tessier-

Lavigne e Goodman, 1996). Eles estão localizados nas pontas dos axônios e 

dinamicamente mudam a sua morfologia em resposta a estímulos de atração e 

retração. Tem sido proposto que, durante a formação de neuritos, o alongamento 

destes depende não só do alongamento do citoesqueleto (Gordon-Weeks e 

Mansfield, 1992), mas também da inserção de membrana recém-sintetizada no 

cone de crescimento (Pfenninger e Friedman, 1993). 

Durante o período embrionário de ratos, em estágios em que os neurônios 

estão em intensa divisão e migração celular, os níveis de GAP-43 são baixos; 

por volta do 17° dia embrionário, uma intensa marcação na camada intermediária 

do telencéfalo começa a aparecer, assim como no tronco cerebral e nos gânglios 

basais. No 21° dia gestacional, observa-se um aumento na marcação no colículo 

superior, mas em algumas áreas do cerebelo, tálamo dorsal e placa cortical, 

ainda em diferenciação, há pouca marcação desta proteína. Os maiores níveis 

de GAP-43 são encontrados no período pós-natal, entre o 4° e o 8° dia pós-natal; 

após este período, os níveis decaem consideravelmente (Dani et al., 1991).  

 

1.2.4 SNAP-25 

As proteínas do complexo SNARE (do inglês Soluble N-ethylmaleimide-

sensitive factor attachment protein receptor) formam a maquinaria base 

necessária para a fusão dos compartimentos intracelulares de membrana uns 

com os outros ou com a membrana plasmática (Lin e Scheller, 2000; Söllner et 

al., 1993). 
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A proteína associada a sinaptossoma (SNAP-25, do inglês 

Synaptossomal Associated Protein 25 kDa) pertence à superfamília do complexo 

SNARE de pequenas proteínas de membrana que participam na regulação da 

exocitose na vesícula sináptica (Figura 5). É uma proteína ligada à membrana 

ancorada à superfície citosólica das membranas na região central da molécula, 

e contribui na formação do complexo exocitótico de fusão juntamente com a 

sintaxina-1 e sinaptobrevina, que é necessário para a fusão das vesículas à 

membrana plasmática (Jahn et al., 2003; Jahn e Scheller, 2006). Em 

camundongos que não expressam a proteína SNAP-25, observou-se que essa 

proteína não é necessária para liberação do neurotransmissor independente de 

estímulo, mas é essencial para a transmissão sináptica evocada (Washbourne 

et al., 2002). 

 

 

 

Figura 5. Representação esquemática da fusão da vesícula de neurotransmissor com 
a membrana plasmática durante a exocitose do neurotransmissor para a fenda sináptica 
(Adaptado de Dulubova et al., 2007). 
 

A SNAP-25 já é expressa no encéfalo de embriões de ratos de 18-20 dias, 

com um aumento linear e atingindo um plateau aos 20 dias pós-natal (Oyler et 

al., 1989). Entretanto, sua fosforilação e ativação ocorre somente no período 

pós-natal, a partir dos 4 dias de vida (Kataoka et al., 2006). 
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A SNAP-25 parece estar envolvida no crescimento dos neuritos (Hepp e 

Langley, 2001; Tang, 2001), uma vez que a inibição de sua expressão preveniu 

a elongação dos neuritos em neurônios corticais de ratos (Osen-Sand et al., 

1993), e sua clivagem pela toxina botulínica inibiu o crescimento do axônio 

(Morihara et al., 1999). 

 

1.3 GLUTAMATO 

 

O desenvolvimento do encéfalo é caracterizado por um nível elevado de 

plasticidade necessária para a sinaptogênese e está associada a uma maior 

excitabilidade neuronal. Muitos fatores que governam a transmissão sináptica e 

excitabilidade neuronal sofrem alterações durante o início do desenvolvimento, 

como a expressão e composição molecular de receptores de 

neurotransmissores e transportadores, peptídeos neuromoduladores e canais 

iônicos dependentes de voltagem e mecanismos de homeostase iônica e de 

estresse oxidativo (Sanchez e Jensen, 2002). 

A sinalização glutamatérgica é importante na regulação do 

desenvolvimento do sistema nervoso (Komuro e Rakic, 1993; LaMantia, 1995; 

McDonald e Johnston, 1990), modula migração neuronal (Komuro e Rakic, 1993; 

Rossi e Slater, 1993), a organização do córtex somatosensorial (Fox et al., 1996), 

bem como a atividade GABAérgica (Van den Pol et al., 1998). A sensibilidade do 

cérebro em desenvolvimento à superestimulação glutamatérgica 

(excitotoxicidade), como no caso de isquemia e hipóxia, é elevada, sendo o 

hipocampo a estrutura mais sensível aos danos do excesso da ação do 
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glutamato em torno da segunda semana pós-natal (Ikonomidou et al., 1989; 

Yager et al., 1996). 

O glutamato é o principal neurotransmissor excitatório do SNC, sendo 

essencial em funções de desenvolvimento como aprendizado e memória 

(Mattson, 2008; Nakanishi, 1992). O encéfalo contém grandes quantidades de 

glutamato (cerca de 5-15 mmol por kg de peso, dependendo da região), mas 

apenas uma pequena fração do glutamato está normalmente presente no meio 

extracelular (no exterior ou entre as células). As concentrações no fluido 

extracelular (o que representa 13-22% do volume de tecido cerebral) e no líquido 

cefalorraquidiano (LCR) são normalmente de cerca de 3-4 µM e cerca de 10 µM, 

respectivamente (Hamberger et al., 1983; Lehmann et al., 1983). O glutamato 

exerce suas funções pela ligação aos seus receptores ionotrópicos, que são 

subdivididos em N-metil-D-aspartato (NMDA), ácido α-amino-3-hidróxi-5-

metilisoxazol-4-propiônico (AMPA), e cainato (KA); e receptores metabotrópicos 

1-8 (mGlu1-8) (Figura 6). Além de seu papel na transmissão sináptica e 

plasticidade neuronal, o glutamato é também um importante fator trófico durante 

a neurogênese, regulando sobrevivência celular, proliferação, migração e 

diferenciação (Schlett, 2006). Durante o desenvolvimento, o glutamato está 

presente em altos níveis nas zonas neurogênicas que contenham células 

progenitoras neurais (Behar et al., 1999; Haydar et al., 2000). 
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Figura 6. Representação de uma transmissão glutamatérgica com seus principais 
receptores.  AMPAR: ácido α-amino-3-hidróxi-5-metilisoxazol-4-propiônico; EAAT: 
transportadores de glutamato; Glu: glutamato; mGlu: receptores metabotrópicos de 
glutamato; KA: proteínas cinases; NMDAR: N-metil-D-aspartato; VGLUT:  transportador 
vesicular de glutamato (Adaptado de Popoli et al., 2011). 

 

Os receptores de glutamato medeiam a maioria da neurotransmissão 

excitatória no SNC de mamíferos. Eles também participam de mudanças 

plásticas na eficácia da transmissão sináptica em aprendizado e memória e na 

formação de redes neurais durante o desenvolvimento (Dingledine et al., 1988; 

Monaghan et al., 1989). Entretanto, o excesso de glutamato e aminoácidos 

excitatórios são tóxicos para os neurônios, levando à morte neuronal em 

situações onde ocorre ativação excessiva de receptores glutamatérgicos, como 

isquemia cerebral, traumatismo craniano e epilepsia. A neurotoxicidade do 

glutamato também pode estar envolvida na gênese de várias doenças 
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neurodegenerativas (Choi e Rothman, 1990; Meldrum e Garthwaite, 1990; 

Rothman e Olney, 1987). Assim, os receptores de glutamato estão intimamente 

envolvidos na fisiologia e na patologia das funções cerebrais. Além disso, os 

receptores de glutamato, em particular, os receptores NMDA, podem atuar sobre 

a migração de neurônios que não possuem sinapses maduras, e a sua ativação 

ou bloqueio modula a velocidade de migração (Komuro e Rakic, 1993). 

Os receptores de glutamato são classificados em dois grupos distintos de 

receptores: ionotrópicos e metabotrópicos (Figura 7). Os receptores ionotrópicos 

(iGluRs) contêm canais de íons cátion-específicos, e são subdivididos em três 

grupos, de acordo com a especificidade do agonista: ácido α-amino-3-hidróxi-5-

metilisoxazol-4-propiônico (AMPA), cainato e N-metil-D-aspartato (NMDA). Os 

receptores metabotrópicos (mGluRs) são acoplados à proteína G e modulam a 

produção de mensageiros intracelulares (Hollmann e Heinemann, 1994; 

Nakanishi, 1992; Seeburg, 1993). 

 
Figura 7. Tipos de receptores de glutamato e seu mecanismo de ação (Adaptado de 
http://www.ucl.ac.uk/~smgxt01/frameh.htm?page=glutamat.htm). 
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1.3.1 Receptores ionotrópicos 

De acordo com a União Internacional do Comitê de Farmacologia em 

Nomenclatura de Receptores e Classificação de Drogas (NC-IUPHAR), uma 

nova classificação das subunidades de receptores ionotrópicos de glutamato foi 

adotada, conforme a tabela abaixo (Collingridge et al., 2009). 

Tabela 2. Nova nomenclatura das subunidades dos receptores ionotrópicos de 
glutamato (Adaptado de Collingridge et al., 2009). 

NMDA AMPA CAINATO 

Antiga IUPHAR Antiga IUPHAR Antiga IUPHAR 

NR1 GluN1 GluR1 GluA1 GluR5 GluK1 

    GluR2 GluA2 GluR6 GluK2 

NR2A GluN2A GluR3 GluA3 GluR7 GluK3 

NR2B GluN2B GluR4 GluA4    

NR2C GluN2C    KA-1 GluK4 

NR2D GluN2D    KA-2 GluK5 

          

NR3A GluN3A       

NR3B GluN3B         

 

Em ratos, os receptores de glutamato ionotrópicos sofrem alterações 

rápida na sua maturação. O pico de densidade de receptores NMDA ocorre no 

final da primeira semana pós-natal em várias estruturas do encéfalo anterior, 

incluindo hipocampo e neocórtex (Insel et al., 1990), enquanto o pico de 

densidade de receptores AMPA ocorre na segunda semana pós-natal em torno 

de 10 dias pós-natal (Insel et al., 1990). Ambos os receptores NMDA e AMPA 

ultrapassam os níveis de expressão quando comparados ao encéfalo de animais 

adultos, resultando em um aumento na plasticidade mediada pelo glutamato 

durante o período pós-natal de desenvolvimento (Swann et al., 1999). A 

regulação da maturação da composição das subunidades dos receptores de 

glutamato também aumenta a sua capacidade de mediar a plasticidade sináptica 

dependente de atividade no período pós-natal (Wu et al., 1996). Portanto, no 
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início da vida pós-natal de roedores, os mecanismos de excitação sináptica 

predominam sobre os mecanismos inibitórios (Sanchez e Jensen, 2002). 

 

1.3.1.1 AMPA 

Os receptores AMPA medeiam a maioria das transmissões sinápticas 

excitatórias rápidas no SNC dos mamíferos. Sua ativação prolongada é 

altamente neurotóxica e exerce um papel fundamental na geração e propagação 

da hiperexcitabilidade (Bernard e Wheal, 1995). AMPA são receptores de 

glutamato heteroméricos que consistem de quatro subunidades principais: 

GluA1, 2, 3, e 4, com diferentes estequiometrias (Sommer et al., 1991; Hollmann 

e Heinemann, 1994). A diversidade de combinações das subunidades deve-se 

a mecanismos de splicing alternativo e edição de RNAm que resultam na 

formação de receptores com diferentes propriedades biofísicas dos canais 

iônicos (Kumar et al., 2002). Cada subunidade dos receptores AMPA é 

codificada pelo seu gene específico e apresentam um padrão dependendo da 

área cerebral e do estágio de desenvolvimento; portanto, os transcritos das 

subunidades do receptor AMPA são regulados de forma independente durante 

o desenvolvimento (Lilliu et al., 2001). 

Antes do nascimento e na primeira semana pós-natal, a subunidade 

GluA4 é expressa em neurônios excitatórios hipocampais e corticais em ratos. 

Como os níveis de expressão das outras subunidades são muito baixas, os 

receptores AMPA nesse período é constituído predominantemente por GluA4. 

Na segunda semana pós-natal, os níveis de expressão das subunidades GluA1, 

GluA2 e GluA3 começam a aumentar paralelamente e atingem níveis 

semelhantes ao cérebro adulto na terceira semana pós-natal (Zhu et al., 2000). 
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Os receptores AMPA são amplamente distribuídos em todo o SNC, sendo 

o hipocampo a região mais enriquecida nesse receptor de glutamato, 

principalmente nas regiões de CA1 e CA3, e também a camada superficial do 

córtex cerebral (Monaghan et al., 1984; Olsen et al., 1987). Durante o 

desenvolvimento, mudanças na localização subcelular das subunidades GluA1 

e GluA2/3 foram examinados em cultura de neurônios hipocampais de embriões 

de ratos (Craig et al., 1993). GluA1 e GluA2/3 são distribuídos de uma forma 

relativamente uniforme no corpo celular, nos axônios e em processos menores 

no início do desenvolvimento; quando os dendritos começam a desenvolver, as 

subunidades do receptor são polarizadas para os dendritos. Em células 

piramidais maduras, os “clusters” de GluA1 e GluA2/3 ficam restritos a um 

subconjunto de locais pós-sinápticos nas espinhas dendríticas. O alvo destas 

subunidades do receptor parece ocorrer em duas etapas que se desenvolvem 

sequencialmente: primeiramente, a exclusão do axônio; em seguida, o 

enriquecimento na densidade pós-sináptica (Craig et al., 1993). 

 A maioria dos receptores AMPA no SNC contém as subunidades GluA1 e 

GluA2 ou GluA2 e GluA3 (Lu et al., 2009). Durante a diferenciação neuronal e 

astrocítica, a expressão de GluA1 é significativamente aumentada (Whitney et 

al., 2008), e também foi demonstrado que as células progenitoras neurais em 

diferenciação e migração expressam as subunidades GluA1-3 (Jansson et al., 

2011). Além disso, observou-se uma deficiência na dinâmica do cone de 

crescimento e dos neuritos após o bloqueio do receptor AMPA (Jansson et al., 

2013). 

Baixos níveis de expressão da subunidade GluA2 do receptor AMPA 

(portanto, de alta permeabilidade Ca2+) em fases iniciais de desenvolvimento do 
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SNC (Durand e Zukin, 1993, Monyer et al., 1994) podem participar no aumento 

da susceptibilidade a episódios que podem levar a crises epilépticas no cérebro 

imaturo. A maior excitabilidade parece ser provocada pelo aumento da 

permeabilidade aos íons cálcio pelo receptor AMPA, levando à 

hiperexcitabilidade e posterior morte de interneurônios gabaérgicos inibitórios 

(Moshé et al., 1983). 

 

1.3.1.2 NMDA 

Os receptores NMDA participam da neurotransmissão excitatória no SNC 

em diferentes maneiras do que os receptores AMPA. O canal do receptor NMDA 

tem uma permeabilidade relativamente elevada ao Ca2+ e é bloqueado, de forma 

dependente de voltagem, por Mg2+ (MacDermott et al., 1986; Nowak et al., 1984, 

Figura 8). Em potencial de repouso, o canal de NMDA está bloqueado pelos íons 

magnésio, e o canal é aberto somente quando a liberação de glutamato e a 

despolarização pós-sináptica ocorrem, sendo a atividade dos receptores NMDA 

crucial para a ativação de vias de sinalização dependentes de cálcio, como a 

potenciação de longa duração (Cummings et al., 1996). 
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Figura 8. Receptores ionotrópicos de glutamato e seu mecanismo de ação. AMPA: 
ácido α-amino-3-hidróxi-5-metilisoxazol-4-propiônico; AMPc: AMP cíclico; CAMKII: 
Ca2+/calmodulina cinase II; CREB: proteína de ligação ao AMPc; MAPK: proteína cinase 
ativadora de mitógeno NMDA, N-metil-D-aspartato; PKA: proteína cinase A; PKC: 
proteína cinase C (Adaptado de Voglis e Tavernaraki, 2006). 

 

Os receptores N-metil-D-aspartato (NMDA) são conjuntos heteroméricos 

das subunidades GluN1, GluN2 e GluN3 que são traduzidos no retículo 

endoplasmático para formar canais funcionais com diferentes propriedades 

fisiológicas e farmacológicas e padrões distintos de segmentação sináptica. O 

requisito mínimo para a expressão funcional eficiente de receptores de NMDA in 

vitro é uma combinação di-heteromérica de GluN1 e, pelo menos, uma variante 

da subunidade GluN2 (Furukawa et al., 2005; Karakas et al., 2011). 

Durante o desenvolvimento, a ativação dos receptores NMDA é 

necessária para a inserção dos receptores AMPA e cainato (Isaac et al., 1997; 

Renger et al., 2001; Wu et al., 1996), bem como a maturação dos receptores 
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GABAérgicos GABAA (Aamodt et al., 2000). Em roedores, os receptores de 

NMDA consistem de heterômeros de subunidades GluN1 e GluN2B no 

nascimento (Monyer et al., 1994; Williams et al., 1993). Durante o período de 3-

4 semanas pós-natal, a expressão da subunidade GluN2A aumenta 

dramaticamente (Stocca e Vicini, 1998). 

A expressão de subunidades GluN2 é dependente do tempo de 

maturação do encéfalo e da estrutura encefálica em desenvolvimento (Monyer 

et al., 1994; Watanabe et al., 1992). Os níveis de RNAm de GluN2B são elevados 

em todo o encéfalo durante o período embrionário e no córtex frontal de ratos 

adultos, ambas regiões de intensa neurogênese, especialmente proliferação 

celular. Por outro lado, a expressão da subunidade GluN2A começa no período 

pós-natal e é amplamente distribuída em todo encéfalo de ratos adultos. Por isso, 

cada tipo de receptor de NMDA contendo a subunidade GluN2A ou GluN2B 

desempenha um papel diferente durante o desenvolvimento do SNC. De acordo 

com Fan et al. (2012), GluN2B está envolvido no processo de proliferação 

celular, enquanto o GluN2A regula o processo de migração celular durante a 

neurogênese nas primeiras semanas de vida dos roedores. 

 

1.3.2 Receptores metabotrópicos 

Os receptores metabotrópicos são receptores transmembrana acoplados 

à proteína G que modulam a atividade sináptica e plasticidade. A família de 

receptores metabotrópicos de glutamato (mGlu) consiste de 8 subunidades, que 

se combinam para formar homodímeros. As subunidades são subdivididas em 

três grupos baseada na sua sequência homóloga, nos mecanismos de 

transdução de sinal e nas propriedades farmacológicas (Nakanishi, 1992). O 
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Grupo I de receptores metabotrópicos consiste das subunidades mGlu1 e mGlu5 

e estão acoplados à proteína Gq, que ativa fosfolipase C com produção de 

inositol 1,4,5-trifosfato (IP3) e diacilglicerol (DAG) a partir de fosfatidilinositol 4,5-

bifosfato (PIP2). IP3 libera íons cálcio dos estoques intracelulares, enquanto o 

DAG ativa proteína cinase C (PKC) (Figura 8). Os receptores do Grupo I estão 

presentes principalmente na membrana pós-sináptica das sinapses excitatórias. 

O Grupo II de receptores metabotrópicos é formado pelas subunidades mGlu2 e 

mGlu3, e o Grupo III inclui as subunidades mGlu4, mGlu6, mGlu7 e mGlu8; todas 

essas subunidades estão acopladas à proteína G inibitória, que diminuem os 

níveis de AMPc pela inibição da adenilato ciclase. Os receptores dos grupos II e 

III estão presentes na membrana pré-sináptica de neurônios glutamatérgicos e 

GABAérgicos, bem como de células gliais (Hollmann e Heinemann, 1994; 

Shoepp et al., 1999). Com exceção da subunidade mGlu6, expressa 

exclusivamente na retina, os receptores metabotrópicos de glutamato são 

expressos em células neuronais e gliais no encéfalo em desenvolvimento e 

adulto de maneira distinta conforme a idade e a estrutura encefálica (Di Giorgi-

Gerevini et al., 2004; Melchiorri et al., 2007; Yang et al., 2012). 

 A expressão de mGlu5 é elevada durante o início do desenvolvimento 

embrionário de roedores. Em cultura de neurônios corticais de embriões de 

camundongos de 13-18 dias, a migração celular foi promovida por mecanismo 

dependente de receptores metabotrópicos do Grupo I (Behar et al., 1999). O 

bloqueio de receptores mGlu5 em células progenitoras neurais de córtex de 

embriões de camundongos de 20 dias reduziu a proliferação celular e aumentou 

a morte celular, e a ativação desse receptor aumentou o número de células 

proliferativas (Di Giorgi-Gerevini et al., 2005). Também foi observado um 
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aumento da expressão de mGlu5 em células progenitoras neurais de córtex de 

embriões de ratos de 15 dias em condições de hipóxia, o que promoveu 

proliferação celular (Zhao et al., 2012). No hipocampo, mGlu5 parece ser 

essencial para a proliferação de células progenitoras neurais no giro denteado 

de camundongos durante o desenvolvimento (Xiao et al., 2013). A administração 

de um ativador alostérico de mGlu5 promoveu o aumento do número de 

neurônios no giro denteado em camundongos (Nochi et al., 2012). 

 

1.3.3 Transportadores de glutamato 

Visto que os receptores de glutamato estão expressos na maior parte dos 

elementos celulares no SNC (dendritos, terminais nervosos, corpos celulares 

neuronais, bem como células gliais), é importante que haja um rígido controle 

nos seus níveis nas fendas sinápticas e no espaço extrassináptico (Danbolt, 

2001). No entanto, não existe nenhuma enzima extracelular que metabolize o 

glutamato após exercer suas ações na fenda sináptica. A única maneira de 

remover rapidamente o glutamato extracelular é pela captação celular (Johnston, 

1981; Logan e Snyder, 1972). A captação de glutamato é o mecanismo 

responsável pela manutenção a longo prazo de baixas concentrações 

extracelulares de glutamato. A captação de glutamato é realizada por meio de 

proteínas transportadoras de glutamato presentes em células gliais e em 

neurônios (Danbolt, 1994; Schousboe, 1981; Storm-Mathisen, 1977).  

Foram clonados cinco tipos de transportadores de glutamato de alta 

afinidade. Os três transportadores homólogos não-humanos foram denominados 

GLAST (do inglês Glutamate aspartate transporter), GLT-1 (do inglês Glutamate 

transporter subtype 1) e EAAC1 (do inglês excitatory amino acid carrier 1), que 
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correspondem aos transportadores homólogos humanos EAAT1 (do inglês 

Excitatory amino acid transporter 1), EAAT2 e EAAT3, respectivamente. Os 

transportadores em humanos tem mais dois membros da família, EAAT4 e 

EAAT5 (Arriza et al., 1997; Fairman et al., 1995; Kanai e Hediger, 1992; Pines et 

al., 1992; Storck et al., 1992). O GLT-1 é o transportador de glutamato mais 

expresso no encéfalo (Danbolt et al., 1992; Lehre e Danbolt, 1998; Pines et al., 

1992; Tanaka et al., 1997). 

A captação de glutamato no encéfalo de ratos é baixa no nascimento e 

aumenta nas primeiras semanas no período pós-natal (Demarque et al., 2002; 

Furuta et al., 1997; Juraska e Fifkova, 1979; Owens e Kriegstein, 2001), devido 

ao período intenso de sinaptogênese (Christensen e de Fonnum, 1992; Kish et 

al., 1989). Em ratos recém-nascidos, a quantidade de GLT-1 no encéfalo é muito 

baixa (inferior ao limite de detecção correspondente a cerca de 1% do valor 

adulto) (Levy et al., 1995), mas as concentrações de ambos transportadores 

GLT-1 e GLAST aumentam dramaticamente no período mais ativo de 

sinaptogênese (a partir do final da segunda semana pós-natal até o fim da quarta 

semana), alcançando os níveis adultos por volta de 35 dias de vida. Os maiores 

níveis de RNAm de GLT-1 e GLAST são observados no dia pós-natal 14 no 

córtex de rato (Shibata et al., 1996; Sutherland et al., 1996).  
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2. JUSTIFICATIVA 

 

Apesar de muitos estudos terem sido focados nos efeitos do consumo de 

cafeína durante o período gestacional sobre o desenvolvimento do feto, ainda é 

necessário investigar uma dose de cafeína que não modifique os padrões de 

desenvolvimento das sinapses durante a vida intrauterina e após o nascimento. 

De fato, os efeitos da administração de cafeína sobre proteínas, hormônios, vias 

de sinalização e especialmente fatores neurotróficos que regulam o 

desenvolvimento e maturação do sistema nervoso central ainda são pouco 

conhecidos. Dada a importância de proteínas cruciais para a homeostasia do 

desenvolvimento encefálico, é fundamental conhecer os efeitos da 

administração de diferentes doses de cafeína sobre os fatores neurotróficos e 

proteínas envolvidas na formação, maturação e diferenciação das sinapses. 

Além disso, é importante saber o metabolismo da cafeína durante o período 

lactacional e as possíveis alterações no desenvolvimento pós-natal pelo 

consumo de cafeína durante todo o desenvolvimento encefálico. 
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3. OBJETIVO GERAL 

 

Investigar o efeito do consumo de cafeína durante a gestação e lactação 

no desenvolvimento do SNC no período embrionário e pós-natal de ratos Wistar.

   

3.1 OBJETIVOS ESPECÍFICOS 

 

1. Avaliar o impacto do consumo gestacional de cafeína em ratas Wistar: 

- no imunoconteúdo de proteínas envolvidas na formação e manutenção 

das sinapses; 

- e na maturação neuronal em regiões encefálicas envolvidas na 

neurogênese nos embriões. 

 

2. Avaliar o impacto do consumo perinatal de diferentes doses de cafeína 

durante a gestação e lactação: 

- no desenvolvimento reflexo e locomotor; 

- no metabolismo da cafeína em filhotes durante a lactação; 

- no imunoconteúdo de transportadores e receptores de glutamato nas 

idades pós-natal 7, 14 e 21 nas estruturas cerebrais de córtex e hipocampo de 

filhotes de ratos Wistar que receberam cafeína durante todo o período de 

desenvolvimento do SNC; 

- e na sinalização do glutamato nessas regiões encefálicas e nessas 

idades pelo ensaio de ligação específica ao glutamato (binding). 
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a b s t r a c t

Caffeine is certainly the psychostimulant substance most consumed worldwide. Over the past years,
chronic consumption of caffeine has been associated with prevention of cognitive decline associated to
aging and mnemonic deficits of brain disorders. While its preventive effects have been reported exten-
sively, the cognitive enhancer properties of caffeine are relatively under debate. Surprisingly, there are
scarce detailed ontogenetic studies focusing on neurochemical parameters related to the effects of caf-
feine during prenatal and earlier postnatal periods. Furthermore, despite the large number of epidemio-
logical studies, it remains unclear how safe is caffeine consumption during pregnancy and brain
development. Thus, the purpose of this article is to review what is currently known about the actions
of caffeine intake on neurobehavioral and adenosinergic system during brain development. We also
reviewed other neurochemical systems affected by caffeine, but not only during brain development.
Besides, some recent epidemiological studies were also outlined with the control of ‘‘pregnancy signal’’
as confounding variable. The idea is to tease out how studies on the impact of caffeine consumption dur-
ing brain development deserve more attention and further investigation.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The knowledge of the stimulant effects of caffeine on the central
nervous system (CNS) dates back centuries, to the time when Ethi-
opian shepherds noticed that their sheep stayed awake all night
after grazing on wild coffee cherries. Nowadays, it is widely ac-
cepted that caffeine is the most regularly consumed psychostimu-
lant in the world being ingested predominantly as coffee. Other
caffeine-containing beverages also contain significant amount of
caffeine, for example, tea, cocoa beverages, chocolate bars and soft
drinks. Coffee and caffeinated beverages take part of the diet in
most nations of the world (Fredholm et al., 1999).

Over the past three decades, the pharmacological target respon-
sible for the psychostimulant actions of methylxanthines was pro-
posed (Fredholm, 1980; Fredholm and Persson, 1982). Up to the
present moment, the blockade of adenosine receptors is the only
known mechanism that is significantly affected by relevant doses
of caffeine. Adenosine exerts widespread modulatory effects in
the nervous system via four types of guanine nucleotide binding
(G) protein-coupled receptors – A1, A2A, A2B, and A3 – that trigger
several signal transduction pathways (Cunha, 2001; Dunwiddie

and Masino, 2001; Fredholm et al., 2005). Caffeine is a non-selec-
tive adenosine receptor antagonist, with reported similar affinities
for A1, A2 receptors and with lower affinity for A3 receptors. The
preferential targets for caffeine are adenosine A1 (A1R) and A2A

(A2AR) being A1R widely expressed in the brain and A2AR highly
concentrated in the striatum (Ferré, 2008; Karcz-Kubicha et al.,
2003). Similar to classical psychostimulants, caffeine produces mo-
tor-activating, reinforcing, and arousing effects, which depend on
the ability of caffeine to counteract multiple effects of adenosine
on neurotransmitter systems (Ferré et al., 2010).

Over the last years, the effects of chronic caffeine intake on cog-
nitive functions have been reported in human and animals studies.
In epidemiological reports, caffeine intake was associated with a
significantly lower risk for developing Alzheimer’s disease (Eskeli-
nen et al., 2009; Maia and de Mendonça, 2002; Ritchie et al., 2007).
In aged rodents, caffeine chronically administered prevents and
also reverses memory impairment (Costa et al., 2008a; Prediger
et al., 2005; Sallaberry et al., 2013). Likewise, chronic treatment
with caffeine was also effective in preventing neurodegeneration,
beta-amyloid production/levels and mnemonic deficits in experi-
mental models of Alzheimer’s disease (Arendash et al., 2006,
2009; Dall’Igna et al., 2003, 2007; Espinosa et al., 2013). The pre-
ventive effects of caffeine against motor symptoms and loss of
dopaminergic neurons were also reported in epidemiological
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studies (Ascherio et al., 2001; Postuma et al., 2012; Ross et al.,
2000) and experimental models of Parkinson’s disease (Chen
et al., 2001; Chen et al., 2008; Joghataie et al., 2004). In most cases
the beneficial effects of caffeine were mimicked by the blockade of
adenosine A2A receptors, suggesting that this receptor is strictly in-
volved in the beneficial effects of caffeine against memory decline
in brain disorders (reviewed in Gomes et al., 2011; Cunha, 2005).

While caffeine seems to restore or prevent memory impairment
as a consequence of disturbances in brain homeostasis (Cunha and
Agostinho, 2010), its cognitive enhancer properties are still a
matter of debate (for more detailed discussion see Einöther and
Giesbrecht, 2013; Nehlig, 2010). A wide range of studies in human
subjects suggest that the cognitive benefits of caffeine are associ-
ated to relief of withdrawal symptoms rather than improvement
in the cognitive functions (James and Rogers, 2005; Jarvis, 1993;
Rogers et al., 2005, 2013). Besides, moderate to high consumers de-
velop tolerance to caffeine and only low or non-consumers could
eventually benefit from an acute administration (Evans and
Griffiths, 1992; Griffiths and Mumford, 1996; Robertson et al.,
1981; Rogers et al., 2003). In rodents, acute administrations im-
proved the performance in tasks used for evaluating learning and
memory (Angelucci et al., 1999, 2002; Botton et al., 2010; Costa
et al., 2008b; Kopf et al., 1999).

The stages of development are very sensitive to therapeutic
interventions, since the beginning of gestation until the early
adulthood. Many diseases in the later years of human life are be-
lieved to originate in early fetal life. It is somehow surprising that
more detailed studies on the effects of caffeine during brain devel-
opment remain still scarce (Temple, 2009). In this context, a recent
document from The Organization of Teratology Information Spe-
cialists (OTIS) reinforces the limited consumption of caffeine for
pregnant women. In the 1960’s, The US Food and Drug Administra-
tion (FDA) focused regulatory attention on caffeine as part of its re-
view of ‘‘generally recognized as safe substances’’ (GRAS).
However, caffeine again received close scrutiny in 1987, when
the FDA proposed to establish a prior sanction regulation for
caffeine.

Of note, the methylxanthines aminophylline, theophylline and
caffeine have been used for more than 30 years to treat apnea of
prematurity (Koppe et al., 1979; Millar and Schmidt, 2004). Apneas
and unstable breathing are the leading causes of hospitalization
and morbidity in preterm infants. Methylxanthines are among
the most commonly prescribed drugs in neonatal medicine be-
cause of their capacity to suppress respiratory depression, reduce
periodic breathing and enhance diaphragmatic activity (Darnall
et al., 2006; Davis et al., 2010; Leon et al., 2007). Caffeine also in-
creases ventilatory drive (Bairam et al., 1987) and improves sensi-
tivity and/or responsiveness to changes in the level of arterial O2

(Marchal et al., 1987).
The chronic exposure of the fetal brain to caffeine during this

critical time could influence and permanently alter postnatal
behavior. If this really occurs, it would not be unpredicted that caf-
feine exposure in early life is responsible for disturbances in the
brain homeostasis which we are currently unaware.

The central mechanisms of action of caffeine in adults have
been well documented and reviewed elsewhere (Fredholm et al.,
1999; Ribeiro and Sebastião, 2010). Taking into account that aden-
osine is a neuromodulator and thence the blockade of its receptors
influences several neurochemical parameters, many evidences
have suggested that the blockade of adenosine receptors is not
the single cellular mechanism responsible for the effects of caf-
feine. In this review, we will outline animal studies on the influ-
ence of caffeine in the neurotransmitter systems at different
phases of brain development. Although the application to humans
in general has to be translated carefully, animal models have long
been important for dissecting the underlying mechanisms of many

human diseases, as well as in transitioning promising candidate
therapies from bench to bedside. In order to better identify dose
safety, the manipulations in the dose and schedule of administra-
tion for any drug or substance are more feasible in animal studies.
In later sections, some recent epidemiological studies on the im-
pact of caffeine consumption during pregnancy will be discussed.
Finally, we also sought to tease out how scarce are more detailed
studies on the effects of caffeine during brain development.

2. Caffeine metabolism during development

In order to investigate the effects of caffeine intake during preg-
nancy on fetal weight and development, rats were given 10 or
100 mg/kg/day, either as bolus oral doses, or as four 2.5 or
25 mg/kg doses at 3-h interval. Smaller pups displayed decreased
crown-rump length and skeletal ossification from dams that re-
ceived the highest dose in both schedule of administration (Smith
et al., 1987). The frequency of malformations was observed, espe-
cially of the limbs and palate, among the offspring of rats or mice
treated with caffeine during pregnancy in single daily doses of
80–100 mg/day (equivalent to human consumption of 40 or more
cups of coffee daily). Importantly, toxicity was observed in mothers
exposed to the highest dose (Nehlig and Debry, 1994). These ef-
fects observed in the offspring’s exposed to caffeine could be par-
tially explained by age-dependent metabolic differences.

Caffeine is rapidly and completely absorbed by gastrointestinal
tract and the excretion is predominantly renal (Arnaud 1976; Yes-
air et al. 1984). The absorption, bioavailability, and the urinary and
fecal excretion of caffeine did not show differences between spe-
cies (Arnaud, 1985; Arnaud et al., 1989; Walton et al., 2001). The
interspecies differences have been reported for pharmacokinetics,
which is dose-dependent in animals due to the saturation of met-
abolic transformation of caffeine (Bortolotti et al., 1985). In adult
humans, caffeine is virtually completely metabolized, with less
than 2% of the ingested compound being recoverable in urine un-
changed (Arnaud, 1987; Gorodischer et al., 1986; Somani and
Gupta, 1988). Caffeine (i.e., 1,3,7-trimethylxanthine) is demethy-
lated to its dimethylmetabolic intermediates, with over 80% of
orally administered caffeine metabolized to paraxanthine (1,7-
dimethylxanthine), and about 16% is converted to theobromine
(3,7-dimethylxanthine) and theophylline (1,3-dimethylxanthine)
(Benowitz et al., 1995; Lelo et al., 1986). It is also important to
mention that paraxanthine is the major metabolite in rodents,
but the levels of theophylline are also high (Bonati et al., 1984–
1985; Fredholm et al., 1999). Of note, trimethyl derivatives corre-
spond to 40% of the caffeine metabolites in the rat, compared to
6% in humans (Arnaud, 1985) (Fig. 1). Among rodents, paraxan-
thine glucuronide was identified only in mice strains (Arnaud
et al., 1989).

Once caffeine enters the body, it is metabolized by the CYP1A2
from liver being converted into theophylline, theobromine and
paraxanthine. Caffeine is commonly used as a pharmacological
probe to assess CYP1A2 activity in vivo (Nordmark et al., 1999),
and the maturation, expression and activity of this enzyme is
highly dependent on development (Leeder, 2001). Consequently,
the metabolism of caffeine is dependent on the maturation of this
enzyme. In general, low functionality of CYP was detected in fetal
tissue, with increasing activity apparently triggered by postnatal
exposures or events (Blake et al., 2005). In humans and animals,
methylxanthines readily passes the placenta barrier and enters
all tissues and thus may affect the fetus/newborn at any time dur-
ing pregnancy or postnatal life (Abdi et al., 1993; Arnaud et al.,
1983; Kimmel et al., 1984; Leon et al., 2007).

Caffeine metabolism develops gradually during the first year of
life in humans (Pearlman et al., 1989), and can be influenced by
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various factors (Aldridge et al., 1979). The half-life of caffeine de-
creases gradually in full-term newborn (Aranda et al., 1977,
1979; Le Guennec and Billon, 1987), and decreases exponentially
with postnatal age, reinforcing that caffeine metabolism develops
gradually during the first year of life (Aldridge et al., 1979; Parsons
and Neims, 1981; Pearlman et al., 1989). However, this substance
has a longer half-life in premature infants (Parsons and Neims,
1981). In breast-fed infants caffeine elimination half-life is pro-
longed compared to formula-fed infants (Blake et al., 2005; Le
Guennec and Billon 1987), and this difference was related to an en-
hanced CYP1A expression in vitro by formula-fed but not human
milk (Xu et al., 2005).

Although it remains elusive whether caffeine intake during ges-
tation could represent a fetal hazard, there is considerable concern
over the widespread use of caffeine due to its prolonged half-life
during this period.

3. Neurobehavioral effects during brain development

Phylogenetically, the striatum and motor-associated cortical
areas prune earlier than higher-level brain regions associated with
cognition (Johnson, 2003; Thompson et al., 2000). Even for cortical
regions, there is a clear differential time course of development,

suggesting that each brain region has a particular path or trajectory
of development. As a result of maturation, the functioning of each
brain region and its connectivity to others or skill learning as a spe-
cialized function reflected in a developmental shift in regional
dominance. Comparatively, this process occurs in all mammalian
species, including humans, primates and rats, with relatively the
same developmental milestones of puberty onset or the appear-
ance of higher-level cognition. This protracted postnatal period of
development renders specific brain areas more or less sensitive
to the acute and enduring effects of stimulants depending on the
age at which the stimulants are administered. Thus, caffeine as a
psychostimulant causes evident changes in the behavior of ani-
mals. Considering prenatal or postnatal exposure some factors
may interfere with the effects of caffeine on the behavior such as
dose–response protocol, exposure period and age when animals
are tested. The oral route is considered the only appropriate route
for evaluating human risks from exposure to caffeine during preg-
nancy. Considering developmental toxicology of caffeine in ani-
mals, it was identified a No Observed Effect Level (NOEL) of
30 mg/kg/day, and the teratogenic NOEL to be 80–100 mg/kg/day
(Christian and Brent, 2001).

3.1. Locomotor activity

Adult animals treated with low to moderate doses of caffeine
exhibit a profile of hyperlocomotion, whereas at higher doses pre-
vail hypolocomotion. Over three decades ago, many studies were
designed to investigate locomotor activity of the animals from
dams treated with caffeine during gestational or lactation periods.
These studies reported that young offspring rats treated with caf-
feine during pregnancy often exhibited alterations in the locomo-
tor and general activity than control subjects. Importantly, these
alterations were strictly depended on the age of the animals and
the dose of caffeine.

The prenatal exposure to ten daily 20 or 40 mg/kg (i.p.) of caf-
feine increases locomotor activity at postnatal day 61 (PND 61)
along with no effect at PND145 and decreases at PND188 (Hughes
and Beveridge, 1990). However, Glavin and Krueger failed to dem-
onstrate any effect of 12.5, 25 or 35 mg/kg/day of caffeine via
maternal drinking water on open-field ambulation at PND 48, 68
or 196 (Glavin and Krueger, 1985). In a series of studies, caffeine
was ingested by dams in their drinking water during gestation or
lactation or in both periods and locomotor activity was assessed
1, 2, 4 and 6 months after birth. All rats exposed to either dose
combination of caffeine during both gestation and lactation
showed less locomotor and rearing activity (Concannon et al.,
1983; Hughes and Beveridge, 1991; Peruzzi et al., 1985;
Zimmermberg et al., 1991). In another study, pregnant Sprague–
Dawley rats received caffeine-supplemented diet starting from
day 9 of gestation until PND93 and had their locomotor activity
tested at different times. These results showed that animals pre-
sented a profile of hyperlocomotion that lasted until PND 375,
i.e. an effect that can last up to aging (Nakamoto et al., 1990).

The profile of locomotor activity is also distinct in animals trea-
ted with caffeine after birth, featuring a bell curve (Holloway and
Thor, 1982). In a study, caffeine was administered by gavage over
postnatal days 2–6 and locomotor activity was increased 12-day-
old (Guillet, 1990), but not at 28- or 70–90 days of age (Fischer
and Guillet, 1997).

More recently, Tchekalarova and colleagues confirmed that caf-
feine can also cause distinct effects when administered at different
postnatal days. Caffeine (10 and 20 mg/kg) administered between
PND7 and 11, which corresponds to the third trimester of human
gestation, causes hyperlocomotion, whereas when injected be-
tween PND13 and P17 rats were less active than controls at
PND25 and P32 (Tchekalarova et al., 2005). Apart from the effects

Fig. 1. The molecule of caffeine (at the center), and its conversion into dimethyl
metabolites. Summary of the main differences between humans and rodents in the
metabolism of caffeine.
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of caffeine on anxiety-related behavior, the developmental period
of caffeine exposure was crucial for the alterations in locomotor
activity during ontogenesis. Many of these behavioral changes in
specific ages by caffeine treatment might be due to variations in
the maturity of the number, binding and density of brain adeno-
sine receptors and possibly also other receptor systems (these top-
ics will be outlined in the next sections).

3.2. Anxiety-related behavior

While the benefits of caffeine on cognitive functions remain un-
der debate, the anxiogenic effects are well documented in animals
and human subjects (Bhattacharya et al., 1997; El Yacoubi et al.,
2000; Rogers et al., 2006, 2010). Caffeine actions are dose-related
and divided into two broad categories: at lower concentrations it
stimulates the locomotor activity (Rhoads et al., 2011), whereas
it induces an anxiogenic-like profile at higher doses (Kaplan
et al., 1997; Sudakov et al., 2001; Rogers et al., 2010). Regarding
prenatal exposure to caffeine, in some of the above-cited reports
the alterations in the locomotor activity were associated to emo-
tional reactivity. Indeed, rats exposed to caffeine during gestation,
lactation or both periods have emotional changes that last up to
6 months of age evidenced by increased number of animals that
failed to or took longer than 1 min to emerge into the brightly lit
arena in a dark/light task for both males and females, and by in-
creased defecation in the open field task for males (Hughes and
Beveridge 1986, 1991). In a recent study, postnatal administration
of caffeine (PND 2–6) have induced a decrease in anxiety-related
behavior in rats tested at PND 37–42 (adolescence period), which
is evidenced by increased time spent in light compartment in the
light/dark transition paradigm and by increase time spent in the
open arm of elevated plus maze task (Pan and Chen, 2007).

The use of animal models which complement the rodent exis-
tent approach have increased recently in order to evaluate anxi-
ety-related behavior. Experiments carried out with zebrafish, an
emerging model system in behavioral neuroscience, showed in-
creased thigmotaxis by larvae exposure to caffeine added directly
on water (Richendrfer et al., 2012). The knowledge about the
behavioral repertoire of zebrafish has been significantly improved
and several studies suggest that thigmotaxis may reflect an anx-
ious phenotype for this species (Blaser and Rosemberg, 2012;
Cachat et al., 2010; Maximino et al., 2012; Rosemberg et al., 2011).

3.3. Learning and memory

Differently from young adults and elderly population, the con-
sumption of caffeine during brain development on learning and
memory deserves more attention. One of the first studies dates
from 80’s, in which the effects of gestational caffeine intake were
investigated on the learning and memory of the offspring. In this
study, dams from BALB/c mice were treated during gestation with
caffeine (60, 80 and 100 mg/kg/day) in the drinking water. Adult
animals from dams that received caffeine (80 mg/kg/day) pre-
sented an increased latency to re enter in the dark compartment
in the passive avoidance, which suggests learning and memory
impairment (Sinton et al., 1981). In adult rats exposed to neonatal
caffeine (15–20 mg/kg/day on PND 2–6) females exhibited en-
hanced memory retention at 24 and 72 h after training, but males
exhibited significantly reduced retention at both time periods in
the passive avoidance learning (Fisher and Guillet, 1997). However,
the same neonatal caffeine treatment did not cause gender specific
effects in juvenile rats. Prenatal caffeine exposure (60 mg/kg/day
on gestational days 13–19) has also been shown to alter passive
avoidance learning in a gender dependent manner. Adult female
offspring of caffeine-treated dams showed significantly enhanced
retention at 25 days after training when compared to placebo trea-

ted controls (Swenson et al., 1990). However, female and male neo-
nates (PND 2–6) treated with caffeine showed worsened
performance in the step-through avoidance task at PND 35–37
(Pan and Chen, 2007).

In another study, postnatal administration of caffeine also
impaired spatial learning ability in adult Long Evans rats (Zim-
mermberg et al., 1991). More recently, adult female and male rats
that received caffeine from dams (75 mg/mL in the drinking water)
showed impairment in the recognition memory as assessed by no-
vel object recognition task. Similarly, they displayed a significant
increase of working memory errors and reference errors in a radial
arm maze task (Soellner et al., 2009). More recently, caffeine (0.3 g/
L) administered only during gestation and lactation was able to im-
pair the performance in adult mice in the following tasks: Y-maze
(spatial memory); object displacement, substitution and recogni-
tion (spatial and recognition memory) with no evident modifica-
tions in the open field (locomotor activity) and elevated plus
maze (anxiety-related behavior) (Silva et al., 2013).

4. Effects of caffeine on distinct neurotransmitter systems

While neurotransmitters are released from neurons and medi-
ate neuronal communication, neuromodulators can also be re-
leased, but they influence the neuronal signaling. Both
neurotransmitters and neuromodulators play a key role in the
shaping and wiring of the nervous system during critical windows
of the development (Herlenius and Lagercrantz, 2004). The correct
and organized set of neurotransmitters and neuromodulators is
essential to promote the stimuli needed during neural develop-
ment. This section will discuss some of the most prominent mech-
anisms often proposed to account for the neurobehavioral effects
of caffeine.

4.1. Adenosinergic system

As mentioned before, the behavioral effects of caffeine occur
due to its non-selective antagonism of A1R and A2AR and also the
inhibition of phosphodiesterase and Ca2+ mobilization (Francis
et al., 2011; Fredholm et al., 1999), but other neurotransmitter
systems and transduction signaling pathways are also involved
(Fisone et al., 2004; Khaliq et al., 2012; Lorist and Tops, 2003;
Simola et al., 2008; Swerdlow et al., 1986). Studies on the effects
of caffeine on adenosine receptors in adults have been extensively
reviewed elsewhere (Chen et al., 2010; Ribeiro and Sebastião,
2010). Thus, the only ones to be covered are studies on caffeine
and adenosine during brain development.

Adenosine is one of the signaling molecules that have the
potential to influence the mammals during developing and it is
predicted that several of the different adenosine receptor subtypes
play important and possibly protective roles during ontogeny
(Rivkees and Wendler, 2011). However, most studies have assessed
the effects of caffeine on the A1 receptors, the most abundant
adenosine receptor in the brain.

Adenosine A1 and A2A receptors are present at birth in the rat,
but the major development in terms of density and coupling to sec-
ond messenger-forming systems occurs postnatally (Adén et al.,
2000; Adén, 2011). In rats, the expression of A1 receptors is gradual
and regionally specific (Gaytan et al., 2006; Guillet and Kellog,
1991a). The density of receptors in the adult is attained about 24
postnatal days in the cerebellum and by 1 month in the cortex
(Guillet and Kellog, 1991a). Although mRNA adenosine A1 receptor
can be detected at embryonic day 14 (E14) and receptors at E18, its
levels are very low (Adén et al., 2000; Rivkees, 1995; Weaver,
1996). The gene expression of A2A receptor is much more restricted
in fetal rats than A1R, but there are several sites of overlap
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(Weaver, 1996). Transcripts of A2AR achieve adult levels by E18,
whereas receptor levels are low or undetectable before birth and
increase dramatically until PND14 (Adén et al., 2000).

Even though adenosine receptor interaction with caffeine may
not result in teratogenicity, caffeine may affect neuronal growth
and neuron interconnections as well as other neurotransmitter sig-
naling pathways during gestation and neonatal periods (Brent
et al., 2011). Based on this premise, some studies were performed
in order to analyze specific adenosine A1 binding in fetal rat brain
after maternal caffeine intake.

One of the first changes in the adenosine receptors by neonatal
exposure to caffeine was reported by using radioligand assays.
Aiming to mimic human caffeine intake during brain development,
these studies were performed in rat pups that received caffeine
(20 mg/kg, i.g) at PND 2 and 15 mg/kg at PND 3–6. Membranes
from different brain regions were isolated and adenosine A1 and
A2A receptors binding were assessed at different ages. Caffeine in-
creased specific binding of A1R in cortex, cerebellum, and hippo-
campus from 90-day-old rats. Besides, saturation analysis in the
cortex demonstrated an increase in maximal A1 receptor density
(Guillet and Kellogg 1991a; Marangos et al., 1984). In another
study, adenosine A1 binding was carried out in membranes isolated
from cortex, cerebellum and hippocampus from rats at 14-, 18-,
21- and 28-day-old. Cortical membranes from 18-day-old caf-
feine-treated rats presented a decrease in the specific binding
and increased high-affinity sites (Kd). In the cerebellum and hippo-
campus, neonatal caffeine exposure did not change A1 receptors
(Guillet and Kellogg, 1991b). In a recent study, caffeine treatment
caused an up regulation in the adenosine A1 receptors in the hypo-
thalamus at PND 5 and 8, and in the ponto-medullary region at
PND 5. Likewise, caffeine increased mRNA A2A receptors in the
hypothalamus ponto-medulla at PND 5 along with moderate up
regulation in the hypothalamus at PND 8–11 and ponto-medulla
at PND 7–11 (Gaytan and Pasaro, 2012).

Further studies on the effects of early developmental exposure
to caffeine on the ontogeny of the A1R and A2AR were designed
with different doses of treatment. Rat pups were exposed to caf-
feine (0.3 or 0.8 g/L) during the first 7 days after birth and binding
and mRNA levels for both receptors were assessed. While the bind-
ing for adenosine A1 receptor increased only in the cortex, adeno-
sine A2A receptors were not altered in striatal membranes as well
as there are no significant changes in the mRNA levels for both
receptors (Bona et al., 1995). In newborn rats, chronic daily caffeine
administration by oral gavage (15 mg/kg) from postnatal day 2 to 6
increases the number of A1R-immunopositive neurons in the pons
and the NTS (Gaytan et al., 2006). Autoradiography measurements
of A1 receptor expression using [3H] N6-cyclohexyladenosine
shows that a similar neonatal caffeine treatment induces a long
lasting increase in A1 receptors in the thalamus of young
(1 month-old) and adult rats (Guillet and Kellogg, 1991b). Apart
from brainstem (Gaytan et al., 2006), thalamus and cerebellum
presented up-regulation of adenosine A1 receptors by the exposure
to caffeine in the early neonatal period (Etzel and Guillet, 1994).

In further studies, caffeine differently affected the number and/
or expression of adenosine A1 receptors in neonatal rats after
chronic exposure. Changes in the adenosine receptors were exam-
ined by using receptor autoradiography and in situ hybridization in
the cortex, cerebellum, hippocampus and thalamus from rats at
E14, E18, E21, 2 h after birth (P 2 h), P 24 h, PND 3, 7, 14, and 21
(Adén et al., 2000). Caffeine (0.3 g/L) consumption during preg-
nancy and early postnatal life increased adenosine A1 binding only
in cortical membranes from P 24 h and PND 7 and mRNA levels
were decreased in the hippocampus from PND 3–21 (Adén et al.,
2000). In subsequent studies, León and coworkers analyzed the ef-
fect of caffeine treatment (1 g/L in the drinking water) in pregnant
rats (last day of gestation) and fetuses on the density, mRNA levels

and functionality of adenosine A1 receptor in the plasma mem-
branes from the whole brain (León et al., 2002, 2005a). Caffeine de-
creased the number of adenosine A1 receptor in maternal and fetal
brain, which was related to an increase in the mRNA levels and
affinity only in the fetal brain. However, the functionality of A1

receptors was not altered by the treatment in the fetuses, but a de-
crease in the adenylyl cyclase activity was detected in the maternal
brain (León et al., 2005a). No variation on the levels of mRNA
encoding A2A receptor was detected in any case (León et al.,
2002). These results agree with data reported by Lorenzo et al.
(2010) that analyzed the effects of caffeine beyond gestation peri-
od, including lactation period in mothers, male and female neo-
nates. Rat dams that received caffeine only during gestation or
lactation, or even throughout gestation and lactation presented a
decrease of total adenosine A1 receptor number, and this finding
was accompanied by a significant decrease on A1 receptor tran-
scripts. In addition, male neonates also presented a decrease of
A1 receptors after chronic caffeine exposure during gestation, lac-
tation and gestation plus lactation. In female neonates, there was
a trend toward decrease on adenosine A1 receptor in response to
caffeine exposure accompanied by unaltered mRNA coding for
adenosine A1 receptor in neonates in any case. While radioligand
binding assays showed no alterations for adenosine A2A receptor
in maternal and neonatal brain in response to caffeine exposure,
a significant decrease in mRNA level coding A2A receptor was ob-
served in the dams. In summary, chronic caffeine exposure during
gestation and lactation promoted a decrease in adenosine A1 recep-
tors in whole brain from both dams and neonates (Lorenzo et al.,
2010). One possible explanation for the differences between the
studies could be the higher caffeine concentration used (1 g/L ver-
sus 0.3 g/L). Corroborating with this hypothesis, Kaplan et al.
(1993) showed a relationship between caffeine dose and modifica-
tions in the adenosine A1 receptor. Mice receiving caffeine (97 mg/
kg/day or 194 mg/kg/day) presented a decrease of adenosine A1

receptors binding (20% and 69%, respectively) in the cortex. León
and coworkers (2002) administered the dose of caffeine close to
the minimal effective concentration as Kaplan and coworkers,
whereas the plasma concentration of caffeine measured by Adén
and coworkers was more than three times lower.

Differently from adenosine A1 receptor, data from changes in
the A2A receptor after caffeine treatment during development are
limited due to the restricted distribution of this receptor in rat
brain. In fact, A1 receptors are widespread (Ribeiro, 1999; Sven-
ningsson et al., 1999) and A2A are confined primarily to the stria-
tum, nucleus accumbens and olfactory tubercles (Johansson
et al., 1997; Rosin et al., 1998). Besides, A2AR present low or even
undetectable levels until birth (Adén et al., 2000). Nevertheless,
the fewer studies that analyzed the effects of caffeine in maternal
and fetal brain during pregnancy failed to show any changes on A2A

receptor (Adén et al., 2000; León et al., 2002, 2005a; Lorenzo et al.,
2010). Recently, some alterations were found on gene expression
of A2A receptor (Gaytan and Pasaro, 2012; Lorenzo et al., 2010;
Picard et al., 2008). Neonatal caffeine exposure (PND 2–6) orally
administered was associated to increases on A2A mRNA in brain-
stem and hypothalamus (Gaytan and Pasaro, 2012). The up-regula-
tion of A2A expression was also reported in the medulla of neonates
(PND 24 h) after maternal caffeine treatment in the drinking water
(0.2 g/L). These results are distinct from those described by Lorenzo
and coworkers (2010), who found that caffeine consumption dur-
ing gestation and lactation evoked a significant decrease on mRNA
level encoding A2A receptor in the dams, while no alterations were
detected on A2A expression in the whole brain of neonates (PND
15). The apparent regionally specific discrepancies among studies
may be also attributed to the administration, caffeine dosage and
duration of exposure (Guillet and Kellog, 1991a,b). Gavage
introduce the total amount of caffeine all at once, and the divided
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or single dose have different effects on fetuses (Nakamoto, 2004),
suggesting that if caffeine were administered through diet or
drinking water, the data obtained (Jacombs et al., 1999; Wilkinson
and Pollard, 1994) would differ from data obtained with gavage
(Nakamoto, 2004). In addition, the sensitivity of a specific region
of the brain to caffeine may depend both on the concentration of
caffeine in serum (or tissue) and the stage of maturation of each
brain region at the time of exposure (Guillet and Kellog, 1991a,b).

Apart from adenosine receptors, studies evaluating the effects
of caffeine on the pathways of adenosine metabolism during the
development of the CNS are more limited. The ectonucleotidases
pathway and bidirectional transporters control the extracellular
levels of adenosine, which is a product of ATP catabolism (for re-
views see Cunha, 2001; Zimmermann, 2001). The ectonucleotidase
family seems to be the major way to control nucleotides and
nucleosides availability and includes members of the ectonucleo-
side triphosphate diphosphohydrolases (E-NTPDase), ectonucleo-
side pyrophosphatase/phosphodiesterase (E-NPP), alkaline
phosphatase and ecto-5-nucleotidase. The expression and activity
of E-NTPDases and ecto-50-nucleotidase have been documented
in neural tissues during early neural development (Bruno et al.,
2002; Langer et al., 2007; Stanojevic et al., 2011). The effects of
caffeine (1 g/L in the drinking water) intake during gestation and
lactation were investigated in the hippocampal activity and
expression of NTPDases and 50nucleotidase from rat pups at PND
7, 15 and 21 (da Silva et al., 2012). Although caffeine had increased
the activity of 50nucleotidase in rat pups at PND 7, the expression
of this enzyme was not altered by treatment. Interestingly, caffeine
decreased ATP and ADP hydrolysis in the hippocampus from rat
pups at PND 14, but it increased ATP hydrolysis at PND 21. The
expression of NTPDase 1 was decreased by caffeine in both postna-
tal ages and NTPDase 5 at PND 21 (da Silva et al., 2012). Therefore,
caffeine during gestational and lactation period causes important
changes in the extracellular catabolism of nucleotides, leading to
a transient increase of adenosine in the synaptic cleft via 50-
ectonucleotidase. These findings suggest that more detailed stud-
ies must be made focusing on the extracellular catabolism of
nucleotides in order to elucidate the effects of caffeine during brain
development.

4.2. Cholinergic system

As a neuromodulator adenosine controls the release of several
neurotransmitters, including acetylcholine, which is one of the
important neurotransmitter during brain development (Lassiter
et al., 1998). The cholinergic signaling comprises the early set of
neurotransmission systems present at brain development
(Herlenius and Lagercrantz, 2004). The cholinergic innervations
of the cortex occur about E19 in the mouse and the rat, but mature
levels are not reached until 8 weeks after birth (Berger-Sweeney
and Hohmann, 1997).

Acetylcholine, the oldest identified neurotransmitter, has been
involved in processes of arousal and attention and might be in-
volved in the stimulant properties of caffeine (Acquas et al.,
2002; Fibiger, 1991; Hohmann, 2003; Rainnie et al., 1994; Sarter
and Bruno, 2000), since central cholinergic neurons are sensitive
to adenosine modulation, mainly over ascending cholinergic pro-
jections to the thalamus and cortex. Previous studies reported that
caffeine promotes acetylcholine release in certain brain areas in
adult rodents (Acquas et al., 2002; Carter et al., 1995; Shi and Daly,
1999). The release of acetylcholine is tonically inhibited by
adenosine in the hippocampus, and caffeine orally administered
enhanced this release via adenosine A1 receptors (Carter et al.,
1995). Thus, the arousal effects of caffeine were associated with
increased cholinergic activity in the mammalian cerebral cortex
including the hippocampus (Carter et al., 1995). Likewise, chronic

ingestion of caffeine (1 g/L in the drinking water) by mice for
7 days caused an increase in the densities of muscarinic and nico-
tinic receptors in cerebral cortex (Shi and Daly, 1999). It is conceiv-
able that both A1 and A2A receptors in the brainstem of mouse
(Coleman et al., 2006), rat (Marks et al., 2003), and cat (Tanase
et al., 2003) contribute to the regulation of arousal (Van Dort
et al., 2009).

Maternal caffeine intake during gestation and lactation periods
(1 g/L in the drinking water) was investigated on acetylcholinester-
ase (AChE) activity and expression in the hippocampus from 7-, 14-
and 21-day-old neonates. Caffeine promoted an increase on AChE
activity in the hippocampus of 21-day-old rats, but mRNA levels
were unaltered in all ages (da Silva et al., 2008). These results high-
light the ability of maternal caffeine intake to interfere on cholin-
ergic neurotransmission during brain development. Regardless
the administration form (gavage, intravenous or intraperitoneal)
and dosage of caffeine (0.25–30 mg/kg), two studies reported an
increase in the extracellular levels of acetylcholine in hippocampus
(Carter et al., 1995) and prefrontal cortex (Acquas et al., 2002) by
using microdialysis. Taken together, these findings demonstrate
that the tonic inhibitory regulation exerted by the endogenous
modulator adenosine on acetylcholine release can be counteracted
by caffeine administration.

4.3. Serotonin and catecholamines

Serotonin has been reported to affect neuronal proliferation,
differentiation, migration, and synaptogenesis (Bonnin and Levitt,
2011). Serotonergic cells in the raphe are among the earliest to
be generated in the brain (about E10–E12 in the mouse). After their
generation in the raphe, they start to project diffusely into the
spinal cord and the cortex. Excess of serotonin prevents the normal
development of the somatosensory cortex, which has been demon-
strated in monoamine oxidase knockout mice (Cases et al., 1996).

During critical phases of CNS development, exogenous inter-
vention on neurotransmitter synthesis can lead to permanent
changes in proliferation, differentiation and growth of the effector
cells (Ruediger et al., 2007). The levels of serotonin must be tightly
regulated during the critical period of synaptogenesis and forma-
tion of brain connections. Miswiring problems due to excess or
inadequate activation of specific 5-hydroxytryptamine (5-HT)
receptors during development may be involved in the genesis of
psychiatric disorders such as anxiety disorders, drug addiction,
and autism (Gaspar et al., 2003).

A number of neurochemical investigations have shown that
pronounced increases in brain 5-HT metabolism occur in rats fol-
lowing caffeine administration (Abrams et al., 2005; Haleem
et al., 1995; Khaliq et al., 2012; Li et al., 2012; Okada et al., 1999;
Shi and Daly, 1999). During critical time of the neurodevelopment,
monoamines play an important role in the architecture of the CNS
(Herlenius and Lagercrantz, 2004). It was found that the mono-
amine neurotransmitters levels (5-HT and dopamine) in the brain
elevated gradually with the embryo maturity during the develop-
ment of chicken embryo, especially on the 17th day (Li et al.,
2012). Based on these findings, Li and coworkers (2012) evaluated
the influence of caffeine on monoamine neurotransmitters devel-
opment using developmental chicken embryos. Different dosages
of caffeine (1.25, 2.5, 5.0, 10.0, 20.0, 40.0 and 80.0 lmol/egg) were
injected into the air sac of the incubated 8-day embryos. The em-
bryos were further incubated for 9 days following caffeine treat-
ment, and then the mortality and abnormality rates were
detected. Caffeine resulted in defect of neural tube closure and in-
duced disorder of serotonergic system development, increasing the
contents of 5-HT and its metabolite 5-hydroxyindoleacetic acid (5-
HIAA) under dosage of 10.0 lmol/egg. Moreover, caffeine was not
completely metabolized and the magnification may occur by
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accumulation in the embryonic brain. This study may provide valu-
able data for further investigations on toxicology of caffeine during
different stages of pregnancy (Li et al., 2012).

The serotonergic system play important roles in modulating
behavioral arousal, including behavioral arousal and vigilance
associated with anxiety states (Abrams et al., 2005; Nehlig et al.,
1992). The behavioral effects of caffeine observed in vivo, particu-
larly increased arousal and vigilance, are well known and likely
contribute to the widespread use of this substance. In this regard,
previous studies have demonstrated that caffeine administration
could affect serotonergic system in adult rodents (Abrams et al.,
2005; Haleem et al., 1995; Khaliq et al., 2012; Okada et al., 1999;
Shi and Daly, 1999). Chronic ingestion of caffeine by mice (1 g/L
in drinking water) for 7 days resulted in a significant increase in
density of both 5-HT1- and 5-HT2-serotonergic receptors in cere-
bral cortex (Shi and Daly, 1999). Moreover, Khaliq and coworkers
(2012) reported that repeated caffeine administration for 6 days
at 30 mg/kg dose significantly increases brain 5-HT and 5-HIAA
levels and its withdrawal significantly decreased brain 5-HT levels.
Increased levels of 5-HT and its metabolites were also described in
a single administration of caffeine (Haleem et al., 1995). Caffeine
injected at doses of 20, 40 and 80 mg/kg increased brain levels of
5-HT and 5-HIAA in rat brain (Haleem et al., 1995). A study per-
formed by Reith et al. (1987) demonstrated that caffeine inhibits
the carriers involved in the neuronal uptake of 5-HT with an IC50

of caffeine of approximately 2 � 10�3 M. Moreover, the administra-
tion of caffeine (73, 123, and 162 mg/kg/day) in mice for 3 weeks
did not change parameters of monoamine systems, including the
5-HT2-serotonergic receptor in striatum and cortex (Reith et al.,
1987). Mice that received acute administration of caffeine (100
and 200 mg/kg caffeine, 30 min, i.p.) presented alterations in the
brain regional utilization of monoamines. However, these altera-
tions were not uniform and depended upon the specific neuro-
transmitter and metabolite studied as well as the brain region. In
the olfactory bulb caffeine increased serotonin utilization, whereas
in the hypothalamus a decrease was observed (Hadfield and Milio,
1989). The authors suggested that caffeine might also serve as an
interesting tool in the bulbectomy model due to the changes on
serotonergic parameters detected in olfactory bulb (Hadfield,
1997). A widespread increase of norepinephrine utilizations by caf-
feine was observed in the olfactory bulb, olfactory tubercles, pre-
frontal cortex, amygdala, hypothalamus and hippocampus.
Likewise, caffeine increased dopamine utilization in the olfactory
bulb, olfactory tubercles, prefrontal cortex, septum, hypothalamus
and thalamus (Hadfield and Milio, 1989).

Considering that caffeine may facilitate lipolysis and that brain
neurotransmitters play pivotal roles in the body weight homeosta-
sis, the use of genetically obese animals is relevant to better under-
stand its role on CNS parameters of these models. Chen et al.
(1994) treated obese mice with 12-week of age with caffeine
(4 mg/day) in water for 4 weeks. Caffeine decreased the body fat
content significantly in obese mice and increased the levels of nor-
epinephrine and epinephrine in brain, even though no significant
alterations were detected between obese and lean mice in brain
levels of 5-HT, tryptophan, and 5-hydroxyindoleacetic acid (5-
HIAA). The effect of caffeine on the expression of tryptophan
hydroxylase (TPH), the rate limiting enzyme of serotonin synthesis,
was investigated in dorsal and median raphe from rats trained for 6
consecutive days in a treadmill. Subcutaneous injection of 4 mg/kg
caffeine inhibited the exercise-induced elevation in TPH expres-
sion, which could be a putative ergogenic mechanism of caffeine
(Lim et al., 2001).

McNamara and colleagues (2006) observed that the association
of 10 mg/kg caffeine with MDMA and MDA (‘‘Love’’) markedly re-
duced 5-HT and 5-HIAA concentrations in different brain struc-
tures of rats, as well as increased both acute and long-term

toxicity of these amphetamines in terms of hyperthermic response
and lethality (McNamara et al., 2006). These data suggest that the
interaction of caffeine with other psychostimulants could potenti-
ate toxicity and that caffeine may modulate serotonergic signaling
and other neurotransmitter systems concomitantly. Furthermore,
these findings provide evidence that caffeine administration could
lead developmental and adaptive changes in the serotonergic
system.

4.4. Glutamatergic and GABAergic systems

The balance between the levels of excitatory and inhibitory
neurotransmitter systems is extremely important in order to en-
sure the physiological tonus of CNS. In this context, glutamate
and c-aminobutiric acid (GABA) are two amino acids that play a
key role in regulating the neuronal signaling. Extracelullar gluta-
mate mediates its effects via ionotropic (AMPA, NMDA, and kai-
nate) and metabotropic (mGluRs) receptors. The actions triggered
by glutamate are associated to the increase of Ca2+ in the intracel-
lular milieu, which is responsible for mediating several Ca2+-
dependent transduction signaling pathways (Ashpole et al., 2012;
Sourial-Bassillious et al., 2009; Zonouzi et al., 2011). However, if
glutamate concentrations abruptly increase at synaptic cleft, the
overstimulation of its receptors may promote excitotoxicity, lead-
ing to neuronal damage. Thus, impairment on glutamatergic neu-
rotransmission is involved in acute and chronic
neurodegenerative diseases (Danysz, 2001; Loopuijt and Schmidt,
1998; Mattson, 2008; Riederer and Hoyer, 2006). Since adenosine
is an endogenous neuromodulator, there is a growing therapeutic
interest in the chronic administration of caffeine at moderate doses
as an attractive strategy to prevent excitotoxicity mainly due to the
blockade of facilitatory A2A receptors in several experimental mod-
els (see studies from Dall’Igna et al., 2003; Nobre et al., 2010;
Schwarzschild et al., 2003). However, studies aiming to evaluate
direct actions promoted by caffeine administration on glutamater-
gic signaling are still lacking.

Quiroz and colleagues (2006) showed that A2A receptors
strongly modulate the efficacy of glutamatergic synapses on stria-
tal enkephalinergic neurons. The authors reported that caffeine
(10 mg/kg, i.p.) and MSX-3 (a selective A2A receptor antagonist)
administrated 10 min before cortical stimulation, counteracts the
cell signaling effects of striatal activation. Considering that the ef-
fects of phosphorylation of ERK1/2 and GluR1 induced by stimula-
tion of corticostriatal afferents was dependent of A2A receptor
function, caffeine could be deleterious for the normal development
of striatal function due to its action as a modulator of synaptic
plasticity (Quiroz et al., 2006).

The effects of chronic caffeine intake during gestation on gluta-
matergic parameters have been also described. Pregnant rats trea-
ted with 1 g/L caffeine or theophylline in the drinking water from
the gestational day 2 onwards throughout the gestational period
presented a down-regulation of mGluR1a and phospholipase C b1

(PLCb1), evidencing a desensitization of mGluR/PLC signaling in
the maternal brain (León et al., 2005b). Contrastingly, this same re-
port did not detect significant changes in mGluR/PLC responsive-
ness, which could be attributed to the immaturity of mGluR/PLC
signaling at birth. Interestingly, caffeine also is able to modulate
peripheral tissues, such as heart in fetuses since it significantly de-
crease mGluRs levels and phospholipase C activity in heart (Iglesias
et al., 2006).

Studies investigating electrophysiological properties of synaptic
transmission have demonstrated that caffeine has been found to
induce long-term potentiation (LTP), a physiological phenomenon
associated to synaptic plasticity that is thought to underlie learn-
ing and memory processes (Lu et al., 1999; Martín and Buño,
2003). Additionally, caffeine may also improve cognitive function
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in several models of learning and memory, which is correlated to
the modulatory effects of P1 receptors blockade on glutamatergic
signaling parameters. Concerning the presynaptic actions of caf-
feine on A1 receptors, Wang (2007) showed a facilitation of 4AP-
evoked glutamate release possibly through the activation of PKC
pathway in rat cerebrocortical synaptosomes. This evidence
strongly points for a crosstalk between transduction pathways
mediated by adenosine and glutamate, suggesting that different
caffeine administrations may exert a fine-tuning regulation of glu-
tamate-mediated neurotransmission, which could, at least in part,
be one of the putative mechanisms for mediating its beneficial cog-
nitive processes.

Contrastingly to the actions triggered by glutamate, the GABA-
mediated signaling via GABAA receptor induces the major inhibi-
tory postsynaptic current (IPSC) in vertebrate CNS (Belelli et al.,
2009; Bosman et al., 2005). It has been postulated that the GABAer-
gic system plays a role in the regulation of locomotor activity, and
that the administration of caffeine (10–40 mg/kg, p.o.) potentiates
locomotion due to its antagonism of adenosine receptor and acti-
vation of the dopaminergic system, which consecutively, reduces
GABAergic activity through the reduction of cholinergic system
(Mukhopadhyay and Poddar, 1995). Furthermore, chronic inges-
tion of caffeine in a dose equivalent to about 100 mg/kg/day in
mice promoted several biochemical alterations in the CNS, includ-
ing an increase of the density of cortical benzodiazepine-binding
sites associated with GABAA receptors (Shi et al., 1993).

Modulatory approaches on GABAergic neurotransmission have
been described in different brain regions, and the raise on intracel-
lular Ca2+ concentration ([Ca2+]i) has been used to mimic these reg-
ulations. Caffeine is generally used as a molecule that increases the
cellular content of Ca2+ by its release from ryanodine-sensitive
intracellular sites (Hernández-Cruz et al., 1995). Using prepara-
tions from hippocampus of Wistar rats aged 4–12 days, Taketo
and colleagues performed whole cell patch clamp recordings to
investigate the effects of caffeine and several other [Ca2+]i-mobiliz-
ing drugs on the IPSCs in acute slices (Taketo et al., 2004). In the
respective study, the perfusion with both 1 and 10 mM caffeine
inhibited the GABAAergic IPSCs recorded from CA3 neurons tran-
siently. Interestingly, this inhibitory effect was not observed after
treatment with bradykinin, ATP, and acetylcholine, which are mol-
ecules able to increase [Ca2+]i by releasing Ca2+ from IP3-sensitive
store and/or induce Ca2+ influx. The inhibition on GABAA IPSC pro-
moted by caffeine was also observed after Ca2+ chelation and con-
comitant fluorescent analyses suggested that the inhibitory effect
occurs independently of intracellular Ca2+ mobilization. Although
the precise mechanisms of caffeine actions on GABAA are not fully
understood, it has been postulated that cAMP levels and adenosine
receptors do not play a crucial role in this phenomenon (Taketo
et al., 2004). Although these results are in contrast with previous
studies that described the importance of Ca2+ on the modulation
of GABAA receptor-channels (De Koninck and Mody, 1996; Vigh
and Lasater, 2003), a plausible explanation for these discrepancies
could be attributed to the differences in the experimental condi-
tions and also to the analysis performed on distinct brain regions.

Recently, Silva and colleagues showed that caffeine (0.3 g/L) and
KW 6002 (istradefylline, 2 mg/kg per day, selective A2AR antago-
nist) administered during gestation and lactation, delayed migra-
tion and insertion of GABA neurons into the hippocampal
circuitry in the offsprings (PND 6) (Silva et al., 2013). The authors
observed that the number and distribution pattern of GABA neu-
rons (somatostain positive) were similar in the hippocampus of
adult control and caffeine-treated mice. The abnormal GABA
migration leads to an increase in the frequency of giant depolariz-
ing potential and spontaneous inhibitory and excitatory postsyn-
aptic currents in the hippocampus of caffeine-treated offspring,
suggesting evident signs of hyperexcitability. As a consequence,

caffeine-treated offsprings were more susceptible to seizures trig-
gered by a convulsant agent (Silva et al., 2013).

Therefore, protocols that aim to evaluate the effects of caffeine
on glutamatergic and GABAergic neurotransmitter systems might
be relevant to clarify the central actions of this molecule on CNS
as well as its potential role in several neurodegenerative diseases
models.

4.5. Dopaminergic system

There are evidences showing that several effects mediated by
caffeine, such as motor control, level of arousal and vigilance
may be attributed to its influence on dopaminegic signaling (Bru-
nyé et al., 2010; Collins et al., 2010; Ferré, 2010; Hsu et al.,
2010). Adenosine receptors interact with dopamine D2 receptors,
resulting in multimolecular aggregates, known as receptor hetero-
mers (Fuxe et al., 2012). The A2A-D2 heteromers are located partic-
ularly in the dendritic spines of the striatopallidal GABAergic
neurons, exerting a fine-tuning regulation of glutamatergic neuro-
transmission (Ciruela et al., 2006; Ferré et al., 2009; Fuxe et al.,
2007). The molecular integration of both receptors leads to com-
plexes physiological responses, in which the function will be the
combination of different chemical–physical signals from distinct
cellular microenvironments (Ferré et al., 2004). It is known that
the binding of adenosine to A2A receptors alters the phosphoryla-
tion state of the dopamine- and cAMP-regulated protein DARPP-
32 and upregulates the expression of immediate-early genes (e.g.
c-fos) in striatal neurons (Lindskog et al., 2002). Activation of either
dopamine D1 or adenosine A2A receptor leads to a protein kinase A
(PKA)-dependent phosphorylation of DARPP-32 in separate neu-
rons (Svenningsson et al., 1998).

Considering that A2AR play facilitatory role on CNS (Costenla
et al., 2010; Pinto-Duarte et al., 2005) and that caffeine may in-
crease the levels of D2R transcripts (Stonehouse et al., 2003), the
use of selective A2A receptors antagonists have emerged as a prom-
ising strategy for Parkinson’s disease (Schwarzchild et al., 2003).

The pharmacological involvement of the tail of the ventral teg-
mental area (tVTA) in the caffeine-mediated responses has already
been studied (Kaufling et al., 2010). A robust effect on the expres-
sion of the transcription factor FosB and its stable truncated splice
variant DFosB has been acutely detected in this structure after sys-
temic drug administration, such as cocaine (Sato et al., 2011; Sun
et al., 2008). Since tVTA output is mainly GABAergic, it may act
as a potential control site for dopaminergic activity (Bourdy and
Barrot, 2012). As a consequence, tVTA plays a key role for adaptive
and goal-directed behaviors, motivation, reward and mood (Grace
et al., 2007; Le Moal and Simon, 1991; Nestler and Carlezon, 2006;
Schultz, 2007).

Adult male rats treated with caffeine in a range of 2.5–100 mg/
kg (i.p.) during 3 h showed a significant increase on FosB/DeltaFosB
expression up to the highest dose tested in GABAergic cells (Kau-
fling et al., 2010). Importantly, this effect was mild when compared
to that observed after administration of psychostimulant drugs
that directly target amine uptake sites (Kaufling et al., 2010; Sun
et al., 2008). The treatment with dopamine transporter inhibitor
GBR12909 promoted a strong enhancement on FosB/DeltaFosB
expression in the tVTA, showing that this induction is mediated
by dopamine (Kaufling et al., 2010). Since caffeine does not pro-
mote the inhibition of the monoamine transporter (Nehlig et al.,
1992), the neurochemical finding along with behavioral analysis
suggest that caffeine may be considered only mildly stimulatory
drug and it could not be grouped with other psychostimulant drugs
such as amphetamine and cocaine.

Studies involving the combination of caffeine with ampheta-
mines showed that it potentiates the methamphetamine-induced
toxicity possibly by increasing oxidative stress and dopamine
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release in striatum of rats (Sinchai et al., 2011). Likewise, a syner-
gistic effect of caffeine with 3,4-methylenedioxymethamphet-
amine (MDMA, ‘‘Ecstasy’’) was reported (Ikeda et al., 2011),
which promoted a significant increase of extracellular dopamine
and 5-HT, in a way attributed to A1 receptor blockade (Vanattou-
Saïfoudine et al., 2011). Since DA-mediated signaling in the fore-
brain is a critical component of the brain circuitry regulating
behavioral activation, the administration of caffeine reverted the
locomotor suppression induced by the D1 antagonist SCH 39166
(ecopipam) (Collins et al., 2010). As a consequence, the crosstalk
between adenosinergic and dopaminergic system in distinct brain
structures is considered to be an important factor that elicits the
effects mediated by caffeine on several parameters regulated by
dopamine signaling, such as locomotion, learning, attention, and
arousal (Brunyé et al., 2010; Fisone et al., 2004; Nehlig et al.,
1992; Powell et al., 2001; Stonehouse et al., 2003).

More recently, increasing evidence suggests that caffeine might
represent important therapeutic tools for the treatment of the
Attention deficit and hyperactivity disorder (ADHD) (Lara, 2010;
Takahashi et al., 2008), which is the most prevalent psychiatric dis-
order in children (Polanczyk et al., 2007). ADHD is characterized
primarily by a triad of symptoms constituted of hyperactivity, inat-
tention and impulsivity (Biederman and Faraone, 2005). By using
spontaneously hypertensive rats (SHR), the most frequently exper-
imental model for ADHD studies, it was observed a reversion of
discriminative learning impairment by SHR rats treated chronically
with caffeine (Pires et al., 2010). In further study, the ability of caf-
feine to abrogate behavior deficits in the attention set-shifting task
was related to a normalization of density and activity of dopamine
transporters (DAT) in the frontal cortex, the brain region more clo-
sely associated with sustained attention (Pandolfo et al., 2013).

4.6. Caffeine and signaling pathways

Methylxanthines are molecules that induce pleiotropic effects
on CNS. As a consequence, emergent perspectives in clarifying
the mechanisms of action triggered by caffeine during the ontog-
eny exist. The improvement of bioinformatics tools associated with
the advance of omics and pharmacological strategies allow
researchers to design alternative protocols in order to evaluate dis-
tinct roles of caffeine on gene and protein expression profiles, as
well as on several second messenger systems in different models.

Microarray data from honeybee brain revealed that the biolog-
ical processes primarily modulated by caffeine treatment for 5 min,
1, 4, and 24 h, include synaptic transmission, Ca2+ mobilization,
cytoskeletal alterations, and protein/energy metabolism
(Kucharski and Maleszka, 2005). Interestingly, although the dose
administered of approximately 200 ng/mg body mass is not com-
parable to the quantities of human consumption, these effects
were similar to those previously detected for caffeine-inducible
genes in vertebrate models (Lorist and Tops, 2003; Stonehouse
et al., 2003). Considering that the current honeybee genome does
not present annotated ESTs of adenosine receptors, it is not possi-
ble to conclude whether these receptors are affected by caffeine
treatment. Moreover, these data lead us to hypothesize that the
actions triggered by caffeine in CNS may not be simply explained
by its non-selective antagonism of adenosine receptors, suggesting
the existence of a pleiotropic effect on other neurotransmitter
signaling pathways.

Using neuronal cultures from hippocampus of 3-week-old
rodents, Korkotian and Segal (1999) demonstrated that caffeine
pulses stimulate a transient rise of [Ca2+]i in dendrites and spines
in a 5–10 mM range. Furthermore, this study also verified a signif-
icant increase in the size of dendritic spines and the formation of
new ones in a mechanism dependent of ryanodine-sensitive Ca2+

stores. This mobilization of [Ca2+]i exerted by caffeine can be

attributed to the blockade of A1 receptors and it is known to facil-
itate somatodendritic dopamine release in the substantia nigra
pars compacta (Patel et al., 2009; Vanattou-Saïfoudine, 2011).

It has been reported that caffeine may play its roles via acti-
vation of several second messenger systems (Alzoubi et al.,
2013; Connolly and Kingsbury, 2010). Studies from our labora-
tory have focused the attention on the effects promoted by caf-
feine in memory tasks by modulating neurotrophins. When adult
CF1 mice were treated during 4 consecutive days with caffeine
(10 mg/kg, i.p., equivalent dose corresponding to 2–3 cups of cof-
fee), the object recognition memory was improved, which was
correlated with increased levels of the brain-derived neurotro-
phic factor (BDNF) and tyrosine kinase receptor (TrkB) in the
hippocampus (Costa et al., 2008b). Importantly, these effects oc-
cur independently of changes on phospho-CREB (Ca2+/cAMP re-
sponse element binding protein) immunocontent. The
preventive effects of caffeine against memory impairment by
aging were related to modifications in BDNF and related proteins
in the hippocampus. In both studies, aged- and middle-aged ani-
mals presented increase in the BDNF immunocontent and caf-
feine (1 g/L, drinking water) counteracted at adult animals level
(Costa et al., 2008a; Sallaberry et al., 2013). The effect of chronic
caffeine treatment (0.3 g/L on drinking water during 4 weeks) on
long-term memory deficit associated with 24 h sleep deprivation
was reported by Alhaider and colleagues. This study demon-
strated that caffeine was able to prevent the impairment of
long-term memory as measured by performance in the radial
arm water maze task and normalized L-LTP in CA1 region of
sleep-deprived anesthetized rats. Importantly, the authors veri-
fied that caffeine prevented the effect of sleep-deprivation on
the stimulated levels of P-CREB and BDNF (Alhaider et al., 2011).

Pregnant Swiss rats treated with caffeine (25 or 50 mg/kg, i.p.)
from 8 to 10 gestational day (GD) presented accelerated neuroepit-
elium invagination into telencephalic vesicles, which was related
to increased expression of protein kinase A (PKA) (Sahir et al.,
2000, 2001). However, the peritoneal route of caffeine administra-
tion makes it difficult to compare this result with other experimen-
tal studies applying the oral route.

Using zebrafish as animal model, Capiotti et al. (2011)
showed the expression of adenosine receptors and its indirect
targets dopamine and cAMP-regulated phosphoprotein (DARPP-
32) and BDNF. The treatment with 100 lM caffeine at 1 hpf
did not alter larvae morphology, but significantly increased DAR-
PP-32 and BDNF transcripts at different phases of development.
These studies suggest that the modulatory roles of caffeine on
neurotrophins are complex and that the different results ob-
tained could be attributed to differences of the experimental
protocol (time, method of administration, or dose of caffeine em-
ployed) and also to a possible distinct action during ontogenetic
development.

CREB is known to mediate the transcription of genes essential
for the development and physiology of the CNS, such as BDNF. A
study performed by Connolly and Kingsbury (2010) demon-
strated that caffeine exhibits a biphasic dose–response curve of
CREB activity, in which the maximal stimulation occurred at
10 mM in a mechanisms dependent of Ca2+ released from ryan-
odine sensitive internal stores. Furthermore, quantitative RT-PCR
assays revealed that caffeine treatment increase mRNA levels of
BDNF in primary cultures of developing mouse cortical neurons
(Connolly and Kingsbury, 2010). Based on these findings, we
suggest that protocols aiming to investigate the effects of caf-
feine via Ca2+-dependent proteins can be tempting strategies to
elucidate its actions on CNS. Moreover, the identification of
new caffeine-sensitive genes, as well as its regulatory networks,
might be helpful for discovering putative critical targets for both
acute and chronic treatments.
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5. Caffeine consumption during pregnancy: epidemiological
studies

Over the past decade, many studies were designed to investi-
gate the safety of caffeine consumption during pregnancy and most
of them revealed increased risk for miscarriage and spontaneous
abortion. In addition, many cases of low body weight at birth were
associated to caffeine intake during pregnancy. Since caffeine is
found in some daily beverages, a great number of epidemiological
studies have been performed to evaluate the reproductive and
developmental risks of caffeine intake during pregnancy. Besides
controlling confounding factors such as smoking and alcohol in-
take, according to Brent et al. (2011), it is important to consider
the ‘‘pregnancy signal’’. This consists on symptoms (nausea and
vomiting) that may occur in the beginning of pregnancy due to
high levels of chorionic gonadotropin (HCG) and these symptoms
may account to the avoidance of beverages containing caffeine.
Here, some recent epidemiological studies will be outlined consid-
ering caffeine intake during pregnancy and possible associations
with spontaneous abortion (miscarriage or pregnancy loss), con-
genital malformations, and fetal growth restriction.

5.1. Spontaneous abortion

Giannelli et al. (2003) examined the effect of caffeine and nau-
sea on the risk of miscarriage in a case-control study. In this report,
the consumption of cups of coffee, tea and cola drinks were consid-
ered caffeine intake and converted into mg of caffeine per day. Dai-
ly consumption of more than 300 mg of caffeine increased risk of
spontaneous abortion (SA). On the other hand, women who re-
ported mild to moderate nausea had a twofold reduced in risk of
miscarriage. The limitation of this study was the gestational age
in the interview: cases were interviewed three weeks after sponta-
neous abortion, mostly in the first trimester period; control partic-
ipants were interviewed after 13 weeks of pregnancy,
corresponding to the second trimester.

In another case-control study of women who had two or more
SA, mean caffeine consumption P300 mg/day presented a 2.7-fold
increase in odds of repeated miscarriage in nonsmokers, but not in
smokers. After adjustment of confounding factors, the significance
no longer exists, demonstrating the importance of controlling po-
tential confounding factors (George et al., 2006).

In a population-based case-control study on risk factors for first
trimester miscarriage, pregnant women who consumed more than
300 mg of caffeine per day had increased odds ratio (OR) for a mis-
carriage. The pregnancy signal was considered and after adjusting
OR for nausea, the association no longer exists, demonstrating that
caffeine exposure was not associated with increased risk of SA
(Maconochie et al., 2007). Similar results were found in a cohort
study of 1063 women shortly after confirmation of pregnancy
(approximately 10 weeks), where risk of SA increased in the expo-
sure group of >200 mg of caffeine per day, but after adjusting for
pregnancy signal no statistical difference (Weng et al., 2008). A
possible explanation for this result is that when experiencing nau-
sea, especially in the first 12 weeks of pregnancy, women did not
tend to drink coffee, the main source of caffeine. In another study,
an association between caffeine consumption and the risk of mis-
carriage was investigated in 2407 women. Caffeine intake was also
determined in early gestation. The results were stratified by timing
of the pregnancy loss to determine the probability of having a mis-
carriage at a specific week of pregnancy (Savitz et al., 2008). Three
time points of exposure to caffeine were considered: (1) prior to
pregnancy, (2) 4 weeks after last menstrual period and (3) at the
time of the interview. Changes in caffeine consumption since preg-
nancy were also determined. The median coffee intake of the entire

study population was 350 mg/day prior to pregnancy and 200 mg/
day at the time of the interview. Importantly, coffee consumption
was similar in women reporting nausea and vomiting in early
pregnancy compared to those without nausea. Among all women,
caffeine consumption at any of the time points was unrelated to
the risk of miscarriage (OR = 0.7 and 1.3). The most elevated odds
were for total caffeine intake above the median for the population.
The authors did not find strong associations between coffee or caf-
feine consumption prior to or early in pregnancy and the risk of
miscarriage (Savitz et al., 2008).

5.2. Congenital malformations

The National Birth Defect Prevention Study (NBDPS) is an ongo-
ing multisite population-based case-control study that began in
1997 in 10 USA states. Cases were infants with one or more of over
30 different categories of major structural defects, and control in-
fants were liveborn infants without birth defects randomly se-
lected in the same time period and geographic areas as the cases.
For caffeine intake information, mothers were asked about their
usual intake of coffee, tea, soda, and chocolate during the year be-
fore they became pregnant. Caffeine exposure was estimated at
100 mg for a cup of coffee, 37 mg for a cup of tea, 10 mg per ounce
of chocolate, and according to the manufacturer or published caf-
feine contents for soda and other soft drinks by brand and variety.
No association was found between maternal caffeine consumption
and orofacial clefts (Collier et al., 2009); and various types of car-
diac malformations (Browne et al., 2007). In addition, there was
no statistical increased risk of bilateral renal agenesis and renal
hypoplasia with caffeine exposure (Slickers et al., 2008). Using data
from NBDPS, Miller et al. (2009) studied caffeine exposure accord-
ing to changes in caffeine intake during pregnancy and anorectal
atresia. The exposed group (caffeine intake before pregnancy)
who consumed the same amount or more caffeine in pregnancy
had an association with isolated anorectal atresia. However, this
association is due to non-adjusted OR for smoking.

Assessing maternal caffeine intake before pregnancy and the
risk of neural tube defects, modest associations with spina bifida
were observed for any consumption of caffeine (>10 mg/day;
OR = 1.4). When stratified by smoking, alcohol and maternal age,
the associations between spina bifida and any caffeine intake were
only observed among women without high risk characteristics (i.e.,
among non-smokers, non-alcohol users and younger aged women).
They did not find though dose–response with increased caffeine in-
take (Schmidt et al., 2009). One recent case-control study on
maternal periconceptional factor and risk of spina-bifida showed
an association between consumption of more than 3 cups of coffee
per day and increased risk for spina-bifida. Nonetheless, they did
not specify the amount of caffeine in mg/day, and there was no
control for acid folic supplementation (de Marco et al., 2011).

5.3. Fetal growth restriction

The CARE Study Group (2008) was a prospective observational
study to examine the association of maternal caffeine intake with
fetal growth restriction. The participants were 2635 low risk preg-
nant women recruited between 8 and 12 weeks of pregnancy.
Assessments of caffeine and smoking and tobacco exposure were
by self-reporting and by measuring caffeine and cotinine in the sal-
iva. Caffeine intake was collected using the caffeine assessment
tool (CAT), previously reported (Boylan et al., 2008). Briefly, it mea-
sures caffeine intake from all possible sources of caffeine (coffee,
tea, hot chocolate, cola and energy drinks) in a Food Frequency
Questionnaire style, considering specific brand, preparation and
portion sizes. Three CATs were administered – the first at recruit-
ment (8–12 weeks); the second and third by the participants, that
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covered the period 13–28 weeks, and 28 weeks to the end of preg-
nancy. This time points correspond to first, second and third tri-
mester of pregnancy, respectively. Participants also reported
whether they experienced nausea and vomiting during each tri-
mester. This study demonstrated that maternal caffeine intake is
associated with an increased risk of fetal growth restriction, after
adjustment for smoking and alcohol intake. The risk is increased
in pregnant women consuming more than 200 mg/day of caffeine,
throughout pregnancy.

Boylan et al. (2012) used the valuable data collected by the
CARE study to explore the relationships between nausea and vom-
iting in pregnancy and caffeine intake. Women who reported nau-
sea and vomiting in the first trimester had lower caffeine intakes
compared to those who did not. However, adjusted odds ratio for
fetal growth restriction did not show differences in fetal growth
restriction and nausea and vomiting.

Bakker et al. (2010) examined the associations of maternal caf-
feine intake with fetal growth characteristics measured in each tri-
mester of pregnancy and the risks of adverse birth outcomes. This
study was embedded in the Generation R Study, a population-
based prospective cohort study from the Netherlands with preg-
nant women enrolled since early pregnancy. Self-reported caffeine
intake questionnaires were obtained in early pregnancy (gesta-
tional age 18.0 weeks), midpregnancy (gestational age 18.0–
24.9 weeks), and late pregnancy (gestational age > 25.0 weeks),
which were considered the first-, second-, and third-trimester
measurements, respectively. The mothers who reported any coffee
or tea consumption were asked to categorize their average number
of cups of coffee or tea per day, and what type of coffee or tea they
consumed (caffeinated or decaffeinated). In their analyses, they
considered 1 cup of coffee containing 90 mg of caffeine, according
to their standard values for caffeine contents in beverages. Findings
from this large population-based prospective cohort study suggest
that caffeine intake of more than 6 units/day during pregnancy is
associated with impaired fetal length growth and an increased risk
of low birth weight. However, no associations between caffeine in-
take and the risk of preterm birth were found (Bakker et al., 2010),
which is in accordance with another prospective study evaluating
self-reporting caffeine intake and urinary caffeine during early and
late pregnancy (Bracken et al., 2003).

In a cohort study of Intrauterine Growth Retardation (IUGR),
cord blood sample to evaluate caffeine metabolites. No association
between IUGR and caffeine intake during the first and the seventh
month of pregnancy (Grosso et al., 2001). To determine whether
the third-trimester maternal serum concentration of paraxanthine
is associated with delivery of a small-for-gestational age infant
(SGG, birth weight less than the 10th percentile for gestational
age, gender, and ethnicity) and whether this association differs
by smoking, the authors studied 2,515 women who participated
in the Collaborative Perinatal Project from 1959 to 1966. The wo-
men provided a third-trimester serum sample and had been con-
trols for a nested case–control study of spontaneous abortion.
The mean serum paraxanthine concentration was greater in wo-
men who gave birth to small-for gestational age infants (754 ng/
mL) than to appropriately grown infants (653 ng/mL, p = 0.02).
Nevertheless, the linear trend for increasing serum paraxanthine
concentration to be associated with increasing risk of small-for-
gestational age birth was confined to women who also smoked
(p = 0.03), but no caffeine intake information was collected. The
authors concluded that maternal third trimester serum paraxan-
thine concentration, which reflects caffeine consumption, was
associated with a higher risk of reduced fetal growth, particularly
among women who smoked (Klebanoff et al., 2002).

In a case-control study of association of caffeine intake before
pregnancy and during each trimester, no associations between
SGA and intake of three or more cups of coffee per day during

pregnancy or >4 cups of coffee per day before becoming pregnant
were found (Parazzini et al., 2005).

Although most human exposures were measured in cups of cof-
fee per day, it is difficult to define a cup (1 cup in Brazil = 8 fluid
ounces); coffee makers measure in 5-oz serving cups. Defining caf-
feine intake in cups of coffee is not suitable, since coffee is made
differently among cultures and countries. It is more suitable pre-
senting the results as mg of caffeine per day. In this regard, each
cup of coffee can be converted to mg of caffeine according to the
portion size and the preparation of the users from a specific geo-
graphic area.

It is also difficult to circumvent all confounding factors in an
epidemiological study. Despite some studies are successful in con-
trolling one factor, there are reports that consider other confound-
ing factors. Hence, it is clear that these studies did not reach a
unanimous response about what the amount of caffeine can be ta-
ken safely during pregnancy.

6. Concluding remarks

In this review, the studies aforementioned clearly pointed for a
dualistic action of caffeine. Here, the studies about the benefits of
caffeine against age-related cognitive decline and its cognitive en-
hancer properties were briefly mentioned. The reason is the rela-
tively agreement between animals and human studies pointing
to the safety of caffeine consumption during adulthood. In this
context, one face of Janus is better established. The other face of Ja-
nus comprises the effects of caffeine exposure during the early per-
iod of brain development. Basically, the neurochemical and
behavioral findings on the effects of pre and postnatal caffeine
exposure depended on many variables such as: time of exposure,
schedule of administration, dosage and age of the animals. Further-
more, the immaturity of the enzyme machinery leads to accumula-
tion of caffeine in the brain, contributing for the neurochemical
and behavioral alterations. While behavioral effects observed in
neonatal rats exposed to caffeine were related to ontogenetic mod-
ifications in the adenosine A1 receptors, it remains unclear the par-
ticipation of adenosine A2A receptors.

Considering that adenosine acts as an inhibitory or facilitatory
endogenous neuromodulator, caffeine influences distinct biochem-
ical pathways and, therefore, modulates neurotransmitter signal-
ing, neurotrophins, cell transduction machinery, and gene

Fig. 2. The Janus face of caffeine. Janus is considered the god of the beginnings and
transitions. He is usually portrayed as having two faces: one looking forward and
one looking backward. The benefits of caffeine consumption in adulthood are
relatively well known (the face looking back). However, the safety dose to be
consumed during pregnancy and the effects of caffeine consumption by children
remains under debate. Thus, the other face is still looking for future more conclusive
studies.
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expression profile. Recent epidemiological studies corroborates
with the idea that the consumption of caffeine during pregnancy
deserved more detailed studies, even with the analysis of novel
confounding variables. Thus, the other face of Janus is still looking
forward advances on the knowledge of the impact of caffeine con-
sumption during early period of brain development (Fig. 2). It is
not a simplistic question of whether caffeine is or not safe. But it
is important to realize where animal studies are inherently limited
and to bridge the gaps between epidemiological and animals inves-
tigations. In this regard, the development of experimental proto-
cols aiming to investigate a detailed network of the multiple
effects triggered by caffeine during brain development is necessary
to complement the rodent existent approach in future translational
researches.
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a  b  s  t  r  a  c  t

Caffeine  is the  psychostimulant  most  consumed  worldwide.  However,  little  is known  about  its  effects
during  fetal  brain  development.  In this study,  adult  female  Wistar  rats  received  caffeine  in  drinking
water  (0.1,  0.3  and  1.0  g/L)  during  the active  cycle  in  weekdays,  two  weeks  before  mating  and  throughout
pregnancy.  Cerebral  cortex  and  hippocampus  from  embryonic  stages  18  or  20  (E18  or  E20,  respectively)
were  collected  for immunodetection  of the  following  synaptic  proteins:  brain-derived  neurotrophic  factor
(BDNF),  TrkB  receptor,  Sonic  Hedgehog  (Shh),  Growth  Associated  Protein  43  (GAP-43)  and  Synaptosomal-
associated  Protein  25  (SNAP-25).  Besides,  the  estimation  of  NeuN-stained  nuclei  (mature  neurons)
and  non-neuronal  nuclei  was verified  in  both  brain  regions  and  embryonic  periods.  Caffeine  (1.0  g/L)
decreased  the  body  weight  of embryos  at E20.  Cortical  BDNF  at  E18  was  decreased  by caffeine  (1.0  g/L),
while  it increased  at E20, with  no  major  effects  on TrkB  receptors.  In the  hippocampus,  caffeine  decreased
TrkB  receptor  only  at  E18,  with  no  effects  on BDNF.  Moderate  and  high  doses  of  caffeine  promoted  an
increase  in  Shh  in both  brain  regions  at E18,  and in  the  hippocampus  at E20.  Caffeine  (0.3  g/L)  decreased
GAP-43 only  in  the  hippocampus  at E18. The  NeuN-stained  nuclei  increased  in the  cortex  at  E20  by
lower  dose  and  in  the  hippocampus  at E18  by  moderate  dose.  Our data  revealed  that  caffeine  transitorily
affect  synaptic  proteins  during fetal  brain  development.  The  increased  number  of  NeuN-stained  nuclei
by  prenatal  caffeine  suggests  a  possible  acceleration  of the  telencephalon  maturation.  Although  some
modifications  in the  synaptic  proteins  were  transient,  our data  suggest  that  caffeine  even  in lower  doses
may  alter  the  fetal  brain  development.

© 2014  ISDN.  Published  by  Elsevier  Ltd.  All  rights  reserved.

1. Introduction

Caffeine is one of the most consumed psychostimulant present
in our diet in drinks like coffee, tea and cola soft drinks. The pharma-
cological actions of caffeine consist in blocking adenosine actions,
a nucleoside that acts as a neuromodulator in the central nervous
system (CNS). Adenosine controls neurotransmitter release, neu-
ronal excitability and circadian rhythm through its metabotropic
receptors A1, A2A, A2B and A3 (Cunha, 2001; Fredholm et al., 2005).
The major effect of caffeine at the concentrations relevant to daily
intake is the antagonism of A1 and A2A receptors (Fredholm et al.,

∗ Corresponding author at: Universidade Federal do Rio Grande do Sul, Departa-
mento de Bioquímica, Instituto de Ciências Básicas da Saúde, Rua Ramiro Barcelos,
2600 – anexo, Bairro Santana, Porto Alegre, RS 90035-003, Brazil.
Tel.: +55 51 3308 5556; fax: +55 51 3308 5540.

E-mail addresses: loporciuncula@yahoo.com, loporciuncula@gmail.com
(L.O. Porciúncula).

2005). It is well documented the beneficial effects of caffeine on
cognitive functions in different ages in adult animals (Angelucci
et al., 1999; Costa et al., 2008a; for review see Cunha and Agostinho,
2010). Chronic caffeine prevents memory disturbances associated
with aging (Arendash et al., 2006; Costa et al., 2008b; Prediger
et al., 2005; Sallaberry et al., 2013) and experimental models of
Alzheimer’s disease (Arendash et al., 2009; Dall’Igna et al., 2007;
Espinosa et al., 2013).

Regarding effects of caffeine during brain development epi-
demiological studies have associated caffeine intake and birth
outcomes, such as low birth weight, intrauterine growth retar-
dation and miscarriage (Brent et al., 2011; Bakker et al., 2010;
Giannelli et al., 2003). However, the effects of caffeine intake dur-
ing fetal and even postnatal brain development have been poorly
investigated (for review see Porciúncula et al., 2013; Temple,
2009). Caffeine enters into all tissues of the fetus (Bracken et al.,
2003) since it can easily cross biological membranes including the
placental barrier and fetal brain (Arnaud, 1987). Some experimen-
tal studies in rodents revealed that caffeine administered during

http://dx.doi.org/10.1016/j.ijdevneu.2014.04.006
0736-5748/© 2014 ISDN. Published by Elsevier Ltd. All rights reserved.
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pregnancy reduced the number of somites and extent of the neu-
ral tube in the post-implantation embryo, suggesting intrauterine
growth retardation (Jacombs et al., 1999). Besides, caffeine in
pregnant females decreased the immunocontent of metabotropic
glutamate receptors of group I in the brain in fetuses and pregnant
rats (León et al., 2005), and also influenced serotonergic system
in chick embryo, increasing the contents of 5-HT and its metabo-
lite 5-hydroxyindoleacetic acid (5-HIAA) (Li et al., 2012). A recent
study assessing the effect of moderate caffeine intake during preg-
nancy on mice pups resulted in delayed migration of cortical
�-aminobutyric acid (GABA) neurons, an increased susceptibility
to seizures, and deficits in spatial memory when assessed in adult-
hood (Silva et al., 2013).

Since caffeine is a non-selective antagonist of A1 and A2A
adenosine receptors and coupling of these receptors to G-proteins
occurs postnatally in cortex and hippocampus (Adén et al., 2000;
Gaytan et al., 2006), most experimental studies with caffeine
during brain development have investigated the impact of caf-
feine on these receptors at postnatal stages or during adulthood
(Adén et al., 2000; Gaytan and Pasaro, 2012; Guillet and Kellogg,
1991). However, it remains to be investigated if the patterns of
the development of synapses during intrauterine can be mod-
ified by caffeine intake. The effects of caffeine administration
on proteins, hormones, signaling pathways and especially neu-
rotrophic factors that regulate the development of the CNS during
intrauterine life are still little investigated. Thus, our study aimed
to evaluate the effects of administration of different doses of caf-
feine during pregnancy on proteins involved in the formation
and maturation of synapses, namely: (i) the neurotrophin brain-
derived neurotrophic factor (BDNF) and its receptor TrkB; (ii) two
components of synapse (axons and nerve terminals): Growth Asso-
ciated Protein 43 (GAP43) and Synaptosomal-associated protein
25 (SNAP-25); (iii) the major morphogen agent Sonic hedgehog
(Shh). In addition, an estimation of the number of neuronal and
non-neuronal cells was assessed in the cortex and hippocampus in
fetuses from embryonic state 18 and 20 (E 18 and E 20) exposed to
caffeine throughout intrauterine life.

2. Materials and methods

2.1. Animals and caffeine treatment

Female Wistar rats (2 months old) were obtained from the Central Animal House
of our Department. They were maintained in standard cages under a standard
dark–light cycle (lights on between 7 A.M. and 7 P.M.), at a room temperature of
22  ± 2 ◦C. All experimental procedures were performed according to the Ethical com-
mittee of Universidade Federal do Rio Grande do Sul (Proc. N◦ 20332) in compliance
with Brazilian Society for Neuroscience and Behavior (SBNeC) recommendations for
animal care.

Adult female Wistar rats were treated with caffeine in drinking water (0.1,
0.3 and 1.0 g/L, corresponding to low, moderate and high intake, respectively)
(Fredholm et al., 1999), during the active period (dark cycle) in weekdays, two
weeks before mating. Although 1 mg/mL  of caffeine is considered high consump-
tion of caffeine, it yielded a plasma concentration of less than 60 �M in adult rats
(Costenla et al., 2010; Duarte et al., 2009). At the beginning of light cycle all exper-
imental groups received tap water. The presence of vaginal plug was considered
as  embryonic day 0 (E0). The same caffeine treatment continued during pregnancy
up  to embryonic days 18 or 20 (E18 or E20, respectively), when the dams were
sacrificed under anesthesia. The fetuses were weighed and whole cortex and hip-
pocampus were immediately dissected out at 4 ◦C for Western Blot analysis; or the
whole brain were immersed in 4% paraformaldehyde in 0.1 M PBS for fixation of
the  brain tissue to determine total number of neuronal and non-neuronal cells in
cortex and hippocampus by the isotropic fractionator. The litter size and number of
implantations were also analyzed.

The moderate dose of 0.3 g/L caffeine was chosen considering the plasma con-
centration of caffeine in rat dams being this dose similar to that found in blood of
human mothers drinking three to four cups of coffee per day (Adén et al., 2000). The
other two  concentrations were chosen to reach approximately 3 times lower and 3
times higher concentrations comparing with the moderate dose (0.1 g/L and 1.0 g/L,
respectively), in order to have a wide range of caffeine intake. Female rats received
caffeine solutions only during the dark cycle, which is their active period, to mimic
the pattern of caffeine consumption in humans. During the light cycle, caffeine

solutions were replaced by water ad libitum. All experimental groups consumed sim-
ilar  amounts of caffeinated-water and drinking water. Although we  did not quantify
the plasma levels of caffeine, the chosen treatment regimens are thought to corre-
spond to a low, moderate and high caffeine intake in humans, with effects believed
to  be mainly operated through antagonism of adenosine receptors (Fredholm et al.,
1999).

2.2. SDS-PAGE (sodium dodecyl sulfate-polyacrilamide) immunoblotting

Hippocampus and whole cortex were dissected out from E18 or E20 (pool of two
fetuses per litter, considering one litter as one subject), were immediately homog-
enized in 5% SDS with a protease and phosphatase inhibitor cocktail (Sigma, São
Paulo/Brazil) and frozen at −70 ◦C. After defrost, the protein content was determined
by  Bicinchoninic acid assay using bovine serum albumin (BSA) as standard (Pierce,
São Paulo/Brazil). Sample extracts were diluted to a final protein concentration of
2  �g/�L in SDS-PAGE buffer. Aliquots corresponding to 20–40 �g protein for hip-
pocampus and whole cortex samples were separated by SDS-PAGE (12% running gel
with a 4% concentrating gel) and electro-transferred to nitrocellulose membranes.
After blocking with Tris-buffered saline 0.1% Tween-20 (TBS-T) containing 3% bovine
serum albumin for 1 h, the membranes were incubated for 24 hours at 4 ◦C with the
following primary antibodies: mouse anti-BDNF (1:500, Sigma, São Paulo/Brazil);
rabbit anti-TrkB (1:1000, Abcam, São Paulo/Brasil); rabbit anti-GAP-43 (1:2000,
Sigma, São Paulo/Brazil); mouse anti-Shh (1:500, Abcam, São Paulo/Brazil); or
rabbit anti-SNAP-25 (1:1000, Sigma, São Paulo/Brazil). The membranes were
then  washed with TBS-T, incubated with horseradish peroxidase conjugated
secondary antibody for 1 h at room temperature and developed with chemilu-
minescence ECL kit (Amersham, São Paulo/Brazil). Membranes were re-probed
for �-tubulin immunoreactivity. The autoradiographic films were scanned and
densitometric analyses were performed using public domain NIH Image Program
(developed at the U.S. National Institutes of Health and available on the internet at
http://rsb.info.nih.gov/nih-image/). Band intensity was normalized to �-tubulin as
a  loading control to assess protein levels. The data used in statistical analysis were
obtained from the ratio of the protein studied and �-tubulin density unit lines.

2.3. Quantification of neuronal and non-neuronal nuclei

We used the isotropic fractionator method to estimate total number of cells and
neurons, as previously described (Herculano-Houzel and Lent, 2005). Whole cortex
and  hippocampus from the fixed brain were weighed and mechanically dissociated
in  a saline solution with 0.1% Triton X-100 and turned into an isotropic suspension
of  isolated nuclei. The total number of nuclei in suspension – and therefore the
total  number of cells in the original tissue – was estimated by determining the
density of nuclei in small aliquots stained with the fluorescent DNA marker DAPI
(4,6-diamidino-2-phenylindole dihydrochloride), under the microscope with a 40×
objective, using a hemocytometer for quantification. Neuronal nuclei from an aliquot
of the suspension were selectively immunolabeled overnight, at room temperature,
with mouse monoclonal anti-NeuN antibody (Millipore, MAB377) at a dilution of
1:200 in PBS. After washing the nuclei in PBS, they were incubated for 2 h at room
temperature with AlexaFluor 488 anti-mouse IgG secondary antibody (Invitrogen,
Biogen São Paulo/Brazil), at a dilution of 1:500 in PBS in the presence of 10% normal
goat serum. The neuronal fraction in each sample was estimated by counting NeuN-
labeled nuclei in at least 500 DAPI-stained nuclei. Image analysis and quantification
were manually performed and also confirmed by using software from Nikon Eclipse
E600. The results were presented as number of cells per mg tissue.

2.4. Statistical analysis

Statistical analysis was performed by using One-way ANOVA and
Newman–Keuls post hoc test. The statistical significance was considered for P < 0.05.

3. Results

3.1. Reproductive data

The litter size and the number of implantations were not
affected by chronic caffeine, as shown in Table 1. The fetal weight
was decreased by 16% in embryos (E20) from dams that received
caffeine at the highest dose (1.0 g/L) (Table 1).

3.2. The impact of different caffeine doses during pregnancy on
BDNF signaling and on important proteins for synaptic
development

Prenatal caffeine intake differently affected proteins crucial to
fetal brain development in two distinct embryonic stages in whole
cortex and hippocampus. At E18 in hippocampus, high caffeine

http://rsb.info.nih.gov/nih-image/
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Table  1
Reproductive dataa

Water Caffeine 0.1 g/L Caffeine 0.3 g/L Caffeine 1.0 g/L

No. of dams
Embryonic day 18 7 7 7 7
Embryonic day 20 7 7 7 7

No.  of implantations
Embryonic day 18 10.44 ± 0.48 10.36 ± 0.61 10.73 ± 0.78 10.67 ± 0.44
Embryonic day 20 10.00 ± 0.52 10.25 ± 0.48 10.50 ± 0.72 10.09 ± 0.86

Mean  fetal weight (g)
Embryonic day 18 1.47 ± 0.09 1.47 ± 0.01 1.41 ± 0.05 1.41 ± 0.04
Embryonic day 20 3.88 ± 0.13 3.84 ± 0.16 3.71 ± 0.07 3.26 ± 0.13b

a Data are presented as mean ± S.E.M.
b Different from control group (P < 0.05).

intake (1.0 g/L) decreased TrkB (Fig. 1A, black square) and increased
Shh (Fig. 2A), whereas the moderate dose reduced hippocampal
GAP-43 (Fig. 3A); in whole cortex BDNF was decreased (Fig. 1C,
black circle) and Shh was increased (Fig. 2B) in fetuses exposed
to the highest dose of caffeine. When assessing embryonic stage
20 (E20), BDNF in whole cortex was increased (Fig. 1D) by the

highest dose, and both moderate and high caffeine dose (0.3 g/L
and 1.0 g/L, respectively) increased Shh (Fig. 2A) in hippocampus at
E20. The immunocontent of SNAP-25 was  not affected by caffeine
intake (Fig. 4A and B). The lowest dose of caffeine was devoid of
effect in all proteins assessed in whole cortex and hippocampus for
both embryonic stages.

Fig. 1. Immunoblotting analysis of BDNF (black circle) and its receptor, TrkB (black square) in the hippocampus at E18 (A) and E20 (B), and in the whole cortex at E18 (C)
and  E20 (D) from fetuses exposed to water or caffeine. Data are means ± S.E.M (n = 5–6 samples/group) of density unit lines obtained from protein/tubulin ratio. *P < 0.05,
significantly different from control group (water). One-way ANOVA followed by Newman–Keuls multiple comparison test.
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Fig. 2. Immunoblotting analysis of Shh in the hippocampus (A) at E18 (black square) and E20 (white circle), and in the whole cortex (B) at E18 (black square) and E20 (white
circle)  from fetuses exposed to water or caffeine. Data are means ± S.E.M (n = 5–6 samples/group) of density unit lines obtained from Shh/tubulin ratio. *P < 0.05, significantly
different from control group (water). One-way ANOVA followed by Newman–Keuls multiple comparison test.

3.3. Number of neuronal and non-neuronal cells is affected by
caffeine intake in cortex and hippocampus at different embryonic
stages

The impact of prenatal caffeine intake at different doses was also
evaluated in number of neuronal and non-neuronal cells. Caffeine
0.3 g/L increased total number of cells and neuronal cells in hip-
pocampus from fetuses exposed to caffeine up to E18 (Fig. 5A). The
lowest dose of caffeine increased neuronal cells and total number
of cells in cortex at E20 (Fig. 5D). We  did not found any effect of caf-
feine treatment in hippocampus at E20 or in cortex at E18 (Fig. 5B
and C, respectively).

4. Discussion

In this study, the immunocontent of key proteins in synaptic for-
mation and the total number of neuronal and non-neuronal cells
were assessed in whole cortex and hippocampus from rat embryos

exposed to different doses of caffeine. Translating to human brain
development, the limbic system and cortex from rat embryos at
E18 correspond to the first trimester of pregnancy in humans, while
these brain areas at E20 correspond to the end of first and the begin-
ning of second trimester (Clancy et al., 2001). These embryonic
stages comprise the period of high neuronal differentiation rate
at E18 for whole cortex, while the neuronal migration and laminar
organization occur at E20 (Naveau et al., 2014). In the hippocampus
during the prenatal period, neurons for the Ammon’s horn are gen-
erated, while the majority of those destined for the dentate gyrus
are formed postnatally (Bayer et al., 1993).

In agreement with previous studies, albeit with different sched-
ules of administration, the absence of effect on the number of
implantations and litter size was also observed in animals treated
with caffeine (Evereklioglu et al., 2003; Lorenzo et al., 2010). One of
the expected effects of high dose of caffeine is the decrease in the
body weight, which was  confirmed at E20. This phenomenon was
previously reported for pregnant Wistar rats that received caffeine

Fig. 3. Immunoblotting analysis of GAP-43 in the hippocampus (A) at E18 (black square) and E20 (white circle), and in the whole cortex (B) at E18 (black square) and E20
(white  circle) from fetuses exposed to water or caffeine. Data are means ± S.E.M (n = 5–6 samples/group) of density unit lines obtained from GAP-43/tubulin ratio. *P < 0.05,
significantly different from control group (water).
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Fig. 4. Immunoblotting analysis of SNAP-25 in the hippocampus (A) at E18 (black square) and E20 (white circle), and in the whole cortex (B) at E18 (black square) and
E20  (white circle) from fetuses exposed to water or caffeine. Data are means ± S.E.M (n = 5–6 samples/group) of density unit lines obtained from SNAP-25/tubulin ratio. No
statistical differences were found.

Fig. 5. Number of NeuN-stained nuclei (estimated as neuronal cells) and Dapi-stained nuclei (estimated as non-neuronal cells) (per mg tissue) in the hippocampus at E18
(A)  or E20 (B), and in the whole cortex at E18 (C) and E20 (D) from fetuses exposed to water or caffeine. *P < 0.05, significantly different from control group (water). One-way
ANOVA followed by Newman–Keuls multiple comparison test.
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intragastrically at the concentrations 20, 60, and 180 mg/kg/day
from gestational day 11 (GD11) to GD20. In that study, all treat-
ments reduced fetal body weight at embryonic day 20 (E20) and
there was an increase in glucocorticoid receptor in the fetal hip-
pocampus (Xu et al., 2012). Although it is difficult to discriminate a
more direct effect of caffeine from the loss of body weight, the mod-
ifications found in synaptic proteins were not restricted to embryos
at E20.

The analysis of some proteins involved in the assembly of
the synapses was investigated in two important brain areas from
embryos that received caffeine. The brain-derived neurotrophic
factor (BDNF) is one of the main proteins involved in the regulation,
structure and maintenance of synapses during brain development
and also in adulthood (Lu and Chow, 1999; Poo, 2001; Tyler and
Pozzo-Miller, 2003). Signaling by BDNF also participates as a regula-
tor of synaptic retrograde development and is essential for growth
and elongation of dendrites of excitatory and inhibitory synapses
(Carvalho et al., 2008; Lipsky and Marini, 2007; Singh et al., 2006).
It is well known that BDNF signaling through its receptor TrkB can
influence the morphology and synaptic connectivity of developing
neurons (Huang and Reichardt, 2001; Poo, 2001).

Shh is a major morphogen agent, and is thought to be a
key regulator of neural and oligodendroglial progenitors across
development (Desouza et al., 2011). Possible alterations in
nerve terminals were also assessed by the immunocontent of
synaptosomal-associated protein 25 (SNAP-25), which is a protein
component of the soluble NSF (N-ethylmaleimide-sensitive factor)
attachment protein receptor (SNARE) complex; the increased levels
of SNAP-25 are related to synaptogenesis and maturation of func-
tional synaptic connectivity during brain development (Catsicas
et al., 1991). We  also assessed the impact of caffeine intake dur-
ing pregnancy in Growth Associated Protein 43 (GAP-43), another
protein component of axons and nerve terminals (reviewed in
Benowitz and Routtenberg, 1997; Oestreicher et al., 1997), which is
associated with neurite outgrowth and synapse formation in brain
(Baetge et al., 1992; McGuire et al., 1988).

We investigated the impact of different doses of caffeine in pro-
teins related to fetal hippocampal development. At E18, moderate
and high caffeine intake differently affected TrkB, GAP-43 and Shh.
One of the consequences of lacking expression of GAP-43 is the inhi-
bition of proliferation of certain neural precursors and disturbances
in the maturation of differentiated neurons (Maier et al., 1999).
This protein is crucial for axonal guidance, since GAP-43 knock out
mice show disrupted cortical maps and absence of cortical bar-
rels (Maier et al., 1999). Besides, an increase in GAP-43 expression
potentiated neurite outgrowth in cultured hippocampal neurons
(Korshunova et al., 2007). We  supposed that possible deleterious
effects by caffeine-induced decrease of GAP-43 might have been
offset by the gradual increase in the hippocampal Shh. Of note, the
changes observed at E18 in the TrkB and GAP-43 immunocontent
were no longer observed at E20.

Since adding Shh in cultured hippocampal neurons become the
presynaptic terminals significantly larger, with variable increases
in the size of synaptic vesicles (Mitchell et al., 2012), we assessed
SNAP-25 that can be easily immunodetected at early stages of brain
development (Prescott and Chamberlain, 2011). Notably, caffeine
in all doses administered did not modify SNAP-25 in both ages and
brain regions, suggesting that at this stage of brain development
there was no impact of this psychostimulant on nerve terminals.

Differently from the hippocampus, higher caffeine increased
cortical BDNF at E18 and decreased this protein at E20, with no
effect on TrkB receptors. Coincidently, Shh was increased in the cor-
tex from fetuses at E18, but returned to normal levels at E20. One
of the consequences of increased BDNF and Shh caused by caffeine
may  be an acceleration of telencephalon development, an event
previously reported in in vitro studies (Marret et al., 1997; Sahir

et al., 2000, 2001). Shh modulates cell proliferation and the migra-
tion of progenitor cells in adult brain (Charytoniuk et al., 2002; Dave
et al., 2011; Palma et al., 2005; Traiffort et al., 2001). This mor-
phogen is highly expressed in rat brains from E12 to postnatal day 2
(P2) (Petralia et al., 2011), and recently its expression has been iden-
tified in cortical pyramidal neurons (Garcia et al., 2010). Our results
are also in line with in vitro studies in which caffeine at relatively
high concentrations promoted an overexpression of Shh cultured
neurons and astrocytes (Sahir et al., 2004). Importantly, Shh is
related to induction of GABAergic interneuron differentiation in
telencephalon at early embryonic stages (E11.5) (Mady and Kohtz,
2007). One of the consequences of increasing this morphogen in late
pregnancy might be an abnormal distribution of neurons in corti-
cal layers before birth, which may  impact GABA neuron migration
postnatally. Interestingly, moderate caffeine intake (0.3 g/L) during
pregnancy and lactation delayed GABA neuron migration in the hip-
pocampus and superficial cortical layers at postnatal day 6 (PND6)
(Silva et al., 2013).

The participation of other proteins and signaling cascades in
the increase of NeuN-stained nuclei in the cortex by lower caf-
feine deserves more investigation. Given the complexity of cerebral
cortex compared to hippocampus, it is not possible to infer if
this increase could reflect changes postnatally especially because
other developmental milestones were not assessed. However, it is
important to note that no effect was found for lower caffeine in
the neurotrophins and the other proteins involved in the synaptic
development such as Shh pathway, which coordinates differentia-
tion of neural stem cells in the neocortex. In fact, the upregulation
of Shh signaling was described to promote the increase of thickness
and size of the neocortex (Shikata et al., 2010).

From our knowledge, this is the first study reporting effects of
prenatal caffeine in the number of NeuN-stained nuclei (as esti-
mation of the number of mature neurons). The impact of chronic
caffeine has already been investigated in the adult neurogene-
sis, with different findings. For example, chronic administration of
caffeine suppressed hippocampal subgranular zone (SGZ) cell pro-
liferation and neurogenesis in rats (Han et al., 2007; Kochman et al.,
2009). On the other hand, in a more detailed study, the effects of caf-
feine on proliferation of neuronal precursors were dose dependent;
moderate doses depressing while higher doses increasing prolifer-
ation (Wentz and Magavi, 2009). In the same study, the survival
and differentiation of neurons following caffeine administration
was not affected, which contrasts with data from Han et al. (2007).
Here, the increased number of NeuN-stained nuclei by caffeine was
also dependent of the dose and specific according to brain region
and embryonic period. It is important to take into account that the
fetal metabolism of caffeine is not fully mature, and certainly its
effects are more pronounced given the prolong half-life in the fetus
(Arnaud, 1987, 2011).

Overall, our data show that caffeine exposure throughout the
period of prenatal brain development can produce significant, but
transitory effects on fetal brain development. It is important to note
that snapshots of events during brain development may yield par-
tial and sometimes conflicting information. The data presented also
highlight the relevance of caffeine intake on important synaptic
proteins. Until now, the vast majority of most studies focused on
the effects of caffeine in the mature brain. Certainly, the impact of
caffeine intake on synapse remodeling or modulation of synaptic
efficacy and plasticity in the immature brain deserves more atten-
tion.
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Abstract 

Although caffeine is the most consumed psychostimulant worldwide, its effect on 

brain development remains elusive. In this study, adult female Wistar rats 

received caffeine in drinking water (0.1, 0.3 and 1.0 g/L) during the active cycle 

in weekdays, throughout pregnancy and lactation. Maternal and progeny body 

weight, developmental milestones, locomotor activity was recorded and plasma 

levels of caffeine and metabolites were determined at postnatal days (PND) 7, 14 

and 21. Glutamate binding and immunodetection of glutamate transporter GLT-1 

and receptors (NMDA subunits, AMPA subunit and mGlu5) were performed in 

cortex and hippocampus from rat pups (PND 7, 14 or 21). Caffeine (1.0 g/L) 

decreased maternal body weight at late pregnancy and pups body weight in PND 

14, 18 and 21. Developmental milestones and locomotor activity were not 

modified by caffeine. At PND 7, caffeine (0.3 g/L) increased GLT-1 and GluN1 in 

cortex, while the highest dose decreased GLT-1 and increased GluN1 in 

hippocampus. All doses of caffeine increased hippocampal GluA1 at this age. At 

PND 14, caffeine (0.3 g/L) increased mGlu5 in both brain structures and 

increased GluA1 in the cortex. At PND 21 caffeine (0.3 g/L) decreased cortical 

GluA1 and mGlu5 and increased hippocampal GluN2A, and caffeine (1.0 g/L) 

decreased cortical mGlu5. In the hippocampus caffeine (0.3 g/L) decreased 

GluA1 and mGlu5. Membranes from rat pups at PND 14 treated with caffeine (0.1 

g/L) showed reduced glutamate binding. Although caffeine intake during 

pregnancy and lactation did not alter the course of developmental milestones and 

locomotor activity in the progeny, significant changes were observed in the 

glutamatergic signaling. Given that glutamate is the main excitatory 
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neurotransmitter more research is needed to evaluate the impact of these 

alterations in adulthood. 

Keywords: caffeine, glutamate, hippocampus, cortex, brain development. 
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Introduction 

Caffeine is the most widely consumed psychostimulant, and its effects are 

mediated by the blockade of adenosine A1 and A2A receptors. As a 

neuromodulator, adenosine controls neurotransmitter release, neuronal 

excitability and circadian rhythm through its metabotropic receptors A1, A2A, A2B 

and A3 (Cunha, 2001; Fredholm et al., 2005). 

Caffeine at low doses is commonly used as a respiratory stimulant to treat 

neonatal apneas of premature infants (Francart et al., 2013; Schoen et al., 2014). 

However, there are concerns about the caffeine intake during pregnancy. Various 

epidemiological studies have been conducted in order to better establish the 

safety of caffeine intake during pregnancy. Some studies have found negative 

birth outcomes correlated with caffeine intake, such as low birth weight, 

prematurity and miscarriage (Bakker et al., 2010; Bracken et al., 2003; Brent et 

al., 2011; Hoyt et al., 2014; Sengpiel et al., 2013). Some limitations from 

epidemiological studies have produced different conclusions (Savitz et al., 2008; 

Weng et al., 2008), which include the difficulty of performing a randomized clinical 

trial with pregnant women, measurement of caffeine intake (self-reported 

consumption), weeks of pregnancy in the beginning of the study and control for 

confounding variables (smoking, educational level, arterial pressure). 

Metabolism of caffeine is similar between rats and humans, therefore rat 

is a suitable model to study the impact of caffeine during brain development. In 

both humans and rats, caffeine is demethylated into three dimethylxanthines: 

theophylline, theobromine and paraxanthine (Bonati et al., 1984). Caffeine and 

its metabolites cross freely through the placenta to the fetus and it is secreted in 

the breast milk (Abdi et al., 1993; McNamara et al., 1992). Due to the immaturity 
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of hepatic enzyme systems, namely cytochrome P-450, caffeine half-life is 

increased in the neonatal period in both animals and humans (Nehlig and Debry, 

1994). All these alterations in caffeine metabolism constitute an additional risk to 

the fetus especially to organs under development in late gestation, such as the 

brain (Aldridge et al., 1981). 

Behavioral alterations have been found in neonates exposed to high dose 

of caffeine during various periods of brain development including pregnancy 

and/or lactation and also long-lasting effects in adulthood (Bjorklund et al., 2008; 

Concannon et al., 1983; Hughes and Beveridge, 1991; Peruzzi et al., 1985; 

Zimmemberg et al., 1991). The neurochemical alterations that may underlie 

behavioral features caused by caffeine, such as changes in neurotransmission 

systems crucial for brain homeostasis during development, are dependent of 

doses and schedule of administration (for review see Porciúncula et al., 2013). 

Glutamate is the major excitatory neurotransmitter in the mammalian brain, and 

the effects of caffeine on glutamatergic system development are still poorly 

investigated. Glutamate exerts its actions through ionotropic and metabotropic 

glutamate receptors. Ionotropic glutamate receptors (iGlu) are integral membrane 

proteins composed of four large subunits that form a central ion channel pore, 

being subdivided into N-methyl-D-aspartate (NMDA), α-amino-3-hydroxy-5-

methylisoxazole-4-propionic acid (AMPA), kainate (KA) and -receptors (for 

review see Traynelis et al., 2010). Metabotropic glutamate receptors (mGlu) are 

members of G-protein-coupled receptor (GPCR) superfamily and consist of eight 

receptor sub-types, which can be subdivided into three groups based on 

sequence homology, pharmacology and G-protein coupling specificity (reviewed 

by Nicoletti et al., 2011). The group I includes the mGlu1 and mGlu5 receptor 
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subtypes, which are coupled to Gq11 proteins, while Group II and -III include 

mGlu2 and mGlu3, and mGlu4, mGlu6, mGlu7 and mGlu8 receptor subtypes, 

which are all coupled to Gi/o proteins (Niswender and Conn, 2010).  

In order to maintain the homeostasis of excitatory neurotransmission, 

synaptic levels of glutamate are kept low via a family of Na+-dependent glutamate 

transporters (for review, see Danbolt, 2001; Sheldon and Robinson, 2007). In 

fact, high extracellular levels of glutamate can cause neuronal death by excessive 

stimulation of glutamate receptors and the perfect functioning of glutamate 

transporters and thus the clearance of glutamate at the synaptic cleft, thereby 

preventing and avoiding excitotoxicity (Attwell et al., 1993; for review, see Choi, 

1992; Conti and Weinberg, 1999). One of the four sodium-dependent glutamate 

transporters is GLT-1, which is localized primarily in astrocytes (Lehre et al., 

1995). During development, glutamate is involved in promoting and/or inhibiting 

the proliferation, survival, migration and differentiation of neural progenitor cells 

(NPC) in neurogenic zones (for review, see Jansson and Akerman, 2014).  

Considering that caffeine is a non-selective antagonist of adenosine A1 and 

A2A receptors and that adenosine is a neuromodulator that controls 

neurotransmitter release in some neurotransmission systems such as glutamate, 

the effects of caffeine intake on glutamatergic signaling during brain development 

have been studied (Di Giorgi-Gerevini et al., 2004; León et al., 2005). 

Therefore, our study aimed to evaluate the effects of caffeine at different 

doses during pregnancy and lactation on developmental milestones and 

locomotor activity. We also analyzed ontogeny of glutamate receptors and 

transporter and caffeine metabolism in pups during lactation. 

 



 

81 
 

Experimental Procedures 

Animals and caffeine treatment 

Female Wistar rats (2-3 months old) were obtained from the Central 

Animal House of our Department. They were maintained in standard cages under 

a standard dark–light cycle (lights on between 7:00 a.m. and 7:00 p.m.), at a room 

temperature of 22 ± 2° C. All experimental procedures were performed according 

to the Ethical committee of Universidade Federal do Rio Grande do Sul (Proc. Nº 

20332) in compliance with Brazilian Society for Neuroscience and Behavior 

(SBNeC) recommendations for animal care.  

Adult female Wistar rats (n=9) were treated with caffeine in drinking water 

(0.1; 0.3; and 1.0 g/L, corresponding to low, moderate and high intake, 

respectively), during dark cycle in week days, two weeks before mating. All 

experimental groups received tap water during the light cycle. Caffeine solutions 

were freshly prepared in glass bottles every day. This caffeine administration 

schedule was chosen in order to mimic human caffeine consumption, which is 

usually taken during the active period of the day. The presence of vaginal plug 

was considered as gestational day (GD) 0. The same caffeine treatment 

continued during pregnancy and lactation. From GD 21 until delivery, each 

pregnant female was checked twice daily (at 09:00 and 17:00 h) for completion 

of or difficulties in parturition. The day of parturition was defined as postnatal day 

(PND) 0. When parturition was complete, the numbers of stillborn and live pups 

in each litter were taken. The dams continued receiving the same doses of 

caffeine during lactation. We measured maternal body weight during pregnancy 

and pups body weight during lactation. The dose of 0.3 g/L of caffeine was 

chosen based on the plasma concentration of caffeine measured in the mothers. 
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This dose is similar to the blood levels found in pregnant women taking three to 

four cups of coffee a day (Adén et al., 2000). The other two concentrations were 

chosen to reach approximately 3 times lower and 3 times higher concentrations 

comparing with the moderate dose (0.1 g/L and 1.0 g/L, respectively), in order to 

have a wide range of caffeine intake. 

 

Reflex development 

Reflex development was tested according to Bahaarnoori et al. (2012), 

with some modifications. Four rats per litter (n=9) were evaluated daily starting 

from PND 6. The following parameters were tested every day in the same pup: 

a) righting reflex (PND 6–8): pups were placed in a supine position, and positive 

response was obtained when the animal returned to prone position, with all paws 

on the ground; b) forelimb grasp reflex (PND 6–8): the reflex was considered fully 

developed when the pups grasped the barrel of the 16-gauge needle as the barrel 

was rubbed against the palm of the forepaw; c) negative geotaxis (PND 7–12): 

the pups were placed head down on an inclined surface (45 degrees) covered 

with wired mesh. Each pup was observed for 180 seconds to turn and move 

toward the upper end of the surface; and d) cliff avoidance (PND 7–12): pups 

were positioned with forepaws and snout over the edge of a shelf (70 cm height), 

and a positive response consisted of turning and crawling away from the edge. 

 

Locomotor activity 

Locomotor activity was performed between PND 6 and PND 10. Each pup 

was placed in the center of an open field (50 x 50 cm plywood surface subdivided 

into 25 squares for scoring purposes). Twenty-eight pups in each group (n = 7 
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litter per treatment) were observed for 3 minutes by an examiner blind to 

treatment conditions. Number of crossing and number of squares visited was 

evaluated, and the locomotion index was obtained using the following formula: 

Locomotion index = (number of crossing)/(number of squares visited – 1). When 

the value of locomotion index was higher than 1, it implies that the animal 

presented linear locomotion. 

 

Plasma concentration of caffeine and metabolites 

The extraction and chromatographic separation were performed according 

to the experimental protocol described by Perera et al. (2010) with modifications. 

Blood from the pups was collected in heparinized tubes and centrifuged. The 

Internal standard (Benzotriazole) was added to the samples and the compounds 

were extracted from plasma using ethyl acetate. Samples were collected 4 hours 

after the end of the dark cycle from pups at PND 7, 14 and 21. They were 

centrifuged (4000 x g, 10 min) and the organic layer was lyophilized. The residue 

was reconstituted in distilled water. Plasma concentrations of caffeine and the 

metabolites theophylline, theobromine and paraxanthine were analyzed using 

high pressure liquid chromatography, with the Shimadzu Class-VP 

chromatography system, consisting of a quaternary gradient pump with vacuum 

degassing and piston desalting modules, Shimadzu SIL-10AF autoinjector valve 

with 50 mL loop and a UV detector (Shimadzu, Kyoto, Japan).  Separation was 

achieved on a C18 Kinetex® ODS column (4.6mm X 25cm i.d., particle size 5 µm, 

Supelco, St Louis, MO, USA). In the procedure, two mobile phases were used, 

the first one, Mobile phase A, consisted of acetonitrile:acetic acid:distilled water 

(50:1:949), and the Mobile phase B, consisted of the same compounds but in a 



 

84 
 

different concentration (75:1:924). Operation conditions were: detector UV, 

280nm; mobile phase flow rate, 1.5 mL/min; injection volume, 50 µL; mobile 

phase A was used until the minute 20, after that mobile phase B was used. The 

quantification was achieved using a calibration curve and the internal standard 

was used to estimate the recovery rate of the extraction procedure. 

 

SDS-PAGE (sodium dodecyl sulfate-polyacrilamide) immunoblotting 

Whole cortex and hippocampus were dissected out from pups at PND 7, 

14 and 21 and immediately homogenized in 5 % SDS with a protease and 

phosphatase inhibitor cocktail (Sigma, São Paulo/Brazil) and frozen at – 70º C. 

After defrost, the protein content was determined by Bicinchoninic acid assay 

(BCA) using bovine serum albumin (BSA) as standard (Pierce, São Paulo/Brazil). 

Sample extracts were diluted to a final protein concentration of 2 μg/μL in SDS-

PAGE buffer. Aliquots corresponding to 40 μg or 80 μg protein for hippocampus 

and whole cortex samples were separated by SDS-PAGE (10 % running gel with 

a 4 % concentrating gel) and electro-transferred to nitrocellulose membranes. 

After blocking with Tris-buffered saline 0.1 % Tween-20 (TBS-T) containing 3 % 

bovine serum albumin for 1 h, the membranes were incubated for 24 hours at 4º 

C with the following primary antibodies: mouse anti-glutamate receptor 1 (GluR1; 

1:1000, Abcam, São Paulo/Brazil); rabbit anti-metabotropic glutamate receptor 5 

(mGluR5; 1:1000, Abcam, São Paulo/Brazil); rabbit anti-GLT-1 (1:60,000, Sigma, 

São Paulo/Brazil); rabbit anti-phosphoNR1 (1:1,000, Millipore); mouse anti-NR1 

(1:1,000, Millipore); rabbit phosphoNR2B (1:1,000, Millipore); mouse anti-NR2B 

(1:1,000, Millipore); or rabbit anti-NR2A (1:1,000, Millipore). The membranes 

were then washed with TBS-T, incubated with horseradish peroxidase 
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conjugated secondary antibody for 1 h at room temperature and developed with 

chemiluminescence ECL kit (Amersham, São Paulo/Brazil). Membranes were re-

probed for β-tubulin immunoreactivity. The autoradiographic films were scanned 

and densitometric analyses were performed using public domain NIH Image 

Program (developed at the U.S. National Institutes of Health and available on the 

internet at http://rsb.info.nih.gov/nih-image/). Band intensity was normalized to β-

tubulin as a loading control to assess protein levels. The data used in statistical 

analysis were obtained from the ratio of the protein immunodetected and β-

tubulin density unit lines. For phosphoproteins, the ratio of phosphoprotein and 

total protein was analyzed. 

 

[3H] Glutamate binding  

The binding assay of [3H] glutamate was performed at 35° C in small 

polycarbonate tubes (total incubation volume 500 μL) containing 10 mM Tris/HCl 

pH 7.4 and 40 nM [3H]glutamate (Amersham, São Paulo, Brazil), according to 

Ganzella et al. (2012). Briefly, plasma membrane preparation was obtained from 

whole cortex and hippocampus homogenate in an appropriate buffer (10mM 

Tris/HCl pH 7.4; 0.32 mM saccharose; 1mM MgCl2). The homogenate was 

centrifuged at 2,900 rpm for 15 min, and both supernatants were centrifuged at 

15,000 rpm for 15 min three times. The resultant pellet was resuspended in 10 

mM Tris/HCl pH 7.4 and frozen at – 70° C until the day of binding assay. 

Incubation was started by the addition of plasma membrane preparation (50 μL) 

of cortex and hippocampus from rat pups at PND 7, 14 and 21. After 30 min, 

tubes were centrifuged at 15,000 rpm for 15 min at 4°C. The supernatant was 

discarded and the walls of the tubes and the surface of the pellets were quickly 
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and carefully rinsed with cold distilled water. The pellets were solubilized with 0.2 

mL of 0.5 M NaOH overnight. Bound radioactivity was measured by using a 

Wallac scintillation counter. Unspecific binding (10–20% of the total binding) was 

determined by adding 200 μM nonradioactive glutamate to the medium in a 

parallel assay. Specific binding was considered as the difference between total 

and unspecific binding. Experiments were performed in triplicate. Protein 

concentration of the plasma membrane preparation was determined by 

Bicinchoninic acid assay (Pierce, São Paulo/Brazil). The results were presented 

as pmol glutamate per mg protein. 

 

Statistical analysis 

For the tests of reflex development, Fisher´s exact test was used to 

analyze the reflex of the last day within the time window. Two-way ANOVA with 

repeated measures were performed on maternal weight during pregnancy, 

progeny body weight gain, and locomotor activity. For HPLC analysis two-way 

ANOVA was used and other data were analyzed by using One-way ANOVA and 

Newman-Keuls post hoc test. The statistical significance was considered for P < 

0.05. 

 

Results 

Reproductive data and developmental milestones 

  The length of gestation, number of live and stillborn pups and implantation 

sites were not affected by chronic caffeine intake, as shown in Table 1. Besides, 

none of the developmental milestones analyzed was influenced by caffeine (data 

not shown). 
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Maternal and progeny body weight 

Overall, maternal body weight during pregnancy increased with gestational 

age [F(6, 336) = 150.4; P < 0.0001; Figure 1A], but it was observed a treatment 

effect [F(3, 48) = 2.799; P < 0.05]. Pregnant rats receiving the highest dose of 

caffeine (1.0 g/L) presented a reduction in body weight gain at GD18 and GD20 

comparing with control pregnant rats. We found age [F(6, 262) = 690.6, P < 

0.0001] and treatment effect [F(3, 262) = 19.01, P < 0.0001] in the mean body 

weight of the progeny (Fig. 1B). Bonferroni´s post hoc test showed a significant 

decrease in body weight in pups exposed to caffeine 1.0 g/L at PNDs 14, 18 and 

21, whereas pups subjected to caffeine at the moderate dose (0.3 g/L) presented 

decreased body weight only at PND 21.  

 

Reflex development 

Caffeine treatment did not significantly affect the reflexes studied (righting 

reflfex, forelimb grasp reflex, negative geotaxis and cliff avoidance, Fig. 2A, 2B, 

2C and 2D, respectively) during early postnatal life. 

 

Locomotor activity 

As a normal behavior, the number of crossing [F(4,92) = 50.98; P < 

0.0001], squares visited [F(4,92) = 56.52; P < 0.0001], and locomotion index 

[F(4,92) = 11.14; P < 0.0001] increased with age. Caffeine in all doses 

administered did not promote any effect (Figure 3). 
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HPLC analysis 

As shown in Figure 4, plasma levels of caffeine and its metabolites were 

determined for all doses in three different ages. Plasma levels of caffeine were 

not affected by age and the only difference found was an increase in the levels 

according to the dosage [F(2, 27) = 32.67; P < 0.0001, Fig. 4A]. The same profile 

was observed for theophylline plasma levels [F(2,27) = 22.01; P < 0.0001, Fig. 

4D]. The age effect was observed for theobromine, since lower levels were 

detected at PND 14 [F(2,27) = 7.126; P=0.0033]. As caffeine increases, the levels 

of theobromine had also increased [F(2,27) = 35.68; P < 0.0001, Fig. 4C] with an 

interaction between dosage and age [F(4,27) = 3.218; P = 0.0278]. The same 

profile was also found for paraxanthine metabolite, in which an interaction was 

observed between age and dosage [F(4,27) = 3.789; P = 0.0143, Fig. 4B].  

  

Caffeine intake during pregnancy and lactation differently affected glutamate 

receptors and GLT-1 transporter depending on the dose, postnatal age and brain 

structure 

  At PND 7, moderate caffeine intake (0.3 g/L) increased GLT-1 (Fig. 5A, blue 

circle) and pGluN1/GluN1 ratio (Fig. 5B, blue circle, dashed lines) in whole cortex, 

whereas the highest dose decreased GLT-1 (Fig. 6A, blue circle) and increased 

pGluN1/GluN1 ratio (Fig. 6D, blue circle, dashed lines) in hippocampus; all doses 

of caffeine increased hippocampal GluA1 at this age (Fig. 6B, red square). 

Moreover, moderate dose of caffeine has major effect at PND 14, increasing 

mGlu5 in both brain structures (Fig. 7A and 8A, green triangle, dashed lines) and 

increasing GluA1 in whole cortex (Fig. 7A, red square). Caffeine 0.3 g/L 

decreased cortical GluA1 and mGlu5 in whole cortex (Fig. 9A, red square, and 
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9A, green triangle, dashed lines, respectively), and the highest dose also 

decreased cortical mGlu5 at PND 21 (Fig. 9A, green triangle, dashed lines); 

conversely, the moderate dose decreased GLT-1, GluA1 and mGlu5 (Fig. 10A, 

blue circle, red square and green triangle, respectively) and increased GluN2A 

(Fig. 10B, red square, dashed line) in hippocampus at this age. GluN2B was not 

affected by any caffeine treatment in none of the postnatal ages and brain 

structures studied.  

 

Glutamate binding assay was transiently affected by the lowest dose of caffeine 

at PND14 in whole cortex 

The lowest dose of caffeine given to pregnant rats have led to a transient 

decrease of glutamate binding in whole cortex from pups at PND14 (Table 2), 

with no other alterations in whole cortex and hippocampus (Tables 2 and 3, 

respectively). 

 
 
Discussion  
 
 
 The effect of perinatal caffeine intake (pregnant and offspring) was studied 

upon some developmental milestones, metabolic profile and glutamate signaling 

during ontogenesis in offspring rats. Female rats treated with different doses of 

caffeine from preconception to lactation presented reductions in the body weight 

gain in late pregnancy and also in the body weight of the progeny. Previous 

studies have also found these alterations along with intrauterine growth 

retardation and increased levels of serum corticosterone in the dams (Kou et al., 

2014; Tan et al., 2012; West et al., 1986). In fact, intrauterine programming of 

glucose and lipid metabolism may be attributed to the high level of circulatory 
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glucocorticoid in utero (Reynolds, 2010). Moreover, the effect of caffeine on 

adipogenesis was evaluated using primary rat adipose-derived stem cells 

(ADSCs) and a mouse bone marrow stromal cell line (M2-10B4) in vitro. ADSCs 

and M2-10B4 continuously exposed to caffeine during adipogenic differentiation 

presented a dose-dependent decrease in various adipogenesis-related genes 

(Su et al., 2013). Caffeine is also known to affect thermogenesis by inhibiting the 

enzyme phosphodiesterase, leading to increase in cAMP concentration and 

inactivate hormone-lipase sensitive lipase (HLS), which promotes lipolysis 

(Acheson et al., 2004). 

Differently from other studies, caffeine did not promote any alterations in 

developmental milestones (Peruzzi et al., 1985; West et al., 1986). Recently, 

Silva et al. (2013) showed that motor and neurological reflexes development were 

not affected by caffeine exposure during pregnancy and lactation when assessing 

righting reflex and cliff avoidance in mice offspring. Probably, our schedule of 

administration with caffeine being available only during active cycle at weekdays 

may explain the different effects of caffeine treatment. For the same reason, any 

effect of caffeine in the locomotor activity was not observed. Alterations in the 

locomotor activity are usually observed in adults and juvenile rats treated with 

caffeine during brain development (Björklund et al., 2008; Holloway and Thor, 

1983; Hughes and Beveridge, 1991; Pan and Chen, 2007; Peruzzi et al., 1985). 

According to Tchekalarova and colleagues (2005), the effects of caffeine on 

locomotor activity are dependent on the stage of brain development. 

According to previous reports, our findings confirm that plasma levels of 

caffeine and its metabolites were elevated at PND 7, while lower levels were 

found at PND 14, when activity and expression of hepatic enzymes are increased 
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(Bienvenu et al., 1993; Wilkinson and Pollard, 1993). High metabolite levels of 

caffeine could be found at PND 21 because of two sources of caffeine available 

(drinking water and breast milk). The CYP450 complex is not completely mature 

in the first postnatal week, which leads to accumulation of caffeine and its 

metabolites in the plasma of infants and also pups (Bienvenu et al., 1993; 

Wilkinson and Pollard, 1993). As previously observed, all metabolites increased 

with the dose, having the highest levels in pups receiving 1.0 g/L caffeine since 

intrauterine life (Bienvenu et al., 1993). Caffeine and theophylline levels did not 

change with age, but age and dosage modified theobromine and paraxanthine 

levels. Our results are in line with Svenningsson et al. (1999) that treated adult 

Sprague-Dawley rats with caffeine 0.3 g/L in drinking water for 14 days. They 

found that after a caffeine challenge of 7.5 mg/kg i.p., rats presented lower levels 

of plasma of caffeine comparing with rats receiving only the caffeine challenge 

dose. The other caffeine metabolites (theobromine, paraxanthine and 

theophylline) were not different between caffeine-treated animals and rats 

drinking only water. They suggest that caffeine is metabolized more rapidly in 

tolerant rats (the ones that received caffeine in drinking water for 14 days) and 

penetrates the blood-brain barrier better than its metabolites (Svenningsson et 

al., 1999). Therefore, our results for plasma caffeine, which did not change with 

age, may be explained by tolerance of caffeine in rat pups.  

Among the changes that occur as a normal process of brain development, 

it is known that during the first postnatal week in rodents GABA acts as an 

excitatory neurotransmitter (Ben-Ari et al., 2007), leading to membrane 

depolarization and removal of magnesium ion (Mg2+) from NMDA receptors, 

which allows their activation (Leinekugel et al., 1997). Here, caffeine increased 
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phosphorylated form of GluN1 subunit of NMDA receptor (pNR1) in both brain 

regions at PND 7, with no evident changes at PND 14 and 21. The activation of 

this receptor subunit seems to be restricted to this period of brain development. 

In addition, caffeine induced alterations in the AMPA receptor with increase in 

GluA1 subunit at PND 7 and decrease at PND 21 in the hippocampus. In cortical 

samples, GluA1 increased at the moderate dose at PND 14 followed by a 

decrease at PND 21. 

It is possible that this increase of NMDA and AMPA subunits by caffeine 

could be a compensation for the reduction of GABA signaling also caused by 

similar administration of this substance. In a previous study, a delayed migration 

of the hippocampal GABAergic neurons was observed in mice at PND 6 

previously exposed to caffeine (Silva et al., 2013). As mentioned before, GABA 

in the early development behaves as an excitatory neurotransmitter and 

glutamate is an important trophic factor (Behar et al., 1999; Ben-Ari et al., 2007; 

Haydar et al., 2000). The GluN1 subunit of the NMDA receptor in the 

hippocampus increases considerably in the first postnatal weeks, reaching levels 

similar to the adult animal about 20 days of age (Ibaraki et al., 1999). Of note, the 

changes caused by caffeine were observed in this period of life in which this 

subunit is more expressed, returning to normal levels at subsequent ages. 

Furthermore, there was an increase in NMDA receptor subunit GluN2A in 

the hippocampus of pups that received moderate dose of caffeine (0.3 g/L). 

According to Fan et al (2012), the GluN2A subunit peaks of expression in 

neurogenic areas in PND 14, which is related to the formation of mature neurons. 

Another common alteration of glutamatergic synapses during the first postnatal 

week is the increase of GluA1 subunit in rat hippocampus between PND 7 and 
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20 (Ibaraki et al., 1999), but AMPA glutamate receptors are "silenced" at this 

stage (Ben-Ari et al., 1997). In cultured neurons, one of the consequences of 

overexpression of GluA1 AMPA receptor subunit is an increase of dendritic 

segments and the number of proteins in the postsynaptic density of glutamatergic 

synapses, suggesting that glutamate receptor may facilitate synaptogenesis 

(Chen et al., 2009). Thus, caffeine effect on this receptor may be accelerating the 

formation of the synapses via modifications in AMPA receptors. 

Changes in the glutamate transporter GLT-1 were only observed at PND 

7. Moderate dose of caffeine induced the increase in GLT-1 in the cortex, while 

higher dose decreased GLT-1 in the hippocampus. Considering that the brain is 

more sensitive to excitability during the first postnatal week, these region-specific 

changes in GLT-1 immunocontent may have a role in seizure susceptibility. In 

fact, acute caffeine treatment at PND 2-6 have led to a decreased susceptibility 

to seizure depending on the convulsant agent tested in young and adult rats 

(Guillet, 1995). In recent study, seizure susceptibility was found in mouse pups 

at P6 after perinatal caffeine treatment (0.3 g/L in drinking water) (Silva et al., 

2013). However, when caffeine is given at PND 7-11, they found a pro- or anti-

convulsant effect of caffeine depending on the postnatal period when the seizure 

was induced (Tchekalarova et al., 2006; 2007; 2010; 2011). Furthermore, GLT-1 

expression is reduced when synapses are lost following removal of glutamatergic 

afferents (Ginsberg et al., 1996; Yang et al., 2009), while enhancing synaptic 

activity increases GLT-1 expression (Genoud et al., 2006). These results may 

suggest that GLT-1 expression is regulated by neurons to ensure sufficient local 

uptake capacity. 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3232333/#R23
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3232333/#R77
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3232333/#R21
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The changes in mGlu5 metabotropic receptors occurred only after the 

second postnatal week, during which synaptic plasticity is maximum with the 

increased number of dendritic spines and expression of proteins that participate 

in the mechanism of the long-term potentiation (LTP), such as PKC and PKA 

(Harris and Teyler, 1984; Yasuda et al., 2003). Excessive activation of 

metabotropic glutamate receptors can result in loss of response, known as 

desensitization (De Blasi et al., 2001). It was previously reported that chronic 

treatment of caffeine in the drinking water (1.0 g/L) reduced the immunocontent 

mGlu1a in fetal brain and there was a compensatory increase in receptor affinity 

(León et al., 2005). In our study, mGlu5 was changed by the moderate and high 

doses of caffeine depending on postnatal age and brain structure. The formation 

of heteromeric complexes between A2A and mGlu5 receptor have been found in 

the striatum (Ferré et al., 2002) and the activation of mGlu5 potentiates signaling 

of adenosine A2A receptor-dependent MAPK (Nishi et al., 2003). We observed 

that at PND 21 the moderate dose of caffeine caused a reduction of mGlu5 

receptor in the cortex and hippocampus, and the high dose (1.0 g/L) increased 

the mGlu5 in the cortex. As previously mentioned, during this period the animals 

had two sources of caffeine: breast milk and drinking water, increasing the 

plasma levels of caffeine and its metabolites, which may lead to a compensatory 

mechanism to reduce these receptors in order to prevent glutamatergic 

hyperexcitability. The specific binding to glutamate was assessed in membrane 

preparations from cortex and hippocampus of pups at PND 7, 14 and 21. The 

only observed change was a transient increase in glutamate binding from the 

cortex of pups at PND 14 who received the lowest dose of caffeine (0.1 g/L). 

Since we found no changes in the immunocontent of glutamate receptors and 
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transporter studied in this brain structure and at this postnatal age, other subunits 

of glutamate receptors may be involved, as well as kainite receptor, which should 

be further investigated. 

Overall, our results showed that moderate and high caffeine intake 

throughout rat brain development differently affected maternal body weight and 

also body weight of the progeny. Although we did not found any effect on growth 

and reflex development during lactating period by the lowest dose, more research 

is needed to evaluate whether the changes observed by moderate and high 

caffeine intake may reflect in behavioral alterations later in life. Concerning 

glutamatergic system, our data showed that caffeine affected the ontogeny of 

ionotropic and metabotropic glutamate receptors, as well as its transporter, 

depending on the postnatal age. Since caffeine is one of the most consumed 

psychostimulant worldwide present in our diet, its effects on other 

neurotransmitters systems during critical periods of brain development deserves 

more attention, once caffeine induces changes at this period that could affect 

brain homeostasis later in life. 
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Figures 

Fig. 1. Effect of perinatal caffeine intake in drinking water (0.1, 0.3 or 1.0 g/L, 

during dark cycle) on maternal body weight gain (A) and body weight of the 

progeny (B). Data are presented as mean ± S.E.M. (n=10-12 litters/group). 

*different from control group (P < 0.05), One-way ANOVA and Newman-Keuls 

post hoc. 

 

Fig. 2. Effect of perinatal caffeine in drinking water (0.1, 0.3 and 1.0 g/L, during 

dark cycle) on reflex development by the following tests: (A) Righting reflex; (B) 

Forelimb grasp reflex; (C) Negative geotaxis; (D) Cliif avoidance. Data are 

presented as mean ± S.E.M. (n=10-12 litters/group) of the mean age from each 

litter to achieve the task (n=10-12 litters/group). Control group received only 

water. Fisher´s exact test was used to analyze the reflex of the last day within the 

time window. 

 

Fig. 3. Effect of perinatal caffeine in drinking water (0.1, 0.3 and 1.0 g/L, during 

dark cycle) on locomotor activity, represented as number of crossing (A), number 
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of squares visited (B), and locomotor index (C).  Data are presented as mean ± 

S.E.M. (n = 10-12 litters/group), and were analyzed by two-way ANOVA followed 

by Bonferroni´s test. 

 

Fig. 4. Plasma levels of caffeine (A) and its metabolites paraxanthine (B), 

theobromine (C), and theophylline (D) in rat pups submitted to caffeine since 

intrauterine growth in the dam´s drinking water (0.1, 0.3 and or 1.0 g/L, during 

dark cycle). Data are presented as mean ± S.E.M. (n=4 litters/group), and were 

analyzed by two-way ANOVA followed by Bonferroni´s test. 

 

Fig. 5. Immunoblotting analysis of glutamate transporter GLT-1 (A, blue circle), 

GluR1 subunit of AMPA ionotropic glutamate receptor (A, red square), 

metabotropic receptor mGluR5 (A, green triangle) and NMDA glutamate receptor 

subunits (B): pNR1/NR1 ratio (blue circle, dashed line), NR2A (red square, 

continuous line) and pNR2B/NR2B ratio (green triangle, dashed line) in the whole 

cortex at PND 7 from pups exposed to water or caffeine. Data are means ± S.E.M 

(n=6-8 samples/group) of density unit lines obtained from protein/β-tubulin ratio.  

*P < 0.05, significantly different from control group (water). One-way ANOVA 

followed by Newman-Keuls multiple comparison test. 

 

Fig. 6. Immunoblotting analysis of glutamate transporter GLT-1 (A, blue circle), 

GluR1 subunit of AMPA ionotropic glutamate receptor (A, red square), 

metabotropic receptor mGluR5 (A, green triangle) and NMDA glutamate receptor 

subunits (B): pNR1/NR1 ratio (blue circle, dashed line), NR2A (red square, 

continuous line) and pNR2B/NR2B ratio (green triangle, dashed line) in 
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hippocampus at PND 7 from pups exposed to water or caffeine. Data are means 

± S.E.M (n = 6-8 samples/group) of density unit lines obtained from protein/β-

tubulin ratio. Representative Western blot bands were presented below. *P < 

0.05, significantly different from control group (water). One-way ANOVA followed 

by Newman-Keuls multiple comparison test. 

 

Fig. 7. Immunoblotting analysis of glutamate transporter GLT-1 (A, blue circle), 

GluR1 subunit of AMPA ionotropic glutamate receptor (A, red square), 

metabotropic receptor mGluR5 (A, green triangle) and NMDA glutamate receptor 

subunits (B): pNR1/NR1 ratio (blue circle, dashed line), NR2A (red square, 

continuous line) and pNR2B/NR2B ratio (green triangle, dashed line) in the whole 

cortex at PND 14 from pups exposed to water or caffeine. Data are means ± 

S.E.M (n=6-8 samples/group) of density unit lines obtained from protein/β-tubulin 

ratio. Representative Western blot bands were presented below. *P < 0.05, 

significantly different from control group (water). One-way ANOVA followed by 

Newman-Keuls multiple comparison test. 

 

Fig. 8. Immunoblotting analysis of glutamate transporter GLT-1 (A, blue circle), 

GluR1 subunit of AMPA ionotropic glutamate receptor (A, red square), 

metabotropic receptor mGluR5 (A, green triangle) and NMDA glutamate receptor 

subunits (B): pNR1/NR1 ratio (blue circle, dashed line), NR2A (red square, 

continuous line) and pNR2B/NR2B ratio (green triangle, dashed line) in 

hippocampus at PND 14 from pups exposed to water or caffeine. Data are means 

± S.E.M (n=6-8 samples/group) of density unit lines obtained from protein/β-

tubulin ratio. Representative Western blot bands were presented below. *P < 
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0.05, significantly different from control group (water). One-way ANOVA followed 

by Newman-Keuls multiple comparison test. 

 

Fig. 9. Immunoblotting analysis of glutamate transporter GLT-1 (A, blue circle), 

GluR1 subunit of AMPA ionotropic glutamate receptor (A, red square), 

metabotropic receptor mGluR5 (A, green triangle) and NMDA glutamate receptor 

subunits (B): pNR1/NR1 ratio (blue circle, dashed line), NR2A (red square, 

continuous line) and pNR2B/NR2B ratio (green triangle, dashed line) in the whole 

cortex at PND 21 from pups exposed to water or caffeine. Data are means ± 

S.E.M (n=6-8 samples/group) of density unit lines obtained from protein/β-tubulin 

ratio. Representative Western blot bands were presented below. *P < 0.05, 

significantly different from control group (water). One-way ANOVA followed by 

Newman-Keuls multiple comparison test. 

 

Fig. 10. Immunoblotting analysis of glutamate transporter GLT-1 (A, blue circle), 

GluR1 subunit of AMPA ionotropic glutamate receptor (A, red square), 

metabotropic receptor mGluR5 (A, green triangle) and NMDA glutamate receptor 

subunits (B): pNR1/NR1 ratio (blue circle, dashed line), NR2A (red square, 

continuous line) and pNR2B/NR2B ratio (green triangle, dashed line) in 

hippocampus at PND 21 from pups exposed to water or caffeine. Data are means 

± S.E.M (n=6-8 samples/group) of density unit lines obtained from protein/β-

tubulin ratio. Representative Western blot bands were presented below. *P < 

0.05, significantly different from control group (water). One-way ANOVA followed 

by Newman-Keuls multiple comparison test. 
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Fig. 2 
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Fig.3

C r o s s in g

N
u

m
b

e
r
 o

f 
c

r
o

s
s

in
g

P 6 P 7 P 8 P 9 P 1 0

0

5

1 0

1 5

2 0

A

P o s tn a ta l d a y s

S q u a r e s

N
u

m
b

e
r
 o

f 
s

q
u

a
r
e

s
 v

is
it

e
d

P 6 P 7 P 8 P 9 P 1 0

0

5

1 0

1 5

2 0

B

P o s tn a ta l d a y s

L o c o m o tio n  in d e x

P 6 P 7 P 8 P 9 P 1 0

0 .0

0 .5

1 .0

1 .5

2 .0

C

P o s tn a ta l d a y s

W a t e r

C a f fe in e  0 .1

C a f fe in e  0 .3

C a f fe in e  1 .0

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

114 
 

Fig. 4 
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Fig. 5 
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Fig. 6 
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Fig. 7 
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Fig. 8 
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Fig. 9 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

120 
 

Fig. 10 
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Table 1 – Reproductive dataa 

 

aData are presented as mean ± S.E.M. 

 

 

 

 

 

 

 

 

 

Table 2 – Changes in levels of the specific 3H-glutamate binding (pmol glutamate/mg protein) in 

whole cortex from rat pups receiving water (control group) or caffeine in drinking water (0.1, 0.3 

or 1.0 g/L) during lactation. 

 

 

 

 

Data are presented as mean ± S.E.M of pmol glutamate/mg protein (n = 6 animals/group). 

*Different from control group (P < 0.05). 

  

 Water Caffeine 0.1 g/L Caffeine 0.3 g/L Caffeine 1.0 g/L 

No. of dams 12 12 12 12 

Gestational duration 
(days) 

21.92 ± 0.08 21.86 ± 0.10 21.71 ± 0.12 21.77 ± 0.12 

No. of live pups 8.31 ± 0.96 8.79 ± 0.52 8.00 ± 0.83 9.00 ± 1.24 

No. of stillborn pups 0.46 ± 0.31 0.07 ± 0.07 0.93 ± 0.37 1.00 ± 0.34 

Implantation sites 10.08 ± 0.79 
 

10.43 ± 0.67 
 

10.64 ± 0.75 
 

10.69 ± 0.83 
 

Index birth/implantation 0.81 ± 0.05 
 

0.86 ± 0.04 
 

0.71 ± 0.06 
 

0.85 ± 0.07 
 

 Water Caffeine 0.1 g/L Caffeine 0.3 g/L Caffeine 1.0 g/L 

Postnatal day 
(PND) 

    

PND 7 2.52 ± 0.28 2.33 ± 0.33 2.23 ± 0.41 2.21 ± 0.33 

PND 14 5.02 ± 0.32 3.85 ± 0.29* 4.40 ± 0.18 4.92 ± 0.35 

PND 21 4.40 ± 0.34 4.67 ± 0.31 4.15 ± 0.44 3.74 ± 0.31 
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Table 3 - Changes in levels of the specific 3H-glutamate binding (pmol glutamate/mg protein) in 

hippocampus from rat pups receiving water (control group) or caffeine in drinking water (0.1, 0.3 

or 1.0 g/L) during lactation. 

 Water Caffeine 0.1 g/L Caffeine 0.3 g/L Caffeine 1.0 g/L 

Postnatal day 
(PND) 

    

PND 7 5.19 ± 0.76 5.01 ± 0.91 4.73 ± 0.53 3.96 ± 0.49 
PND 14 6.59 ± 0.83 5.79 ± 0.76 5.48 ± 0.63 4.57 ± 0.72 
PND 21 3.92 ± 0.53 4.00 ± 0.56 3.60 ± 0.78 3.75 ± 0.78 

Data are presented as mean ± S.E.M of pmol glutamate/mg protein (n=6 animals/group). 
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4. DISCUSSÃO 

 

 O desenvolvimento do sistema nervoso é um processo altamente 

complexo que envolve a coordenação temporal e espacial da proliferação, 

migração, diferenciação, sinaptogênese e a morte celular programada. Períodos 

de maior vulnerabilidade durante o desenvolvimento do sistema nervoso central 

são sensíveis às agressões ambientais, condições adversas e modificações na 

dieta (Georgieff, 2007). Tendo em vista que a cafeína é um psicoestimulante 

presente na dieta da população, é importante estudar o impacto do consumo de 

cafeína durante as diferentes fases do desenvolvimento encefálico.  

No primeiro capítulo desta tese fizemos uma revisão da literatura sobre o 

impacto da administração de cafeína durante o período gestacional e lactação 

de roedores. O artigo manteve seu enfoque em alterações comportamentais e 

nos sistemas de neurotransmissores mais abundantes no SNC de mamíferos 

durante o desenvolvimento do encéfalo. Nesta revisão vários aspectos foram 

relatados. A administração de cafeína por diferentes vias (intraperitoneal, 

gavagem, na água de beber) é capaz de provocar alterações no comportamento 

dos animais, com predomínio da atividade locomotora visto que essa pode ser 

melhor observada em animais pequenos, mas sempre foi dependente da dose. 

O sistema adenosinérgico, alvo farmacológico da cafeína, apresenta 

modificações quando administrada durante o desenvolvimento do encéfalo, e 

essas modificações são dependentes do período de desenvolvimento de cada 

estrutura encefálica. Houve um aumento nos receptores A1 na ponte e no núcleo 

do trato solitário de ratos neonatos de 6 dias que receberam cafeína por 

gavagem (15 mg/kg) entre os DPN 2-6 (Gaytan et al., 2006). O consumo de 
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cafeína na água de beber (0,3 g/L) durante a gestação e lactação aumentou a 

ligação ao receptor A1 em membranas corticais de filhotes no DPN 1 e DPN 7, 

mas no hipocampo de filhotes com 21 dias houve uma diminuição no RNAm de 

A1 (Adén et al., 2000). Em outro estudo, com uma dose mais elevada de cafeína 

na água de beber (1,0 g/L) durante a gestação, houve um aumento do número 

de receptores A1 no encéfalo materno e fetal, este último foi relacionado a um 

aumento da afinidade pela cafeína (Lorenzo et al., 2010). O efeito do tratamento 

com cafeína no período embrionário e pós-natal nos receptores A2A também 

levou a alterações de acordo com a idade pós-natal e a estrutura encefálica. A 

cafeína na água de beber (0,2 g/L) levou ao aumento da expressão de A2A na 

medula de recém-nascidos (Picard et al., 2008). A exposição neonatal de cafeína 

entre os DPN 2-6 aumentou o RNAm de A2A no tronco cerebral e no hipotálamo 

(Gaytan e Pasaro, 2012). Outros sistemas de neurotransmissores são afetados 

pela administração de cafeína, particularmente o sistema glutamatérgico reúne 

uma quantidade significativa de estudos. Em ratas grávidas tratadas com cafeína 

na água de beber (1,0 g/L) durante toda a gestação, observou-se uma redução 

no conteúdo do receptor metabotrópico de glutamato no encéfalo de fetos de 20 

dias embrionário, mas essa redução não alterou a responsividade do receptor 

(León et al., 2005). No que diz respeito aos estudos epidemiológicos estes ainda 

permanecem tentando controlar uma infinidade de variáveis com o objetivo de 

estabelecer um consenso sobre a quantidade segura de cafeína que pode ser 

consumida. Diferentemente da década de 70, os estudos atuais consideram o 

tabagismo como um fator de confusão entre outros como o consumo de álcool, 

nível de escolaridade e atividade fisica. Os estudos atuais também levam em 

consideração os “sintomas da gravidez” (náusea e vômito), além de fazer um 
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acompanhamento mais frequente ao longo da gestação, e a coleta de dados de 

consumo de cafeína também ser mais controlada. A partir desses estudos ainda 

permanece controverso se a cafeína pode ser consumida durante a gravidez e 

se o seu consumo está diretamente relacionado ao baixo peso ao nascer e 

incidência de aborto espontâneo.  

No segundo capítulo a proposta principal foi avaliar o imunoconteúdo de 

proteínas importantes para a formação das sinapses no córtex e hipocampo de 

embriões de ratos no 18° e 20° dia gestacional. Considerando que entre as 

alterações mais evidentes que ocorrem pelo tratamento com cafeína são as 

flutuações no peso corporal, primeiramente foi feito o registro do peso dos 

embriões de ratos de 18 e 20 dias. Foi possível observar uma redução no peso 

fetal somente nos embriões de 20 dias e que receberam a dose mais elevada de 

cafeína (1,0 g/L). Alguns estudos anteriores já haviam observado que ratas que 

receberam o tratamento com cafeína entre o 11° e o 20° dia gestacional tiveram 

embriões com peso reduzido nas três doses administradas (20, 60 e 180 mg/kg 

por via intragástrica), além da diminuição no ganho de peso das ratas nas duas 

doses mais altas (Kou et al., 2014; Liu et al., 2012). Em outro estudo, utilizando 

o mesmo protocolo de tratamento de cafeína e as mesmas doses, foi encontrada 

uma inibição do eixo hipotálamo-pituitário-adrenal, pois os fetos das ratas 

grávidas que receberam as doses de 60 mg/kg e 180 mg/kg apresentaram uma 

redução na expressão do hormônio liberador de corticotrofinas (Xu et al., 2012). 

Nesse mesmo estudo foi observado um aumento nos níveis séricos de 

corticosterona nas fêmeas que se refletiram nos níveis de corticosterona no 

plasma fetal e aumento no receptor de glicocorticoide no hipocampo. É possível 

que o excesso de corticosterona sérica no feto, vindo da placenta da mãe pelo 
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consumo de cafeína, levou a alterações na regulação do eixo hipotálamo-

pituitária-adrenal, e esse evento pode ter provocado o retardo no crescimento 

intrauterino observado nos embriões de 20 dias. Ainda que a dose mais baixa 

tenha apresentado menor impacto nos resultados, os autores desaconselham o 

consumo de cafeína durante a gestação. Em outro estudo, utilizando a mesma 

escala de administração de cafeína, porém em uma única dose (entre o dia 

gestacional 11 e 20, 120 mg/kg de cafeína por via intragástrica), houve uma 

redução no comprimento do fêmur de embriões de 20 dias e na expressão de 

proteínas envolvidas na sinalização do fator de crescimento semelhante à 

insulina tipo 1 (IGF-1, do inglês Insulin Growth Factor 1) (Tan et al., 2012). De 

acordo com Reynolds (2010), altos níveis de glicocorticoides séricos durante a 

gestação podem levar a uma programação intrauterina alterada para o 

metabolismo de glicose e lipídios, o que pode explicar a redução no peso 

corporal dos embriões. Além disso, os efeitos in vitro da cafeína na adipogênese 

foram avaliados em células tronco derivadas de tecido adiposo de ratos, as quais 

foram continuamente expostas à cafeína em diferentes concentrações (0,1–1 

mM) durante a diferenciação adipogênica. O tratamento com cafeína diminuiu a 

expressão de genes relacionados à adipogênese, como PPAR-γ, lipoproteína 

lipase, leptina e TNF-α de maneira dose-dependente (Su et al., 2013). A cafeína 

também é conhecida por afetar a termogênese através inibição da enzima 

fosfodiesterase, o que leva a um aumento no AMPc intracelular e à inativação 

da lipase-hormônio sensível, que promove a lipólise (Acheson et al., 2004). 

Embora nosso trabalho não teve como objetivo investigar as alterações de peso, 

nossos achados são similares aos outros trabalhos e uma possível hipótese para 

essas alterações de peso corporal são os níveis séricos elevados de 
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glicocorticoides nas fêmeas pelo consumo de cafeína. De acordo com alguns 

autores essas alterações podem estar diretamente envolvidas na programação 

metabólica intra-uterina e na maior susceptibilidade a doenças metabólicas na 

vida adulta, como a esteatohepatite não-alcoólica (Wang et al., 2014) e diabetes 

tipo 2 (Sun et al., 2014). 

Dando continuidade ao nosso trabalho fizemos a imunodetecção de 

algumas proteínas cruciais para o desenvolvimento, maturação e diferenciação 

das sinapses: BDNF (e seu receptor TrkB), Shh, GAP-43 e SNAP-25. As 

neurotrofinas são fatores de crescimento com papel crucial no desenvolvimento 

e na maturação do encéfalo (Cohen-Cory et al., 2010). O fator neurotrófico 

derivado do encéfalo (BDNF) e seu receptor do tipo tirosina cinase (TrkB) 

participa como um regulador retrógrado do desenvolvimento das sinapses, 

sendo essencial para o crescimento e elongação dos dendritos de sinapses 

inibitórias e excitatórias (Carvalho et al., 2008; Tyler e Pozzo-Miller, 2003). Os 

neurônios em desenvolvimento no início do crescimento dos neuritos expressam 

níveis altos da Proteína Associada ao Cone de Crescimento (GAP-43) (Dani et 

al., 1991; Perrone-Bizzozzero et al., 1986). Além disso, a sinalização da proteína 

Shh (Sonic Hedgehog) é importante para a formação das camadas corticais nos 

estágios embrionários tardios (Komada et al., 2008) e para a origem de 

neurônios hipocampais responsáveis pela neurogênese na idade adulta (Li et al., 

2013). A proteína associada ao sinaptossoma de 25 kDa (SNAP-25) faz parte do 

complexo SNARE para a liberação de neurotransmissores na fenda sináptica, 

mas também está envolvida na extensão e crescimento de neuritos (Osen-Sand 

et al., 1993). 
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Através de nosso trabalho foi possível demonstrar que o consumo de 

cafeína durante a gestação reduziu o imunoconteúdo de GAP-43, TrkB e Shh no 

hipocampo dos embriões com 18 dias de idade. Em um modelo in vitro para 

investigar o crescimento de neuritos, observou-se que o tratamento com o fator 

de crescimento neuronal (NGF) induziu o crescimento de neuritos e o aumento 

da expressão de GAP-43, e esse processo foi mediado pela ativação de 

receptores de adenosina A2A (O’Driscoll e Gorman, 2005). Partindo dessas 

observações sugerimos que embora a cafeína seja um antagonista não-seletivo 

dos receptores de adenosina (A1 e A2A), o bloqueio via receptores A2A pode ter 

levado à redução de GAP-43. Uma vez que a diminuição de GAP-43 e TrkB não 

foi mais observada no hipocampo dos embriões de 20 dias, sugerimos que essas 

alterações transitórias em ambas proteínas podem ter sido contrabalançadas, 

por exemplo, pelo aumento gradativo de Shh observado nas duas idades 

embrionárias. O impacto desse aumento da Shh durante o período embrionário 

a longo prazo, após o desenvolvimento do sistema nervoso, ainda deve ser 

estudado. 

Tendo em vista que a adição de Shh em culturas de neurônios 

hipocampais leva ao aumento da espessura dos terminais pré-sinápticos, com 

aumento do tamanho das vesículas sinápticas (Mitchell et al., 2012), 

investigamos o imunoconteúdo da proteína SNAP-25 que pode ser facilmente 

detectada nos estágios iniciais do desenvolvimento encefálico (Prescott e 

Chamberlain, 2011). Nenhuma das doses de cafeína estudadas modificaram o 

imunoconteúdo de SNAP-25 nas estruturas cerebrais de ambas idades 

embrionárias, sugerindo que nesse estágio do desenvolvimento não houve 

influência desse psicoestimulante na integridade dos terminais nervosos. 
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Comparado ao hipocampo, o tratamento gestacional com a maior dose de 

cafeína (1,0 g/L) aumentou o imunoconteúdo de BDNF no córtex dos embriões 

de 18 dias e o reduziu aos 20 dias, sem alterar o seu receptor TrkB. 

Coincidentemente, Shh foi aumentada no córtex dos embriões de 18 dias, e 

sugerimos que uma das consequências possíveis do aumento dessas proteínas 

pela cafeína poderia ser a aceleração do desenvolvimento do telencéfalo. De 

fato, já foi observado em outros estudos in vitro que a superexpressão de Shh 

leva a uma aceleração do desenvolvimento do telencéfalo (Marret et al., 1997; 

Sahir et al., 2000; 2001; 2004). Além disso, a Shh participa da indução de 

diferenciação de interneurônios GABAérgicos no telencéfalo (Mady e Kohtz, 

2007). Uma das consequências do aumento deste morfógeno no final da 

gestação pode ser uma distribuição anormal de neurônios nas camadas corticais 

antes do nascimento, o que pode afetar a migração dos neurônios GABAérgicos 

após o nascimento. Isso pode ser observado em estudo recente, em que o 

consumo moderado de cafeína (0,3 g/L) durante a gravidez e lactação levou a 

um atraso na migração dos neurônios GABAérgicos no hipocampo e camadas 

corticais superficiais em camundongos no 6° dia pós-natal (Silva et al., 2013). 

 Com o objetivo de estimar o impacto das alterações dessas proteínas no 

número de neurônios, foi utilizada uma técnica em que os núcleos celulares 

foram isolados por subfracionamento celular e a partir disso identifica-se como 

núcleos neuronais pela marcação com anticorpo para a Proteína Nuclear 

Neuronal. (em inglês NeuN). O antígeno nuclear neuronal (NeuN) reconhece 

uma proteína nuclear neurônio-específica em vertebrados, em períodos do 

desenvolvimento que correspondem à iniciação de diferenciação de neurônios 

pós-mitóticos (Mullen et al., 1992). Em nosso trabalho, observamos que os 
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embriões de 20 dias que receberam a dose moderada de cafeína (0,3 g/L) 

apresentaram um aumento no número de núcleos totais e neuronais no 

hipocampo, enquanto os embriões de 20 dias tratados com a menor dose de 

cafeína (0,1 g/L) apresentaram aumento nos núcleos no córtex. A exposição 

prenatal a outros psicoestimulantes, como etanol e nicotina, também levou a 

alterações no número de neurônios no hipotálamo e no sistema límbico no 

período pós-natal de filhotes (Chang et al., 2012; 2013). Esses autores sugerem 

que o aumento da neurogênese no período de desenvolvimento do SNC pode 

aumentar o risco dos filhotes desenvolverem abuso ao consumo dessas 

substâncias na vida adulta. Porém a cafeína não apresenta um efeito tão 

deletério como esses outros psicoestimulantes, mas aumenta a susceptibilidade 

a convulsões por agentes convulsivantes na vida adulta de camundongos (Silva 

et al., 2013). A participação de outras proteínas e cascatas de sinalização no 

aumento de núcleos NeuN no córtex pela menor dose de cafeína merece maior 

investigação, já que não foi encontrada nenhuma alteração no imunoconteúdo 

de proteínas envolvidas no desenvolvimento das sinapses com essa dose. 

Dando continuidade ao estudo dos efeitos da cafeína no decorrer do 

densenvolvimento encefálico, no terceiro capítulo as investigações foram 

direcionadas para avaliar os efeitos da administração de cafeína durante o 

período perigestacional sobre o desenvolvimento do reflexo e desenvolvimento 

motor de roedores. 

Os ensaios comportamentais são importantes em toxicologia, teratologia, 

rastreio de fenótipo, e em outras aplicações que requerem o estado funcional 

dos animais. No entanto, quando a avaliação envolve animais no período de 

desenvolvimento, ela pode ser especialmente difícil porque um animal imaturo é 
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mais frágil, propenso a fadiga e por apresentar limites sensoriais e na capacidade 

motora, eles respondem diferentemente aos desafios padrão tais como privação 

de alimento. Além disso, os testes que envolvem treinamento são 

frequentemente inaplicáveis na fase de desenvolvimento porque o próprio 

treinamento pode exigir dias ou semanas, o que inviabiliza a avaliação do 

desenvolvimento em tempo hábil. Assim, a avaliação de animais neonatos deve 

considerar as características inatas, expressas como respostas reflexas (Moser, 

1990; Rogers et al., 1997; Vohers, 1985). 

O reflexo é uma resposta motora do SNC a estímulos internos ou externos 

(Zehr e Stein, 1999). As ações motoras reflexas mais simples são mediadas pela 

medula espinhal, e podem ser respostas inconscientes que servem como 

mecanismos de proteção e sobrevivência (Nicholls et al., 1992; Swedlow e Mark, 

1998). A avaliação dos reflexos motores durante as primeiras semanas de vida 

é importante para verificar alterações induzidas por agentes farmacológicos no 

desenvolvimento de roedores (Ten et al., 2003).  

Para a avaliação de desenvolvimento do reflexo, é mais importante saber 

se os animais completaram o teste dentro da faixa de idade previamente 

estipulada. De acordo com Allam e Abo-Eleneen (2012), os ratos albinos 

completam o teste entre 6-8 dias de idade. Dessa maneira, o tratamento com 

cafeína não alterou o desenvolvimento reflexo em todos os testes analisados. 

Em um outro tratamento com diferentes doses de cafeína na água de beber (0,2; 

0,4 e 0,8 g/L) durante o período gestacional e lactacional em ratos, os efeitos no 

desenvolvimento do reflexo foram dependentes da dose, com a máxima 

produzindo o efeito máximo, e a atividade locomotora avaliada na arena de 

campo aberto foi reduzida no desmame (Peruzzi et al., 1985). No entanto, o 
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desenvolvimento motor e do reflexo não foi afetado pela exposição perinatal de 

cafeína (0,3 g/L na água de beber) quando avaliado pelos testes de reflexo da 

virada e aversão à queda (Silva et al., 2013). Diferentes vias de administração, 

tempo e dose de tratamento de cafeína e diferentes linhagens de animais podem 

ser fatores que explicam a diferença entre os resultados. Além disso, nosso 

protocolo de administração de cafeína somente no ciclo escuro, a fim de 

mimetizar o consumo humano, pode ter atenuado o efeito da cafeína no 

desenvolvimento do reflexo observado em outros estudos. 

O consumo materno de cafeína durante o desenvolvimento do encéfalo 

aumenta a atividade locomotora em ratos jovens (Holloway e Thor, 1983; Pan e 

Chen, 2007; Peruzzi et al, 1985; Tchekalarova a el, 2005). As doses moderadas 

de cafeína (0,3 g/L) administradas na água de beber em ratas durante a gestação 

e lactação levaram a um aumento na atividade locomotora dos filhotes na idade 

adulta, e esses animais também apresentaram uma maior resposta após ação 

estimulante da cocaína (Björklund et al., 2008). Por outro lado, a atividade 

locomotora de ratos adultos (1 a 6 meses de idade) expostos à cafeína durante 

o período embrionário e/ou durante a lactação (0,2-0,4 g/L na água de beber) foi 

reduzida na exposição a arena de campo aberto somente nos filhotes machos 

aos 25 dias de idade (Hughes e Beveridge, 1991). De acordo com Tchekalarova 

e colaboradores (2005), os efeitos na atividade locomotora da cafeína são 

dependentes do estágio de desenvolvimento encefálico. Entre os DPN 7 e 11 o 

tratamento agudo com cafeína (20 mg/kg i.p.) aumentou a locomoção dos 

animais com 25 dias, enquanto que houve uma hipolocomoção nessa mesma 

idade após tratamento com cafeína entre os DPN 13 e 17. No nosso trabalho, 

não foi encontrada nenhuma alteração na atividade locomotora nos ratos com 6 
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a 10 dias de vida, submetidos ao tratamento com cafeína desde o período 

embrionário. Essa  ausência de efeito sobre a atividade locomotora por 

quaisquer doses de cafeína utilizadas nesse trabalho podem ser explicada pelo 

diferencial do nosso protocolo de administração, no qual as ratas foram 

submetidas à cafeína somente no ciclo escuro, a fim de mimetizar o consumo 

humano. 

No que diz respeito ao metabolismo da cafeína durante a lactação sabe-

se que na primeira semana pós-natal o complexo CYP450 não está 

completamente maduro, o que leva ao acúmulo de cafeína e seus metabólitos 

no plasma de neonatos (Bienvenu et al., 1993). Em consonância com a literatura, 

os níveis plasmáticos de cafeína e seus metabólitos estavam elevados 

encontrados nos filhotes de 7 dias de idade. Os níveis mais baixos dos 

metabólitos da cafeína foram encontrados no dia pós-natal (DPN) 14, quando a 

atividade e expressão das enzimas hepáticas responsáveis pelo metabolismo da 

cafeína estão aumentadas. Os níveis elevados dos metabólitos de cafeína 

encontrados no DPN 21 podem ser explicados pelo início da alimentação mista, 

pois nessa idade os filhotes são capazes de alcançar a garrafa de água, e dessa 

forma há duas fontes de cafeína: da água de beber e do leite materno. O 

tratamento de ratos adultos Sprague-Dawley com cafeína de 0,3 g/L na água de 

beber durante 14 dias, e após uma dose de ataque 7,5 mg/kg ip, apresentaram 

menores níveis de cafeína no plasma em comparação com os ratos que 

receberam uma única dose de cafeína (Svenningsson et al., 1999). A quantidade 

dos outros metabólitos da cafeína (teobromina, teofilina e paraxantina) foram 

similares aos animais que beberam apenas água tratada com cafeína. A 

explicação sugerida é que a cafeína é metabolizada mais rapidamente em ratos 
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tolerantes, ou seja, que já estão recebendo o tratamento crônico e que essa 

substância atravessa mais facilmente a barreira hemato-encefálica do que os 

seus metabólitos (Svenningsson et al., 1999).  

Dando segmento aos parâmetros do desenvolvimento do encéfalo, 

decidiu-se investigar o impacto do consumo de cafeína sobre o sistema 

glutamatérgico, visto que o glutamato é um aminoácido que é o principal 

neurotransmissor excitatório no SNC de mamíferos.  

Dentre as alterações que ocorrem como um processo normal do 

desenvolvimento encefálico, sabe-se que durante a primeira semana pós-natal 

de roedores o GABA age como um neurotransmissor excitatório (Ben-Ari et al., 

2007), levando à despolarização da membrana e à remoção do íon magnésio 

(Mg2+) do receptor NMDA, o que possibilita a sua ativação (Leinekegel et al., 

1997). Em nosso trabalho, o consumo de cafeína afetou diferentemente os 

receptores de glutamato e o transportador GLT-1 no córtex e no hipocampo dos 

ratos de 7 dias de idade. No córtex, houve aumento tanto no imunoconteúdo da 

forma fosforilada da subunidade GluN1 do receptor NMDA como no 

transportador de glutamato GLT-1 nos filhotes tratados com cafeína na água de 

beber na dose de 0,3 g/L. Também foi encontrado um aumento na fosforilação 

da subunidade GluN1 do receptor NMDA no hipocampo, mas o GLT-1 foi 

diminuído pela dose mais alta, e a subunidade GluA1 do receptor AMPA foi 

aumentada em todas as doses estudadas. 

É possível que o aumento no imunoconteúdo das subunidades dos 

receptores NMDA e AMPA no DPN 7 causado pela cafeína pode ter sido um 

mecanismo compensatório por causa da redução na sinalização GABAérgica 

observada em um estudo recente com tratamento com cafeína no período 
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gestacional e lactacional (Silva et al., 2013). Nesse estudo, foi observada um 

retardo na migração de neurônios GABAérgicos hipocampais em camundongos 

de 6 dias de idade submetidos à cafeína desde o período (Silva et al., 2013). 

A subunidade GluN1 do receptor NMDA no hipocampo aumenta 

consideravelmente na primeira semana pós-natal, atingindo níveis semelhantes 

ao animal adulto por volta de 20 dias de idade (Ibaraki et al., 1999). Dessa 

maneira, observamos alterações nessa subunidade na fase em que ela está 

mais aumentada no desenvolvimento, retornando aos níveis semelhantes ao 

controle nas idades subsequentes. O impacto dessas alterações na vida adulta 

dos animais ainda precisa ser mais estudado. 

Uma característica das sinapses glutamatérgicas durante a primeira 

semana pós-natal é que os receptores de glutamato AMPA estão “silenciados” 

(Ben-Ari et al., 1997). Uma vez que o aumento da subunidade GluA1 do receptor 

AMPA no hipocampo de ratos ocorre entre os dias pós-natal 7 e 20 (Ibaraki et 

al., 1999), nossos resultados mostraram que os filhotes de 7 dias de idade 

submetidos às três doses de cafeína apresentaram um aumento nos níveis da 

subunidade GluA1 do receptor AMPA no hipocampo comparado aos filhotes de 

mesma idade que receberam apenas água. A superexpressão da subunidade 

GluA1 do receptor AMPA em cultura de neurônios do neocortex de embriões de 

ratos de 17 dias aumentou o número de segmentos dendríticos e o número de 

proteínas na densidade pós-sináptica das sinapses glutamatérgicas, sugerindo 

que esse receptor glutamatérgico pode facilitar a sinaptogênese (Chen et al., 

2009). 

Considerando o transportador de glutamato GLT-1, observamos 

alterações somente no DPN 7. No córtex, a dose de 0,3 g/L induziu um aumento 
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de GLT-1, enquanto que a dose mais alta reduziu o GLT-1 no hipocampo. Visto 

que o encéfalo é mais sensível à excitabilidade durante a primeira semana pós-

natal, essas alterações específicas de cada estrutura pode ter um importante 

papel na susceptibilidade a episódios convulsivos. De fato, o tratamento agudo 

com cafeína entre os DPN 2-6 levou a uma menor susceptibilidade a convulsões 

dependendo do agente convulsivante utilizado em ratos jovens e adultos (Guillet, 

1995). Em outro estudo, foi observado um aumento da susceptibilidade a 

convulsões em camundongos de 6 dias que receberam cafeína no período 

gestacional e lactacional (Silva et al., 2013). Entretanto, quando o tratamento 

com cafeína ocorreu entre os DPN 7-11, foi encontrado efeito pró- ou anti-

convulsivante da cafeína dependendo do período pós-natal em que houve a 

indução da convulsão (Tchekalarova et al., 2006; 2007; 2010; 2011). Além disso, 

a expressão de GLT-1 é reduzida quando há remoção de aferentes 

glutamatérgicos, levando à perda da conectividade sináptica (Ginsberg et al., 

1996; Yang et al., 2009); e o aumento da atividade sináptica aumenta a 

expressão de GLT-1 (Genoud et al., 2006). Esses resultados sugerem que a 

expressão de GLT-1 é regulada pelos neurônios para garantir a capacidade de 

captação de glutamato para evitar a hiperexcitabilidade. 

No que diz respeito aos receptores metabotrópicos mGlu5 as alterações 

que ocorreram foram observadas somente após a segunda semana pós-natal, 

período em que a plasticidade sináptica é máxima, pois há o aumento do número 

de espinhas dendríticas e da expressão de proteínas que participam do 

mecanismo do potencial de longa duração, como as cinases PKA e PKC (Harris 

e Teyler, 1984; Yasuda et al., 2003). Em nosso trabalho, o tratamento com a 

dose moderada de cafeína (0,3 g/L) aumentou o imunoconteúdo de mGlu5 no 
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córtex e hipocampo dos filhotes de 14 dias. A ativação excessiva de receptores 

metabotrópicos de glutamato pode resultar em perda da resposta, conhecida 

como dessensibilização (De Blasi et al., 2001). O tratamento crônico de cafeína 

na água de beber (1,0 g/L) reduziu o imunoconteúdo de mGlu1a no encéfalo 

fetal, sem alterações na sua expressão. Além disso, houve uma redução na 

sinalização mediada por esse receptor. No entanto, foi observado um aumento 

compensatório na afinidade do receptor (León et al., 2005). Em nosso trabalho, 

mGlu5, que também é um receptor metabotrópico de glutamato da classe I, foi 

alterado diferentemente pela dose moderada e alta de cafeína de acordo com a 

idade pós-natal e com a estrutura encefálica em estudo. Considerando que a 

cafeína é um antagonista não-seletivo dos receptores A1 e A2A de adenosina e 

que esses receptores estão acoplados à proteína G após a segunda semana 

pós-natal (Adén et al., 2001), encontramos alterações no receptor metabotrópico 

de glutamato mGlu5 somente após esse período. Além disso, a formação de 

complexos heteroméricos entre o receptor A2A e mGlu5 encontradas no estriado 

(Ferré et al., 2002) pode sugerir uma colaboração desses neurotransmissores 

na sinalização glutamatérgica, uma vez que a ativação de mGlu5 potencia a 

sinalização do receptor A2A dependente de MAPK (Nishi et al., 2003). 

No período de desmame, aos 21 dias de idade, observamos que a dose 

moderada de cafeína causou uma redução no imunoconteúdo da subunidade 

GluA1 do receptora AMPA e do receptor mGlu5 no córtex e no hipocampo, e a 

dose elevada (1,0 g/L) também aumentou o mGlu5 no córtex. Conforme 

mencionado anteriormente, nesse período os animais recebem duas fontes de 

cafeína: o leite materno e a água de beber, aumentando os níveis de cafeína e 

seus metabólitos no plasma, o que pode levar a um mecanismo compensatório 
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de reduzir o imunoconteúdo desses receptores para evitar a hiperexcitabilidade 

glutamatérgica. Além disso, houve um aumento na subunidade GluN2A do 

receptor NMDA no hipocampo de filhotes que receberam a dose moderada de 

cafeína (0,3 g/L). De acordo com Fan e colaboradores (2012), a subunidade 

GluN2A atinge o pico de expressão em zonas neurogênicas no DPN 14, que está 

relacionado à formação dos neurônios maduros. O impacto desse aumento na 

vida adulta deve ser investigado, uma vez que o tratamento crônico com cafeína 

na água de beber durante gestação e lactação levou a uma diminuição da 

hiperlocomoção induzida por um antagonista do receptor NMDA nos filhotes 

adultos (da Silva et al., 2005). 

A ligação específica ao glutamato foi avaliada pelo método de binding em 

preparações de membranas de córtex e hipocampo dos filhotes de 7, 14 e 21 

dias. A única alteração observada foi um aumento transitório da ligação do 

glutamato no córtex dos filhotes de 14 dias que receberam a menor dose de 

cafeína (0,1 g/L). Visto que nessa estrutura e nessa idade não houve nenhuma 

alteração nas subunidades dos receptores e transportador de glutamato 

estudados, outras subunidades podem estar envolvidas, bem como o receptor 

de glutamato do tipo cainato, o que deve ser melhor investigado. 
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5. CONCLUSÃO 

 

Considerando que a cafeína é um psicoestimulante presente na dieta de 

praticamente todas as populações do mundo, é importante investigar os efeitos 

de seu consumo durante o desenvolvimento encefálico. Em estudos 

epidemiológicos existe a dificuldade em controlar adequadamente a quantidade  

de cafeína consumida durante todo o período de desenvolvimento encefálico, 

pois a coleta de dados para a pesquisa. Nesse ponto, os estudos experimentais 

são de extrema importância para estabelecer alguns critérios necessários antes 

de serem aplicados em ensaios clinicos. Além disso, é possível ter um maior 

controle das variáveis presentes nesses estudos epidemiológicos. Portanto, o 

conjunto dos nossos resultados contribuem para o melhor conhecimento dos 

efeitos da cafeína no período de desenvolvimento do encéfalo com ênfase em 

proteínas cruciais para o desenvolvimento e maturação de sinapses em córtex e 

hipocampo. Nossos resultados demonstraram que a exposição materna de 

diferentes doses de cafeína durante o período embrionário leva a alterações 

mesmo que transitórias em proteínas que participam do desenvolvimento e 

maturação das sinapses. Os efeitos do consumo perigestacional, ou seja, 

durante a gestação e lactação, no desenvolvimento do reflexo e na sinalização 

glutamatérgica em córtex e hipocampo foram dependentes da idade em que os 

animais foram avaliados. Também foi observado que o metabolismo da cafeína 

na primeira semana de vida é incompleto levando ao acúmulo de seus 

metabólitos e estes também podem ser responsáveis pelos efeitos observados. 

Com este trabalho  enfatizamos a importância da haver um controle do consumo 

de cafeína  durante um período crítico para o desenvolvimento e maturação 
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encefálica, no entanto mais estudos são necessários para investigar o impacto 

dessas alterações a longo prazo. 

 

6. PERSPECTIVAS 

 

- Analisar os níveis de cafeína e metabólitos no encéfalo de embriões e 

na placenta, nos dias embrionários 18 e 20; 

- Investigar a ontogenia dos receptores GABAérgicos, pois é o principal 

neurotransmissor inibitório, nas mesmas idades pós-natal estudadas para os 

receptores de glutamato (principal neurotransmissor excitatório) no córtex e no 

hipocampo; 

- Comparar por meio de tarefas comportamentais o desempenho cognitivo 

dos animais em diferentes idades (DPN 21, DPN 30 e DPN 60), que receberam 

cafeína desde o período embrionário até o desmame (DPN 21). 
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ANEXOS 

 

 

 Apresentamos em anexo dois artigos publicados no decorrer da tese, mas 

que não fazem parte do corpo da tese. Foi avaliada a participação do sistema 

adenosinérgico nos efeitos comportamentais (ansiedade e memória) do 

metilfenidato, que é um psicoestimulante que vem sendo amplamente utilizado 

como uma droga recreativa. O anexo I refere-se ao artigo intitulado “Adenosine 

A1 receptors are modified by acute treatment with methylphenidate in adult mice”. 

O anexo II refere-se ao artigo intitulado “Blockade of adenosine A1 receptors 

prevents methylphenidate-induced impairment of object recognition task in adult 

mice”. 
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Adenosine A1 receptors are modified by acute treatment with 

methylphenidate in adult mice 
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In recent years misuse of methylphenidate (MPH) has been reported. The main
pharmacological target of methylphenidate is the dopaminergic system. Adenosine is a
neuromodulator that influences the dopaminergic neurotransmission, but studies on MPH
and adenosine are still lacking. In this study, adult mice were acutely treated with MPH
(5 mg/kg, i.p.) and to model misuse, they received an acute overdosage (50 mg/kg, i.p). The
involvement of adenosine A1 receptors in anxiety-related behavior and locomotor and
exploratory activity was examined. The administration of methylphenidate (5 and 50 mg/
kg) 30 min before the exposure to open field arena did not modify locomotor activity. The
anxiolytic-like behavior was observedwith both doses of MPH as revealed by the increase on
the number of entries and the time spent in the open arms in the elevated plus-maze. Pre
treatment with selective adenosine A1 receptor antagonist (DPCPX 1 mg/kg, i.p.) did not
prevent anxiolytic effect caused by MPH 50 mg/kg. Immunoblotting of frontal cortex and
hippocampal extracts revealed that MPH 50 mg/kg increased 88% adenosine A1 receptor
density in the frontal cortex. Extracts from hippocampus did not reveal any differences in
the adenosine A1 receptor density. Our findings ruled out the participation of adenosine A1

receptors on the MPH-triggered anxiolytic effects. However, the density of adenosine A1

receptors increased in a brain area strictly involved in the MPH-mediated effects. Thus, the
adenosinergic systemmay play a role in themethylphenidate actions in the central nervous
system.

© 2010 Elsevier B.V. All rights reserved.
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1. Introduction

Methylphenidate (MPH; Ritalin®) is the most commonly pre-
scribed drug for the treatment of Attention deficit/hyperactivity
disorder (ADHD) (Accardo and Blondis, 2001). Similar to other

psychostimulants, one of the main targets of pharmacological
action for MPH is the dopaminergic system (Gatley et al., 1999),
albeit the participation of other neurotransmitters may also take
place (Pascoli et al., 2005; Prieto-Gómez et al., 2005; Yano and
Steiner, 2005). Some reports have suggested its potential in
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eliciting drug dependence (Kollins et al., 2001; Kollins, 2003).
Currently, the motivation for the misuse and abuse of MPH by
college students includes recreational reasonsor improvement of
cognitive functions (Babcock and Byrne, 2000; Barrett et al., 2005;
Dupont et al., 2008; Klein-Schwartz andMcGrath, 2003; Wu et al.,
2007). In rodents, the administration of MPH has promoted
behavioral alterations that include memory impairment and
anxiety-likebehavior (BrittonandBethancourt, 2009; Chuhanand
Taukulis, 2006; Gray et al., 2007; LeBlanc-Duchin and Taukulis,
2007, 2009; McFadyen-Leussis et al., 2004).

Adenosine is a neuromodulator in the central nervous system
(CNS), which via mainly adenosine A1 and A2A metabotropic
receptors control synaptic transmission of neurotransmitters
such as dopamine and glutamate (Cunha, 2001). Adenosine A1

receptors are expressed throughout brain while adenosine A2A is
more restricted to the basal ganglia. The existence of selective
heteromerization of A2A andD2 receptors andA1 andD1 receptors
was firstly demonstrated in transfected cells (Canals et al., 2003;
Ginés et al., 2000). Subsequently, biochemical characteristics
could also be identified of these receptor heteromers, called
“intramembrane receptor-receptor interactions” in the striatum
(Agnati et al., 2003), thereforedemonstrating theexistenceofA2A–
D2 and A1–D1 receptor heteromers in the brain (Ferré et al., 1997;
Franco et al., 2007). TheA1–D1 heteromeric receptor complexmay
therefore give the molecular basis for the well-documented
antagonistic A1–D1 receptor/receptor interactions found in the
neuronal networks of the brain (Ferré et al., 1997; Fuxe et al., 1998;
Franco et al., 2000). The understanding of these receptor/receptor
interactions have been useful for the development of novel
treatments for some neuropathologies that include ADHD,
Parkinson's disease, dyskinesias, schizophrenia and drug addic-
tion (for reviews see Ferré et al., 2008; Fuxe et al., 2007; Maggio
et al., 2009).

The stimulation of adenosine receptors counteracts the
behavioral effects of dopamine receptor stimulation (Cao et al.,
2007; Ferré et al., 1997). Likewise, adenosine receptor agonists
counteract whereas adenosine receptor antagonists potentiate
pharmacological effects of psychostimulants like cocaine and
amphetamines (Poleszak and Malec, 2003; Popoli et al., 1994;
Rimondini et al., 1998). Particularly, behavioral alterations caused
by other psychostimulants acting on dopaminergic system were
related to adenosine A1 receptors (Kuzmin et al., 1999; Poleszak
and Malec, 2003).

The participation of adenosinergic system in the ADHD has
been suggested in studieswith spontaneouslyhypertensive rats
(SHR) as an experimental model of ADHD. Caffeine (a non
selective adenosine receptors antagonist) and selective adeno-
sine receptors antagonists reversed thememory impairment in
this strain (Pires et al., 2009; Prediger et al., 2005).

The involvement of adenosine receptors on MPH-mediated
behavioral alterations has been reported in studies where
administration of caffeine induces cross tolerance and cross
desensitization to MPH (Boeck et al., 2009; Jain and Holtzman,
2005). Apart from these studies, possible modifications in the
adenosine receptors density or even a pharmacological charac-
terization of adenosine receptors subtype in the MPH-mediated
effects are still incipient.

Considering the misuse of MPH, the present study was
designed to assess if acute treatment and an acute overdosage
of MPH in adult mice could modify the performance in the

elevated plus-maze. Besides, the immunocontent of adeno-
sine A1 receptors was investigated in two brain areas involved
in theMPH-mediated effects (frontal cortex and hippocampus)
(Hewitt et al., 2005) as well as the involvement of adenosine
A1 receptors in the MPH-mediated effects in the elevated
plus-maze.

2. Results

2.1. Elevated plus-maze task

Effects of MPH were also evaluated in the elevated plus-maze.
The number of entries in the arms was not affected by
treatment with MPH 5 mg/kg but mice treated with MPH
50 mg/kg showed an increase on the number of entries in
the open arms [F (2,38)=4.745, P=0.0148], coupled with a
decrease on the number of entries in the closed arms
(Fig. 1A) [F (2,38)=9.147, P=0.0006]. MPH 5 mg/kg increased the
percentage of the time spent in the open arms [F (2,38)=32.24,
P<0.0001]with a concomitant decrease in the time spent in the
closed arms [F (2,38)=37.42, P<0.0001] (Fig. 1B). MPH 50 mg/kg
caused a robust increase on the percentage of the time spent in
the open arms with a concomitant decrease on the time spent
in the closed arms (Fig. 1B). MPH 50 mg/kg also decreased the
number of rearing in the elevated plus-maze [F (2,38)=6.223,
P=0.0048] (Fig. 1C). The total number of entries in the armswas
not influenced by treatments (Fig. 1D) [F (2,38) =1.116,
P=0.3385].

The role of adenosine A1 receptors was also investigated on
the effects caused byMPH 50 mg/kg in the elevated plus-maze.
Pre administration of DPCPX (1 mg/kg, i.p) was not able to
suppress the increase on the number of entries in the open
arms and percentage of the time spent in open arms caused by
MPH 50 mg/kg (Fig. 2A and B). Pre administration of DPCPX did
not modify the decrease on the number of rearing caused by
acute administration of MPH 50 mg/kg (Fig. 2C). DPCPX
administered alone was devoid of effect in all parameters
analyzed in the elevated plus-maze.

2.2. Open field

In order to assess the locomotor activity ofmice, analysis of the
traveled distance was performed 90 min after mice had
received MPH 5 and 50mg/kg. Each mouse was monitored
during 10 min in the open field arena. No differences were
found in the traveled distance between vehicle (control) and
MPH-treatedmice inbothdoses (Fig. 3) [F (2,23)=2.55; P=0.1007].

2.3. Immunoblotting

Immunoblotting analysis was carried out in the frontal cortex
andhippocampus homogenates frommice treated acutelywith
vehicle or different doses of MPH. Differently from hippocam-
pus, frontal cortex homogenates from mice treated with MPH
50mg/kg presented an increase in the density of adenosine A1

receptors (88% compared to vehicle) [F (2,20)=5.861, P<0.0110].
Acute treatment with 5 mg/kg of MPH did not cause any
modifications in the adenosine A1 receptors in the hippocam-
pus as well as in the frontal cortex (Fig. 4).
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3. Discussion

In the present study, acute of MPH and an acute overdosage to
model misuse were investigated on locomotor activity and

anxiety-like behavior in adult mice. Besides, the density and
pharmacological manipulation of adenosine A1 receptors
were evaluated in order to ascertain whether adenosine
could play a role in the effects of MPH.

Our findings showed that both doses of MPH acutely
administered triggered an anxiolytic-like effect as evidenced
by the increase on the number of entries and the time spent in
the open arms in the elevated plus-maze. Besides, animals
treated with MPH 50 mg/kg exhibited reduced exploratory
activity as evidenced by decrease on the number of rearings.
It is unlikely that the anxiolytic effect arises from hyperloco-
motion in MPH-treated mice since the number of total entries
in the arms was not affected by the treatment. Accordingly,
MPH did notmodify locomotor activity in the open field arena.
Anxiolytic properties of MPH 3 mg/kg were reported in mice
that presented anxiety-like behavior triggered by social
isolation (Koike et al., 2009). In this study, MPH was admin-
istered 30 min before placingmouse in the elevated plus-maze
(exactly the same treatment regimen from our study) and
reversed anxiety-like behavior by social isolation with no
effect per se on the locomotor activity and the time spent in the
arms. In our study, MPH administered alone caused behavioral
alterations in the elevated plus maze most certainly because
the dose used was higher than in the study aforementioned.
Considering that the total time exploration was affected by an
overdosage, a decrease on novelty seeking or anhedonia
caused by an overdosage of MPH could not be discarded as
well as the possibility that methylphenidate has affected
motivation, attention, and sensorimotor function. Indeed,
previous study showed that adult rats exposed to repeated
doses of MPH during their juvenile were less responsive with
respect to motor activation exhibited by animals when first
exposed to a novel environment (Bolaños et al., 2003).

Despite a different treatment regimen, MPH triggered
anxiety-like behavior and enhanced the exploratory activity of
the animals (Britton et al., 2007; Britton and Bethancourt, 2009).
Interestingly, MPH administered during development up to
35 days old caused a decrease in the anxiety-like behaviorwhen
rats were tested at 135 days old (Gray et al., 2007). On the other
hand, prenatal exposure to MPH increased exploratory activity
but also evoked anxiety-related behavior with no benefits on
learning and memory tasks in mice (McFadyen-Leussis et al.,
2004). Thus, behavioral findings of the administration of
methylphenidate are clearly distinct and dependent on the
schedule of administration and age of the animals. It is
important to emphasize that the experimental design used in
other studies differs from ours and they were designed to
evaluate effects of the MPH administered during development
on behavior of these animals in the adulthood. Our study aimed
to investigate effects of acute administration as well as an
overdosage of MPH in adult animals in order to find behavioral
alterations in adult animals and to model misuse.

The participation of adenosine A1 receptors in anxiety
behavior is clearly demonstrated in mice lacking adenosine A1

receptors (Giménez-Llort et al., 2002; Johansson et al., 2001; Lang
et al., 2003) followed by the anxiogenic action of adenosine
receptor antagonists (File et al., 1988; Florio et al., 1998; Jain et al.,
1995). Thus, the role of adenosine A1 receptors was also
investigated on behavioral alterations of MPH in the elevated
plus-maze. The blockade of adenosine A1 receptors was

Fig. 1 – Performance of adult mice treated acutely either with
vehicle (control) or methylphenidate (MPH, 5 or 50mg/kg, i.p) in
the elevated plus-maze during 5min. (A) Data represent
means±S.E.M. of the number of entries in the arms. (B) Data
represent means±S.E.M. of the percentage of time spent in the
arms. (C) Data represent means±S.E.M. of the number of
rearings. (D)Data representmeans±S.E.M. of the total numberof
entries in the arms. Statistical comparison was performed
with one-way ANOVA followed by Newman–Keuls multiple
comparison test (n=12–15 animals per group). *P<0.05,
significantly different from control. #P<0.05, significantly
different from control and MPH 5mg/kg.
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ineffective in suppressing behavioral alterations caused by acute
administrationofMPH50mg/kg in the elevatedplus-maze. Thus,
the pharmacological manipulation of adenosine A1 receptors did
not evidence its role on anxiolytic effects caused by MPH.

The immunocontent of adenosine A1 receptors was diffe-
rentlyaffectedby the treatmentwithMPHaccording to thebrain
region analyzed. In the frontal cortex, acute treatment with an
overdosage of MPH increased the immunocontent of adenosine
A1 receptors whereas no modification was found in the
hippocampus. Prefrontal cortex is one of the brain regions
targets of MPH effects as evidenced by a recent study using
pharmacological magnetic resonance imaging (phMRI). They
found an increase in the blood-oxygenation level dependent

(BOLD) signal in the frontal cortex andnucleus accumbens from
adult rats treated with MPH, but not in the hippocampus
(Canese et al., 2009). In addition, prefrontal cortex and hippo-
campus also play an important role in thememory recognition as
well as in the anxiety-related behavior (Barker and Warburton,
2008; Bergami et al., 2008;Winters et al., 2008). Since activation of
adenosineA1 receptors trigger anxiolytic effects in rodents (Jain et
al., 1995), this transient up-regulation of adenosine A1 receptors
could be involved in the anxiolytic effects ofMPH. It remains to be
determined if acute treatment with MPH could increase brain
adenosine levels and if a continuous administration could trigger
the desensitization of adenosine A1 receptors. It is interesting to
note that caffeine, another well-known psychostimulant and a

Fig. 2 – The lack of involvement of adenosine A1 receptors on the MPH-induced behavioral alterations in the elevated plus-maze.
DPCPX (1mg/kg, i.p.) was administered to mice 30min prior to MPH (50mg/kg, i.p.), which was administered 30min before
exposingmice to the elevated Plus-maze during 5min. Data representmeans±S.E.M. of the number of entries in the arms. (B) Data
represent means±S.E.M. of the percentage of the time spent in the arms. (C) Data represent means±S.E.M. of the number of
rearings. Statistical comparison was performed with one-way ANOVA followed by Newman–Keuls multiple comparison test
(n=9–14 animals per group). *P<0.05, significantly different from control and DPCPX.
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non-selective adenosine antagonist, also up-regulates adenosine
A1 receptors (Svenningsson et al., 1999). Likewise, caffeine is also
able to evoke anxiety-related behavior (El Yacoubi et al., 2000),
suggesting thatMPHandcaffeinemaybesharingsomemolecular
targets. However, differently fromMPH, previous results fromour
groupandothershave reported thecognitiveenhancerproperties
of caffeine inhumansandrodents (Costaetal., 2008;Haskell et al.,
2005). Other abuse drugs such as cocaine and amphetamine have
changed the expression and density of adenosine receptors
(Manzoni et al., 1998), and pharmacological interactions between
cocaine and methamphetamine with adenosine agonists and
antagonists have been reported (Justinova et al., 2003; Kuzmin
et al., 1999). Although methylphenidate shares similar pharma-
cological action with cocaine and amphetamine, it is the first
report where administration of MPH focusing on adenosine
receptors was investigated.

Our data demonstrated that adult mice treated with MPH
presented modifications on adenosine A1 receptor immuno-
content, reporting for the first time that administration of this
drug widely prescribed to treat ADHD and used as a cognitive
enhancer can affect the adenosinergic system. It needs to be
further determined whether this up-regulation of adenosine
A1 receptor in the frontal cortex by acute administration could
influence the signaling operated by adenosine.

Thus, it becomes important to investigate the participation
of adenosinergic system in the ADHD and MPH treatment,
since adenosine is a neuromodulator in the CNS acting in the
regulation of dopaminergic neurotransmission, a system that
is specially affected in ADHD and one of the main pharmaco-
logical targets of MPH.

4. Experimental procedures

4.1. Animals

Male albino CF1 mice (3–4 months old) were obtained from
Stated Foundation for Health Science Research (FEPPS, Porto
Alegre/RS, Brazil). All experimental procedures were performed
according to the NIH Guide for Care and Use of Laboratory
Animals and to Brazilian Society for Neuroscience and Beha-
viour (SBNeC) recommendations for animal care. Ethical
committee of Federal University of Rio Grande do Sul approved
experimentalproceduresandall adequatemeasureswere taken
to minimize pain or discomfort. Mice were housed in standard
cages (4 animals per cage) under a reversed 12/12-h light/dark
cycle with free access to food and water. All behavioral tests
were performed between 8:00 am and 5:00 pm. Separate groups
of mice were used for each behavioral task.

4.2. Drugs

Methylphenidate hydrochloride (MPH, 5 or 50 mg/kg, i.p),
diluted in saline with a drop of Tween 20 or saline (0.9 g%,
i.p). Given the fast metabolism of mice (Faraj et al., 1974), a
dose of 5 mg/kg should be approximately equivalent to a
clinically relevant dose in humans, which ranges from 0.3 up
to 1 mg/kg (Solanto, 2000). Besides, MPH 5 mg/kg has been
widely used in behavioral studies in mice at different ages
(Guerriero et al., 2006; McFadyen-Leussis et al., 2004). The
selective antagonist of adenosine A1 receptors 8-cyclopentyl-
1,3-dipropylxanthine (DPCPX, 1 mg/kg, i.p) (Tocris, São Paulo,
Brazil). DPCPX was daily prepared from a stock solution
diluted in DMSO (10% v/v) plus saline. At this dose DPCPX
did not promote any locomotor alterations in mice (El Yacoubi
et al., 2000). Controlmice received saline (0.9 g%)with a drop of
Tween 20 or saline (0.9 g%) and for DPCPX experiments control
mice received DMSO 1% diluted in saline (0.9 g%) or saline
(0.9 g%) with a drop of Tween 20.

4.3. Elevated plus-maze

DPCPX (1 mg/kg, i.p) was administered 30 min before MPH
50 mg/kg for Elevated plus-maze. MPH (5 and 50 mg/kg, i.p)
was administered 30 min before placingmouse in the elevated
plus maze.

Fig. 3 – Performance of adultmice treatedwith vehicle (control)
or methylphenidate (MPH 5 or 50mg/kg, i.p) in the open field
arena.Data representmeans±S.E.M.of the traveleddistance in
meters during 10min of video recording. (n=8–9 animals per
group). Statistical comparison was performed with one-way
ANOVA followed byNewman–Keulsmultiple comparison test.
No significant differences were found between groups.

Fig. 4 – Immunoblotting analysis of adenosine A1 receptor
density in frontal cortex and in hippocampus from adult mice.
Mice acutely treated either with vehicle or methylphenidate
(MPH, 5 or 50mg/kg, i.p). Data represent means+S.E.M of
densityunit linesobtained fromadenosineA1 receptor/ Ponceau
staining (n=6mice/group forhippocampus), (n=7mice/groupfor
frontal cortex); At the top of figure are representative bands for
adenosine A1 receptor at 37 kDa (C—vehicle-treatedmice; 5 and
50—methylphenidate-treatedmice). Statistical comparisonwas
performed with one-way ANOVA followed by Newman–Keuls
multiple comparison test *P<0.05, means significant difference
between MPH-treated mice and control.

66 B R A I N R E S E A R C H 1 3 5 7 ( 2 0 1 0 ) 6 2 – 6 9

image of Fig.�3
image of Fig.�4
Sabrina
Retângulo

Sabrina
Texto digitado
169



The plus maze apparatus which is a pharmacologically
validated anxiety measure in rodents (File, 2001; Lister, 1987)
consisted of a black painted Plexiglas, with two open arms 65 cm
long and 14 cm wide and two closed arms enclosed by 45 cm
walls,withanopen roof arranged in suchaway that the twoarms
of each typewere opposite each other. Eachmousewas placed in
the central square facing an open arm. Number of entries in each
arm (when all four paws had entered the arm), and time spent in
each arm were recorded for 5min. Two observers blind to the
drug treatment performed the behavioral analysis.

4.4. Open field

MPH (5 or 50 mg/kg, i.p) or vehicle was administered in mice
and after 90 min animals were placed in the open field arena.
The open field test represents a widely used model for the
evaluation of locomotor activity. The apparatus was made of
black-painted Plexiglas measuring 50×50 cm and was sur-
roundedby 50 cmhighwalls. Theexperimentswere conducted
in a sound-attenuated room under low-intensity light (12 lx).
Each mouse was placed in the center of the arena and the
distance traveledwas recorded during 10 min. The experiment
was recorded with a video camera positioned above the arena
andmonitored in an adjacent room by an observer blind to the
drug treatment of the animals. The analysis was performed
using a computer-operated tracking system (Any-maze,
Stoelting, Woods Dale, IL).

4.5. SDS-PAGE (sodium dodecyl sulfate-polyacrylamide)
immunoblotting

Twenty-four hours after behavioral tests, mice were sacrificed
by cervical displacement; the hippocampus and prefrontal
cortex were dissected out and immediately homogenized in
5% SDS with a protease inhibitor cocktail (Sigma, São Paulo/
Brazil) and frozen at −70 °C. After defrost, the protein content
was determined by Bicinchoninic acid assay using bovine
serum albumin (BSA) as standard (Pierce, São Paulo/Brazil).
Samples extracts were diluted to a final protein concentration
of 2 μg/μL in SDS-PAGE buffer. Forty micrograms of the
samples and prestained molecular weight standards (Bio-Rad,
São Paulo/Brazil) were separated by SDS-PAGE (12% with 4%
concentrating gel). After electro-transfer, the membranes
were blocked with Tris-buffered saline 0.1% Tween-20
(TBS-T) containing 5% milk for 1 h. The membranes were
then incubated for 24 h at 4 °C with rabbit anti-adenosine A1

receptor antibody (1:1000; Affinity Bioreagents, USA). After
primary antibodies incubation, membranes were washed and
incubated with horseradish-peroxidase conjugated secondary
antibodies for 2 h at room temperature and developed with
chemiluminescence ECL kit (Amersham, São Paulo/Brazil).
The autoradiographic films were scanned and densitometric
analyses were performed using public domain NIH Image
Program (developed at the U.S. National Institutes ofHealth and
available on the internet at http://rsb.info.nih.gov/nih-image/).
The control of protein loading was carried out with Ponceau
S. stain. Membraneswith Ponceau S. were scanned at 37 kDa and
the values used obtain adenosine A1 receptor density/Ponceau
S. density ratio. No differences were found in the amount of
protein loaded (data not shown).

4.6. Statistical analysis

Statistical analysis was performed by paired Student's t-test
when differences within groups were analyzed. One-way
ANOVA followed by Newman–Keuls post hoc test was used
when differences between groups were analyzed. Statistically
significant differences were considered for P<0.05.
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Methylphenidate (MPH) is the preferred treatment used for attention-deficit/hyperactivity disorder (ADHD).
Recently, misuse for MPH due to its apparent cognitive enhancer properties has been reported. Adenosine is a
neuromodulator known to exert influence on the dopaminergic neurotransmission, which is the main
pharmacological target of MPH. We have reported that an overdosage of MPH up-regulates adenosine A1

receptors in the frontal cortex, but this receptorwas not involved in its anxiolytic effects. In this study, the role of
adenosine A1 receptor was investigated on MPH-induced effects on aversive and recognition memory in adult
mice. Adult mice received acute and chronic (15 days) administration of methylphenidate (5 mg/kg, i.p.), or an
acute overdosage (50 mg/kg, i.p) in order to model misuse. Memory was assessed in the inhibitory avoidance
and object recognition task. Acute administration 5 mg/kg improved whereas 50 mg/kg disrupted recognition
memory and decreased performance in the inhibitory avoidance task. Chronic administration did not cause any
effect on memory, but decreased adenosine A1 receptors immunocontent in the frontal cortex. The selective
adenosine A1 receptor antagonist, (DPCPX 1 mg/kg, i.p.), prevented methylphenidate-triggered recognition
memory impairment. Our findings showed that recognition memory rather than aversive memory was
differently affected by acute administration at both doses. Memory recognition was fully impaired by the
overdosage, suggesting that misuse can be harmful for cognitive functions. The adenosinergic system via A1

receptors may play a role in the methylphenidate actions probably by interfering with dopamine-enhancing
properties of this drug.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Methylphenidate (MPH) has a long history of being an effective
medication for attention-deficit/hyperactivity disorder (ADHD). The
increase in stimulant prescriptions has resulted in a corresponding
intensification of illicit use, particularly among college students
(Advokat et al., 2008; Rabiner et al., 2009; Teter et al., 2006).

The nonmedical use of MPH has increased in the American college
setting because most students report using stimulant medications in
an attempt to enhance academic performance, specifically to increase
concentration, organization, and the ability to stay up longer and
study (Dupont et al., 2008; Godfrey, 2009). Besides, stimulants are

also consumed for recreactional reasons and they are often in
combination with alcohol. Although stimulant therapy in childhood
does not increase the risk for subsequent drug abuse in youth with
ADHD (Barkley et al., 2003; Wilens et al., 2003), the recent escalation
in use among adolescents and young adults has raised concern about
the prevalence of stimulant diversion andmisuse, and initiated debate
about the ethical implications of using drugs to improve academic
performance.

Recently, a systematic review was focused on MPH administration
on cognitive functions in healthy humans, and the available data and
the analysis performed do not allow for a conclusion to be drawn
about its cognitive enhancer property (Repantis et al., 2010). In
rodents, recent developmental studies demonstrating MPH effects on
object recognition memory (Britton et al., 2007; Heyser et al., 2004;
LeBlanc-Duchin and Taukulis, 2007) and memory for learned
contextual fear associations (Britton et al., 2007) suggest that
hippocampal-sensitive tasks are affected by MPH exposure during
adolescence.

Similar to other psychostimulants, the dopaminergic system is one
of the main targets of pharmacological action for MPH (Gatley et al.,
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1999), albeit the participation of other neurotransmitters may also
take place (Pascoli et al., 2005; Prieto-Gómez et al., 2005). Adenosine
is a neuromodulator in the central nervous system (CNS), which via
mainly adenosine A1 and A2A metabotropic receptors control synaptic
transmission of neurotransmitters such as dopamine and glutamate
(Cunha, 2001).

Adenosine A1 receptors are expressed throughout the brain while
adenosine A2A are more restricted to the basal ganglia. The existence
of selective heteromerization of A2A and D2 receptors and A1 and D1

receptors was firstly demonstrated in transfected cells followed
by biochemical analysis (Agnati et al., 2003; Canals et al., 2003;
Ginés et al., 2000), therefore demonstrating the existence of A2A–D2

and A1–D1 receptor heteromers in the brain (Ferré et al., 1997; Franco
et al., 2007). The A1–D1 heteromeric receptor complex may therefore
give the molecular basis for the well-documented antagonistic A1–D1

receptor/receptor interactions found in the neuronal networks of the
brain (Ferré et al., 1997; Fuxe et al., 1998). The understanding of these
receptor/receptor interactions has been useful for the development of
novel treatments for some neuropathologies that include ADHD,
Parkinson's disease, dyskinesias, schizophrenia, and drug addiction
(for reviews see Ferré et al., 2008; Fuxe et al., 2007; Maggio et al.,
2009).

The participation of adenosinergic system in the ADHD has been
suggested in studies with spontaneously hypertensive rats (SHR) as
an experimental model of ADHD. Caffeine (a non-selective adenosine
receptors antagonist) and selective adenosine receptors antagonists
reversed the memory impairment in this strain (Pires et al., 2009;
Prediger et al., 2005).

The involvement of adenosine receptors on MPH-mediated
behavioral alterations has been reported in studies where adminis-
tration of caffeine induces cross tolerance and cross desensitization to
MPH (Boeck et al., 2009; Jain and Holtzman, 2005). In addition, our
group has reported that acute administration of MPH increases
adenosine A1 receptors density in the frontal cortex but its blockade
did not blunt MPH-induced anxiolytic effect (Mioranzza et al., 2010).
Apart from these studies, possible modifications in the adenosinergic
system in the MPH-mediated effects are still incipient.

Considering the misuse of MPH as a cognitive enhancer, the
present study was designed to assess if acute and chronic treatment
MPH and an acute overdosage of MPH in adult mice could promote
beneficial effects on aversive and recognition memory. Besides, the
involvement of adenosine A1 receptors was investigated in the MPH-
mediated behavioral alterations.

2. Methods

2.1. Animals

Male albino CF1mice (3–4 months old) were obtained from Stated
Foundation for Health Science Research (FEPPS, Porto Alegre/RS,
Brazil). All experimental procedures were performed according to the
NIH Guide for Care and Use of Laboratory Animals and to the Brazilian
Society for Neuroscience and Behaviour (SBNeC) recommendations
for animal care. Experimental procedures were approved by the
ethical committee of Federal University of Rio Grande do Sul and all
adequate measures were taken to minimize pain or discomfort. Mice
were housed in standard cages (4 animals per cage) under a reversed
12/12 h–light/dark cycle with free access to food andwater. The lights
are turned on at 7:00 p.m. All behavioral tests were performed
between 8:00 am and 5:00 p.m. Separate groups of mice were used
for each behavioral task.

2.2. Drugs

A single injection of methylphenidate hydrochloride [MPH, 5 or
50 mg/kg, i.p., diluted in saline (0.9 g %, i.p) with a drop of Tween 20]

or saline was administered tomice immediately after training sessions
for behavioral analysis. For chronic treatment, MPH (5 mg/kg, i.p) was
administered during 15 consecutive days. MPH 5 mg/kg has been
widely used in behavioral studies in mice at different ages (Guerriero
et al., 2006; McFadyen-Leussis et al., 2004). In order to avoid possible
acute effects of the drug, the last injection was performed 12 h before
mice had been submitted to behavioral tests. The adenosine A1

receptor selective antagonist 8-cyclopentyl-1,3-dipropylxanthine
(DPCPX, 1 mg/kg, i.p) (Tocris, São Paulo, Brazil)was used andprepared
at the day of experiments from a stock solution diluted in DMSO
(10% v/v) plus saline. This dose was chosed based on previous studies
in which no behavioral alterations were observed (El Yacoubi et al.,
2000; Mioranzza et al., 2010; Pires et al., 2009). Control mice received
saline (0.9 g %) with a drop of Tween 20 or saline (0.9 g %). The final
solution of DPCPX administered to mice contained DMSO 0.1% diluted
in saline (0.9 g %).

2.3. Inhibitory avoidance task

Methylphenidate hydrochloride (MPH, 5 or 50 mg/kg, i.p) was
administered to mice immediately after training session. For chronic
treatment,MPH (5 mg/kg, i.p)was administered during 15 consecutive
days and the last injection was performed 12 h before mice had been
submitted to training session.

The inhibitory avoidance task was assessed in an apparatus that
consisted of an acrylic box (50×25×25 cm) whose floor contains
parallel caliber stainless-steel bars (1 mmdiameter) spaced 1 cmapart.
A platform (2 cm high and 4 cm×6 cmwide) was placed in the center
of the box. In the training session,micewere placed on the platformand
the latency to step-down on the floorwith the four pawswasmeasured
with an automatic device immediately after stepping-down mice
received a 0.5 mA, 2 s foot shock. After theyhad received the foot shock,
micewere immediately placed back in their home cage. The test session
was carried out 90 min after training (short-termmemory) or 24 h after
training (long-term memory). No foot shock was given in the test
session, and step-down latencies (180 s ceiling) were taken as a
measure of retention.

2.4. Object recognition task

DPCPX was administered thirty minutes prior to the training
session. A single injection of methylphenidate hydrochloride (MPH 5
or 50 mg/kg, i.p) was administered to mice immediately after training
sessions. For chronic treatment, MPH (5 mg/kg, i.p) was administered
during 15 consecutive days. In order to avoid possible acute effects of
MPH, the last injection was performed 12 h before mice had been
submitted to training session. The object recognition task was
performed according to previously reported (Costa et al., 2008) and
following the guidelines previously recommended (Bevins and
Besheer, 2006). The apparatus consisted of a painted wood small
chamber with the following dimensions: 25×25 cm; (lenght×width).
Mice had been acclimated in the apparatus during tenminutes twenty-
four hours before training session. The training session consisted of
placing a mouse in the apparatus containing two identical objects, and
allowed it to explore for 10 min. The objects were positioned in two
adjacent corners, 9 cm from the wall. Eachmousewas always placed in
the apparatus facing the wall. The test session was performed 90 min
after training, and twodissimilar objectswere present, the familiar (one
of the objects used in the training session) and a novel one. Both objects
presented similar textures, colors and sizes, but different shapes in the
test session (Duplo Lego toys). The objects and the apparatus were
cleaned with 10% ethanol solution between trials. Exploration was
defined as directing the nose to the object at a distance of nomore than
2 cm and/or touching the object with the nose or forepaws. Sitting or
leaning on the object without focused was not considered as
exploratory behavior. For training session the index was calculated by
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the ratio between the time spent on the object thatwill be the familiar
in the test session and the total time of exploration. Considering that
during training session both objects are novel, the time spent on both
objects should be similar and the recognition index should be around
0.5. For calculating training index, the time spent on the object that
will be the familiar in the test session was used. Recognition index
for the novel object eachmouse was expressed by TN/(TN+TF) ratio
[TF = time spent exploring familiar object; TN = time spent
exploring the novel object]. Two experienced observers blind to the
drug treatment performed the behavioral analysis.

2.5. SDS-PAGE (sodium dodecyl sulfate-polyacrilamide) immunoblotting

Twenty-four hours after behavioral tests, mice were sacrificed by
cervical displacement; the hippocampus and pre-frontal cortex were
dissected out and immediately homogenized in 5% SDS with a
protease inhibitor cocktail (Sigma, São Paulo/Brazil) and frozen at
−70 °C. After defrost, the protein content was determined by
Bicinchoninic acid assay using bovine serum albumin (BSA) as
standard (Pierce, São Paulo/Brazil). Samples extracts were diluted to
a final protein concentration of 2 μg/μL in SDS-PAGE buffer. Forty
micrograms of the samples and prestained molecular weight
standards (Bio-Rad, São Paulo/Brazil) were separated by SDS-PAGE
(12% with 4% concentrating gel). After electro-transfer, the mem-
branes were blocked with Tris-buffered saline 0.1% Tween-20 (TBS-T)
containing 3% BSA for 1 h. The membranes were then incubated for
24 h at 4 °C with rabbit anti-adenosine A1 receptor antibody (1:1000;
Affinity Bioreagents, U.S.A). After primary antibodies incubation,
membraneswerewashed and incubated with horseradish-peroxidase
conjugated secondary antibodies for 2 h at room temperature and
developed with chemiluminescence ECL kit (Amersham, São Paulo/
Brazil). The autoradiographic films were scanned and densitometric
analyses were performed using public domain NIH Image Program
(developed at the U.S. National Institutes of Health and available on
the internet at http://rsb.info.nih.gov/nih-image/). The control of
protein loading was carried out with Ponceau S. stain. Membranes
with Ponceau S. were scanned at 37 kDa and the values used to obtain
adenosine A1 receptor density/Ponceau S. density ratio. No differences
were found in the amount of protein loaded (data not shown).

2.6. Statistical analysis

For the inhibitory avoidance task some animals reached the ceiling
of 180 s and the data distribution did not follow Gaussian curve. Thus,
the step-down latencies were expressed as medians (interquartile
ranges) and non-parametric analysis was performed by using
Wilcoxon test for differences between training and test latencies of
the same group. Kruskal–Wallis followed by Dunn's Multiple
comparison test was used to compare treatments. For object
recognition test, two-way ANOVA (treatment×trials) as repeated
measures (as independent variables) was performed. For immuno-
blotting, data were analyzed by using Student's t-test between groups.
Graphpad Prism 5 and SPSS were the softwares used and significant
differences were considered when Pb0.05.

3. Results

3.1. Acute administration of methylphenidate in the inhibitory avoidance
task performance

The administration of MPH 5 mg/kg immediately after training did
not modify the latencies between training and test compared to
saline-treated mice when test session was performed 90 min (Fig. 1A)
as well as 24 h after training (Fig. 1B). However, latencies were
statistically different between mice treated with an overdosage of

MPH 50 mg/kg and saline only for test session performed 90 min
(Fig. 1A) but not for 24 h after training (Fig. 1B).

3.2. Chronic administration of methylphenidate in the inhibitory
avoidance task performance

Mice submitted to the chronic treatment with MPH 5 mg/kg were
also evaluated in the inhibitory avoidance task. The latencies of
training and test session between saline and MPH-treated mice were
not statistically significant for test session performed 90 min after
training as well as for 24 h (data not shown).

3.3. Acute treatment of methylphenidate in the object recognition task

The influence of chronic and acute treatment with MPH 5 mg/kg
and an acute overdosage of 50 mg/kg was investigated in the novel
object recognition task that consists on a non-aversive task. Two-way
ANOVA analysis for the total exploration time in both objects for acute
administration of MPH 5 mg/kg revealed a significant effect of trials
(as repeated measures) [F (1,41)=46.88; Pb0.001] but no significant
interaction between trials and treatment (Fig. 2A). As a normal
behavior, mice spent less time on the familiar object in the test session
when comparing to training. Two-way ANOVA treatment×trials
(as repeated measures) revealed only a significant main effect of
trials [F (1,41)=77.59; Pb0.001] (Fig. 2B). For the object recognition
index, two-way ANOVA revealed a significant main effect of trials and
significant interaction [F (1,41)=4.24; P=0.0405] (Fig. 2C). As
observed, acute administration of MPH 5 mg/kg caused an increase
in the object recognition index.

The acute administration of MPH 50 mg/kg did not affect the total
exploration time in both objects since two-way ANOVA analysis
revealed only significant effect of trials [F (1,20)=88.87; = Pb0.001]

Fig. 1. Acute treatment with methylphenidate (MPH) on the performance in the
inhibitory avoidance task. Adultmice receive a single injectionofMPH (5or 50 mg/kg, i.p)
or vehicle immediately after training session. A — Test session performed 90 min after
training (short-termmemory). Results aremedian and interquartile ranges of step-down
latency in seconds (s) from11 to 12mice per group. B— Test session performed 24 h after
training (long-term memory). Results are median and interquartile ranges of step-down
latency in seconds (s) from 11 to 12 mice per group. **Pb0.05; different from latencies
obtained in the test session for saline-treated mice (Kruskal–Wallis followed by Dunn's
post hoc test). *Pb0.05; differences between latencies from training and test sessions
within group (Wilcoxon test).

171S. Mioranzza et al. / Progress in Neuro-Psychopharmacology & Biological Psychiatry 35 (2011) 169–176

http://rsb.info.nih.gov/nih-image/
Sabrina
Texto digitado
176

Sabrina
Retângulo



(Fig. 3A). However, the interaction was almost significant [F (1,20)=
3.35; Pb0.09]. The same result was observed for the time spent in the
familiar object, since two-way ANOVA revealed only significant effect
of trials [F (1,20)=97.88; = Pb0.001] (Fig. 3B). For the object
recognition index, two-way ANOVA revealed a significant interaction
[F (1,20)=7.07; P=0.0151] but no significant effect of trials (Fig. 3C).
Thus, the overdosage of MPH 50 mg/kg decreased object recognition
index in the test session.

3.4. Chronic treatment with methylphenidate in the object
recognition task

The chronic treatment with MPH 5 mg/kg was also evaluated on
recognition memory. Analysis of time spent on the familiar object
revealed a significant effect of trials [F (1,16)=69.95; = Pb0.001]
(Fig. 4A). Likewise, two-way ANOVA analysis for recognition index
also revealed only a significant effect of trials [F (1,16)=5.84; =
P=0.0279] (Fig. 4B).

3.5. The effect of blockade of adenosine A1 receptors on MPH-induced
recognition memory impairment

The involvement of adenosine A1 receptors in the recognition
memory impairment by MPH 50 mg/kg was investigated with the
selective adenosine A1 receptor antagonist DPCPX (1 mg/kg, i.p)
administered 30 min before training session. MPH (50 mg/kg, i.p) was
administered immediately after training. According to previous data,
MPH 50 mg/kg did not modify the time spent in the familiar object
and administration of DPCPX alone did not cause any effect (data not
shown). Two-way ANOVA analysis of the recognition index revealed a
significant effect of trials [F (1,48)=33.42; Pb0.001] and interaction
[F (1,48)=3.47; P=0.0206]. Consequently, pre administration of
DPCPX prevented the decrease on the recognition index caused by
post training administration of MPH 50 mg/kg (Fig. 5).

3.6. Chronic administration of methylphenidate on adenosine A1

receptors immunocontent

Immunoblotting analysis was carried out in the frontal cortex and
hippocampus homogenates from mice treated chronically with saline

Fig. 2. Acute treatment with methylphenidate (MPH) on the performance in the object
recognition task. Adult mice received a single injection of MPH (5 mg/kg, i.p) or vehicle
immediately after training session. A – Total time spent in both objects during training
and test session performed 90 min after training. Results are mean±S.E.M from 21
mice per group. B— Time spent in the familiar object in both sessions (training and test
session) Results are mean±S.E.M from 21 mice per group. C — Recognition index
obtained from training and test session. Results are mean±S.E.M from 21 per group
mice. *Pb0.05; differences within group (training and test session) (two-way ANOVA).
**Pb0.05; differences within groups and from saline-treated mice recognition index
(two-way ANOVA).

Fig. 3. Acute treatment with methylphenidate (MPH) on the performance in the object
recognition task. Adult mice received a single injection of MPH (50 mg/kg, i.p) or
vehicle immediately after training session. A — Total time spent in both objects during
training and test session performed 90 min after training. Results are mean±S.E.M
from 10 to 12 mice per group. B — Time spent in the familiar object in both sessions
(training and test session) Results are mean±S.E.M from 10 to 12 mice per group.
C — Recognition index obtained from training and test session. Results are mean±S.E.
M from 10 to 12 mice per group. *Pb0.05; different from MPH-treated mice and
training session within group (two-way ANOVA).
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or MPH (5 mg/kg) (t=0.53; PN0.05). Chronic treatment with MPH
5 mg/kg decreased the density of adenosine A1 receptor only in the
hippocampus (15%) compared to saline-treated mice (Fig. 6)
(t=2.855; P=0.03).

4. Discussion

In this study, the acute and chronic administration as well as an
overdosage of methylphenidate caused behavioral alterations in adult
animals. Here, acute and chronic administration of MPH 5 mg/kg and
an acute overdosage to model misuse presented distinct effects
according to the task used for evaluating memory. Besides, the role of
adenosine A1 receptors was involved in the effects of MPH on
recognition memory.

Recognition memory was assessed in the novel object recognition
task, which deals with the natural ability of animals to explore
novelties. In this study, chronic administration of methylphenidate in
a dose used in behavioral studies with juvenile mice did not cause any
effect on both types of memory in adult mice whereas acute
administration improved recognition memory. One explanation for
this improvement could be attributed to both dopamine and
norepinephrine-enhancing properties of the drug. Stimulant drugs,
such as methylphenidate, raise extracellular dopamine levels sup-
posedly by blockade of the dopamine transporter. This mechanism
prevents reuptake of dopamine into the neuron, which results in
higher extracellular dopamine levels (Madras et al., 2005; Volz et al.,
2005). Additionally, acute administration of methylphenidate redis-
tributes vesicular monoamine transporter 2 (VMAT2) protein from
membrane associated vesicles fraction to cytoplasmic vesicles, which
results in an increase in dopamine content in both fractions
(Fleckenstein et al., 2009; Volz et al., 2008). Recent experimental
evidence have demonstrated that dopamine is essential for memory
consolidation in a variety of behavioral tasks, such as the hidden
version of the water maze, the object–place association, and the one-
trial inhibitory avoidance tasks (Dalley et al., 2005; Ferretti et al.,
2005; Setlow and McGaugh, 2000). Besides, dopamine signaling is
crucial for memory persistence as evidenced in the one-trial
inhibitory avoidance task (Rossato et al., 2009).

Interestingly, the acute overdosage impaired both types of
memory but the magnitude of memory impairment was dependent
on the type of memory assessed, since recognition memory was fully
impaired, while in the inhibitory avoidance taskmemorywas partially
impaired. In fact, in the inhibitory avoidance task mice treated with
the overdosage of methylphenidate presented differences between
training and test latencies indicating that they recalled the aversive
stimuli (foot shock), but not at the same level of saline-treated mice.
Therefore, MPH disrupts recognition memory and worsens the
performance in the inhibitory avoidance task when short-term
memory was assessed. Aversive and recognition memories share the
functioning of some brain areas such as the hippocampus, ventral
tegmental area, striatum and pre-frontal cortex. Differently from
object recognition task, the amygdala is highly involved in memories
with emotional component such as those assessed in the inhibitory
avoidance task. The differences found for the effects of methylphe-
nidate according to the type of memory assessed could be due to the
fact that this drug administered intraperitoneally increases the
extracellular dopamine levels in the striatum, nucleus accumbens
and pre-frontal cortex, with no clear evidences of increase in the

Fig. 4. Chronic treatment with methylphenidate (MPH) on the performance in the
object recognition task. Adult mice received a single injection of MPH 5 mg/kg or
vehicle during 15 consecutive days. The last dose of MPH was administered 12 h prior
to training session. A — Time spent in the familiar object in both sessions (training and
test session). Results are mean±S.E.M from 9 mice per group. B — Recognition index
obtained for training and test session. Results are mean±S.E.M from 9 mice per group.
*Pb0.05; different from training session within group (two-way ANOVA).

Fig. 5. Blockade of adenosine A1 receptors prevents MPH-induced impairment on
memory recognition. DPCPX (1 mg/kg, i.p) was administered 30 min before training
session. MPH (50 mg/kg, i.p) was administered immediately after training. Recognition
index obtained from training and test session performed 90 min later. Results are
mean±S.E.M from 12 to 15 mice per group. *Pb0.05; different from training session
within group (two-way ANOVA). **Pb0.05; different from recognition index in the test
session obtained for MPH-treated mice (two-way ANOVA).

Fig. 6. Immunoblotting analysis of the adenosine A1 receptor density in the frontal
cortex and hippocampus from adult mice. Mice chronically treated either with vehicle
or methylphenidate (MPH, 5 mg/kg, i.p. 15 days). Data are mean±S.E.M of density unit
lines obtained for adenosine A1 receptor/Ponceau staining (n=5 mice/group for
hippocampus), (n=6 mice/group for frontal cortex). At the top of figure are
representative bands for adenosine A1 receptor at 37 kDa (saline-treated mice;
5-methylphenidate-treated mice). *Pb0.05, means significant difference between
MPH- and saline-treated mice (Student's t-test).
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amygdala (Bymaster et al., 2002; Koda et al., 2010). Recently, local
administration of methylphenidate in the lateral amygdala enhanced
cue-reward learning through dopamine D1 receptor-dependent
mechanisms and suppressed task-irrelevant behavior through D2
receptor-dependent mechanisms. These findings suggest distinct
roles for dopamine receptor subtypes in mediating methylpheni-
date-induced enhancements of neural transmission and learning
performance (Tye et al., 2010). It is likely that overactivation of
dopamine and norepinephrine may contribute to the disruption of
learning and memory as well (for review see Arnsten, 2001).

The long-term memory was preserved by the overdosage of MPH
probably due to the fast clearance of this drug, since pharmacokinetic
analysis studies have shown that the half-life of MPH in rodents after
intraperitoneal administration is estimated to be around 1 h (Thai
et al., 1999). In fact, when long-term memory was assessed mice had
received the injection at least 36 h prior to test session.

Chronic administration of MPH 5 mg/kg in adult mice did not
cause any effect on both types of memory. Conflicting results with
chronic administration of MPH in different dosing regimen and age
have been reported. For example, the administration of similar regular
dose in previous studies has shown to impair recognition memory,
but the age (periadolescent rats) at the beginning of treatment differs
from our study (Heyser et al., 2004; LeBlanc-Duchin and Taukulis,
2007). However, adult rats treated with MPH 5 and 10 mg/kg showed
impairment on recognition memory but this effect was evident only
14 days later (LeBlanc-Duchin and Taukulis, 2009). In a recent study,
rats presented lower performance in the Water maze test after they
had received MPH (2 mg/kg) from the 15th to the 45th day of age
(Scherer et al., 2010). However, male and female rats treated with
3 mg/kg of MPH from the 22nd to the 39th day of age presented an
improvement on the radial armmaze performance after seven days of
treatment (Zhu et al., 2007). The schedule of administration,
differences between animal species (rats versus mice), age at the
beginning of treatments and strainsmay take part of the discrepancies
found between behavioral findings. Prominently, animals treated
with MPH presented distinct behavior depending on the circadian
cycle. Similar to our findings, in the one-trial inhibitory avoidance task
chronic treatment of adult rats during 28 days with MPH (2 mg/kg)
did not cause any effect, but in a multiple trial protocol long-term
memory was impaired when animals were tested at night (Gomes
et al., 2010). Interestingly, in the same study the long-termmemory in
young rats was impaired in the one-trial as well as in themultiple trial
of the inhibitory avoidance task. As ontogenetic differences are
considered one of the main factors responsible for distinct psycho-
pharmacological sensitivity in a variety of species, adolescent rodents
seem to be more sensitive than their adult counterparts to effects
caused by psychostimulants (for review see Spear, 2000).

Alterations in the locomotor activity of mice could interfere in the
performance of the object recognition task, but previous results from
our group revealed that the same dose and schedule of administration
did not alter locomotor activity (Mioranzza et al., 2010). However, a
decrease on novelty seeking or anhedonia caused by an overdosage of
methylphenidate could not be discarded as well as the possibility that
methylphenidate affected motivation, attention, sensorimotor func-
tion, or memory retrieval. Indeed, previous study showed that adult
rats exposed to repeated doses of methylphenidate during their
juvenile were less responsive with respect to motor activation
exhibited by animals when first exposed to a novel environment
(Bolaños et al., 2003).

In our previous study, anxiolytic-like effect caused byMPHwas not
blunted by the blockade of adenosine A1 receptors and there was an
up-regulation in the frontal cortex of this receptor by an overdosage of
methylphenidate (Mioranzza et al., 2010). Thus, the up-regulation of
this receptor could be involved in the impairment of recognition
memory observed in this study. Although chronic administration of
MPH was devoid of effect on memory, the immunocontent of

adenosine A1 receptors was decreased in the hippocampus. Overall,
it remains to be determined if acute treatment with MPH could
increase brain adenosine levels and a continuous administration could
trigger the desensitization of adenosine A1 receptors. It is interesting
to note that caffeine, another well-known psychostimulant and a non-
selective adenosine antagonist, also up-regulates adenosine A1

receptors (Svenningsson et al., 1999).
The stimulation of adenosine receptors counteracts the behavioral

effects of dopamine receptor stimulation (Cao et al., 2007; Ferré et al.,
1997). Likewise, adenosine receptor agonists counteract whereas
adenosine receptor antagonists potentiate pharmacological effects of
psychostimulants like cocaine and amphetamines (Poleszak and
Malec, 2003; Popoli et al., 1994; Rimondini et al., 1998). Particularly,
behavioral alterations caused by other psychostimulants acting on
dopaminergic systemwere related to adenosine A1 receptors (Kuzmin
et al., 1999; Poleszak and Malec, 2003). Our results are in agreement
with recent report where DPCPX did not promote any effect on
recognition memory, but its administration was effective in amelio-
rating the impairment of novel object recognition in spontaneously
hypertensive rats (SHR), used as a model of ADHD (Pires et al., 2009).

In human adults with and without ADHD, there are only few
studies that have examined the effects of methylphenidate on
cognitive functions. In adult ADHD some studies found methylphe-
nidate to improve working memory (Kurscheidt et al., 2008; Mehta
et al., 2000; Turner et al., 2005). In healthy subjects, methylphenidate
enhanced performance in a test of spatial working memory and
planning whereas impaired attention and fluency tests (Elliott et al.,
1997). In our study, improvement on recognition memory was
observed with a single dose of methylphenidate acutely administered
while chronic administration did not show any effect. Therefore, our
findings suggest that chronic use of MPH as a cognitive enhancer did
not offer evident advantages for healthy animals.

5. Conclusion

As a cognitive enhancer, our data showed that methylphenidate
acutely administered in a single dose promoted improvement on
recognition memory. However, the overdosage caused disturbances
in aversive as well as non-aversive memories at least whenmice were
under influence of this drug, suggesting that misuse of MPH may
impair important cognitive functions. The chronic administration did
not promote neither detrimental nor beneficial effects on memory.
Importantly, methylphenidate-induced impairment on recognition
memory involved adenosine A1 receptors suggesting that this
receptor plays a role in the mnemonic deficits caused by MPH. Since
adenosine is a neuromodulator that controls the dopaminergic
neurotransmission, which is one of the main pharmacological targets
of MPH, it is important to detail the participation of adenosinergic
system in the ADHD and methylphenidate-mediated actions in the
CNS.
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