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APRESENTAÇÃO 

 

Conforme as normas do Programa de Pós Graduação em Ciências Biológicas: 

Bioquímica, esta tese de doutorado está organizada em três partes e os resultados estão 

apresentados na forma de artigo científico. 

 Parte I: contém os Resumos, Lista de Abreviaturas, Introdução e Objetivos do 

trabalho. 

 Parte II: contém os capítulos 1, 2 e 3, apresentados na forma artigos científicos 

publicados e/ou em preparação.  

 Parte III: constitui-se da Discussão, Conclusões, Perspectivas e Referências 

Bibliográficas. 

A Introdução apresenta uma revisão bibliográfica sobre os temas discutidos ao 

longo da tese, e busca dar um embasamento para o entendimento e relevância do 

trabalho realizado.  

Os resultados são apresentados na Parte II, sob a forma de artigos científicos, 

onde há a descrição da metodologia utilizada, bem como os resultados e interpretações 

dos mesmos. 

A Discussão e Conclusão englobam os capítulos descritos na Parte II, com 

interpretações e comentários gerais sobre os resultados presentes nos artigos científicos. 

 As Referências Bibliográficas adicionais ao final desta tese representam as 

utilizadas apenas na Introdução e Discussão desta tese. 
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RESUMO 

A cafeína é o psicoestimulante mais consumido em todo o mundo, cujos efeitos 

benéficos nas funções cognitivas têm sido observados em diferentes condições e 

modelos animais. O consumo de cafeína é difundido entre adultos, idosos, gestantes e 

mais recentemente, entre crianças e adolescentes. Alguns estudos clínicos e pré-clínicos 

sugerem que a exposição pré-natal à cafeína apresenta efeitos prejudiciais, como 

prematuridade, malformações congênitas, baixo peso ao nascer e mesmo 

teratogenicidade, enquanto outros estudos não demonstraram efeitos deletérios a longo 

prazo da cafeína. Além disso, poucos estudos têm abordado os efeitos da cafeína nas 

diferenças de sexo durante a puberdade e/ou adolescência. Devido ao alto consumo de 

bebidas contendo cafeína por crianças e adolescentes, existe uma grande preocupação a 

respeito dos seus potenciais efeitos nocivos nessas subpopulações. Assim, considerando 

que o consumo de cafeína tem crescido nesta população, no primeiro capítulo desta tese 

investigamos as alterações comportamentais e de proteínas sinápticas em ratos machos e 

fêmeas púberes expostos à cafeína pelo consumo materno durante a gestação, lactação e 

na água de beber até o início da puberdade. Ratas Wistar adultas receberam cafeína na 

água de beber (0.1 e 0.3 g/L) durante o seu ciclo ativo, em dias úteis, duas semanas 

antes do acasalamento até o desmame, quando então os filhotes passaram a consumir a 

cafeína até o início da sua puberdade (30-34 dias de idade). A análise comportamental e 

os níveis de proteínas sinápticas (pró-BDNF, BDNF, GFAP e SNAP-25) foram 

analisados no hipocampo e córtex cerebral. As fêmeas púberes apresentaram uma 

atividade locomotora maior e comportamento menos ansioso que os machos. Em ambos 

os sexos, a cafeína causou hiperlocomoção no campo aberto. Enquanto a cafeína em 

doses moderadas causou um prejuízo na memória de reconhecimento em fêmeas, foi 

observado uma melhora na memória de longo prazo em ambas as doses em ratos 

machos. O comportamento relacionado à ansiedade foi atenuado pela cafeína (0,3 g/L) 

apenas em fêmeas. Paralelamente com a melhora da memória nos machos, a cafeína 

aumentou os níveis de pró-BDNF e BDNF no hipocampo e córtex. As fêmeas 

apresentaram um aumento do pró-BDNF em ambas as regiões avaliadas em comparação 

aos machos. Embora a proteina GFAP não tenha sido alterada pelas diferenças de sexo e 

pelo tratamento com cafeína, a cafeína em doses moderadas aumentou o imunoconteúdo 

de SNAP-25 no córtex das fêmeas. Os resultados demonstram que o consumo de 

cafeína altera de forma distinta a memória de reconhecimento e o comortamento do tipo 

ansioso em ratos machos e fêmeas púberes. Além disso, o BDNF e proteínas 

relacionadas também foram modificados de uma forma dependente do sexo, sugerindo 

que alterações sinápticas ou de plasticidade podem estar associadas aos efeitos 

comportamentais. Além dos efeitos da cafeína durante a gravidez e a puberdade, têm 

sido observados efeitos benéficos da cafeína sobre a memória no envelhecimento 

normal e no prejuízo observado em em modelos animais de doenças 

neurodegenerativas. Tendo em vista que os mecanismos subjacentes a estes efeitos da 

cafeína ainda permanecem desconhecidos, no segundo capítulo investigamos se a 

administração crônica de cafeína poderia melhorar o desempenho na tarefa de memória 

avaliada pelo teste da esquiva inibitória em ratos adultos e de meia-idade. Como o 

BDNF está associado com a formação da memória e as ações do BDNF são moduladas 

pelos receptores de adenosina, os alvos moleculares para as ações psicoestimulantes da 

cafeína, neste estudo avaliamos os efeitos da administração crônica de cafeína (1 g/L na 

água de beber durante 30 dias) na memória de curta e longa duração e nos níveis de pró-

BDNF, BDNF maduro,o receptor TrkB e o fator de transcrição CREB no hipocampo de  

ratos machos adultos (3 meses de idade) e de meia-idade (12 meses) Ambos os grupos 
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foram submetidos a tarefa de campo aberto e esquiva inibitória. Os ratos de meia-idade 

apresentaram diminuição da atividade locomotora em relação aos adultos e a cafeína 

não teve efeitos sobre a locomoção em ambas idades. Na tarefa de esquiva inibitória, 

avaliou-se a memória de curta e longa duração. Ratos de meia-idade apresentaram um 

comprometimento total da memória de curta duração, e parcial da memória de longa 

duração em comparação com ratos adultos. O consumo de cafeína foi capaz de reverter 

o prejuízo decorrente da idade tanto para a memória de curta quanto de longa duração. 

O aumento do BDNF hippocampal causado pelo envelhecimento foi prevenido pelo 

consumo de cafeína, juntamente com um aumento no imunoconteúdo de pró-BDNF e 

CREB em ambas as idades. Além disso, os níveis de CREB aumentaram com o 

envelhecimento. Houve uma diminuição no imunoconteúdo de TrkB no hipocampo de 

ratos de meia-idade quando comparados aos adultos, e a cafeína diminuiu a densidade 

de TrkB em ambas as idades. Os dados encontrados indicam uma estreita associação 

entre a modificação do desempenho da memória e imunoconteúdo BDNF. Em conjunto, 

esses resultados apresentam novos indícios de que o consumo de cafeína promove 

desfechos comportamentais sexo-específicos em ratos púberes, além de ser capaz de 

normalizar o desempenho em tarefas de memória e alterações na sinalização do BDNF 

causadas pelo envelhecimento.  
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ABSTRACT 

Caffeine is the most consumed psychostimulant worldwide, and the beneficial effects of 

chronic caffeine administration on cognitive function have been observed in different 

conditions and animal models. Caffeine consumption is widespread among adults, 

eldery, pregnant women and more recently, children and adolescents. Some clinical and 

preclinical studies suggest that prenatal exposure to caffeine presents harmful effects, 

such as prematurity, congenital malformations, low birth weight and even 

teratogenicity, whereas others studies demonstrated no long-term harmfull effects of 

caffeine. Besides that, few studies have addressed the effects of caffeine in a sex 

dependent manner during puberty and/or adolescence. Also, due to the increase in the 

consumption of caffeine containing drinks by children and adolescents, the potential 

harmful effects of caffeine in these subpopulations need to be investigated. Considering 

that caffeine intake has grown in this population, in the first chapter of the this thesis we 

investigated the behavioral and synaptic proteins changes in pubescent male and female 

rats after maternal consumption of caffeine. Adult female Wistar rats started to receive 

caffeine in drinking water (0.1 and 0.3 g/L; low and moderate dose, respectively) during 

the active cycle in weekdays, two weeks before mating. The treatment lasted up to 

weaning (21 days) and offspring continued receiving caffeine until the onset of puberty 

(30-34 days old). Behavioral analysis and synaptic proteins levels (proBDNF, BDNF, 

GFAP and SNAP-25) were immunodetected in the hippocampus and cerebral cortex. 

Pubescent females showed hyperlocomotion and less anxiety behavior as compared to 

males. In both sexes caffeine caused hyperlocomotion in the open field. While moderate 

caffeine worsened recognition memory in females, an improvement for long-term 

memory in both doses was observed in male rats. Anxiety-related behavior was 

attenuated by caffeine (0.3 g/L) only in females. Also, in parallel with memory 

improvement in males, caffeine increased pro- and BDNF in the hippocampus and 

cortex. Females presented increased proBDNF in both brain regions as compared to 

males. While GFAP was not different according to sex or altered by caffeine 

consumption, moderate caffeine increased SNAP-25 in the cortex of female rats. Our 

findings revealed that caffeine differently affects recognition memory and anxiety-

related behaviors in pubescent male and female rats. In addition, BDNF and related 

proteins have also changed in a sex dependent manner, suggesting an association with 

behavioral outcomes. Beyond caffeine effects during pregnancy and puberty, beneficial 

effects of caffeine on memory processes have been observed in animal models relevant 

to neurodegenerative diseases and aging, although the underlying mechanisms remain 

unknown. In the second chapter we investigated whether chronic caffeine consumption 

could improve the performance in inhibitory avoidance memory task in adult and 

middle-aged rats. Because brain-derived neurotrophic factor (BDNF) is associated with 

memory formation and BDNF’s actions are modulated by adenosine receptors, the 

molecular targets for the psychostimulant actions of caffeine, we here compare the 

effects of chronic caffeine (1 mg/mL drinking solution for 30 days) on short- and long 

term memory and on levels of hippocampal proBDNF, mature BDNF, TrkB and CREB 

in young (3 month old) and middle-aged (12 month old) male rats. Both groups were 

submitted to open field and inhibitory avoidance tasks. Middle-aged rats presented 

decreased locomotor activity as compared to adults and caffeine was devoid of effect at 

any age. In the inhibitory avoidance task, short- and long-term memory was evaluated. 

Middle-aged rats presented impaired performance compared to adult ones for short-term 

memory. When long-term memory was evaluated, middle-aged rats showed a decreased 

in their perfomances compared to adult rats, and caffeine treatment was able to improve 
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it. Western blot analysis showed that BDNF and CREB imunocontent increased in the 

hippocampus of aged rats and caffeine consumption was able to prevent the changes in 

BDNF levels. In addition, caffeine treatment increased the pro-BDNF and CREB 

immunocontent in both ages. Furthermore, CREB densities increased with aging. TrkB 

immunocontent was decreased in the hippocampus from middle-aged rats when 

compared to adult ones, and caffeine decreased the density of TrkB in both ages. The 

present findings indicate a close association between the modification of memory 

performance and BDNF immunocontent. Therefore, our data suggest caffeine 

normalyze memory performance upon aging and may be related to the ability of 

caffeine to normalyze the levels of BDNF. Taken together, these results present new 

evidence that caffeine consumption promotes sex-specific behavioral outcomes in 

addition to being able to normalize memory performance during aging and that changes 

could be related to a modification in BDNF signaling. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



6 
 

LISTA DE ABREVIATURAS 

A1: Receptor metabotrópico de adenosina do subtipo A1 

A2A: Receptor metabotrópico de adenosina do subtipo A2A 

A2B: Receptor metabotrópico de adenosina do subtipo A2B 

A3: Receptor metabotrópico de adenosina do subtipo A3 

AMPc: AMP cíclico 

BDNF: Fator neurotrófico derivado do encéfalo 

CYP450: Citocromo P 450 

CYP1A2: Subunidade do citocromo P 450 

CREB: proteína ligante ao elemento responsivo ao AMPc  

DA: Doença de Alzheimer 

DE: Dia embrionário 

DPN: Dia  pós-natal 

EFSA: European Food Safety Authority 

FDA: Food and Drug Administration 

FI: Filamentos intermediários 

GFAP: proteína ácida fibrilar glial 

LTD: Depressão a longa duração  

LTM: Memória de longa duração 
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LTP: Potenciação de longa duração 

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

NT-3: Neurotrofina-3 

NT-4: Neurotrofina-4 

p75NTR : Receptor Pan Neurotrofina 

pró-BDNF: Forma precursora o BDNF 

RNAm: RNA mensageiro 

SCH58261:  Antagonista A2A 

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) 

SNC: Sistema nervoso central 

STM: Memória de curta duração 

TrkA: Receptor do tipo tirosina cinase A 

TrkB: Receptor do tipo tirosina cinase B 

TrkC: Receptor do tipo tirosina cinase C 
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1. INTRODUÇÃO 

1.1. Cafeína 

1.1.1. Breve Histórico 

Atualmente, a cafeína é a substância psicoestimulante mais consumida no 

mundo, sendo que o seu consumo pela humanidade data de séculos (Fredholm, 1999). É 

um alcalóide da família das xantinas encontrado naturalmente em plantas (Fredholm, 

2011). Existem mais de 60 espécies de plantas que contém cafeína, sendo as mais 

conhecidas o café, chá, cacau, erva mate e guaraná. A quantidade de cafeína presente 

em diversos produtos e bebidas depende da planta utilizada e do modo de preparo 

(Fredholm, 1999). 

Como o uso da cafeína é algo tão profundamente enraizado na nossa cultura, as 

origens históricas do seu uso são desconhecidas e rodeadas de mito, mas a sua história 

está fortemente relacionada à história do café (Fredholm, 2011). O mito mais conhecido 

é sobre um pastor de cabras etíope (talvez árabe) de nome Kaldi, que observou que suas 

cabras ficavam muito agitadas após ingerirem as bagas de certo arbusto, que seria uma 

das diversas espécies de planta que teriam cafeína na sua composição. Após essa 

observação, o próprio pastor resolveu experimentar as bagas, e foi tomado por um 

estado de euforia, que o fez relatar as sensações experimentadas a um abade de um 

mosteiro local, e conta-se que, desde então, a cafeína teria ganhado o mundo (Fredholm, 

2011; Weinberg e Bealer, 2001).   

A palavra "café" deriva de qahva (ou qahwah) que é simplesmente uma palavra 

que denota uma bebida feita das plantas. Acredita-se que inicialmente os grãos de café 

foram consumidos na sua forma in natura, sendo posteriormente iniciado o 

processamento em forma de infusões para consumo com água fervente, em torno de 
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1000 d.C. (Fredholm, 2011). Embora os árabes cultivassem as plantas e as bebidas 

preparadas a partir de grãos de café, foi apenas por volta do século XIV que o processo 

de torrefação foi descoberto (Fredholm 2011; Weinberg e Bealer, 2001).   

Apesar de ser uma planta originária da Etiópia, foi a Arábia a responsável pela 

propagação da cultura do café, sendo o seu uso mais difundido nos séculos XV e XVI, e 

na Europa, nos séculos XVIII e XIX, sendo introduzido principalmente pelos espanhóis 

e holandeses no período das descobertas (Fredholm, 2011). No Brasil as primeiras 

sementes de café chegaram em 1727 no Estado do Pará. Devido às condições climáticas 

favoráveis, o cultivo de café se espalhou rapidamente (Carvalho et al., 1993). Em 

meados do século XVIII, a produção de café revolucionou a sociedade e a economia do 

Brasil (Taunay, 1939). Atualmente, o Brasil é o maior exportador de café do mundo, e o 

segundo maior consumidor do produto (Cecafé, 2016; Ministério da Agricultura, 2016).  

1.1.2. Metabolismo 

O consumo de cafeína a partir de todas as fontes é bastante variável, sendo que 

alguns estudos apontam uma média de 70-76 mg/pessoa/dia em todo o mundo ou 5-8 

mg/kg/dia (equivalente a 3 xícaras de café) (Chen et al., 2010; Fredholm et al., 1999). 

As propriedades hidrofóbicas da cafeína permitem a sua passagem através de 

todas as membranas biológicas, inclusive da barreira hematoencefálica do adulto ou do 

feto (Lachance et al., 1983; Tanaka et al., 1984). A cafeína é absorvida de forma rápida 

e completa pelo trato gastrointestinal, cujo pico de concentração plasmática é atingido 

entre 15 e 120 minutos após a ingestão oral em seres humanos (Arnaud, 1976; Arnaud e 

Welsch, 1982; Bonati et al., 1982; Yesair et al., 1984). A absorção, a biodisponibilidade 

e a excreção urinária e fecal da cafeína não mostraram diferenças entre as espécies 

(Arnaud et al., 1989). A metabolização da cafeína é completa em humanos adultos, 
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sendo que menos de 2% do que é ingerido é recuperável na urina de forma inalterada 

(Arnaud, 1987; Gorodischer et al., 1986; Somani e Gupta, 1988). A cafeína (1,3,7-

trimetilxantina) sofre o processo de desmetilação, dando origem aos seus intermediários 

di-metilados com mais de 80% de cafeína sendo metabolizada a paraxantina (1,7-

dimetilxantina) e cerca de 16% sendo convertida em teobromina (3,7 -dimetilxantina) e 

teofilina (1,3-dimetilxantina) (Benowitz et al., 1995; 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 tri-metílicos, produtos da hidroxilação da cafeína, correspondem a 

40% dos seus metabólitos em ratos, em comparação a 6% em seres humanos (Arnaud, 

1985) (Figura 1).  

De uma forma geral, a cafeína é extensamente metabolizada pelos sistemas 

enzimáticos hepáticos - os citocromos - mais especificamente o CYP1A2. Entretanto, a 

farmacocinética dessa substância encontra-se alterada em casos específicos, como em 

mulheres grávidas e nos fetos em desenvolvimento. A CYP1A2, principal enzima do 

metabolismo da cafeína, tem sua expressão e atividade altamente associada aos estágios 

do desenvolvimento, fazendo com que o metabolismo da cafeína fique dependente da 

maturação dessa enzima (Leeder, 2001). Além disso, já foi demonstrado que o 

metabolismo da cafeína é notavelmente alterado durante a gestação, onde ocorre um 

aumento na inibição da atividade dessa enzima com o passar do tempo (-32,8% no 1º 

trimestre, -48,1% no 2º trimestre e -65,2% no 3º trimestre) (Yu et al., 2016). Esses 

aspectos devem ser levados em consideração, ainda mais que a cafeína e seus 

metabólitos facilmente atravessam a barreira placentária e são permeáveis sem exceção 

a todos os tecidos do feto (Nehlig e Debry, 1994; Parsons e Neims, 1981; Soellner et al., 

2009; Yu et al 2016).    
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No tecido fetal, a CYP1A2 apresenta baixa funcionalidade devido à imaturidade 

desse sistema, consequentemente acarretando numa meia-vida prolongada da cafeína no 

plasma fetal e um acúmulo no sistema nervoso central (SNC) do feto (Nehlig e Debry 

1994; Parsons e Neims 1981; Soellner et al 2009; Yu et al 2016). O metabolismo da 

cafeína desenvolve-se gradualmente durante o primeiro ano de vida em seres humanos 

(Pearlman et al., 1989). 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, reforçando que o metabolismo da cafeína se desenvolve 

gradualmente 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). 

Em conjunto, essas modificações no metabolismo da cafeína constituem um 

risco adicional ao feto, enfatizando a necessidade de maiores investigações (Aldridge et 

al., 1981; Mioranzza et al., 2014 ).  
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Figura 1. Metabólitos da cafeína e principais diferenças entre humanos e roedores no metabolismo da 

cafeína (Adaptado de Porciúncula et al., 2013). 

1.1.3. Mecanismo de Ação 

A cafeína produz efeitos farmacológicos complexos, sendo que o seu principal 

mecanismo de ação é o antagonismo não seletivo dos receptores de adenosina A1 e A2A 

(Quarta et al, 2004; Fredholm et al 1999).  O bloqueio dos receptores de adenosina pela 

cafeína pode levar a efeitos secundários importantes sobre muitas classes de 
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neurotransmissores, incluindo a noradrenalina, dopamina, serotonina, acetilcolina, 

glutamato e GABA, que interferem em muitas funções fisiológicas (Fredholm et al., 

1999). Além disso, em doses elevadas (concentrações 40 vezes maior do que as 

concentrações atingidas pelo consumo humano regular) a cafeína inibe fosfodiesterases, 

aumenta a liberação do cálcio intracelular e bloqueia os receptores GABAA (Fredholm 

et al, 1999).  

A adenosina é considerada um neuromodulador endógeno, controlando a 

liberação de neurotransmissores, a excitabilidade neuronal e o ritmo circadiano (Cunha, 

2001; Fredholm et al., 2005). Até o presente momento, quatro diferentes subtipos de 

receptores de adenosina foram clonados e identificados em humanos e roedores: 

A1,A2A, A2B  e A3 sendo que todos os subtipos são acoplados a proteínas G (Fredholm et 

al., 2003; Sebastião e Ribeiro, 2009). Os receptores A1 e A3 estão acoplados a proteínas 

G inibitórias enquanto os receptores A2A e A2B estão acoplados a proteínas G 

estimulatórias (Fredholm et al., 2001). Estudos in vitro demonstram que a cafeína 

possui afinidades semelhantes para os receptores de adenosina do subtipo A1, A2A e A2B 

e uma baixa afinidade para o receptor do subtipo A3 (Fredholm et al., 2001; Solinas et 

al., 2005). Como concentrações fisiológicas de adenosina podem estimular facilmente 

os receptores A1 e A2A, enquanto os receptores A2B somente são ativados com 

concentrações elevadas de adenosina, parece que os receptores A1 e A2A são os alvos 

preferenciais da cafeína no SNC (Fredholm, 1999). 

A ativação dos receptores A1 exerce ações inibitórias sobre a transmissão 

sináptica enquanto que a dos receptores A2A exerce ações facilitatórias sobre a 

transmissão sináptica (Cunha et al., 2001). O receptor adenosinérgico do subtipo A1 é o 

mais abundante no SNC, principalmente na região do neocórtex, cerebelo, hipocampo e 

corno dorsal da medula espinhal, enquanto que os receptores do subtipo A2A são 
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altamente expressos em neurônios pálido-estriatais e no bulbo olfatório, mas também 

são encontrados em outras regiões do cérebro, como no hipocampo (Fredholm et al., 

2005). 

Ao longo do desenvolvimento do SNC, assim como durante o envelhecimento 

ocorrem alterações na densidade dos receptores de adenosina.  Os receptores A1 e A2A 

estão presentes desde o nascimento em roedores, mas o maior desenvolvimento em 

termos de densidade e acoplamento aos sistemas de formação de segundos mensageiros 

ocorre após o nascimento (Adén et al., 2000; Adén, 2011; para revisão, ver Porciúncula 

et al., 2013). O tratamento com cafeína nesse período pode levar a alterações nesses 

receptores. Um estudo mostrou que a cafeína causou uma regulação positiva nos 

receptores A1 no hipotálamo no dia pós-natal (DPN) 5 e 8 e na região ponto-bulbar no 

DPN 5. Da mesma forma, a cafeína levou a um aumento do RNAm do receptor A2A no 

hipotálamo e região ponto-bulbar no DPN 5, juntamente com um aumento moderado no 

hipotálamo no DPN 8-11 e região ponto-bulbar no DPN 7-11 (Gaytan e Pasaro, 2012). 

No envelhecimento, é relativamente bem estabelecido que ocorre uma diminuição dos 

receptores A1 enquanto ocorre um aumento dos receptores A2A em regiões como o 

córtex, hipocampo e estriado (para revisão, ver Cunha e Agostinho, 2010). Uma 

hipótese para esse aumento dos receptores A2A, que exerce efeitos facilitatórios, seria 

uma estratégia do organismo para compensar a perda geral da eficiência sináptica 

encontrada no envelhecimento (Cunha e Agostinho, 2010). 

 

1.2. Cafeína e o Sistema Nervoso Central em Desenvolvimento 

1.2.1. Adolescência e Puberdade  
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A adolescência pode ser considerada um período de transição, que ocorre entre o 

final da infância e início da vida adulta, no qual o indivíduo passa por uma série de 

mudanças, tanto físicas quanto comportamentais (Drzewiecki et al., 2016; Peper et al., 

2011; Piekasrki et al., 2016; Romeo et al., 2016; Semple et al., 2013). Dentre essas 

mudanças podemos citar as alterações hormonais, alterações na composição corporal, 

aumento das interações sociais e busca de novidades, assim como instabilidade 

emocional, destacando-se maior impulsividade, capacidade aparentemente limitada de 

autocontrole e maior tendência a correr riscos (Lee et al 2014; Semple et al., 2013; 

Sturman e Moghaddam, 2011). 

O período da adolescência é um período muito importante do desenvolvimento 

pós-natal, onde o cérebro apresenta uma maior plasticidade em relação à vida adulta, o 

que também lhe confere uma vulnerabilidade única, estando mais suscetível a 

influências tanto negativas quanto positivas na sua estrutura e função (Andersen, 2003; 

Lee et al. , 2014; Peper et al., 2011; Piekarski et al., 2016). Por exemplo, alguns estudos 

mostram que a exposição a ambientes estressantes de forma crônica durante esse 

período pode contribuir para o surgimento de doenças neurodesenvolvimentais na vida 

adulta (Giedd et al., 2008; Kessler et al., 2005; Malter Cohen et al., 2013; Turner e 

Loyd, 2004; revisado em Romeo et al., 2016). Em vista disso, é essencial um maior 

conhecimento sobre as alterações às quais os adolescentes estão expostos, tanto em 

relação a suas potencialidades quanto a suas vulnerabilidades, para que possam ser 

realizadas, quando necessário, intervenções precoces e até mesmo tratamentos, a fim de 

melhorar a qualidade de vida desses indivíduos (Giedd et al., 2008; Kessler et al 2005; 

Lee et al., 2014). 

Do ponto de vista biológico, não existe uma definição precisa ou mesmo um 

consenso de quando começa e quando termina a adolescência ou a puberdade, tanto em 



16 
 

humanos quanto em animais. Embora esses períodos estejam intrinsecamente ligados, 

os termos não são sinônimos, apesar haver uma sobreposição entre eles (Sisk e Zehr, 

2005; Spear, 2000). A puberdade refere-se à maturação sexual, quando a capacidade 

reprodutiva se inicia associado à secreção elevada de hormônios sexuais (Peper et al., 

2011; Schulz e Sisk, 2016). Já a adolescência é considerada um período mais amplo, 

abrangendo não só a maturação reprodutiva, mas também a maturação cognitiva, 

emocional e social (Sisk e Zehr, 2005; Spear, 2000).  

Segundo a Organização Mundial de Saúde (2016), o período da adolescência 

ocorre entre 10-19 anos, mas esse período tem definições distintas entre os estudos, 

tendo sido descrita entre 9-18 anos, 10-20 anos e até os 25 anos de idade, havendo 

diferenças entre homens e mulheres (Semple et al., 2013; Spear, 2000; World Health 

Organization, 2016).  Segundo Falkner e Tanner (1986), o período da puberdade ocorre 

tipicamente entre os 10 e os 17 anos de idade nas mulheres e entre os 12 e os 18 anos 

nos homens (Falkner e Tanner, 1986). 

Em roedores, a definição de adolescência também apresenta variações, sendo 

que alguns consideram um período mais estreito (dias pós-natal – DPN – 28-42) e 

outros um período mais longo (DPN 21-60) (Semple et al., 2003; Spear, 2000; Tirelli et 

al., 2003). A adolescência pode então ser considerada desde o desmame (DPN 21), 

ainda antes do início da puberdade, até o DPN 60, que ainda não se deve considerar 

idade adulta. A adolescência ainda pode ser dividida em três estágios diferentes: 

adolescência precoce (animais pré-púberes, DPN 21 a 34), adolescência intermediária 

(animais púberes, DPN 34-46) e adolescência tardia (DPN 46-59), conforme ilustrado 

na Figura 2 (Steinberg, 2005; Tirelli et al., 2003). Assim como em humanos, alguns 

estudos sugerem que em roeadores, as fêmeas atingiriam a puberdade mais cedo do que 

os machos. A idade média para o início da puberdade em fêmeas seria no DPN 34,9, 
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com um intervalo entre 32-38 dias e nos machos seria no DPN 44,9, com um intervalo 

entre 42-48 dias (Drzewiecki et al 2016; Willing e Juraska 2015). Entretanto, as janelas 

de tempo mais estreitas são mais comumente empregadas como descrição padrão da 

adolescência, entre DPN 30-45 ou DPN 35-49 (Evans, 1986; Laws et al., 2003; Reger et 

al., 2009; Semple et al., 2013; Sengupta, 2011, 2013). Neste trabalho, utilizaremos 

como parâmetros de adolescência os DPN 31-60, aproximadamente, como está 

demonstrado na Figura 3.  

 

 
 

Figura 2. Representação dos estágios da adolescência (Adaptado de Steinberg, 2005). 

 

As diferenças entre roedores e humanos devem ser consideradas quando se 

compara às idades de maturação do SNC, visto que deve haver uma similaridade e um 

alinhamento nos marcos do desenvolvimento entre as espécies, bem como o 

conhecimento das idades em que eles ocorrem (Piekarski et al., 2016; Semple et al., 

2013). Felizmente, as fases do desenvolvimento do SNC são altamente conservadas 

entre espécies de mamíferos, e existem marcos comparáveis que permitem a utilização 

de modelos animais para os estudos de desenvolvimento. Por exemplo, o estágio de 

maturação do sistema nervoso em um humano recém-nascido corresponde ao 10º dia 
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pós-natal em ratos (Tchekalarova et al., 2005; Williams, 2008). Além disso, a primeira e 

a segunda semana pós-natal em roedores corresponderia ao desenvolvimento do SNC 

em humanos aos primeiros 3 anos e 6 anos de vida, respectivamente (Marco et al., 

2011). De fato, no 21º dia pós-natal (idade típica do desmame) o córtex de ratos atinge 

aproximadamente 90% do seu peso adulto, enquanto que em seres humanos, o peso 

cerebral atinge um patamar semelhante aos 2-3 anos de idade (Dekaban et al., 1987; 

revisado em Semple et al., 2013). Em relação ao desevolvimento 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, 

(Clancyet al., 2001). Como se pode se observar na Figura 3, apesar de existir diferenças 

significativas na escala de tempo em que ocorrem os eventos, há uma cronicidade na 

maturação do cérebro bastante consistente entre humanos e roedores (Semple et al 

2013). 

 

 
 

Figura 3: Linha do tempo comparativa entre o desenvolvimento de ratos e humanos (Adaptado de Clancy 

et al., 2001; Marco et al., 2011; Tchekalarova et al., 2005; Williams, 2008). 
 

 

 

1.2.2. Alterações morfológicas e Influência de Gênero  

A adolescência é um período de refinamento e maturação contínuos de circuitos 

neurais, sendo a puberdade um evento central na reorganização do córtex, tanto em 
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roedores quanto em seres humanos (Blakemore et al., 2010; Juraska e Willing, 2016; 

Semple et al., 2013; Spear, 2000). Além disso, o aumento da produção dos hormônios 

sexuais após o início da puberdade exerce efeitos amplos sobre o cérebro em 

desenvolvimento (Juraska e Willing 2016; Pierkarski et a., 2016; Schulz e Sisk, 2016). 

Em humanos, durante a primeira infância, há uma superprodução de axônios e 

sinapses, atingindo um pico em torno da época da puberdade, seguido por uma rápida 

poda sináptica na adolescência até a idade adulta (Crews et al 2007; Peper et al., 2009; 

Huttenlocher e Dabholker, 1997). A poda sináptica refere-se ao processo pelo qual 

neurônios e conexões sinápticas em excesso são eliminados, a fim de refinar e aumentar 

a eficiência das transmissões neuronais (Santos e Nogle, 2011).  

A maturação e reorganização do cérebro adolescente envolvem diversas 

mudanças na sua morfologia, que incluem a reorganização da substância cinzenta e 

substância branca, da arborização dendrítica e sinapses, assim como alterações nos 

padrões de disparo de células corticais e disponibilidade de neurotransmissores e seus 

receptores durante esse período (Herting et al., 2015; Huttenlocher e Dabholkar, 1997; 

Lee et al 2014; Markham et al., 2007; Peper et al., 2009; Sturman e Moghaddam 2011; 

Willing e Jusraska, 2015). Vários estudos de ressonância magnética indicam que o 

córtex cerebral humano diminui de tamanho durante a adolescência, incluindo uma 

redução de volume de substância cinzenta e um aumento de volume de substância 

branca (Blakemore et al., 2010; Giedd et al., 1999; Jernigan et al., 1991; Peper et al., 

2011; Sturman e Moghaddam 2011), sendo que a substância branca continua a aumentar 

depois da desse período, enquanto que a substância cinzenta do córtex estabiliza quando 

atinge o início da vida adulta (Juraska e Willing 2016).  

Além dos estudos de ressonância magnética, estudos em modelos animais 

revelaram que o cérebro em desenvolvimento leva a diferenças estruturais significativas 
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entre os sexos (Drzewiecki et al., 2016; Markham et al., 2007; Willing e Juraska et al., 

2016). Por exemplo, tanto os machos como as fêmeas há uma diminuição na densidade 

dos espinhos dendríticos entre DPN35 e DPN90, mas as fêmeas também perdem ramos 

dendríticos, indicando uma diminuição ainda maior no número total de espinhos 

dendríticos (Drzewiecki et al., 2015). Além disso, as perdas de substância cinzenta no 

córtex pré-frontal, devidas à poda sináptica, são consideravelmente mais proeminentes 

nas fêmeas do que nos machos (Drzewiecki et al 2016; Wiling e Juraska, 2015).  

 

As mudanças neuroquímicas, estruturais e funcionais que ocorrem ao longo do 

desenvolvimento geralmente são benéficas, e aprimoram as conexões neurais, apesar de 

também levar a desequilíbrios transitórios nos circuitos cerebrais durante a 

adolescência. As exacerbações desses desequilíbrios por fatores biológicos, ambientais 

e genéticos podem conferir uma maior vulnerabilidade e contribuir para o risco de 

desenvolvimento de transtornos mentais (Giedd et al., 2008; Lee et al 2014 ). 

 

1.2.3. Efeitos da cafeína no período do desenvolvimento 

Os efeitos do consumo de cafeína sobre as funções cognitivas vêm sendo 

demonstrados em estudos humanos e animais. Em estudos epidemiológicos, o consumo 

de cafeína foi associado a um menor risco de desenvolver doença de Alzheimer 

(Eskelinen et al., 2009; Maia e de Mendonça, 2002; Ritchie et al., 2007), assim como 

em estudos experimentais com animais envelhecidos, a administração crônica de 

cafeína foi capaz não só de prevenir e também de reverter o comprometimento de 

memória relacionado à idade (Costa et al., 2008a, Prediger et al., 2005; Sallaberry et al 

2013). Da mesma forma, o tratamento crônico com cafeína também foi eficaz na 

prevenção da neurodegeneração, formação do peptídeo beta-amilóide e nos déficits 

mnemônicos em modelos experimentais de doença de Alzheimer (Arendash et al., 2006; 
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Dall'Igna et al., 2003; Espinosa et al., 2013). Entretanto, chama a atenção que a 

exposição crônica de cafeína durante o desenvolvimento fetal e até durante o 

desenvolvimento do SNC pós-natal seja pouco estudada (Mioranzza et al., 2014; 

revisado em Porciúncula et al. 2013; Temple, 2009).  

Mulheres gestantes comumente consomem cafeína, sendo que estudos mostram 

que cerca de 97% das mulheres afirmam ter consumido cafeína por alguma fonte da 

dieta durante o ano anterior à gravidez (consumo médio de 129,9 mg/dia no ano), e 

cerca de 68% continuam o consumo após a concepção (consumo médio de 125 mg/dia 

durante a gravidez) (Chen et al 2014; Doepker et al 2016; Frary et al 2005; Knight et al 

2004). Outra população que passou a consumir regularmente cafeína e em altas 

quantidades foram as crianças e adolescentes, chegando a representar um aumento de 

70% no consumo de cafeína nos últimos 30 anos por esta população (Harnack et al., 

1999; Temple, 2009).  O surgimento de bebidas energéticas, que contém concentrações 

elevadas de cafeína, tem contribuído para esse aumento no consumo de cafeína 

(Heckman et al, 2010; Temple, 2009). Entretanto, os resultados de estudos sobre a 

segurança do consumo de cafeína durante a gravidez e seus efeitos no desenvolvimento 

do SNC são controversos ou inconsistentes (Bakker et al., 2010; Chen et al., 2014; 

Doepker et al., 2016; Fernandes et al., 1998; Lynch and Klebanoff,  2008; Temple, 

2009; Yu et al., 2016).  

Os estágios de desenvolvimento do SNC dependem de processos que são 

precisamente orquestrados, por isto este é um período vulnerável onde a exposição a 

determinadas condições pode inclusive mudar drasticamente sua estrutura e função, 

reverberando por toda a vida. Essa especulação é reforçada pela crença de que muitas 

doenças na idade adulta são originadas no desenvolvimento fetal (Godfrey e Barker, 

2000; Harding, 2001; Temple, 2009). Isso enfatiza a importância de se investigar e 
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conhecer em mais detalhes o que realmente acontece nesse período, e como esperar que 

intervenções que ocorram nesse período venham a ser benéficas ou até mesmo 

deletérias. Em vista disso, alguns especialistas consideram essas subpopulações – 

gestantes, crianças e adolescentes - como sendo "de risco", o que exigiria ajustes no 

consumo de cafeína a fim de moderar e limitar a sua ingestão (Knight et al., 2004; 

Nawrot et al., 2003). 

Um estudo recente avaliou jovens pré-puberes (8-9 anos) e pós-puberes (15-17 

anos), de ambos os sexos, nos quais foi feita uma administração aguda de cafeína (1 ou 

2 mg/kg) e realizado a aplicação de questionários relacionados aos efeitos subjetivos 

causados pela cafeína (por exemplo, sensação de bem estar, euforia, vontade de repetir a 

administração, depressão, etc). Encontrou-se uma diferença entre os sexos, fase da 

puberdade, fase do ciclo menstrual e de dose, sendo que, de uma forma geral, as 

meninas relataram maiores alterações nas respostas subjetivas em relação aos meninos, 

demonstrando que há diferenças comportamentais relacionadas ao sexo antes e após a 

puberdade (Temple et al., 2015).  

Em meados da década de 90, a agência do governo americano responsável pelo 

controle de indústrias alimentícias e de medicamentos (FDA - Food and Drug 

Administration) com base em resultados de estudos experimentais, desaconselhou o 

consumo de alimentos e bebidas que contenham grandes quantidades de cafeína, 

especialmente durante o primeiro trimestre gestacional (Goyan, 1980). Desde então, 

uma série de estudos epidemiológicos e experimentais têm sido realizados tentando 

estabelecer se o consumo de cafeína é seguro (Bakker et al., 2010; Doepker et al., 

2016). De fato, a cafeína, assim como outras metilxantinas, tem sido usada há mais de 

30 anos para tratar a apnéia do recém-nascido (Koppe et al., 1979; Millar e Schmidt, 

2004). Entretanto, alguns estudos clínicos demonstram que a exposição pré-natal à 
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cafeína tem sido associada a efeitos deletérios sobre o feto em desenvolvimento, como 

aborto espontâneo, prematuridade e baixo peso ao nascer (Fernandes et al., 1998; Hoyt 

et al., 2014; Weng et al., 2008). Os estudos em animais associando o consumo de 

cafeína na gestação apresentaram resultados coincidentes com os estudos 

epidemiológicos, nos quais foram encontradas malformações congênitas, 

teratogenicidade, perturbações de memória, reabsorção fetal e diminuição do peso fetal 

(Brent et al., 2011; Fernandes et al 1998; Soellner et al., 2009).Entretanto, devido a 

limitações metodológicas e erros sistemáticos esses achados parecem ser inconsistentes, 

e dificultam uma interpretação e conclusão definitiva (Bakker et al., 2010; Chen et al., 

2014; Doepker et al., 2016; Einother e Giesbrecht,  2013; Lynch e Klebanoff, 2008). 

Além disso, outros estudos pré-clinicos e também clínicos não encontraram os efeitos 

deletérios da exposição pré-natal de cafeína a longo prazo (Linn et al., 1982; Pollock et 

al., 2010; Savitz et al., 2008). Sendo assim, os efeitos do consumo de cafeína no período 

gestacional ainda não estão completamente elucidados e permanecem em discussão. 

Diversos estudos experimentais demonstram que a cafeína apresenta uma série 

de efeitos comportamentais durante o desenvolvimento cerebral, incluindo alterações na 

atividade locomotora, ansiedade, aprendizagem e memória (Laureano-Melo et al., 2016; 

Porciúncula et al., 2013; Silva et al., 2013; Tchekalarova et al., 2005). Em adultos, a 

cafeína, quando administrada em doses baixas e moderadas, leva a um aumento da 

locomoção, enquanto que doses mais altas acarretam em diminuição (Porciúncula et al., 

2013). A avaliação da atividade locomotora em animais que receberam cafeína durante 

a gestação demonstra que ocorrem alterações desse parâmetro, entretanto, essas 

alterações dependem do período de tratamento bem como da dose de cafeína. Por 

exemplo, o tratamento com cafeína durante a gestação e a lactação não alterou a 

atividade locomotora de camundongos na vida adulta no teste de campo aberto 
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(Laureano-Melo et al., 2016; Silva et al., 2013). Entretando, Tchekalarova et al. (2005) 

demonstraram que a cafeína também pode causar efeitos distintos quando administrada 

em diferentes dias pós-natal, sendo que o tratamento com cafeína entre DPN 7 a 11 em 

ratos provoca um aumento da atividade locomotora, enquanto que o tratamento entre 

DPN 13 a 17 diminui este parâmetro (Tchekalarova et al., 2005).  

Outras alterações comportamentais também foram descritas, como prejuízos em 

diferentes tipos de memória. Por exemplo, machos e fêmeas que receberam cafeína 

durante a gestação e lactação (0,075 g/L) apresentaram comprometimento na memória 

de reconhecimento na vida adulta, avaliado pela tarefa de reconhecimento de objetos 

(Soellner et al., 2009). Resultados semelhantes também foram encontrados por Silva et 

al (2013), onde a administração de cafeína (0,3 g/L) administrada apenas durante a 

gestação e a lactação foi capaz de prejudicar a memória espacial e de reconhecimento 

em camundongos adultos (Silva et al., 2013). 

Além disso, também foram descritas alterações morfológicas de animais tratados 

com cafeína. Proteínas astrocitárias 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). Outro estudo 

mostrou que a administração de 50 mg/kg durante os primeiros doze dias de vida 

revelaram uma modificação na morfologia dendrítica de neurônios piramidais do córtex 

pré-frontal dos ratos na adolescência e na vida adulta,  com um aumento no 

comprimento dos dendritos (Juárez-Méndez et al., 2006).  

Em conjunto, essas evidências demonstram que deve-se ter moderação no 

consumo de cafeína por gestantes, assim como por crianças e adolescentes, em vista das 

possíveis alterações e prejuízos a longo prazo que possam surgir no período do 

desenvolvimento do SNC e na vida adulta.  
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1.3. Cafeína e o Declínio Cognitivo decorrente da idade 

1.3.1. Epidemiologia do Envelhecimento 

O século XX presenciou um aumento sem precedentes na expectativa de vida, 

bem como um rápido declínio da fertilidade humana em muitos países do mundo. 

(Sander et al., 2015). O envelhecimento da população mundial é uma das maiores 

conquistas da sociedade moderna. Atualmente, as pessoas vivem mais tempo do que 

viviam a um século, refletindo avanços na Medicina, Nutrição e Tecnologia (Sander et 

al., 2015; World Economic and Social Survey 2007). Mas o envelhecimento representa 

também grandes desafios e será um tema dominante para o desenvolvimento no século 

XXI (Global Agewatch Index 2015; World Economic and Social Survey 2007).  

De acordo com o Relatório Global de Saúde e Envelhecimento feito pela 

Organização Mundial de Saúde de 2015, existem cerca de 901 milhões de pessoas com 

60 anos ou mais no mundo, representando 12,3% da população mundial. Até 2030, isso 

aumentará para 1,4 bilhões ou 16,5%, e até 2050, haverá um aumento para 2,1 bilhões 

ou 21,5% da população mundial (Figura 4). As pessoas com mais de 60 anos já superam 

as crianças menores de cinco anos (Figura 5); em 2050, ultrapassarão os de 15 anos. 

Estas mudanças demográficas serão mais rápidas nos países em desenvolvimento 

(Global Agewatch Index 2015). 

A perspectiva de um envelhecimento saudável é contrabalanceada por uma das 

conseqüências mais assustadoras e potencialmente onerosas de uma expectativa de vida 

cada vez maior: o aumento das pessoas com demência, especialmente a doença de 

Alzheimer (World Health Organization, 2011). O risco de demência aumenta 

acentuadamente com o avanço da idade, e, caso não sejam desenvolvidas novas 

estratégias de prevenção, espera-se que esta condição acarrete em demandas crescentes 
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e de longo prazo aos serviços de saúde à medida que a população mundial envelhece 

(Age international 2013; World Health Organization, 2011).  

 

 

Figura 4: Representação da população de idosos ao redor do mundo em 2015 e 2050 (Adaptado 

do Global Agewatch Index 2015). 

 

O número de pessoas com demência, em todo o mundo, irá quase dobrar a cada 

20 anos, impulsionado por padrões globais de envelhecimento da população. Em 2013 

havia cerca de 44,4 milhões de pessoas com demência, e esses índices irão aumentar 
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para aproximadamente 75,6 milhões em 2030 e 135,5 milhões em 2050 (Age 

international 2013). Além disso, baseado em dados demográficos, a Alzheimer’s 

Disease International – Federação das Associações de Alzheimer prevê um aumento no 

impacto econômico global devido às demências. Em 2010, foi estimado um custo de U$ 

604 bilhões de dólares, e para 2030, estima-se um aumento de 85% no custo total, com 

os países em desenvolvimento tendo uma parte crescente do ônus econômico (Figura 6) 

(Abbot, 2011). 

 

 

Figura 5: Representação global da população de crianças e idosos de 1950 a 2050 (Adaptado do 

World Health Organization ,2011) 
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Figura 6: Custos globais com a demência. Há uma grande diferença no custo com cuidados de 
pessoas entre países de alta renda (HIC) e de baixa e média renda países (LAMIC). HIC - países de alta 

renda (high-income countries); LAMIC – países de baixa e média renda (low- and middle-income 

countries) (Abbot, 2011). 

 

1.3.2. Envelhecimento e Declínio Cognitivo 

No envelhecimento, as habilidades cognitivas tendem a declinar gradualmente, e 

o desenvolvimento de algum nível de comprometimento cognitivo é esperado com o 

avanço da idade (Erickson e Barnes, 2003). A partir da quinta década de vida já podem 

ser observadas alterações na memória, e muitos indivíduos nessa faixa etária se queixam 

de lapsos de memória à medida que envelhecem. Esses déficits de memória são 

chamados de “declínio de memória relacionado à idade”, uma condição prevalente nas 

sociedades modernas (Albert, 2002; Crook et al, 1986; Glisky 2007; Rosenzweig e 

Barnes, 2003).  

Os efeitos do envelhecimento no cérebro e na cognição possuem diversas 

etiologias, e abrangem uma infinidade de processos correlacionados, que em conjunto 

contribuem para a senescência do cérebro humano, resultando em uma diminuição da 

diferenciação e integração da função e comportamento cerebral (Lindenberger, 2014; 

Peters, 2006). O cérebro diminui de tamanho com o avanço da idade e há mudanças 
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tanto em nível molecular quanto morfológico (Scahill et al. 2003; revisado em Peters, 

2006). Há uma perda neuronal substancial em certas regiões subcorticais (por exemplo, 

o prosencéfalo basal, locus coeruleus,e substancia nigra), o que resulta em diminuição 

da produção de uma variedade de neurotransmissores e na densidade de seus receptores 

em numerosas regiões corticais importantes para a função da memória (Albert, 2002; 

Lindenberger, 2014). Estudos postmortem mostram diferenças relacionadas à idade em 

vários aspectos morfológicos do cérebro, como redução de peso e tamanho, expansão de 

ventrículos cerebrais e sulcos, deformação e perda de mielina, perda de arborização 

dendrítica e corpos neuronais regiões-específicas, diminuição da vascularização cerebral 

e redução da densidade sináptica (Piguet et al., 2009; Raz e Rodrigue, 2006).  

As alterações cerebrais não ocorrem na mesma medida em todas as regiões do 

cérebro (Peters, 2006). Regiões como o hipocampo e a substância branca pré-frontal 

exibem maiores reduções de volume do que outras áreas neocorticais, enquanto o córtex 

visual primário e o córtex associativo apresentam relativamente pouca perda de volume, 

e o corpo caloso não apresenta nenhuma mudança consistente de volume com a idade 

(Pfefferbaum et al., 2013; Raz et al., 2005).  

Embora as mudanças na memória com a idade possam ser variáveis entre os 

indivíduos, é importante salientar que se deve distinguir os declínios de memória 

atribuível ao envelhecimento normal daqueles que são indicativos de envelhecimento 

patológico, como ocorre na doença de Alzheimer (Glisky, 2007). A doença de 

Alzheimer (DA) é uma doença neurodegenerativa relacionada à idade e é a principal 

causa de demência (Pike, 2017; Vinters, 2015). É uma doença irreversível e progressiva, 

que destrói lentamente a memória, que envolve principalmente a formação de placas 

senis compostas pelo peptídeo beta-amilóide e emaranhados neurofibrilares, gliose 

crônica, rompimento da barreira hematoencefálica e degeneração da substância branca 
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(Hashimoto et al., 2009; Mucke e Selkoe, 2012; Pike 2017; Vinters, 2015). Em vista 

disso, torna-se importante o conhecimento da fronteira entre condições normais e 

patológicas durante o envelhecimento (Albert, 2002). Até o momento, não há 

tratamentos eficazes para minimizar o comprometimento de memória associado à idade 

ou para as doenças demenciais como o Alzheimer, o que enfatiza a importância da 

concepção e implementação de estratégias de prevenção primária, durante, ou antes, da 

meia-idade (Kivipelto et al., 2006; Eskelinen et al., 2009; Nooyens et al., 2011). 

1.3.3. Efeitos da Cafeína no Envelhecimento 

 A fim de adiar ou prevenir o declínio cognitivo e, eventualmente, a demência 

na velhice, as estratégias de prevenção são necessárias mais cedo na vida, durante ou 

antes da meia idade (Eskelinen et al., 2009; Kivipelto et al., 2006; Nooyens et al., 

2011). Neste contexto, a influência de componentes de dieta usuais em eventos 

relacionados à idade tem sido investigada como uma estratégia para prevenir o declínio 

cognitivo e motor (Morris et al., 2006). Entre essas estratégias aparece cafeína, um 

componente da dieta amplamente consumido e que tem sido sugerida como um 

modulador de funções de aprendizagem e memória (Alhaider, 2011). 

A cafeína parece ter um papel na normalização do comprometimento da função 

da memória durante o envelhecimento e em diferentes condições neurodegenerativas 

(Cunha e Agostinho, 2010). Em um estudo caso-controle de pequeno porte (Maia e de 

Mendonça, 2002) foi demonstrado, pela primeira vez, que pacientes diagnosticados com 

doença de Alzheimer haviam consumido significativamente menos cafeína durante 20 

anos anteriores ao diagnóstico do que indivíduos da mesma faixa etária. De acordo com 

esses achados, estudos longitudinais têm apontado que a ingestão diária de cafeína 

equivalente a três ou mais xícaras de café reduz o declínio cognitivo em indivíduos 

idosos (Jarvis, 1993; Johnson-Kozlow et al 2002). Além disso, um estudo prospectivo 
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que avaliou o consumo de café na meia-idade por um período de 21 anos, até o 

envelhecimento, demonstrou que a cafeína estaria relacionada a um menor risco de 

desenvolver demência e doença de Alzheimer em idade avançada em comparação com 

aqueles indivíduos que não consumiam ou consumiam pouco café (Eskelinen et al., 

2009), assim como Ritchie et al. (2007), que demonstraram os efeitos preventivos da 

cafeína na redução do declínio cognitivo em mulheres idosas quando o seu consumo foi 

acompanhado durante 4 anos (Eskelinen et al., 2009; Ritchie et al., 2007). 

Modelos animais ajudam a identificar mecanismos de declínio cognitivo 

relacionado à idade no nível celular, visto que os roedores, assim como os humanos, 

também apresentam um declínio da função cognitiva relacionado à idade (Costa et al 

2008a; Erickson e Barnes, 2003). Um estudo avaliou o desempenho da memória de 

reconhecimento de camundongos envelhecidos submetidos à administração de cafeína 

durante a vida adulta até o envelhecimento, na tarefa de reconhecimento de objetos.  Os 

resultados desse estudo demonstraram que os camundongos envelhecidos apresentaram 

um desempenho inferior na memória de reconhecimento em comparação com os adultos 

e que o tratamento com cafeína durante 12 meses foi capaz de prevenir o 

comprometimento de memória (Costa et al 2008a). Quando outros tipos de memória 

foram avaliados, como a memória de reconhecimento social e a discriminação olfatória, 

também foram encontrados comprometimentos relacionados à idade (ratos de 12 e 18 

meses de vida), e o tratamento agudo de cafeína foi capaz de reverter esses prejuízos 

(Prediger et al., 2005). 

Enquanto que os estudos com animais envelhecidos têm sido particularmente 

bem sucedidos para avaliação dos processos de aprendizagem e memória relacionados à 

idade, os modelos celulares e animais da doença de Alzheimer permitem uma maior 

abordagem e investigação da relação causal entre o efeito protetor da cafeína e a 
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redução do declínio cognitivo em seres humanos (Fredholm, 2011). A primeira 

evidência in vitro de neuroproteção por cafeína em modelos de DA foi realizada em 

cultura de células cerebelares (Dall'Igna et al., 2003), no qual a cafeína e um antagonista 

A2A (SCH58261) reduziram a agregação induzida pelo peptídeo β-amilóide, um evento 

chave associada à patogênese da DA. Além disso, esse efeito protetor foi comprovado 

em um estudo experimental em que a cafeína e antagonistas A2A preveniram o 

comprometimento de aprendizagem e de memória induzidas pela infusão 

intracerebroventricular do peptídeo β-amilóide (Dall'lgna et al., 2007). Considerados em 

conjunto, esses dados indicam que o consumo de cafeína pode representar uma 

estratégia de prevenção em potencial para a demência e DA (Cunha e Agostinho, 2010; 

Fredholm, 2011).  

 

1.4. Proteínas essenciais do Sistema Nervoso Central 

1.4.1. Fator neurotrófico derivado do encéfalo (BDNF) e proteínas relacionadas no 

desenvolvimento e senescência 

As neurotrofinas são fundamentais de diversas formas para a função do sistema 

nervoso central, com papéis críticos na diferenciação celular, na sobrevivência neuronal, 

na migração, na arborização dendrítica, na sinaptogênese e nas formas dependentes da 

atividade de plasticidade sináptica (Alonso et al., 2002; Greenberg et al., 2009; Pollock 

et al., 2001). Estes fatores tróficos apresentam um nível de expressão e de importância 

elevados durante todo o desenvolvimento do SNC dos mamíferos, e podem representar 

uma reserva fisiológica do organismo para combater o declínio cognitivo relacionado à 

idade (Fryer et al., 1996; Knüsel et al., 1994; Silhol et al., 2008; Tang et al., 2010). 
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Os principais componentes da família de neurotrofinas, entre os mamíferos, são 

o fator de crescimento neuronal (NGF), fator neurotrófico derivado do encéfalo 

(BDNF), neurotrofina-3 (NT-3) e NT-4/5. As ações celulares das neurotrofinas são 

mediadas principalmente pelos seus receptores de alta afinidade, os receptores tirosina 

cinases (Trk) (Chen e Weber, 2004).  Cada Trk é preferencialmente ativado por uma ou 

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

(Greene e Kaplan, 1995). O papel das neurotrofinas tem sido de extremo interesse, visto 

que, além da importância na manutenção da homeostasia do sistema nervoso central, 

alterações na sinalização mediada pelas neurotrofinas estão muitas vezes presentes em 

patologias neurodegenerativas, como na doença de Parkinson e de Alzheimer. Assim, o 

conhecimento dos mecanismos celulares e moleculares desencadeados pelas 

neurotrofinas, bem como as alterações das mesmas em situações patológicas, é 

fundamental para o desenvolvimento de novos alvos terapêuticos (Santos, 2009).  

O BDNF é um dos fatores neurotróficos mais investigados devido ao seu papel 

central nos eventos que envolvem a regulação não só da estrutura, mas também da 

função e manutenção da sobrevivência de algumas populações de neurônios durante o 

desenvolvimento e na vida adulta (Lu e Chow, 1999; Poo, 2001; Tyler e Pozzo-Miller, 

2003). O BDNF e seu receptor de alta afinidade Trk B são altamente expressos no 

hipocampo maduro e no córtex cerebral e são essenciais na regulação da sobrevivência 

e diferenciação neuronal (Greenberg et al., 2009; Pollock et al., 2001). Inicialmente, o 

BDNF é sintetizado como uma proteína precursora (pré-pró-BDNF) que é clivada no 

retículo endoplasmático dando origem ao pró-BDNF, que, por sua vez, pode seguir três 

destinos distintos: a) clivagem intracelular seguida de liberação; b) liberação seguida 

por clivagem extracelular; ou c) liberação sem clivagem subseqüente (Lu et al, 2005). A 

clivagem da pró-BDNF origina o BDNF maduro. A secreção de BDNF pode ocorrer de 
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duas formas: 1) via constitutiva (espontânea), no qual as vesículas contendo as 

neurotrofinas fundem-se espontaneamente com a membrana plasmática libertando assim 

o seu conteúdo ou 2) via regulada, onde as neurotrofinas são liberadas em resposta a 

determinados estímulos, como pelo aumento prolongado dos níveis intracelulares de 

cálcio ou pela atividade elétrica neuronal (Lessman et al., 2003). 

Tanto a forma imatura do BDNF quanto a sua forma madura podem atuar como 

moléculas sinalizadoras, contudo, com propriedades de sinalização distintas (Lee e 

Chao, 2001). Evidências sugerem que as proneurotrofinas têm efeitos biológicos 

opostos aos das neurotrofinas maduras. O pró-BDNF que não sofre clivagem liga-se ao 

receptor p75NTR e aumenta depressão a longa duração (LTD) e leva a apoptose, 

enquanto que a ativação de TrkB por BDNF facilita a potenciação de longa duração 

(LTP) e inibe a depressão a longa duração (LTD) e também leva a sobrevivência 

neuronal (Lu et al., 2005; Woo et al, 2005). Assim, a proteólise da forma precursora de 

BDNF torna-se um mecanismo de controle importante para a direção da plasticidade do 

hipocampo (Woo et al., 2005).  

A sinalização do BDNF é fundamental no período de desenvolvimento do SNC. 

As neurotrofinas e seus receptores apresentam um nível elevado de expressão durante 

todo esse período, sendo que podem se expressar de forma seletiva conforme o estágio 

do desenvolvimento e conforme a região cerebral (Fryer et al, 1996; Knüsel et al, 1994; 

Tang et al., 2010).  Os efeitos produzidos pelo BDNF podem variar conforme a fase do 

desenvolvimento. No início da fase fetal, o BDNF é importante para a formação e 

maturação dos neurônios em geral, participando do desenvolvimento dos circuitos 

neurais do encéfalo imaturo e adulto, incluindo sua participação no crescimento e 

elongação dos dendritos de sinapses inibitórias e excitatórias, no estímulo ao 

desenvolvimento das espinhas dendríticas e no crescimento dos neuritos (Carvalho et 
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al., 2008; Ji et al, 2010; Lipsky e Marini, 2007; Singh et al., 2006; Tyler e Pozzo-Miller, 

2004). A imunorreatividade ao BDNF já está presente no 13° dia embrionário (DE 13) 

no SNC de ratos, especialmente na subplaca neocortical e nos neuroblastos da placa 

cortical em desenvolvimento, e no DE 18 todas as células da placa cortical encontram-

se marcadas por esta neurotrofina (Fukumitsu et al., 1998). 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). 

Na fase adulta, o BDNF tem papel fundamental no processo de consolidação da 

memória episódica (Barboza, 2009). Além disso, o BDNF também é essencial para 

eventos de plasticidade neuronal e funções importantes como o aprendizado e memória 

(Tyler et al., 2002). De fato, o bloqueio da sua sinalização compromete a persistência da 

memória (Alonso et al., 2002; Bekinschtein et al., 2007). Além disso, o BDNF é 

considerado essencial no mecanismo de formação de potenciação de longa duração 

(LTP), mecanismo essencial na aprendizagem e memória (Barboza, 2009).  

As alterações nos níveis de BDNF e/ou na expressão do TrkB têm sido descritas 

durante o envelhecimento normal e na doença de Alzheimer, e as diminuições na 

expressão do BDNF foram associadas com atrofia e/ou morte neuronal (Silhol et al., 

2008; Tapia-Arancibia et al. 2008). Em ratos envelhecidos, a indução da LTP por 

estímulos mais fracos (mas não de alta freqüência) liberam BDNF acompanhado por um 

aumento na magnitude da LTP (Balkowiec e Katz, 2002; Rex et al., 2005). Além disso, 

tem sido demonstrado que o BDNF endógeno é necessário para a LTP em ratos 

envelhecidos, juntamente com os receptores A2A de adenosina (Diógenes et al., 2011).  

De acordo com a possibilidade de que os efeitos da cafeína sobre a cognição 

estejam ligados à regulação das neurotrofinas, foi demonstrado que a administração de 
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cafeína durante o período gestacional provocou alterações na via de sinalização do 

BDNF. Embriões de ratos cujas mães foram expostas a 1 g/L de cafeína apresentaram 

redução nos níveis de BDNF corticais e TrkB hipocampais no DE 18 e aumento no 

imunoconteúdo do BDNF cortical no DE 20 (Mioranzza et al., 2014). Além disso, a 

administração de cafeína em ratos adolescentes (0,3 e 1 g/L) acarretou em um aumento 

tanto da forma imatura do BDNF quanto da sua forma madura, no hipocampo e córtex 

cerebral, que foi acompanhado de uma melhoria na memória de reconhecimento destes 

animais, demonstrando o envolvimento desta via de sinalização com possíveis 

alterações comportamentais em animais expostos a cafeína durante as fases iniciais do 

seu desenvolvimento (Ardais et al., 2014).  

Em relação aos efeitos da cafeína sobre as neurotrofinas em idades mais 

avançadas, foi demonstrado que a administração de cafeína em camundongos durante a 

vida adulta até o envelhecimento preveniu o declínio na memória de reconhecimento 

relacionado à idade e juntamente com um aumento nos níveis de BDNF e TrkB do 

hipocampo (Costa et al., 2008a). Além disso, a melhora da memória de reconhecimento 

após uma administração aguda de cafeína também foi acompanhada por um aumento no 

imunoconteúdo de BDNF (Costa et al., 2008b).  

É amplamente aceito que a formação da memória de longa duração (LTM) exige 

a participação de uma ampla maquinaria transcricional e translacional nos sistemas 

neuronais (Izquierdo e Medina, 1997; Viola et al., 2000). Neste contexto, o CREB 

(proteína de ligação de elemento de resposta cAMP), um fator de transcrição envolvido 

na formação de memória a longo prazo, é um mediador principal das respostas 

neuronais de BDNF (Finkbeiner et al., 1997) e é ativado no hipocampo durante a 

aprendizagem (Alonso et al., 2002; Finkbeiner; 1997; Yamada, 2003). As alterações da 

atividade do CREB foram documentadas em ratos envelhecidos (Asanuma et al., 1996). 
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Todas estas moléculas são conhecidas como sinais principais envolvidos na plasticidade 

neuronal, uma propriedade que é prejudicada com o envelhecimento (Silhol 2008). 

 

1.4.2. Proteína Ácida Fibrilar Glial (GFAP) no desenvolvimento 

A proteína ácida fibrilar glial (GFAP) é um dos principais filamentos 

intermediários (FI) expressos pela glia radial, astrócitos adultos e células-tronco neurais, 

juntamente com microtúbulos e microfilamentos, que compõem o citoesqueleto da 

maioria das células eucarióticas (Eng et al., 2000; Hol e Pekny, 2015; Mamber et al., 

2012; Middeldorp e Hol., 2011). Os FI adquiriram seu nome de sua forma filamentosa e 

seu diâmetro intermediário (8-12 nm) entre finos microfilamentos de actina (7 nm) e 

microtúbulos espessos (25 nm) (Middeldorp e Hol, 2011). 

A GFAP é importante na modulação do formato e motilidade dos astrócitos, 

proporcionando estabilidade estrutural para processos astrocíticos. Além disso, a GFAP 

pode ser utilizada com um parâmetro de lesão do SNC, visto que é induzido por danos 

cerebrais, como resultado de trauma, doença, distúrbios genéticos ou insulto químico ou 

ainda durante a neurodegeneração do SNC (Eng et al., 2000; Middeldorp e Hol, 2011). 

Nessas situações, os astrócitos tornam-se reativos e respondem de maneira típica, 

denominada astrogliose. A astrogliose é caracterizada por uma upregulation e rearranjo 

das FIs, acarretando numa síntese rápida de GFAP, vimentina, sinemina e nestina que 

formam um sistema altamente complexo (Hol e Pekny, 2015). Esta resposta ajuda a 

manejar o estresse agudo, limitar os danos aos tecidos/órgãos e restaurar a homeostase 

(Hol e Pekny, 2015). 

Os níveis de GFAP são detectados mais cedo em roedores do que em humanos, 

sendo que em humanos o surgimento se dá em torno de 13 semanas de gestação, 

enquanto que em animais surgem no período que corresponderia a 4-6 semanas 
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gestacionais humanas (Clancy et al., 2001) . A expressão de GFAP no cérebro de rato 

em desenvolvimento segue a progressão básica do desenvolvimento de glia e astrócitos 

radiais. Apesar de não estar claro a idade exata em que a expressão da proteína GFAP 

começa, estudos indicam que o RNAm da GFAP pode ser detectados no cérebro de 

ratos juntamente com o aparecimento da primeira glia radial, entre os dias embrionários 

9-11 (Fox et al., 2004; Götz e Barde, 2005). Os níveis de mRNA de GFAP nestes 

períodos iniciais são muito baixos, mas à medida que o desenvolvimento progride e a 

gliogenêse começa,  tornam-se abundantemente expressos. Foi demonstrado que a 

expressão de GFAP aumenta abruptamente até DPN 6, após há uma tendência a 

estabilização mas com um aumento progressivo até DPN 48 em hipocampo de ratos 

(Kim et al., 2011). A GFAP é primeiro expresso pela glia radial ao redor da zona 

ventricular telencefálica, no globo pálido medial e fimbria (Mamber et al., 2012). Após 

a gliogênese, os níveis de GFAP estabilizam no cérebro adulto, mas aumentam 

progressivamente durante o envelhecimento, provavelmente devido a danos oxidativos 

decorrentes da idade (Mamber et al., 2012; Middeldorp e Hol, 2011).  

 

1.4.3. Proteína Associada ao Sinaptossoma-25 (SNAP-25) no desenvolvimento 

A SNAP-25 (proteína associada ao sinaptossoma-25) é uma proteína do 

complexo SNARE (do inglês Soluble N-ethylmaleimidesensitive factor attachment 

protein receptor) que participa na regulação da exocitose das vesículas sinápticas 

(Corradini et al., 2009). As proteínas do complexo SNARE 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). A 

SNAP-25 é uma proteína ligada à membrana ancorada à superfície citosólica das 

membranas na região central da molécula, e contribui na formação do complexo 
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exocitótico de fusão juntamente com a sintaxina-1 e sinaptobrevina, que é necessário 

para a fusão das vesículas à membrana plasmática, mediando a liberação de 

neurotransmissores da membrana pré-sináptica para a fenda sináptica, necessário para 

plasticidade e sinaptogênese neuronal (Braun e Madison, 2000; Corradini et al., 2009; 

Jahn et al., 2003; Jahn e Scheller, 2006).  

Em relação ao desenvolvimento, a expressão da SNAP-25 já pode ser detectada 

no encéfalo de embriões de ratos de 18-20 dias, com um aumento linear até atingir uma 

estabilização aos 20 dias pós-natal, sendo que a sua fosforilação e consequente ativação 

ocorre somente no período pós-natal, a partir dos 4 dias de vida  (Kataoka et al., 2006; 

Oyler et al., 1989). Estudos anteriores demonstraram que a SNAP-25 teria participação 

no crescimento de neuritos, visto que quando a sua expressão foi inibida em neurônios 

corticais de ratos impediu a elongação dos mesmos (Hepp e Langley, 2001; Osen-Sand 

et al., 1993; Tang, 2001).  

A SNAP-25, expressa por neurônios no hipocampo, é necessária para a 

formação de memória a longo prazo e está associado à capacidade cognitiva (Gosso et 

al., 2006; Zhang et al 2014). Por exemplo, em animais que apresentavam uma super 

expressão desta proteína foi encontrado um atraso na aquisição da memória espacial e 

redução no tempo de freezing no teste de medo condicionado (McKee et al., 2010). Já a 

substituição de um único aminoácido na SNAP-25 (utilizando a tecnologia knock-in) em 

camundongos causou convulsões e promoveu fortes tendências ansiogênicas (Kataoka 

et al., 2011). Além disso, é importante destacar que a SNAP-25 também está envolvida 

na regulação da potenciação de longa duração (LTP) no hipocampo, uma forma de 

plasticidade sináptica que se acredita estar subjacente à aprendizagem e à memória 

(Martin et al., 2000). Sendo assim, torna-se interessante a caracterização dessa proteína 

nos diferentes estágios do desenvolvimento cerebral. 
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2. OBJETIVO GERAL 

Investigar o efeito do consumo de cafeína em diferentes fases da vida de ratos 

Wistar sobre parâmetros comportamentais e proteínas sinápticas importantes para o 

funcionamento do Sistema Nervoso Central.  

 

2.1. Objetivos Específicos 

1. Avaliar o impacto do consumo de cafeína durante o desenvolvimento do SNC 

em ratos púberes: 

- nos parâmetros de locomoção, memória e ansiedade; 

- no imunoconteúdo de proteínas sinápticas importantes nos processos de 

aprendizagem e memória (BDNF, pró-BDNF, GFAP e SNAP-25); 

- associar as alterações neuroquímicas com os achados comportamentais; 

- avaliar a influência do sexo nos parâmetros mencionados acima. 

 

2. Investigar os efeitos da administração crônica de cafeína em ratos adultos e de 

meia-idade: 

- no declínio cognitivo previsível associado à idade na memória de ratos de 

meia-idade;  

- nos possíveis efeitos da idade e da administração de cafeína sobre o 

imunoconteúdo hipocampal do BDNF pró-BDNF, TrkB, e CREB; 

- associar as alterações neuroquímicas com os possíveis prejuízos da memória 

decorrentes da idade. 
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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

http://crossmark.crossref.org/dialog/?doi=10.1016/j.neuint.2013.09.009&domain=pdf
http://dx.doi.org/10.1016/j.neuint.2013.09.009
mailto:loporciuncula@yahoo.com
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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



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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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
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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



598 L.O. Porciúncula et al. / Neurochemistry International 63 (2013) 594–609
(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



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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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
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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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Abstract 

Few studies have addressed the effects of caffeine in a sex dependent manner during 

puberty and/or adolescence. Considering that caffeine intake has grown in this 

population, we investigated the behavioral and synaptic proteins changes in pubescent 

male and female rats after maternal consumption of caffeine. Adult female Wistar rats 

started to receive caffeine in drinking water (0.1 and 0.3 g/L; low and moderate dose, 

respectively) during the active cycle in weekdays, two weeks before mating. The 

treatment lasted up to weaning (21 days) and offspring continued receiving caffeine 

until the onset of puberty (30-34 days old)in drinking water. Behavioral analysis and 

synaptic proteins levels (proBDNF, BDNF, GFAP and SNAP-25) were 

immunodetected in the hippocampus and cerebral cortex. In both sexes caffeine caused 

hyperlocomotion in the open field. Anxiety-related behavior was attenuated by caffeine 

(0.3 g/L) only in females. While moderate caffeine worsened recognition memory in 

females, an improvement for long-term memory in both doses was observed in male 

rats. In parallel with memory improvement in males, caffeine increased the density of 

pro- and BDNF in the hippocampus and cortex. Females presented increased proBDNF 

in both brain regions, and caffeine did not change its levels. While GFAP was not 

altered either by sex differences or caffeine treatment, moderate caffeine increased 

SNAP-25 in the cortex of female rats. Our findings revealed that caffeine differently 

affects recognition memory and emotionality in pubescent male and female rats. In 

addition, BDNF and related proteins have also changed in a sex dependent manner, 

suggesting an association with behavioral outcomes.   
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1. Introduction 

    Caffeine is classified as a psychostimulant drug, which at doses regularly consumed 

by population exerts its primary effects via non-selective antagonism of adenosine A1 

and A2A receptors (Einother and Giesbrecht, 2013; Fredholm et al., 1999). The 

prevalence of caffeine consumption is high in the adult population due to its ability to 

promote arousal, increase vigilance and improve attention and mental performance 

(Chen et al., 2014; Fredholm et al., 1999; Knight et al., 2004; Temple, 2009).  

It has been estimated that 97 % of women consume regularly caffeine before pregnancy 

and approximately 68 % will persist during this period (Chen et al., 2014; Doepker et 

al., 2016; Frary et al 2005; Knight et al 2004). Pregnant women and their fetuses are 

naturally vulnerable to potential harmful effects of caffeine because this methylxantine 

is metabolized by hepatic enzyme systems namely CYP1A2, whose expression and 

activity develops at postnatal periods (Leeder 2001). In addition, caffeine and its 

metabolites can easily cross placenta barrier and cellular membranes, including the fetal 

brain (Nehlig and Debry 1994; Parsons and Neims 1981; Soellner et al., 2009; Yu et al., 

2016). The exposure to caffeine during prenatal period has been associated with 

spontaneous abortion, prematurity and low birth weight (Fernandes et al., 1998; Hoyt et 

al., 2014; Weng et al., 2008). In addition, alterations in synaptic proteins essential for 

brain maturation have been reported by chronic exposure of caffeine during fetal and 

early postnatal brain development (Mioranzza et al., 2014; Sahir et al., 2000; Silva et 

al., 2013; for review see Porciúncula et al., 2013; Temple, 2009).   

Since other preclinical and even clinical studies have not reported long-term harmful 

effects of caffeine, the safety of caffeine intake during pregnancy and early periods of 

brain development is still controversial (Bakker et al 2010; Linn et al., 1982; Pollock et 

al., 2010; Savitz et al., 2008; Lynch et al, 2008; Yu et al 2016; see recent comment 
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Rutherford and Mayes, 2016). Of note, the vast majority of studies had been conducted 

with administrations to pregnant or lactating dams and the offspring undergoes testing 

at adulthood. This is particularly intriguing considering that children and adolescent 

population are still increasingly consuming caffeine from coffee, soda and energy drinks 

(Ahluwalia and Herrick, 2015). In fact, few studies have addressed the effects of 

caffeine in the pubertal and/or adolescent period (Ardais et al., 2014; O‘Neill et al., 

2016). Importantly, sex differences in the effects of caffeine are still scarce. Pre and 

postnatal caffeine exposure increases locomotion in adult male and female rats, 

decreases anxiety-related behavior and did not affect recognition memory in both sexes 

at moderate/high dose (Ardais et al., 2016). In the same study, caffeine withdrawal at 

weaning worsened recognition memory in adult females, and male rats showed 

increased locomotor activity (Ardais et al., 2016). In another study, caffeine during 

pregnancy caused memory impairment in both sexes in the adulthood, but only adult 

rats showed impaired spatial and recognition memory when caffeine was administered 

from pregnancy up to postnatal day 15 (Soellner et al., 2009). In a recent study, 

recognition memory was not affected in adolescent rats from both sexes exposed to 

caffeine, but males were less anxious than females in the light/dark test (Turgeon et al., 

2016).  

Recently, one study double blind, placebo-controlled dose–response design, 

investigated the developmental trajectory of sex differences in subjective responses in 

pre- and post pubertal boys and girls acutely treated with caffeine (Temple et al., 2015). 

The authors reported that girls showing greater changes in subjective responses after 

caffeine administration compared with boys, but also they varied as a function of 

pubertal stage and menstrual cycle phase.   
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As a part of normal brain development, synaptic density starts to increase during early 

childhood, peaking around the time of puberty and declines across adolescence into 

adulthood (Huttenlocher and Dabholkar, 1997; Glantz et al., 2007). Given that every 

stage of the brain development relies on precisely orchestrated process, each period may 

suffer alterations from external agents that can dramatically change its structure and 

function, reverberating for a lifetime. The puberty is a period of intense synaptic 

remodeling and of high vulnerability to psychoactive substances. In the present study, 

we investigated the behavioral outcomes and synaptic proteins changes in pubescent 

rats from both sexes that received caffeine since pregnancy. We hypothesized that 

caffeine would affect the behavior and synaptic proteins crucial for brain development 

in a sex selective manner. 

2. Materials and Methods 

2.1. Animals 

Adult Female Wistar rats (70 days old) were mated within our colony at Federal 

University of Rio Grande do Sul. Animals (adult female rats and their pups) were 

maintained under 12 hours light-dark-cycle (lights on at 7:00 AM), at constant 

temperature (22 ± 1 ºC) and with free access to food, water or caffeinated solution. All 

experimental procedures were designed to minimize the number of animals used and 

their suffering and were approved by the Committee on Ethics of Animal Experiments of 

the Federal University of Rio Grande do Sul (CEUA- UFRGS - Protocol number 

20332).  

 

2.2.Caffeine treatment  

Caffeine (0.1 or 0.3 g/L) was administered in the drinking water only during 

their active cycle (lights off at 7:00 PM), with doses regimen corresponding to low and 
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moderate caffeine intake (0.1 or 0.3 g/L), respectively, acting selectively on adenosine 

receptors (Fredholm et al., 1999; Ardais et al., 2016). The treatment started 15 days 

before mating and lasted throughout pregnancy and lactation. Tap water was available 

during the light cycle (lights on at 7:00 AM). After birth, pups received caffeine or tap 

water from dams throughout lactation. Pups were weaned at postnatal day 21 (PND 21) 

and they were kept at 3-4 rats per cage so that rats of the same litter and sex could be 

housed together. At PND 21, litters were separated by sex and divided into two groups: 

a) pups that received only tap water; b) pups that received caffeine in drinking water up 

to the onset of puberty (34 days old). The timeline summarizes the schedule of 

administration and the subsequent behavioral and synaptic proteins levels analysis (Fig. 

1). 

 

 

 

 

Fig. 1. Schematic overview of the experimental design. Female rats were habituated to caffeine solutions 15 days before mating. 

Caffeine was available during pregnancy and lactation. At the weaning day (PND 21) litters were separated by sex and divided into 

two groups: a) pups that received only tap water; b) pups that received caffeine up to the end of puberty (34 days old). Caffeine was 

available only during the active cycle of the animals (lights off 7:00 P.M). All behavioral tests were carried out between 7:00 A.M. 

and 12:00 P.M. WB—western blot. 

 

 

 

2.3.Behavioral analysis 

Behavioral analysis started when rats were 30 days old, which corresponds to the 

onset of puberty (Quinn, 2005; Spear, 2000). All behavioral tests were conducted in a 
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sound-attenuated room under low-intensity light (12 lux) and recorded by means of a 

computer-operated tracking system (Any-maze, Stoelting, Woods Dale, IL). All 

procedures were carried out during the first period of the light cycle (7:00 to 12:00 

AM), in which plasma levels of caffeine are still detected (Ardais et al., 2016).  

 

2.4.Open field  

The open field exposure was performed as previously described (Ardais et al., 

2014). Briefly, the open field apparatus consisted of a black-painted wooden box (50 x 

50 cm) surrounded by a 50 cm wall divided into two areas: center and periphery. 

Central zone was defined as a rectangular area 20 cm from the wall. Each rat was placed 

in the center of open field and the traveled distance in the areas was recorded during a 

single session of 10 minutes.  

 

2.5.Novel object recognition task 

The object recognition test was carried out 24 hours after an habituation session 

to open field apparatus, as previously described (Ardais et al., 2014). Rats first 

underwent a training session, in which two identical objects were placed near the two 

corners at either end of one side of the chamber. Rats were placed individually into the 

open field facing the center of the opposite wall and allowed to explore the objects for 5 

minutes. The test session was performed 90 minutes and 24 hours after training and two 

dissimilar objects were presented, a familiar and a novel one (Ardais et al., 2014; 

Bevins and Besheer, 2006). The exploration was defined by directing the nose to the 

object at a distance of at least 2 cm and/or touching the object with the nose or 

forepaws. Rearing onto object was not considered exploratory behavior. The 
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discrimination ratio was defined as: TN / (TN + TF), [TN = time spent exploring the 

novel object; TF = time spent exploring familiar object].  

 

2.6. Elevated plus maze  

The elevated plus maze, a pharmacologically validated apparatus for the 

measurement of anxiety in rodents (Johnston and File, 1991; Lister, 1987) was carried 

out as previously described (Ardais et al., 2014). The elevated plus-maze apparatus 

consisted of two open arms (30 cm × 5 cm) and two enclosed arms (30 cm × 5 cm × 10 

cm), arranged so that the two arms of each type are positioned oppositely, being 

separated by a central platform (5 cm × 5 cm). The height of the maze was 70 cm, and 

the experiments were conducted under dim red light in a quiet room. Each rat was 

placed in the center of the apparatus facing an open arm. The number of entries and 

time spent in each apparatus zone (closed and open area) were recorded during one 

single session of 5 minutes. The entries were recorded when rats have entered with their 

four paws in each arm.   

 

2.7. Western blot 

Twenty-four hours after the end of behavioral tests, rats were sacrificed under 

anesthesia. The whole hippocampi and cerebral cortex were dissected out and 

immediately homogenized in a 5 % SDS solution containing a protease and phosphatase 

inhibitor cocktail (Sigma, São Paulo/SP, Brazil), and frozen at -20 ºC. After defrost, the 

protein content was determined using the bicinchoninic acid assay (BCA, Pierce, São 

Paulo, Brazil). The extracts were diluted at a final protein concentration of 2 μg/μL in 

sample buffer and either 20 μg (cerebral cortex) or 50 μg (hippocampus) for GFAP and 

SNAP-25 and 80 μg of protein for proBDNF and BDNF were applied along with pre-
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stained molecular weight standards (Bio-Rad, São Paulo, Brazil) for SDS-PAGE 

analysis using 8 or 12 % running gel at a 4 % concentrating gel. After electro-transfer, 

membranes were blocked with Tris-buffered saline containing 0.1 % Tween-20 and 3 % 

bovine serum albumin (BSA) for 1 hour. The nitrocellulose membranes (Amersham, 

São Paulo, Brazil) were then incubated overnight at 4 °C with rabbit anti-GFAP 

antibody (1:2000; Sigma), rabbit anti-SNAP-25 antibody (1:5000; Sigma), mouse anti-

proBDNF (1:2000; Abcam, São Paulo, Brazil) or mouse anti-BDNF (1:1000; Santa 

Cruz Biotechnologies, São Paulo, Brazil). The membranes were washed and incubated 

with horseradish peroxidase-conjugated secondary antibodies for 1 hour at room 

temperature and developed with chemiluminescence ECL kit (Amersham, São Paulo, 

Brazil). Densitometric analyses were performed using NIH ImageJ software. β-Tubulin 

was used as loading control and was quantified using a mouse anti-β-tubulin antibody 

(1:4000; Santa Cruz Biotechnologies, São Paulo, Brazil), as described above. 

 

2.8. Statistical analysis  

Data were analyzed by using One-way ANOVA followed by Tukey Multiple 

Comparison Test. Unpaired t-test was used to compare differences between sexes. 

Paired t-test was used to compare training and test sessions within groups in the object 

recognition task. Data are expressed as means ± SEM and differences were considered 

for P < 0.05.  

 

3. Results 

3.1.Open Field Analysis  

Sex differences in the water group were found for total traveled distance (t = 

2.183; P < 0.05) and traveled distance in the central zone (t = 2.511; P < 0.05) (Fig. 2). 



69 
 

In male rats, both total traveled distance [F (2,46) = 7.123; P < 0.01] and distance 

traveled in the peripheral zone [F (2,46) = 8.949; P < 0.001] were increased by caffeine 

at 0.3 g/L (Fig. 3). In female rats, both doses of caffeine also caused a similar increase 

in the total traveled distance [F (2,53) = 5.026; P < 0.01] and in the peripheral zone [F 

(2,53) = 4.722; P < 0.05] (Fig. 3).  

 
 

Fig. 2. Sex differences in the locomotor activity displayed by pubescent male and female rats receiving water. Panels show the 

traveled distance in meters (m) in each area of the open field apparatus during 10 minutes. (A) Total traveled distance); (B) traveled 
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distance in the center; (C) traveled distance in the periphery. Data are means ± S.E.M (n = 20-25 animals per group). # P< 0.05; 

(Unpaired t-test). 

 

 
 

Fig. 3. Sex differences in the locomotor activity displayed by pubescent male and female rats treated with caffeine (0.1 and 0.3 g/L) 

or water. Panels show the traveled distance in meters (m) in the open field apparatus during 10 minutes. (A) Total traveled distance 

(m); (B) traveled distance in the center of the open field; (C) traveled distance in the periphery. Data are means ± S.E.M (n = 11-25 

animals per group). *P< 0.05 – different from the water group with the same sex (One-way ANOVA, Tukey‘s post hoc test). # P< 

0.05 (Unpaired t-test). 

 

3.2. Novel object recognition task 

Recognition memory was assessed by the novel object recognition task. No 

differences were found between training and test session in male rats in the water group. 

However, a paired t-test revealed significant effect of trials when long-term memory (t 

= 2.125; P < 0.05) was assessed in female rats in the water group, presenting a 
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worsening performance. In male rats, caffeine improved long-term memory at low (0.1 

g/L: t = 3.015; P < 0.05) and moderate doses (0.3 g/L: t = 3.349; P < 0.01) (Fig. 4). No 

alteration was found in the object recognition task performance of for female rats that 

consumed caffeine at 0.1 g/L (Fig. 4). However, female rats consuming caffeine at 0.3 

g/L presented impairment for long-term memory (Fig. 4).  

 
 

 

Fig. 4. Performance of the object recognition task for pubescent male and female rats treated with caffeine (0.1 and 0.3 g/L) or 

water. Panels show the discrimination ratio in the training (brown/purple bars), test session 90 minutes later (light grey bars) or 24 

hours later (dark grey bars). Data are means ± S.E.M. of the discrimination ratio (n = 10–24 animals). *P < 0.05 - differences 

between training and test sessions (Paired t-test). 
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3.3. Elevated plus maze 

The effects of low (0.1 g/L) and moderate (0.3 g/L) doses of caffeine on anxiety-

related behavior were evaluated in the elevated plus maze. No differences between 

sexes were found in all parameters analyzed (Fig 5). Caffeine was devoid of effects in 

male rats (Fig 5). However, caffeine at 0.3 g/L increased in both the time spent [F (2,45) 

= 3.341; P < 0.05] and the number of entries in the open arms [F (2,45) = 5.343; P < 

0.01] in female rats. Caffeine at 0.1 g/L decreased the number of entries in the closed 

arms in female rats [F (2,44) = 4.496; P < 0.05] (Fig 5). 

 
 

 

Fig. 5. Anxiety-related behavior in the elevated plus maze displayed by pubescent male and female rats treated with caffeine (0.1 

and 0.3 g/L) or water. (A and B) - number of entries and time spent in the open and closed arms for pubescent male rats; (C and D) -

number of entries and time spent in the open and closed arms for pubescent female rats. Data are represented as means ± S.E.M. of 

the time spent in seconds (s) (n = 11–25 animals). *P < 0.05 - differences between water and caffeine groups (One-way ANOVA, 

Tukey‘s post hoc test). 
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3.4. Immunodetection of proteins in the hippocampus and cerebral cortex 

3.4.1. BDNF and proBDNF  

Sex differences in the water groups were found for proBDNF levels, with female 

rats presenting an increase in both hippocampus (t = 2.222; P < 0.05) and cerebral 

cortex (t = 2.343; P < 0.05)(Fig. 6A and 7A) when compared to males. Males that 

received caffeine (0.3 g/L) presented increased levels of proBDNF and BDNF in the 

hippocampus [F (2,14) = 3.882; P < 0.05; F (2,14) = 4.621; P < 0.05, respectively], 

while no differences were found for both brain regions in female rats (Fig. 6B and D). 

In addition, both tested doses of caffeine increased proBDNF and BDNF in the cortex 

of male rats [F (2,16)= 8.919; P < 0.01; F (2,15)= 10.59; P < 0.01, respectively] (Fig. 

7B and D). In female rats, only the lowest dose of caffeine increased proBDNF in the 

cerebral cortex [F(2,16) = 6.917; P < 0.01], with no effect in the BDNF levels (Fig. 7B 

and D).  



74 
 

 
 

 

Fig. 6. The immunocontent of proBDNF and BDNF in the hippocampus from pubescent male and female rats treated with caffeine 

(0.1 and 0.3 g/L) or water. 

(A and C) – sex differences in the proBDNF and BDNF levels from hippocampus of water groups; *P < 0.05; (Unpaired- t test). (B 

and D) - proBDNF and BDNF levels from hippocampus of water and caffeine-treated groups. Data are represented as means ± 

S.E.M (n = 6–7 animals per group) of density unit lines (normalized by β-tubulin). At the top of each graphic are representative 

bands for all proteins.  

*P < 0.05 - different from the water group (One-way ANOVA, Tukey‘s post hoc test).  
#
P < 0.05; (Unpaired- t test). 
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Fig. 7. The immunocontent of proBDNF and BDNF in the cerebral cortex from pubescent male and female rats treated with caffeine 

(0.1 and 0.3 g/L) or water. 

(A and C) - sex differences in the proBDNF and BDNF from hippocampus of water groups; *P < 0.05; (Unpaired- t test). (B and D) 

- proBDNF and BDNF levels from cortex of water and caffeine-treated groups. Data are represented as means ± S.E.M (n = 6–7 

animals per group) of density unit lines (normalized by β-tubulin). At the top of each graphic are representative bands for all 

proteins. *P < 0.05 - different from the water group (One-way ANOVA, Tukey‘s post hoc test).  

 

3.4.2. GFAP and SNAP-25 

 The GFAP levels were not modified either by sex or caffeine treatment (Fig. 8). 

In addition, SNAP-25 levels were similar in both sexes in the hippocampus and cerebral 

cortex (Fig. 9 A and C). Caffeine (0.3 g/L) increased SNAP-25 levels in the cerebral 

cortex from female rats [F(2,15) = 8.554; P < 0.01](Fig. 9 D).  
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Fig. 8. The immunocontent of GFAP in the hippocampus and cerebral cortex from juvenile male and female rats treated with 

caffeine (0.1 and 0.3 g/L).  

Sex differences in the GFAP levels from hippocampus (A) and cortex (C) of water groups. GFAP levels from hippocampus (B) and 

cortex (D) of water and caffeine-treated groups. Data are represented as means ± S.E.M (n = 6–7 animals per group) of density unit 

lines (normalized by β-tubulin). At the top of each graphic are representative bands for all proteins. 
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Fig. 9. The immunocontent of SNAP-25 in the hippocampus and cerebral cortex from pubescent male and female rats treated with 

caffeine (0.1 and 0.3 g/L) or water. 

Sex differences in the SNAP-25 levels from hippocampus (A) and cortex (C) of water groups. SNAP-25 levels from hippocampus 

(B) and cortex (D) of water and caffeine-treated groups. Data are represented as means ± S.E.M (n = 6–7 animals per group) of 

density unit lines (normalized by β-tubulin). At the top of each graphic are representative bands for all proteins. *P < 0.05 - different 

from the water group (One-way ANOVA, Tukey‘s post hoc test). 

 

4. Discussion 

 In this study, the effects of caffeine in pubescent male and female rats exposed 

during pre and postnatal period were evaluated on locomotor activity, recognition 

memory and anxiety-like behavior. In parallel, a set of synaptic proteins was assessed in 

the hippocampus and cerebral cortex.  

Locomotor activity 

Rodents at different ages tend to avoid central areas of a new environment and 

explore preferentially perimeters of a novel environment, a behavior called thigmotaxis 

(Bogdanov et al., 2013; Lamprea et al., 2008; Treit and Fundytus, 1988). Based on this 
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premise, time spent and traveled distance in the central zone are used as an indicative of 

anxiety behavior, while the same parameters in the periphery are interpreted as 

locomotor activity (Prut and Belzung, 2003). Thus, pubescent females showed 

hyperlocomotion and attenuated anxiety in the open field, which is in line with other 

reports at different ages (Ardais et al., 2016; Brotto et al., 2000; Brown and Nemes, 

2008; Frye and Walf, 2002; Hughes and Beveridge, 1990; Padilha et al., 2009; Simpson 

and Kelly, 2012).      

Caffeine usually shows biphasic effects on locomotion in adult animals, with 

lower doses promoting increases and higher doses decreasing the locomotor activity (El 

Yacoubi et al., 2000; Fisone et al., 2004; Marin et al., 2011; Wise, 1988). It can be 

noted that hyperlocomotion in females was observed at both doses, while in males at 

moderate dose of caffeine. Caffeine, at doses achieved in normal human consumption, 

is likely to exert its primary effects through the antagonism of adenosine receptors, 

specially through A1 and A2A receptors (Fredholm, 1999).  According to the study 

conducted by El Yacoubi et al. (2000) the stimulant effect of low doses of caffeine 

could be explained by A2A receptor blockade while the depressant effect seen at higher 

doses may be associated to A1 receptor blockade. Psychomotor stimulant properties also 

occur in response to other psychostimulants, such as amphetamine, nicotine or cocaine 

(Caldarone et al., 2008; Catlow and  Kirstein, 2005; Dietrich et al., 2004; Mori et al., 

2004; Schmidt et al., 2010). Notably, females were more responsive to caffeine, since 

they respond to the lowest dose, while only the highest dose were capable to alter 

locomotor activity in male rats. These findings may be associated to the well established 

difference between sex response to drug abuse, being females more vulnerable than 

males (Anker and Carroll 2011; Becker and Hu 2008). Therefore the present results are 

in accordance with the body of literature that point to a role of caffeine and other 
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psychostimulants on locomotor activity. 

Anxiety-related behavior 

It is relatively established that female rodents are less anxious and fearful than 

males (Archer, 1975; see recent comments in Shansky and Wooley, 2016), and this 

pattern of emotionality may already be observed in earlier periods of brain 

development. Pubescent females were less anxious than males in the open field, but 

both sexes showed similar behavior in the elevated plus maze, as previously noted 

(Estanislau and Morato, 2006). Pre and postnatal moderate caffeine attenuated anxiety 

in the elevated plus maze only in pubescent females, with no effect observed for both 

sexes in the open field. Interestingly, only adult female rats exposed to low, moderate 

and high caffeine since prenatal period were less anxious in the open field, and at high 

dose both sexes showed attenuated anxiety in the elevated plus maze (Ardais et al., 

2016). In the same study, caffeine treatment interrupted at weaning did not alter anxiety 

behavior in the adulthood of both sexes in the elevated plus maze. Apart from 

differences in the responsiveness to apparatuses, the classical anxiogenic effects of 

caffeine seem to be more evident in later periods of brain development (Bhattacharya et 

al., 1997; Noschang et al., 2009; Pechlivanova et al., 2012). For example, male rats 

receiving caffeine during throughout adolescence period have already showed an 

exacerbation of anxiety at low and moderate doses (Ardais et al., 2014; O‘Neill et al., 

2016).  

Recognition memory 

Another important sex difference was found for recognition memory. We have 

already reported that adolescent male rats had poor performance in the object 

recognition task (Ardais et al., 2014). In this study, pubescent females presented a better 

performance in the object recognition task for long-term memory (LTM), and both 
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sexes displayed worsened recognition memory when short-term memory (STM) was 

evaluated. Age differences have been described for the object recognition task, with 

younger rats presenting a decrement compared to adults (Anderson et al., 2004; Reger et 

al., 2009), probably due to the relatively slow maturation at this time of brain 

development of the neural circuits involved in recognition memory (Bachevalier and 

Beauregard, 1993). Furthermore, it has been demonstrated that sex hormones exert 

influence in distinct brain areas involved in learning and memory (Duarte-Guterman et 

al., 2015; Hamson et al., 2016; Sánchez-Andrade and Kendrick, 2011). 

Of note, caffeine differently affected memory according to the sex, being 

pubescent males most benefited by improvements in the recognition memory, similar to 

previous findings in adolescent male rats (Ardais et al., 2014), whereas pubescent 

females presented a worsened recognition memory at moderate dose. Likewise, adult 

females exposed since prenatal period have also showed impairment in the recognition 

memory when caffeine treatment was interrupted at weaning (Ardais et al., 2016). In the 

same study, recognition memory was not affected in adult male and female rats exposed 

continuously to caffeine since prenatal period (Ardais et al., 2016). It becomes 

increasingly clear that beyond sex differences, there is a time window of brain 

development in which caffeine affects permanently some types of memory. For 

example, adult male and female rats exposed to caffeine either gestation and/or lactation 

showed impaired memory in different tasks (Silva et al., 2013; Soellner et al., 2009). 

Furthermore, sexual dimorphism in the adult brain are originated from effects of the 

sexual hormones during specific time windows of development, which include the late 

embryonic period to the first postnatal weeks, revealing that the influence of sex 

hormones occurs even before birth (Colciago et al., 2015). 

Synaptic proteins levels 
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Caffeine has altered the levels of BDNF in association with behavioral outcomes 

at different ages (Costa et al., 2008a,b; Ardais et al., 2014; Sallaberry et al., 2013). 

Thus, in order to find some association between behavioral outcomes and sex 

differences by caffeine treatment, BDNF and related proteins were analyzed in the 

hippocampus and cerebral cortex. BDNF is synthesized as the proneurotrophin 

proBDNF (Lu et al., 2005) and its signaling is essential for recognition memory 

(Callaghan and Kelly, 2012; Greenberg et al., 2009). 

Regarding the sex differences, pubescent female rats presented increased 

proBDNF, but not BDNF, suggesting that the proneurotrophin was not necessarily 

converted into the mature form. These differences between pro- and BDNF have been 

particularly evident in females during brain development, in which higher levels of 

proBDNF gradually decrease, while BDNF increases after puberty (Harte-Hargrove et 

al., 2013; Yang et al., 2009). Importantly, estrogen may regulate BDNF expression via 

an estrogen-sensitive response element in the BDNF gene (Sohrabji et al., 1995).  

Coincident with the increase in both proBDNF and BDNF in the hippocampus, 

caffeine restored recognition long-term memory in pubescent male rats. It is plausible 

that both events are associated since BDNF signaling is essential for recognition long-

term memory (Callaghan and Kelly, 2012; 2013; Greenberg et al., 2009), an association 

between both events might have occurred.  Importantly, proBDNF is not only an 

inactive precursor of BDNF, but a signaling protein with specific functions (Lu et al., 

2005). 

    The expression of GFAP abruptly increases until PND 6, then stabilized but 

increased progressively until PND 48 in the hippocampus (Kim et al., 2011). Caffeine 

during postnatal period promotes decreases in the GFAP at different ages during 

development of the hippocampus and neocortex (Desfrere et al., 2007), which also 
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include decreases in these brain areas from adolescent male rats treated only during this 

period (Ardais et al., 2014). Differently from adult males, but not females, pre and 

postnatal caffeine treatment did not modify GFAP in both brain areas (Ardais et al., 

2016), suggesting that GFAP may not be involved in these behavioral outcomes in the 

puberty. 

    The synaptosomal protein of 25 kDa (SNAP-25) is a crucial component of the 

ternary soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) 

complex, the minimal machinery required for vesicle exocytosis. There is substantial 

evidence that alterations in the SNAP-25 levels are associated with cognitive 

impairment, hyperactivity and exacerbation of anxiety-related behaviors (Hess et al., 

1996; Kataoka et al., 2011; Braida et al., 2015). Since moderate caffeine increased 

cortical SNAP-25 only in pubescent female rats, this increase might be associated with 

worsened recognition memory and less anxiety behavior, two behavioral outcomes 

found exclusively in females. Although most studies collectively suggest that reduced 

levels of SNAP-25 may contribute to the cognitive impaiment and anxiety, one study 

showed memory impairment in young adult rats after overexepression and activity of 

SNAP-25 induced by infusion of a recombinant adeno-associated virus vector (McKee 

et al., 2010). While pubescent male rats treated with caffeine showed normal SNAP-25 

levels, adolescent male rats showed exacerbated anxiety and decreased cortical SNAP-

25 after caffeine treatment (Ardais et al., 2014). Additionally, both sexes that received 

caffeine since prenatal period showed attenuated anxiety in the adulthood at high dose 

of caffeine, but only males had increased levels of cortical SNAP-25 (Ardais et al., 

2016).  

Over the last years, there is a growing body of evidence pointing to the impact of 

caffeine consumption at different phases of brain development. While pubescent male 
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rats were more benefited to the cognitive improvements afforded by caffeine than 

females, the anxiolytic effects of caffeine were observed in females. Regarding to the 

differences between sexes in drugs responses females are more vulnerable than males 

(Anker and Carroll, 2011; Becker and Hu, 2008). Our study tried to contribute not only 

for the knowledge about the effects of caffeine in the puberty, but also to be in line with 

the rationale for incorporating Sex as a Biological Variable (SABV) in current 

investigations (Shansky and Wooley, 2016). The knowledge of the impact of this 

psychostimulant, according to the sex in the immature brain is crucial to establish the 

safety dose. 
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Abstract 

Beneficial effects of caffeine on memory processes have been observed in  animal 

models relevant to neurodegenerative diseases and aging, although  the underlying 

mechanisms remain unknown. Because brain-derived neurotrophic factor (BDNF) is 

associated with memory formation and BDNF‘s actions are modulated by adenosine 

receptors, the molecular targets for the psychostimulant actions of caffeine, we here 

compare the effects of chronic caffeine (1 mg/mL drinking solution for 30 days) on 

short- and long term memory and on  levels of hippocampal proBDNF, mature BDNF, 

TrkB and CREB in young (3 month old) and  middle-aged (12 month  old) rats. 

Caffeine treatment  substantially reduced  i)  age-related impairments  in   the  two  

types of   memory  in   an   inhibitory  avoidance paradigm,  and  ii)   parallel increases 

in   hippocampal  BDNF  levels.  In addition, chronic  caffeine increased  proBDNF and  

CREB concentrations, and decreased TrkB  levels, in  hippocampus regardless of  age.  

These data provide new evidence in favor of the hypothesis that modifications in BDNF 

and related proteins in the hippocampus contribute to the pro-cognitive effects of 

caffeine on age-associated losses in memory encoding. 

This article is part of a Special Issue entitled ‗Cognitive Enhancers‘. 

Keywords: Aging, Caffeine, Memory, BDNF, TrkB 
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1. Introduction 

The steady increase in  human life  expectancy has  been paralleled  by  

increasing concern with  the  prevalence of  dementia, likewise  rising  substantially  

worldwide.  These worries  extend beyond the diseases that are  prevalent in the elderly, 

such as Alzheimer‘s disease (AD), for it is now recognized that the pathological 

processes that lead to  dementia start decades before its  clinical manifestations 

(Eskelinen et  al.,  2009;  Kivipelto et  al.,  2006; Nooyens et al., 2011). The  mild 

memory deficits commonly experienced by aging people, also referred to as age-

associated memory impairment (Crook   et al.,  1986;  Rosenzweig and  Barnes, 2003), 

have important socio-economic costs in  contemporary society. To date there is  no   

curative treatment  to  alleviate age-associated memory  impairment  or   dementia-

producing diseases, emphasizing the relevance of preventive strategies that could be 

adopted before  or   throughout  middle age.   In this context, a series of epidemiological 

studies including small case-control (Maia and de Mendonça, 2002), prospective 

(Eskelinen et al., 2009; Ritchie et al., 2007) and longitudinal studies (Jarvis, 1993; 

Johnson-Kozlow et al., 2002) demonstrated that caffeine intake prevents and/or delays 

the onset of  age-related  cognitive decline. In  agreement with these clinical  

observations,  a   series  of   experiments  have  produced evidence  that   chronic  

caffeine  ameliorates  both   age-related memory decline (Costa et al.,  2008a; Prediger 

et al.,  2005) and neurodegeneration (Arendash et al.,  2006; Dall‘Igna  et al.,  2003, 

2007) in experimental models of aging and AD.  

The mode of action of caffeine is complex, including inhibition of  

phosphodiesterases, antagonism of  GABAA and adenosine receptors, and sensitization 

of  induced calcium release through ryanodine-sensitive  channels  (Daly,   2007;  Stone   

et  al.,  2009). Nevertheless,  it  is  now generally accepted that  the  adenosine receptors 
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are  the primary extracellular targets of caffeine, where it acts  as a competitive 

antagonist at A1 and A2A adenosine receptors and thus diminishes endogenous 

adenosinergic tone (Chen et al., 2010; Fredholm  et al.,  1999; Fredholm,  2011).  The  

G-protein- coupled A1, A2A, A2B, and A3 adenosine receptors are  key  in  the 

pathways  that  make  adenosine  an   important  central  nervous system (CNS)  

modulator  (Fredholm  et al.,  2011; Sebastião and Ribeiro, 2009), and A1 and A2A are  

thought to  play  a major role in  the neuroprotective effects of caffeine (Cunha, 2005; 

Fredholm et al., 2003). 

Brain-derived neurotrophic factor (BDNF), a neurotrophin generated by 

proteolytic cleavage of proBDNF, along with its high- affinity receptor tyrosine kinase 

B (TrkB) are thought to be essential in    the   regulation  of    neuronal   survival  and   

differentiation (Greenberg et al., 2009; Pollock et al., 2001; Teng  et al., 2005). The 

ultimate fates of intracellular proneurotrophins include: intracellular cleavage followed 

by secretion, secretion followed by extra-cellular cleavage, secretion without 

subsequent cleavage, or rapid intracellular conversion to mature BDNF (Matsumoto et 

al., 2008; Lu et al., 2005; Yang et al., 2009). Considerable evidence indicates that 

released, uncleaved proBDNF enhances long-term depression (LTD) through the 

receptor p75NTR and leads to apoptosis (Barnes and Thomas, 2008; Lee and Chao,  

2001; Rösch  et al., 2005; Woo et al.,  2005) while released BDNF inhibits long-term 

depression (LTD), and contributes to cell survival (Lu et al., 2005). However, the extent 

to which BDNF is released in its pro-form and then cleaved extracellularly to the mature 

form has been disputed (Matsumoto et al., 2008). Additionally BDNF, via TrkB 

receptor activation, promotes long-term potentiation (LTP) in the hippocampus (Chen et 

al., 1999, 2010b; Figurov et al., 1996; Kang et al., 1997; Pang et al., 2004). In  

particular,  BDNF-driven signaling  is  critical  for synaptic plasticity, learning activity 
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and memory processing in the adult brain (Alonso et al.,  2002; Chen  et al.,  2010b; 

Tyler  et al., 2002), including the  persistence  of  inhibitory  avoidance  long- term 

memory in rats (Bekinschtein et al., 2007, 2008). 

Changes in BDNF levels and/or the expression of TrkB have been identified 

during normal aging and AD, and decreases in  BDNF expression have been associated 

with neuronal atrophy and/or death (Silhol et al., 2008; Tapia-Arancibia et al., 2008). In 

aging rats, LTP induction by weaker (but not high-frequency) stimulus releases BDNF 

accompanied by  an   enhancement in  the LTP  magnitude (Balkowiec and Katz,  2002; 

Gärtner and Staiger,  2002; Rex et al., 2005). In addition, it  has  been shown that 

endogenous BDNF is required for  LTP in aged rats, along with adenosine A2A 

receptors (Diógenes et al., 2011). 

In accord with the possibility that caffeine‘s effects on cognition are linked to 

the regulation of neurotrophins, it has  been reported that caffeine administration to  

mice from adulthood  to  old  age prevents age-associated declines in object recognition 

memory, and increases hippocampus levels of BDNF and TrkB (Costa et al., 2008a). 

In addition, the enhancement by acute caffeine of novel object recognition  

memory  in   adult  mice  was  also   accompanied  by increases in BDNF 

immunocontent (Costa et al., 2008b). 

While acute caffeine is  reported to  reverse social recognition and olfactory 

memory deficits in 12 and 18 month old rats (Prediger et al., 2005), studies evaluating 

the effects of chronic administration in  age-associated impairments of emotional 

memory are  lacking. The purpose of the present study was to investigate whether 

chronic caffeine alters the predictable age-associated decline in inhibitory avoidance 

memory in middle-aged rats, mimicking physiological aging. The study was conducted 
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using young adult (3 month old)  and middle-aged (12  month old)  rats, and included 

assessments of changes in hippocampal proBDNF,  BDNF, TrkB, and CREB 

immunocontent. 

2.   Material and methods 

2.1.    Animals 

Young  adult (3  month old) and middle-aged (12 month old) male Wistar rats from our own 

breeding colony were used in the study.  All  efforts were made to minimize animal suffering and reduce 

the number of  subjects. The   project was approved by the ethical committee of the Universidade Federal 

do Rio Grande do Sul and experimental procedures were performed according to the NIH  Guide for  

Care and Use  of Laboratory Animals as well as the Brazilian Society for  Neuroscience and Behavior 

recommendations  for  animal care. Animals were maintained in standard animal housing conditions, on a 

12-h light/dark cycle (lights on at 7:00 a.m.), five/ cage, with food and water ad libitum. All behavioral 

tests were performed between 8:00 a.m. and 5:00 p.m. 

2.2.    Caffeine administration 

Young  adult and middle-aged rats were given access to drinking bottles containing either 1 

mg/mL caffeine solution or tap water during 30 consecutive days; the caffeine solution was prepared 

daily and bottles refilled between 6:00 and 7:00 p.m.. This treatment regimen is thought to correspond to 

a moderate caffeine intake in humans, with meaningful effects believed to be restricted to adenosine 

receptors (Fredholm et al., 1999; Quarta et al., 2004). 

2.3.    Locomotion 

The open field test is widely used for assessing locomotion and exploratory activities in rodents. 

The apparatus consisted of black-painted Plexiglas measuring 50 x    50 cm, surrounded by  50 cm high 

walls. The experiments were conducted in a sound-attenuated room under low-intensity light. Each rat 

was placed in the center of the arena and the distance traveled was recorded during 5 min. The experiment 

was video recorded from above the arena, and monitored in an adjacent room  by   an  observer blind to  

treatments.   The analysis was  performed  using a computer-operated tracking system (Any-maze, 

Stoelting, Woods Dale, IL). 
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2.4.    Inhibitory avoidance 

The     inhibitory   avoidance   training   apparatus    was   an   acrylic   box   of 50 x 25 x 25 cm, 

with a formica platform (7 x 2.5 x 4 cm) fixed at the left end of the grid floor (parallel stainless steel bars, 

1 mm diameter, spaced 1 cm apart). Rats were habituated to the room 1 h before starting experiments. In 

the training session, rats were placed on the platform and the latency to step-down onto the floor with all 

four paws was measured with an automatic device; immediately after stepping-down rats received a 0.5  

mA  scrambled footshock for  2 s, and were at once returned to their home cage. Test sessions were 

performed 90 min (short term memory, STM) or 24 h (long term memory, LTM) later with the same 

procedure, except that no shock was administered after stepping down; an upper cut-off time was set at 

180 s. The drinking bottles (with water or caffeine) were available between test sessions. The same 

animals were tested for STM and LTM;  potential reminder effects that could affect LTM were previously 

ruled out (Cammarota et al., 2007). 

2.5.    Immunoblotting 

Immediately after the last inhibitory avoidance test session rats were sacrificed by decapitation;  

the  whole  hippocampus was  dissected out  and  immediately homogenized in 5% SDS  with a protease 

inhibitor cocktail (Sigma, São  Paulo, SP/ Brazil). Homogenates  were frozen and kept at -70°C. After 

defrosting, the protein content was determined by  bicinchoninic acid assay (BCA from Pierce, São  

Paulo/ Brazil), using bovine serum albumin (BSA) as standard. Hippocampus extracts were diluted to a 

final protein concentration of 2 mg/ml in SDS-PAGE buffer and 80 mg (for pro-BDNF and BDNF)  or 40 

mg  (for CREB and TrkB)  of  protein and dualcolor pre- stained  molecular weight  standards  were  

separated  by   SDS-PAGE.  BDNF  and proBDNF were separated at 14% while TrkB and CREB at 8% 

resolving gel; all samples were run at 4% concentrating gel.  After electro-transfer, the membranes were 

incu- bated for  1 h at room temperature with Tris-buffered saline 0.1% Tween-20 (TBS-T) containing 

5% BSA. After blocking, the membranes were incubated overnight at 4   C with  mouse  anti-BDNF 

antibody  (1: 1000, Sigma, São  Paulo, Brazil), mouse anti- proBDNF antibody (1: 500, Sigma, São  

Paulo, Brazil), or rabbit anti-TrkB antibody (1: 1000; Upstate Cell Signaling, São  Paulo/Brazil), or rabbit 

anti-CREB (1: 1000, Cell Signaling, São  Paulo/Brazil). As an additional control for protein loading, 

membranes were incubated with mouse anti-#-actin antibody (1: 2000; Santa Cruz, São  Paulo/ Brazil), 

mouse anti-tubulin (1: 3000; Santa Cruz, São  Paulo/Brazil) or mouse anti- GAPDH  (1: 2000; Chemicon, 
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São  Paulo/Brazil). Membranes were also stained with Ponceau S. After incubation with primary 

antibodies, membranes were washed and incubated with horseradish-peroxidase conjugated secondary 

antibodies for 1 e 2h at room temperature and developed with ECL kit (Amersham, São  Paulo/Brazil). 

The autoradiography films were scanned and densitometry analyses performed by using the 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/). 

2.6.    Statistics 

Open field and immunoblotting data are expressed as  means  ±   SEM  and were analyzed by  

two-way ANOVA, with treatments (caffeine or drinking water) versus age as   factors. For   inhibitory 

avoidance, step-down  latencies are  expressed  as medians (interquartile ranges). Differences between 

training and test latencies were analyzed by Wilcoxon, and KruskaleWallis followed by Dunn‘s multiple 

comparison test was used to compare treatments. GraphPad Prism 5 (GraphPad Software, San Diego,  CA  

USA)   was used  for   these  analyses and  significant differences were considered where p < 0.05. 

3.  Results 

Though no significant differences were found in the locomotor activity of rats 

treated with caffeine or  water,  two-way ANOVA revealed a significant effect of age  

[F (1,57) = 25.33; p < 0.0001] (Fig. 1), with middle-aged rats being less active than 

young adult animals regardless of treatment. 
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Figure 1. Effects of 30 days caffeine (1 mg/mL) in spontaneous locomotion of adult and middle-aged 

rats.  Data expressed as media + S.E.M. of the traveled distance in meters (n = 13-16).  #P < 0.05, denotes 
a significant difference between middle-aged and adult rats (two-way ANOVA). 

 

Data from the inhibitory avoidance task are presented in Fig. 2. Of note, despite 

the aforementioned decrease in locomotion, no differences were found in training 

session latencies regardless of age and/or treatments (p = 0.84). Caffeine did not modify 

either the short- or the long-term step down avoidance memory performance of young 

rats. The control (water) middle-aged animals had a clear loss of short-term memory (p 

= 0.50; training vs. test scores), and a significant  deficit  of  long-term  memory  when  

compared  to control young adult rats (p = 0.008); no such decline was observed in the 

caffeine treated middle-aged rats. 
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Figure 2. Effects of 30 days (1 mg/mL) caffeine intake on short and long term memories in the step down 

inhibitory avoidance. Results are expressed as median and interquartile range (n = 13–16).  *P < 0.05, 

differences between latencies of training and test session (Wilcoxon). #P < 0.05, denotes significant 

differences between middle-aged and adult rats.  

Immunoblotting analysis for  BDNF revealed a significant effect of  age  

[F(1,31) =  5.98; p  =  0.0203], treatment  [F(1,31)  =  4.61; p  =  0.0396] and  the  

interaction  [F(1,31)  =  4.17;  p  =  0.0497] between  these factors (Fig.  3A).  Thus,   

middle-aged  control rats presented a significant increase in  BDNF immunocontent 

(~50%) compared  to  young adults, while this  increase was  no   longer observed in 

middle-aged animals that received caffeine (Fig. 3A). As for   proBDNF,   the  analysis 

revealed only   a  significant  effect  of treatment [F(1,34) =  16.30; p  =  0.0003] (Fig.  

3B),  with caffeine increasing the hippocampal proBDNF  immunocontent similarly in 

adult  young  and  middle-aged   rats.  Regarding  TrkB,  two-way ANOVA  revealed  

significant  effects  of   age   [F  (1,22) =  6.35; p  =  0.0195] and treatment  [F(1,22)  = 

4.43; p = 0.0470].  TrkB immunocontent was decreased in the hippocampus of middle-

aged (~25%) in comparison to young adult rats; there was a significant caffeine-induced 

decrease in TrkB immunocontent of comparable magnitude in  animals of  both  ages 

(Fig.  3C).  Finally,   the data showed an age-associated increase [F(1,24) = 12.84; p = 
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0.0015] in CREB immunocontent, as  well as  a  caffeine-induced increase in both 

young adult and middle age  rats [F(1,24) = 5.91; p = 0.0229] (Fig. 3D). Representative 

bands from each immunoblotted protein are provided in Fig. 3E. 

 

          

Figure 3. Immunoblotting analysis for BDNF, proBDNF, CREB and TrkB immuncontent in the whole 

hippocampus from adult and middle-aged rats that received drinking water or caffeine (1 mg/mL) during 

30 days. Data are presented as means + S.E.M. of the density unit lines. (A) – immunoblotting for BDNF 
(n = 9-10). *P < 0.05, differences (two-way ANOVA). (B) – immunobloting for proBDNF (n =  9-11). *P 

< 0.05, difference within each age group (two-way ANOVA). (C) – immunoblotting for CREB (n = 6-8) - 

#P < 0.05 difference between adult and middle-aged control group. *P < 0.05, difference within and 

between each age group (two-way ANOVA). (D) – immunoblotting for TrkB (n = 9-10) -  #P < 0.05 

difference between adult and middle-aged control group. *P < 0.05, difference within each age group 

(two-way ANOVA). (E) – Representative bands of the immunoblotting with their respective molecular 

weights (kDa) for BDNF, proBDNF, CREB, TrkB and the standard proteins used for protein loading 

control (actin, tubulin and GAPDH). The bands were obtained from extracts of the whole hippocampus 

from adult and middle-aged rats that receive drinking water (water) or caffeine (1 mg/mL – caf). 
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4.  Discussion 

In this study,  the effects of chronic caffeine administration on young adult and 

middle-aged rats were evaluated for  short- and long-term memory using a step-down 

inhibitory avoidance task, along with a set of hippocampal proteins (proBDNF, BDNF, 

TrkB and CREB) relevant for  learning and memory processes. Compared to young 

adults, middle-aged rats presented a complete short-term memory loss, as well as 

significant long-term memory impairment. 

Differences in the magnitude of age-associated memory deficits have been 

reported for various experimental learning and memory tasks (Bergado et al., 2011). 

Though a complete loss  of long  term memory  for   inhibitory  avoidance was  

previously observed  in 12 month old  rats (Moretti et al., 2011), our  protocol used a 

higher footshock intensity, which is likely  to  explain these differences in memory 

deficit, since stronger footshocks generate longer lasting memories (Rossato et al., 

2009). Middle-aged animals in our studies showed less open field exploratory activity 

than did younger rats, in agreement with earlier reports (Agafonova et al., 2007; Costa  

et al., 2012; Stefanova et al., 2010); this effect of aging was left unchanged by  chronic  

caffeine, a  result that  rules out   the  possibility that caffeine‘s actions on  memory are  

secondary to changes in locomotion. 

A key and novel finding of this study is that deficits in short- and long-term 

memory for inhibitory avoidance found in middle-aged rats can  be  prevented by 

chronic oral  intake of moderate  levels of caffeine. The avoidance task is widely used to 

assess different types of memory associated with aversive stimuli, and is considered to 

be a   form  of   learning  that  engages  several  sensory  modalities including spatial 

and visual perception,  sensitivity to  pain, and emotional,  fear-driven  components  
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(Cammarota et  al.,   2007). Positive results for caffeine have also been reported for 

novel object recognition, olfactory discrimination and social preference memory 

impairments in aged rodents (Costa et al., 2008a; Leite et al., 2011; Prediger et al., 

2005). These experimental findings when combined with the outcome of  

epidemiological studies (Eskelinen et  al., 2009; Maia  and de  Mendonça, 2002; Ritchie 

et al., 2007) strongly suggest that long   term  caffeine ingestion has   significant thera- 

peutic benefits with regard to age-associated memory losses. 

Although cognition enhancing properties of caffeine, typically with acute 

administration, have been observed in  a  variety  of learning and memory paradigms in 

young rodents (Angelucci et al., 1999; Botton et al., 2010; Castellano, 1976; Costa  et 

al., 2008b; Kopf et al., 1999; Roussinov and Yonkov, 1976), we found no evidence for 

this with chronic treatments. Two factors that could potentially contribute to the 

negative outcome are as follows. First, although experimental results are unavailable, it 

is possible that tolerance to caffeine (Karcz-Kubicha et al., 2003) develops at different 

rates, or to   degrees, in   young  and  middle-aged  animals. Second, our behavioral 

protocols were adjusted to produce a small but significant degree of long term retention 

in the control (no caffeine) older rats; it is possible that these arrangements elicited near 

maximal scores in the young group and thus little room for  enhancement. Both ideas 

are  amenable to testing. 

The data show an increase in BDNF levels in the middle-aged as compared  to  

young  adult  hippocampus, while  no   age-related changes  were  observed  for   

proBDNF.   Age-related changes  in hippocampal BDNF mRNA, proBDNF and BDNF 

immunocontent are controversial (Hattiangady et al., 2005; Kaisho et al., 1994; Katoh- 

Semba et  al.,  1998;  Lapchak et  al.,  1993;  Obiang et  al.,  2011; Segovia et al., 2007; 

Silhol  et al., 2005, 2007; Tapia-Arancibia et al., 2008; Zeng  et al.,  2011). Pertinent  to  
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this,   several studies have shown that  changes in  BDNF  mRNA  levels are   not 

necessarily correlated with protein content (Alonso et al., 2002; Pollock et al., 2001; 

Tyler  et al., 2002), suggesting that BDNF is regulated at  the level  of  translation as  

well as  transcription. It is not possible to determine if pro and mature BDNF from intra- 

or extracellular pools are being immunodetected  in  the  whole hippocampus extract 

samples used in this study. BDNF pools are relevant to interpreta- tion of our aging 

results because mature BDNF is usually thought to be derived primarily from the 

cleavage of proBDNF by extracellular proteases (for review see  Lu et al., 2005). 

Nevertheless, recent data suggest that proBDNF in hippocampal neurons is rapidly 

converted to  mature BDNF that accumulates intracellularly,  with the latter being the 

only  form secreted upon stimulation (Matsumoto et al., 2008). Currently it  is  unclear 

if BDNF processing is  modified by aging, and  it  is  not  possible to   conclude whether  

the  lack   of correlation between changes in proBDNF and BDNF levels found in this 

study reflect an  increased BDNF turnover or the lack  of translation of the newly 

synthesized mRNA. 

Chronic caffeine prevented the age-related increase in BDNF in middle-aged 

rats, while increasing proBDNF  in  both young and middle-aged animals. The 

preventive effect of caffeine in regard to BDNF increases has   also   been reported for  

18  month old  mice (Costa et al., 2008a). The age-induced increase in BDNF in parallel 

with memory impairment in  middle-aged rats observed in  this study may suggest age-

induced abnormalities in  signaling by  the neurotrophin, a phenomenon somehow 

prevented by  caffeine. It has  been observed that non pathological aging alters the role  

of BDNF on LTP, so that enhanced LTP in older animals is abolished by diminishing 

the TrkB receptor signaling (Diógenes et al., 2011). The same authors suggested that the 

beneficial effects of caffeine and A2A receptor antagonists against aged-induced 
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memory deficits could be   due to  a  counteraction  of  dysfunctional higher  tonic 

actions of BDNF upon plasticity (Diógenes et al., 2011). Relevant to this  discussion, 

age-related  morphological changes have  been documented  in   hippocampus,  

including  reductions   in   spine densities, synaptic loss  and neuronal death (Erickson 

and Barnes, 2003;  Halbach, 2010;  Hattiangady et  al.,  2005;  Jolitha  et  al., 2009), all 

of which are  likely  contributors to  age-related memory deficiencies. It has  been 

shown that uncleaved proBDNF serve as an endogenous ligand for  p75NTR  

(Hempstead et al., 1991) which is dynamically regulated upon brain damage, suggesting 

that a plau- sible  role of proneurotrophins is to  eliminate damaged cells  that express 

p75NTR  (Lu et al., 2005). Given  that the balance between cell  survival and cell  death 

might depend upon the mature/pro- neurotrophin ratio, the caffeine-induced increase in 

proBDNF  can be  understood as  part of  the underlying mechanism of  caffeine 

neuroprotective    effects   (Chen   and   Chern,  2011).   Therefore, reducing 

neurotrophin signaling abnormalities (by minimizing the age-induced increase in  

BDNF) as  well as  relevant morphological changes  in  hippocampus (by   increasing 

hippocampal  proBDNF levels) are  arguably factors by which caffeine intake prevents 

age- induced memory deficits in middle-age rats. 

In agreement with others (Croll  et al., 1998; Silhol  et al., 2005, 2008), 

significant age-related  decreases in  TrkB receptor immunocontent  were  detected  in   

the  hippocampus;  caffeine had a  lowering effect in  the immunocontent regardless of  

age.  TrkB receptors are  usually internalized and rapidly degraded following activation 

by BDNF (Silhol et al., 2008), and it has  been suggested that the age-related loss  of  

TrkB  contributes to the age-related memory disruptions presented by  middle-aged rats 

(Croll  et al., 1998). It is also  conceivable that decreases in the immunocontent of  the  

receptor  could be   associated  with  various  biochemical modifications that occur 
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during aging (i.e.  glycation, and carbonylation), which  prevents  its   recognition  by   

the  antibody and possibly by the endogenous ligand as well (Silhol et al., 2008; Tapia- 

Arancibia et al., 2008). Curiously, however, neither the effects of age nor  those of 

caffeine on  the immunocontent of TrkB receptors are consistent in mice and rats. In 

fact, TrkB was found to be increased in aging mice (Costa et al., 2008a) while decreased 

in aging Fischer 344  rats (Zeng  et al., 2011), though both species show age-related 

memory decline. 

We also  found that aging increases hippocampal CREB immunocontent, as did  

chronic treatment  with caffeine. CREB is a transcriptional factor involved in LTM 

formation and is activated in the hippocampus during learning (Alonso et al., 2002; 

Finkbeiner et al., 1997; Viola  et al., 2000; Yamada  and Nabeshima, 2003). CREB is 

considered the  major mediator of  genomic responses  to  BDNF (Finkbeiner et al., 

1997), consistent with the parallel increases in BDNF and CREB observed in  middle-

aged rats. The  fact  CREB and proBDNF   are   increased in  caffeine treated  rats, 

while BDNF  is decreased, may indicate that the processing of proBDNF  into BDNF is   

somehow  affected  by   the  methylxanthine  (Connolly and Kingsbury, 2010). 

Recent reports indicate that learning releases BDNF (Chen et al., 2010a), that 

long-term memory for  inhibitory avoidance requires BDNF synthesis (Bekinschtein et 

al., 2007, 2008), and a wide range experiments performed in  young adult and aged 

animals have established a  crucial role   for  BDNF in  LTP  (Balkowiec and  Katz, 

2002; Chen  et al., 1999; Diógenes et al., 2011; Gärtner and Staiger, 2002; Figurov et 

al., 1996; Kang  et al., 1997; Pang  et al.,  2004). The  present study was not designed to  

distinguish between the effects of  caffeine on  experience dependent vs.  experience 

inde- pendent changes in BDNF and related proteins. Thus, the possibility that caffeine 
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may actually be  affecting the changes in  BDNF and related proteins produced by 

learning cannot be discarded. 

5.  Conclusion 

Our study showed that chronic caffeine, a substance frequently consumed 

worldwide in  various forms, prevents the age-related decline in  rat  emotional memory. 

Altogether, this study extends previous evidence suggesting a potential benefit of  

caffeine in relation to age-induced cognitive decline, and corroborates the key 

participation of BDNF-mediated signaling pathways. 

Considering that caffeine consumption is widely available and culturally 

accepted, it deserves further exploration as  a potential strategy to ultimately improve 

the quality of life of elderly people. 
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3. DISCUSSÃO 

O consumo de cafeína é amplamente difundido ao redor do mundo e por 

populações com características bastante distintas entre si, o que torna interessante a 

avaliação de como os efeitos desse psicoestimulante podem refletir na diversidade de 

cada população, como, por exemplo, seus efeitos ao longo da gestação, 

desenvolvimento e envelhecimento. Em vista disso, este trabalho buscou fazer uma 

abordagem mais abrangente, englobando a avaliação dos efeitos da cafeína nessas três 

populações. 

No primeiro capítulo, foi realizada uma revisão da literatura em que se buscou 

fazer um levantamento sobre o impacto da administração de cafeína na gestação e no 

desenvolvimento encefálico, visto que o período de desenvolvimento, que se estende 

desde o período embrionário até o início da vida adulta, sofre uma série de alterações 

morfológicas e funcionais, que faz com que esse período seja muito vulnerável a 

intervenções, ao mesmo tempo em que o impacto que essas intervenções possam 

acarretar nesse processo minucioso e altamente organizado é muitas vezes imprevisível. 

Sendo assim, este trabalho buscou contemplar os estudos da cafeína sobre o seu 

metabolismo na população em geral, gestantes e nos fetos em desenvolvimento, assim 

como alterações comportamentais em estudos experimentais e os achados mais atuais 

dos estudos epidemiológicos, bem como a sinalização operada pela cafeína e sua 

influência sobre os diferentes tipos de sistemas de neurotransmissores.  

Embora o metabolismo da cafeína seja realizado por uma família de enzimas do 

citocromo P450, principalmente pela isoforma CYP1A2, altamente expressas no fígado, 

existem mudanças consideráveis nesses sistemas enzimáticos durante a gravidez e no 

feto em desenvolvimento (Blake et al., 2005; Yu et al., 2016; Zanger e Schwab, 2013). 
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Estudos mostram que conforme a gestação avança, há um aumento da inibição da 

atividade dessas enzimas, e, associado a isso, a livre passagem que a cafeína tem através 

dos tecidos, inclusive da barreira placentária, leva a um prolongamento substancial do 

tempo de meia-vida dessa substância (Arnaud et al., 1983; Nehlig e Debry, 1994). Além 

disso, o feto também apresenta uma baixa atividade dessa enzima, que tende a aumentar 

no período pós-natal (Blake et al., 2005). Sendo assim, existem preocupações sobre o 

tempo de exposição prologado do feto à cafeína.  

Recentemente, a EFSA (Autoridade Europeia para a Segurança dos Alimentos - 

do inglês European Food Safety Authority) emitiu um parecer sobre a segurança do 

consumo de cafeína em cada faixa etária, sugerindo que para a população em geral, a 

dose de 400 mg/dia seria considerada segura, enquanto que para grávidas essa dose seria 

de 200 mg/dia (EFSA, 2015). Tanto estudos experimentais quanto epidemiológicos 

discutem se esses efeitos da cafeína são benéficos ou deletérios a longo prazo, mas 

ainda permanecem não totalmente elucidados. Os estudos epidemiológicos ainda 

necessitam um melhor controle dos possíveis fatores de confusão, como o consumo de 

álcool, cigarro, assim como ―os sinais de gravidez‖ (náuseas, vômitos), que devem ser 

levados em conta, visto que esses fatores podem contribuir tanto com o aumento quanto 

com a diminuição do consumo de bebidas que contenham cafeína (Brent et al., 2011). 

Sendo assim, apesar de existirem muitos estudos apontando uma série de efeitos 

benéficos da cafeína sobre a cognição (Fredholm, 1999), existem estudos 

epidemiológicos apontando possíveis efeitos prejudiciais sobre o feto em 

desenvolvimento (Bakker et al. 2010; Klebanoff et al., 2002; Weng et al., 2008), o 

único consenso passível de se afirmar é a necessidade de cautela no consumo de cafeína 

e de maiores estudos nessa área.  
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No segundo capítulo dessa tese, tendo em vista o impacto que algumas 

intervenções podem acarretar nos diferentes estágios do desenvolvimento encefálico, o 

objetivo do trabalho foi avaliar os efeitos da cafeína em ratos púberes, machos e fêmeas, 

expostos durante o período pré e pós-natal.  

O consumo de cafeína por crianças e adolescentes, que há algumas décadas 

poderia ser considerado irrisório, hoje toma grandes proporções. Houve um aumento 

substancial no consumo de bebidas que contém cafeína, especialmente refrigerantes, e 

mais atualmente, as bebidas energéticas, sendo este o segmento da indústria de bebidas 

que mais cresce (Chandrasekaran 2006; Drewnowski e Rehm, 2016). Essas bebidas 

contêm grandes quantidades de cafeína, além de outros componentes, e a sua 

popularidade cresce principalmente entre os adolescentes. Alguns casos de morte 

relacionados ao uso abusivo de energéticos têm sido relatados, o que está levando a 

agência responsável pelo controle de indústrias alimentícias e de medicamentos do 

governo norte americano - FDA (- do inglês Food and Drug Administration) a rever o 

consumo de cafeína por essa população, e buscar estabelecer uma dose que possa ser 

consumida de forma segura, ou até mesmo sugerir a suspensão do consumo (Temple et 

al., 2015). 

Além das preocupações com a vulnerabilidade associada a esses períodos do 

desenvolvimento, as questões referentes ao sexo devem ser levadas em conta. 

Atualmente, no campo das neurociências, há um predomínio de estudos em machos, 

sendo que o número desses estudos chega a ser cinco vezes maior que em fêmeas ou em 

ambos os sexos (Beery e Zucker, 2011; Elliot e Richardson, 2016).  Entretanto, deve-se 

ressaltar que existem diferenças consideráveis no que diz respeito ao sexo, desde 

diferenças comportamentais, a aspectos biológicos e uma predisposição a determinadas 

doenças, sendo de grande importância avaliar esses aspectos tanto em estudos 
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experimentais quanto epidemiológicos (Elliot e Richardson, 2016; Shansky e Woolley, 

2016). Portanto, este trabalho buscou avaliar, além dos efeitos da cafeína no decorrer do 

desenvolvimento encefálico, priorizar também a investigação avaliando as diferenças de 

sexo.  

As análises comportamentais avaliadas neste estudo foram: a atividade 

locomotora, o comportamento relacionado a ansiedade e memória de reconhecimento. 

Paralelamente um conjunto de proteínas sinápticas foram imunodetectadas no 

hipocampo e córtex cerebral. Um dos primeiros parâmetros comportamentais que foram 

avaliados foi a atividade locomotora dos animais na tarefa de campo aberto. De uma 

forma geral, os roedores tendem a evitar áreas centrais de um novo ambiente e explorar 

preferencialmente a periferia, um comportamento chamado tigmotaxia, que protege os 

animais de predadores (Bogdanov et al., 2013; Lamprea et al., 2008;  Treit e Fundytus, 

1988). Baseado nisso, o tempo gasto e a distância percorrida na zona central do campo 

aberto são usados como parâmetros de avaliação de ansiedade, enquanto os mesmos 

parâmetros na periferia são utilizados na avaliação da atividade locomotora (Prut e 

Belzung, 2003). Assim, as fêmeas púberes apresentaram hiperlocomoção e uma 

atenuação da ansiedade no campo aberto em relação aos machos, evidenciado pelo 

aumento significativo da distância total percorrida e distância percorrida na zona 

central, respectivamente, o que está de acordo com outros estudos anteriores que 

compararam machos e fêmeas em diferentes idades (Ardais et al., 2016; Brown e 

Nemes, 2008; Frye e Walf, 2002; Hughes e Beveridge, 1990; Padilha et al., 2009; 

Simpson e Kelly, 2012). O aumento da locomoção em fêmeas em relação aos machos já 

foi descrito em ratos de diferentes cepas e diferentes idades, tanto na adolescência 

quanto na vida adulta e meia-idade (Brotto et al., 2000; Hughes e Beveridge, 1990; 

Padilha et al., 2009; Simpson e Kelly, 2012). Frye e Walf (2002) observaram um 
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comportamento menos ansioso em fêmeas adultas. Neste estudo as fases do ciclo estral 

de ratas fêmeas adultas foram estratificadas na tarefa de campo aberto, e foi encontrado 

que na fase de pró-estro (quando ocorre um pico de estrogênio) houve um aumento no 

número de entradas na zona central em relação às fêmeas na fase de diestro (quando 

ocorrem baixos níveis de estrogênio) e em relação aos machos (Frye e Walf, 2002). 

Além disso, um estudo com fêmeas ovariectomizadas tratadas com estradiol mostrou 

que estas permaneceram mais tempo na zona central do que as fêmeas do grupo 

controle, sugerindo que o estradiol poderia exercer efeitos ansiolíticos (Hiroi e 

Neumaier, 2005). Apesar de estes trabalhos terem descrito esses resultados para fêmeas 

em outras idades, o perfil de hiperlocomoção e comportamento menos ansioso parece 

estar presente já em fases anteriores do desenvolvimento, conforme os resultados do 

nosso trabalho.  

A cafeína geralmente apresenta efeitos bifásicos na locomoção em animais 

adultos, com doses menores promovendo aumentos e doses mais altas diminuindo a 

atividade locomotora (El Yacoubi et al., 2000; Fisone et al., 2004; Marin et al., 2011; 

Wise, 1988). Em doses usualmente utilizadas no consumo humano, a cafeína exerce os 

seus efeitos primários pelo antagonismo não seletivo dos receptores de adenosina A1 e 

A2A (Fredholm 1999). De acordo com o estudo realizado por El Yacoubi (2000), o 

efeito estimulante da cafeína na locomoção em baixas doses seria pelo bloqueio dos 

receptores de adenosina do tipo A2A, enquanto que em doses mais elevadas os seus 

efeitos depressores poderiam estar associados ao bloqueio do receptor A1 (El Yacoubi, 

2000).  

A exposição precoce à cafeína pode ter grande impacto na atividade locomotora, 

A exposição pré e pós-natal à cafeína causou hiperlocomoção na puberdade de forma 

dependente do sexo e da dose. Nas fêmeas a hiperlocomoção foi observada em ambas as 
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doses de cafeína, enquanto que em machos apenas com a dose mais alta. Sabe-se que as 

substâncias psicoestimulantes de uma forma geral (como anfetamina, nicotina ou 

cocaína) podem apresentar propriedades estimulantes sobre a atividade locomotora, 

conforme demonstram alguns estudos em animais adultos (Caldarone et al., 2008; 

Catlow e Kirstein, 2005; Dietrich et al., 2004; Mori et al., 2004; Schmidt et al., 2010). 

Além disso, apesar da cafeína ser caracterizada como uma substância psicoestimulante, 

esses resultados poderiam estar associados às diferenças de sexo em resposta a drogas 

de abuso, onde os estudos mostram que as fêmeas são mais vulneráveis do que os 

machos (Anker e Carroll, 2011; Becker e Hu, 2008).  

É relativamente estabelecido em roedores que as fêmeas apresentam um 

comportamento de medo e ansiedade atenuados comparados aos machos (Archer, 1975; 

Brown e Nemes, 2008; ver comentários recentes em Shansky e Wooley, 2016), e esse 

padrão de emotividade já pode ser observado desde cedo durante o período do 

desenvolvimento. As fêmeas púberes apresentaram um comportamento menos ansioso 

do que os machos no campo aberto, mas ambos os sexos mostraram comportamento 

semelhante no labirinto em cruz elevado, conforme observado anteriormente (Estanislau 

e Morato, 2006). A exposição à cafeína em doses moderadas no período pré e pós-natal 

atenuou a ansiedade no labirinto em cruz elevado apenas em fêmeas púberes, sem efeito 

observado para ambos os sexos no campo aberto. Curiosamente, apenas as ratas adultas 

expostas à cafeína em doses baixas, moderadas e altas desde o período pré-natal 

apresentaram menor ansiedade no campo aberto e, em altas doses, ambos os sexos 

apresentaram ansiedade atenuada no labirinto em cruz elevado (Ardais et al., 2016). No 

mesmo estudo, o tratamento com cafeína pré e pós-natal interrompido no desmame não 

alterou o comportamento de ansiedade na idade adulta de ambos os sexos no labirinto 

em cruz elevado. Independentemente das diferenças de respostas aos aparatos, os efeitos 
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ansiogênicos clássicos da cafeína parecem ser mais evidentes em períodos posteriores 

de desenvolvimento do cérebro (Bhattacharya et al., 1997; Noschang et al. 2009; 

Pechlivanova et al., 2012). Por exemplo, ratos machos que receberam cafeína durante o 

período da adolescência já mostraram uma exacerbação da ansiedade em doses baixas e 

moderadas (Ardais et al., 2014; O'Neill et al., 2016). 

Outra importante diferença de sexo encontrada foi na memória de 

reconhecimento. Na tarefa de reconhecimento de objetos foram avaliadas as memórias 

de curta e de longa duração. Independentemente do sexo e/ou do tratamento, não foram 

encontradas diferenças na memória de curta duração. Machos púberes apresentaram um 

baixo desempenho na memória de reconhecimento de longa duração, como já havíamos 

demonstrado anteriormente para ratos machos adolescentes (Ardais et al., 2014), 

sugerindo que esse desempenho pode estar relacionado à idade. De fato, alguns estudos 

demonstraram a existência de uma diferença dependente da idade no desempenho na 

tarefa de reconhecimento de objetos, com ratos mais jovens apresentando uma 

diminuição no desempenho em relação aos ratos adultos (Anderson et al., 2004; Reger 

et al., 2009), provavelmente devido à maturação relativamente lenta dos circuitos 

neurais envolvidos na memória de reconhecimento neste período do desenvolvimento 

encefálico (Bachevalier e Beauregard, 1993).  

Em contrapartida, as fêmeas apresentaram um melhor desempenho para a 

memória de longa duração em relação aos machos. As diferenças sexuais na 

aprendizagem e na memória são amplamente relatadas em estudos clínicos e pré-

clínicos, e já foi demonstrado que os hormônios sexuais exercem influência em 

diferentes áreas cerebrais envolvidas na aprendizagem e na memória (Duarte-Guterman 

et al., 2015; Hamson et al., 2016; Sánchez-Andrade e Kendrick, 2011). Walf et al. 

(2006) demonstraram que os esteróides ovarianos melhoram a memória de 
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reconhecimento, tanto em fêmeas intactas quanto em fêmeas ovariectomizadas que 

receberam esses hormônios na tarefa de reconhecimento de objetos (Walf et al. 2006). 

Embora a idade dos animais utilizados neste trabalho foi considerada como 

correspondente ao início da puberdade, o início exato da produção de hormônios 

sexuais não é conhecido e difere entre as espécies (Evans, 1986; Lohmiller e Swing, 

2006; Reger et al., 2009; Sengupta 2011, 2013). Independente disso, de acordo com 

Colciago et al. (2015), o dimorfismo sexual no cérebro adulto é originado a partir dos 

efeitos dos hormônios sexuais exibidos durante janelas específicas de desenvolvimento, 

que em ratos correspondem ao período embrionário tardio e às primeiras semanas pós-

natal, enfatizando que a influência hormonal está presente mesmo antes do nascimento. 

Visto que as diferenças na memória de reconhecimento que encontramos são 

coincidentes com muitos estudos que demonstraram os efeitos dos hormônios esteróides 

sobre os processos de aprendizagem e memória (Colciago et al., 2015; Duarte-

Guterman, 2015 Frick, 2015; Inagaki et al., 2010; Joansson 2005; Sánchez-Andrade e 

Kendrick 2011; Walf et al., 2006), podemos especular que essas diferenças de sexo 

poderiam estar associadas a questão hormonal mesmo nessa fase inicial da puberdade.  

Neste trabalho a cafeína afetou de forma diferente a memória de acordo com o 

sexo, sendo os machos púberes mais beneficiados pelos aprimoramentos na memória de 

reconhecimento em ambas as doses, semelhante aos achados anteriores em ratos 

adolescentes (Ardais et al., 2014), enquanto as fêmeas apresentaram uma deterioração 

em dose moderada. Os efeitos da cafeína parecem ser fortemente dependentes do tempo 

de desenvolvimento do cérebro em que a exposição ocorre. Por exemplo, ratos adultos, 

machos e fêmeas, expostos à cafeína, tanto na gestação quanto na lactação, 

apresentaram um prejuízo na memória em diferentes tarefas (Silva et al., 2013; Soellner 

et al., 2009). No entanto, a memória de reconhecimento não foi afetada em machos e 
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fêmeas expostos continuamente à cafeína desde o período pré-natal até a vida adulta 

(Ardais et al., 2016). Além disso, o mesmo estudo mostrou que, quando o tratamento 

com cafeína foi interrompido no desmame, apenas as fêmeas adultas apresentaram um 

comprometimento na memória de reconhecimento (Ardais et al., 2016). Em conjunto, 

esses achados nos levam a afirmar que a cafeína pode ser deletéria para a memória em 

janelas de tempo específicas do desenvolvimento cerebral, com uma clara influência do 

sexo. 

Com o objetivo de verificar a existência de uma possível associação entre os 

efeitos comportamentais e alterações do imunoconteúdo de proteínas sinápticas, fizemos 

a avaliação do fator trófico BDNF, de sua forma imatura, juntamente com a SNAP-25 e 

GFAP no hipocampo e córtex. Estudos anteriores demonstraram que a cafeína alterou 

os níveis de BDNF em associação a mudanças comportamentais em diferentes idades 

(Ardais et al., 2014; Costa et al., 2008a,b; Sallaberry et al., 2013). Assim, a fim de 

encontrar alguma associação entre os resultados comportamentais e as diferenças de 

sexo no tratamento com cafeína, o BDNF e suas proteínas relacionadas foram 

analisadas no hipocampo e córtex cerebral. O BDNF é sintetizado como a 

proneurotrofina pró-BDNF (Lu et al., 2005) e sua sinalização é essencial para a 

memória de reconhecimento (Callaghan e Kelly, 2012; Greenberg et al., 2009). 

Em relação às diferenças de sexo, as ratas púberes apresentaram um aumento 

nos níveis de pró-BDNF, mas não de BDNF, sugerindo que a proneurotrofina não foi 

necessariamente convertida na forma madura. Essas diferenças entre o pró- e o BDNF 

têm sido particularmente evidentes nas fêmeas durante o desenvolvimento encefálico, 

visto que os níveis de pró-BDNF estão inversamente relacionados aos níveis de BDNF 

maduro, com níveis mais elevados de pró-BDNF durante o desenvolvimento precoce e 

diminuições graduais após a puberdade e a idade adulta (Harte-Hargrove et al., 2009; 
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Yang et al., 2009). É importante ressaltar que os estrogênios podem regular a expressão 

de BDNF através de um elemento de resposta sensível ao estrogênio presente no gene 

BDNF (Sohrabji et al., 1995), mas não é bem compreendido como o estradiol pode 

influenciar os níveis de pró-BDNF. De fato, especula-se que os aumentos nos níveis 

circulantes de 17β-estradiol na puberdade seriam os responsáveis pelo aumento dos 

níveis de pró-BDNF, e que esta proneurotrofina teria então um papel central no 

desenvolvimento dos circuitos neurais, refinando dendritos e axônios e reduzindo o 

número de neurônios (Harte-Hargrove et al., 2009; Yang et al., 2009). 

Coincidente com o aumento do pró-BDNF e do BDNF no hipocampo, a cafeína 

restaurou a memória de reconhecimento de longa duração em ratos machos púberes. É 

plausível que ambos os eventos estejam associados, visto que a sinalização do BDNF é 

essencial para a memória de reconhecimento de longa duração (Callaghan e Kelly, 

2012, 2013; Greenberg et al., 2009), e uma associação entre ambos os eventos pode ter 

ocorrido. É importante observar que o pró-BDNF não é apenas uma forma precursora 

do BDNF desprovida de atividade, mas sim uma proteína sinalizadora com funções 

específicas. 

    Além dos fatores tróficos, também foi avaliado os níveis de GFAP, um dos 

principais filamentos intermediários importante na adaptação do cérebro às mudanças 

neurais que ocorrem no desenvolvimento. A expressão de GFAP aumenta abruptamente 

até PND 6, depois tende a estabilizar mas segue com aumento progressivo até PND 48 

no hipocampo (Kim et al., 2011). A cafeína durante o período pós-natal foi capaz de 

promover diminuições nos níveis de GFAP em diferentes idades durante o 

desenvolvimento do hipocampo e neocórtex (Desfrere et al., 2007), e também levar a 

diminuições nestas áreas cerebrais de ratos machos adolescentes tratados com cafeína 

apenas durante este período (Ardais et al., 2014). Diferentemente dos machos adultos, 
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mas não das fêmeas, o tratamento pré e pós-natal da cafeína não modificou o GFAP em 

ambas as áreas cerebrais (Ardais et al., 2016), sugerindo que as modificações causadas 

pela cafeína nos níveis GFAP parecem estar ocorrendo em períodos posteriores de 

desenvolvimento do cérebro, e que os achados de GFAP neste trabalho podem não estar 

envolvidos nestes resultados comportamentais na puberdade. 

A proteína associada ao sinaptossoma de 25 kDa (SNAP-25) é um componente 

crucial do complexo ternário  SNARE (do inglês Soluble N-ethylmaleimidesensitive 

factor attachment protein receptor), uma maquinaria necessária para a exocitose 

vesicular. Existem evidências substanciais de que as alterações nos níveis de SNAP-25 

estão associadas com comprometimento cognitivo, hiperatividade e exacerbação de 

comportamentos relacionados à ansiedade (Braida et al., 2015; Hess et al., 1996; 

Kataoka et al., 2011). Uma vez que a cafeína em doses moderadas aumentou os níveis 

de SNAP-25 cortical somente nas fêmeas púberes, esse aumento pode estar associado 

com a piora na memória de reconhecimento e comportamento menos ansioso, dois 

resultados comportamentais encontrados exclusivamente em fêmeas. Embora a maioria 

dos estudos sugira coletivamente que níveis reduzidos de SNAP-25 possam contribuir 

para o prejuízo cognitivo e ansiedade, um estudo mostrou um comprometimento de 

memória em ratos adultos jovens após a superexpressão e atividade da SNAP-25 

induzida pela infusão de um vetor de vírus adeno-associado recombinante (McKee et 

al., 2010). Enquanto os ratos machos púberes tratados com cafeína apresentaram níveis 

normais de SNAP-25, ratos machos adolescentes apresentaram ansiedade exacerbada e 

diminuição dos níveis de SNAP-25 no córtex após o tratamento com cafeína (Ardais et 

al., 2014). Além disso, ambos os sexos que receberam cafeína desde o período pré-natal 

apresentaram uma atenuação da ansiedade na idade adulta em altas doses de cafeína, 
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mas apenas os machos tiveram níveis aumentados de SNAP-25 cortical (Ardais et al., 

2016). 

Nos últimos anos, há um crescente número de evidências apontando para o 

impacto do consumo de cafeína em diferentes fases do desenvolvimento encefálico. 

Enquanto os ratos machos púberes foram mais beneficiados com as melhorias 

cognitivas proporcionadas pela cafeína do que as fêmeas, os efeitos de atenuação da 

ansiedade da cafeína foram observados nas fêmeas. Em relação às diferenças entre os 

sexos nas respostas às drogas, as fêmeas são mais vulneráveis que os machos (Anker e 

Carroll, 2011; Becker e Hu, 2008). Nosso estudo tentou contribuir não só para o 

conhecimento dos efeitos da cafeína na puberdade, mas também como um reforço para 

que ocorra a incorporação da diferença de sexo como uma variável biológica em 

investigações atuais (Shansky e Wooley, 2016). O conhecimento do impacto desse 

psicoestimulante, de acordo com o sexo no cérebro imaturo, é crucial para se 

estabelecer a dose segura. 

No terceiro capítulo desta tese foram avaliados os efeitos de uma administração 

crônica de cafeína em animais adultos e de meia-idade sobre a memória aversiva de 

curta e longa duração. A proposta de avaliar uma intervenção no decorrer no 

envelhecimento foi inspirada no aumento constante da expectativa de vida nos dias 

atuais, que vem sendo acompanhada de um crescente número de casos de demência 

(Panza et al., 2015). Até os dias de hoje não existe tratamento para o comprometimento 

da memória ou das doenças que levam à demência, enfatizando a necessidade e 

relevância de estratégias preventivas que possam ser adotadas antes ou durante a meia-

idade. Além disso, sabe-se que o processo de envelhecimento pode ser modificado por 

vários fatores ambientais, dos quais os componentes presentes na alimentação emergem 
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como os mais promissores, sendo a cafeína, de fácil consumo e acesso, uma boa 

alternativa.  

 O envelhecimento normal é associado a diversas alterações cognitivas, com 

uma diminuição gradual de algumas habilidades, como a memória e a velocidade de 

processamento de informações (Carman et al 2014; Silhol et al., 2008). Os déficits de 

memória comumente experimentados por pessoas idosas, também referidas como 

declínio cognitivo relacionado à idade (Crook et al., 1986, Rosenzweig e Barnes, 2003), 

têm importantes custos socio-econômicos na sociedade contemporânea. Esses déficits 

de memória podem ser associados a modificações estruturais e funcionais que ocorrem 

durante o envelhecimento, como reduções da substância branca, perda de neurônios e 

atrofia (Pakkenberg e Gundersen, 1997; revisado em Piguet et al., 2009; Raz et al., 

2005). Visto que ainda não existe tratamento clínico eficaz para essas doenças, parte da 

pesquisa sobre envelhecimento tem sido conduzida com o objetivo de adquirir um 

melhor conhecimento de diferentes fatores (moleculares, celulares ou ambientais) que 

possam estar envolvidas no processo de envelhecimento (Dröge e Schipper, 2007; Froy 

e Miskin, 2007; Rao, 2007). Essas preocupações se estendem além das doenças que são 

prevalentes nos idosos, como a doença de Alzheimer (DA), pois tem sido reconhecidos 

que os processos patológicos que levam à demência começam décadas antes de suas 

manifestações clínicas (Eskelinen et al., 2009; Kivipelto et al., 2006; Nooyens et al., 

2011; Panza et al 2015). 

Como demonstrado anteriormente, os ratos de meia-idade apresentaram uma 

menor atividade exploratória em comparação aos ratos mais jovens, estando de acordo 

com estudos anteriores (Agafonova et al, 2001; Costa et al., 2012; Vila-Luna et al., 

2012; Stefanova et al, 2010). Esse resultado já era esperado, visto que é comum em 

muitas espécies de animais que ocorra uma atenuação da atividade locomotora à medida 
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que envelhecem, devido às diversas disfunções que podem surgir, como o aumento da 

rigidez articular e capacidade reduzida de reparação de tecido muscular, entre outras 

(Horner et al., 2011). O tratamento crônico com cafeína não modificou este efeito do 

envelhecimento, sendo assim, esse resultado descarta a possibilidade de que as ações da 

cafeína sobre memória sejam secundárias a mudanças na atividade locomotora. 

Nesse trabalho, a retenção da memória aversiva foi avaliada em dois momentos: 

primeiro aos 90 minutos após o treino para medir a memória de curta duração e 

novamente em 24 horas para medir a memória de longa duração. O questionamento de o 

fato de se treinar os animais duas vezes – primeiro 90 minutos após o treino, e 

novamente 24 horas depois – poderia alterar a memória de longa duração por um efeito 

de reforço foi descartado baseado em estudos anteriores que demonstraram que 

intervenções que alteram a memória de longa duração apresentavam os mesmos 

resultados independentemente de ter sido realizado ou não a avaliação da memória de 

curta duração (Cammarota et al., 2007). Além disso, os mecanismos envolvidos na 

formação e manutenção da memória de curta duração são separados dos envolvidos no 

processo de consolidação da memória de longa duração, e diversos estudos mostraram 

que a administração de alguns fármacos pode bloquear a formação da memória de curta 

duração, sem prejuízos à memória de longa duração (Cammarota et al., 2007; Izquierdo 

et al 2006).  

Em comparação com ratos adultos, enquanto os ratos de meia-idade 

apresentaram um comprometimento total da memória de curta duração, os mesmos 

apresentaram apenas um comprometimento parcial da memória de longa duração. 

Diferenças na magnitude dos déficits de memória associados à idade foram relatadas 

para várias tarefas experimentais de aprendizagem e memória (Bergado et al., 2011). 

Embora tenha sido demonstrado previamente um comprometimento total da memória 
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de longa duração em ratos de 12 meses de idade na tarefa de esquiva inibitória (Moretti 

et al., 2011), nosso protocolo usou uma intensidade de choque maior, o que 

provavelmente explicaria essas diferenças no déficit de memória, visto que  choques de 

maior intensidade geram memórias mais duradouras (Rossato et al., 2009).  

Uma descoberta chave e inovadora deste trabalho é que os déficits de memória 

de curta e longa duração na tarefa da esquiva inibitória encontrados em ratos de meia-

idade foram prevenidos pelo consumo crônico de cafeína em doses moderadas. Esta 

tarefa é amplamente utilizada para avaliar diferentes tipos de memória após um estímulo 

aversivo, sendo considerada uma forma de aprendizagem que envolve vários estímulos 

sensoriais, incluindo a percepção espacial e visual, a sensibilidade à dor e componentes 

emocionais e de medo (Cammarota et al. , 2007). Resultados positivos da cafeína 

também foram descritos no comprometimento de memória associado à idade, nos quais 

foram utilizadas diferentes tarefas para avaliar a memória de reconhecimento, 

discriminação olfatória e memória social (Costa et al., 2008a;. Leite et al., 2011.; 

Prediger et al., 2005). Dados do nosso grupo (Costa et al., 2008a) demonstraram que o 

tratamento com cafeína durante 12 meses foi capaz de prevenir o comprometimento de 

memória em camundongos envelhecidos quando foi avaliada a memória de 

reconhecimento. Da mesma forma, Leite et al (2011) demonstraram que a cafeína foi 

capaz de reverter o comprometimento de memória em ratos envelhecidos após uma 

administração sub-crônica de 10 dias. Em conjunto, os achados experimentais 

associados aos resultados de estudos epidemiológicos (Eskelinen et al., 2009; Maia e de 

Mendonça, 2002; Ritchie et al., 2007) sugerem fortemente que a ingestão prolongada de 

cafeína apresenta benefícios terapêuticos significativos em relação às perdas de 

memória associadas à idade. 
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As propriedades cognitivas da cafeína têm sido observadas em uma variedade de 

tarefas de aprendizagem e memória em ratos adultos, embora geralmente com a 

administração aguda (Angelucci et al., 1999; Botton et al., 2010; Castellano, 1976; 

Costa et al., 2008b; Kopf et al., 1999; Roussinov e Yonkov, 1976). Em contraste com os 

efeitos da cafeína encontrados em ratos de meia-idade, não foram encontrados efeitos 

sobre os ratos adultos. Dois fatores poderiam potencialmente contribuir para essa 

ausência de efeitos. Primeiro, é possível que uma tolerância à cafeína tenha sido 

desenvolvida após o tratamento crônico (Karcz-Kubicha et al., 2003) em magnitudes 

diferentes em animais jovens e de meia-idade, embora essa avaliação não tenha sido 

realizada neste trabalho. Em segundo lugar, os nossos protocolos comportamentais 

foram ajustados para produzir um pequeno, mas significativo grau de retenção à longo 

prazo nos animais do grupo controle. Pode-se especular que esses ajustes tenham levado 

os animais adultos a apresentar um alto desempenho na tarefa, e então, deixando pouca 

possibilidade para aprimoramentos.  

Além da análise comportamental, assim como no segundo capítulo desta tese,  

foi feita também uma análise do imunoconteúdo de proteínas sinápticas importantes nos 

processo de aprendizagem e memória - pró-BDNF, BDNF, CREB e TrkB.  O BDNF é 

amplamente expresso no hipocampo maduro e no córtex cerebral (Pollock et al., 2001). 

Para avaliar esta neurotrofina, nós quantificamos o seu imunoconteúdo no hipocampo, 

uma das regiões do encéfalo mais suscetível ao envelhecimento (Hattiangady et al., 

2005). Neste estudo foi encontrado um aumento do imunoconteúdo de BDNF associado 

à idade, o que não foi surpreendente, visto que este achado é consistente com dados 

anteriores de nosso laboratório, em que a análise do imunoconteúdo de BDNF no 

hipocampo de camundongos envelhecidos com 18 meses de idade revelou um aumento 

robusto quando comparados com os adultos (Costa et al., 2008). No entanto, existem 
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controvérsias sobre mudanças relacionadas à idade na expressão e no conteúdo de 

BDNF no hipocampo de ratos (Hattiangady et al., 2005). Estudos anteriores 

demonstraram que o conteúdo de BDNF varia em ratos envelhecidos dependendo de 

sua cepa (Tapia-Arancibia et em., 2008). Por exemplo, Silhol et al (2005) demonstraram 

que ratos Sprague Dawley apresentaram uma diminuição do conteúdo BDNF  no 

hipocampo e hipotálamo associado à idade, mas ao contrário, Katoh-Semba et al (1998) 

documentaram um aumento no conteúdo de BDNF no hipocampo de ratos envelhecidos 

da mesma cepa, ambos os estudos utilizando a mesma técnica de quantificação 

(ELISA). Hattiangady et al (2005) demonstraram que em ratos Fischer 344 o conteúdo 

de BDNF diminuiu consideravelmente assim que esses animais alcançaram a meia-

idade (12 meses) no giro denteado e nas regiões CA1 e CA3 do hipocampo, sem 

maiores alterações durante o envelhecimento. Além disso, em ratos Wistar machos, foi 

relatado um aumento relacionado à idade do conteúdo de BDNF no hipocampo (Silhol 

et al, 2007; Segovia et al, 2007). Também em ratos Wistar, Perovic et al. (2013) 

demonstrou não haver um efeito da idade no conteúdo de BDNF até os 24 meses de 

idade, nem no córtex nem no hipocampo (Perovic et al., 2013). Considerados em 

conjunto, estes dados indicam que as alterações no conteúdo de BDNF durante o 

envelhecimento permanecem controversas. 

Além disso, muitos estudos analisaram a expressão do BDNF, quantificando o 

RNAm e não a proteína (Lapchak et al, 1993; Kaisho et al, 1994; Hattiangady et al, 

2005). É importante ressaltar que há uma controvérsia a respeito das mudanças 

relacionadas à idade no RNAm e no imunoconteúdo de BDNF no hipocampo 

(Hattiangady et al, 2005; Kaisho et al, 1994; Katoh-Semba et al, 1998; Lapchak et al, 

1993; Segovia et al, 2007; Silhol et al, 2005; 2007; Tapia-Arancibia et al, 2008). Da 

mesma forma, vários trabalhos têm mostrado que as mudanças nos níveis de RNAm não 
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são necessariamente correlacionados com o imunoconteúdo das proteínas (Alonso et al., 

2002; Pollock et al., 2001; Tyler et al., 2002), sugerindo que o BDNF é regulado tanto 

no nível de tradução, quanto no de nível de transcrição. 

O tratamento crônico de cafeína preveniu o aumento do BDNF relacionado à 

idade em ratos de meia-idade. O efeito preventivo da cafeína no que diz respeito ao 

aumento do BDNF também foi demonstrado em camundongos de 18 meses de idade 

(Costa et al., 2008a). O aumento induzido pela idade no BDNF juntamente com os 

prejuízos na memória dos ratos de meia-idade nesse trabalho podem sugerir que o 

envelhecimento leva a anormalidades na sinalização desta neurotrofina, um fenômeno 

que de alguma forma foi impedido pela cafeína. Tem sido demonstrado que o 

envelhecimento altera o papel do BDNF na LTP, sendo que ratos velhos apresentaram 

um aumento da LTP relacionado ao BDNF, mas não associado a um aprimoramento na 

memória, ao contrário, foi associado a um prejuízo na memória no labirinto aquático de 

Morris (Diógenes et al., 2011). Nesse mesmo trabalho foi encontrado que um 

antagonista do receptor A2A diminuiu de forma significativa a LTP. Baseado nesses 

resultados, os autores sugeriram que esse aumento da LTP relacionado ao BDNF 

poderia ser disfuncional, e que os efeitos benéficos da cafeína e dos antagonistas A2A 

sobre o comprometimento da memória no envelhecimento (Costa et al., 2008a; Prediger 

et al., 2005) poderiam, pelo menos em parte, estar relacionadas a uma inibição dessas 

ações tônicas disfuncionais do BDNF sobre a plasticidade (Diógenes et al., 2011). Além 

disso, foram demonstradas alterações morfológicas relacionadas à idade no hipocampo, 

incluindo reduções na densidade sináptica, perda sináptica e morte neuronal (Erickson e 

Barnes, 2003; Halbach, 2010; Hattiangady et al., 2005; Jolitha et al., 2009), todos os 

quais provavelmente contribuem para os déficits de memória relacionado à idade.  
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Não foram observadas modificações relacionadas à idade no imunoconteúdo de 

pró-BDNF, entretanto, esse resultado é coincidente com outros estudos (Obiang et al., 

2011; Perovic et al., 2013). Por exemplo, Perovic et al. (2013) avaliaram o 

imunoconteúdo de pró-BDNF em ratos durante o envelhecimento, aos 6, 12, 18 e 24 

meses de idade, e foi encontrado que o pró-BDNF, tanto no hipocampo quanto no 

córtex, não é modificado com a idade até os 18 meses, só é encontrada uma diminuição 

aos 24 meses (Perovic al., 2011).  

Mesmo sem ter sido observado um efeito da idade, o tratamento da cafeína foi 

capaz de aumentar o imunoconteúdo do pró-BDNF em ambas as idades. As 

proneurotrofinas podem desempenhar um papel crítico no direcionamento sináptico e na 

liberação atividade-dependente nas sinapses (Lu et al., 2005). O pró-BDNF endógeno é 

rapidamente convertido em BDNF, que promove a potenciação sináptica, sugerindo 

uma regulação bidirecional da plasticidade sináptica pelo pró-BDNF e pelo BDNF 

maduro (Woo et al., 2005). Visto que o receptor p75 pode ser dinamicamente regulado 

em danos no sistema nervoso central, uma função plausível das proneurotrofinas é 

também eliminar as células danificadas que expressam p75 (Lu et al., 2005). A 

regulação da expressão ou ativação de proteases específicas em condições fisiológicas 

ou patológicas específicas (estresse, envelhecimento, neurodegeneração, inflamação ou 

lesão) pode, portanto, ser extremamente importante na determinação das respostas 

celulares pró ou anti-apoptótica (Tapia-Arancibia et al., 2008). Dado que o balanço 

entre a sobrevivência e a morte celular pode depender da proporção de neurotrofinas 

maduras e proneurotrofinas, o aumento do pró-BDNF induzido pela cafeína pode ser 

entendido como parte do mecanismo subjacente aos efeitos neuroprotetores da cafeína 

(Chen e Chern, 2011). Além disso, embora o aumento do pró-BDNF causado pela 

cafeína em ratos adultos não tenha sido relacionado com alterações comportamentais, 
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em animais de meia-idade esse aumento poderia ser um aumento precoce para 

minimizar qualquer dano adicional associado à idade no hipocampo. Da mesma forma, 

o aumento de BDNF associado à idade também pode ser um sinal precoce para 

minimizar muitas mudanças morfológicas relacionadas à idade no hipocampo, tais 

como a perda sináptica seguida de morte neuronal, a redução da densidade dos espinhos 

dendríticos e diminuição da neurogênese no giro denteado, o que provavelmente 

contribui o comprometimento de aprendizagem e memória relacionadas à idade (Barnes 

and McNaughton, 1985; Erickson e Barnes, 2003; Halbach, 2010; Hattiangady et al., 

2005; Jolitha et al., 2009). Atualmente não está claro se o processamento BDNF é 

modificado pelo envelhecimento, e não é possível concluir se a ausência de correlação 

entre as alterações nos níveis de pró-BDNF e BDNF encontradas neste estudo estariam 

refletindo um aumento no turnover do BDNF ou à falta de tradução do RNAm recém 

sintetizado. Alternativamente, mudanças na liberação de BDNF podem explicar essa 

discrepância entre BDNF e pró-BDNF (Alonso et al., 2002; Pollock et al., 2001).  

Considerando que o BDNF pode desempenhar um papel no declínio cognitivo 

relacionado à idade, e, os seus efeitos funcionais dependem criticamente do tempo, 

quantidade e dos receptores aos quais se liga, é importante entender como o seu receptor 

de alta afinidade, TrkB, muda com a idade e com o comprometimento de memória 

associado à idade (Croll et al., 1998; Wei et al., 2017). De acordo com alguns autores 

(Croll et al., 1998, Silhol et al., 2005, 2008), diminuições significativas do receptor 

TrkB relacionadas com a idade foram detectados no hipocampo. A cafeína levou a uma 

diminuição no imunoconteúdo desse receptor independentemente da idade. Os 

receptores TrkB normalmente são internalizados e rapidamente degradados após a 

ativação pelo BDNF (Silhol et al., 2008), e foi sugerido que a perda do TrkB 

relacionada com a idade contribui para o comprometimento de memória apresentadas 
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por ratos de meia-idade (Croll et al., 1998; Diógenes 2007). Também é concebível que 

as diminuições no imunoconteúdo do receptor poderiam estar associadas a várias 

modificações bioquímicas que ocorrem durante o envelhecimento (por exemplo, 

glicação e carbonilação), o que impede o seu reconhecimento pelo anticorpo e 

possivelmente pelo ligante endógeno também (Silhol et al., 2008, Tapia-Arancibia et 

al., 2008). Entretanto, nem os efeitos da idade nem os efeitos da cafeína no 

imunoconteúdo dos receptores TrkB são coincidentes em camundongos e ratos. De 

forma contraditória, foi demonstrado um aumento dos níveis de TrkB em camundongos 

idosos (Costa et al., 2008a) enquanto foi encontrado uma diminuição no envelhecimento 

em ratos Fischer 344 ratos (Zeng et al., 2011), embora ambas as espécies tenham 

apresentado comprometimento de memória. 

Além disso, deve se levar em consideração a capacidade de downregulation do 

BDNF sobre os receptores de TrkB (Binder et al, 2001;. Chen e Weber, 2004; Knusel et 

al, 1997). Esta capacidade pode resultar na disfunção do receptor TrkB por si só ou em 

um dos componentes da sua via de sinalização (Tsai, 2004), e assim, seria razoável 

especular que o aumento associado à idade dos níveis de BDNF levaria a 

downregulation dos receptores TrkB e redução da sua responsividade, um efeito 

normalizado pelo tratamento com cafeína que promoveu um impacto positivo na 

aprendizagem e memória. 

Apesar da diminuição do imunoconteúdo de TrkB, a cafeína ainda foi capaz de 

melhorar o desempenho da memória nos ratos de meia-idade. Este efeito pode estar 

relacionado ao envolvimento dos receptores TrkB/A2A. Estudos anteriores 

demonstraram que os efeitos neuroprotetores da cafeína parecem estar relacionados ao 

bloqueio preferencial dos receptores A2A (Dall'Igna et al, 2003; Higgins et al, 2007; 

Huang et al, 2005; Silva et al., 2007) e que a função dos receptores TrkB é modulada 
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pela ativação de receptores de adenosina A2A (Lee e Chao, 2001; Diógenes et al, 2004; 

Assaife-Lopes et al, 2010). Além disso, foi demonstrado que os receptores A2A são 

capazes de transativar os receptores TrkB na ausência de BDNF (Lee e Chao, 2001). No 

entanto, assim como para o BDNF, ainda não foi determinado se a cafeína pode afetar 

algum sinal nas vias de sinalização operadas pelo TrkB. 

Neste trabalho também foi encontrado um aumento do imunoconteúdo de CREB 

em ratos de meia-idade, assim como um aumento com o tratamento crônico com 

cafeína. O CREB é um fator de transcrição envolvido na formação da LTM e é ativado 

no hipocampo durante a aprendizagem (Alonso et al., 2002, Finkbeiner et al.,1997; 

Viola et al., 2000; Yamada e Nabeshima, 2003). O CREB é considerado o principal 

mediador da resposta neuronal ao BDNF (Finkbeiner et al., 1997), e seu aumento 

observado pelo tratamento com a cafeína pode contribuir para os efeitos positivos sobre 

a memória encontrado neste estudo.  

Apesar do tratamento com cafeína aumentar os níveis de CREB e pró-BDNF em 

ratos adultos, não foram encontradas diferenças nas tarefas comportamentais. Talvez 

realizando um tempo de tratamento maior, ou mesmo em uma idade mais avançada, 

estes efeitos poderiam melhorar de alguma forma o desempenho desses animais em 

tarefas de memória. 

Estudos indicam que os processos de aprendizagem estão associados à liberação 

de BDNF (Chen et al., 2010), que a memória de longa duração na esquiva inibitória 

requer síntese de BDNF (Bekinschtein et al., 2007, 2008), e uma vasta gama de 

experimentos realizados em animais adultos e idosos estabeleceu um papel crucial para 

o BDNF na LTP (Balkowiec e Katz, 2002; Chen et al., 1999; Diógenes et al., 2011; 

Gärtner e Staiger, 2002; Figurov et al., 1996; Kang et al., 1997; Pang et al., 2004). Em 
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conjunto, estes achados corroboram estudos anteriores sobre o potencial da cafeína em 

reverter o declínio cognitivo associado à idade com a participação das vias de 

sinalização mediadas pelo BDNF. 

Estudos recentes têm demonstrado os efeitos do consumo de cafeína e a relação 

com declínio cognitivo relacionado à idade (Driscoll et al., 2016; Panza et al., 2015;  

Ritchie et al., 2014). Por exemplo, Ritchie et al. (2014) demonstrou que o consumo de 

cafeína está relacionado a uma diminuição dos níveis do peptídeo beta-amilóide, e  

Driscoll et al. (2016) encontrou que a exposição à cafeína, com um consumo médio de 

261 mg/dia em mulheres estava associado a um menor risco de desenvolver demência 

ou qualquer prejuízo cognitivo com a idade, quando comparado as mulheres que tinham 

um baixo consumo (média de 64 mg/dia) (Driscoll et al., 2016; Panza et al., 2015;  

Ritchie et al., 2014). Embora ainda não existam dados conclusivos sobre os efeitos 

preventivos da cafeína no declínio de memória relacionado à idade e em relação às 

doenças neurodegenerativas, como o Alzhemeir, as pesquisas sugerem, de uma forma 

geral, que o consumo de cafeína pode ser uma alternativa profilática (Cunha e 

Agostinho, 2010).  
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4. CONCLUSÃO 

Este trabalho apresentou evidências dos efeitos do consumo de cafeína em 

diferentes fases da vida de roedores, pela exposição à cafeína desde a prenhez até atingir 

o período da puberdade dos filhotes, e durante o envelhecimento. Ainda não está 

totalmente esclarecido se o consumo de cafeína é seguro durante o período gestacional, 

apesar de muitos órgãos regulatórios delimitarem o seu consumo diário, assim como 

existem questionamentos sobre a eficácia da cafeína na prevenção dos déficits de 

memória associado à idade e doenças neurodegenerativas.     

No desenvolvimento encefálico, a cafeína apresentou efeitos dicotômicos em 

relação aos sexos, promovendo efeitos benéficos em machos e deletérios em fêmeas 

sobre a memória de reconhecimento, apresentando variações conforme a dose. As 

diferenças de resposta entre os sexos apresentadas neste trabalho demonstram a 

possibilidade de haver mecanismos distintos envolvidos nos processos de aprendizagem 

e memória, que poderiam estar relacionados às alterações hormonais que cada sexo 

apresenta de forma particular, o que enfatiza a importância de se investigar e incluir a 

variável sexo/gênero em pesquisas futuras. 

 Os avanços tecnológicos e na área da medicina têm proporcionado um aumento 

considerável da expectativa da vida da população mundial, que tende a ser cada vez 

maior. Porém, conforme a população envelhece, os impactos econômicos, sociais e de 

saúde pública que a sociedade enfrenta devem cada vez mais ser discutidos, a fim de 

que a população idosa se torne mais preparada para os desafios que irão se apresentar. 

Essas mudanças demográficas vêm acompanhadas de um crescimento substancial de 

casos de demências e doenças neurodegenerativas, tornado-se imprescindível a busca 

por alternativas que tratem essas condições ou mesmo previnam o seu surgimento.  No 
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nosso estudo foi possível observar que a cafeína parece prevenir o início do declínio 

cognitivo associado à idade. Estas evidências abrem a possibilidade de que de fato as 

intervenções nos componentes da dieta possam auxiliar na melhora da qualidade de vida 

das pessoas em idade avançada. 

O desenvolvimento e o envelhecimento são períodos distintos da vida do ser 

humano, que abrangem aspectos muito importantes envolvendo as mais diversas 

alterações neurobiológicas, estruturais e funcionais. Enquanto há uma expansão no 

período do desenvolvimento, com uma evolução contínua no que diz respeito a ganhos 

de capacidades, habilidades, aprendizados e novas descobertas, no período do 

envelhecimento poderia se fazer uma relação quase inversa, visto que essa fase da vida 

é associada a muitas defasagens, sejam elas motoras e/ou cognitivas. O aprofundamento 

do conhecimento de ambos os períodos é de extrema importância e relevância, seja de 

forma a proporcionar maiores ganhos em cada fase, seja de forma a diminuir as perdas, 

pois apesar de os processos que governam cada uma dessas fases sejam diferentes, 

ambas apresentam tanto potencialidades quanto vulnerabilidades a serem exploradas e 

conhecidas. Assim, o conhecimento dos potenciais efeitos da cafeína nas diversas fases 

da vida do ser humano deve ser explorado em mais detalhes, a fim de que se possa fazer 

uso dessa substância de forma a não causar danos e/ou extrair o máximo de benefícios 

que ela pode proporcionar frente às condições pato-fisiológicas que o ser humano pode 

experimentar ao longo de sua vida.  
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5. PERSPECTIVAS 

- Fazer um estudo comparativo dos padrões comportamentais e o imunoconteúdo de 

proteínas sinápticas de ratos púberes expostos ao consumo materno de cafeína somente 

até o período de lactação e desmame, e avaliar o impacto do sexo; 

- Avaliar os padrões comportamentais e o imunoconteúdo de proteínas sinápticas em 

idades mais avançadas, pela administração crônica de cafeína em ratos velhos; 

- Analisar a morfologia hipocampal das proteínas sinápticas ratos púberes e ratos de 

meia-idade;  

- Analisar os níveis de cafeína e metabólitos no encéfalo durante a puberdade e 

envelhecimento. 

 

 

 

 

 

 

 

 

 

 

 



143 
 

6. REFERÊNCIAS BIBLIOGRÁFICAS 

Abbot, A. (2011) A problem for our age. Nature, 475: S2-4.  

Adén, U. (2011) Methylxanthines during pregnancy and early postnatal life. In: 

Fredholm, B.B. (Ed.), Methylxanthines. In: Handbook of Experimental Pharmacology, 

vol. 200. Springer, London, 200, pp. 384-389 

Adén, U., Herlenius, E., Tang, L.-Q., Fredholm, B.B. (2000) Maternal caffeine intake 

has minor effects on adenosine receptor ontogeny in the rat brain. Pediatr. Res.48, 177–

183. 

Agafonova, I. G., Kolosova, N. G., Mishchenko, N. P., Chaikina, E. L., Stonik, V. A.               

(2007) Effect of histochrome on brain vessels and research and exploratory activity of 

senescence accelerated OXYS rats. Bull. Exp. Biol. Med. 143, 467–471. 

Age International. (2013) Facing the facts: The truth about ageing and development, 1-

88.  

Albert, M.S. (2002) Memory decline: the boundary between aging and age-related 

disease. Annals of Neurology, 51 (3), 282-284. 

Aldridge A, Aranda JV, Neims AH. (1979) Caffeine metabolism in the newborn. Clin 

Pharmacol Ther. 25, 447-453. 

Aldridge A, Bailey J, Neims AH. (1981) The disposition of caffeine during and after 

pregnancy. Semin Perinatol. 5, 310-314. 

Alhaider, I.A., Aleisa, A.M., Tran, T.T., Alkadhi, K.A. (2011) Sleep deprivation 

prevents stimulation-induced increases of levels of P-CREB and BDNF: protection by 

caffeine. Molecular and Cellular Neuroscience, 46, 742–751. 

Alonso, M., Vianna, M. R., Depino, A. M., Mello e Souza T., Pereira P., Szapiro, G., 

Viola, H., Pitossi, F., Izquierdo, I., Medina, J. H. (2002) BDNF-Triggered Events in the 

Rat Hippocampus Are Required for Both Short- and Long-Term Memory Formation. 

Hippocampus, 12, 551-560. 

Andersen, S.L. (2003) Trajectories of brain development: point of vulnerability or 

window of opportunity? Neurosci Biobehav Rev. 27(1-2), 3-18. 

Anderson, M.J., Barnes, G.W., Briggs, J.F., Ashton, K.M., Moody, E.W., Joynes, R.L., 

Riccio, D.C., (2004) Effects of ontogeny on performance of rats in a novel object-

recognition task. Psychol. Rep. 94, 437-443. 

Angelucci, M. E., Vital, M. A., Cesário, C., Zadusky, C. R., Rosalen, P. L, Da Cunha C. 

(1999) The effect of caffeine in animal models of learning and memory. Euro. J. 

Pharmacol. 373, 135–140. 

Anker, J.J., Carroll, M.E., (2011) Females are more vulnerable to drug abuse than 

males: evidence from preclinical studies and the role of ovarian hormones. Curr Top 

Behav Neurosci. 8, 73-96. 

Aranda JV, Collinge JM, Zinman R, Watters G. (1979) Maturation of caffeine 

elimination in infancy. Arch. Dis. Child. 54, 946–949. 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Anderson%20MJ%5BAuthor%5D&cauthor=true&cauthor_uid=15154169
https://www.ncbi.nlm.nih.gov/pubmed/?term=Barnes%20GW%5BAuthor%5D&cauthor=true&cauthor_uid=15154169
https://www.ncbi.nlm.nih.gov/pubmed/?term=Briggs%20JF%5BAuthor%5D&cauthor=true&cauthor_uid=15154169
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ashton%20KM%5BAuthor%5D&cauthor=true&cauthor_uid=15154169
https://www.ncbi.nlm.nih.gov/pubmed/?term=Moody%20EW%5BAuthor%5D&cauthor=true&cauthor_uid=15154169
https://www.ncbi.nlm.nih.gov/pubmed/?term=Joynes%20RL%5BAuthor%5D&cauthor=true&cauthor_uid=15154169
https://www.ncbi.nlm.nih.gov/pubmed/?term=Riccio%20DC%5BAuthor%5D&cauthor=true&cauthor_uid=15154169


144 
 

Arnaud MJ. (1976). Identification, kinetic and quantitative study of [2-14C] and [1-Me-

14C] caffeine metabolites in rat‘s urine by chromatographic separations.Biochem Med 

16, 67-76. 

Arnaud MJ, Bracco I, Sauvageat JL, Clerc MF. (1983) Placental transfer of the major 

caffeine metabolite in the rat using 6-amino-5[N-formylmethylamino]1,3[Me14C]-

dimethyluracil administered orally or intravenously to the pregnant rat. Toxicol. Lett. 

16, 271–279. 

Arnaud MJ. (1985) Comparative metabolic disposition of [1-Me14C]caffeine in rats, 

mice, and Chinese hamsters. Drug Metab. Dispos. 13, 471–478. 

Arnaud MJ. (1987) The pharmacology of caffeine. Prog Drug Res 31, 273-313. 

Arnaud MJ, Bracco I, Getaz F. (1989) Synthesis of ring labelled caffeine for the study 

of metabolic and pharmacokinetics mouse interstrain differences in relation to 

pharmacologic and toxic effects. In: Baillie, T.A., Jones, J.R. (Eds.), Synthesis and 

Applications of Isotopically Labeled Compounds. Elsevier, Amsterdam, 645–648. 

Ardais, A.P., Borges, M.F., Rocha, A.S., Sallaberry, C., Cunha, R.A., Porciúncula, 

L.O., (2014) Caffeine triggers behavioral and neurochemical alterations in adolescent 

rats. Neuroscience. 270, 27-39. 

Ardais, A.P., Rocha, A.S., Borges, M.F., Fioreze, G.T., Sallaberry, C., Mioranzza, S., 

Nunes, F., Pagnussat, N., Botton, P.H., Cunha, R.A., Porciúncula, L.O., (2016) Caffeine 

exposure during rat brain development causes memory impairment in a sex selective 

manner that is offset by caffeine consumption throughout life. Behav Brain Res. 303, 

76-84. 

Archer J., 1975. Rodent sex differences in emotional and related behavior. Behav Biol 

14,451–479. 

 

Arendash, G.W., Schleif, W., Rezai-Zadeh, K., Jackson, E.K., Zacharia, C., Cracchiolo, 

J.R., Shippy, D., and Tan, J.(2006) Caffeine protects Alzheimer's mice against cognitive 

impairment and reduces brain β-amyloid production. Neurosci. 142, 941–952. 

Asanuma, M., Nishibayashi, S., Iwata, E., Kondo, Y., Nakanishi, T., Gomez, M., 

Ogawa, N. (1996) Alterations of cAMP response element-binding activity in the aged 

rat brain in response to administration, of rolipram, a cAMP-specific phosphodiesterase 

inhibitor. Mol. Brain. Res. 41, 210–215. 

Assaife-Lopes, N., Sousa, V. C., Pereira, D. B., Ribeiro, J. A., Chao, M. V., Sebastião, 

A. M., (2010) Activation of adenosine A2A receptors induces TrkB translocation and 

increases BDNF-mediated phospho-TrkB localization in lipid rafts: implications for 

neuromodulation. J. Neurosci. 30, 8468-8480. 

Bachevalier, J., Beauregard, M. (1993) Maturation of medial temporal lobe memory 

functions in rodents, monkeys, and humans. Hippocampus. 3, 191–201. 

Bakker, R., Steegers, E. A. P., Obradov, A., Raat, H., Hofman, A.,  Jaddoe, V. W. V. 

(2010) Maternal caffeine intake from coffee and tea , fetal growth , and the risks of 

adverse birth outcomes : the Generation R Study 1 – 3. Am. J. Clin. Nutr. 91,1691–8. 



145 
 

Balkowiec, A., Katz, D.M. (2002) Cellular mechanisms regulating activity-dependent 

release of native brain-derived neurotrophic factor from hippocampal neurons. J. 

Neurosci. 22,  10399e10407. 

Barboza, I.G. (2009) Estudo da concentração plasmática de fatores neurotróficos 

(BDNF, NGF e GDNF) em pacientes com transtorno bipolar do humor. 89f. Dissertação 

(Mestrado em Neurociências) - Instituto de Ciências Biológicas, Universidade Federal 

de Minas Gerais, Belo Horizonte. 

Barnes, C. A., McNaughton, B. L. (1985) An age comparison of the rates of acquisition 

and forgetting of spatial information in relation to longterm enhancement of 

hippocampal synapses. Behav. Neurosci. 99, 1040–1048. 

Bekinschtein, P., Cammarota, M., Igaz, L. M., Bevilaqua, L. R., Izquierdo, I., Medina, 

J. H. (2008) Persistence of long-term memory storage requires a late protein synthesis- 

and BDNF-dependent phase in the hippocampus. Neuron, 53, 261–277. 

Bekinschtein, P., Cammarota, M., Katche, C., Slipczuk, L., Rossato, J. I., Goldin, A., 

Izquierdo, I., Medina, J. H. (2008) BDNF is essential to promote persistence of long-

term memory storage. Proc. Natl. Acad. Sci. U S A. 105, 2711-2716. 

Benowitz, N.L., Jacob, P., Mayan, H., Denaro, C. (1995) Sympathomimetic effects of 

paraxanthine and caffeine in humans. Clin. Pharmacol. Ther. 58, 684–691. 

Becker, J.B., Hu, M. (2008) Sex differences in drug abuse. Front Neuroendocrinol.  29, 

36-47. 

Bergado, J. A., Almaguer, W., Rojas, Y., Capdevila, V., Frey, J. U. Spatial and 

emotional memory in aged rats: a behavioral-statistical analysis. Neuroscience. 172, 

256-269, 2011. 

Beery, A. K., Zucker, I. (2011) Neuroscience and Biobehavioral Reviews Sex bias in 

neuroscience and biomedical research, Neuroscience and Biobehavioral Reviews. 

Elsevier Ltd, 35(3), 565–572. 

Bhattacharya, S.K., Satyan, K.S., Chakrabarti, A. (1997) Anxiogenic action of caffeine: 

an experimental study in rats. J. Psychopharmacol. 11, 219–224. 

Binder, D. K., Croll, S.D, Gall, C. M., Scharfman, H. E.(2001) BDNF and epilepsy: too 

much of a good thing? Trends. Neurosci. 24, 47-53. 

Blake MJ, Castro L, Leeder JS, Kearns GL. (2005) Ontogeny of drug metabolizing 

enzymes in the neonate. Semin. Fetal Neonatal Med. 10, 123–138. 

Blakemore, S.-J., Burnett, S., Dahl, R.E. (2010) The role of puberty in the 

developingadolescent brain. Hum. Brain Mapp. 31, 926–933. 

 

Bogdanov, V. B., Bogdanova, O.V., Koulchitsky S. V., Chauvel V., Multon S., 

Makarchuk M. Y., Brennan K. C., Renshaw P. F., Schoenen J.  (2013). Behavior in the 

open field predicts the number of KCl-induced cortical spreading depressions in rats. 

Behav. Brain Res. 236, 90–93. 

 



146 
 

Bonati M, Latini R, Tognoni G, Young JF, Garattini S. (1984) Interspecies comparison 

of in vivo caffeine pharmacokinetics in man, monkey, rabbit, rat and mouse. Drug 

Metab Rev 15: 1355-1383. 

Botton, P.H., Costa, M.S., Ardais, A.P., Mioranzza, S., Souza, D.O., da Rocha, J.B., 

Porciúncula, L.O. (2010) Caffeine prevents disruption of memory consolidation in the 

inhibitory avoidance and novel object recognition tasks by scopolamine in adult mice. 

Behav Brain Res. 214(2), 254-9. 

 

Braida, D., Guerini, F.R., Ponzoni, L., Corradini, I., De Astis, S., Pattini, L., Bolognesi, 

E., Benfante, R., Fornasari, D., Chiappedi, M., Ghezzo, A., Clerici, M., Matteoli, M.,  

Sala, M. (2015). Association between SNAP-25 gene polymorphisms and cognition in 

autism: functional consequences and potential therapeutic strategies. Transl Psychiatry. 

27, 5e500. 

Braun, J.E., Madison, D.V. (2000) A novel SNAP25–caveolin complex correlates with 

the onset of persistent synaptic potentiation. J Neurosci 20, 5997–6006. 

Brent RL, Christian MS, Diener RM. (2011) Evaluation of the reproductive and 

developmental risks of caffeine. Birth Defects Res B Dev Reprod Toxicol. 92 (2), 152-

187. 

Brotto, L.A., Barr, A.M., Gorzalka, B.B., 2000. Sex differences in forced-swim and 

open-field test behaviours after chronic administration of melatonin. Eur J Pharmacol. 

402(1-2), 87-93. 

 

Brown, G. R., Nemes, C. (2008) The exploratory behaviour of rats in the hole-board 

apparatus : Is head-dipping a valid measure of neophilia ? Male infanticide and paternity 

analyses in a socially natural herd of Przewalski‘s horses: Sexual selection?. Behav 

Processes 78, 442–448. 

 

Caldarone, B. J., King, S. L., Picciotto, M. R. (2008) Sex differences in anxiety-like 

behavior and locomotor activity following chronic nicotine exposure in mice, 

Neuroscience letters, 439(2), 187–191. 

Cammarota, M., Bevilaqua, L. R. M., Medina, J. H., Izquierdo, I. (2007) Studies of 

short-term avoidance memory.In: Bermúdez-Rattoni F, editor. Neural Plasticity and 

Memory: From Genes to Brain Imaging. Boca Raton (FL): CRC Press; Chapter 10. 

Frontiers in neuroscience. 

Caravan, I., Sevastre Berghian, A., Moldovan, R., Decea, N., Orasan, R., Filip, G.A. 

(2016) Modulatory effects of caffeine on oxidative stress and anxiety-like behavior in 

ovariectomized rats. Can J Physiol Pharmacol. 94, 961-972.  

Carman, A. J., Dacks, P. A., Lane, R.F., Shineman, D.W., Fillit, H.M.. (2014) Current 

evidence for the use of coffee and caffeine to prevent age-related cognitive decline and 

Alzheimer's disease, J Nutr Health Aging. 18(4), 383-92. 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Brown%2C+G.+R.%2C+Nemes%2C+C.+(2008)
https://www.ncbi.nlm.nih.gov/pubmed/?term=Brown%2C+G.+R.%2C+Nemes%2C+C.+(2008)


147 
 

Carvalho, A., Fazuoli, L.C. Café. In: Furlani, A.M.C, Viégas, G.P. (1993). O 

melhoramento de plantas no Instituto Agronômico. Campinas: Instituto Agronômico. v. 

1, 29-76. 

Carvalho, A.L., Caldeira, M.V., Santos, S.D., Duarte, C.B. (2008) Role of the brain-

derived neurotrophic factor at glutamatergic synapses. Br J Pharmacol. 153 (S1), S310-

324. 

Castellano, C. (1976) Effects of caffeine on discrimination learning, consolidation, and 

learned behavior in mice. Psychopharmacology (Berlin). 48, 255–260. 

Catlow, B., Kirstein, C. (2005) Heightened cocaine-induced locomotor activity in 

adolescent compared to adult female rats, Journal of Psychopharmacology, 19(5 2), 

443–447. 

Cecafé - Conselho dos Exportadores de Café do Brasil (2016) Acesso em Relatórios de 

Exportação, www.cecafe.com.br. 

Chandrasekaran, A.  (2006) Soft-drink sales fizzle while thirst for energy sizzles. 

Reuters News Service. 

Chen, J.F., Chern, Y. (2011) Impacts of  methylxanthines and adenosine receptors on 

neurodegeneration: human and experimental studies. Handb Exp.  Pharmacol. 200, 267-

310. 

Chen, G.,  Kolbeck, R., Barde, Y.A., Bonhoeffer, T., Kossel, A. (1999) Relative contri- 

bution of  endogenous neurotrophins in hippocampal long-term potentiation. J. 

Neurosci. 19, 7983-7990. 

Chen, H., Weber, A. J. (2004) Brain-derived neurotrophic factor reduces TrkB protein 

and mRNA in the normal retina and following optic nerve crush in adult rats. Brain. 

Res. 1011, 99-106. 

Chen, J.F., Yu, L., Shen, H.Y., He, J.C., Wang, X., Zheng R. (2010) What knock-out 

animals tell us about the effects of caffeine. J Alzheimers Dis. 20(1),S17-24. 

Chen L., Bell E. M., Browne M. L., Druschel C. M., Romitti P. A., National Birth 

Defects Prevention Study. (2014) Exploring Maternal Patterns of Dietary Caffeine 

Consumption Before Conception and During Pregnancy. Matern. Child Health J. 18, 

2446–2455. 

Corradini I, Verderio C, Sala M, Wilson MC, Matteoli M.. (2009) SNAP-25 in 

neuropsychiatric disorders. Ann N Y Acad Sci. 1152, 93-9.  

Clancy, B., Darlington, R.B., Finlay, B.L. (2001) Translating developmental time across 

mammalian species. Neuroscience 105, 7–17. 

Colciago, A., Casati, L., Negri-Cesi, P., Celotti, F. (2015) Learning and memory: 

Steroids and epigenetics. J Steroid Biochem Mol Biol. 150, 64-85. 

Costa, M.S., Botton, P.H., Mioranzza, S., Souza, D.O., Porciúncula, L.O. (2008a) 

Caffeine prevents age-associated recognition memory decline and changes brain-



148 
 

derived neurotrophic factor and tirosine kinase receptor (TrkB) content in mice. 

Neuroscience, 153, 1071–8. 

Costa, M. S., Botton, P. H., Mioranzza, S., Ardais, A. P., Moreira, J. D., Souza, D. O., 

Porciúncula, L. O. (2008b) Caffeine improves adult mice performance in the object 

recognition task and increases BDNF and TrkB independent on phospho-CREB 

immunocontent in the hippocampus. Neurochem. Int. 53, 89–94. 

Costa MS, Ardais AP, Fioreze GT, Mioranzza S, Botton PH, Souza DO, Rocha JB, 

Porciúncula LO. (2012) The impact of the frequency of moderate exercise on memory 

and brain-derived neurotrophic factor signaling in young adult and middle-aged rats. 

Neuroscience 222, 100-109. 

Crews, F., He, J., Hodge, C. (2007) Adolescent cortical development: a critical period 

of vulnerability for addiction. Pharmacol Biochem Behav 86(2), 189–199. 

Croll, S. D., Ip, N. Y., Lindsay, R. M., Wiegand, S. J. (1998) Expression of BDNF and 

trkB as a function of age and cognitive performance. Brain. Res. 812, 200–208. 

Crook, T., Bartus, R. T., Ferris, S. H., Whitehouse, P., Cohen, G. D., Gershon, S. (1986) 

Age-associated memory impairment: proposed diagnostic criteria and measures of 

clinical change. Report of a National Institute of Mental Health Work Group. Dev. 

Neuropsychol. 2, 261–276. 

Cunha, R.A. (2001) Adenosine as a neuromodulator and as a homeostatic regulator in 

the nervous system: Different roles, different sources and different receptors. 

Neurochem. Int. 38, 107-125. 

Cunha, R. A. (2005) Neuroprotection by adenosine in the brain: From A1 receptor 

activation to A2A receptor blockade. Purinergic Signalling 1, 111–134. 

Cunha, R.A., Agostinho, P.M. (2010) Chronic caffeine consumption prevents memory 

disturbance in different animal models of memory decline.J Alzheimers Dis. 20(1), 

S95-116. 

Dall‘lgna, O. P., Porciuncula, L. O., Souza, D. O., Cunha, R. A., Lara, D. R. (2003) 

Neuroprotection by caffeine and adenosine A(2A) receptor blockade of beta amyloid 

neurotoxicity. Br. J. Pharma. 138,1207-1209. 

Dall‘Igna, O. P., Fett, P., Gomes, M. W., Souza, D. O., Cunha, R. A., Lara, D. R. (2007) 

Caffeine and adenosine A2A receptor antagonists prevent beta amyloid (25 35) induced 

cognitive deficits in mice. Exp. Neurol. 203,241-245. 

Dekaban, A.S. (1987) Changes in brain weights during the span of human life: relation 

of brain weights to body heights and body weights. Annals of Neurology. 4, 345–356. 

Desfrere, L., Olivier, P., Schwendimann, L., Verney, C., Gressens, P. (2007) Transient 

inhibition of astrocytogenesis in developing mouse brain following postnatal caffeine 

exposure. Pediatr Res.  62, 604-609. 

Dietrich, M. O., Mantese, C. E., Dos Anjos, G. M., Rotta, L. N., Perry, M. L. S., Souza, 

D. O., Lara, D. R. (2004) Increased locomotor response to amphetamine, but not other 



149 
 

psychostimulants, in adult mice submitted to a low-protein diet, Physiology and 

Behavior, 83(1 SPEC. ISS.), 129–133.  

Diógenes, M. J., Fernandes, C. C., Sebastiao, A. M., Ribeiro, J. A. (2004) Activation of 

adenosine A2A receptor facilitates brain derived neurotrophic factor modulation of 

synaptic transmission in hippocampal slices. J. Neurosci. 24, 2905-2913. 

Diógenes, M.J., Assaife-Lopes, N., Pinto-Duarte, A., Ribeiro J.A., Sebastiao, A.M.  

(2007) Influence of age on BDNF modulation of hippocampal synaptic transmission: 

interplay with adenosine A2A receptors. Hippocampus 17, 577–585. 

Diógenes,  M.J.,   Costenla,  A.R.,   Lopes,  L.V.,   Jerónimo-Santos,  A.,   Sousa,  V.C., 

Fontinha, B.M., Ribeiro, J.A., Sebastião, A.M. (2011) Enhancement of LTP in aged rats  

is   dependent   on  endogenous  BDNF.   Neuropsychopharmacology   36, 1823-1836. 

 

Doepker, C., Lieberman, H. R., Smith, A. P., Peck, J. D., El-Sohemy, A., Welsh, B. T. 

(2016) Caffeine: Friend or Foe? Annu. Rev. Food Sci. Technol. 7, 117–137.  

Duarte-Guterman, P., Yagi, S., Chow, C., Galea, LA. (2015). Hippocampal learning, 

memory, and neurogenesis: Effects of sex and estrogens across the lifespan in adults. 

Horm Behav. 74, 37-52. 

Drewnowski, A., Rehm, C. D. (2016) Sources of Caffeine in Diets of US Children and 

Adults : Trends by Beverage Type and Purchase Location. Nutrients. 10;8(3):154. 

Driscoll, I., Shumaker, S. A., Snively, B. M., Margolis, K. L., Manson, J. E., Vitolins, 

M. Z., Rossom, R. C., Espeland, M. A. (2016) Relationships Between Caffeine Intake 

and Risk for Probable Dementia or Global Cognitive Impairment : The Women ‘ s 

Health Initiative Memory Study, 71(12), 596–1602. 

Dröge W, Schipper HM (2007) Oxidative stress and aberrant signaling in aging and 

cognitive decline. Aging Cell 6, 361–370. 

Drzewiecki, C. M., Willing, J., Juraska, J. M. (2016)  Synaptic Number Changes in the 

Medial Prefrontal Cortex Across Adolescence in Male and Female Rats : A Role for 

Pubertal Onset , Synapse. 70(9), 361-8.   

Einother, S. J. L., Giesbrecht, T. (2013) Caffeine as an attention enhancer: Reviewing 

existing assumptions. Psychopharmacology. 225, 251–274. 

El Yacoubi, M., Ledent, C., Ménard, J.F., Parmentier, M., Costentin, J., Vaugeois J.M. 

(2000) The stimulant effects of caffeine on locomotor behaviour in mice are mediated 

through its blockade of adenosine A(2A) receptors. Br J Pharmacol. 129, 1465-1473. 

Eliot, X. L., Richardson, X. S. S. (2016) Dual Perspectives Companion Paper : 

Considering Sex as a Biological Variable Will Be Valuable for Neuroscience Research , 

Sex in Context : Limitations of Animal Studies for Addressing Human Sex/Gender 

Neurobehavioral Health Disparities, 36(47), 11823–11830. 



150 
 

Eng, L,F., Ghirnikar, R.S, Lee, Y.L. (2000) Glial fibrillary acidic protein: GFAP-thirty-

one years (1969-2000). Neurochem Res. 25(9-10),1439-51. 

Erickson, C. A., Barnes, C. A.(2003) The neurobiology of memory changes in normal 

aging. Experimental Gerontology. 38, 61–69. 

Eskelinen, M. H., Ngandu, T., Tuomilehto, J., Soininen, H., Kivipelto, M. (2009) 

Midlife coffee and tea drinking and the risk of late-life dementia: a population-based 

CAIDE Study. Journal of Alzheimer‘s Disease. 16, 85–91. 

Espinosa J, Rocha A, Nunes F, Costa MS, Schein V, Kazlauckas V, Kalinine E, Souza 

DO, Cunha RA, Porciúncula LO. (2013) Caffeine consumption prevents memory 

impairment, neuronal damage, and adenosine A2A receptors upregulation in the 

hippocampus of a rat model of sporadic dementia. J Alzheimers Dis 34: 509-518. 

Estanislau, C., Morato, S. (2006) Behavior ontogeny in the elevated plus-maze: prenatal 

stress effects. Int J Dev Neurosci. 24, 255-262. 

Evans, A.M. (1986) Age at Puberty and First Litter Size in Early and Late Paired Rat, 

Biology of Reproduction, 34, 322-326. 

Falkner, F.T., Tanner, J.M. (1986) Human Growth: A Comprehensive Treatise, 2nd ed. 

Plenum Press, New York. 

Fernandes, O., Sabharwal, M., Smiley, T., Pastuszak, A., Koren, G., Einarson, T. (1998) 

Moderate to heavy caffeine consumption during pregnancy and relationship to 

spontaneous abortion and abnormal fetal growth: A meta-analysis. Reproductive 

Toxicology. 12, 435–444. 

Figurov, A.,  Pozzo-Miller, L.D.,  Olafsson, P.,  Wang, T.,  Lu,  B. (1996) Regulation  

of synaptic responses to high-frequency stimulation and LTP by neurotrophins in the 

hippocampus. Nature 381, 706-709. 

Finkbeiner, S., Tavazoie, S., Maloratsky, A., Jacobs, K., Harris, K., Greenberg, M. 

(1997) CREB: a major mediator of neuronal neurotrophin responses. Neuron. 19,1031–

1047. 

Fisone, G., Borgkvist, A., Usiello, A. (2004) Caffeine as a psychomotor stimulant: 

mechanism of action. Cell Mol Life Sci. 61, 857-872. 

Fox, I., Paucar, A., Nakano, I., Mottahedeh, J., Dougherty, J., Kornblum, H.I. (2004) 

Developmental expression of glial fibrillary acidic protein mRNA in mouse forebrain 

germinal zones implications for stem cell biology. Developmental Brain Research 153, 

121–125. 

Frary, C. D., Johnson, R. K., Wang, M.Q. (2005) Food sources and intakes of caffeine 

in the diets of persons in the United States. Journal of the American Dietetic 

Association. 105, 110–113. 

 



151 
 

Fredholm, B. B., Battig, K., Holmen, J., Nehlig, A., Zvartau, E. E. (1999) Actions of 

caffeine in the brain with special reference to factors that contribute to its widespread 

use. Pharmacol. Rev. 51, 83-133. 

Fredholm, B.B., Ijzerman, A.P., Jacobson, K.A., Klotz, K.-N., and Linden, J. (2001) 

International Union of Pharmacology. XXV. Nomenclature and classification of 

adenosine receptors. Pharmacol. Rev. 53, 527–552. 

Fredholm, B. B., Cunha, R., Svenningsson, P. (2003) Pharmacology of adenosine A2A 

receptors and therapeutic applications. Curr. Top. Med. Chem. 3, 413-426. 

Fredholm, B.B., Chen, J.F., Cunha, R.A., Svenningsson, P., and Vaugeois, J.M. (2005) 

Adenosine and brain function. Int. Rev. Neurobiol. 63, 191–270. 

Fredholm, B. B. (2011) Methylxanthines. Handbook of Experimental Pharmacology. 

200, 268-293. 

Frick, K. M. (2015) Molecular mechanisms underlying the memory-enhancing effects 

of estradiol, Hormones and Behavior. 74:4-18 74, 4–18. 

Froy O, Miskin R (2007) The interrelations among feeding, circadian rhythms and 

ageing. Prog Neurobiol 82:142–150. 

Frye, C.A., Walf, A.A. (2002) Changes in progesterone metabolites in the hippocampus 

can modulate open field and forced swim test behavior of proestrous rats. Horm Behav. 

41, 306-15. 

Fryer RH, Kaplan DR, Feinstein SC, Radeke MJ, Grayson DR, Kromer LF. (1996) 

Developmental and mature expression of full-length and truncated TrkB receptors in the 

rat forebrain. J Comp Neurol 374: 21-40. 

Fukumitsu H, Furukawa Y, Tsusaka M, Kinukawa H, Nitta A, Nomoto H, Mima T, 

Furukawa S. (1998) Simultaneous expression of brain-derived neurotrophic factor and 

neurotrophin-3 in Cajal-Retzius, subplate and ventricular progenitor cells during early 

development stages of the rat cerebral cortex. Neuroscience 84, 115–127. 

Gärtner,  A., Staiger, V. (2002) Neurotrophin secretion from hippocampal neurons 

evoked  by   long-term-potentiation-inducing electrical stimulation patterns. Proc. Natl. 

Acad. Sci.  U S A 99,  6386-6391. 

 

Gaytan, S.P., Pasaro, R. (2012) Neonatal caffeine treatment up-regulates adenosine 

receptors in brainstem and hypothalamic cardio-respiratory related nuclei of rat pups. 

Exp. Neurol. 237, 247–259. 

Giedd, J.N., Blumenthal, J., Jeffries, N.O., Rajapakse, J.C., Vaituzis, A.C., Liu, H., 

Berry, Y.C., Tobin, M., Nelson, J., Castellanos, F.X. (1999) Development of the human 

corpus callosum during childhood  and adolescence: a longitudinal MRI study. Prog. 

Neuro Psychopharmacol. Biol.Psychiatry 23, 571–588. 

Giedd, J.N., , Keshavan, M., Paus, T.(2008) Why do many psychiatric disorders emerge 

during adolescence? Nat Rev Neurosci. 9(12), 947-57.   



152 
 

Glisky, E. L. (2007) Changes in Cognitive Function in Human Aging. In: Riddle DR, 

editor. Brain Aging: Models, Methods, and Mechanisms. Boca Raton (FL): CRC Press; 

Frontiers in Neuroscience: Chapter 1.  

Global AgeWatch Index (2015) Insight report, 1-28. 

Godfrey, K. M., Barker, D. J. (2000)  Fetal nutrition and adult disease, American 

Journal of Clinical Nutrition, 71(5 Suppl):1344S–1352S. 

Gorodischer, R., Zmora, E., Ben-Zvi, Z., Warszwaski, D., Yaari, A., Sofer, S., Arnaud, 

M.J. (1986). Urinary metabolites of caffeine in the premature infant. Eur. J. Clin. 

Pharmacol. 31, 497–499. 

Gosso, M.F., de Geus, E.J., van Belzen, M.J., Polderman, T.J., Heutink, P., Boomsma, 

D.I., Posthuma, D. (2006) The SNAP-25 gene is associated with cognitive ability: 

evidence from a family-based study in two independent Dutch cohorts. Mol Psychiatry 

11, 878–886. 

Götz, M., Barde, Y.A. (2005) Radial glial cells defined and major intermediates 

between embryonic stem cells and CNS neurons. Neuron 46, 369–372. 

Goyan, J.E. (1980) Food and Drug Administration News release number P80-36. 

Washington DC: Food and Drug Administration. 

Greenberg, M. E., Xu, B., Lu, B. (2009) Hempstead, B. L. New insights in the biology 

of BDNF synthesis and release: implications in CNS function. J. Neurosci. 29, 12764-

12767. 

Greene LA, Kaplan DR. (1995) Early events in neurotrophin signaling via Trk and p75 

receptors. Curr. Opin. Neurobiol. 5, 579–587. 

Halbach, O.B.  (2010) Involvement  of  BDNF  in age-dependent alterations in the 

hippocampus. Front. Aging Neurosci. 2, 1-11. 

Hamson, D.K., Roes, M.M., Galea, L.A. (2016) Sex Hormones and Cognition: 

Neuroendocrine Influences on Memory and Learning. Compr Physiol. 6, 1295-1337.  

Harding, J. E. (2001)  The nutritional basis of the fetal origins of adult disease , Int J 

Epidemiol, 30(1), 15–23.   

Harnack L, Stang J, Story M. (1999) Soft drink consumption among US children and 

adolescents: nutritional consequences. J Am Diet Assoc 99: 436-441. 

Harte-Hargrove, N., Maxlusky, J., Scharfman, H.E., (2013) BDNF-estrogen interactions 

in hippocampal mossy fiber pathway: implications for normal brain function and 

disease. Neuroscience. 239, 46–66. 

Hashimoto, K. (2010) Brain-derived neurotrophic factor as a biomarker for mood 

disorders: An historical overview and future directions. Psych Clin Neurosci, 64: 341–

357. 



153 
 

Hattiangady, B., Rao, M. S., Shetty, G. A., Shetty, A. K. (2005) Brain-derived 

neurotrophic factor, phosphorylated cyclic AMP response element binding protein and 

neuropeptide Y decline as early as middle age in the dentate gyrus and CA1 and CA3 

subfields of the hippocampus.Exp. Neurol. 195, 353-371. 

Heckman MA, Sherry K, Gonzalez de Mejia E. (2010) Energy drinks: Anassessment of 

their market size, consumer demographics, ingredient profile, functionality, and 

regulations in the United States. Compr Rev Food Sci Food Saf 9, 303-317. 

Hepp R, Langley K. (2001) SNAREs during development. Cell Tissue Res 305, 247– 

253. 

Herting, M. M., Gautam, P., Spielberg, J. M., Kan, E., Dahl, R. E.,  Sowell, E. R. (2014)  

The Role of Testosterone and Estradiol in Brain Volume Changes Across Adolescence : 

A Longitudinal Structural MRI Study , Hum Brain Mapp. 35(11):5633-45. 

 

Hess, E. J., Collins, K. A., Wilson M. C. (1996) Mouse model of hyperkinesis 

implicates SNAP-25 in behavioral regulation. J. Neurosci. 16, 3104–3111. 

 

Higgins, G.A., Grzelak, M.E., Pond, A.J., Cohen-Williams, M.E., Hodgson, R.A., 

Varty, G.B. (2007) The effect of caffeine to increase reaction time in the rat during a 

test of attention is mediated through antagonism of adenosine A(2A) receptors. Behav 

Brain Res, 185, 32–42. 

Hiroi, R., Neumaier, J. F. (2006) Differential effects of ovarian steroids on anxiety 

versus fear as measured by open field test and fear-potentiated startle. Behavioural 

Brain Research. 166, 93–100. 

 

Hol, E. M., Pekny, M. (2015) ScienceDirect Glial fibrillary acidic protein ( GFAP ) and 

the astrocyte intermediate filament system in diseases of the central nervous system, 

Current Opinion in Cell Biology, 32, 121–130. 

Horner, A. M., Russ, D. W., Biknevicius, A. R. (2011)  Effects of early-stage aging on 

locomotor dynamics and hindlimb muscle force production in the rat, J Exp Biol. 214, 

3588-3595.   

 

Hoyt A.T., Browne M., Richardson S., Romitti P., Druschel C. (2014) Maternal caffeine 

consumption and small for gestational age births: Results from a population-based case-

control study. Matern. Child Health J. 18, 1540–1551. 

 

Huang, Z.L., Qu, W.M., Eguchi, N., Chen, J.F., Schwarzschild, M.A., Fredholm, B.B., 

Urade, Y., Hayaishi, O. (2005) Adenosine A2A, but not A1, receptors mediate the 

arousal effect of caffeine. Nat Neurosci, 8, 858–859. 

 

Hughes, R.N., Beveridge, I. J. (1990) Sex- and age-dependent effects of prenatal 

exposure to caffeine on open-field behavior, emergence latency and adrenal weights in 

rats. Life Sci. 47, 2075–2088. 



154 
 

Huttenlocher, P.R, Dabholkar, A.S. (1997) Regional differences in synaptogenesis in 

human cerebral cortex. J Comp Neurol. 387, 167-78. 

 

Inagaki, T. ,Gautreaux, C.,Luine, V.(2010) Acute Estrogen Treatment Facilitates 

Recognition Memory Consolidation and Alters Monoamine Levels in Memory-Related 

Brain Areas,‖ Horm. Behav., vol. 58(3), 415–426. 

Izquierdo, I., Medina, J.H. (1997) Memory formation: the sequence of biochemical 

events in the hippocampus and its connection to activity in other brain structures. 

Neurobiol Learn Mem 68, 285–316. 

Izquierdo, I., Bevilaqua, L.R., Rossato, J.I., Bonini, J.S., Medina, J.H., Cammarota, M. 

(2006) Different molecular cascades in different sites of the brain control memory 

consolidation, Trends Neurosci. 29(9), 496-505.  

Jahn, R., Lang, T., Sudhof, T.C. (2003) Membrane fusion. Cell 112, 519–533. 

Jahn, R., Scheller, R.H.(2006) SNAREs-engines for membrane fusion Nat Rev Mol Cell 

Biol 7, 631–643. 

Jarvis, M. J.(1993) Does caffeine intake enhance absolute levels of cognitive 

performance? Psychopharmacology.110, 45-52, 1993. 

 Jernigan, T.L.,Trauner,D.A.,Hesselink,J.R.,Tallal,P.A.(1991).Maturation of human 

cerebrum observed in vivo during adolescence. Brain 115 (5),2037–2049.  

Ji Y, Lu Y, Yang F, Shen W, Tang TT, Feng L, Duan S, Lu B. (2010) Acute and 

gradual increases in BDNF concentration elicit distinct signaling and functions in 

neurons. Nat Neurosci 13: 302-309. 

Johnson-Kozlow, M., Kritz-Silverstein, D., Barrett-Connor, E., Morton, D. (2002) 

Coffee consumption and cognitive function among older adults. Am. J. Epidemiol. 156, 

842-850. 

Jolitha, A.B., Subramanyam, M.V., Asha-Devi, S. (2009) Age-related responses of the 

rat cerebral cortex: influence of  vitamin E  and exercise on the cholinergic system. 

Biogerontology 10, 53-63. 

Jonasson, Z. (2005)  Meta-analysis of sex differences in rodent models of learning and 

memory: A review of behavioral and biological data , Neuroscience and Biobehavioral 

Reviews, 28(8), 811–825.   

Juárez-Méndez S, Carretero R, Martínez-Tellez R, Silva-Gómez AB, Flores G. (2006) 

Neonatal caffeine administration causes a permanent increase in the dendritic length of 

prefrontal cortical neurons of rats. Synapse 60 (6), 450-455. 

Juraska, J. M, Willing, J. (2016)  Pubertal onset as a critical transition for neural 

development and cognition, Brain Research. S0006-8993(16)30205-0 1–8.  

Kaisho, Y., Miyamoto, M., Shiho, O., Onoue, H., Kitamura, Y., Nomura, S. (1994) 

Expression of neurotrophin genes in the brain of senescence-accelerated mouse (SAM) 

during postnatal development. Brain. Res. 647, 139–144. 



155 
 

Kang, H., Welcher, A.A., Shelton, D., Schuman, E.M. (1997). Neurotrophins and time: 

different  roles  for   TrkB   signaling in  hippocampal  long-term  potentiation. Neuron 

19, 653-664. 

Karcz-Kubicha, M., Antoniou, K., Terasmaa, A., Quarta, D., Solinas, M., Justinova, Z., 

Pezzola, A., Reggio, R., Müller, C. E., Fuxe, K., Goldberg, S. R., Popoli, P., Ferré, S. 

(2003) Involvement of adenosine A1 and A2A receptors in the motor effects of caffeine 

after its acute and chronic administration. Neuropsychopharmacology. 28, 1281-1291. 

Kataoka, M., Yamamori, S., Suzuki, E., Watanabe, S., Sato, T., Miyaoka, H., Azuma, 

S., Ikegami, S., Kuwahara, R., Suzuki-Migishima, R., Nakahara, Y., Nihonmatsu, I., 

Inokuchi, K., Katoh-Fukui, Y., Yokoyama, M., Takahashi, M. (2011) A single amino 

acid mutation in SNAP-25 induces anxiety-related behavior in mouse. PLoS One . 6, 9-

e25158. 

Katoh-Semba, R., Semba, R., Takeuchi, I. K., Kato, K. (1998) Age-related changes in 

levels of brain-derived neurotrophic factor in selected brain regions of rats, normal mice 

and senescence-accelerated mice: a comparison to those of nerve growth factor and 

neurotrophin-3. Neurosci. Res. 31, 227-234. 

Kessler, R. C., Berglund, P., Demler, O., Jin, R., Merikangas, K. R., Walters, E. E. 

(2005) Lifetime Prevalence and Age-of-Onset Distributions of DSM-IV Disorders in 

the National Comorbidity Survey Replication, Arch Gen Psychiatry. 2005 Jun;62(6), 

593-602. 

Kim, J.S. (2011) Differential patterns of nestin and glial fibrillary acidic protein 

expression in mouse hippocampus during postnatal development. J Vet Sci. 12, 1-6. 

Kivipelto, M., Ngandu, T., Laatikainen, T., Winblad, B., Soininen, H.,  Tuomilehto, J. 

(2006) Risk score for the prediction of dementia risk in 20 years among middle aged 

people: a longitudinal, population-based study. Lancet. Neurol.5, 735-741. 

Klebanoff, M.A., Levine, R.J., Clemens, J.D., Wilkins, D.G. (2002) Maternal Serum 

Caffeine Metabolites and Small-for-Gestational Age Birth, Am J Epidemiol. 155(1), 32-

7. 

Koppe, J.G., de Bruijne, J.I., de Boer, P. (1979). Apneic spells and transcutaneous PO 2: 

treatment with caffeine, 19-year follow-up. Birth Defects Orig. Artic. Ser. 15,437–445. 

Knight, C. A., Knight, I., Mitchell, D. C., Zepp, J. E. (2004) Beverage caffeine intake in 

US consumers and subpopulations of interest: Estimates from the Share of Intake Panel 

survey. Food Chem. Toxicol. 42, 1923–1930. 

 

Knüsel B, Rabin SJ, Hefti F, Kaplan DR. (1994) Regulated neurotrophin receptor 

responsiveness during neuronal migration and early differentiation. J Neurosci 14: 

1542-1554. 

Kopf, S. R., Melani, A., Pedata, F., Pepeu, G. (1999) Adenosine and memory storage: 

effect of A(1) and A(2) receptor antagonists. Psychopharmacology (Berlin) 146, 214–

219. 



156 
 

Lachance MP, Marlowe C, Waddell WJ. (1983) Autoradiographic disposition of [1-

methyl-14C]- and [2-14C]caffeine in mice. Toxicol Appl Pharmacol 71: 237-241. 

Lamprea, M. R., Cardenas, F. P., Setem, J., Morato, S. (2008) Thigmotactic responses 

in an open-field.  Brazilian J. Med. Biol. Res. 41, 135–140. 

Lapchak, P. A., Araujo, D. M., Beck, K. D., Finch, C. E., Johnson, S. A., Hefti, F. 

(1993) BDNF and trkB mRNA expression in the hippocampal formation of aging rats. 

Neurobiol. Aging 14, 121–126. 

Laureano-Melo, R., da Silveira, A. L. B., de Azevedo Cruz Seara, F., da Conceição, R. 

R., da Silva-Almeida, C., Marinho, B. G., da Rocha, F. F., Reis, L. C., Côrtes, W. da S. 

(2016) Behavioral profile assessment in offspring of Swiss mice treated during 

pregnancy and lactation with caffeine, Metabolic Brain Disease. Metabolic Brain 

Disease, Metab Brain Dis. 31(5), 1071-80. 

Laws, S. C., Ferrell, J. M., Stoker, T. E,  Cooper, R. L. (2003)  Pubertal development in 

female wistar rats following exposure to propazine and atrazine biotransformation by-

products, diamino-S-chlorotriazine and hydroxyatrazine , Toxicological Sciences, 76(1), 

190–200.   

Lee, F. S, Chao, M.V. (2001) Activation of Trk neurotrophin receptors in the absence of 

neurotrophins. Proc. Natl. Acad. Sci. U S A. 98, 3555–3560. 

Leeder, J.S. (2001) Pharmacogenetics and pharmacogenomics. Pediatr. Clin. North Am. 

48, 765–781. 

Le Guennec JC, Billon B. (1987)bDelay in caffeine elimination in breast-fed infants. 

Pediatrics 79: 264–268. 

Lee, F.S., Heimer, H., Giedd, J.N., Lein, E.S., Sestan, N., Weinberger, D.R., Casey, B.J. 

(2014) Adolescent mental health - Opportunity and obligation, Science. 346(6209), 547-

9. 

Leite, M. R., Wilhelm, E.A., Jesse, C. R., Brandão, R., Nogueira, C. W. (2011) 

Protective effect of caffeine and a selective A2A receptor antagonist on impairment of 

memory and oxidative stress of aged rats. Exp. Gerontol. 46, 309-315.  

Lelo A, Birkett DJ, Robson RA, Miners JO. (1986) Comparative pharmacokinetics of 

caffeine and its primary demethylated metabolites paraxanthine, theobromine and 

theophylline in man. Br. J. Clin. Pharmacol. 22: 177–182. 

Lessmann, V., Gottmann, K., Malcangio, M. (2003) Neurotrophin secretion: current 

facts and future prospects. Prog. Neurobiol. 69, 341-374. 

Lin RC, Scheller RH. (2000) Mechanisms of synaptic vesicle exocytosis. Annu Rev 

Cell Dev Biol. 16: 19-49. 

Lindenberger, U. (2014) Human cognitive aging: Corriger la fortune? Science 346, 572-

578.  

Linn, S., Schoenbaum, S.C., Monson, R.R., Rosner, B., Stubblefield, P.G., Ryan, K.J., 

(1982) No association between coffee consumption and adverse outcomes of pregnancy. 

N Eng J Med. 306, 141-145.  



157 
 

Lipsky RH, Marini AM. (2007) Brain-derived neurotrophic factor in neuronal survival 

and behavior-related plasticity. Ann N Y Acad Sci. 1122, 130-143. 

Lohmiller, J. J., Swing, S. P. (2006) Reproduction and Breeding. The Laboratory Rat. 

Second Edi. 148-162. 

Lu, B., Chow, A. (1999) Neurotrophins and hippocampal synaptic transmission and 

plasticity. J. Neurosci. Res. 58: 76-87. 

Lu, B., Pang, P. T., Woo, N. H. (2005)The yin and yang of neurotrophin action. Nat 

Rev. Neurosci. 6, 603-14, 2005. 

Lynch, C. D., Klebanoff, M. A., Louis, G. M. B. (2008) Is caffeine use during 

pregnancy really unsafe? Am J Obstet Gynecol. 199, e16. 

   

Maia, L., de Mendonca, A. (2002) Does caffeine intake protect from Alzheimer‘s 

disease? Eur. J. Neurol. 9, 377-382. 

Malter Cohen, M., Jing, D., Yang, R. R., Tottenham, N., Lee, F. S.,  Casey, B. J. (2013) 

Early-life stress has persistent effects on amygdala function and development in mice 

and humans, 110(45), 2–6.  

Mamber, C., Kamphuis, W., Haring, N. L., Peprah, N., Middeldorp, J., Hol, E. M. 

(2012) GFAP d Expression in Glia of the Developmental and Adolescent Mouse Brain, 

7(12), 1–15.  

Markham, J. A., Morris, J. R., Juraska, J. M. (2007) Neuron number decreases in the rat 

ventral, but not dorsal, medial prefrontal cortex between adolescence and adulthood, 

144, 961–968.  

Marco EM, Adriani W, Ruocco LA, Canese R, Sadile AG, Laviola G. (2011) 

Neurobehavioral adaptations to methylphenidate: the issue of early adolescent exposure. 

Neurosci Biobehav Rev. 35 (8), 1722-1739. 

Marin, M.T., Zancheta, R., Paro, A.H., Possi, A.P., Cruz, F.C., Planeta, C.S. (2011) 

Comparison of caffeine-induced locomotor activity between adolescent and adult rats. 

Eur J Pharmacol. 660, 363-367. 

Martin, S.J., Grimwood, P.D., Morris, R.G. (2000) Synaptic plasticity and memory: an 

evaluation of the hypothesis. Annu Rev Neurosci 23, 649–711. 

McKee, A.G., Loscher, J.S., O'Sullivan, N.C., Chadderton, N., Palfi, A., Batti, L., 

Sheridan, G.K., O'Shea, S., Moran, M., McCabe, O., Fernández, A.B., Pangalos, M.N., 

O'Connor, J.J., Regan, C.M., O'Connor, W.T., Humphries, P., Farrar, G.J., Murphy, K.J. 

(2010) AAV-mediated chronic over-expression of SNAP-25 in adult rat dorsal 

hippocampus impairs memory-associated synaptic plasticity. J Neurochem. 112, 991-

1004. 

Middeldorp J, Hol EM. (2011) GFAP in health and disease. Prog Neurobiol 93: 421- 

443. 



158 
 

Millar, D., Schmidt, B. (2004) Controversies surrounding xanthine therapy. Semin. 

Neonatol. 3, 239–244. 

Ministério da Agricultura. (2016) Café. Acesso em http://www.agricultura.gov.br/ 

vegetal/culturas/cafe/saiba-mais.  

Mioranzza S., Nunes F., Marques D. M., Fioreze G. T., Rocha A. S., Botton P. H. S., 

Costa M. S., Porciúncula L. O. (2014) Prenatal caffeine intake differently affects 

synaptic proteins during fetal brain development. Int. J. Dev. Neurosci. 36, 45–52. 

Moretti, M., de Souza, A.G., de Chaves, G., de Andrade, V. M., Romao, P. R., Gavioli, 

E. C., Boeck, C. R. (2011) Emotional behavior in middle-aged rats: Implications for 

geriatric psychopathologies. Physiol. Behav. 102, 115-120. 

Mori, T., Ito, S., Narita, M., Suzuki, T., Sawaguchi, T. (2004) Combined Effects of 

Psychostimulants and Morphine on Locomotor Activity in Mice, J Pharmacol Sci. 

96(4), 450-458. 

Morris MC, Evans DA, Tangney CC, Bienias JL, Wilson RS (2006) Associations of 

vegetable and fruit consumption with age-related cognitive change. Neurology 

67:1370–1376. 

Mucke, L., Selkoe, D. J. (2012) Neurotoxicity of Amyloid b-Protein: Synaptic and 

Network Dysfunction, Cold Spring Harb Perspect Med 2, 1-17. 

 

Nawrot, P., Jordan, S., Eastwood, J., Rotstein, J., Hugenholtz, A.,  Feeley, M. (2003)  

Effects of caffeine on human health. , Food additives and contaminants, 20(1), 1–30. 

 

Nehlig, A., Derbry, G. (1994) Potential teratogenic and neurodevelopmental 

consequences of coffee and caffeine exposure: A review on human and animal 

data. Neurotoxicol Teratol.16, 531–543. 

 

Nooyens, A. C. J., Bueno-de-Mesquita, H. B., van Boxtel, M. P. J., van Gelder, B. M., 

Verhagen,  H., Verschuren, W. M. M.(2011) Fruit and vegetable intake and cognitive 

decline in middle-aged men and women: the Doetinchem Cohort Study. British Journal 

of Nutrition 106, 752-761. 

Noschang, C.G., Pettenuzzo, L.F., Von Pozzer Toigo, E., Andreazza, A.C., Krolow, R., 

Fachin A, Avila, M.C., Arcego, D., Crema, L.M., Diehl, L.A., Gonçalvez, C.A., 

Vendite, D., Dalmaz, C. (2009) Sex-specific differences on caffeine consumption and 

chronic stress-induced anxiety-like behavior and DNA breaks in the hippocampus. 

Pharmacol Biochem Behav. 94, 63-69.  

Obiang, P., Maubert, E., Bardou, I., Nicole, O., Launay, S., Bezin, L., Vivien, D., Agin, 

V. (2011) Enriched housing reverses age-associated impairment of cognitive functions 

and tPA-dependent maturation of BDNF. Neurobiol. Learn. Mem. 96, 121-129. 

O'Neill, C.E., Newsom, R.J., Stafford, J., Scott, T., Archuleta, S., Levis, S.C., Spencer, 

R.L., Campeau, S., Bachtell, R.K. (2016) Adolescent caffeine consumption increases 



159 
 

adulthood anxiety-related behavior and modifies neuroendocrine signaling. 

Psychoneuroendocrinology. 67, 40-50.  

Osen-Sand A, Catsicas M, Staple JK, Jones KA, Ayala G, Knowles J, Grenningloh G, 

Catsicas S. (1993) Inhibition of axonal growth by SNAP-25 antisense oligonucleotides 

in vitro and in vivo. Nature 364 (6436), 445-448 

Oyler GA, Higgins GA, Hart RA, Battenberg E, Billingsley M, Bloom FE, Wilson MC. 

(1989) The identification of a novel synaptosomal-associated protein, SNAP-25, 

differentially expressed by neuronal subpopulations. J Cell Biol. 109 (6 Pt 1), 3039-

3052. 

Padilha, E.,  Barrett, D., Shumake, J., Gonzalez-Lima, F., 2009. Strain, sex, and open-

field behavior: factors underlying the genetic susceptibility to helplessness. Behav Brain 

Res. 201(2), 257-64. 

 

Pang,  P.T.,   Teng,  H.K.,   Zaitsev,  E.,  Woo,  N.T.,   Sakata,  K.,  Zhen,  S.,  Teng,  

K.K., Yung, W.H., Hempstead,  B.L., Lu, B., 2004. Cleavage of proBDNF by 

tPA/plasmin is essential for  long-term hippocampal plasticity. Science 306, 487-491. 

Pakkenberg, B., Gundersen, H. J. G. (1997) Neocortical Neuron Number in Humans, J 

Comp Neurol. 384(2), 312–320. 

Panza, F., Solfrizzi, V., Barulli, M. R., Bonfiglio, C., Guerra, V., Osella, A., Seripa, D., 

Pilotto, A., Logroscino, G. (2015) Coffee, tea, and caffeine consumption and prevention 

of late-life cognitive decline and dementia: a systematic review., J Nutr Health Aging. 

19(3), 313-28. 

 

Parsons, W. D., Neims, A. H. (1981) Prolonged half-life of caffeine in healthy term 

newborn infants.  J  Ped. 98, 640–641. 

Pearlman SA, Duran C, Wood MA, Maisels MJ, Berlin CMJ. (1989) Caffeine 

pharmacokinetics in preterm infants older than 2 weeks. Dev. Pharmacol. Ther. 12: 65–

69. 

Pechlivanova, D.M., Tchekalarova, J.D., Alova, L.H., Petkov, V.V., Nikolov, R.P., 

Yakimova, K.S. (2012) Effect of long-term caffeine administration on depressive-like 

behavior in rats exposed to chronic unpredictable stress. Behav Pharmacol. 23, 339-347. 

Peper, J. S., Brouwer, R. M., Schnack, H. G., Berg, M. Van Den, Baal, G. C. Van, 

Leeuwen, M. Van, Waal, A. D. De, Boomsma, D. I., Hulshoff, H. E. (2009) Sex 

steroids and brain structure in pubertal boys and girls, Neuroscience. 191, 28-37.  

Peper, J. S., Pol, H. E. H., Crone, E. A. and Honk, J. Van (2011) Sex steroids and brain 

structure in pubertal boys and girls: a mini-review of neuroimaging studies. 

Neuroscience. 191, 28-37.  

Perovic, M., Tesic, V. (2013) BDNF transcripts , proBDNF and proNGF , in the cortex 

and hippocampus throughout the life span of the rat, Age (Dordr). (6), 2057-2070. 

Peters, R. (2006) Ageing and the brain, Postgrad Med J. 82, 84–88. 



160 
 

Pfefferbaum, A., Rohlfing, T., Rosenbloom, M.J., Chu, W., Colrain, I.M., Sullivan, 

E.V. (2013) Variation in longitudinal trajectories of regional brain volumes of healthy 

men and women (ages 10 to 85 years) measured with atlas-based parcellation of MRI, 

Neuroimage. 15(65), 176-93. 

Piekarski, D. J., Johnson, C. M., Boivin, J. R., Thomas, A. W., Chen, W., Delevich, K., 

Galarce, E. M., Wilbrecht, L. (2016) Does puberty mark a transition in sensitive periods 

for plasticity in the associative neocortex ?, Brain Research. pii: S0006-8993(16)30602-

3. 

Piguet, O., Double, K. L., Kril, J. J., Harasty, J., Macdonald, V., McRitchie, D. A.,  

Halliday, G. M. (2009) White matter loss in healthy ageing : A postmortem analysis, 

Neurobiol Aging. 30(8), 1288–1295.  

Pike, C. J. (2017) Sex and the Development of Alzheimer‘s Disease, J Neurosci Res. 

95(1-2), 671-680. 

Pollack, A. Z., Buck Louis, G. M., Sundaram, R., Lum, K. J. (2010) Caffeine 

consumption and miscarriage: a prospective cohort study. Fertil. Steril. 93, 304–306. 

Poo, M. (2001) Neurotrophins as synaptic modulators. Nat Rev Neurosci, 2(4), 24-32. 

 

Porciúncula L. O., Sallaberry C., Mioranzza S., Botton P. H. S., Rosemberg D. B., 

(2013) The Janus face of caffeine. Neurochem Int. 63, 594–609. 

 

Prediger, R. D., Batista L. C., Takahashi, R. N. (2005) Caffeine reverses age related 

deficits in olfactory discrimination and social recognition memory in rats. Involvement 

of adenosine A1 and A2A receptors. Neurobiol. Aging 26, 957-964. 

Prut, L., Belzung, C. (2003) The open field as a paradigm to measure the effects of 

drugs on anxiety-like behaviors: A review. Eur J Pharmacol. 463, 3–33.  

 

Quarta, D., Ferré, S., Solinas, M., You, Z. B., Hockemeyer, J., Popoli, P., Goldberg, S. 

R. (2004) Opposite modulatory roles for adenosine A1 and A2A receptors on glutamate 

and dopamine release in the shell of the nucleus accumbens. Effects of chronic caffeine 

exposure. J. Neurochem. 88, 1151-1158. 

Rao, K.S. (2007) DNA repair in aging rat neurons. Neuroscience 145, 1330–1340. 

Raz, N., Lindenberger, U., Rodrigue, K. M., Kennedy, K. M., Head, D., Williamson, A., 

Dahle, C., Gerstorf, D., Acker, J. D. (2005) Regional Brain Changes in Aging Healthy 

Adults : General Trends , Individual Differences and Modifiers, Cereb Cortex. (11),  

1676-89. 

Raz, N., Rodrigue, K.M. (2006) Differential aging of the brain : Patterns , cognitive 

correlates and modifiers, 30, 730–748. 

Reger, M.L., Hovdal, D.A., Giza, C.C. (2009) Ontogeny of Rat Recognition Memory 

Measured by the Novel Object Recognition Task. Dev Psychobiol. 51, 672–678.  



161 
 

Rex,  C.S., Kramár, E.A., Colgin, L.L., Lin,  B., Gall,  C.M.,  Lynch, G.  (2005) Long-

term potentiation is  impaired in middle-aged rats: regional specificity and reversal by  

adenosine receptor antagonists. J. Neurosci. 25,  5956-5966. 

Ritchie K, Carrière I, de Mendonça A, Portet F, Dartigues JF, Rouaud O, Barberger- 

Gateau P, Ancelin ML (2007) The neuroprotective effects of caffeine: a prospective 

population study (the Three City Study). Neurology 69: 536-545. 

Ritchie, K., Ancelin, M. L., Amieva, H., Rouaud, O., Carrière, I. (2016) The association 

between caffeine and cognitive decline, Int Psychogeriatr. (4), 581-90. 

Romeo, R. D., Patel, R., Pham, L., So, V. M. (2016) Neuroscience and Biobehavioral 

Reviews Adolescence and the ontogeny of the hormonal stress response in male and 

female rats and mice, Neuroscience and Biobehavioral Reviews, 70, 206–216. 

Sallaberry C., Nunes F., Costa M. S., Fioreze G. T., Ardais A. P., PBotton. H. S., 

Klaudat B., Forte T., Souza D. O., Elisabetsky E., Porciúncula L. O. (2013) Chronic 

caffeine prevents changes in inhibitory avoidance memory and hippocampal BDNF 

immunocontent in middle-aged rats. Neuropharmacology. 64, 153–159. 

Sánchez-Andrade, G., Kendrick, K.M. (2011) Roles of α- and β-estrogen receptors in 

mouse social recognition memory: effects of gender and the estrous cycle. Horm Behav. 

59, 114-122. 

Sander, M., Oxlund, B., Jespersen, A., Krasnik, A., Mortensen, E.L., Westendorp, R.G., 

Rasmussen, L.J. (2015) The challenges of human population ageing. Age Ageing. 

44(2), 185-7.  

Santos, AJ. (2009) Influência dos receptores A2A da adenosina no efeito neuroprotector 

do BDNF na morte neuronal induzida. 2009. 91f. Dissertação (Mestrado em 

Bioquímica) – Departamento de Química e Bioquímica, Universidade de Lisboa, 

Lisboa. 

Santos, E., Nogle, C.A. (2011) Synaptic Pruning. Encyclopedia of Child Behavior and 

Development. 1464-1465. 

Savitz D. A., Chan R. L., Herring A. H., Howards P. P., Hartmann K. E., Savitz D. A., 

Chan R. L., Herring A. H., Howards P. P., Hartmann K. E. (2016) Linked references are 

available on JSTOR for this article : Caffeine and Miscarriage Risk. 19, 55–62. 

 

Sebastiao, A. M., Ribeiro, J. A. (2009) Adenosine receptors and the central nervous 

system. Handb. Exp. Pharmacol. 193, 471-534. 

Scahill, R., Frost, C., Jenkins, R., Whitwell, J.L., Rossor, M.N., Fox, N.C. (2003) A 

longitudinal study of brain volume changes in normal ageing using serial registered 

magnetic resonance imaging. Arch Neurol. 60, 989–94. 

Schmidt, L.S., Miller, A.D., Lester, D.B., Bay-Richter, C., Schülein, C., Frikke-

Schmidt, H., Wess, J., Blaha, C.D., Woldbye, D.P., Fink-Jensen, A., Wortwein, G. 

(2010) Increased amphetamine-induced locomotor activity, sensitization, and accumbal 



162 
 

dopamine release in M5 muscarinic receptor knockout mice. Psychopharmacology 

(Berl). 207(4), 547-58.  

Schulz, K. M., Sisk, C. L. (2016) Neuroscience and Biobehavioral Reviews The 

organizing actions of adolescent gonadal steroid hormones on brain and behavioral 

development, Neuroscience and Biobehavioral Reviews. 70, 148–158. 

Segovia, G., Del Arco, A., de Blas,  M., Garrido, P., Mora, F. (2007) Effects of an 

enriched environment on the release of  dopamine in the prefrontal cortex produced by 

stress and on working memory during aging in the awake rat. Behav. Brain Res. 187, 

304311. 

Semple BD, Blomgren K, Gimlin K, Ferriero DM, Noble-Haeusslein LJ. (2013) Brain 

development in rodents and humans: Identifying benchmarks of maturation and 

vulnerability to injury across species. Prog Neurobiol 106-107. 

Sengupta, P. (2011) A Scientific Review of Age Determination for a Laboratory Rat: 

How Old is it in Comparison with Human Age? Biomedicine International. 2, 81-89. 

Sengupta P. (2013) The laboratory rat: Relating its age with human‘s. Int J Prev Med 4, 

624-30. 

Shansky, R.M., Woolley, C.S. (2016) Considering Sex as a Biological Variable Will Be 

Valuable for Neuroscience Research. J Neuroscience. 36, 11817-11822. 

Silhol, M., Bonnichon, V., Rage, F., Tapia-Arancibia, L. (2005) Age-related changes in 

brain-derived neurotrophic factor and tyrosine kinase receptor isoforms in the 

hippocampus and hypothalamus in male rats. Neuroscience 132, 613–624. 

Silhol, M., Arancibia, S., Maurice, T., Tapia-Arancibia, L. (2007) Spatial memory 

training modifies the expression of brain-derived neurotrophic factor tyrosine kinase 

receptors in young and aged rats. Neuroscience 146, 962-973. 

Silhol, M., Arancibia, S., Perrin, D., Maurice, T., Alliot, J., Tapia-Arancibia, L. (2008) 

Effect of aging on brain-derived neurotrophic factor, proBDNF, and their receptors in 

the hippocampus of Lou/C rats. Rejuvenation Res. 11, 1031-1040. 

Silva, C.G., Porciuncula, L.O., Canas, P.M., Oliveira, C.R., Cunha, R.A. (2007) 

Blockade of adenosine A2A receptors prevents staurosporine-induced apoptosis of rat 

hippocampal neurons. Neurobiol Dis, 27, 182–189. 

Silva C. G., Metin C., Fazeli W., Machado N. J., Darmopil S., Launay P.S.,  Ghestem 

A., Nesa M.P., Bassot E., Szabo E., Baqi Y., Muller C. E.,  Tome A. R.,  Ivanov a., 

Isbrandt D., Zilberter Y., Cunha R. A., Esclapez M., Bernard C. (2013) Adenosine 

Receptor Antagonists Including Caffeine Alter Fetal Brain Development in Mice. Sci 

Transl Med. 5, 197ra104. 

 

Simpson, J., Kelly, J.P. (2012) An investigation of whether there are sex differences in 

certain behavioural and neurochemical parameters in the rat. Behav Brain Res. 229, 

289-300. 



163 
 

Singh B, Henneberger C, Betances D, Arevalo MA, Rodríguez-Tébar A, Meier JC, 

Grantyn R. (2006) Altered balance of glutamatergic/GABAergic synaptic input and 

associated changes in dendrite morphology after BDNF expression in BDNF-deficient 

hippocampal neurons. J Neurosci. 26, 7189-7200. 

Sisk, C. L., Zehr, J. L. (2005) Pubertal hormones organize the adolescent brain and 

behavior, Front Neuroendocrinol. 26, 163–174.  

Soellner, D.E., Grandys, T., Nuñez, J.L. (2009) Chronic prenatal caffeine exposure 

impairs novel object recognition and radial arm maze behaviors in adult rats. Behav 

Brain Res. 205, 191-199. 

 

Sohrabji, F., Miranda, R.C., Toran-Allerand, C.D. (1995) Identification of a putative 

estrogen response element in the gene encoding brain-derived neurotrophic factor. Proc 

Natl Acad Sci U S A.  92, 11110-11114. 

 

Solinas, M., Ferré, S., Antoniou, K., Quarta, D., Justinova, Z., Hockemeyer, J., Pappas, 

L.A., Segal, P.N., Wertheim, C., Muller, C.E., Goldberg, S.R.(2005)  Involvement of 

adenosine A1 receptors in the discriminative-stimulus effects of caffeine in rats. 

Psychopharmacology (Berl) 179: 576–586. 

 

Söllner T, Whiteheart SW, Brunner M, Erdjument-Bromage H, Geromanos S, Tempst 

P, Rothman JE. (1993) SNAP receptors implicated in vesicle targeting and fusion. 

Nature 362 (6418), 318-324. 

 

Somani SM, Gupta P. (1988) Caffeine: a new look at an age-old drug. Int. J. Clin. 

Pharmacol. Ther. Toxicol. 26, 521–533. 

 

Spear, L.P., (2000) The adolescent brain and age-related behavioral manifestations. 

Neurosci Biobehav Rev. 24, 417-463. 

 

Stefanova, N.A., Fursova, A.Zh., Kolosova, N. G. (2010) Behavioral effects induced by 

mitochondria-targeted antioxidant SkQ1 in Wistar and senescence-accelerated OXYS 

rats. J. Alzheimers Dis.  21, 479–491. 

Steinberg, L. (2005) Cognitive and affective development in adolescence, Trends Cogn 

Sci. 9(2), 69-74. 

Sturman, D.A, Muoghaddam, B. (2011) The neurobiology of adolescence: Changes in 

brain architecture, functional dynamics, and behavioral tendencies. Neurosci Biobehav 

Rev 35: 1704-1712. 

Tapia-Arancibia, L., Aliaga, E., Silhol, M., Arancibia, S. (2008) New insights into brain 

BDNF function in normal aging and Alzheimer disease. Brain Research Reviews 59, 

201-220. 

Tanaka, H., Nakazawa, K., Arima, M., Iwasaki, S. (1984) Caffeine and its 

dimethylxanthines and fetal cerebral development in rat. Brain Dev 6, 355-361. 



164 
 

Tang, B.L. (2001) Protein trafficking mechanisms associated with neurite outgrowth 

and polarized sorting in neurons. J Neurochem 79: 923–930. 

Tang, S., Machaalani, R., Waters, K.A. (2010)Immunolocalization of pro- and mature-

brain derived neurotrophic fator (BDNF) and receptor TrkB in the human brainstem and 

hippocampus. Brain Res 1354, 1–14. 

Taunay, A.E. (1939) História do café no Brasil Imperial 1822-1872. Departamento 

Nacional do Café, v.3. 

Tchekalarova, J., Kubova, H., Mares, P. (2005)  Postnatal caffeine exposure: effects on 

motor skills and locomotor activity during ontogenesis. Behav Brain Res.160 (1), 99-

106. 

Temple, J.L. (2009) Caffeine use in children: what we know, what we have left to learn, 

and why we should worry. Neurosci Biobehav Rev. 33, 793-806. 

Temple, J.L., Ziegler, A.M., Martin, C., de Wit, H. (2015) Subjective Responses to 

Caffeine Are influenced by Caffeine Dose, Sex, and Pubertal Stage. J Caffeine Res. 5, 

167-175. 

Tirelli, E., Laviola, G., Adriani, W. (2003) Ontogenesis of behavioral sensitization and 

conditioned place preference induced by psychostimulants in laboratory rodents, 

Neurosci Biobehav Rev. 27(1-2), 163-78. 

 

Treit, D., Fundytus, M. (1988) Thigmotaxis as a test for anxiolytic activity in 

rats. Pharmacol Biochem  Behav. 31, 959–962. 

 

Tsai, S. J. (2004) Down-regulation of the Trk-B signal pathway: the possible 

pathogenesis of major depression. Med. Hypotheses 62, 215-218. 

Turner, R. J., Lloyd, D. A. (2004) Stress Burden and the Lifetime Incidence of 

Psychiatric Disorder in Young Adults, Arch Gen Psychiatry. 61(5), 481-8. 

 

Tyler, W. J., Alonso, M., Bramham, C. R., Pozzo-Miller, L. D. (2002) From acquisition 

to consolidation: on the role of brain-derived neurotrophic factor signaling in 

hippocampal-dependent learning. Learn. Mem. 9, 224–237. 

Tyler, W.J., Pozzo-Miller, L. (2003) Miniature synaptic transmission and BDNF 

modulate dendritic spine growth and form in rat CA1 neurones. J. Physiol. 553: 497-

509. 

Tyler, W.J., Pozzo-Miller, L. (2004) Miniature synaptic transmission and BDNF 

modulate dendritic spine growth and form in rat CA1 neurones. J Physiol. 553, 497-509. 

Vila-Luna, S., Cabrear-Isidoro, S., Vila-Luna, L., Juárez-Díaz, I., Bata-García, J.L., 

Alvarez-Cerevera, F. J., Zapata-Vászquez, R. E., Arankowsky-Sandoval, G., Heredia-

Lopez, F., Flores, G., Góngor-Alfaro, J.S. (2012) Chronic caffeine consumption 



165 
 

prevents cognitive decline from young to middle age in rats, and is associated with 

increased length, branching, and spine density of basal dendrites in CA1 hippocampal 

neurons. Neuroscience. 202, 384-95. 

Vinters, H.V., (2015) Emerging Concepts in Alzheimer‘s Disease. Annu. Rev. Pathol. 

Mech. Dis. 10, 291–319. 

Viola, H., Furman, M.,  Izquierdo, L. A., Alonso, M., Barros, D. M., de Souza, M. M., 

Izquierdo, I., Medina, J. H. (2000) Phosphorylated cAMP Response Element-Binding 

Protein as a Molecular Marker of Memory Processing in Rat Hippocampus: Effect of 

Novelty. J. Neurosci. 20(23), RC112. 

Walf, A.A., Rhodes, M.E., Frye, C.A. (2006) Ovarian steroids enhance object 

recognition in naturally cycling and ovariectomized, hormone-primed rats. Neurobiol 

Learn Mem. 86, 35-46. 

Wei, Y., Wang, S., Xu, X. (2017) Mini-Review Sex Differences in Brain-Derived 

Neurotrophic Factor Signaling : Functions and Implications, J Neurosci Res. 95(1-2), 

336–344. 

Weinberg BA, Bealer BK.(2001) The world of caffeine. The science and culture of the 

world‘s most popular drug. Routledge, New York. 

Weng, X., Odouli, R., Li, D.K. (2008) Maternal caffeine consumption during pregnancy 

and the risk of miscarriage: a prospective cohort study. Am J Obstet Gynecol. 198, 

279.e1-8. 

Willing J, Juraska JM. (2015) The timing of neuronal loss across adolescence in the 

medial prefrontal cortex of male and female rats. Neurosci 301, 268–275. 

Williams, G.R. (2008) Neurodevelopmental and neurophysiological actions of thyroid 

hormone. J Neuroendocrinol. 20 (6), 784-794. 

Wise, R.A. (1988) Psychomotor Stimulant Properties of Addictive Drugs. Ann N Y 

Acad Sci. 537, 228-234. 

 

Woo, N. H., Teng, H. K., Siao, C. J., Chiaruttini, C., Pang, P. T., Milner, T. A., 

Hempstead, B. L., Lu, B. (2005) Activation of p75NTR by proBDNF facilitates 

hippocampal long-term depression. Nat. Neurosci. 8, 1069-1077.  

World Economic and Social Survey (2007) Development in an Ageing World, 1-212. 

World Health Organization (2011) Global Health and Aging, 1-32. 

World Health Organization (2016) Adolescent development, acesso em 

http://www.who.int/maternal_child_adolescent/topics/adolescence/dev/en/ 

Xu H, Rajesan R, Harper P, Kim RB, Lonnerdal B, Yang M, Uematsu S, Hutson J, 

Watson-MacDonell J, Ito S. (2005) Induction of P 1A by cow milk-based formula: a 

comparative study between human milk and formula. Br. J. Pharmacol. 146, 296–305. 



166 
 

Yamada,  K., Nabeshima, T. (2003) Brain-derived neurotrophic factor/TrkB signaling in 

memory processes. J. Pharmacol. Sci.  91, 267-270. 

Yang, J., Siao, C.J., Nagappan, G., Marinic, T., Jing, D., McGrath, K., Chen, Z.Y., 

Mark, W., Tessarollo, L., Lee, F.S., Lu, B., Hempstead, B.L. (2009) Neuronal release of 

proBDNF. Nat Neurosci. 12, 113-115. 

Yesair DW, Branfman AR, Callahan MM. (1984) Human disposition and some 

biochemical aspects of methylxanthines. Prog. Clin. Biol. Res. 158, 215–233. 

Yu, T., Campbell, S. C., Stockmann, C., Tak, C., Schoen, K., Clark, E. A. S., Varner, 

M. W., Spigarelli, M. G., Sherwin C. M. T. (2016) Pregnancy-induced changes in the 

pharmacokinetics of caffeine and its metabolites. J Clin Pharmacol. 56, 590-596. 

Zanger, U.M., Schwab, M. (2013) Cytochrome P450 enzymes in drug metabolism: 

regulation of gene expression, enzyme activities, and impact of genetic variation. 

Pharmacol Ther. 138(1),103-41. 

Zhang, F. X., Sun, Q. J., Zheng, X. Y., Lin, Y. T., Shang, W., Wang, A. H., Duan, R. S., 

Chi, Z. F. (2014) Abnormal expression of synaptophysin, SNAP-25, and synaptotagmin 

1 in the hippocampus of kainic acid-exposed rats with behavioral déficits, Cellular and 

Molecular Neurobiology, 34(6), 813–824. 

 

Zeng, Y., Tan,  M.,  Kohyama,  J., Sneddon, M.,  Watson, J.B., Sun, Y.E., Xie,  C.W.  

(2011) Epigenetic enhancement of BDNF signaling rescues synaptic plasticity in aging. 

J. Neurosci. 31, 17800-17810. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



167 
 

7. ANEXO 

 


