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APRESENTAÇÃO 

 

 Os resultados desta tese de doutorado estão apresentados sob a forma 

de artigos científicos. As sessões Materiais e Métodos, Resultados, Discussão, 

Conclusão e Referências Bibliográficas encontram-se nos próprios artigos. 

 Os itens Introdução, Discussão e Conclusões encontradas nesta tese 

apresentam interpretações e comentários gerais sobre os resultados contidos 

nos artigos científicos do presente trabalho. As referências bibliográficas 

referem-se somente às citações que aparecem nos itens supracitados. 

 As informações técnicas mais precisas sobre cada metodologia utilizada 

poderão ser encontradas nos artigos científicos correspondentes. 
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RESUMO 
 
Insulina e o fator de crescimento semelhante à insulina-1 (IGF-1) afetam 

positivamente as funções cerebrais. O exercício físico é um mediador de 

adaptações do SNC, enquanto o envelhecimento pode ser considerado um 

fator de risco para o desenvolvimento de doenças neurodegenerativas. Neste 

trabalho investigamos o efeito do exercício físico, dieta hiperpalatável e 

envelhecimento no sistema insulina/IGF-1 em hipocampo de roedores. No 

trabalho onde utilizamos uma dieta hiperpalatavel, para mimetizar o estilo de 

vida ocidental, causou uma diminuição na passagem de IGF-1 pela barreira 

sangue cérebro devido ao aumento nos níveis de triglicerídeos séricos. Os 

trabalhos onde utilizamos camundongos/ratos envelhecidos para verificar os 

efeitos do sistema insulina/IGF-1no SNC mostraram que, apesar de ocorrer 

uma compensação do cérebro em aumentar o transporte de IGF-1 pela barreira 

sangue cérebro e aumento dos receptores em hipocampo, ocorreu uma 

diminuição da sinalização pós-receptor, assim como perda da melhora 

cognitiva induzida pela insulina em animais jovens que induziu a produção de 

fatores tróficos. Nossos resultados apontam que exercício físico aumenta a 

sensibilidade à insulina no hipocampo por aumentar a translocação e ativação 

do receptor de insulina e ativação nas proteínas intracelulares. Os resultados 

apontam para um efeito antioxidante da insulina em preparações de 

sinaptossoma de ratos quando estimulamos a respiração mitocondrial com 

succinato. Estes resultados demonstram que fatores ambientais afetam 

profundamente a ação de hormônios responsáveis pela manutenção da 

homeostasia cerebral. 
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ABSTRACT 

Insulin and insulin like growth factor-1 (IGF-1) affect the brain function. Physical 

exercise is proposed as a neurotrophic factor, while aging is considered a key 

factor to neurodisease. In our work we analyze the effect of physical exercise, 

high palatable diet and aging in insulin/IGF-1 system in hippocampus of the 

mice. High palatable diet decreased the transport of IGF-1 in blood brain barrier 

(BBB) by increased in the serum levels of triglycerides. Aged mice/rats had 

decrease in insulin/IGF-1 system in brain. Aged mice try to compensate this 

impair in IGF-1 signaling by increase the transport of hIGF-1 in BBB and 

increased the levels of IGF-1 receptor in hippocampus, however the intracellular 

signaling were decreased in aged mice. Aged rats showed resistance to 

benefits effect of insulin in cognition. Physical exercise increases the insulin 

sensitivity in hippocampus by increase the translocation and activation of 

intracellular proteins. Moreover insulin showed an antioxidant effect in 

synaptossome of the rats. Our results pointing to environmental factors 

modulated the insulin/IGF-1 system and affect the brain function.   
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Parte I 

1. INTRODUÇÃO 
 

1.1 Fatores ambientais e o sistema nervoso central (SNC) 

Fatores ambientais como composição da dieta, atividade física e 

envelhecimento são componentes do estilo de vida da sociedade moderna que 

influenciam a funcionalidade dos tecidos periféricos, a produção de 

neuromoduladores e, em conseqüência, as suas ações no SNC (Stranahan 

and Mattson 2008). O cérebro é protegido de muitas substâncias presentes no 

sangue por uma barreira física composta de células especializadas, 

denominada barreira sangue-cérebro. Esta barreira transporta seletivamente 

tanto substâncias do sangue para o SNC quanto inversamente, além de estar 

envolvida em doenças neurológicas, quando a sua integridade está alterada 

(Neuwelt et al.) 2011). Desta maneira, várias substâncias como hormônios, por 

exemplo, produzidos em tecidos periféricos, podem atravessar a barreira 

sangue-cérebro e atuar como neuromoduladores influenciando positivamente 

várias funções cerebrais.   

 Como resultado do alto teor calórico das dietas e do sedentarismo, a 

resistência à insulina e o Diabetes Mellitus (DM) estão rapidamente se 

tornando mais prevalente em todo o mundo (Marx 2005). Ambas as doenças 

envolvem uma disfunção da sinalização da insulina a qual parece estar 

envolvida na etiologia de comorbidades como renais, musculares, cardíacas 

assim como doenças do SNC como doença de Alzheimer (DA) e outras 

demências (Ott et al. 1999). Em indivíduos obesos, alterações como 
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intolerância à glicose, resistência periférica à insulina, hipertensão, 

dislipidemias e aterosclerose estão freqüentemente presentes como 

comorbidades. O conjunto destes fatores é denominado síndrome metabólica 

(SM) e a sua prevalência é de 30% na população adulta entre 20 e 60 anos 

(Antunes et al.)  2010). Alguns estudos demonstram que o consumo exagerado 

de uma dieta rica em carboidratos simples (hiperpalatável) e/ou rica em 

gorduras saturadas (hiperlipídica) é capaz de provocar o aparecimento da SM, 

além de provocar alterações comportamentais associadas a doenças 

neuropsiquiátricas (Mattson) 2010). Na maior parte dos casos, a SM evolui 

para o diabete mellitus tipo 2 e/ou para doença cardiovascular. Portanto, o tipo 

de dieta pode ser considerado um fator determinante para adiposidade corporal 

bem como para o aparecimento ou a prevenção das patologias associadas à 

obesidade (Schwartz and Porte 2005). Os efeitos deletérios de uma dieta rica 

em carboidratos simples e gordura saturada no SNC são conhecidos por 

diminuir a capacidade cognitiva (Molteni et al. 2004), alterar a funcionalidade de 

proteínas intracelulares (Muller et al. 2008), diminuir a plasticidade sináptica, 

alterar a permeabilidade de membrana e diminuir a sensibilidade à ação de 

hormônios (Gomez-Pinilla 2008). 

O aumento do percentual de gordura corporal desencadeia uma série de 

desequilíbrios endócrinos, envolvendo principalmente o tecido adiposo, que 

também pode ser descrito como um órgão endócrino (McNay 2007). Ele 

secreta produtos solúveis (hormônios) como leptina, resistina e adiponectina, 

que exercem um importante papel no sistema cardiovascular, imunológico e na 

regulação do metabolismo. Além disso, estes produtos solúveis exercem uma 

influência direta no SNC, como demonstrado na figura 1 (Schwartz and Porte 
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2005). Outro aspecto importante é que o aumento de gordura corporal induz a 

resistência periférica à insulina (McGarry 2002), mas, além disso, também tem 

sido descrito que o cérebro pode aprsentar resistência a sinalização desse 

hormônio (Banks 2004). A barreira sangue-cérebro é um fator determinante 

para a passagem de hormônios e neuropeptídeos produzidos perifericamente 

para o SNC. O plexo coróide, que atua como uma barreira sangue líquido 

cerebroespinal, possui transportadores de hormônios e proteínas que 

participam nos mecanismos de neuroproteção e regulatórios além de estar 

envolvida na comunicação entre os tecidos periféricos e o SNC (Carro et al. 

2002).  

 

 

Figura 1. Inter-relações entre tecidos periféricos e a produção de hormônios com o 

sistema nervoso central na diabetes mellitus tipo 2. Aumento do consumo de alimentos e 

diminuição do gasto calórico gera alterações na produção de hormônios responsáveis por 

regular o consumo alimentar (adaptado de Schwartz and Portr Jr 2005). 

 

Fisiologicamente, as ações da insulina e do fator de crescimento 

semelhante à insulina-1 (IGF-1) podem ser otimizadas pela prática de exercício 

físico regular (Cotman et al. 2007). Algumas estratégias poderiam ser usadas 
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com o objetivo de tentar minimizar os problemas da obesidade e as patologias 

associadas a ela. Assim intervenções voltadas para a o controle dos hábitos 

alimentares, e mudanças no estilo de vida, parecem ser alternativas 

apropriadas. O exercício físico regular tem sido proposto como umas das 

principais intervenções ambientais para melhorar a qualidade de vida das 

pessoas e para o tratamento da obesidade (Chakravarthy and Booth 2004), 

uma vez que além de aumentar o gasto calórico e também atua como protetor 

contra patologias associadas com a obesidade (Molteni et al. 2004). 

Atualmente, vários estudos demonstram que o exercício físico afeta 

diretamente o SNC, aumentando a neurogênese, angiogênese, melhorando os 

processos de sinalização celular e aumentando a síntese e secreção de fatores 

tróficos (Cotman and Berchtold 2002; Dietrich et al. 2005).  

 

 1.1.1 Efeitos da insulina no SNC 

O cérebro foi considerado um órgão insensível à insulina, porém 

atualmente já se sabe que a insulina exerce importantes funções dentro do 

SNC. Essas funções vão desde a regulação do metabolismo energético, assim 

como efeitos tróficos importantes para o desenvolvimento e sobrevivência de 

células neurais (Park 2001). Alguns estudos demonstraram que o receptor de 

insulina (IR) está presente em todas as regiões do cérebro, principalmente nos 

neurônios de áreas relacionadas com aprendizado e memória como 

hipocampo, córtex cerebral e amígdala. Neste sentido, já foi observado em 

diferentes modelos animais que a interrupção ou alteração na sinalização 

cerebral da insulina causa prejuízo cognitivo e dano neuronal (Lannert and 

Hoyer 1998).  
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A insulina age ativando, tanto perifericamente como no SNC, vias de 

sinalização intracelular. Estudos apontam também que à insulina exerce um 

efeito neuroprotetor e neuromodulador (Frolich et al. 1998). Classicamente uma 

das mais conhecidas rotas modulada pela insulina após ligação ao seu 

receptor é a da proteína serina/treonina cinase B, conhecida como AKT. A 

insulina se liga a seus receptores e recruta a AKT para a membrana celular na 

proximidade dos seus ativadores, incluindo a proteína fosfatidil-dependente 

cinase 1 (PI3K). Uma vez fosforilada, a AKT atua como um regulador chave 

para a sobrevivência neuronal inibindo proteínas pro-apoptóticas como a 

glicogênio sintase cinase 3 beta (GSK3ß) e caspases (Miyawaki et al. 2009). 

Além disso, a AKT é capaz de ativar fatores de transcrição de genes envolvidos 

na sobrevivência neuronal como a proteína responsiva ao AMP cíclico (CREB) 

e a proteína alvo de rapamicina em mamíferos 2 (mTOR) e inativa fatores de 

transcrição de genes que promovem morte celular como o forkhead box sub-

group O  (FOXO1) (van der Heide et al. 2006).  

A insulina atua no hipotálamo, ativando a liberação de neuropeptideos 

anorexigênicos como melacorticotropina e inibindo a liberação de 

neuropeptideo Y, um orexígeno (Niswender et al. 2003). Em animais obesos a 

ação da insulina e do fator de IGF-1 no SNC está diminuída devido a 

alterações na barreira sangue-cérebro (pré-receptor), e também nos receptores 

neurais ou na sua cascata de sinalização (pós-receptores) (Carro et al. 2002; 

Niswender et al. 2003). Alterações no metabolismo da glicose, resistência à 

insulina e síndrome metabólica estão sendo relacionadas por vários estudos 

epidemiológicos com demências, disfunções cognitivas, e doenças 

neurodegenerativas como Alzheimer e Parkinson (Craft and Watson 2004). 



9 
 

Estudos em animais apontam que a insulina, além de exercer um efeito sobre o 

metabolismo de carboidratos e lipídios em tecidos periféricos, é de fundamental 

importância para uma atividade cerebral normal (Moosavi et al. 2006) (figura 2). 

Apesar de não se saber ao certo se a resistência periférica a insulina se 

reflete necessariamente em resistência cerebral, prevenir ou corrigir 

anormalidades periféricas tem demonstrado ser benéfico em reduzir os 

prejuízos na função cerebral. Curiosamente, quando a insulina é administrada 

perifericamente em doses que não alteram consideravelmente a glicemia, 

algumas perdas cognitivas em pacientes com a DA são revertidas (Neumann et 

al. 2008). Quando se administra insulina em animais, na maioria das vezes, 

este hormônio causa uma melhora da função cognitiva (Babri et al. 2007). 

Os estudos realizados com animais para avaliar a disfunção na 

sinalização cerebral da insulina são baseados em modelos de resistência à 

insulina induzidos por obesidade associada ao consumo de dieta hiperlipídica 

e/ou hiperpalátével (Schwartz and Porte 2005) ou pela administração 

intracerebroventricular (icv) de estreptozotocina (STZ) (Hoyer and Lannert 

2007). No primeiro modelo, há uma tentativa de mimetizar o consumo de 

alimentos com alto teor de gordura, hiperpalatáveis e de fácil acesso da 

sociedade ocidental. O segundo modelo mimetiza alguns achados bioquímicos 

em pacientes e modelos animais geneticamente modificados de DA como 

hiperfosforilação da proteína Tau e da GSK 3ß. A interrupção ou alteração na 

sinalização cerebral da insulina pela administração icv de STZ está relacionada 

com um aumento na produção e/ou diminuição da depuração de proteínas 

como a tau hiperfosforilada e a β-amilóide que são fortemente associadas à 

etiopatogenia da DA (Grunblatt et al. 2007).  
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Nestes modelos animais têm sido descritas alterações importantes como 

à diminuição da atividade mitocondrial e o aumento na produção de radicais 

livres, (Kilbride et al. 2008), bem como a diminuição do uso de glicose pelo 

cérebro (Hoyer 2004b; Morais and De Strooper).  As alterações observadas 

nestes modelos parecem contribuir para o desenvolvimento de doenças 

neurodegenerativas como a DA. Assim, os mecanismos pelos quais estes 

hormônios atuam no SNC em condições fisiológicas e patológicas têm sido 

alvo de estudos. Em estudos post mortem de cérebros humanos, foi proposto 

que a resistência cerebral a insulina seria um “Diabetes tipo 3” (Steen et al. 

2005).  

 

 

Figura 2. Efeitos da insulina no sistema nervoso central relacionados a aprendizado e 

memória, sobrevivência neuronal e doenças neurodegenerativas (adaptado de van der Reide 

2006).  
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1.1.2 Efeitos do fator de crescimento semelhante à insulina (IGF-1) no SNC 

Durante muitos anos o fator de crescimento semelhante à insulina-1 

(IGF-1) foi considerado protetor para quase todos os tipos de célula, deste 

modo este hormônio foi considerado benéfico para a saúde. Entretanto, 

resultados de estudos epidemiológicos demonstraram que os níveis 

sanguíneos de IGF-1 se correlacionavam positivamente com risco de 

aparecimento alguns tipos de câncer (LeRoith and Roberts 2003). Além disso, 

o sistema insulina/IGF-1 está relacionado com a diminuição da expectativa de 

vida em modelos animais (Lin et al. 2001). Hoje em dia se propõe que as ações 

benéficas e/ou deletérias desse sistema dependem de uma fina regulação da 

sua concentração e/ou sinalização celular. Desta maneira, ações 

neuroprotetoras do IGF-1 ainda tem sido relatadas em pacientes idosos e em 

doenças neurológicas (  Trejo et al. 2004b; Saute et al.)2011). 

O papel do IGF-1 em regular neurodesenvolvimento foi estabelecido a 

partir de estudos com animais que não apresentavam a produção deste 

hormônio. A falta de IGF-1 logo após o nascimento é letal ou causa muitas 

anormalidades cerebrais (Vicario-Abejon et al. 2003). Cérebros adultos 

necessitam de IGF-1 para neurogênese, crescimento vascular e produção de 

mielina (Torres-Aleman) 2010). No plexo coróide, uma das regiões da barreira 

sangue-cérebro, a passagem de IGF-1 do sangue para o cérebro é controlada 

por uma proteína denominada de megalina (Carro et al. 2002). Após sua 

entrada no SNC, o IGF-1 tem importante papel modulador na 

neurotransmissão, excitabilidade neuronal e plasticidade sináptica (Aleman and 

Torres-Aleman 2009), e, por isso, é muitas vezes considerado um fator 

neuroprotetor (figura 3) (Trejo et al. 2004a). 
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 Em humanos, os níveis de IGF-1 séricos diminuem com o 

envelhecimento, a partir da terceira década de vida, e a sua administração 

melhora a capacidade de aprendizado e memória (Markowska et al. 1998), 

plasticidade sináptica (Sonntag et al. 2000), crescimento vascular (Sonntag et 

al. 1997), e diminui o estresse oxidativo no cérebro (Puche et al. 2008) (Puche 

et al., 2008). Os níveis de IGF-1 se correlacionam positivamente com o 

desempenho cognitivo tanto em pessoas jovens (Aleman et al. 1999), como em 

camundongos (Trejo et al. 2008).  

 

Figura 3. Efeitos neurotróficos do IGF-1 relacionados a fatores ambientais e doenças 

neurodegenerativas. Diminuição da ação deste hormônio causa aumento das (adaptado de 

Trejo et al. 2004). 
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1.1.3 Efeitos do exercício físico no SNC 

O exercício físico pode contribuir para prevenir e diminuir as 

complicações inerentes ao envelhecimento e tem sido proposto como um 

mediador de adaptações do SNC, podendo levar à estimulação fisiológica do 

sistema glutamatérgico, que é benéfica ao cérebro. Estudos em animais têm 

demonstrado que o exercício protege os neurônios de vários danos cerebrais 

(Adlard et al. 2005) e também promove a proliferação glial (Cotman and 

Berchtold 2002).     

Fortes evidências apontam que o exercício físico é capaz de afetar 

positivamente o cérebro, induzindo adaptações celulares e moleculares que 

envolvem os fatores tróficos, proteínas de sinalização celular e sistemas de 

neurotransmissão (Parachikova et al. 2008). O aumento dos níveis cerebrais do 

fator neurotrófico derivado do cérebro (BDNF), e do IGF-1 têm sido relatados 

após a prática de exercício físico regular (Kanaley et al. 2005). Entre os 

possíveis alvos dos benefícios cerebrais do exercício físico está a modulação 

do sistema glutamatérgico, o principal sistema excitatório cerebral, por fatores 

neurotróficos e hormonais incluindo a insulina. A ativação dos receptores 

glutamatérgicos, principalmente de receptores ionotrópicos N-metil-D-aspartato 

(NMDAr), está envolvida em diversas funções cerebrais como síntese protéica, 

sinalização celular e aprendizado/memória. O NMDAr é um receptor 

glutamatérgico ionotrópico  constituído de subunidades essenciais NR1, e por 

subunidades regulatórias NR2 (NR2A/B/C/D) e NR3 (A, B) (Collingridge 1987). 

Entretanto, a hiperativação do sistema glutamatergico via seus receptores 

inotrópicos, principalmente o NMDA, causa excitoxicidade, um mecanismo 
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envolvido na fisiopatologia de diferentes doenças cerebrais, incluindo DA (Li et 

al. 2001). 

Atividade glutamatérgica tem sido implicada em vários processos 

fisiológicos e patológicos associados ao envelhecimento e a doenças 

neurodegenerativas, e por esse motivo, receptores e proteínas que constituem 

a sinapse glutamatérgica estão sendo estudados como possíveis alvos dos 

efeitos do exercício no cérebro (Dietrich et al. 2005; Maragakis and Rothstein 

2004). Assim a atividade física regular pode potencialmente diminuir os efeitos 

deletérios da obesidade e do envelhecimento no SNC, como demonstrado na 

figura 4 (Cotman et al. 2007).  

Embora se saiba que o exercício físico melhora a resposta a testes 

cognitivos em animais e humanos, além de exercer efeitos neuroprotetores, os 

alvos moleculares onde esta ação ocorre ainda não estão bem elucidados. 

Neste sentido, a modulação da atividade da insulina no cérebro em áreas 

relacionadas com aprendizado e memória deve ser mais bem explorada. 

(Flores et al. 2006) mostraram que o exercício físico agudo aumenta a 

sensibilidade do hipotálamo a hormônios como a insulina e leptina, que atuam 

em neurônios desta região regulando o gasto calórico e a fome.  
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Figura 4. Efeitos benéficos do exercício físico para tecidos periféricos como prevenção e 

tratamento para síndrome metabólica, hipertensão e resistência à insulina e no SNC como 

indução de fatores neurotróficos (adaptado Cotman 2007). 

1.1.4 Efeitos do envelhecimento no SNC 

O envelhecimento é o principal fator de risco para o desenvolvimento de 

doenças neurodegenerativas. A prevalência de DA está aumentando 

drasticamente em todo o mundo. Estima-se que 50 milhões de pessoas tenham 

DA nos Estados Unidos no ano de 2050 (Puglielli 2008). Durante o 

envelhecimento ocorre uma diminuição da ação de hormônios como insulina e 

IGF-1 (Bishop et al.) 2010) o que contribui também para alterações estruturais 

e funcionais de várias regiões cerebrais. A perda de células neuronais em 

regiões específicas como córtex frontal e hipocampo, que ocorre durante o 

envelhecimento, além da perda da função de sistemas cerebrais, resulta em 

contínuo e progressivo declínio cognitivo, sensório e motor (Hofer et al. 2003; 



16 
 

Whitwell and Jack 2005). Durante envelhecimento ocorre uma série de 

alterações celulares e moleculares tais como dano ao DNA, aumento da 

resposta inflamatória e prejuízo das ações de hormônios tanto nos tecidos 

periféricos como no SNC ( Cole and Frautschy 2007; Amor et al.) 2010), o que 

pode estar diretamente relacionado às adaptações/alterações fisiológicas 

inerentes ao processo de envelhecimento. 

Estudos epidemiológicos recentes demonstram que resistência cerebral 

à insulina é considerado um fator de risco para o desenvolvimento de doenças 

cerebrais e para o declínio cognitivo associado à idade (de la Monte et al. 2009; 

de la Monte and Wands 2005; Porte et al. 2005). Isto se relaciona com dados 

que demonstram que durante o envelhecimento há uma diminuição da ação da 

insulina no SNC (Cohen and Dillin 2008). Além disso, no envelhecimento 

ocorre uma ativação de células gliais, resultando no aumento da produção de 

fatores pró-inflamatórios como o fator de necrose tumoral alfa (TNF-α) e da 

proteína nuclear associada à cromatina polimerase 1 (PARP-1)(Block et al. 

2007; Swardfager et al.) 2010). O aumento da produção de fatores pró-

inflamatórios e de estresse celular pelo envelhecimento pode levar a 

resistência cerebral à insulina (Altmeyer and Hottiger 2009; Beneke 2008; De 

Martinis et al. 2005). Proteínas envolvidas na regulação da sobrevivência/morte 

celular como a proteína alvo da rapamicina (mTOR) and FOXO1 também 

podem ser moduladas pelo envelhecimento  ( Hay and Sonenberg 2004; Cheng 

and White) 2011).  
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2. OBJETIVOS 
 

2.1 Objetivo geral 

 Investigar os efeitos do exercício físico, dieta hiperpalátavel e 

envelhecimento em parâmetros bioquímicos, morfológicos e comportamentais 

em relação ao sistema insulina/IGF-1 em cérebro de ratos e/ou camundongos. 

 

2.2 Objetivos específicos  

 Avaliar o efeito de uma dieta hiperpalatável sobre a passaagem de IGF-

1 pela barreira sangue-cérebro, bem como sobre a sinalização 

intracelular deste hormônio em hipocampo de ratos; 

 Avaliar o efeito do envelhecimento sobre transporte de IGF-1 pela 

barreira sangue-cérebro, bem como sobre a sinalização intracelular 

deste hormônio em hipocampo de camundongos;  

 Estudar o efeito da administração icv de insulina em ratos jovens e 

envelhecidos sobre parâmetros metabólicos, comportamentais; 

morfológicos e inflamatórios no hipocampo. 

 Investigar a resposta hipocampal da administração de insulina 

intracerebroventricular (icv) em camundongos submetidos exercício 

físico voluntário especialmente sobre a cascata de sinalização 

intracelular de insulina bem como parâmetros glutamatérgicos; 

 Avaliar o efeito da insulina sobre a produção peróxido de hidrogênio e 

potencial de membrana mitocondrial em sinaptossomas e mitocôndrias 

isoladas de cérebro de ratos; 
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 Estudar o efeito do exercício físico voluntário após a administração icv 

de estreptozotocina em parâmetros comportamentais e de produção de 

peróxido de hidrogênio em sinaptossomas e mitocôndrias isoladas de 

cérebro de camundongos; 
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Abstract It is increasingly recognized that life-style

factors, such as physical exercise or diet influence brain

health. In the present work we analyzed the effect of a

western-style diet (‘‘cafeteria diet’’) on the entrance to the

brain of circulating IGF-1, a neuroprotective agent that has

been related to different neurodegenerative diseases. Rats

under a cafeteria diet showed reduced passage of systemic

IGF-1 across the choroid plexus, a main site of IGF-1

entrance into the brain through the cerebrospinal fluid.

Furthermore, the IGF-1 receptor at the choroid plexus of

rats fed with a cafeteria diet showed enhanced sensitivity

toward IGF-1 while receptor levels remained unchanged.

Examination of possible mechanisms underlying reduced

entrance of systemic IGF-1 to the brain showed that tri-

glycerides that increased in blood after a cafeteria diet,

diminished the passage of IGF-1 across choroid plexus

epithelia. This effect of triglycerides was achieved by

altering the interaction of IGF-1 with megalin, a choroid

plexus transporter involved in transcytosis of IGF-1 from

the circulation into the brain. Reduced brain entrance of

circulating IGF-1 elicited by a western-style diet suggests

that the higher incidence of brain diseases related to

inadequate diets is due in part to diminished neurotrophic

support.

Keywords Insulin-like growth factor 1 � Choroid plexus �
Diet � Megalin � IGF-1 receptor � Neuroprotection �
Life-style factors

Introduction

Relatively poorly characterized interactions between life-

style factors such as diet or physical activity and genetic

makeup contribute to brain health. Since human genes were

selected under intermittent food availability, among other

environmental variables, those genes able to maintain

homeostasis under that particular environmental conditions

(fasting periods and intense physical activity) were cate-

gorized as ‘‘thrifty genes’’ (Neel 1962). Recent changes in

human life-style have disrupted the balance between a

thrifty genotype and the environment (Booth et al. 2002).

These changes have been driven mainly by the urban way

of life, in which palatable high-caloric foods are associated

with low levels of physical activity. This scenario is

putatively associated to many epidemic chronic diseases

that have emerged in relatively recent times.

Previous notions that the brain is isolated from sys-

temic influences through the blood-brain barriers (BBB)

have been refined by recent evidence that the periphery

and the central nervous system are in constant crosstalk.

Among the signals involved in a blood-brain interface,

we recently proposed the wide-spectrum trophic factor

insulin-like growth factor 1 (IGF-1) (Trejo et al. 2004).
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This growth factor is a neuroprotective circulating pep-

tide that enters into the brain in response to physical

exercise (Carro et al. 2000) and is involved in important

aspects of brain function (Trejo et al. 2004). Signifi-

cantly, blood-borne IGF-1 signaling onto the choroid

plexus BBB is pivotal for promoting Aß clearance (Carro

et al. 2002), a process involved in amyloidosis (Carro

et al. 2006), and therefore in Alzheimeŕs disease (Kosik

1992). Since the entrance of insulin into the brain was

previously shown to be inhibited by diet (Kaiyala et al.

2000), we determined whether brain entrance of IGF-1, a

close member of the insulin family of hormones, is also

affected by diet. Transport of IGF-1 into the CSF

through the choroid plexus is a key step in mediating its

benefits in the brain (Carro et al. 2006).

Materials and Methods

Animals

Adult male (3-month-old) and infant rats from both sexes

were kept in standard laboratory conditions (temperature

and light/dark cycle) according to guidelines for Animal

Care at both Porto Alegre and Madrid sites supervised by

local Ethical Committees (European directive 86/609/

EEC). Water was provided ad libitum.

In vivo Experiments

To mimic human fast food diets, we fed adult rats with a

highly palatable diet enriched in simple sugars and satu-

rated fat (high-fat, high-calorie ‘‘cafeteria diet’’, CD)—

Standard diet: 62.5% carbohydrates from starch; 25.3% of

protein; 4.5% fat (soybean oil); 5% salt; 2.7% fibers, and

vitamins. Cafeteria diet: 57% carbohydrates (34% in con-

densed milk, 15% in starch, and 8% from sucrose), 25.3%

of protein, 10% fat (soybean oil); 5% salt; 2.7% fibers, and

vitamins. Saturated fats accounted for 16% of fats in both

diets. Standard diet contains 3.9 Kcal/g and cafeteria diet

4.04 Kcal/g.

Rats were weighed weekly. After 1 or 3 months under

this diet, a glucose tolerance test was performed. Briefly,

rats were fasted overnight and injected with glucose (2 g/kg

body weight). Blood was taken from the tail at 0, 30, 60, and

120 min. After completing the diet schedule, animals were

anesthetized with ketamine/xylazine and the right carotid

artery was cannulated as described previously (Carro et al.

2000). Recombinant human IGF-1 (hIGF-1, 5 lg) was

injected in 100 ll of sterile saline during 1 min with a

Hamilton’s syringe. After 15 min, the cerebrospinal fluid

(CSF) was collected from the cisterna magna (100–150 ll)

with a 31G needle attached to a 300 ll insulin syringe, and

fast frozen. In case of accidental puncture (CSF mixed with

blood), the CSF sample was discarded. Thereafter, rats were

killed by decapitation and serum stored at –80�C. The

carcase was given to a blinded investigator who dissected

out the fat from retroperitoneal and epidydimal regions and

weighed it for fat body composition analysis, as described

(Parekh et al. 1998). The liver was weighed and fast frozen

in small samples for further analysis. The brain was taken

out of the skull, the choroid plexus dissected out, and fast

frozen.

Biochemical Assays

Serum triglycerides (TGL), total cholesterol, and HDL

cholesterol were analyzed using commercial kits (Lab-

test, MG, Brazil). The reactions were performed with

Labmax equipment (Labtest). Blood glucose was mea-

sured with a commercial glucometer (Roche,

Switzerland). Blood glucose levels along time were

plotted and the ‘‘area under the curve’’ (AUC) used to

compare glucose tolerance between groups (see Fig. 1).

Liver was homogenized 1:10 with saline and 20 ll were

used to determine liver TGL using a commercial kit

(Labtest). Liver glycogen was determined by the colori-

metric method described by Krisman (1962).

In vitro Experiments

A double-chamber choroid plexus epithelial cell-culture

system mimicking the blood-CSF interface was used for

in vitro studies, as described previously (Carro et al. 2002).

Briefly, the choroid plexus was dissected from P7 rats,

enzymatically digested with DNAase and Protease (both

from Sigma, USA), and filtered. Plates were coated with

laminin (10 lg/ml; Sigma), the cells plated *200,000

cells/well and grown to confluence for 7 days. In the day of

the experiment, fresh medium was added to both chambers

and 30 min later a TGL mix was added to the upper

chamber (10 lg/ll; Supelco, Sigma). After another

30 min, digoxigenin-labeled IGF-1 (Dig-IGF-1, 100 nM)

was added to the upper chamber. An hour later, the

lower chamber medium was collected to measure Dig-

IGF-1 levels. In experiments analyzing IGF-1 interactions

with megalin or IGF-1 receptor (IGF-1R), choroid plexus

cultures were exposed to Dig-IGF-1 and 5 min later cross-

linking of the cells with dimethyl pimelydate was per-

formed as described in detail elsewhere (Carro et al. 2005).
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IGF-1 was labeled with digoxigenin-3-O-methylcarbonyl-

aminocaproic-acid-N-hydroxy-succinimide ester (Boehringer

Mannheim, Germany), as indicated by the manufacturer.

IGF-1 was labeled to distinguish it from endogenous IGF-1

from the cultures. Experiments were run in triplicate and

replicated at least four times.

Immunoassays

CSF samples (50 ll) were extracted using C18 affinity

chromatography columns (Millipore) as described else-

where (Maiter et al. 1989; Pons et al. 1991) to eliminate

interference from CSF IGFBPs, and used in duplicate to
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Fig. 1 Cafeteria diet and

entrance of systemic IGF-1 into

the brain. (A), Levels of

triglycerides (TGLs) in blood

increase after 1 and 3 month of

cafeteria (CD) diet as compared

to animals fed with an standard

laboratory diet (P \ 0.05 versus

controls; n = 10–14 per group).

(B), After a bolus injection of

glucose (2 g/kg), blood levels

were similarly increased in CD-

and standard diet-fed rats after

1 month, but were significantly

elevated over controls after

3 months of CD diet, as

determined by AUC values,

indicating glucose intolerance in

CD rats (**P \ 0.01 versus

controls). (C), After 1 or

3 months of CD diet systemic

injection of hIGF-1 (5 lg/rat)

resulted in reduced CSF levels

15 min later, as compared to

rats under standard diet

(*P \ 0.05)
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measure exogenously injected hIGF-1 with a commercially

available kit that does not cross-react with rat IGF-1 (DSL,

USA). Western blot (WB) and immunoprecipitation were

performed as described previously (Carro et al. 2002).

Levels of the protein under study were expressed relative to

protein load in each lane. Densitometric analysis was

performed using Quantity One software (Bio-Rad, USA).

Antibodies used were against the IGF-1 receptor (1:1000),

megalin (1:500), Akt1/2 (1:1000) from Santa Cruz (USA);

phospho-IGF-1 receptor (1:1000), phospho-IRS-1 (1:1000)

from Abcam (UK); phospho-Akt (1:1000) from Cell Sig-

naling (USA) and digoxigenin (1:1000) from Boehringer

(Germany). Secondary HRP-linked antibodies were from

Santa Cruz or from BioRad.

Statistical Analysis

Results are shown as means ± SEM. One-way ANOVA

was used to compare between groups followed by a post-

hoc test. P \ 0.05 was considered statistically significant.

Results

A Cafeteria Diet Impairs the Entrance of Systemic

IGF-1 into the CSF

Rats submitted to a high-fat, high-calorie cafeteria diet

(CD) showed a marked increase in adiposity, without

significant increases in body weight, as compared to nor-

mal diet: 42% increase after CD vs. 35% after SD

(Table 1). The CD diet raised serum TGL levels within

1 month (Fig. 1A), while glucose intolerance, as assessed

by significantly higher blood levels after a glucose bolus,

was observed after 3 months of CD diet (Fig. 1B). In CD-

fed rats, transport of serum IGF-1 into the brain across the

blood-CSF barrier at the choroid plexus was diminished

already after 1 month, and remained reduced thereafter.

Thus, 15 min after injection of human IGF-1 into the carotid

artery, levels of hIGF-1 in the CSF of 1- and 3-month

CD-fed rats were *30% lower than in rats receiving a

standard laboratory diet (P \ 0.05 versus controls,

Fig. 1C).

Because both the IGF-1 receptor and the choroid

plexus multitransport protein megalin were previously

shown to be involved in the transport of serum IGF-1

Table 1 Body composition and serum lipid profile of rats submitted

to 3 months of cafeteria diet

Standard diet Cafeteria diet Statistics (P)

Body weight (g)

Initial 234.00 ± 2.17 237.70 ± 2.55 [0.05

Final 317.60 ± 8.84 338.25 ± 6.19 [0.05

Fat tissue (g)

Total 1.99 ± 0.21 2.83 ± 0.20 0.012

Visceral 1.02 ± 0.12 1.59 ± 0.12 0.007

Epididimal 0.97 ± 0.10 1.31 ± 0.08 0.013

Serum Lipid profile

HDLa 28.20 ± 1.45 31.35 ± 0.99 [0.05

Total cholesterolb 43.60 ± 2.75 53.05 ± 1.14 \0.001

TGLc 66.40 ± 4.33 107.60 ± 12.79 0.034

Liver

Weight (g) 10.01 ± 0.39 11.15 ± 0.39 [0.05

TGLc 2.83 ± 0.20 3.76 ± 0.28 0.016

a HDL, high-density lipoprotein expressed in mg/dl
b Total cholesterol expressed in mg/dl
c TGL, triglycerides in mg/dl
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Fig. 2 IGF-1 signalling in the choroid plexus of CD-fed rats. (A),

Levels of IGF-1 receptor and megalin, a protein involved in transport

of IGF-1 across the choroid plexus (Carro et al 2005) were not

changed after 3 months of CD diet. Two representative animals per

group are shown. (B), The response of choroid plexus to a bolus

injection of IGF-1resulted in higher phosphoAkt (pAkt) levels in CD-

fed rats. Representative levels of two animals/group are shown.

Histograms show densitometric quantification of pAkt after normal-

ization for total Akt (lower blots). (*P \ 0.05 versus controls,

n = 10–14 per group)
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into the CSF (Carro et al. 2005), we examined their

levels in choroid plexus and found them normal after CD

diet (Fig. 2A). However, the response of CP cells to

circulating IGF-1 was increased in CD-fed rats as

determined by higher increases in CP levels of the active

form of Akt (phospho-Akt), a kinase downstream of the

IGF-1 receptor, 15 min after intracarotid administration

of hIGF-1 (Fig. 2B).

Triglycerides Reduce Entrance of Serum IGF-1

into the Brain

An abnormal serum lipid profile in CD-fed rats made us

consider that high TGLs associated to this diet could

underlie the blockade of IGF-1 transport because TGLs

inhibit passage of leptin through choroid plexus (Banks

et al. 2004), a process that also involves megalin (Dietrich

et al. 2007). In an in vitro double-chamber system mim-

icking the blood-CSF barrier we observed that a mix of

TGLs produced a *75% reduction in the passage of IGF-1

through a choroid plexus epithelial cell layer (Fig. 3A,

P \ 0.001 versus control cultures). The same inhibitory

effect was found with whole milk, which is rich in TGLs

(23.2 ± 14.0% of control levels, P \ 0.001). We then

determined whether TGLs affected passage of IGF-1

through CP epithelial cells by altering the interactions of

IGF-1 with megalin and/or the IGF-1 receptor. In the

presence of TGLs, cultured CP epithelial cells showed a

*50% reduction in the interaction of IGF-1 with megalin

but not with the IGF-1 receptor, as determined by co-

immunoprecipitation of Dig-IGF-1 with either megalin

(Fig. 3B, P \ 0.0001 versus control) or the IGF-1 receptor

(Fig. 3C). Normal activation of Akt by IGF-1 in the pres-

ence of TGLs corroborated that TGLs did not affect the

interaction of IGF-1 with its receptor (Fig. 3D).
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Fig. 3 Triglycerides reduce the passage of IGF-1 across the choroid

plexus. (A), Passage of digoxigenin-labeled IGF-1 (Dig-IGF-1) across

a monolayer of epithelial choroid plexus cells is significantly

inhibited in the presence of triglycerides (TGLs). Dig-IGF-1 in the

lower culture chamber was determined using anti-digoxigenin

antibodies and western blot. Representative blot is shown. Histo-

grams: densitometric quantification of the blots. **P \ 0.01 versus

control cultures (n = 4). (B), Co-immunoprecipitation of megalin

with Dig-IGF-1 was significantly diminished in the presence of TGLs.

Representative blots showing western blot with anti-digoxigenin of

immunoprecipitates with anti-megalin. Western blot of megalin in

lower blot corresponds to re-blotting of upper blot. Histograms:

quantification of blots after correcting for megalin load

(***P \ 0.001 versus controls; n = 4). (C), Co-immunoprecipitation

of the IGF-1 receptor with Dig-IGF-1 was not altered by TGLs.

Representative blots showing western blot with anti-digoxigenin of

immunoprecipitates with anti-IGF-1 receptor. Western blot of IGF-1

receptor in lower blot corresponds to re-blotting of upper blot (n = 4).

(D), Representative western blot of pAkt in choroid plexus cultures in

the presence or absence of TGLs. Increased pAkt levels in response to

IGF-1 were not modified by TGLs
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Discussion

The effects of diet and other life-style factors on brain

function are currently a subject of great interest (Mattson

2003). In the present work we have found that a western style

(‘‘cafeteria’’) diet with a nutritional profile that resembles an

average ‘‘fast food menu’’ in many western countries,

diminished IGF-1 passage from blood into the CSF. Exam-

ination of the underlying processes indicated that increased

circulating TGLs brought about by the cafeteria diet

appeared to elicit this effect. TGLs disrupted the interaction

of IGF-1 with megalin, a choroid plexus protein cargo

involved in the transport of IGF-1, and many other blood-

borne proteins across the CP epithelium (Barth et al. 2001),

without affecting IGF-1 signaling through its receptor.

Because blood-borne IGF-1 is an important determinant of

brain health, reduced serum IGF-1 input to the brain may

contribute to the deleterious actions of diet on brain function

(Mattson 2003). A similar scenario was previously suggested

by us to link the brain health risks of sedentary life with

reduced serum IGF-1 input to the brain (Trejo et al. 2002).

Altogether these data provide a mechanistic insight into the

connection between life-style factors and brain health.

As discussed elsewhere, lower serum IGF-1 input to the

brain is associated to many disturbances such as cognitive

loss (Davila et al. 2007), reduced levels of the wide-spec-

trum neurotrophic factor BDNF (Ding et al. 2006),

decreased neuronal resilience to insults (Carro et al. 2001),

lowered angiogenesis (Lopez-Lopez et al. 2004), and with

neuropathological changes reminiscent of Alzheimeŕs dis-

ease (Carro et al. 2006). Importantly, at least part of these

deleterious effects has also been related to inadequate diets

(Molteni et al. 2004). For instance, a high-fat diet was

previously shown to disturb brain BDNF and its down-

stream effectors (Vaynman et al. 2006), while reduced

calorie intake was shown to produce the opposite effect

(Lee et al. 2000). In turn, BDNF appears related to IGF-1

input to the brain (Ding et al. 2006); therefore, it is possible

that reduced IGF-1 input to the brain induced by diet will

result in perturbed BDNF action. An unhealthy diet is also

associated to poorer cognitive performance and accelerates

AD pathology in mouse models of the disease (Ho et al.

2004). Altogether these observations may contribute to

explain the deleterious actions of high-fat, high-calorie

diets, and/or obesity on cognitive performance and the

increased risk of AD associated to obesity (Elias et al.

2003; Gustafson et al. 2003).

We also observed that a cafeteria diet enhanced the

sensitivity of choroid plexus cells to IGF-1, as CP levels of

phospho-Akt were enhanced after intracarotid injection of

IGF-1 compared to rats receiving a standard diet. However,

in vitro acute exposure to a TGL mix did not affect the

response of Akt to IGF-1, which suggests that a prolonged

in vivo exposure to high TGLs is required to modulate the

effect of IGF-1 on its receptor. Alternatively, other

unknown factors associated to the cafeteria diet may

underlie IGF-1R sensitization of CP cells (Clodfelder-

Miller et al. 2005). Conversely, acute exposure of choroid

plexus cells to TGLs decreased the crossing of IGF-1

through the double-chamber culture system, pointing out to

an acute effect of TGLs on the passage of IGF-1 across the

choroid plexus.

In summary, because blood-borne IGF-1 is involved in

many aspects of brain function (Torres-Aleman 2000), our

results point to a potentially new mechanism by which diet

can be regulating brain homeostasis. Reduced serum IGF-1

input to the brain very likely results in a reduced ability of

brain tissue to respond to deleterious stimuli. The present

results highlight the importance of a strict control of the

serum lipid profile in maintaining an appropriate crosstalk

between the periphery and the CNS.
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Abstract  

     Peripheral insulin-like growth factor I (IGF-I) function progressively 

deteriorates with aging. However, whether IGF-I function is impaired in the 

aged brain is not yet firmly established. As serum IGF-I can enter into the 

brain through the cerebrospinal fluid (CSF), we analyzed serum-to-CSF 

traffic of IGF-I in aged mice. To distinguish endogenous murine IGF-I from 

exogenously applied IGF-I we injected intra-peritoneously human IGF-I 

(hIGF-I). We found that CSF levels of hIGF-I were significantly higher in old 

(2 year-old) than in young (4-month-old) mice. In spite of enhanced uptake 

of human IGF-I in old mice, murine brain and plasma IGF-I levels were 

reduced in naïve old mice. Moreover, IGF-I signaling was deteriorated in the 

brain of aged animals. After systemic injection of IGF-I, activation of the 

brain IGF-I receptor/Akt/GSK3 pathway was markedly reduced even though 

old mice have higher levels of brain IGF-I receptors. These data suggest 

that increased brain IGF-I receptors and uptake of peripheral IGF-I during 

aging are ineffective because IGF-I function remains reduced and aged mice 

are cognitively impaired, a trait dependant on preserved serum IGF-I input to 

the brain.  

Abbreviations: blood-brain-barrier: BBB; cerebrospinal fluid: CSF; insulin-like 

growth factor I: IGF-I;  
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1. Introduction 

 

     During aging, different neuroactive hormones decline in parallel with 

gradually impaired brain function (Conrad and Bimonte-Nelson, 2010). 

Among these, insulin-like growth factor I (IGF-I), a pleiotropic neurotrophic 

factor, has been proposed to be directly involved in age-associated brain 

deterioration due to its ample spectrum of neuroprotective activities, 

including pro-cognitive effects (Aleman and Torres-Aleman, 2009). 

Conceivably, decreased brain IGF-I function in aging could explain several 

deficits in learning tasks in old rodents and humans (Ron-Harel et al., 2008). 

Conversely, recent evidence points to a deleterious action of the insulin/IGF-

I pathway in brain aging (Cohen et al., 2009).  

     Serum IGF-I is synthesized by the liver in response to growth hormone 

and can be transported through the blood brain barrier (BBB) into the brain 

(Pardridge, 1993). Circulating levels of IGF-I determine in part the rate of its 

transport into the brain as systemic administration of IGF-I increases brain 

IGF-I levels (Carro et al., 2000). However, while both serum and brain IGF-I 

levels decrease in aged individuals (Breese et al., 1991; Niblock et al., 

1998), whether its rate of serum-to-brain transport is also reduced and in this 

way contributes to reduced brain IGF-I input is not known. In this work we 

have found that aged mice show increased uptake of peripheral IGF-I even 

though brain IGF-I function is reduced. 

2. Material and methods 
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2.1 Materials and animals: Young (4 months-old) and old (>22 months) 

C57BL6 (Spanish site) and CF1 (Brazilian site) inbred male mice were kept 

under controlled environmental conditions (12 hour light cycle, 22±2ºC). 

Comparisons between young and old animals were done within the same 

strain.  Animals had free access to food and water. All experiments were 

approved by the corresponding Animal Welfare committees. Primary 

antibodies against the IGF-I receptor (Santa Cruz, 1:1000), 

phosphoTyrosine (pTyr, Santa Cruz, 1: 1000), pSer473 Akt (Cell Signaling, 

1:1000) Akt (Cell Signaling, 1:3000), pSer19GSK 3ß (Cell Signaling, 

1:1000), GSK 3ß (Cell signaling, 1:3000), βactin (Sigma, 1:5000), and 

secondary antibodies (1:3000, anti-rabbit, Cell Signaling; 1:5000 anti-mouse, 

Santa Cruz) were used. Protein A-agarose (Invitrogen) was used in 

immunoprecipitations. 

 

2.2 Experimental design: To test transport of systemic IGF-I into the 

cerebrospinal fluid (CSF) recombinant human IGF-I (hIGF-I, 1µg/gr) was 

injected intraperitoneously (ip). After 120 min, CSF was collected from the 

cisterna magna with a 31G needle attached to a 300 µl insulin syringe, and 

fast frozen at –80º C. In case the CSF mixed with blood the sample was 

discarded. This dose of hIGF-I resulted in serum hIGF-I levels around 500-

fold higher than in CSF, confirming that a minimal fraction of circulating IGF-I 

enters this compartment (Armstrong et al. 2000). To test the effects of 

systemic IGF-I on brain IGF-I receptor function hIGF-I was injected ip and 2 

hours later mice received 50 mg/kg pentobarbital and intracardially perfused 

with saline. Brains and sera were collected and frozen. 
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2.3 Immunoassays: Western blots and immunoprecipitations were 

performed as described before (Pons and Torres-Aleman 2000). Briefly, 

after electrophoresis of hippocampal proteins (30 ug/lane), gels were 

transferred and thereafter membranes incubated overnight at 4 oC with 

primary antibodies and then incubated with secondary antibodies during 2h 

at room temperature. The films were scanned and band intensity was 

analyzed using Image J software. Human- and murine-specific ELISAs were 

used as described (Trejo et al. 2007) to determine hIGF-I in CSF and brain 

and serum IGF-I, respectively. Briefly, serum samples were extracted using 

Sep-Pak C18 cartridges while tissue samples were acidified in 1 N acetic 

acid, boiled at 100ºC/20 min, lyophilized prior to analysis, and reconstituted 

in assay buffer (Trejo et al., 2007).  

2.4 Behavioral tests: Spatial learning was evaluated using a standard water 

maze test (n=12 per group) as described (Trejo et al., 2007). In brief, mice 

were trained in a 4-trial water maze task for 4 consecutive days. The next 

day a probe trial without the platform was performed to evaluate preference 

for the platform quadrant (short-term retention). A cued version protocol was 

conducted to rule out possible sensorimotor and motivational differences 

between experimental groups. Swimming speed was found to be similar in 

all groups at all days (not shown). For object recognition, mice were 

randomly allocated to individual boxes (50 x 50 x 50 cm) placed in 

soundproof and diffusely illuminated room, for 3 min in day 1. On day 2, 

mice were familiarized with two identical plastic objects placed in the cage, 

one in each corner. Each session lasted 3 min. Following the novel-place 
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test trial, the mice were returned to their cages for 24h and then placed in 

the arena for a novel object recognition test, in which one of the objects was 

replaced with a novel object. All objects and the arena were thoroughly 

cleaned with 10% ethanol between trials to remove odors. The number of 

exploratory events (exploratory index) for each object during the training and 

testing trials was recorded. ‘Exploration’ was defined as approaching the 

object nose-first within 1 cm, sniffing, and touching the object with the tip of 

the nose and/or with the paws.  

2.5 Statistics. A t-test was used when comparing two groups and post-hoc 

comparisons. Water maze results were analyzed with two methods. In the 

learning curves, escape latencies of all animals across days and groups 

were compared with a repeated measures ANOVA and post-hoc tests. In 

Figure 3A, representing escape latencies, significant differences between 

groups are indicated with asterisks. In the probe trials a Student´s t-test was 

used.  

   

  3.  Results  

 

     We first confirmed that both serum and brain IGF-I levels were 

significantly reduced in old as compared to young mice (Figure 1A,B). 

However, transport of serum IGF-I into the brain was enhanced in old 

animals (Figure 1C). Thus, after intraperitoneal injection of hIGF-I, CSF 

hIGF-I levels were slightly but significantly higher in old than in young mice 

(p<0.05). This cannot be attributed to changes in the levels of IGF-I receptor 
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in the choroid plexus as these were similar in young and old animals ( Figure 

2A). 

     Because IGF-I function is reduced during aging (Arvat et al. 2000) we 

next determined whether brain IGF-I receptors (IGF-IR) respond to a bolus 

systemic injection of IGF-I (1 µg/gr) as previously shown in young animals 

(Carro et al. 2005). We measured brain levels of the active forms of the IGF-

I receptor in hippocampus (pTyrIGF-IR), and its downstream kinase Akt 

(pSer473 Akt), as well as the Akt target, GSK3β (pSer9 ) that becomes 

phosphorylated in serine residues and in this way is inactivated. At baseline, 

activation of the brain IGF-I signaling pathway in hippocampus was similar 

between young and old animals, as illustrated by the same level of pAkt and 

pGSK3β (Figure 2 C and D respectively). However, while young animals 

responded to systemic IGF-I by increasing brain IGF-IR, Akt and GSK 

phosphorylation levels, old animals were significantly less responsive to 

IGF-I (Figure 2 C-D). Despite this reduced response to systemic IGF-I, 

hippocampal IGF-I receptor levels were significantly higher in old mice 

(Figure 2D). 

     As expected from previous observations, and in parallel with reduced 

brain IGF-I signaling, old mice had significantly impaired learning and 

memory in the water maze and object recognition tasks as compared to 

young animals (Figure 3A,B). Furthermore, hippocampal levels of the 

vesicular glutamate transporter 1 (VGlut1), a biomarker of glutamatergic 

synapses that is decreased in cognitively deteriorated young mice with 

reduced serum IGF-I levels (Trejo et al., 2007), were significantly decreased 

in old animals (Figure 3C). Conversely, levels of GAD, a marker of 
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GABAergic synapses, were unaltered (not shown), as previously shown also 

in young mice with reduced serum IGF-I levels (Trejo et al., 2007). 

 

4. Discussion    

     An increased life-span in modern societies has brought a greater 

incidence of impaired cerebral function usually associated with aging 

(Bishop et al., 2010). Understanding the molecular mechanisms involved in 

age-associated brain impairments is thus required to propose novel 

interventions aiming to improve or maintain brain health. The present results 

indicate that aging is associated to increased transport of systemic IGF-I to 

the brain together with increased levels of brain IGF-I receptors. However, 

these increases do not result in enhanced brain IGF-I function as the 

canonical Akt/GSK3 pathway downstream of the IGF-I receptor is clearly 

impaired in the brain of old, cognitively deteriorated mice. Therefore, what 

may be interpreted as an attempt to compensate reduced IGF-I function 

during brain aging appears to be ineffective. 

     Putative compensatory increases in brain IGF-I receptors have already 

been described in age-associated neurological conditions such as 

Alzheimer´s disease (Moloney et al., 2010). Also, increased brain uptake of 

serum insulin has been documented in a mouse model of this condition 

(Poduslo et al., 2001). Intriguingly, transgenic mice with AD-like pathology 

have low serum IGF-I levels (Carro et al., 2002) and high brain IGF-I 

receptors (Lopez-Lopez et al., 2007), while mutant mice with deleted brain 

IGF-I receptors show higher serum IGF-I levels (Kappeler et al., 2008). 

Furthermore, treatment of AD mice with IGF-I at early stages of the disease 
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normalized brain IGF-I receptor levels (Lopez-Lopez et al., 2007). 

Collectively, these data suggest the existence of a bidirectional inverse 

relationship between serum IGF-I levels and brain IGF-I receptors.  

     In this regard, we previously hypothesized that higher levels of brain IGF-

I receptors probably reflect a situation of resistance/deficiency to IGF-

I/insulin in age-associated brain diseases (Carro and Torres-Aleman, 2004). 

Our present results suggest that this impaired response to IGF-I may also be 

present in normal brain aging. Indeed, resistance to IGF-I has already been 

documented in the normal aged muscle (Cao et al., 2007). Thus, it seems 

reasonable to assume that aging causes a defect in intracellular IGF-I 

signaling in target tissues. As increased levels of oxidative stress are 

associated to the aging process ( Droge, 2003) and also impair neuronal 

IGF-I signaling (Davila and Torres-Aleman, 2008), oxidative stress may 

constitute a mechanism for IGF-I resistance in the aging brain. But this 

possibility remains speculative at present.  

     Reduced IGF-I signaling probably contributes to cognitive deterioration 

associated to aging because administration of IGF-I to aged rodents 

restores cognition (Markowska et al., 1998). In turn,  reduced serum IGF-I 

levels during aging (Breese, Ingram, and Sonntag 1991) probably 

contributes to reduced brain IGF-I function.  

Alternatively, reduced brain IGF-I signaling may be aimed to reduce its 

putative deleterious actions in the aging brain (Cohen et al., 2009) even 

though increased brain IGF-I receptors in aged animals suggests the 

opposite. Regardless of its ultimate beneficial or detrimental effects, we may 

conclude that IGF-I signaling is deteriorated in the aged brain and ensuing 
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homeostatic responses such as increased receptor levels and increased 

CSF uptake appear insufficient to compensate this loss. Whether increased 

CSF uptake reflects different pharmacokinetics between old and young 

animals of exogenously administered human IGF-I, differences in IGF-

binding proteins composition, or underlies changes in the blood-CSF 

interface needs further studies. In this regard, normal levels of IGF-I 

receptors (present results), together with low levels of megalin (Carro et al., 

2005) in the aged choroid plexus hints to an imbalance in the IGF-I transport 

system at this level.   

Conclusions  

     Increased peripheral uptake of serum IGF-I, together with increased 

levels of IGF-I receptors in the aging brain may be interpreted as ineffective 

compensatory mechanisms in view of the reduced IGF-I function found in 

the aged brain. Disturbed brain IGF-I function during aging likely contributes 

to cognitive deterioration.  
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LEGENDS TO FIGURES 

 

 

Figure 1: Changes in IGF-I input during aging. A, B, Serum and brain levels 

of IGF-I are significantly decreased in old mice (n=6 per group). C, In 

response to a systemic injection of hIGF-I, old mice transport significantly 

more hIGF-I into the CSF (n= 14). *p<0.05, ***p<0.001. Bars represent 

mean ± SEM. 

 

Figure 2: IGF-I signaling is impaired in the aged hippocampus. (A) Levels of 

IGF-IR  in choroids plexus did not change in both groups. (B) In response to 

a bolus systemic injection of hIGF-I, phosphorylation of the IGF-I receptors 

(IGF-IR) in the hippocampus is reduced in old mice as compared to younger 

animals (n=6). IGF-IR were immunoprecipitated from hippocampus and 

blotted against pTyr residues and thereafter against IGF-IR for load control. 

C, Similarly, Akt phosphorylation in response to systemic hIGF-I is reduced 
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in hippocampus of the old mice (n=14). However the basal levels of the Akt 

phosphorylation as well as total Akt protein did not change in old mice. D, 

Phosphorylation of GSK3 is also reduced in hippocampus of the aged mice 

after hIGF-I administration in comparison to young animals (n=14).  However 

the basal levels of the GSK3 phosphorylation as well as total GSK3 protein 

did not change in old mice. E, Old mice have higher levels IGF-I receptors in 

hippocampus as compared to young mice (n=14). *p<0.05, ***p<0.001. 

Figure 3: Cognitive deterioration and glutamatergic imbalance in old mice. A, 

Learning in the water maze was significantly impaired in old mice as shown 

by slower learning capacity (left) and poorer short-term recollection of the 

platform location (right bars). B, Old mice also showed lower ability to 

recognize novel objects. C, Brain levels of the glutamate transporter VGlut1, 

an indicator of glutamatergic synapses, were significantly reduced in old, 

cognitively impaired mice. n=14 per group in all experiments.  *p<0.05. 
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Figure 2 

young old young IGF1 old IGF1
0

50

100

150

200

C

*

p
s

e
r

4
7
3
A

K
T

 h
ip

p
o

c
a

m
p

u
s

(%
o

f 
c
o

n
tr

o
l)

young old young IGF1 old IGF1
0

50

100

150

200

*

D

p
s

e
r

1
9
G

S
K

3


 h
ip

p
o

c
a

m
p

u
s

(%
o

f 
c
o

n
tr

o
l)

young old
0

50

100

150

200

*

E

IG
F

-1
R

 h
ip

p
o

c
a
m

p
u

s

(%
o

f 
c
o

n
tr

o
l)

Young Old

0

25

50

75

100

125

C
h
o

ro
id

P
le

x
u
s

IG
F

-I
R

 (
%

 o
f
c
o

n
tr

o
l)

0

20

40

60

80

100

120

Young Old

p
IG

F
-I

R
 (

a
u
) ***

IGF-IR

pTyr

i.p. IGF-IR

A

IGF-IR

βactin

Young Old

young

IGF-I

pAkt

Akt

young old
old

IGF-I

young

IGF-I

GSK3ß

pGSK3ß

young old
old

IGF-I

IGF-1R

actin

young old

B

Y    O  Y    O   Y     O  Y    O 

 

Figure 3 

A

B

Figure 3

C

Young Old
0

10

20

*

T
im

e
 i
n
 t

a
rg

e
t

q
u
a

d
a

n
t

(s
e
c
)

Young

Old

-15

-10

-5

0

5

10

15

*

E
xp

lo
ra

ti
o

n
in

d
e

x

Young Old
0

50

100

150

*

V
G

lu
t1

(a
u

)

vGlut1

βactin

Y      Y     O    O

1 2 3 4

0

10

20

30

40

50

60
Young

Old

* * *
*

Days

la
te

n
c
y

(s
e

c
) 

 t
o

p
la

tf
o

rm

 

 

 



42 
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Impaired hippocampal insulin signaling is associated with cognitive decline 

with aging. The modulation of brain-derived neurotrophic factor (BDNF), 

mammalian target of rapamycin (mTor), forkhead transcription factor 1 

(FOXO1), tumor necrosis factor-α (TNFα) and chromatin-associated nuclear 

protein poly (ADP-ribose) polymerase 1 (PARP-1) by insulin participate in 

the mechanisms of neuronal survival/degeneration during aging. We 

investigated the effects of insulin on spatial memory performance (water 

maze) and hippocampal morphology. Hippocampal immunocontent of 

BDNF, mTor, FOXO1, PARP-1, and TNF-α were also evaluated. Wistar rats 

aged (26 months,n=22) and young (4 months,n= 24) received icv insulin 20 

mU/vehicle once a day for five consecutive days. In young rats, insulin 

improved spatial memory, increased neuronal fluorescence density (CA1) 

and BDNF levels compared to aged rats. Moreover, insulin diminished 

PARP-1 levels in aged rats, while decreased FOXO1, TNF-α, 

phosphorylated mTORser4881 and ser4888 levels in young and aged rats. 

In conclusion, insulin improved spatial memory performance in young rats by 

increasing BDNF and CA1 density. Furthermore, insulin decreased 

proinflammatory factors in aged and young rats. 

 

Key words: Aging, insulin resistance, inflammation, learning and memory, 

brain. 
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Introduction 

 

Aging is a major risk factor for the development of brain structural and 

functional alterations associated with neurodegenerative disorders. Glial and 

neuronal cells in the central nervous system (CNS) are affected by aging, 

which results in a continuous and progressive decline in sensory, motor and 

cognitive function (Hofer et al., 2003). The loss of neuronal cells along with 

the disruption of neural systems that participate in different aspects of 

cognitive function, particularly in the frontal cortex and hippocampus, has 

been implicated in the cognitive decline associated with aging (Whitwell and 

Jack, 2005). Although the majority of brain regions are affected, the 

hippocampus has been shown to have an increased vulnerability to cell 

death associated with aging. Even the hippocampal neurons from the CA1, 

CA3 and dentate gyrus present differences in relation to their physiology and 

their vulnerability to cell death (Jackson and Foster, 2009). The cellular and 

molecular mechanisms of the brain that participate in aging include DNA 

damage, increased inflammatory response and impaired hormonal signaling 

(Amor et al.; Mattson). Furthermore, peripheral hormones modulate many 

aspects of structure, function and neural plasticity (Dietrich et al., 2008; 

McNay, 2007; McNay et al.; Muller et al.); however, these effects can be 

disrupted by aging (Cole and Frautschy, 2007; Gispen and Biessels, 2000).  

Insulin receptors (IR) are primarily localized in neurons and have 

neuromodulatory and neurotrophic roles (van der Heide et al., 2006). 

Insulin/IR mediate brain responses through a variety of signaling proteins 

and transcription factors, including the mammalian target of rapamycin 
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(mTor) (Hoeffer and Klann) and the forkhead transcription factor 1 (FOXO1) 

(Cheng and White), which have been implicated in the control of neuronal 

survival/degeneration. Moreover, depending on the brain region, insulin has 

distinct functional roles. Insulin/IR signaling was shown to improve learning, 

memory formation and synaptic plasticity in the hippocampus and cerebral 

cortex (Plum et al., 2005), whereas in the hypothalamus insulin suppressed 

feeding behavior (Bruning et al., 2000). Interestingly, the beneficial effects of 

insulin on cognitive function and neural plasticity are proposed to be 

mediated by brain-derived neurotrophic factor (BDNF) (Mattson et al., 2004).  

Recently, it has been proposed that the decreased brain insulin/IR signaling 

that occurs through central insulin resistance is involved in the 

pathophysiology of neurodegenerative disorders and impaired cognitive 

function (de la Monte et al., 2009; de la Monte and Wands, 2005; Porte et 

al., 2005). Thus, disturbances in insulin signaling have been linked to 

neurodegeneration during the aging process (Cohen and Dillin, 2008). 

Although the precise mechanisms of action are unclear, aging has been 

shown to influence glial activation, resulting in the increased production of 

the pro-inflammatory cytokine, tumor necrosis factor-α (TNFα) (Block et al., 

2007; Swardfager et al.). Furthermore, the chromatin-associated nuclear 

protein, poly (ADP-ribose) polymerase 1 (PARP-1), is also activated by age-

related metabolic and inflammatory stress signals (Altmeyer and Hottiger, 

2009; Beneke, 2008; De Martinis et al., 2005).  

The purpose of this study was to investigate the effects of 

intracerebroventricular insulin administration on spatial memory performance 

and hippocampal morphology in aged rats. In addition, we examined 
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whether insulin modulated hippocampal proteins (BDNF, mTor, FOXO1, 

PARP-1, TNF-α) participate in the mechanisms involved in neural cell 

survival or degeneration. 

 

Material and methods  

Animals 

Male Wistar rats (n=24) were housed in plastic cages in a temperature-

controlled room under a 12 hr light/12 hr dark cycle with free access to food 

and water. The rats (4-5 per cage) were assigned to one of following groups: 

young (4 months age) (n=12), young insulin (n=12), aged (24 months age) 

(n=12) and aged insulin (24-26 months age) (n=10). Animal care followed 

the official governmental guidelines in compliance with the Federation of 

Brazilian Societies for Experimental Biology and was approved by the Ethics 

Committee of the Federal University of Rio Grande do Sul, Brazil. 

Surgical procedure and insulin icv treatment 

The rats were anesthetized by an intraperitoneal (i.p.) injection of ketamine 

(100 mg/kg body weight) and xylazine (10 mg/kg body weight). A 27-gauge 

9-mm guide cannula was unilaterally placed at 0.9 mm posterior to the 

bregma, 1.5 mm right of the midline and 1.0 mm above the right lateral brain 

ventricle. The cannula was implanted 2.6 mm ventral to the superior surface 

of the skull through a 2-mm hole made in the cranial bone (Torres et al.). On 

the third day post-surgery, the rats already displayed normal food intake and 

water consumption as well as spontaneous locomotion; therefore, they were 

considered ready for in vivo experiments. Animals received 5µL of insulin 
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(20 mU) (Lilly, Humulin) or vehicle for 5 min (1 µL/min) via 

intracerebroventricular (icv) once a day for 5 consecutive days. 

Body weight and Food intake 

Body weight and food intake were concomitantly monitored for five days of 

insulin or saline icv administration. Each day, food was weighed and added 

to the cages. The ratio between these days was divided by the number of 

the animals per cage and was used to estimate food intake. 

Glucose tolerance test - GTT 

 To assess the potential influence of icv insulin treatment on peripheral 

glucose sensitivity, we measured glucose levels (n=8 per group) 1 day after 

the last icv injection (day 6). The rats were fasted for 12 h, and blood was 

then collected via a small puncture in the tail; blood was collected 

immediately before (0 min) and 30, 60, and 120 min after an i.p. injection of 

glucose (2 mg/g body weight). Glucose was measured using a glucosimeter 

(AccuChek Active, Roche Diagnostics®, USA). 

Spontaneous locomotor activity – open field task  

All experiments were conducted between 09:00 a.m. and 04:00 p.m. Two 

days after the last insulin icv administration (day 7), rats were randomly 

allocated into four individual wooden boxes (50 x 50 x 50 cm) placed on the 

floor of a soundproof and diffusely illuminated room. Videos of the 

spontaneous locomotion were obtained for 5 min and analyzed using the N-

Maze program.  

Spatial memory - Morris water maze task 

Three days after the last insulin icv administration, the rats performed the 

spatial memory task (days 8 to 13). The apparatus is a black circular pool 
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(200 cm in diameter) with a water temperature of 21 ± 1 °C. During training, 

the rats learned to escape from the water by finding a hidden rigid black 

platform submerged about 1 cm below the water surface in a fixed location. 

The rats were trained over 4 trials in a water maze task for five consecutive 

days, with each trial lasting up to 60 s, and the rats were allowed to rest on a 

hidden black platform for 20 s. Each trial was separated by a minimum of 12 

min. If the rat failed to find the platform in 60 s, it was placed on the platform 

and allowed to rest for 20 s. The maze was located in a well-lit white room 

with several visual stimuli hanging on the walls to provide spatial cues. The 

escape latency during each trial was measured as an indicator of learning. A 

probe test was performed without the platform twenty-four hours after the 

five day of acquisition, and the time spent in the target quadrant was 

measured as an indicator of memory retention. Videos were obtained and 

analyzed using the N-Maze program.Twenty-four hours after the Morris 

water maze task, the animals were sacrificed by decapitation (day 14) for 

collecting biological samples. 

Hippocampal BDNF and TNF-α levels 

After decapitation, the hippocampus was dissected and homogenized in PIK 

buffer (1 % NP-40, 150 mM NaCl, 20 mM Tris, pH 7.4, 10% glycerol, 1 mM 

CaCl2, 1 mM MgCl2, 400 µM sodium vanadate, 0.2 mM PMSF, 1 µg/ml 

leupeptin, 1 µg/ml aprotinin, and 0.1 % phosphatase inhibitor cocktails I and 

II; Sigma-Aldrich, USA). The homogenate was centrifuged, and the 

supernatant was collected. The total protein content was measured as 

described by Peterson (Peterson, 1977). The homogenates were stored at -

70 oC until analysis. The BDNF and TNF-α assays were performed using 
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commercially available ELISA kits (refs. DY248 and DY510). The protocol 

was conducted according to the instructions of the manufacturer (R&D 

systems, USA). 

Western blot 

For western blot analysis, 30 µg of protein from hippocampal tissue 

homogenates were separated by electrophoresis on a 10% polyacrylamide 

gel and electrotransferred to nitrocellulose membranes. Non-specific binding 

sites were blocked with Tween–Tris buffered saline (TTBS, 100 mM Tris–

HCl, pH 7.5) containing 5% albumin for 2 h and then incubated overnight at 

4 °C with polyclonal antibodies against PARP1 (Cell Signaling, 1:500), 

pmTor ser4881 (Cell Signaling, 1:1000), pmTor ser4888 (Cell Signaling, 

1:1000), mTor (Cell Signaling, 1:1000) and actin (Sigma, 1:5000). The 

membranes were rinsed 3x for 10 min with TTBS and incubated with 

secondary antibodies (1:3000 dilution, anti-rabbit, Cell Signaling 

Technology; 1:5000 dilution anti-mouse, Santa Cruz Technology) for 2 h at 

room temperature. Next, the membranes were rinsed 4x for 10 min with 

TTBS and incubated with peroxidase-conjugated for 5 min at room 

temperature. The resulting reaction was displayed on autoradiographic film 

by chemiluminescence. The films were scanned, and band intensity was 

analyzed using Image J software (developed at the U.S. National Institutes 

of Health and available on the Internet at http://rsb.info.nih.gov/nih-image). 

Histochemistry and Immunohistochemistry 

For the histochemical and immunohistochemical studies, the animals (4-6 

rats per group) were sacrificed, and the left hemispheres were post-fixed in 

4% paraformaldehyde in 0.1 M phosphate buffer pH 7.4 for 24 h and then 
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placed in a 30% sucrose solution in PB at 4 °C. Coronal sections (50 µm) 

were obtained using a Vibratome (Leica, Germany) and stored in PBS 0.2 M 

buffer. One out of 8 random series were collected for analyses. First, we 

analyzed the cellular density. Briefly, the sections were hydrated in 95% and 

70% ethanol and distilled water, stained with filtered cresyl violet solution (5 

mg/mL cresyl violet acetate) for 5 minutes, rinsed in water, and then 

dehydrated with 70%, 95%, and 100% ethanol. The slides were mounted 

using Canada balsam. The histochemistry images were acquired on an 

Olympus microscope (Olympus, Japan). Double immunohistochemical 

staining was used to identify neurons and glial cells. The sections were 

incubated for 48 h at 4 °C with polyclonal rabbit GFAP antiserum (Dako, UK, 

1:500) and NeuN (Chemicon, 1:500) in PBS-Tx containing 2% BSA. After 

several PBS washes, the sections were incubated with 594 nm Alexa-

conjugated donkey anti-rabbit and 488 nm Alexa-conjugated donkey anti-

mouse antibodies for 24 hr at 4 °C. Next, the slices were stained with DAPI 

(0.0001%; Milipore) to stain the nuclei. After 24 h, the sections were 

mounted with FluorSave Reagent (Calbiochem). To determine the density of 

fluorescence, sections were photographed using a confocal fluorescence 

microscopy system (Olympus FV1000) and analyzed using Image J 

software. All images were analyzed using the ROI manager Image J toll. 

Three ROIs were used from the same coordinate and in the same image 

area. After each ROI analyses, the mean of the ROI fluorescence was 

estimated. 
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Statistical analysis 

           The results were calculated and expressed as the means ± S.E.M. 

The data from the water maze task was analyzed using a repeated-

measures analysis of variance (ANOVA) followed by a post-hoc Tukey test. 

To evaluate the effect of insulin between groups, we performed a Student’s 

t-test between groups. For analyzing differences between ages, we used a 

two-way ANOVA. To analyze the differences between groups, we used one-

way ANOVA followed by a post-hoc Tukey test. The differences were 

considered statistically significant at p <0.05.  

 

Results 

Food intake, body weight and glucose metabolism monitoring 

Insulin injected icv decreased food intake during the five days of 

administration in both young and aged rats (Table 1; young > young insulin; 

aged > aged insulin p < 0.05). Furthermore, insulin decreased the food 

intake 70% in young and 35% in aged rats. Consistent with these results, 

the body weight also decreased after five days of icv insulin administration 

(body weight young > young insulin; aged > aged insulin p < 0.05). The body 

weight was decreased 34% in young and 23% in aged rats (Table 1). 

Although both groups were affected, insulin decreased the food intake and 

body weight significantly more in young than in old rats. Thus, we showed 

that young rats are more sensitive to icv insulin administration than aged 

rats in their feeding behavior and body mass control. Next, we analyzed the 

effect of insulin on peripheral glucose homeostasis 24 h after the five days of 

icv administration. Insulin slightly improved GTT in young rats. The area 
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under the curve decreased in young insulin rats compared to the other 

groups (young insulin < young, aged and aged insulin; p < 0.05) (Table 1). 

Two hours after icv administration of insulin, the serum glucose levels were 

not significantly different between the groups (data not shown). 

Aging decreased spontaneous locomotion and insulin had no effect 

To evaluate the effects of insulin on locomotor activity, we performed an 

open field task two days after the five days of insulin icv administration (day 

7). Decreased locomotor activity was found in the aged rats compared to the 

young groups, and insulin did not affect locomotor activity in the young and 

aged rats (young and young insulin>aged and aged insulin; p < 0.05). 

Moreover, the aged rats showed reduced speed during exploration 

compared to the young rats, and insulin did not affect the speed of both 

young and aged rats (Figure 1B-C). 

Insulin improves spatial memory performance in young rats and increases 

BDNF hippocampal levels  

On the third day after insulin icv administration, the spatial memory 

performance was evaluated using the Morris water maze task (MWM) (from 

days 8 to 13). The hippocampus plays a key role in the formation of memory 

in this paradigm. From the third to fifth days of the acquisition phase, the 

young insulin animals showed an improvement in learning (decreased time 

to find hidden platform) compared to the other groups (latency of young 

insulin<young, aged and aged insulin; p<0.05). In addition, the time the aged 

rats spent finding the platform was not different on days 3-5, whereas the 

young vehicle group trended toward a decrease in time spent finding the 

platform until the last day of the acquisition phase. The memory retention 
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phase was evaluated in a probe trial performed without the platform on day 

eight after icv insulin injection (day 13). The young insulin icv animals spent 

more time in the target quadrant when compared to the other groups (young 

insulin > other groups; p < 0.05) (Figure 2A-B), and the swim speed was not 

different between the groups (data not shown).  

We also investigated whether insulin icv administration could modulate the 

level of BDNF in hippocampal tissue, which might positively impact neural 

plasticity and would reflect an improvement in the performance of the spatial 

memory task. Indeed, nine days after the last injection of insulin (day 14), 

hippocampal BDNF levels increased in young animals as compared to the 

young vehicle (young insulin > young vehicle, p < 0.05). The young vehicle, 

aged vehicle and aged insulin showed similar hippocampal BDNF levels 

(Figure 2C).  

Insulin icv administration attenuates the hippocampal inflammatory response 

and the phosphorylation status of signaling proteins involved in cell 

death/survival  

The aged rats showed increased levels of PARP-1 in the hippocampus 

compared to the young rats, but icv insulin administration reduced PARP-1 

to the levels of the young animals (Figure 3A, aged vehicle > other groups; p 

< 0.05). In addition, insulin decreased the hippocampal TNF-α levels in both 

the young and aged rats when compared to their respective vehicle 

counterparts (Figure 3F; young vehicle > young insulin and aged vehicle > 

aged insulin, p < 0.05). 

Regarding signaling proteins, there were increased hippocampal levels of 

mTor associated with aging (Figure 3D, aging vehicle > other groups; p < 
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0.05). Insulin administration decreased the phosphorylation levels of pmTor 

ser4881 and pmTor ser4888 (Figure 3B-C, young vehicle > young insulin 

and age vehicle > aged insulin, p < 0.05). In addition, the total level of 

FOXO1 was increased in aged rats and was significantly decreased in the 

young insulin animals compared to the young vehicle (Figure 3E; young 

vehicle > young insulin, p < 0.05), whereas in aged animals insulin had no 

effect.  

Insulin treatment increases neuronal and glial immunoreactivity in 

hippocampal subfields 

We analyzed the cellular density and the fluorescence density of neurons, 

glial cells, and nuclei in hippocampal CA1, CA3 and dentate gyrus subfields.  

 Effect on CA1 subfield 

The cresyl violet stained images (Figure 4 A-D) showed that aging 

decreased the cellular density in the CA1 (4C). However, insulin icv 

administration increased the cellular density in the CA1 in both the young 

and aged rats (Figure 4B and D).  

When examining the neuronal fluorescence density (NeuN), the aged rats 

showed a decreased fluorescence density compared to the young rats 

(Figure 5A young > aged; *p < 0.05). Insulin icv treatment increased the 

fluorescence density of NeuN in the young and aged rats when compared 

with the vehicle groups (Figure 5A young insulin > young; aged insulin > 

aged; *p < 0.05). The fluorescence density of GFAP positive cells, a glial 

marker, was not significantly different between the groups or treatment. 

Furthermore, there was a decreased nuclear fluorescence density of DAPI in 

the aged rats compared to the young rats (young > aged; *p < 0.05). Insulin 
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increased the nuclear fluorescence density in the young and aged rats 

(young insulin>young; aged insulin > aged; *p < 0.05). Overall, the neurons 

in the CA1 showed an increased fluorescence density after insulin icv 

administration (Figure 5A-C). 

Effect on CA3 subfield 

The cresyl violet stained images (figure 4 E-H). Aging decreased the cellular 

density in the CA3 subfield (Figure 4G), and insulin had no effect (Figure 

4H). Moreover, aging decreased the NeuN fluorescence density compared 

to the young rats, and insulin did not change the fluorescence density 

(Figure 6A young and young insulin > aged and aged insulin; p<0.05). 

Neither the GFAP nor DAPI fluorescence density was affected by aging or 

insulin treatment (Figure 6B-C).  

Effect on dentate gyrus subfield 

The cresyl violet stained images (Figure 4I-L). Insulin had no effect in young 

animals (Figure 4 I-J). Aging decreased (Figure 4K), and insulin increased 

(Figure 4L) the cellular density in the dentate gyrus of aged animals. Insulin 

treatment did not affect the fluorescence density of neurons (NeuN) in the 

young compared to the young vehicle rats. The aged rats showed a 

decreased NeuN fluorescence density when compared to the young rats 

(Figure 7A young > aged; *p < 0.05); however, insulin icv treatment raised 

the neuronal fluorescence of aged rats to a similar level to that of the young 

rats (aged insulin = young groups). Astrocytic and nuclear (GFAP and DAPI, 

respectively) fluorescence were not affected by aging or insulin treatment 

(Figure 7B-C). 
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Discussion 

Our study provides further support that insulin has important functional roles 

in the brain and suggests that aging decreases central insulin sensitivity. 

This study showed that insulin acts as a neurotrophic factor in the 

hippocampus by increasing BDNF levels in young animals and improves 

learning and memory performance in the MWM; however, in aged rats, the 

action of insulin was less effective when compared to young animals.  

The hippocampus has an essential role in rodent spatial memory and 

navigation (Moosavi et al., 2006). Subfields from the hippocampus have 

many different functions in learning and memory. It has been demonstrated 

that the CA3 lesioned rats showed impaired performance in the water maze 

task; however; the CA1 lesioned rats were not impaired. However, the CA3 

subfield is also important for the acquisition and encoding of spatial 

information in short-term memory with a duration of seconds to minutes 

(Kesner, 2007). Our results showed an increase in the fluorescence density 

of neurons in the CA1 subfield by insulin in both the young and aged rats; 

however, in the CA3 subfield of aged rats, there was a decrease in the 

fluorescence density, whereas insulin had no effect. Aged rats are 

consistently impaired in learning the location of the escape platform 

(Rosenzweig and Barnes, 2003). However, Rosenzweig et al. (Rosenzweig 

and Barnes, 2003) reported that more than 30% of aged rats performed as 

well as the adult rats. Therefore, in our work, the aged animals did not show 

any impairment in spatial cognition. However, the aged animals stabilized 

the time to found the platform on the third day (decreased the latency to find 

the platform by 40%; first to last day), whereas the young animals trended 
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towards a decrease in the time to find the platform until the last day of 

acquisition (decreased the latency to find the platform by 55%, first to last 

day); however, these results did not reach statistical significance.  

Insulin icv treatment facilitated learning and memory at optimal doses in 

young rats (Moosavi et al., 2007; Park et al., 2000), and the insulin receptor 

has been shown to be selectively enriched in the CA subfields of the 

hippocampus (Chiu et al., 2008). However, the effect of insulin on memory 

performance in aged rats has yet to be elucidated. We demonstrated that 

insulin icv administration improved spatial learning in young rats and 

increased BDNF levels in the hippocampus. The increase in the neuronal 

fluorescence density in the CA1, the normal neuronal CA3 subfield and the 

increase in BDNF levels correlated with the improvement in memory 

performance induced by insulin in young rats, but these changes were not 

correlated in the aged animals. We propose that a decrease in intracellular 

insulin signaling, as shown by Solas et al. 2010, which was associated with 

changes in the connections between the cells of the hippocampal network, 

could reflect the lack of an effect of insulin in the spatial memory 

performance of aged animals. This will need to be studied further.  

Inflammatory mediators are increased with aging and participate in the 

etiology of brain disorders and events that culminate in apoptotic cell death 

(Uranga et al.). In this study, we showed that insulin icv administration 

decreased the hippocampal levels of PARP-1, which contributes to 

‘inflammaging’, an increased brain inflammation associated with advanced 

aging (Altmeyer and Hottiger, 2009; Beneke, 2008; De Martinis et al., 2005). 

Moreover, insulin treatment decreased the levels of TNF-α in the 
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hippocampus in both the young and aged animals. Thus, insulin 

administration showed a neuroprotective effect in the hippocampus of both 

the young and aged rats by mediating the production of proinflammatory 

factors. In contrast, insulin resistance in the aged brain is associated with an 

increased vulnerability of neurons to cell death and impaired cognition 

function (de la Monte et al., 2009). Moreover, the total mTOR levels and 

mTOR phosphorylated at Ser 2441 and Ser 2448 increased significantly in 

Alzheimer’s disease, which positively correlated with an aberrant 

phosphorylation of Tau protein (Li et al., 2005). Similarly, we demonstrated 

that aged rats have an increased total mTOR content as compared to the 

young rats, and icv administration of insulin decreased the phosphorylation 

state at mTOR ser2441 and ser2448 in both the young and aged rats. In 

addition, FOXO1, a transcriptional factor that activates genes involved in cell 

death, was significantly elevated in the aged rats, and insulin administration 

decreased the content in only the young rats. During the aging process, both 

mTOR and FOXO1 could mediate neuronal death by apoptosis and 

autophagy (Cheng and White; Hay and Sonenberg, 2004). Thus, decreasing 

the hippocampal neurotrophic and anti-inflammatory properties impaired the 

insulin signaling with aging and made the brain more vulnerable, which 

increased the risk of massive neuronal death and cognitive decline.  

Insulin is an anorexic hormone, and impairments in the insulin signaling 

pathway have been associated with obesity and neurodegenerative 

diseases (Schwartz and Porte, 2005). We showed that aged rats are 

resistant to the anorexic effect of insulin compared to the young rats. This 

was reflected by an increased body mass and visceral adiposity, which is a 
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common feature of aging process (Uranga et al.). We demonstrated that the 

insulin icv administration was able to regulate peripheral glucose metabolism 

in the young rats, and the aged rats were resistant to the icv insulin effects. 

As previously proposed, the brain resistance to insulin in the aged rats has 

been implicated in cognitive decline and metabolic disorders (Schubert et 

al., 2004).  

In summary, our data showed that insulin icv administration increased 

neuronal fluorescence in the CA1 and dentate gyrus in both the young and 

aged rats. Insulin also improved the spatial memory performance in the 

young rats, which correlated with increased hippocampal BDNF levels and 

normal CA3 cells. Furthermore, insulin mediated the production of trophic 

and proinflammatory factors involved in neuronal survival or degeneration in 

the hippocampus of aged and young rats.  
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Legends 

1) Timeline of the experimental protocol and locomotor activity behavior 

A) Time (days) of the experimental protocols. B) The distance traveled (m) 

during the 10 min in the open field task. The aged animals had reduced 

locomotor activity compared to the young animals (*aged vehicle and 

insulin< young vehicle and insulin; two-way ANOVA analysis p<0.05). Insulin 

had no effect. C) The mean speed (m/s) in the open field task. The aged 

animals had a decreased mean speed compared to the young animals 

(*aged vehicle and insulin< young vehicle and insulin; two-way ANOVA 

analysis p<0.05), and insulin had no effect (n= 10-12).  

2) Spatial learning memory performance and BDNF levels in the 

hippocampus. 

A) The latency to find the platform for five days in the Morris water maze 

task (MWM). The young insulin animals decreased the time spent finding the 

platform by the third day in the acquisition phase compared to the other 

groups (*young insulin< other groups; repeated-measures analysis of 

variance p<0.05). B) The young insulin animals increased the time spent in 

the target quadrant during the probe day compared to the other groups 

(*young insulin< other groups; one-way ANOVA followed by a post-hoc 

Tukey test p<0.05). C) The young insulin animals showed increased 

hippocampal BDNF levels compared to the young insulin animals (*young 

insulin> young vehicle; one-way ANOVA followed by a post-hoc Tukey test 

p<0.05) (n= 10-12). 

3) Inflammatory parameters and proteins involved in cell death/survival in 

hippocampus by western blotting analysis 
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A) Aging increased the level of PARP-1 in the hippocampus, and insulin icv 

treatment decreased the levels in aged animals (*aged vehicle< other 

groups; PARP-1 relative to actin; one-way ANOVA followed by a post-hoc 

Tukey test p<0.05). B) and C) Insulin icv treatment decreased the 

phosphorylation state of mTor in Ser2441 and Ser2448 in young and aged 

animals (pSer2441 and pSer2448 relative to mTor; *young vehicle< young 

insulin, *aged vehicle< aged insulin; one-way ANOVA  followed by a post-

hoc Tukey test p<0.05). D) Aging increased the level of total mTor in the 

hippocampus, and insulin had no effect (mTor relative to actin; *aged young 

and insulin> young and vehicle, two-way ANOVA analysis p<0.05). E) Aging 

increased the level of FOXO 1 in the hippocampus, but insulin had no effect 

(FOXO1 relative to actin; *aged young and insulin> young and vehicle, Two-

way ANOVA analysis p<0.05). F) Insulin icv treatment decreased the TNF-α 

level in the hippocampus in both the young insulin and aged insulin groups 

compared to the vehicle groups (*young insulin>young vehicle and aged 

insulin>aged vehicle; t-test p<0.05). G) Representative images of PARP-1, 

pmTor ser 2441, pmTor ser 2448, mTor, FOXO 1, actin and ponceau of 

membranes from western blots (n= 5-8). 

4) Cellular density in CA1, CA3 and the dentate gyrus of the hippocampus 

A-D) Representative images of cresyl violet staining in the CA1 subfield. 

Aging decreased (C) and insulin increased the cellular density in the young 

and aged animals (B and D). E-H) Representative images of cresyl violet 

staining in the CA3 subfield. Aging decreased (G) and insulin had no effect 

on the cellular density in the young and aged animals ( F-H). I-L) 

Representative images of cresyl violet staining in the dentate gyrus subfield. 
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Aging decreased (K) and insulin increased the cellular density in the aged 

animals (L) (n= 4-6). 

5) Morphological effects of aging and insulin icv administration in the CA1 of 

the hippocampus 

A) Aging decreased the fluorescence density of the neuronal marker, NeuN. 

Insulin icv treatment increased the fluorescence density in the young and 

aged animals (*young insulin>young vehicle and aged insulin>aged vehicle; 

t-test p<0.05). B) The astrocytic marker, GFAP, was not altered by aging or 

insulin icv treatment. C) The nuclei marker, DAPI, was increased by insulin 

in the young and aged animals. (*young insulin>young vehicle and aged 

insulin>aged vehicle; one-way ANOVA followed by a post-hoc Tukey test 

p<0.05) (n= 4-6).  

6) Morphological effects of aging and insulin icv administration in the CA3 of 

the hippocampus 

A) Aging decreased the fluorescence density of the neuronal marker, NeuN. 

Insulin icv treatment had no effect on the fluorescence density in the young 

and aged animals (*young vehicle and young insulin> aged vehicle and 

aged insulin; t-test p<0.05). B) The astrocytic marker, GFAP, was not altered 

by aging or insulin icv treatment. C) The nuclei marker, DAPI, was not 

altered by insulin in the young and aged animals (*young vehicle and young 

insulin> aged vehicle and aged insulin; two-way ANOVA p<0.05) (n= 4-6).  

7) Morphological effects of aging and insulin icv administration in the dentate 

gyrus of the hippocampus 

A) Aging decreased the fluorescence density of the neuronal marker, NeuN. 

Insulin icv treatment increased the fluorescence density in the aged animals 
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(*aged insulin>aged vehicle; t-test p<0.05). B) The astrocytic marker, GFAP, 

was not altered by aging or insulin icv treatment. C) The nuclei marker, 

DAPI, was not altered by insulin in the young and aged animals (*young 

vehicle and young insulin> aged vehicle and aged insulin; two-way ANOVA 

p<0.05) (n= 4-6). 

Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 

 

 

 

 

 

 

 

 

 

 

 

 



72 
 

Figure 5 
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Figure 6 
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Figure 7 
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Table 1: Body weight, area under curve and food intake after insulin icv administration 

(Mean±SEM) 

 
Body weight (g) after 5 days 

insulin icv treatment  
AUC Food intake 

Young vehicle 294±40 502±30 37±1.8 

Young insulin 224±29 421±43** 12±1.0# 

Old vehicle 409±60* 553±39 28±1.1 

Old insulin 317±21 584±47 18±0.6& 

*>other groups (p<0.05) 

**<other groups (p<0.05) 

#  young insulin < young vehicle (p<0.05) 

&  aged insulin < aged vehicle (p<0.05) 
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Exercise Increases Insulin Signaling in the Hippocampus:
Physiological Effects and Pharmacological Impact of Intracerebroventricular

Insulin Administration in Mice

Alexandre P. Muller,1 Jussânia Gnoatto,1 Julia D. Moreira,1 Eduardo R. Zimmer,1

Clarissa B. Haas,1 Francisco Lulhier,1 Marcos L.S. Perry,1 Diogo O. Souza,1

Ignácio Torres-Aleman,2 and Luis V. Portela1*

ABSTRACT: Increasing evidence indicates that physical exercise induces
adaptations at the cellular, molecular, and systemic levels that positively
affect the brain. Insulin plays important functional roles within the brain
that are mediated by insulin-receptor (IR) signaling. In the hippocam-
pus, insulin improves synaptic plasticity, memory formation, and learn-
ing via direct modulation of GABAergic and glutamatergic receptors.
Separately, physical exercise and central insulin administration exert rel-
evant roles in cognitive function. We here use CF1 mice to investigate
(i) the effects of voluntary exercise on hippocampal insulin signaling
and memory performance and (ii) whether central insulin administration
alters the effects of exercise on hippocampal insulin signaling and mem-
ory performance. Adult mice performed 30 days of voluntary exercise
on running wheel and afterward both, sedentary and exercised groups,
received intracerebroventricular (icv) injection of saline or insulin (0.5–
5 mU). Memory performance was assessed using the inhibitory avoid-
ance and water maze tasks. Hippocampal tissue was measured for
[U-14C] glucose oxidation and the immunocontent of insulin receptor/
signaling (IR, pTyr, pAktser473). Additionally, the phosphorylation of
the glutamate NMDA receptor NR2B subunit and the capacity of gluta-
mate uptake were measured, and immunohistochemistry was used to
determine glial reactivity. Exercise significantly increased insulin periph-
eral sensitivity, spatial learning, and hippocampal IR/pTyrIR/pAktser473
immunocontent. Glucose oxidation, glutamate uptake, and astrocyte
number also increased relative to the sedentary group. In both memory
tasks, 5 mU icv insulin produced amnesia but only in exercised animals.
This amnesia was associated a rapid (15 min) and persistent (24 h)
increase in hippocampal pNR2B immunocontent that paralleled the
increase in glial reactivity. In conclusion, physical exercise thus
increased hippocampal insulin signaling and improved water maze per-
formance. Overstimulation of insulin signaling in exercised animals,
however, via icv administration impaired behavioral performance. This
effect was likely the result of aberrant phosphorylation of the NR2B
subunit. VVC 2010 Wiley-Liss, Inc.

KEY WORDS: insulin signaling; hippocampus;
exercise; insulin sensitivity

INTRODUCTION

Increasing evidence indicates that physical exercise
induces adaptations at the cellular, molecular, and sys-
temic levels that positively affect the health of the
brain (Dietrich et al., 2005; Droste et al., 2006; Stra-
nahan et al., 2009). These effects include an increase
in synaptic plasticity and peripheral sensitivity to insu-
lin as well as a slowing of age-related cognitive decline
and a delay in the onset of neurodegenerative diseases.
Among the possible mechanisms underlying these cen-
tral benefits of physical exercise, it is the modulation
of neurotransmitter systems by trophic factors and
hormones, including insulin (Laurin et al., 2001; Cot-
man and Berchtold, 2002; Duarte et al., 2003; Park
et al., 2005; Flores et al., 2006; Balkau et al., 2008).

The brain was long considered an insulin-insensitive
organ; however, this assumption is now challenged by
recent studies showing that insulin has important
functional roles within the brain that are mediated by
insulin-receptor signaling (Gispen and Biessels, 2000;
Dou et al., 2005; van der Heide et al., 2006). More-
over, insulin and its receptors (IR) have been associ-
ated with distinct, region-specific functional roles
(Plum et al., 2005). For instance, insulin/IR signaling
has been shown to improve learning, memory forma-
tion, and synaptic plasticity in the hippocampus and
cerebral cortex. In contrast, a resistance to the effects
of insulin in the brain is closely related to the etiology
of neurodegenerative diseases and impaired cognitive
function, suggesting that brain IR may be potential
pharmacological targets in the treatment of cognitive
disorders (Park, 2001). Some human and animal stud-
ies have proposed that intranasal or systemic insulin
administration might exert memory-enhancing action
(Park, 2001; Hallschmid and Schultes, 2009). Studies
delivering insulin directly into the brains of rodents,
however, have produced conflicting results regarding
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memory performance. In general, low to intermediate doses
have produced no memory changes while high doses tended to
improve memory performance (Schwarzberg et al., 1989; Park
et al., 2000; Moosavi et al., 2006, 2007a,b; Babri et al., 2007;
McNay et al., 2010). These differences could be related to
insulin’s modulation of GABAergic and glutamatergic receptors
and, in consequence, its modulation of synaptic transmission
during learning and memory processes (Wan et al., 1997; Ott
et al., 1999; Zhao et al., 2004; Watson and Craft, 2006).

Given the important roles attributed to N-methyl-D-aspartate
receptors (NMDARs) in synaptic plasticity and cognitive func-
tion (Collingridge, 1987), NMDARs may be a target of insu-
lin/IR signaling and may be involved in changes to learning
and memory processes. It has been suggested that insulin tran-
siently modulates the phosphorylation of the NR2A and NR2B
subunits and potentiates NMDA responses (Christie et al.,
1999). In addition, alterations in the expression and function
of NMDARs have been implicated in the behavioral and electro-
physiological abnormalities observed in insulin-deficient rats
(Di Luca et al., 1999). Neuronal transmission requires that glu-
tamate stimulation of NMDARs be kept at physiological levels
because of the delicate threshold between normal and excito-
toxic responses caused by this receptor (Danbolt, 2001). Thus,
it is plausible that central insulin signaling may participate in
fine-tuning the modulation of NMDAR responses via its inter-
action with functional regulatory subunits.

Drugs that improve insulin sensitivity are currently being
tested in human trials for use in treating functional deficits
associated with Alzheimer’s disease (Cole and Frautschy, 2007;
McNay et al., 2010). A number of studies have demonstrated
that physical exercise improves cognitive function and periph-
eral insulin sensitivity, but little is known regarding its possible
role in enhancing brain insulin sensitivity. We speculate that
physical exercise may increase the brain’s sensitivity and
response to insulin, thereby resulting in a positive influence on
memory performance. Taking these factors into considerations
we use mice to investigate: (i) the effects of voluntary exercise
on memory performance and hippocampal insulin signaling
and (ii) whether insulin delivery into the brain alters the effects
of voluntary exercise on memory performance and hippocampal
insulin signaling.

METHODS

Animals and Exercise Protocol

Two-month-old CF1 mice were housed in standard cages
(48 3 26 cm2) with four animals per cage (van Praag et al.,
1999, 2005; Dietrich et al., 2005). To avoid social isolation,
the animals were not confined in individual housing (Leasure
and Decker, 2009). Animals were kept in a room with con-
trolled temperature (228C) under a 12 h light/12 h dark cycle
and had free access to food and water. Mice were divided into
a sedentary group and a voluntary exercise group, which had

free access to a running wheel. After 4 weeks of access to the
running wheel, each mouse ran an average of about 3.500 m.
All experiments followed the guidelines of the Committee on
Care and Use of Experimental Animal Resources, UFRGS,
Brazil.

Surgical Procedure

Sedentary and exercised animals were anesthetized by an in-
traperitoneal (i.p.) injection of ketamine (100 mg kg21 body
weight) and xylazine (10 mg kg21 body weight). A 27-gauge,
7-mm guide cannula was placed 1 mm posterior to the
bregma, 1 mm right from the midline and 1 mm above the
lateral brain ventricle. Through a 2-mm hole made at the cra-
nial bone, the cannula was implanted 1.5 mm ventral to the
superior surface of the skull and fixed with jeweler’s acrylic
cement (Schmidt et al., 2005). On the third day postsurgery,
the mice already displayed normal food intake and water con-
sumption as well as spontaneous locomotion; they were thus
considered ready for in vivo experiments.

MEMORY TASKS

Inhibitory Avoidance Task-Aversive Memory

The behavioral apparatus consisted of a 50 3 25 3 25 cm3

acrylic box with a floor composed of parallel-caliber stainless
steel bars (1 mm diameter) spaced 1 cm apart (Insight Equip-
ments, SP, Brazil). A platform 2 cm wide and 2.5 cm high was
placed against the left wall of the box. To evaluate aversive
memory performance, we used a footshock aversive task. Sed-
entary and exercised mice (n 5 12–18 per group) were placed
on the platform and their latency to step down on the grid
floor with four paws was measured with an automatic device.
The latencies in the training session were similar in all groups
(data not shown). In training sessions, animals received a 1 s,
0.4 mA footshock when they stepped onto the grid. After the
shock, they were immediately injected icv for 5 min (1 ll
min21) with vehicle or insulin (0.5–5 mU) and returned to
their home cages. Test sessions were performed 24 h after train-
ing to evaluate long-term memory. For test sessions, mice were
returned to the platform and the latency to step down was
used as a measure of retention (a 180 s cut-off time was used).
The footshock was omitted during the testing session.

Morris Water Maze Task-Spatial Memory

The apparatus was a black, circular pool (110 cm diameter)
with a water temperature of 218C 6 18C. Sedentary and exer-
cised mice (n 5 10–12 per group) were trained daily in a four-
trial water maze task for three consecutive days; each trial lasted
up to 60 s and was followed by 20 s of rest on a hidden black
platform. During training, mice learned to escape from the
water by finding a hidden, rigid, black platform submerged
about 1 cm below the water surface in a fixed location. If the
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animal failed to find the platform in 60 s, it was manually
placed on the platform and allowed to rest for 20 s. Each trial
was separated by at least 12 min to avoid hypothermia (the
variations of rectal temperature were equal for all groups) and
facilitate memory acquisition. Immediately after each daily
training session, mice were injected icv for 5 min (1 ll min21)
with vehicle or insulin in a single, 5 mU dose and returned to
their home cages. The maze was located in a well-lit, white
room with several visual stimuli hanging on the walls to pro-
vide spatial cues. Latency to find the platform during each trial
was measured as an indicator of learning. A probe test without
the platform was performed on the fourth day. The time spent
in the target quadrant was measured as an indicator of memory
retention.

Glucose and Insulin Serum Levels

To assess peripheral insulin sensitivity, serum glucose and in-
sulin levels (n 5 8 per group) were measured after 30 days of
treatment. The mice fasted for 12 h and blood was then col-
lected via a small puncture in the tail; blood was collected im-
mediately before (0 min) and 30 min after an i.p. injection of
glucose (2 mg/g body weight). Glucose was measured with a
glucosimeter (AccuChek Active, Roche Diagnostics1, USA)
and serum insulin levels were measured with a commercially
available radioimmunoassay kit (BioChem ImmunoSystems1,
Italy). The Homeostasis Model Assessment (HOMA2) was
used to estimate insulin resistance based on fasting insulin and
glucose serum levels [glucose serum (mg dl21) 3 insulin serum
(lIU ml21)/405].

Liver Glycogen and Epididymal Fat Pad

Fed mice were sacrificed and liver glycogen was determined
using the colorimetric method described by Krisman, (1962).
Fat tissue from epididymal regions was dissected and weighted
as previously described (Muller et al., 2008).

Hippocampal [U-14C] Glucose Oxidation

Considering the key role of the hippocampus in memory
processes and the importance of glucose as an energy substrate
in normally functioning neural cells, we evaluated the potential
influence of exercise and insulin on glucose oxidation following
the protocol by Gilbert and Bergold (2005).

After 30 days, the voluntary exercise group and the sedentary
group (n 5 8 per group) were decapitated. Hippocampal slices
between 20 and 25 mg were incubated in 0.5 ml buffer (KRb
1 5.0 mM D-glucose, pH 7.4) containing 0.1 lCi [U-14C]
glucose and vehicle or insulin (5 mU). Incubation was per-
formed in flasks after KRb medium was gasified with 95%
O2:5% CO2, and flasks were then sealed with rubber caps.
Hippocampal slices were incubated at 378C for 1 h in a Dubn-
off metabolic shaker (60 cycles/min) following the method of
Dunlop et al. (1975). Incubation was stopped by adding 0.2
ml of 50% TCA through the rubber cap, and 0.1 ml of 1M
sodium hydroxide was then injected into the central wells. The

flasks were shaken an additional 30 min at 378C to trap the
CO2, and the contents of the central well were then transferred
to vials and assayed for CO2 radioactivity in a liquid-scintilla-
tion counter (Wallac 1,409).

Synaptic Membrane and Homogenate
Preparations of the Hippocampus

In the third day post surgery, mice were injected icv for 5
min (1 ll min21) with vehicle or insulin in a single, 5 mU
dose. After 15 min or 24 h, mice (n 5 8 per group) were
decapitated and the right hippocampus was immediately dis-
sected and stored at 2708C for synaptic membrane and ho-
mogenate preparations.

Synaptic membrane preparations were obtained from the
hippocampus as previously described by Dietrich et al. (2005)
and stored at 2708C. Membranes were thawed at 378C for 30
min and washed three times with 5 mM Tris-HCl, pH 7.4 at
27,000g for 15 min. The final pellet was resuspended in PIK
buffer (1% NP-40, 150 mM NaCl, 20 mM Tris, pH 7.4, 10%
glycerol, 1 mM CaCl2, 1 mM MgCl2, 400 lM sodium vana-
date, 0.2 mM PMSF, 1 lg ml21 leupeptin, 1 lg ml21 aproti-
nin, and 0.1% phosphatase inhibitor cocktails I and II. Sigma-
Aldrich, USA). Total protein content was measured using the
method described by Peterson (1977).

Hippocampal homogenates were prepared in PIK buffer and
centrifuged. Supernatants were collected and total protein was
measured using the method described by Peterson (1977).

Western Blotting

For Western blot analysis, 30 lg of protein from hippocam-
pal homogenates and synaptic membrane preparations were
loaded into each well, and IR immunoprecipitates were sepa-
rated by electrophoresis on a 10% polyacrylamide gel and elec-
trotransfered to PVDF membranes. Nonspecific binding sites
were blocked with Tween-Tris buffered saline (TTBS, 100 mM
Tris-HCl, pH 7.5) containing 5% albumin for 2 h and then
incubated overnight at 48C with polyclonal antibodies against
insulin receptors (IR, Santa Cruz Technology, 1:1,000), pTyro-
sine (pTyr, Santa Cruz Technology, 1:1,000 ), pAktser-473
(Cell Signaling Technology, 1:1,000), Akt (Cell Signaling Tech-
nology, 1:3,000), pNR2B (Upstate, 1:250) and actin (Sigma,
1:5,000). Membranes were rinsed 33 10 min with TTBS and
incubated with secondary antibodies (1:3,000 dilution, antirab-
bit, Cell Signaling Technology; 1:5,000 dilution antimouse,
Santa Cruz Technology) for 2 h at room temperature. Mem-
branes were then rinsed 43 10 min with TTBS and incubated
with peroxidase-conjugated for 5 min at room temperature.
The resulting reaction was displayed on autoradiographic film
by chemiluminescence. The films were scanned and band in-
tensity was analyzed using Image J software (developed at the
US National Institutes of Health and available on the Internet
at http://rsb.info.nih.gov/nih-image). The pTyr levels in the
hippocampus were measured via IR immunoprecipitation. Fifty
micrograms of hippocampal protein was incubated with 5 lg
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primary IR antibody overnight. Protein A-agarose (Invitrogen)
was added to the antigen–antibody mixture and incubated
while gently stirring for 2 h. The immunoprecipitate was

washed three times with the same lysis buffer then resus-
pended, electrophoresed, and transferred to a nitrocellulose
membrane; it was then analyzed by Western blot as previously
described.

Total and Na1-Independent [3H] Glutamate
Uptake

Sedentary and exercised mice were injected icv with saline
or insulin (5 mU) and after 24 h were sacrificed by decapita-
tion. Hippocampal slices were preincubated with HBSS at
378C for 15 min, followed by the addition of 100 lM [3H]
glutamate. Incubation was stopped after 5 min with two ice-
cold washes of l mL HBSS. After washing, 0.5N NaOH was
immediately added to the slices and they were stored over-
night. Na1-independent uptake was measured using the
above-described protocol with alterations in the temperature
(48C) and the composition of the medium (N-methyl-D-glu-
camine instead of sodium chloride). Results (Na1-dependent
uptake) were measured as the difference between the total
uptake and the Na1-independent uptake. Each incubation
was performed in triplicate (Thomazi et al., 2004). Incorpo-
rated radioactivity was measured using a liquid scintillation
counter (Wallac 1,409).

Immunohistochemistry

For the immunohistochemical study, animals (four mice per
group) were killed and left hemispheres were postfixed in 4%
paraformaldehyde in 0.1 M phosphate buffer pH 7.4 and then
cryoprotected in a 30% sucrose solution in PB at 48C. Coronal
sections (50 lm) were obtained using a Vibratome (Leica,
Germany). One-in-8 random series were collected for immuno-
histochemistry. The sections were incubated for 48 h at 48C
with polyclonal rabbit GFAP antiserum (Dako, UK, 1:500) and
NeuN (Chemicon, 1:250) in phosphate buffered saline (PBS)-
Tx containing 2% bovine serum albumin (BSA). After being
washed several times with PBS, the sections were incubated with
594 alexa-conjugated donkey antirabbit and 488 alexa-conju-
gated donkey antimouse antibodies for 2 h at room temperature.
To determine fluorescence insensitivity, sections were photo-
graphed with a confocal microscope (Olympus, Japan) and ana-
lyzed using Image J software. Fluorescence insensitivity was
expressed as the ratio of GFAP-/NeuN-positive cells. Astrocyte

FIGURE 1. Exercise increases peripheral insulin sensitivity. (A)
After 30 days of exercise, mice presented decreased fasting blood
glucose levels (0 min) and less increment at 30 min after glucose
input (2 mg glucose/g mice) when compared to sedentary animals.
(B) Fasting insulin serum levels were not altered by exercise, and a
glucose input did not increase insulin serum levels in exercised
mice. (C) There was a decrease in the HOMA-IR index as a result
of exercise. h 5 sedentary; ~ 5 exercised (*P < 0.05 exercised vs.
sedentary). Values are mean 6 SE of eight mice per group.

TABLE 1.

Body Weight, Fat Pad, and Liver Glycogen

Body

weight (g)

Epididymal

fat pad

Liver

glycogen (mg%)

Sedentary n 5 10 49.7 6 2.6 2.5 6 0.4 1.9 6 0.2

Exercise n 5 10 45.8 6 1.6 1.7 6 0.3* 2.6 6 0.2*

Epididymal fat pat pad: exercise < sedentary *P < 0.05.
Liver glycogen: exercise > sedentary *P < 0.05.
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number was estimated by counting the number of GFAP-
positive cells using a Nikon Eclipse E-600 microscope (5003,
Japan) coupled to a Nikon DXM 1200C CCD camera.

Statistical Analysis

Results were presented as means 6standard error of mean
(SEM) with the exception of the step-down latencies in the in-
hibitory avoidance task, which were expressed as median and
interquartile ranges. The data from the water maze task were
analyzed using repeated-measures analysis of variance
(ANOVA) followed by Tukey’s post hoc test. Likewise, the dif-
ferences between all groups were analyzed using ANOVA and
Tukey’s post hoc test. The differences between the sedentary
and exercised groups were analyzed using Student’s t test. The
data from the inhibitory avoidance task were analyzed using
the Mann-Whitney U test. The differences between groups
were considered statistically significant if P < 0.05.

RESULTS

Exercise Improved Spatial Learning: Amnesic
Actions of Central Insulin Administration

We confirmed that exercise increases peripheral sensitivity to in-
sulin. At fasting, glucose levels were higher in sedentary animals
when compared to exercised ones (Fig. 1A; P < 0.05) while serum
insulin levels were unchanged (Fig. 1B). Moreover, the exercise
protocol caused an increase in the liver glycogen and decrease in
epididymal fat pad (Table 1). In the inhibitory avoidance task, the
sedentary and exercised animals presented a similar long-term
memory. Furthermore, the icv administration of vehicle or insulin
at 0.5 and 2 mU doses had no effect in the sedentary and exercised
groups. However, 5 mU icv insulin had an amnesic effect only in
the exercised group (Fig. 2A; P < 0.05). Because of this dose
response, we decided to evaluate spatial memory using only 5 mU
of insulin in subsequent test. In the Morris water maze task, the
exercised animals had better learning and retention relative to the

FIGURE 2. Exercise improves performance in spatial memory
and intracerebroventricular (icv) insulin administration had an
amnesic effect on both aversive and spatial memory in exercised
mice. (A) Sedentary and exercised mice treated with vehicle or in-
sulin at 0.5 or 2 mU icv showed an increased latency to step down
onto the platform in the inhibitory avoidance task 24 h after train-
ing, demonstrating successful long-term learning. However, 5 mU
icv insulin had an amnesic effect on the exercised group (*P <
0.05 training vs. long-term memory). Values are median, interquar-
tile range of 12–18 mice per group. (B and C) Exercise improved
spatial learning and memory in the Morris water maze task. Insu-
lin (5 mU, icv) did not alter the performance of the sedentary
group; however, this dose also had an amnesic effect on the exer-
cised group during memory acquisition and retention. n 5 seden-
tary/vehicle; ~ 5 sedentary/insulin 5mU; * 5 exercised/vehicle;
l 5 exercised/insulin 5mU (*P < 0.05 exercised vehicle vs. other
groups). Values are mean 6 SE of 10–12 mice per group.

FIGURE 3. Exercise increases hippocampal glucose oxidation.
Exercise increased the [U-14C] glucose oxidation by hippocampal
slices. Insulin did not affect [U-14C] glucose oxidation in both
groups (*P < 0.05 exercised vs. sedentary groups). Values are mean
6 SE of eight mice per group.
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sedentary groups. Again, central insulin administration had an
amnesic effect only in the exercised group (Figs. 2B,C; P < 0.05).
After these initial findings, we then investigated the possible mech-
anisms underlying the effects of exercise and central insulin admin-
istration on memory performance and insulin signaling.

We first performed ex vivo experiments to determine whether
insulin could affect the ability of the hippocampus to oxidize glu-
cose. There was a significant increase of [U-14C] glucose oxida-
tion in hippocampal slices from exercised mice relative to seden-
tary mice (Fig. 3; P < 0.05). Insulin did not have an additional
affect on glucose oxidation in exercised mice (Fig. 3).

Exercise Increased Hippocampal Insulin
Receptors and Signaling

After 30 days of exercise, the IR immunoprecipitate from
hippocampal homogenates showed an increased phosphoryla-

tion in tyrosine residues (pTyr-IR) compared to the sedentary
group (Fig. 4A, P < 0.05); however, there was no change in
total IR immunocontent in the hippocampal homogenate (Fig.
4B). The IR immunocontent in hippocampal synaptic mem-
branes was significantly increased (64%) by exercise when com-
pared to sedentary mice (Fig. 4C; P < 0.05), suggesting that
physical exercise may activate molecular machinery that is
involved in IR translocation to the synaptic membrane. The
phosphorylation of AKT at ser473 (pAKTser473), a down-
stream protein activated by insulin/IR signaling, was signifi-
cantly increased by exercise relative to sedentary mice (Fig. 4D,
P < 0.05). Overall, these results suggest that insulin signaling
in the hippocampus is increased by exercise. As previously dem-
onstrated by Li et al. (2005) and Trejo et al. (2008), we also
found an increased number of GFAP-positive cells in the hip-
pocampus of exercised animals when compared to sedentary
mice (Fig. 6A, P < 0.05).

FIGURE 4. Exercise increases insulin signaling in the hippo-
campus. (A) Exercise increased the phosphorylation status of Tyr
in the immunoprecipitate of insulin receptors (pTyr-IR) in the hip-
pocampus. Insulin increased pTyr-IR only in sedentary groups. (B)
Exercise did not increased total IR immunocontent in the hippo-
campus. (C) Both exercised and sedentary groups showed an
increased IR immunocontent in synaptic membranes. (D) Exercise

increased the immunocontent of pAkt ser-473 in the hippocampus
relative to sedentary mice. Insulin (5 mU, icv) increased pAk-
tser473 at 15 min after administration in both sedentary and exer-
cised groups (*P < 0.05 sedentary vehicle vs. other groups). (#P <
0.05 exercised vehicle vs. exercised insulin at 15 min). Values are
mean 6 SE of six to eight mice per group.
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Implications of icv Insulin Administration on
Hippocampal Signaling in Exercised and
Sedentary Mice

After 15 min and 24 h of insulin (5 mU) administration to
sedentary mice, there was increased phosphorylation of pTyr-IR
in hippocampal homogenates as well as increased IR immuno-
content in the synaptic membranes of the hippocampus (seden-
tary vs. sedentary insulin; Fig. 4A, P < 0.05). Insulin adminis-
tration did not further improve the effects of exercise on pTyr-
IR phosphorylation and IR immunocontent in the hippocam-
pus. Exercise significantly increased hippocampal pAKTser473
immunocontent relative to the sedentary group and icv insulin
administration further increased the immunocontent of this
protein after 15 min in both the sedentary and exercised groups
(Fig. 4D P < 0.05).

Central Insulin Administration in Exercised
Mice Increases NR2B Phosphorylation and
Causes Glial Reactivity

We postulated that alterations in NMDA receptor
(NMDAR) activity may be involved in the aversive and spatial
memory deficits observed in exercised mice receiving icv insu-
lin; this hypothesis was based on previous evidence showing
that these receptors are involved in learning and memory proc-
esses (Collingridge, 1987). We thus measured the phosphoryla-
tion of NR2B (pNR2B), a functional subunit of the NMDAR.
Physical exercise did not affect NR2B phosphorylation in hip-
pocampal homogenates; however, when insulin was combined
with physical exercise, there was a rapid (15 min; 73%) and
persistent (24 h; 39%) increase in the immunocontent of
pNR2B (Figs. 5A,B, P < 0.05).

Impaired control of glutamate levels in the synaptic cleft is
closely associated with excitotoxic events via NMDAR. We
thus investigated glutamate uptake capacity as a potential factor
influencing NMDAR NR2B activation. Hippocampal slices
obtained from exercised groups displayed an increased gluta-
mate uptake capacity (30%) relative to sedentary mice (Fig.
5C; P < 0.05). However, insulin had no effect on uptake
capacity. Thirty days of exercise increased the number of
GFAP-positive cells (astrocyte proliferation) with no apparent
activation of glial cells (Figs. 6A,B, P < 0.05). In the exercised
group, however, insulin administration (5 mU) caused a
marked activation of glial cells at 24 h with no change in the
number of GFAP-positive cells (Figs. 6A,B, P < 0.05).

DISCUSSION

Although physical exercise is known to increase peripheral
insulin sensitivity, little is known regarding its effects on brain
insulin sensitivity. In this study, we showed that exercise
enhanced performance in spatial learning memory and
increased insulin signaling in the mouse hippocampus. These

FIGURE 5. Exercise and/or 5mU icv insulin increases
NMDAR activation and increases glutamate uptake. Insulin (5
mU, icv) increased the phosphorylation state of the NR2B subunit
in the exercised group after 15 min (A) and 24 h (B) of adminis-
tration. Neither insulin nor exercise alone altered the phosphoryla-
tion state. (C) Exercise increased glutamate uptake in hippocampal
slices independently of insulin (*P < 0.05 exercised vs. sedentary
groups). Values are mean 6 SE of 8–10 mice per group.
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results may be related to the observed increase in IR transloca-
tion/activation (pTyr-IR) and the increased responsiveness of
downstream proteins to insulin signaling (e.g., pAKTser473).
The presence of IR in the hippocampus and cerebral cortex
suggests its functional involvement in learning and memory
processes (Zhao et al., 1999). Indeed, insulin has been shown
to enhance memory in both humans and experimental animals
(Zhao et al., 2004). Similarly, physical exercise positively affects

hippocampal plasticity and memory function (Cotman et al.,

2007).
It is now recognized that brain insulin administration con-

trols peripheral glucose homeostasis in a dose-dependent man-
ner. In addition, peripheral or central glucose injections
improve cognitive processes in both rodents and humans.

These behavioral findings support the hypothesis that glucose
acts directly on the brain to facilitate memory processing.
However, there is still intense debate regarding insulin’s ability
to regulate brain glucose metabolism (Messier, 2004). In our
study, icv insulin (5 mU) administration did not alter serum
glucose levels measured at 30 min, 2 h, and 24 h in either sed-
entary or exercised mice (data not shown), ruling out the possi-
bility that insulin-induced changes in glucose availability could
account for the differences in memory performance. Dietrich
et al. (2008) showed that spontaneous physical exercise
increased mitochondrial activity in synaptic terminals in mouse
hippocampus. Here, the increase in glucose oxidation might
reflect the high energy demands of synaptic terminals, demands
that parallel the increased mitochondrial activity induced by

FIGURE 6. Exercise and 5 mU icv insulin increase glial reac-
tivity in the hippocampus. (A) Exercise increased the number of
GFAP-positive cells in the hippocampus independently of insulin
(*P < 0.05 exercised vs. sedentary groups). (B) Exercise and 5 mU
icv insulin increased the fluorescence intensity of GFAP in the hip-

pocampus at 24 h (*P < 0.05 exercised insulin 24 h vs. other
groups). Values are mean 6 SE of four mice per group. [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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exercise. Insulin did not affect glucose oxidation in the ex vivo
hippocampus of sedentary and exercised mice, supporting the
previous theory that insulin plays a neuromodulatory role in
the brain rather than controlling glucose metabolism.

The fact that IR is mainly detected in neuronal cells may
indicate a cell-type specific modulation. Indeed, emerging data
suggest that the brain is an insulin target and that insulin re-
ceptor signaling within the brain is involved in diverse func-
tions including neuronal survival (Valenciano et al., 2006), syn-
aptic plasticity (Lee et al., 2005; Stranahan et al., 2008) and
learning and memory (Zhao et al., 1999; Dou et al., 2005).
Here, we showed that exercise increased IR signaling (as indi-
cated by increased levels of pTyr-IR and pAktser473 immuno-
content) and increased IR levels in hippocampal synaptic mem-
brane preparations without affecting the total levels of IR.
However, insulin administration did not further increase IR
immunocontent in exercised animals, suggesting that physical
exercise may be a nonpharmacological, therapeutic intervention
for neurological disorders associated with brain insulin resist-
ance. The increased translocation and activation of IR was thus
achieved independently of insulin administration. It has been
suggested that insulin/IR signaling is activated in the early
stages of memory formation and may play a role in sorting
memories for long-term storage (Zhao et al., 2004).

Although several studies have suggested that insulin may improve
memory performance in rats, there are few studies employing mice
protocols. In the present study, we combined a lifestyle intervention
known to positively affect peripheral insulin sensitivity and brain
function with icv insulin intervention, trying to improve learning
and memory performance. While we found that exercise improved
performance in the water maze as previously described (Molteni
et al., 2004; Parachikova et al., 2008), neither exercise nor icv insu-
lin alone were able to modulate aversive memory in the inhibitory
avoidance task. Surprisingly, we found that 5 mU of insulin had
amnesic effects only in exercised animals. This effect was time-de-
pendent, once after 15 days of exercise; insulin did not impaired
performance on inhibitory avoidance task (data not shown).

Impairments in memory performance after insulin treatment
have previously been described. Schwarzberg et al. (1989)
reported that icv insulin administration prior to a retention
trial impaired performance in a passive-avoidance task, while
Kopf and Baratti (1999) showed that an intraperitoneal injec-
tion of insulin delivered to mice immediately after training
impaired retention memory in an inhibitory avoidance task. In
contrast to these findings, Park et al. (2000) showed that deliv-
ery of icv insulin to rats at 4 mU improved memory consolida-
tion in a passive avoidance task. Even considering these aspects,
we believe that some methodological differences (for example,
route of administration, dose, memory task employed and
rodent strain) could account for discrepancies among these
studies [for a review see (Park, 2001)]. As previously proposed
by Park (2001), the conflicting results observed in memory
tasks after insulin administration may be caused by specific
aspects of memory modulation such as acquisition, retrieval, or
consolidation. In addition, different concentrations of insulin
may modulate memory or other memory-influencing processes

in opposite directions, resulting in a range of physiological
effects. Here, we showed that icv insulin administration (5
mU) in exercised animals impaired long-term memory. Because
the effects of insulin were examined after training, we propose
that insulin affects the consolidation and retrieval of memory.

Insulin can potentiate NMDA activity and synaptic transmis-
sion in the hippocampal CA1 region (Liu et al., 1995). Because
the activity of the NMDAR is dependent on its phosphorylation
status, it has been proposed that insulin may directly alter
NMDAR phosphorylation through multiple signal transduction
pathways. The modulation of NMDA activity by insulin involves
the phosphorylation of the functional NR2A and NR2B subunits
(Christie et al., 1999). In the present study, the administration of
icv insulin to exercised mice resulted in a rapid and persistent
activation of the NMDAR NR2B subunit. We propose that this
hyperactivation may be related to excitotoxic events as previously
shown by Schumann et al. (2008), who found that NR2B hyper-
activation is associated with brain damage. Our conjecture is
based on the increased glial activation observed in insulin exer-
cised mice. Physiologically, glial reactivity may have either neuro-
toxic or neuroprotective effects (Ren and Dubner, 2008). There-
fore, the administration of insulin when insulin signaling is al-
ready increased, as it is after exercise, may be detrimental to brain
functioning. Our results thus highlight the fine balance in brain
insulin signaling and shed light into the neuromodulatory effects
of insulin on the glutamatergic system. In accordance with this
conjecture (Ramsden et al., 2003) showed that exercise animals
have increased neuronal vulnerability to excitotoxicity induced
by kainate when compared to sedentary ones. Thus, exercised
animals seem to be more sensitive to a neurotoxic insult associ-
ated with overexcitation of glutamatergic system.

CONCLUSION

In conclusion, our main findings were that physical exercise
increased hippocampal insulin receptor/signaling (IR/pTyrIR/
pAktser473), glucose utilization and glutamate uptake. These
mechanisms might underlie the enhanced spatial memory per-
formance in exercised mice. In contrast, icv insulin administra-
tion (5 mU) had an amnesic effect in exercised mice likely
caused by hyperactivation of NMDAR subunit NR2B; this
effect paralleled increased glial activation.
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Abstract 
 

In humans 20% of oxygen is used by central nervous system some of 

them may be deviated to generate reactive oxygen species (ROS). Antioxidant 

enzyme activities in brain are lower, which put neural cells under increased risk 

of oxidative stress damage. Mitochondrial electron transport system (ETS) is 

the main source of cellular ROS including peroxide (H2O2). The H2O2 production 

is regulated by many mechanisms as mitochondrial potential of membrane 

(ΔΨm). Insulin activates variety of physiological effects including neuronal 

survival, synaptic plasticity and modulation of inhibitory and excitatory 

neurotransmission. Moreover insulin could regulate mitochondrial proteins in 

brain. Impaired insulin signaling on brain is currently proposed as a risk factor to 

development of Alzheimer disease (AD).  The main objective of this work was to 

evaluate the effect of insulin in the H2O2 production and ΔΨm in synaptossome 

and mitochondria of rat brain. Insulin (from 0.1 to 20 mU) with or without pre-

incubation in synaptosomes, decreases synaptosomal H2O2 production induced 

by succinate. Wortmannin at 15 min and more prominent at 30 min reversed the 

neuroprotective effect of lower doses of insulin (from 0.1 to10 mU).  

Wortmannin keep almost normal the ∆Ѱm induced by succinate in sinaptosomes 

with or without 30min pre-incubation with insulin. In isolated mitochondrial 

fraction, insulin had few effects on ∆Ѱm modulation. Considering the main 

findings of this work, we propose that insulin may exert antioxidant properties in 

brain. The results showed that insulin more robustly affect synaptosomes than 

mitochondria, thus we intend to propose that a complete activation of signaling 
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pathway is necessary to achieve such effect. These findings strongly suggest 

that insulin signaling is required for normal mitochondrial function in brain. 

 

Introduction 

In humans,  almost 20% of oxygen is used by central nervous system 

and, from this amount, 2 to 5% may be partially reduced deviated to generate 

reactive oxygen species (ROS) (Floyd and Hensley 2002). In addition, 

antioxidant enzyme activities in brain are lower, which put neural cells under 

increased risk of oxidative stress damage (Meyer et al. 2006).  A major reason 

for the high O2 uptake by brain is the vast amounts of ATP needed to maintain 

neuronal homeostasis in the face of all the openings and closings of ion 

channels associated with propagation of action potentials and neurosecretion 

(Halliwell 2006). In this context, a normal mitochondrial function is essential to 

support the flux of energy as well as for many cellular functions, including 

intermediary metabolism, calcium buffering, regulation of signaling cascades, 

and apoptosis regulation (Morais and De Strooper).  

Along with the involvement in the cellular energy homeostasis, 

mitochondrial electron transport system (ETS) has been suggested as the main 

source of cellular ROS including superoxide (O2·¯) and peroxide (H2O2). Thus, 

the continuous generation of ROS without an efficient scavenger activity leads 

to an imbalance between oxidative/antioxidant status and play important role in 

ROS induced-cell damage in neurodegenerative diseases and in normal aging 

processes (Brewer ; Patten et al.). It has been postulated that the neurotoxic 

effects caused by H2O2 is associated to its capacity in induce apoptosis, 

carbonilation of proteins, damage to cell membranes and to DNA (Nicholls and 
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Budd 2000). The majority of H2O2 production occurs in states 2 and 4 of the 

mitochondrial respiration in complexes I and III (Chen et al. 2003) and, this 

production is regulated by many mechanisms as mitochondrial potential of 

membrane (ΔΨm) and oxygen consumption. High  ΔΨm values causes 

increased H2O2 production (Starkov and Fiskum 2003). In addition, high cellular 

oxygen consumption may negatively impact ΔΨm thus increasing the H2O2 

production (Korshunov et al. 1997; Starkov and Fiskum 2003). 

In the last years insulin was recognized as a neurotrophic factor acting 

on insulin receptors (IR) distributed in neurons from different brain regions 

(Zhao and Alkon 2001). After binding to IR insulin activates downstream 

signaling proteins (PI3K, AKT, GSK) resulting a variety of physiological effect 

including neuronal survival (Valenciano et al. 2006), synaptic plasticity and 

modulation of inhibitory and excitatory neurotransmission (Dou et al. 2005; Lee 

et al. 2005; Stranahan et al. 2008; Zhao et al. 1999). Impaired insulin signaling 

on brain is currently proposed as a risk factor to development of Alzheimer 

disease (AD) (Neumann et al. 2008; Ott et al. 1999). Insulin deficient signaling 

on brain decreases clearance of β-amyloids, impairs learning and memory 

processes and disrupt glucose metabolism (van der Heide et al. 2006). Some 

recent works have shown that insulin is able to modulate mitochondrial 

signaling/related proteins such as AKT avoiding neuronal death (Cheng et al. ; 

Mookherjee et al. 2007; Petit-Paitel et al. 2009) as well as to block cytochrome 

c release by brain mitochondria through the PI3K activation (Sanderson et al. 

2008).  

The main objective of this work was to evaluate the effect of insulin in the 

H2O2 production and ΔΨm in synaptossome and mitochondria of rat brain. The 
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data suggest that insulin binding to insulin receptors in synaptossomal 

membranes preparations consuming oxygen sustained by succinate starts 

signaling cascade events that culminate in a small depolarization of ΔΨm and a 

blockage of mitochondrial electron leaks from ETS.   

Material and methods 

Animals: Adult (3-5months) Wistar male rats were kept in a room with 

controlled temperature (22oC) under a 12 h light/12 h dark cycle and had free 

access to food and water. All experiments followed the guidelines of the 

Committee on Care and Use of Experimental Animal Resources, UFRGS, 

Brazil. 

Chemicals reagents  

Insulin was purchased form Lilly, Humulin; fatty acid-free bovine serum 

albumin, succinate, rotenone, antimycin A, safranine O, FCCP (carbonyl 

cyanide p-trifluoromethoxyphenylhydrazone), horseradish peroxidase, catalase 

and wortmannin, were all purchased from Sigma. Amplex Red was purchased 

from Invitrogen; Percoll was from Amersham Biosciences. Hydrogen peroxide 

was from Merck.   

Isolation of synaptosomes and mitochondria. 

Synaptosomes and mitochondria were isolated by method of Sims 1990 

(Sims 1990). Briefly, the brains were rapidly removed to ice-cold “isolation 

buffer” containing 0.32 M sucrose, 1 mM EDTA (K’ salt), and 10 mM Tris-HC1 

(pH 7.4). The cerebellum and underlying structures were removed and the 

remaining material used as the forebrain. Forebrain was homogenate in 

isolation buffer.  
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The homogenate was centrifuged at 4,000 rpm (1,330 g) for 3 min. The 

supernatant was carefully decanted and the pellet resuspended in isolation 

buffer. This homogenate was recentrifuged as above, the supernatant retained, 

and the pellet discarded. The pooled supernatant was centrifuged at 16,000 

rpm (21,200 g) for 10 min. The decanted supernatant was discarded and the 

pellet resuspended in 3ml 15%. The discontinuous density gradient was 

prepared (3.5 ml of 23% Percoll above 3.5 ml of 40% Percoll). Tubes were 

centrifuged for 5 rnin at 19,000 rpm (30,700 g). The fraction 2 was used as 

fraction enriched in synaptosomes and fraction 3 was used as fraction highly 

enriched mitochondria as described by Sims et al (Sims 1990; Sims and 

Anderson 2008). 

 ROS production 

Mitochondrial release of H2O2 was assessed by the Amplex Red 

oxidation method. Synaptossome and mitochondria (0.1 mg protein/mL) were 

incubated in the standard respiration buffer supplemented with 10 µM Amplex 

Red and 2 units/mL horseradish peroxidase. Fluorescence was monitored at 

excitation and emission wavelengths of 563 nm (slit 5 nm) and 587 nm (slit5 

nm), a multi-mode microplate reader spectrofluoremeter Spectra Max M5 

(Molecular Devices). Each experiment was repeated at least five times with 

different sinaptosomes and mitochondrial preparations. In all experiments, we 

detected small changes in the rate of H2O2 formation among different 

preparations, but the overall pattern of response to different modulators was not 

affected. The maximal rate (100%) of mitochondrial H2O2 formation was 

assumed to be the difference between the rate of H2O2 formation in the 
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absence of oxidable substrate and that measured after the addition of succinate 

up to 30 min. 

Mitochondrial membrane potential (∆Ѱm)  

Mitochondrial membrane potential (∆Ѱm) was measured by using the 

fluorescence signal of the cationic dye safranine O, which is accumulated and 

quenched inside energized mitochondria. Synaptossome and mitochondria (0.1 

mg protein/mL) were incubated in the standard respiration buffer supplemented 

with 10 µM safranine. FCCP (5 µM) was used to collapse ∆Ѱm as a control. 

Fluorescence was detected with an excitation wavelength of 495 nm (slit 5 nm) 

and an emission wavelength of 586 nm (slit 5 nm) using a multi-mode 

microplate reader spectrofluoremeter Spectra Max M5 (Molecular Devices). 

Data are reported as percentage of maximal depolarization induced by 

succinate during 30min (no substate-succinate). Each experiment was repeated 

at least three times with different mitochondrial preparations. 

Western blotting  

For Western blot analysis, 30 µg of protein (total protein content was 

measured using the method described by (Peterson 1977) (26); from 

sinaptossome and mitochondria  (homogenate in PIK buffer, 1 % NP-40, 150 

mM NaCl, 20 mM Tris, pH 7.4, 10% glycerol, 1 mM CaCl2, 1 mM MgCl2, 400 µM 

sodium vanadate, 0.2 mM PMSF, 1 µg/ml leupeptin, 1 g/ml aprotinin, and 0.1 

% phosphatase inhibitor cocktails I and II. Sigma-Aldrich, USA), were loaded 

into each well; separated by electrophoresis on a 10% polyacrylamide gel and 

electrotransfered to PVDF membranes. Non-specific binding sites were blocked 

with Tween–Tris buffered saline (TTBS, 100 mM Tris–HCl, pH 7.5) containing 

5% albumin for 2 h and then incubated overnight at 4 oC with polyclonal 
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antibodies against insulin receptors pAktser-473 (Cell Signaling Technology, 

1:1000) and Akt (Cell Signaling Technology, 1:3000). Membranes were rinsed 3 

x 10 min with TTBS and incubated with secondary antibodies (1:3000 dilution, 

anti-rabbit, GE healthcare life sciences) for 2 h at room temperature. 

Membranes were then rinsed 4 x 10 min with TTBS and incubated with 

peroxidase-conjugated for 5 min at room temperature.  

Results 

Insulin decreases synaptossomal and mitochondrial H2O2 production. 

Firstly, as showed in figure 1A and 1B, brain tissue preparations enriched 

in synaptosomes and highly enriched in mitochondria were responsive to 

succinate, ADP and oligomycin. Moreover as showed in figure 1C we 

demonstrate that insulin signaling was present in our preparation. In 

synaptossome insulin increased the phosphorylation state of AKT (ser473) in a 

dose dependent manner at 15min of incubation. The mitochondria enriched 

preparation showed total and phosphorylated AKT but with no effect of insulin 

(figure 1C). These were performed to confirm the functional viability of 

preparations.   

 Afterward we showed that insulin (from 1 to 20 mU) without pre-

incubation in synaptosomes, decreases synaptosomal H2O2 production induced 

by succinate (up to 30 min) (Figure 2A). Pre-incubation (without succinate) at 

37oC with insulin (from 0.1 to 20 mU) in synaptosomes during 15 min and 30 

min decreases synaptosomal H2O2 production induced by succinate (up to 

30min) (Figures 2B, 2C respectively). Comparing without pre-incubation with 

pre-incubation protocols, we observed that the concentration of insulin 

necessary to achieve the protective effects on H2O2 production is lower to the 
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later protocol.  To investigate if the insulin signaling pathway is necessary to 

decrease H2O2 production we used an insulin signaling phosphatidylinositol 3-

kinase (PI3-K) inhibitor, wortmannin at 200nM. The results showed that 

wortmannin at 15 min (2B) and more prominent at 30 min (2C) completely 

reversed the neuroprotective effect of lower doses of insulin (from 0.1 to10 mU). 

In isolated forebrain mitochondria, insulin at doses of 10 and 20 mU 

decreased the H2O2 production (2E), however this effect was lower than in 

synaptosomes preparations. Moreover, pre-incubation with insulin had no effect 

on H2O2 production in isolated mitochondria (data not show). Likewise, 

wortmannin had no effect on isolated mitochondria. This observation suggests 

that the insulin effect’s observed for in isolated mitochondria preparation could 

be related to sinaptosomal cross-contamination. Taking into consideration these 

findings, we assumed that insulin signaling in mitochondrial enriched 

preparations is absent or restricted. 

 

Insulin prevents alterations in the mitochondrial potential of membrane 

(∆Ѱm)  

We further postulated that decreased H2O2 production by insulin 

treatment could be implicated in the modulation of ∆Ѱm. Thus, we induced ∆Ѱm 

alterations by succinate on both, synaptosomes and mitochondria preparations. 

Insulin efficiently prevents the decreased in ∆Ѱm induced by succinate in 

synaptosomes. Wortmannin keep almost normal the ∆Ѱm induced by succinate 

in sinaptosomes with or without 30min pre-incubation with insulin (Figure 3A, 

B).  
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In isolated mitochondrial fraction, insulin had few effects on ∆Ѱm 

modulation. Moreover wortmanin had no affect on ∆Ѱm of isolated mitochondria 

as observed in the H2O2 production (Figure 3C). 

 

Discussion 

Our results suggest that insulin prevents the oxidative stress in forebrain 

rats. This proposed functional role may be closely associated with the 

modulation exerted by insulin on ∆Ѱm in state 2 of mitochondria. In the last few 

years, brain insulin receptors mainly found in neurons have been implicated in 

neuromodulatory, neurotrophic and metabolic functions (Cole and Frautschy 

2007).  Moreover, insulin was proposed to have antioxidant role in brain (Duarte 

et al. 2004) and to enhances ∆Ѱm of culture of neurons (Huang et al. 2005). We 

observed H2O2 production is more prominent decreased with pre-incubation 

with insulin and the ∆Ѱm modulation do not require these pre-treatment. In this 

way we proposed that insulin signaling could affect neurons in different ways. 

We do not assume that decreased the H2O2 production induced by 

insulin is only due to ∆Ѱm modulation, but it was described that very small 

decreases in ∆Ѱm values could impair the semi-ubiquinone radical formation 

leading to an drastic decrease in the electron leaks from ETS to form 

superoxide anion (Korshunov et al. 1997). In agree with these, kinases 

modulated the ∆Ѱm (Meyer et al. 2006), moreover oxygen consumption and 

scavengers enzymes modulated the H2O2 production (Santiago et al. 2008) 

therefore we can’t ruling out the effect of insulin in regulated these pathways. 

However insulin did not affect the catalase activity neither the oxygen 

consumption in our preparations (data not showed). A normal intracellular 
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insulin signaling is putatively involved in several aspects of brain physiology 

including neuronal survival (Plum et al. 2005), however, alterations in this 

signaling pathway may causes cellular damage (Hoyer and Lannert 2007). 

Here, we showed that insulin decreased H2O2 production and ∆Ѱm in 

synaptosomes whereas wortmanin, a PI3K insulin signaling inhibitor, abolished 

such effects.  

Insulin modulated GABAergic and glutamatergic neurotransmitter 

systems (Christie et al. 1999; Duarte et al. 2003; van der Heide et al. 2006). It 

was reported that insulin transiently activates the NR2A and NR2B NMDA 

glutamatergic receptor subunits (Christie et al. 1999). Once this receptor is 

activated, it promotes the influx of Ca2+ inside the cell, which can acts as a 

modulator of ∆Ѱm (Komary et al.). Our results showed that insulin more robustly 

affect synaptosomes than mitochondria, thus we intend to proposed that a 

complete activation of IR and downstream signaling pathway is necessary to 

achieve such effect.  

The brain has a high capacity to generate ROS associated due to high 

metabolic demands and to a lower antioxidant capacity. Considering the main 

findings of this work, we can propose that insulin may exert antioxidant 

properties in brain.  Interestingly, in conditions where brain insulin signaling are 

deficient or altered including aging, Alzheimer disease and diabetes mellitus 

there are increased H2O2 production (Kilbride et al. 2008). Overall, strategies 

maintenance/improvement of brain insulin signaling (Muller et al.), or  improve 

mitochondrial function (Dietrich et al. 2008) could be helpful to keep normal the 

balance of redox state in brain. These findings strongly suggest that insulin 
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signaling is required for normal mitochondrial function in metabolism as 

described by Cheng et al (Cheng et al. 2009). 

Impair insulin signaling in brain are related to neurodegenerative disease 

(Steen et al. 2005). In summary our results showed that insulin decreased 

mitochondrial H2O2 generation, which was closely related in avoiding 

depolarization induced by succinate on ∆Ѱm but not with oxygen consumption 

and catalase. Thus insulin may exert potential neuroprotective roles against 

neurodegenerative diseases through antioxidant properties and modulation of 

mitochondrial function. 
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Legends to figure 

Figure 1. Viability of synaptossome and mitochondria enriched fraction 

respectively. A) and B) Succinate increase the H2O2 production when 

compared to basal levels (Succinate>Basal; p<0.05). The additions of 

ADP decrease the H2O2 production when compared to succinate 

(Succinate+ADP< succinate; p<0.005). The addition of oligomicin 

decrease the H2O2 production when compared to succinate (Oligomicin< 

succinate; p<0.05). C) Insulin increased the phosphorylation state of 

Aktser 473 at dose 0f 0.5-20mU in synaptossome but not in mitochondrial 

fraction.  

Figure 2. Insulin decreases the H2O2 production induced by succinate in 

synaptossome by insulin intracellular signaling. A) Insulin decrease the 

H2O2 production at dose 1-20mU without pre-incubation (vehicle>insulin 

1-20mU; p<0.05). The PI3K inhibitors, wortmannin, abolish this effect in 

1mU but not in other doses (vehicle= wortmannin+insulin 1mU). B) The 

pre-incubation with insulin for 15min increase the insulin antioxidant 

effect (vehicle>insulin 0.5-20mU; p<0.05). The pre incubation with 

insulin+ wortmannin abolish the effect of insulin in lower doses (vehicle= 

wortmannin+insulin 0.1-1mU; p<0.05).C) The pre-incubation with insulin 

for 30min increase the insulin antioxidant effect (vehicle>insulin 0.1-

20mU; p<0.05). The pre incubation with insulin+ wortmannin abolish the 

effect of insulin (vehicle= wortmannin+insulin 0.1-10mU; p<0.05). D) 

Neither insulin nor insulin+wortmannin had no effect in mitochondrial 

enriched fraction. 
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Figure 3. Insulin efficiently prevents the decreased in ∆Ѱm induced by 

succinate in synaptosomes. A) The incubation with insulin decreased the 

∆Ѱm at dose of 0.1mU and other doses had the same pattern 

(basal>insulin 0.1-20mU; p<0.05). The incubation with wortmannin 

abolish this effect in synaptossome.  B) The pre-incubation for 30min 

with insulin decreased the ∆Ѱm at dose of 0.1mU and other doses had 

the same pattern (basal>insulin 0.1-20mU; p<0.05). The incubation with 

wortmannin abolishes this effect in synaptossome.  C) Neither insulin nor 

insulin+wortmannin had no effect in mitochondrial enriched fraction. 
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Figure 3
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 Abstract 

Insulin resistant brain state is related to cognitive deficits and Alzheimer’s disease. 

Oxidative stress and damage to mitochondria may participate in the pathogenesis of 

these alterations. Conversely, physical exercise improves cognitive function and brain 

insulin signaling. Intracerebroventricular (i.c.v.) administration of streptozotocin (STZ) in 

rodents has been used as a model of brain insulin resistance. The aim of this work was 

to evaluate in mice the effects of voluntary physical exercise on memory performance 

of STZ i.c.v (1 and 3 mg/kg) treated mice and whether insulin (0.5 and 1mU) modulates 

H2O2 generation by mitochondria in synaptossomes. S100B level was assessed as 

marker of glial activation in hippocampus. Sedentary and exercised vehicle mice had 

similar performance in object recognition memory. In water maze task exercised 

vehicle mice showed improvement performance in both acquisition and retrieval 

phases. STZ 1mg/kg impaired recognition and spatial memory only in exercised mice 

whereas 3mg/kg impaired the performance of sedentary and exercised groups. 

Moreover, STZ 3mg/kg increased S100B levels in hippocampus in both groups. Insulin 

more prominently decreased the mitochondrial H2O2 production in exercised compared 

to sedentary mice. Both STZ doses abolished this antioxidant effect. In summary, a 

normal brain insulin signaling participates in the mechanism necessary to improve 

cognition function induced by exercise. This result could be associated with increase 

mitochondrial activity induced by exercise. However, blockade of brain insulin signaling 

by STZ induced insulin resistant brain state abolish the benefits of exercise on memory 

performance and in mitochondrial H2O2 regulation.  

Key words: Physical exercise, insulin, Insulin-resistant brain state, Alzheimer disease, 

mitochondria, cognition performance. 
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Introduction 

There is a growing interest in determining the importance of insulin 

signaling for a normal brain function and whether a state of central insulin 

resistance could be related to neurodegenerative diseases and cognitive 

deficits (de la Monte and Wands 2005; Fulop et al. 2003; Hoyer 2004a; 

Salkovic-Petrisic and Hoyer 2007). In accordance with these conjectures, 

studies have demonstrated that impaired brain insulin/IGF1 pathways may 

cause mitochondrial dysfunction along with increased oxidative stress damage 

to neural cells. The insulin resistance brain state is believed to play a pivotal 

role in the pathogenesis of neurodegenerative disorders including Alzheimer’s 

disease (AD) (Dietrich et al. 2007; Lin and Beal 2006; Muller et al. 2008).  

Moreover, there is increased number of evidences that mitochondria per 

se can be a site of damage in neurodegenerative diseases. Indeed, Aβ amyloid 

protein is taken up and interacts with various mitochondrial proteins causing 

reductions in respiratory chain complex activities and increasing generation of 

reactive oxygen species (ROS) (Readnower et al.).  Hydrogen peroxide (H2O2) 

is a reactive oxygen species important for inducing oxidative damage and 

regulating redox-sensitive signaling (Murphy et al.). Under normal conditions, 

the majority of cellular H2O2 is produced by mitochondria and is promptly 

metabolized, however in a scenario of decreased mitochondrial antioxidant 

capacity, H2O2 raises causing oxidative damage impaired metabolism and 

cellular degeneration (Du et al. 2009; Manczak et al. 2006). Thus, mitochondrial 

dysfunction and ROS generation emerge as one important factor associated to 

AD pathogenesis. Conversely, it has been shown that regular physical exercise 

positively modulate brain insulin signaling (Muller et al.)], protects against 
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neurodegenerative disorders (Cotman and Berchtold 2002)] and increases 

antioxidant defenses (Radak et al. 2008)].  Moreover, physical exercise 

increases the number and activity of neuronal mitochondria supporting energy 

enough for exercise-induced neuroplasticity phenomenon (Radak et al. 2008) .  

In the last years brain oxidative damage to mitochondria has been a field 

of interest in AD research (Davey et al. 1998). Indeed, alterations in the 

respiratory chain complexes impair brain energy supply leading to neural cells 

to degenerate (Bowling et al. 1993). Streptozotocin (STZ) is commonly used at 

high doses (> 65 mg/kg, i.p.) to induce experimental diabetes mellitus in rats 

following peripheral administration (Szkudelski 2001). However, 

intracerebroventricular (i.c.v.) STZ administration at very low doses (1–3 mg/kg) 

in rodents does not alter peripheral glucose and is used as a reliable 

experimental model for late-onset Sporadic Alzheimer’s disease (SAD) (Lannert 

and Hoyer 1998; Plaschke and Hoyer 1993; Prickaerts et al. 1999; Sharma and 

Gupta 2001).  The proposed mechanisms for STZ induced AD are multifactorial 

and include: i) impair in glucose metabolism particularly in brain structures with 

high glucose demands and high insulin sensitivity (Henneberg and Hoyer 1995); 

ii) decreased intracellular insulin/IGF1 signaling pathways (Blokland and Jolles 

1993; Mayer et al. 1990); and iii) increase oxidative stress (Sharma and Gupta 

2001). These alterations are associated with impaired learning and memory 

performance reported in this AD model.  

The aim of this work was to evaluate the effects of physical exercise on 

memory performance of STZ i.c.v treated mice as well as whether insulin 

modulates H2O2 generation by mitochondria. With this in mind we used spatial 

and recognition memory tasks and forebrain synaptossomal preparations. Our 
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results indicate that STZ i.c.v causes cognitive impairment by decreasing insulin 

signaling and increasing mitochondrial H2O2 generation. Physical exercise did 

not prevent the deleterious STZ effects.  

Material and methods 

Animals, exercise protocol and surgical procedure 

Two-month-old CF1 mice were housed in standard cages (48 x 26 cm) 

with four animals per cage. To avoid social isolation, the animals were not 

confined in individual housing (Leasure and Decker 2009). Animals were kept in 

a room with controlled temperature (22oC) under a 12 h light/12 h dark cycle 

and had free access to food and water. Animals were anesthetized by an 

intraperitoneal (i.p.) injection of ketamine (100 mg/kg body weight) and xylazine 

(10 mg/kg body weight).  STZ (1mg/kg or 3mg/kg) or saline was i.c.v injected in 

both hemispheres. After 3 days of surgery mice were divided into sedentary 

group and exercise groups. Exercise animals had free access to a running 

wheel. After 4 weeks of access to the running wheel, each mouse ran an 

average of about 3500 m. All experiments followed the guidelines of the 

Committee on Care and Use of Experimental Animal Resources, UFRGS, 

Brazil. The experiments were carried out after four weeks of voluntary exercise 

and during behavioral protocols animals still have free access to running wheel. 

Object recognition memory task 

Mice were randomly allocated to individual wooden boxes (50 x 50 x 50 

cm) placed on the floor of a soundproof and diffusely illuminated room, for 3 min 

in  day 1. On day 2, mice were familiarized with two identical plastic objects 

placed in the cage, one in each corner, 8.5 cm from the walls. Each session 

lasted 3 min. Following the novel-place test trial, the mice were returned to their 
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cages for 24h and then placed in the arena for a novel object recognition test, in 

which one of the objects was replaced with a novel object that differed in shape, 

color, and texture. All objects and the arena were thoroughly cleaned with 10% 

ethanol between trials to remove odors. The numbers of exploring each object 

during the familiarization training and the testing trials was recorded. 

Exploration was defined as approaching the object nose-first within 1 cm, 

sniffing, and touching the object with the tip of the nose and/or with the paws. 

Standing next to the object or on top of it was not considered as explorative 

activity. Videos were obtained and analyzed by N-Maze program. 

Morris water maze–spatial memory task 

The apparatus was a black, circular pool (110cm diameter) with a water 

temperature of 21 ± 1°C. Mice (n=10-12 per group) were trained daily in a 4-trial 

water maze task for 3 consecutive days; each trial lasted up to 60 s and was 

followed by 20 s of rest on a hidden black platform. During training, mice 

learned to escape from the water by finding a hidden, rigid, black platform 

submerged about 1 cm below the water surface in a fixed location. If the animal 

failed to find the platform in 60 s, it was manually placed on the platform and 

allowed to rest for 20 s. Each trial was separated by at least 12 min to avoid 

hypothermia (the variations of rectal temperature were equal for all groups) and 

facilitate memory acquisition. The maze was located in a well-lit, white room 

with several visual stimuli hanging on the walls to provide spatial cues. Latency 

to find the platform during each trial was measured as an indicator of learning. A 

probe test without the platform was performed on the fourth day. The time spent 

in the target quadrant was measured as an indicator of memory retention. 

Videos were obtained and analyzed by N-Maze program. 

Preparation of synaptosomes  
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Synaptosomes were isolated by method of Sims 1990. Briefly, the brains 

were rapidly removed to ice-cold “isolation buffer” containing 0.32 M sucrose, 1 

mM EDTA (K’ salt), and 10 mM Tris-HC1 (pH 7.4). The cerebellum and 

underlying structures were removed and the remaining material used as the 

forebrain. Forebrain was homogenate in isolation buffer.  

The homogenate was centrifuged at 4,000 rpm (1,330g) for 3 min. The 

supernatant was carefully decanted and the pellet resuspended in isolation 

buffer. This homogenate was recentrifuged as above, the supernatant retained, 

and the pellet discarded. The pooled supernatant was centrifuged at 16,000 

rpm (21,200 g) for 10 min. The decanted supernatant was discarded and the 

pellet resuspended in 3ml 15% Percoll. The discontinuous density gradient was 

prepared (3.5 ml of 23% Percoll above 3.5 ml of 40% Percoll. Tubes were 

centrifuged for 5 min at 19,000 rpm (30,700 g). The fraction 2 was used as 

fraction enriched in synaptosomes and fraction 3 was used as fraction highly 

enriched mitochondria as described by Sims et al (Sims 1990; Sims and 

Anderson 2008). 

 Mitochondrial activity - H2O2 production 

Mitochondrial H2O2 production was assessed by the Amplex Red 

oxidation method. Synaptossomes (0.1 mg protein/mL) were incubated in the 

standard respiration buffer supplemented with 10 mM Amplex Red and 2 

units/mL horseradish peroxidase with vehicle or insulin (0.5 and 1mU) in each 

well. Fluorescence was monitored at excitation and emission wavelengths of 

563 nm (slit 5 nm) and 587 nm (slit5 nm), a multi-mode microplate reader 

Spectra Max M5 (Molecular Devices). Each experiment was repeated at least 

five times with different synaptosomes. In all experiments, we detected small 
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changes in the rate of H2O2 formation among different preparations, but the 

overall pattern of response to different modulators was not affected. The 

maximal rate (100%) of mitochondrial H2O2 formation was assumed to be the 

difference between the rate of H2O2 formation in the absence of oxidable 

substrate and that measured after the addition of succinate up to 30min.   

S100 beta ELISA assay 

After decapitation the hippocampus was dissected and homogenized in 

PIK buffer (1 % NP-40, 150 mM NaCl, 20 mM Tris, pH 7.4, 10% glycerol, 1 mM 

CaCl2, 1 mM MgCl2, 400 µM sodium vanadate, 0.2 mM PMSF, 1 µg/ml 

leupeptin, 1 g/ml aprotinin, and 0.1 % phosphatase inhibitor cocktails I and II. 

Sigma-Aldrich, USA). The homogenate was centrifuged and the supernatant 

was collected. Total protein content was measured using the method described 

by Peterson. Homogenates were stored at -70 oC until analysis.  S100B 

protocol was conducted according to the instructions of the manufacturer 

(Diasorin, Italy). 

 

Results 

Recognition and spatial memory performance 

There was no statistical difference between sedentary vehicle and 

exercise vehicle groups in object recognition task. However, 1mg/kg STZ i.c.v. 

impaired recognition memory performance in exercised compared to exercise 

vehicle group. Nevertheless, 3mg/kg STZ i.c.v. caused impair in recognition 

memory in both groups compared to vehicle groups (Fig 1A; p<0.05). 

In the water maze task exercise vehicle animals showed improvement 

memory performance on both, acquisition and retrieval phases, as revealed by 



113 
 

decreasing latency to found platform and more time spent in the target 

quadrant. STZ 1mg/kg impaired the spatial memory performance in exercised 

animals whereas sedentary animals were not affected. The administration of 

3mg/kg STZ impaired memory performance in sedentary and exercise animals 

(Fig 1B-C; p<0.05). The mean swim speed were not statistically different among 

groups (Fig 1D;).  

Mitochondrial activity 

We estimate mitochondrial activity through the production of H2O2 in 

isolated forebrain synaptossomes.  Exercise increased the H2O2 production 

induced by succinate in synaptossomes. Incubation of insulin at 0.5 and 1 mU 

in synaptossomal preparations decreased the H2O2 production induced by 

succinate in both groups. The ability of insulin in decrease H2O2 production was 

higher in exercise than in sedentary animals (38% vs 26%) (Fig 2A; p<0.05). 

STZ i.c.v at doses of the 1 and 3 mg/Kg abolished the effect of insulin in 

decreasing H2O2 production in both groups (Fig 2B-C). Moreover, exercised 

STZ i.c.v groups (1 and 3mg/kg) showed decreased H2O2 production at basal 

levels compared to exercise vehicle (Fig 2B-C; p<0.05). 

 

Glial reactivity 

We analyzed the content of hipocampal S100B as an indicator of glial 

response to exercise and STZ. Exercise did not increase hippocampal S100B 

compared to sedentary group but after thirty days of STZ i.c.v 3mg/kg  

administration there was an increased S100 beta content in sedentary and 

exercise groups compared to their respective control and to 1 mg/Kg groups 

(Fig 3; p<0.05). 
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Discussion 

In this work we demonstrated that voluntary physical exercise increased 

the sensitivity to cognitive deficits induced by STZ i.c.v insulin resistance brain 

state. The administration of STZ i.c.v. 3mg/kg caused impair in the recognition 

and spatial memory in both sedentary and exercised animals, while 1mg/kg 

caused memory deficits only in exercised animals. In addition, the ability of 

insulin in decreasing mitochondrial H2O2 production induced by succinate in 

synaptossomal preparations was more prominent in exercised animals. 

Furthermore, both STZ doses abolished the ability of insulin in decreasing 

mitochondrial H2O2 generation suggesting that the antioxidant properties of 

insulin require normal brain insulin signaling from membrane to mitochondria.  

Brain insulin receptors are mainly localized in regions associated with 

learning and memory processes such as cortex and hippocampus. Deficits in 

brain insulin signaling have been consistently linked with cognitive deficits in 

experimental model and in Alzheimer’s disease patients (Craft 2006). Moreover, 

insulin administration at optimal doses improves cognitive performance in both 

rodents and humans (Park 2001). It is well accepted that voluntary exercise 

improves hippocampal plasticity and spatial memory performance of rodents. 

The results presented here corroborate this assumption. We previous showed 

that voluntary exercise increased insulin signaling in hippocampus (Muller et 

al.), a region closely associated with spatial memory. The administration of STZ 

i.c.v. causes a broad range of neural changes including impaired metabolism, 

decrease in insulin signaling and increase oxidative stress damage, associated 

to undesired consequences to the processes of learning and memory formation 

(Sharma and Gupta 2001). Interestingly, cognitive deficits are long-term and 



115 
 

progressive, observed as early as 2 weeks after STZ-icv administration and are 

maintained up to 12 weeks post treatment (Grunblatt et al. 2007; Lannert and 

Hoyer 1998; Salkovic-Petrisic and Hoyer 2007). As expected, after four weeks 

of STZ icv administration animals still presented memory deficits, which were 

not reduced by exercise. We showed that even the low dose of the STZ i.c.v. 

(1mg/kg) affected the memory performance of exercised animals in both tasks 

(recognition and spatial). It seems that exercise increases sensitization of IR 

receptors to be damaged by STZ. Alternatively, we intend to suggest that more 

receptors were translocated to membrane induced by exercise and thus, are 

more susceptible to damage by STZ than sedentary animals. Thus, an intact 

hippocampal insulin signaling is required to achieve benefits of exercise on 

recognition and spatial memory processes (Muller et al.).  

Searching for possible mechanisms involved in cognitive impairment 

associated to STZ administration we evaluated mitochondrial H2O2 generation. 

H2O2 is a major ROS produced by mitochondria that is important for oxidative 

damage (Stone and Yang 2006). Increased mitochondrial H2O2 is reported to 

participate of the aging processes (Schriner et al. 2005) and was also shown to 

be associated with AD pathogenesis (Manczak et al. 2006). We showed that 

exercise increased the mitochondrial H2O2 production induced by succinate in 

sinaptossomes. This could represent one aspect of the mitochondrial activation 

induced by exercise. Moreover, insulin decreased H2O2 production in 

synatossomes as showed by our group (Muller et al, unpublished data) and that 

effect was reached more efficiently in exercised (38% exercise and 26% 

sedentary) compared to sedentary animals reinforcing our previous postulation 

that exercise increase brain insulin sensitive (Muller et al.). On the other hand, 
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STZ i.c.v. did not affect basal levels production of H2O2 in sedentary group. 

However, the basal levels production of H2O2 was decreased by both STZ icv 

doses (1 and 3 mg/kg) in exercise animals. As insulin was not able to reduce 

H2O2 production in synaptossomes of STZ mice but did it in vehicle mice we can 

suggests that a normal insulin signaling system has neuroprotective relevance 

through the modulation of brain mitochondrial H2O2 generation. Indeed, 

disturbing insulin signaling by STZ 3mg/kg elicited S100B protein to increases 

in hippocampus, which may reflect an activation of glia cells in responses to 

toxic effects of STZ. Further, it have been demonstrated by Chen et al. 2011 

(Chen et al.) that a transgenic mice over expressing mitochondrial peroxiredoxin 

3 had significantly decreased cognitive deficits induced by paraquat model of 

AD along with decreased brain mitochondrial H2O2 generation (Chen et al. 

2008).  Taking together, these results reinforce the major role of mitochondrial 

H2O2 generation in neurodegenerative processes and impaired cognitive 

function as well as the importance of insulin and exercise on the modulation 

mitochondrial function. 

In summary our results point to normal brain insulin signaling as a 

mechanism necessary to improve cognition function induced by exercise. This 

result could be associated with increase mitochondrial activity induced by 

exercise. However, blockade of brain insulin signaling by STZ induced insulin 

resistant brain state abolish the benefits of exercise on memory performance 

and mitochondrial regulation.    
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Legends to figure 

Figure 1. STZ i.c.v 1mg/kg cause cognitive deficits in exercised but not 

in sedentary animals. A) Exercise and sedentary vehicles animals showed 

similar performance in object recognition task; however 1m/kg of STZ caused 

impair in recognition performance only in exercised mice( # exercise vehicle > 

exercise STZ 1mg/kg; p<0.005).  At dose of 3mg/kg of STZ i.c.v both groups 

showed impair in recognition memory (*sedentary vehicle and exercise vehicle 

> sedentary STZ 3mg/kg and exercise STZ 3mg/kg; ; p<0.05). B) Exercised 

mice showed improve spatial memory performance during acquisition phase in 

the water maze task (*latency to found platform exercise vehicle < other groups; 

p<0.05). STZ i.c.v 1mg/kg impairs exercise effects on memory (a; latency to 

found platform= exercise 1mg/kg>exercise vehicle; p<0.05). STZ i.c.v. 3mg/kg 

impaired the performance of both groups when compared to respective vehicles 

(b, c; latency to found platform= sedentary vehicle and exercise vehicle < 

sedentary STZ 3mg/kg and exercise STZ 3mg/kg; p<0.05). C) In retrieval phase 

exercise improve the spatial memory (*exercise vehicle > other groups; p<0.05). 

STZ i.c.v at 1mg/kg decrease the time spent in target quadrant in exercise 

group when compared to exercise vehicle (# exercise vehicle>exercise STZ 

1mg/kg and; p<0.05). STZ 3mg/kg decrease the time spent in target quadrant in 

both groups (#sedentary STZ 3mg/kg and exercise STZ 3mg/kg < other 

groups). D) The mean speed did not change with the treatments. 
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Figure 2. Exercise induced increase ROS production and insulin 

antioxidant effect in synaptossome. A) Exercised animals showed more H2O2 

production induced by succinate in synaptossome when compared to sedentary 

mice (**exercise>sedentary, p<0.05). Insulin at dose of 0.5 and 1mU decrease 

the H2O2 production induced by succinate in synaptossome in both groups, 

however the effects in exercised mice were more prominent (exercise vehicle > 

exercise 0.5mU > exercise 1mU; and sedentary > sedentary 0.5 and sedentary 

1mU, p<0.05). B) and, C) STZ i.c.v  at 1 and 3mg/kg abolish the effect of 

exercise increase the basal H2O2 production and antioxidant effects of insulin. 

Figure 3. STZ i.c.v. (3mg/kg) increased the hippocampal  S100B levels 

in sedentary and exercised mice (sedentary 3mg/kg and exercise 3mg/kg> 

other groups, p<0.05). 
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Figure 3 
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Parte III 

4. DISCUSSÃO 

 Os efeitos dos fatores ambientais como composição da dieta, atividade 

física e envelhecimento são atualmente de grande interesse no meio científico 

principalmente em relação as suas ações no SNC (Mattson 2003). No primeiro 

capítulo nós mimetizamos um modelo dieta de estilo ocidental, rica em 

carboidratos simples e gordura saturada, altamente palatável aos roedores, o 

que causou aumento de massa corporal e aumento dos níveis séricos de 

triglicerídeos. Ocorreu também uma diminuição na passagem de IGF-1 pela 

barreira sangue cérebro. Estes altos níveis de TGL séricos interagem com 

muitas proteínas sanguíneas e podem alterar sua ligação aos seus 

transportadores na barreira sangue-cérebro (Banks et al. 1999), como foi no 

caso da ligação do IGF-1 ao seu principal transportador no plexo coróide, a 

proteína megalina, sem afetar sua ligação ao seu recepto.  

 A barreira sangue-cérebro tem um importante papel na homeostasia 

cerebral e, um reduzido aporte de um importante fator neurotrófico como o IGF-

1, pode ser uma das causas dos efeitos indesejáveis provocados por uma dieta 

hiperpalátavel (Mattson) 2011. Realmente tem sido demonstrado que a 

diminuição da passagem de IGF-1 do sangue para o cérebro pode causar 

distúrbios cognitivos (Davila et al. 2007), redução dos níveis de BDNF (Ding et 

al. 2006), diminuição da angiogênese (Lopez-Lopez et al. 2004) e alterações 

neuropatológicas semelhantes à doença de Alzheimer (Carro and Torres-

Aleman 2004). Dieta rica em carboidratos e lipídeos também causa alterações 

semelhantes (Molteni et al. 2004) além de diminuição dos níveis de BDNF 

cerebrais (Vaynman et al. 2006). 
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 Entretanto nós observamos que a dieta ocidental aumenta a 

sensibilidade do plexo coróide ao IGF-1, evidenciado pelo aumento dos níveis 

de fosforilação da proteína AKT em plexo coroide em resposta a administração 

de IGF-1 humano. Contudo quando tentamos mimetizar um efeito agudo em 

cultura de células epiteliais do plexo coróide não obtivemos o mesmo resultado, 

demonstrando que o aumento e manutenção de altos níveis por longos 

períodos de TGL como o ocorrido no experimento in vivo é necessário para 

causar essas alterações no SNC. Estes resultados apontam para a 

necessidade de manutenção dos níveis de lipídeos séricos em níveis normais 

para a manutenção da homeostasia cerebral associada a sinalização do IGF-1. 

 O aumento na expectativa de vida é outro aspecto da sociedade atual 

que afeta o SNC. Usualmente o envelhecimento está associado a perda 

massiva de células neurais, aumento da neuroinflamação e do dano oxidativo 

cerebral e a prejuízos da função cognitva (Bishop et al.) 2010). Entender os 

mecanismos moleculares que causam as alterações cérebrais durante o 

envelhecimento é de fundamental importância para buscar intervenções que 

possam prevenir ou aumentar a saúde cerebral. 

 No segundo capítulo onde utilizamos camundongos envelhecidos para 

verificar os efeitos do IGF-1 no SNC nossos resultados mostraram que, apesar 

de tentar haver uma compensação do cérebro em aumentar o transporte de 

IGF-1 pela barreira sangue cérebro e aumento dos receptores em hipocampo, 

ocorreu uma diminuição da sinalização pós-receptor. As proteínas de 

sinalização intracelular são fundamentais para as ações neurotróficos do IGF-1 

(Torres-Aleman) 2010). Deste modo a tentativa de compensar a alteração da 

sinalização intracelular do IGF-1 por aumento de transporte pela barreira 
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sangue cérebro e aumento de receptor foi ineficiente, uma vez que estes 

animais apresentaram prejuízos cognitivos. Mecanismos compensatórios 

relacionados com IGF-1 já foram relatados em na DA (Carro et al. 2002; 

Moloney et al. 2008). Entretanto modelos experimentais de DA demonstram 

baixos níveis séricos de IGF-1 (Carro et al. 2002) e altas concentrações de 

receptores de IGF-1 no cérebro (Lopez-Lopez et al. 2007). Estes dados 

apontam uma relação inversa entre os níveis séricos de IGF-1 e receptores de 

IGF-1 cerebral tanto em modelos animais da DA como em animais 

envelhecidos (Poduslo et al. 2001). O prejuizo cognitivo observado em animais 

envelehcidos pode estar relacionado com a diminuição da ação de IGF-1 no 

hipocampo. (Aleman and Torres-Aleman 2009; Trejo et al. 2007).  

 No terceiro capítulo estudamos o efeito do envelhecimento sobre à ação 

da insulina no SNC. Os resultados demonstram, assim como quando 

estudamos os efeitos do IGF-1, uma diminuição da ação da insulina em alguns 

parâmetros em ratos envelhecidos quando comparados com animais jovens. 

Nossos dados apontaram para um efeito positivo da administração de insulina 

20mU icv na memória espacial e no conteúdo de BDNF no hipocampo. 

O trabalho analisou o efeito da insulina na morfologia de subáreas do 

hipocampal, uma região cerebral fundamental para processos de memória  e 

aprendizado espacial (Moosavi et al. 2006). Ratos que sofreram lesão na 

região CA3 do hipocampo apresentam déficit cognitivo no teste de labirinto 

aquático de Morris, enquanto que quando lesionados na região CA1 não 

apresentam este déficit (Kesner 2007). Nossos resultados mostraram um 

aumento na densidade de fluorescência do marcador neuronal (NeuN) na 

região CA1 do hipocampo em animais jovens e envelhecidos induzida por 
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insulina. Os animais envelhecidos não tratados com insulina apresentavam 

uma diminuição deste marcador. Na região CA3 a administração de insulina 

não reverteu o déficit na densidade de fluorescência neuronal em animais 

velhos. 

Ratos envelhecidos têm prejuízo na memória espacial no teste do 

labirinto aquático de Morris (Rosenzweig and Barnes 2003). Contudo 

Rosenzweig et al. 2003 relatou que 30% dos animais velhos tem desempenho 

igual a jovens neste teste. Nossos resultados não apontaram nenhum déficit 

cognitivo aparente nos animais envelhecidos tanto na fase de aquisição quanto 

na fase evocação da memória no labirinto aquático de Morris. No entanto, os 

animais velhos demonstraram uma estabilização da aprendizagem no terceiro 

dia de treino enquanto animais jovens apresentaram uma diminuição na 

latência para encontrar a plataforma até o último dia de treinamento. 

Entretanto, como demonstrado em outros trabalhos, insulina causou uma 

melhora no desempenho cognitivo ( Park et al. 2000; Moosavi et al. 2007) 

somente em animais jovens associado a um aumento nos níveis de BDNF no 

hipocampo. (Solas et al.) 2010) demonstraram que o envelhecimento causa 

resistência cerebral à insulina. Nós propomos aqui que esta resistência 

cerebral associada a mudanças morfológicas no hipocampo e falta de efeito da 

insulina em aumentar as concentrações de BDNF em hipocampo se refletem 

no prejuízo cognitivo observado nos animais velhos.  

Outro enfoque deste estudo foi investigar o efeito do envelhecimento e 

da administração cerebral de insulina em parâmetros relacionados com 

neuroinflamação, uma vez que um estado pró-inflamatório persistente, como 

ocorre no envelhecimento, pode aumentar a expressão de proteínas envolvidas 
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em neurodegeneração (Uranga et al.) 2010). Neste sentido, nós observamos 

que a administração de insulina icv diminuiu os níveis de PARP-1 no 

hipocampo de ratos envelhecidos (De Martinis et al. 2005; Altmeyer and 

Hottiger 2009). Além disso, o tratamento com insulina diminuiu os níveis de 

TNF-α no hipocampo de animais jovens e envelhecidos. Os níveis hipocampais 

de proteínas totais mTor e FOXO1 foram aumentadas pelo envelhecimento e 

não foram influenciados pela administração de insulina icv. O tratamento com 

insulina reduziu o estado de fosforilação da mToR Ser 2441 e 2448. Estas duas 

proteínas participam dos mecanismos de morte celular no envelhecimento por 

apoptose e autofagia (Hay and Sonenberg 2004; Li et al. 2005; Cheng and 

White).  

 No quarto capítulo estudamos os efeitos da atividade física regular como 

fator neuroprotetor. A possível modulação do exercício físico na resposta 

cerebral a insulina tem sido pouco explorada. O exercício físico é reconhecido 

por aumentar a sensibilidade à insulina em tecidos periféricos, entretanto os 

efeitos desta intervenção na sensibilidade cerebral à insulina ainda não foram 

investigados. Nossos resultados apontam para um aumento na translocação e 

ativação do receptor de insulina e ativação nas proteínas intracelulares 

responsivas à insulina no hipocampo. A presença de uma alta densidade de 

receptores de insulina em regiões como hipocampo e córtex cerebral sugerem 

que ela participa de processos de aprendizagem e memória (Zhao et al. 1999). 

A diminuição da sinalização hipocampal da insulina em roedores tratados com 

STZ i.c.v ou a redução dos receptores de insulina em no hipocampo de 

pacientes com DA se correlaciona com prejuízos cognitivos (Steen et al. 2005).  
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 Um grande número de evidencias tem demonstrado que separadamente 

tanto a insulina (Zhao et al. 2004) como o  exercício físico (Cotman et al. 2007) 

aumentam o desempenho cognitivo em humanos e roedores, embora poucos 

estudos tem sido endereçados ao entendimento do papel da mitocôndria 

nestes processos (Dietrich et al. 2008). Já está bem descrito que o aumento da 

atividade cerebral aumenta a demanda metabólica dos neurônios, embora a 

capacidade da insulina em regular o metabolismo de glicose ou a função 

mitocondrial cerebral ainda é controverso (Messier 2004). Nossos resultados 

sugerem um aumento do consumo de glicose provocado pelo exercício físico, 

mas a insulina na dose de 5mU não alterou o consumo de glicose em fatias de 

hipocampo. Estes dados suportam a hipótes de que insulina tem um papel 

neuromodulatório ao invés de regulador do metabolismo no SNC. Este papel 

envolve sobrevivência neuronal (Valenciano et al. 2006), plasticidade sináptica 

(Lee et al. 2005; Stranahan et al. 2008) e aprendizado e memória (Dou et al. 

2005; Zhao et al. 1999). Em nosso trabalho, quando usamos insulina 5mU 

icv, ocorreu um efeito amnésico em animais que se exercitaram durante 30 

dias. A dose de 5mU icv de insulina, usada no nosso trabalho, não demonstrou 

nenhum efeito no aprendizado e memória no grupo sedentário. Um dos 

possíveis mecanismos nos quais a insulina modula o aprendizado e memória é 

por regular a fosforilação das subunidades dos receptores NMDA de glutamato 

e, em conseqüência a atividade do receptor (Christie et al. 1999; Liu et al. 

1995). Além de modulações em proteínas intracelulares, a insulina causou uma 

ativação da subunidade NR2B do receptor NMDA de glutamato 15 min após 

administração icv que se manteve por 24 h no hipocampo dos animais 

exercitados. Morfologicamente foi observado um aumento da reatividade 
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densidade de fluorescência de GFAP, um marcador astrocitário, demonstrando 

que a dose de 5mU poderia causar astrogliose via hiperativação do sistema 

glutamatérgico no hipocampo que exacerbaria um estado de estimulação 

causada pelo exercício físico.  

 Recentemente o principal compartimento celular envolvido na produção  

de energia na célula, a mitocôndria, tem sido alvo de grande interesse dos 

pesquisadores, uma vez que tem destacado efeito em processos fisiológicos e 

também em doenças neurodegenerativas. O cérebro utiliza uma grande 

quantidade de oxigênio, em torno de 20% do consumo corporal e com isso 

gera uma grande quantidade de espécies reativas de oxigênio (ROS), 

entretanto apresenta uma baixa capacidade antioxidante (Kilbride et al. 2008). 

 No quinto capítulo do nosso trabalho os resultados apontam para um 

efeito antioxidante da insulina em preparações de sinaptossoma de ratos 

quando estimulamos a respiração mitocondrial com succinato. Quando 

incubamos insulina em doses crescentes (0.1-20mU) ocorreu um aumento 

deste efeito. Isto também se relacionou com o tempo de incubação, uma vez 

que pré-incubação com insulina (15 e 30 min) potencializou este efeito. Nós 

postulamos que este efeito é dependente da sinalização de insulina uma vez 

em preparações enriquecidas de mitocôndria e tratadas com inibidor da 

proteína PI3K, wortmanina, ocorreu uma completa inibição do efeito da insulina 

em baixas doses e uma parcial inibição em altas doses de insulina. Já foi 

demostrado que insulina pode exercer efeitos antioxidantes (Duarte et al. 2004) 

por modular a resposta de proteínas da mitocôndria como a  por alterar 

proteínas como AKT. 
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Os resultados do nosso trabalho apontam para um efeito da sinalização 

intracelular, e além disso sugerem que insulina modula o potencial de 

membrana mitocondrial. Pequenas alterações no potencial de membrana da 

mitocôndria modulam grandemente a produção de H2O2 (Korshunov et al. 

1997). Insulina foi capaz de reduzir o potencial de membrana mitocondrial 

induzido por succinato em sinaptossoma e isto poderia ser um dos 

mecanismos pelos quais insulina pode exercer efeitos neuroprotetores 

antioxidantes. Entretanto outros fatores que podem modular a atividade 

mitocondrial como cinases (Meyer et al. 2006) e consumo de O2 e enzimas 

antioxidantes podem alterar a produção de H2O2 (Santiago et al. 2008). Com 

estes dados sugerimos que a insulina exerce efeito antioxidante no cérebro 

necessariamente via ativação de sinalização da membrana em direção a 

mitocôndria, mas não diretamente na mitocôndria, uma vez que a insulina não 

afetou a respostas em mitocôndrias isoladas.  

O uso de modelos que possam mimetizar os efeitos do envelhecimento 

e/ou de doenças neurodegenerativas é de fundamental importância para 

entendermos e criarmos abordagens que possam ser efetivas para prevenção 

e tratamento. Um modelo utilizado é o uso de STZ icv, proposto como modelo 

de doença de Alzheimer esporádica. Este modelo se caracteriza por diminuir a 

atividade mitocondrial (Sharma and Gupta 2001). 

No capítulo 6 utilizamos um modelo de resistência cerebral á insulina e 

nossos resultados mostram que exercício físico potencializa o efeito negativo 

na cognição induzida por STZ i.c.v., uma vez que uma baixa dose de STZ 

(1mg/Kg) causou um efeito amnésico tanto na memória de reconhecimento 

como na memória espacial o que não foi observado nos animais sedentários. 
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Na dose de 3mg/Kg ambos o grupos apresentaram o efeito amnésico. Este 

efeito parece ser relacionado a mecanismos de aprendizado e memória uma 

vez que a capacidade locomotora e velocidades de natação não foram 

alteradas por STZ. 

Devido aos efeitos moduladores da insulina na cognição, do exercício 

físico aumentar sensibilidade à insulina no hipocampo e por este hormônio ter 

efeito antioxidante cerebral, nós avaliamos se essas variáveis poderiam estar 

associadas a produção de H2O2 em sinaptossomas em um modelo de 

camundongos com resistência cerebral à insulina. Como esperado, a insulina 

não afetou a produção de H2O2 em sinaptossoma de ratos que receberam STZ 

icv, sugerindo mais uma vez a necessidade de haver uma íntegra cascata de  

sinalização da insulina, para ativar os mecanismos antioxidantes. Outro 

resultado relevante foi o efeito antioxidante da insulina foi maior em animais 

exercitados. Isso pode estar relacionado ao aumento de receptores de insulina 

induzido pelo exercício.   
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5. CONCLUSÕES 

 O consumo de uma dieta hiperpalatavel causa uma diminuição do 

transporte de IGF-1 pela barreira sangue cérebro pelo seu principal 

transportador no plexo coróide, a megalina, devido ao aumento da 

concentração de triglicerídeos no sangue;  

 O envelhecimento causa uma diminuição da ação intracelular de IGF-1 

em hipocampo, associado a um mecanismo compensatório 

representado pelo aumento do transporte de IGF-1 pela barreira sangue 

cérebro e do imunoconteúdo do seu receptor (IGF-1R) em hipocampo; 

 O envelhecimento causa resistência à ação da insulina icv no que se 

refere em promover a melhora do desempenho em tarefas de memória 

de reconhecimento e espacial. A administração de insulina icv aumenta 

os níveis hipocampais de BDNF em ratos jovens, mas não em ratos 

envelhecidos. Além disso, a insulina diminui a expressão de fatores pro 

inflamatórios e pró-apoptóticos em hipocampo de ratos jovens e 

envelhecidos. Nos ratos jovens e envelhecidos, a insulina icv causa um 

aumento da densidade de fluorescência neuronal (NeuN) na região CA1 

do hipocampo em animais jovens e envelhecidos; 

 O exercício físico voluntário causa um aumento da sensibilidade à 

insulina em hipocampo de camundongos, por aumentar a translocação 

do receptor de insulina para a membrana celular e causar a ativação de 

proteínas pósreceptor. Entretanto, a administração de insulina icv na 

dose de 5mU causa déficit cognitivo nas tarefas de memória aversiva e 

espacial associadas a hiperativação da subunidade NR2B do NMDA e 

aumento da reatividade glial; 
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 A insulina diminui a produção de H2O2 induzida por succinato em 

sinaptossomas sugerindo que no cérebro ela pode atuar como 

propriedade. Além disso, este efeito antioxidante é dependente de 

sinalização intracelular, considerando a inibição da sinalização 

intracelular por wortmanina extingue a ação antioxidante; 

 O exercício físico voluntário exacerba o prejuízo cognitivo causado pela 

estreptozotocina considerando que a dose de 1mg/kg não causou 

prejuízo em animais sedentários, mas prejudicou o aprendizado na 

memória espacial e de reconhecimento dos animais exercitados. O 

mecanismo envolvido nesta alteração parece estar relacionado com o 

aumento da atividade mitocondrial observado em animais exercitados o 

que é perdido quando utilizado este composto que diminui a ação da 

insulina no SNC.  
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6. PERSPECTIVAS 
 

 Avaliar o efeito de fármacos, reconhecidamente efetivos em 

aumentar a sensibilidade à insulina em tecidos periféricos, no SNC 

de roedores submetidos a protocolos de dietas hiperpalatáveis e 

exercício físico; 

 Investigar o efeito do envelhecimento sobre a atividade mitocondrial 

cerebral em animais envelhecidos bem como sua resposta as ações 

da insulina e de fármacos que potencializam as ações deste 

hormônio; 

 Estudar os efeitos do exercício físico em outros modelos de doenças 

neurodegenerativas para avaliar o possível papel neuroprotetor da 

insulina; 

 Avaliar o efeito do exercício físico em modular a sinalização da 

insulina no SNC em animais que já tenham desenvolvido resistência 

periférica à insulina.  

 Avaliar os efeitos do exercício físico e de dietas em relação ao 

mecanismo da lançadeira de lactato em cérebro de roedores. 
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Metabolic and behavioral effects of chronic olanzapine
treatment and cafeteria diet in rats
Alexandre P. Mullera, Ana H. Torta, Jussânia Gnoattoa, Julia D. Moreiraa,
Elsa R. Vinadéa, Marcos L. Perrya, Diogo O. Souzaa, Diogo R. Larab

and Luis V. Portelaa

Olanzapine and highly palatable diets can alter metabolism

and brain function. We investigated the interaction of

chronic treatment (4 months) with olanzapine and a

cafeteria diet on metabolic parameters, memory tasks

(spatial and aversive), the elevated plus maze and

locomotor activity induced by d-amphetamine. Male Wistar

rats were separated into the following groups: standard

diet vehicle, standard diet and olanzapine, cafeteria diet

vehicle and cafeteria diet and olanzapine. Olanzapine

was administered in the drinking water (approximately

1.5 mg/kg/day), and after 3 days of treatment, the rats

exhibited an expected anxiolytic effect and reduced

amphetamine-induced hyperlocomotion. After 4 months

of treatment, cafeteria diet vehicle and cafeteria diet

olanzapine rats exhibited an increased body weight and

heavier fat pads compared with the standard diet groups.

Olanzapine increased only the epididymal and mesenteric

fat pads. The cafeteria diet and olanzapine group showed

greater glucose intolerance compared with all other

groups. The cafeteria diet altered the effects of chronic

olanzapine on the performance in the water maze and

inhibitory avoidance tasks. Chronic olanzapine treatment

failed to affect amphetamine-induced locomotion and to

produce anxiolytic effects in the elevated plus maze task,

regardless of the diet. Our results suggest that chronic

olanzapine caused an increase in fat pads, which is

putatively involved in the etiology of many metabolic

diseases. Rats on the cafeteria diet were overweight and

exhibited glucose intolerance. We did not observe these

effects with olanzapine treatment with the standard diet.

Moreover, the chronic treatment regimen caused tolerance

to the antipsychotic and anxiolytic effects of olanzapine

and seemed to potentiate some of the metabolic effects

of the cafeteria diet. The cafeteria diet also modified the

effects of chronic treatment with olanzapine on cognitive

tasks, which may represent an undesirable effect of poor

diets in psychiatric patients. Behavioural Pharmacology
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Introduction
The atypical antipsychotic olanzapine is associated with a

robust therapeutic response in schizophrenia and mania

(Lieberman et al., 2005), and with insulin resistance, weight

gain and enhanced abdominal obesity and adiposity (Allison

et al., 1999; Newcomer, 2005). In rodents, olanzapine can

disrupt the performance of animals in spatial memory

tasks designed to assess specific components of cognition

that are affected in schizophrenia (Terry et al., 2002, 2008;

Didriksen et al., 2006); however, olanzapine is able to

reverse drug-induced cognitive dysfunction (Egashira

et al., 2008). In addition, acute treatment with olanzapine

reverses amphetamine (AMPH)-induced locomotion and

induces an anxiolytic effect in rodents (Frye and Seliga,

2003; Samaha et al., 2007; Mead et al., 2008).

Weight gain, especially when manifested by intra-

abdominal obesity, is a significant long-term health issue

associated with impaired metabolism (Newcomer, 2005,

2007). Data from human studies indicate that olanzapine

is able to induce weight gain and cause metabolic altera-

tions, such as changes in glucose metabolism, insulin resis-

tance and metabolic syndrome (Casey, 2005; Lieberman

et al., 2005; Haupt, 2006; Minet-Ringuet et al., 2006).

Many authors have attempted to model such effects

induced by olanzapine in a range of animal species,

including rats (Minet-Ringuet et al., 2006; Cooper et al.,
2007). These studies have been controversial, because

animal models differ in the atypical antipsychotic used,

strain, diet composition and duration of treatment. More-

over, major discrepancies regarding weight gain are

related to sex. Atypical antipsychotics, such as olanzapine,

induced weight gain and metabolic changes much more

readily in female rats with a standard diet (Cooper et al.,
2005; Kirk et al., 2009). However, male rats treated with

olanzapine (6 weeks, 0.5 and 2 mg/kg) and fed with a

standard laboratory diet resembling the western diet

presented an obese phenotype (Minet-Ringuet et al.,
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2006). More recent studies performed without changes in

diet composition have shown no weight gain, but have

shown increased visceral adiposity in males (Cooper et al.,
2007, 2008; Chintoh et al., 2008).

Diet composition is an essential component of a healthy

life. Psychiatric patients are more prone to eating poorer

diets that are rich in fat and low in fiber (Brown et al., 1999;

McCreadie, 2003). It has been established that some

atypical antipsychotics, especially olanzapine and cloza-

pine, may increase appetite and food intake in patients

(Casey and Zorn, 2001); however, the impact of the west-

ern style diet with a ‘cafeteria’ or ‘fast food’ nutritional

profile requires additional investigation. An elevated con-

sumption of highly palatable foods, rich in fat and/or sugar

(cafeteria diet), has a clear association with metabolic

derangements and impaired brain function (Molteni et al.,
2002). In rodent models, a high-fat diet worsened hippo-

campal signaling and performance in a variety of tasks

(Molteni et al., 2004; Muller et al., 2008). Moreover, the

consumption of cafeteria diet was harmful to neural cells

(Molteni et al., 2002; Souza et al., 2007), impaired insulin-

like growth factor 1 entrance to the brain through the

choroid plexus (Dietrich et al. 2007) and induced anxiety-

like behavior (Souza et al., 2007).

Separately, both olanzapine therapy and cafeteria diet

consumption may cause weight gain and metabolic

derangements, and they may modify behavior and brain

function. The main goal of this study was to evaluate

the interactions of chronic treatment with olanzapine and

cafeteria diet on metabolic parameters, memory, anxiety

and locomotor activity in male rats.

Methods
Subjects

Male Wistar rats were maintained in plastic cages (five

per cage) under a 12-h light/dark cycle at 22–241C. Rats

were assigned to one of following groups starting at 3

months of age: standard diet vehicle (SD, n = 10), standard

diet and olanzapine (SDO, n = 10), cafeteria diet vehicle

(CD, n = 10), and cafeteria diet and olanzapine (CDO,

n = 10). Animal care followed the official governmental

guidelines, in compliance with the Federation of Brazilian

Societies for Experimental Biology, and was approved by

the Ethics Committee of the Federal University of Rio

Grande do Sul, Brazil.

Olanzapine treatment

We had earlier measured volume of water consumed in

24 h and observed that subjects drank about 20 ml of

drinking water per day. We diluted olanzapine in drinking

water to obtain an estimated dose of 1.5 mg/kg per rat/day

(20 mg olanzapine/liter of water). This dose was chosen

because olanzapine at 1 and 3 mg/kg (intraperotoneal) has

been shown to block approximately 70% of dopamine D2

receptors in rats, to exert antipsychotic-like activity

(Zhang and Bymaster, 1999) and to induce weight gain

(Minet-Ringuet et al., 2006). The dose remained constant

throughout the study. Olanzapine (Zyprexa, Eli Lilly of

Brasil, São Paulo, Brazil) was dissolved in 0.1 mol/l HCl

and then diluted with tap water and given to rats in

drinking water. Olanzapine solution was changed every

2 days and did not affect the volume consumed compared

with the water groups. The pH of the water and olanza-

pine solution was similar. Importantly, olanzapine diluted

in water has been shown to be stable for at least 96 h at

room temperature (Terry et al., 2008).

Subacute treatment

Three-month-old adult male Wistar rats (n = 20), on a

standard diet, were treated with olanzapine (SDO, n = 10)

or vehicle (SD, n = 10) for 3 days evaluated for locomotion

and in the elevated plus maze (EPM) (see below).

Chronic treatment

Male Wistar rats (n = 40) were assigned to one of the four

groups starting at 3 months of age until 7 months of age:

standard diet vehicle (SD, n = 10), standard diet and

olanzapine (SDO, n = 10), cafeteria diet vehicle (CD,

n = 10) and cafeteria diet and olanzapine (CDO, n = 10).

Cafeteria diet

Diet effects were only evaluated during chronic treatment,

with or without olanzapine. To mimic human fast food

diets, we fed adult male rats with a highly palatable diet

enriched with simple sugars and saturated fat (high fat,

high-calorie ‘cafeteria diet’). This diet was chosen because

it produced consistent weight gain and metabolic changes

in our earlier studies (Dietrich et al., 2007). The cafeteria

diet contained the following: 57.0% carbohydrates (34.0%

condensed milk, 15.0% starch and 8.0% sucrose), 25.3%

protein, 10.0% fat, 5.0% salt and 2.7% fibers and vitamins.

The standard diet contained the following: 62.5% carbohy-

drates from starch, 25.3% protein, 4.5% fat, 5% salt and

2.7% fibers and vitamins. Saturated fats accounted for

16% of fats in both the diets. The standard diet contained

3.9 kCal/g and the cafeteria diet contained 4.04 kCal/g

(Dietrich et al., 2007). All subjects had free access to food

and water or olanzapine solution during the treatment.

Evaluation of antipsychotic-like and anxiolytic

effects of subacute olanzapine treatment

To evaluate whether the doses of olanzapine used in

drinking water had antipsychotic-like and/or anxiolytic

effects, we performed a subacute treatment (3 days) to

confirm the effects of olanzapine, evidenced by decreased

locomotor activity induced by AMPH (Samaha et al.,
2007) and reduced anxiety-related behavior (Frye and

Seliga, 2003; Mead et al., 2008).

Locomotor activity

All experiments were conducted between 09:00 and

16:00 h. Rats were randomly allocated to four individual

wooden boxes (50� 50� 50 cm) placed on the floor of
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a soundproof and diffusely illuminated room. The locomo-

tor activity of four rats was recorded simultaneously by a

video-computerized system, with image analysis at four

frames per second. The software (Tort et al., 2006) tracked

the animals by distinguishing their white color from the

black background of the floor, registering x and y horizontal

coordinates. The method was set to examine horizontal

locomotor activity, ignoring small movements, such as

breathing, head and tail actions, and tremors. Rats were

individually placed in the locomotor activity cages and left

undisturbed for 60 min to measure baseline levels of

locomotor activity (habituation period). After that, the sub-

jects were injected with AMPH (0.5 mg/kg), and locomotor

activity was recorded for another 60 min. Hyperlocomotion

induced by AMPH is a well-recognized pharmacological

model with predictive value for antipsychotics, that is,

subacute administration of antipsychotics reduces AMPH-

induced locomotor activity (Dall’Igna et al., 2005).

Elevated plus maze test

Subjects were tested in the EPM to assess the anxiolytic

effects of olanzapine. The EPM consisted of two open

(50 cm long� 10 cm wide) and two-walled arms (50 cm

long� 10 cm wide� 38.5 cm high) with an open roof,

arranged around a central platform (10� 10 cm), and with

the two arms of each type placed opposite to each other.

Illumination (0.3 and 48 lx on the closed and open arms,

respectively) was provided by diffuse ceiling lighting.

Subjects were placed onto the central platform, facing

one of the open arms. The subject was allowed to explore

the maze for 5 min. The parameters used to evaluate the

anxiety were time (s) spent in the open and closed arms

and entries into the open and closed arms.

Evaluation of the metabolic, cognitive effect,

and locomotor activity of chronic treatment with

olanzapine and the cafeteria diet

Morris water maze task

The apparatus was a black circular pool (200 cm in

diameter) with a water temperature of 21 ± 1 1C. During

training, rats learned to escape from the water by finding a

hidden rigid black platform submerged about 1 cm below

the water surface in a fixed location. Rats were trained in a

4-trial water maze task for 5 consecutive days, with each

trial lasting up to 60 s, with 20 s of rest on the hidden

platform. If the rat failed to find the platform in 60 s, it was

placed gently on the platform and allowed to rest for 20 s.

The maze was located in a well-lit white room with several

visual stimuli hanging on the walls to provide spatial cues.

The escape latency during each trial was measured as an

indicator of learning. A probe test was performed without

the platform, and the time spent in the target quadrant was

measured as an indicator of memory retention.

Inhibitory avoidance task

The apparatus was a 50� 25� 25 cm acrylic box with a

floor of parallel caliber stainless steel bars (1 mm in

diameter) spaced 1 cm apart (Insight Equipments, São

Paulo, Brazil). A 7-cm wide, 2.5-cm high platform was

placed against the left wall of the box. Subjects were

placed on the platform, and their latencies to step down

on the floor with four paws were measured with an

automatic device. In the training sessions, when the

animals stepped down onto the grid they received a

0.7 mA foot shock for 1 s, and were immediately returned

to their home cages. In the test sessions, performed 24 h

after training to evaluate long-term memory, the rats were

returned to the platform, and the latency to step down

(180-s maximum) was used as a measure of retention.

The foot shock was omitted during testing. Data for the

inhibitory avoidance task are shown as the median

(interquartile ranges) of the latencies to step down on

the grid in both the sessions.

Locomotor activity and elevated plus maze task

The same protocols described above were used following

chronic treatment.

Glucose tolerance test

Glucose (2 mg/g body weight) was administered intraper-

otoneally to 8-h fasted rats (at 14:00 h) after 4 months of

treatment. Blood was collected by a small puncture in the

tail immediately before (0 min), 30, 60, and 120 min after

the injection. At each time point, glucose was measured

using a glucosimeter (AccuChek Active, Roche Diagnos-

tics, Indianapolis, Indiana USA).

Blood biochemical evaluation and fat pad weights

Rats were killed by decapitation after 4 months of

treatment. Blood was collected and centrifuged at 5000g/

10 min to obtain serum samples, which were stored at

– 801C until the day of analysis. Serum triacylglycerol

(TAG), total cholesterol, and HDL cholesterol were

measured using commercial kits (Labtest, Lagoa Santa,

Brazil) and the Labmax equipment (Labtest). Fat tissues

from retroperitoneal and epididymal regions were dissected

and weighed as described earlier (Parekh et al., 1998).

Statistical analysis

The results were calculated and expressed as means ±

SEM, except for the inhibitory avoidance and EPM

results, which are expressed as median ± interquartile

ranges. The data from the water maze task and glucose

tolerance test were analyzed using repeated-measures

analysis of variance (ANOVA) followed by a post-hoc

Duncan test. Data from the blood biochemical evaluation

and fat pad weights were analyzed by a one-way ANOVA

followed by a post-hoc Duncan test. The Kruskal–Wallis

one-way ANOVA was used for the inhibitory avoidance data

because of a cutoff time. The Kruskal–Wallis one-way

ANOVA was used for the EPM data, as the distribution

was asymmetrical in the olanzapine group according to the

Shapiro–Wilk analysis. To evaluate the effect of olanzapine
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or cafeteria diet alone, we performed a Student’s

t-test between groups. Differences between groups were

considered statistically significant at P value less than 0.05.

Results
Subacute effects of olanzapine

Locomotor effects of amphetamine

and anxiolytic activity

As shown in Fig. 1a, olanzapine at a dose of 1.5 mg/kg/day in

drinking water over 3 days was able to prevent the in-

creased locomotor activity induced by AMPH (P < 0.05).

Locomotor activity at the time of AMPH injection

(60-min habituation) did not differ between the groups.

Subacute olanzapine also produced an anxiolytic effect, as

shown by increased time spent in the open arms of the

EPM task (Fig. 1b, P < 0.05). The other EPM parameters

did not differ between the groups (data not shown).

These results indicated that the dose and administration

procedures of olanzapine produced the expected anti-

psychotic-like and anxiolytic effects.

Chronic effects of olanzapine and cafeteria diet

Morris water maze and inhibitory avoidance task

Spatial and aversive memories were evaluated by the

Morris water maze and inhibitory avoidance tasks, respec-

tively. In the water maze task (Fig. 2a), all groups showed a

similar latency to find the platform until the third day of

the acquisition phase. However, from the fourth day, the

SDO group displayed a higher latency to find the plat-

form compared with all the other groups (SDO > CD,

CDO and SD, P < 0.05). There were no statistically sig-

nificant differences between groups in retention memory in

the probe test (sixth day, data not shown).

In the inhibitory avoidance task (Fig. 2b), the SD, SDO

and CD groups showed an increased step-down latency

in the test session compared with the training session

(P < 0.05), whereas in the CDO group, test time latencies

were not significantly different from the training session.

Locomotor effects of amphetamine and anxiolytic

activity

After 4 months of treatment, olanzapine or CD alone, or

their combination, was not able to decrease the locomotor

activity induced by AMPH (Fig. 2c). As expected, loco-

motion during the habituation period (60 min) was lower

in the chronic treatment group than in the subacute

treatment group (Fig. 1a). However, at the time of

AMPH administration, locomotion was similar and the

effect of AMPH also reached comparable levels even in

the olanzapine groups, suggesting a true tolerance effect.

Similarly, the time spent in the open arms of the EPM

task did not differ between the groups (Fig. 2d).

Glucose tolerance test, body weight, and fat pads

As shown in Table 1, the fasting CDO group showed higher

blood glucose levels when compared with the other groups

(P < 0.05). At 30 and 60 min after glucose administration,

the cafeteria groups presented higher glucose levels

compared with the standard diet groups (Fig. 3a, SD

and SDO < CD and CDO, P < 0.05). At 120 min, blood

glucose levels in the CDO group remained significantly dif-

ferent when compared with all other groups (CDO > CD,

SD and SDO, P < 0.05).

Total body weight (Fig. 3b), and the mesenteric (Fig. 3c)

and epididymal (Fig. 3d) fat pads were heavier in the

cafeteria diet groups (P < 0.05) compared with the
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standard diet groups (CD and CDO > SD and SDO,

P < 0.05). Olanzapine also caused an increase in the

weight of fat pads in the standard diet groups (Fig. 3c

and d; SDO > SD, P < 0.05).

Serum biochemical evaluation

Serum TAG, total cholesterol, and HDL cholesterol levels

are shown in Table 1. The cafeteria diet groups presented

increased TAG levels compared with the standard diet

Fig. 2
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rats per group. (a) GTT: blood glucose levels of the CDO group were significantly elevated at 0 min (baseline) and 120 min compared with
the other groups (CDO > other groups, *P < 0.05). At 30 and 60 min, the cafeteria diet groups showed increased blood glucose levels
compared with the standard diet groups (CD and CDO > SD and SDO, **P < 0.05). (b) Body weight: the cafeteria diet groups showed
significantly increased body weights when compared with the standard diet groups (CD and CDO > SD and SDO, *P < 0.05). (c) Mesenteric
fat pad: olanzapine increased the weight of the mesenteric fat pad when compared with the control group (SDO > SD, *P < 0.05). The
cafeteria diet groups showed heavier mesenteric fat pads when compared with the other groups (CD and CDO > SD and SDO, *P < 0.05).
(d) Epididymal fat pad: olanzapine increased the epididymal fat pad when compared with the control group (SDO > SD, *P < 0.05). The
cafeteria diet groups had heavier epididymal fat pads when compared with the other groups (CD and CDO > SD and SDO, *P < 0.05).

Table 1 Serum fasting glucose levels and lipid profiles of rats treated during 4 months with olanzapine and cafeteria diet

Groups Glucose (mg/dl) Triacylglycerol (mg/dl) Total cholesterol (mg/dl) HDL cholesterol (mg/dl)

SD 78 ± 4 92 ± 12 56 ± 3 39 ± 1
SDO 85 ± 2 88 ± 10 58 ± 4 41 ± 3
CD 86 ± 2 138 ± 24** 56 ± 6 37 ± 4
CDO 103 ± 3* 162 ± 24** 78 ± 5*** 51 ± 2***

CD, cafeteria diet and vehicle; CDO, cafeteria diet and olanzapine; HDL, high-density lipoprotein; SD, standard diet and vehicle; SDO, standard diet and olanzapine.
*CDO > SD, SDO, and CD, P < 0.05.
**CD and CDO > SD and SDO, P < 0.05.
***CDO > CD, SD and SDO, P < 0.05.
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groups (CD and CDO > SD and SDO, P < 0.05). Total

cholesterol and HDL cholesterol levels were higher in

the CDO group when compared with all other groups

(CDO > CD, SD and SDO, P < 0.05).

Discussion
In this study, we searched for interactions between

olanzapine and the cafeteria diet treatments on metabolic

and behavioral parameters in rats. In relation to metabolic

parameters, the cafeteria diet caused harmful effects that

were worsened by olanzapine treatment on some specific

parameters. Regarding performance in memory tests, the

cafeteria diet affected the behavioral response to olanzapine

treatment in spatial memory and in aversive memory tasks.

Increased risk of insulin resistance, type-2 diabetes mel-

litus, and hyperglycemia have been associated with anti-

psychotic therapy; however, some patients with mental

disorders present abnormalities in glucose regulation before

medication (Haupt, 2006). In our study, olanzapine treat-

ment failed to increase body weight, but caused an increase

in the weight of the mesenteric and epididymal fat pads

when compared with the standard diet. This finding is in

agreement with the findings by Cooper et al. (2007), who

showed that olanzapine (2–8 mg/kg/day, intraperotoneal,

over 21 days) induced a significant increase in visceral

adiposity without weight gain in male Wistar rats. In

contrast, two doses of olanzapine (0.5 and 2.5 mg/kg/day in

food for 6 weeks) produced obesity and heavier fat pads

in male Sprague–Dawley rats fed on what resembled the

typical human diet (Minet-Ringuet et al., 2006). In addi-

tion, our results showed that rats fed with the standard

diet plus olanzapine presented normal glucose levels

from fasting to 120 min and a normal lipid profile, despite

heavier fat pads. This result is consistent with earlier find-

ings showing no changes in glucose serum levels when

olanzapine was associated with high-fat (Minet-Ringuet

et al., 2005) or standard diets (Cooper et al., 2007).

A sedentary lifestyle and poor diet may contribute to meta-

bolic alterations in psychiatric patients (Waitzkin, 1966;

Newcomer, 2004). Here, we found that after 4 months of

treatment, animals receiving the cafeteria diet presented

increased body weight, adiposity, serum TAG, and glucose

intolerance on glucose tolerance tests (at 30 and 60 min).

Similar effects regarding body fat mass and TAG levels

were reported earlier using a cafeteria diet (Chaves et al.,
2006). Although in this study olanzapine alone was mostly

devoid of metabolic effects when the standard diet was

used, olanzapine combined with the cafeteria diet pro-

duced higher fasting and long-lasting high glucose levels

compared with all the other groups. Although insulin

resistance, elevated plasma glucose, and lipid levels are

associated with increased fat mass (Tracy, 2001), the

effects of certain second-generation antipsychotics on

glucose metabolism were quite independent of adiposity

(Newcomer et al., 2002). This finding may derive from

alterations in insulin signaling proteins and/or glucose

transporters (Newcomer, 2004).

The effects of psychopharmacologic treatments on cogni-

tive functions, such as attention, memory, and executive

functions (Green et al., 2000) have received special atten-

tion in recent years. For example, chronic treatments with

olanzapine have been shown to affect the cognitive

performance of rats in a spatial water maze task (Terry

et al., 2002, 2008; Didriksen et al., 2006). Here, we were

able to replicate this finding in the SDO group. However,

we found that this effect in the water maze was absent

when olanzapine treatment was combined with the

cafeteria diet (Fig. 3a). A possible mechanism for the

effect of olanzapine is its ability to block dopamine D1

receptors (Zhang and Bymaster, 1999), which has been

shown to impair water maze performance (Stuchlik et al.,
2007). In contrast, palatable food increases D1-mediated

signaling (Rauggi et al., 2005), which may counteract

the effects of olanzapine. Moreover, in the SDO group,

olanzapine had no effect on the inhibitory avoidance task,

but the CDO group displayed impaired performance

(Fig. 3b). The mechanism to explain this result is unclear,

but overall these results indicate that the palatable diet

seems to have independent influences on the effects of

olanzapine on different cognitive functions.

Locomotor activity stimulated by AMPH is a classical

parameter that is sensitive to acute treatment with

antipsychotic drugs. Accordingly, treatment with olanza-

pine (1.5 mg/kg) for 3 days decreased spontaneous and

AMPH-induced locomotion (Fig. 1a). In addition, treat-

ment with olanzapine produced an anxiolytic effect in the

EPM task, as reported earlier (Locchi et al., 2008). How-

ever, after 4 months of treatment, olanzapine (1.5 mg/Kg)

failed to affect spontaneous or AMPH-induced locomo-

tion and failed to produce anxiolytic effects in the EPM

task, regardless of the diet (Fig. 3c). Accordingly, Samaha

et al. (2007) reported that chronic treatment with

haloperidol and olanzapine leads to a progressive loss of

efficacy against AMPH-induced locomotion and condi-

tioned avoidance response, and this effect was linked to

an increase in the number and sensitivity of D2 receptors.

Our results confirmed that the rats developed a tolerance

to chronic olanzapine administration and did not show

the typical decrease in AMPH -induced locomotion or the

normal anxiolytic effects in the EPM. Thus, antipsychotic

tolerance and cross tolerance can readily be studied in

subjects and is a clinically important topic that may underlie

the symptomatic relapse (Goudie et al., 2007; Goudie and

Cole, 2008).

In conclusion, our results show that chronic olanzapine

caused an increase in fat pad weight, which is a change that

is putatively involved in the etiology of many metabolic

diseases. The cafeteria diet was associated with over-

weight and glucose intolerance, but not with olanzapine

treatment, compared with the standard diet. In addition,
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we found that chronic treatment with olanzapine induced

a tolerance to its antipsychotic and anxiolytic actions.

The cafeteria diet also modified the effects of chronic

treatment with olanzapine on cognitive tasks, which may

represent an undesirable effect of poor diets in psychia-

tric patient treatment.
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Insulin-like growth factors (IGFs) are important modulators of organismal life-span all along phylogeny.
These growth factors are widely viewed as detrimental for long life by reducing tissue resistance to oxidative
stress. However, IGF-I has been consistently shown to be a potent neuroprotective factor in mammals, and as
such, a deterrent of brain aging. Conversely, recent data suggest that IGF-I may contribute to amyloid
neurodegeneration underlying Alzheimer's disease. These opposing observations underline an incomplete
understanding of the significance of this ancestral hormone pathway in relation to brain aging. It is possible
that these opposite results are the consequence of using different experimental approaches. Thus, brain
amyloid injury is reduced in mutant mice partially defective in IGF-I receptor function, whereas IGF-I is
neuroprotective when administered to animal models of neurodegenerative disease or normal brain aging.
This approach-dependent effect of IGF-I highlights a fundamental gap in our knowledge of the relationship
between peripheral and brain IGF-I function and the actual biological impact of experimental modulation of
brain IGF-I function. We suggest to directly address brain IGF-I function in the varying experimental
approaches used to confirm that changes have taken place in the desired way.
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1. Introduction

Formany years IGF-I was considered a cyto-protective factor for all
type of cells in almost every tissue. Therefore, this hormone was
broadly considered as beneficial for health. After epidemiological data
indicated that blood levels of IGF-I were positively related to cancer
risk (LeRoith and Roberts, 2003), this purported beneficial role turned
the opposite way. New therapies in cancer are now relying on
developing IGF-I receptor antagonists (Tao et al., 2007). Along this
detrimental role of IGF-I another line of evidence from genetic studies
in aging indicated that the insulin/IGF-I pathway shortens life-span
(Kenyon, 2001). Hence, the idea that the general physiological action
of IGF-I is detrimental for health is gaining acceptance. Nowadays it is
undisputed that reduced insulin/IGF-I effects will result in prolonged
life not only in primitive organisms such as worms (Kenyon, 2001)
but also in mammals (Holzenberger et al., 2003), including humans
(Suh et al., 2008). This is reinforced by the fact that in invertebrate
species with a divergent evolutionary history, such as flies, this
pathway is similarly detrimental (Clancy et al., 2001). It is probably in
the specific case of the aging brain where this detrimental role of IGF-I
may be challenged. Indeed, the neuroprotective actions of IGF-I
encompass the aging brain and related diseases (Trejo et al., 2004a).
Based only in the amount of information, evidence portraying IGF-I as
a wide spectrum neuroprotective agent greatly outweighs observa-
tions documenting the opposite.
2. IGF-I as a neuroprotective factor

The role of IGF-I in regulating brain growth during development
was firmly established through classical genetic manipulation using
overexpression and deletion of this growth factor in transgenic mice.
The absence of IGF-I is perinatally lethal but the few surviving animals
show pronounced microcephaly and many brain abnormalities
(Vicario-Abejon et al., 2003; Baker et al., 1993). Conversely, overpro-
duction of IGF-I leads to organomegaly affecting specific organs such
as the brain (D'Ercole et al., 1996). In the latter, a general overgrowth
effect was observed, although the myelin content was specifically
increased.

In the adult brain, IGF-I is an important signal in brain homeostasis.
The number of beneficial actions exerted by IGF-I is constantly
growing. IGF-I promotes tissue remodelling by controlling the
formation of new neurons, vessels and myelin in the adult brain
(Torres-Aleman, 2010). IGF-I participates in brainmetabolism inways
that are not fully understood but that appear essential to metabolic
homeostasis (Bondy and Cheng, 2002). This growth factor directly
affects higher brain functions through an array of actions on neurons,
glia and the rest of cells that constitute brain tissue. In this way, IGF-I

http://dx.doi.org/10.1016/j.exger.2010.08.022
mailto:torres@cajal.csic.es
http://dx.doi.org/10.1016/j.exger.2010.08.022
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has shown prominent effects on cognition by its underlying actions at
the level of neurotransmission, neuronal excitability, and synaptic
plasticity (reviewed in (Aleman and Torres-Aleman, 2009). For these
reasons, IGF-I is currently considered a prototype neuroprotective
factor in the adult brain (Trejo et al., 2004a).

3. IGF-I neuroprotection in the aging brain

In mammals, levels of IGF-I decrease with age. In humans this
decrease starts relatively early, at the third decade of life. Whether
this decrease is adaptive or merely reflects a general tissue decay is
not known. At any rate, administration of IGF-I has shown widely
neuroprotective actions in the aging brain. Namely, IGF-I improves
learning and memory (Markowska et al., 1998), synaptic plasticity
(Sonntag et al., 2000) or vascular growth (Sonntag et al., 1997), while
diminishes oxidative stress in brain tissue (Puche et al., 2008). In
elderly humans, serum IGF-I levels positively correlate with cognitive
status (Aleman et al., 1999), and a similar correlation in mice unveiled
a trophic action of circulating IGF-I on glutamate neurotransmission
affecting synaptic plasticity and cognition (Trejo et al., 2007). Indeed,
all major derangements commonly found in the aging brain, including
cell atrophy/dysfunction, metabolic impairment, altered higher brain
functions and accumulation of deleterious substances can be ascribed
to reduced brain IGF-I input, a condition that is inherently linked to
the aging process (Trejo et al., 2004b). Thus, lower IGF-I levels as
individuals age are coupled to reduced sensitivity to this growth
factor.

In this vein, as age-associated brain pathologiesmay be related to an
exacerbated loss of IGF-I input (Trejo et al., 2004a), replacement therapy
has shownpromising effects in a number of neurodegenerative diseases
(Torres-Aleman, 2007), most prominently in animal models of
Alzheimer's disease (Carro et al., 2002, 2006), the most common type
of neurodegeneration associated with aging. Clinical data have also
reinforced apossible role of IGF-I in this disease. Thus, increased levels of
serum IGF-I have been reported in early stages of AD, while at later
stages serum IGF-I levels are low (Vardy et al., 2007; Watanabe et al.,
2005). This agrees with the notion that circulating IGF-I levels will be
increased in the initial stages of AD as a result of an ongoing resistance
process while at later stages the levels of this serum growth factor
would be decreased due to depletion of tissue resources (Carro and
Torres-Aleman, 2004).Moreover, diversedrugs currentlyon themarket,
suchasdonepezil andglatiramer acetate (Butovsky et al., 2006; Tei et al.,
IGF-I receptor +/-  

Cognitive recovery 

Fig. 1. Cognitive deficits in animal models of Alzheimer's amyloidosis are corrected by
administration of IGF-I to transgenic mice overexpressing Aβ peptides reduces plaque loa
crossing IRS-2 knockouts with Aβ-overproducing mice, although in this case animals displaye
of Aβ-overproducing mice with neuronal IGF-I receptor knockouts also reduces plaque lo
knockouts are bred with Aβ-overproducing mice, plaque size is increased but cognition is r
2008), together with novel compounds still in clinical trials (Bolos et al.,
2010), display IGF-I-increasing effects. Recently, IGF-I levels have been
proposed as a biomarker to predict therapeutic responses to donepezil
in AD (Yamagata et al., 2010). In addition, a biomarker protein array
recently described for AD includes insulin-like binding protein 6, a
carrier protein for IGF-I (Ray et al., 2007).

Conversely, clinical trials with ghrelin agonists that stimulate
growth hormone and in this way raise serum IGF-I levels have shown
no efficacy in AD patients (Sevigny et al., 2008). Moreover, other
authors failed to replicate the beneficial actions of IGF-I in animal
models of AD-related amyloidosis (Lanz et al., 2008). Finally, recent
publications concluded that genetic reduction of IGF-I/insulin signalling
protects against AD-like pathology in animal models of the disease
(Cohen et al., 2009; Freude et al., 2009; Killick et al., 2009).

4. The controversy on the role of IGF-I in the aging brain: the case
of Alzheimer's dementia

Alzheimer's disease (AD) is the most common type of disturbance
in the human aging brain. That previous evidence from animal models
suggested that IGF-I could be of therapeutic use in AD (Carro et al.,
2002, 2006),whilemore recent observations indicate that inhibition of
IGF-I could equally be beneficial in AD (Cohen et al., 2009; Freude et al.,
2009; Killick et al., 2009) exemplifies the confusing situation of the
field (Fig. 1). Presently, these opposing views are difficult to reconcile.
Thus, administration of either IGF-I receptor antagonists, currently in
clinical trials for various cancers (Tao et al., 2007), or administration of
IGF-I or its mimetics, would both seem a logical pursuit for treatment
of AD based on these disparate observations. However, fueled by these
apparently irreconcilable views, new research will hopefully lead to a
better understanding of the significance of this growth factor in ADand
in brain aging in general. Until new data becomes available several
issues merit further discussion.

The first intriguing fact is that the controversy arises from data
gathered using differing experimental approaches. Detrimental actions
of IGF-I in the brain have been found after genetic ablation of either the
IGF-I receptor or its downstream docking protein IRS-2. Conversely, all
the beneficial actions of IGF-I have been reported after administration of
the peptide to various animal models. Maybe the different approaches
used explain the opposite results. While the underlying assumption of
reducing IGF-I receptor is that the biological action of this pathway will
be consequently reduced in the brain, and that administration of IGF-I
Systemic IGF-I
IRS-2-/-

Neuronal IGF-I receptor-/-

Cognitive recovery 

manipulation of IIS signalling in differing and even opposite ways. Subcutaneous
d, gliosis and restores cognition (Carro et al., 2006). Similar results are obtained after
d aberrant tau phosphorylation (Killick et al., 2009; Freude et al., 2009). Cross-breeding
ad and improves cognition (Freude et al., 2009). When IGF-I receptor heterozygous
estored and neuronal loss mitigated (Cohen et al., 2009).
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will lead to the opposite effect, the authors of the different studies did
not provide direct evidence that the intended changes were taking
place. More importantly, other unaccounted changes may occur,
particularly when using knockout mice where the targeted deletion
may produce pleiotropic effects along development. Another intriguing
point is that both IRS-2 and neuronal IGF-I receptor knockouts present
cognitive disturbances (unpublished observations) while after crossing
them with Aβ-producing mice, cognitive disturbances present in both
strains appear corrected.

An attempt to reconcile both observations was to suggest that
increasing IGF-I levels will result in downregulation of brain IGF-I
signaling (Cohen et al., 2009). This idea has not yet been tested, but
the absence of neuronal IGF-I receptors is accompanied by increased
serum IGF-I levels in mutant mice (Kappeler et al., 2008), suggesting
that an opposite relationship between brain IGF-I receptors and serum
IGF-I may exist. If this is the case, then low serum IGF-I levels, as seen
in aged individuals, would result in higher IGF-I receptor function in
the aging brain. However, IGF-I receptor function is reduced in the
aging brain even though serum IGF-I levels are also reduced (Muller
et al., submitted). This is not surprising as both IGF-I deficiency and
resistance to IGF-I are associated to aging in other tissues (Trejo et al.,
2004b). Thus, available evidence suggest that this apparent opposite
relationship between serum IGF-I levels and brain IGF-I receptors is
not always present. Furthermore, reduced serum IGF-I levels do not
result in reduced brain IGF-I levels (Adams et al., 2009), suggesting
that both compartments are regulated independently. It is clear then
that the relationship between systemic and brain IGF-I function is
complex, forbidding any preconceptions. Hence, experimental
approaches aimed to either increase or decrease brain IGF-I function
need to firmly establish that the intended changed is obtained.
Namely, when either reducing IGF-I receptors/downstreammolecules
or administering IGF-I, brain IGF-I function needs to be assessed from
a functional perspective, such as measuring Akt activation, a canonical
pathway downstream of the IGF-I receptor.

Other non-exclusive possibilities may be envisaged. Thus, it is
possible, as recently documented for BDNF (Ji et al., 2010), that
distinct cellular responses to IGF-I may be triggered depending on the
way this pathway is activated. That is, chronic reduction of IGF-I
signalling in IGF-I receptor mutants or IRS-2 knockouts may not
necessarily lead to reduced IGF-I activity as we currently know from
acute exposure of cells to this growth factor. Rather, a distinct, an as
yet unknown type of cellular response to prolonged activation of this
pathway may be disrupted. Furthermore, administration of IGF-I may
elicit cell/tissue responses that are not necessarily the opposite of
those seen in heterozygous IGF-I receptor KOs, as recently suggested
(Cohen et al., 2009). Thus, reduction/deletion of brain IGF-I receptors
may elicit compensatory responses in related systems (i.e.: brain
insulin receptors) or address other functions of this receptor that are
currently poorly characterized, such as its role in APP metabolism.

5. Conclusions

In the face of declining IGF-I function with age, administration of
IGF-I has proven widely beneficial to the aging brain. However, a
wealth of evidence indicates that IGF-I is deleterious for aging. In
addition, the neuroprotective effects of IGF-I have also been
challenged in relation to Alzheimer's disease. The current controversy
witnesses our incomplete understanding of the role of insulin and
insulin-like peptides in the aging brain and emphasizes the urgent
need to undertake new directions in the field.
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