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“We are all agreed that your theory is crazy.  

The question which divides us is whether it  

is crazy enough to have a chance  

of being correct.” 

Niels Bohr 
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APRESENTAÇÃO 

 

 Esta tese está organizada em três Partes, cada uma sendo constituída dos 

seguintes itens:  

 

Parte I: Resumo, Resumo em inglês (abstract), Lista de abreviações, Introdução e 

Objetivos; 

Parte II: Resultados, que estão divididos em capítulos, sendo cada que capítulo contém 

um breve prefácio seguido de um artigo científico; 

Parte III: Discussão, Conclusão, anexos e Referências bibliográficas citadas na 

Introdução da Parte I e Discussão da Parte III. 

 

Na seção “anexos” estão os artigos científicos que foram realizados durante o 

período de doutoramento que tem conteúdo associado a tema da tese (Anexo I) e que não 

são diretamente associados com o tema da tese (Anexo II). Os trabalhos elaborados nesta 

tese foram desenvolvidos no laboratório de Neurotrauma, no Departamento de 

Bioquímica da Universidade Federal do Rio Grande do Sul (UFRGS), sob a orientação 

do Dr. Luis Valmor Cruz Portela, como também no Laboratório de Neuroimagem 

translacional da Universidade McGill (Canada), sob a orientação do Dr. Pedro Rosa-

Neto. 

 

 

 



! !VII!

Sumário 

APRESENTAÇÃO!..................................................................................................................!VI!

PARTE I!......................................................................................................................................!1!
Resumo!.................................................................................................................................................!2!

Abstract!........................................................................................................................................!3!

Introdução!...................................................................................................................................!7!
A!doença!de!Alzheimer!...................................................................................................................!8!
Mecanismos!envolvidos!na!doença!de!Alzheimer!...............................................................!10!
A!deposição!de!β.amilóide!.......................................................................................................................!10!
A!proteína!tau!................................................................................................................................................!12!
Neuroinflamação!..........................................................................................................................................!14!
Neurotransmissão!glutamatérgica!.......................................................................................................!15!

Biomarcadores!................................................................................................................................!17!
Biomarcadores!de!β.Amilóide!................................................................................................................!19!
Biomarcadores!de!Neurodegeneração!................................................................................................!21!
Outros!biomarcadores!...............................................................................................................................!23!
Modelos!hipotéticos!de!biomarcadores!.............................................................................................!24!

Objetivo!..............................................................................................................................................!25!
Objetivos!específicos!..................................................................................................................................!25!

PARTE II!..................................................................................................................................!27!
Capítulo!I.!Inhibition(of(Protein(phosphatase(2A(links(tau(phosphorylation,(oxidative(stress(
and(memory(decline!..........................................................................................................................!28!
Capítulo!II.!Pretreatment(with(Memantine(Prevents(Alzheimer?Like(Alterations(Induced(by(
Intrahippocampal(Okadaic(Acid(Administration(in(Rats.!...........................................................!55!
Capítulo!III.!Inhibition(of(protein(phosphatase(2A:(focus(on(the(glutamatergic(system.!.....!65!
Capítulo!IV.!Long?term(NMDAR(antagonism(correlates(reduced(astrocytic(glutamate(
uptake(with(anxiety?like(phenotype.!...............................................................................................!69!
Capítulo!V.!Imaging(biomarkers(for(amyloid:(a(new(generation(of(probes(and(what(lies(
ahead.!...................................................................................................................................................!78!
Capítulo!VI.!Use(of(amyloid(PET(across(the(spectrum(of(Alzheimer’s(disease:(clinical(utility(
and(associated(ethical(issues.!...........................................................................................................!84!
Capítulo!VII.!Amyloid(imaging(in(Alzheimer’s(disease:(a(potential(new(era(of(personalized(
medicine?!.............................................................................................................................................!91!
Capítulo!VIII.!Developments(in(Tau(PET(Imaging.!.....................................................................!98!
Capítulo!X.!MicroPET(imaging(and(transgenic(models:(a(blueprint(for(Alzheimer's(disease(
clinical(research.!.............................................................................................................................!120!
Capítulo!XI.!In(vivo(tracking(of(tau(pathology(using(positron(emission(tomography((PET)(
molecular(imaging(in(small(animals.!...........................................................................................!136!
Capítulo!XII.!Imaging(in(vivo(glutamate(fluctuations(with([11C]ABP688:(a(GLT?1(challenge(
with(ceftriaxone.!..............................................................................................................................!143!
Capítulo!XIII.![18F]FDG(PET(signal(is(driven(by(astroglial(glutamate(transport.!...............!150!

PARTE III!..............................................................................................................................!151!
Discussão!.................................................................................................................................!152!

Conclusão!...............................................................................................................................!170!

Referências!.............................................................................................................................!172!



! !VIII!

Anexos!...........................................................................................................................................!i!
ANEXO!I:!Artigos!publicados!durante!o!período!de!doutoramento!cujos!temas!se!
relacionam!a!esta!tese,!mas!não!foram!incluídos!no!corpo!principal!da!tese.!..............!i!
ANEXO!IRA.!Physical(exercise(exacerbates(memory(deficits(induced(by(
intracerebroventricular(STZ(but(improves(insulin(regulation(of(H2O2(production(in(mice(
synaptosomes.!.......................................................................................................................................!ii!
ANEXO!IRB.!In(vivo(characterization(of(metabotropic(glutamate(receptor(type(5(
abnormalities(in(behavioral(variant(FTD.!.....................................................................................!xii!
ANEXO!II:!Artigos!publicados!durante!o!período!de!doutoramento!cujos!temas!não!
se!relacionam!diretamente!a!esta!tese.!................................................................................!xxix!
ANEXO!IIRA.!Long?Term(Oral(Administration(of(Capsicum(baccatum(Extracts(Does(Not(
Alter(Behavioral,(Hematological,(and(Metabolic(Parameters(in(CF1(Mice.!...........................!xxx!
ANEXO!IIRB.!Insulin(prevents(mitochondrial(generation(of(H2O2(in(rat(brain.!.......................!xli!
ANEXO!IIRC.!Nandrolone?induced(aggressive(behavior(is(associated(with(alterations(in(
extracellular(glutamate(homeostasis(in(mice.!.........................................................................!xlviii!
ANEXO!IIRD.!Changes(in(Brain(14?3?3(Proteins(in(Response(to(Insulin(Resistance(Induced(by(
a(High(Palatable(Diet.!.......................................................................................................................!lix!
ANEXO!IIRE.!Intracerebroventricular(metformin(decreases(body(weight(but(has(pro?oxidant(
effects(and(decreases(survival.!.......................................................................................................!lxix!
ANEXO!IIRF.!A(new(device(for(step?down(inhibitory(avoidance(task??effects(of(low(and(high(
frequency(in(a(novel(device(for(passive(inhibitory(avoidance(task(that(avoids(bioimpedance(
variations.!........................................................................................................................................!lxxx!

 
 

 

 

 

 

 

 

 

!



! !1!

 

 

 

 

 

 

 

PARTE I 

 

 

 

 

 

 

 

 

 

 

 

!
 

!



!

! !2!

Resumo 

Zimmer, Eduardo Rigon. O envolvimento da proteína fosfatase 2A e do sistema 

glutamatérgico em eventos neurodegenerativos relacionados a doença de Alzheimer: 

mecanismos e biomarcadores de imagem. Tese de Doutorado, Programa de Pós-

graduação em Ciências Biológica: Bioquímica, Universidade Federal do Rio Grande do 

Sul. Porto Alegre, Brasil, 2015. 

A doença de Alzheimer (DA) é uma patologia neurodegenerativa progressiva e a forma 

de demência mais prevalente no mundo. As alterações fisiopatológicas da DA têm sido 

associadas a dois marcadores neuropatológicos clássicos: a deposição de placas de β-

amilóide e a formação de emaranhados neurofibrilares da proteína tau hiperfosforilada. 

Porém, devido a complexidade da DA, outros mecanismos têm sido propostos como 

coadjuvantes no processo neurodegenerativo, entre eles eventos neuroinflamatórios, a 

quebra da homeostasia de sistemas de neurotransmissão e disfunção sináptica. Esta 

pletora de eventos patológicos parece preceder a fase de demência por um longo período 

onde a doença age de forma silenciosa, ou seja, onde não existem evidências 

sintomatológicas. Na presente tese, avançamos no entendimento de vias de sinalização 

associadas com a hipersforforilação da proteína tau envolvendo a disfunção da proteína 

fosfatase 2A e neurotoxicidade do sistema glutamatérgico. Além disso, avaliamos os 

radiofármacos de tomografia de emissão de pósitrons (PET) disponíveis para visualização 

in vivo e não invasiva da fisiopatologia da DA. Finalmente, avaliamos um novo 

biomarcador de PET, o [11C]ABP688, para visualizar flutuações no sistema 

glutamatérgico e avançamos no entendimento do impacto das células gliais no sinal do 

PET [18F]FDG, o radiofármaco mais utilizado na clínica atualmente para visualizar 

metabolismo de glicose cerebral. O [11C]ABP688 pode ser diretamente incluído em 

estudos clínicos e a reconceptualização do [18F]FDG proposta nesta tese pode alterar a 

maneira atual como vemos o metabolismo de glicose na DA e em outras doenças 

neurodegenerativas. Finalmente, nesta tese, avançamos em termos de mecanismos, e no 

contexto da busca por um diagnóstico precoce e acurado da DA.  

Palavras-chave: Doença de Alzheimer; glutamato; proteína fosfatase 2A; taupatia; 

tomografia por emissão de pósitrons. 
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Abstract 

Zimmer, Eduardo Rigon. The involvement of protein phosphatase 2A and 

glutamatergic system in neurodegenerative processes related to Alzheimer’s disease: 

mechanisms and imaging biomarkers. PhD Thesis, Post-graduation Program of 

Biological Sciences: Biochemistry, Universidade Federal do Rio Grande do Sul. Porto 

Alegre, Brazil, 2015.  

Alzheimer's disease (AD) is a progressive neurodegenerative disorder and the most 

prevalent cause of dementia worldwide. The AD pathophysiological features have been 

associated to two main classic neuropathological markers: depositon of β-amyloid 

plaques and formation of neurofibrillary tangles of hyperphosphorylated tau. Due to AD 

complexity, however, additional mechanisms have been proposed as contributors to the 

neurodegenerative process, such as neuroinflammatory changes, altered 

neurotransmission, and synaptic dysfunction. These pathological events seem to precede 

the dementia phase by many years, resulting in a long silent period, i.e., a preclinical 

phase. In this thesis, we advanced in the understanding of signaling pathways associated 

with tau hyperphosphorylation, which includes dysfunction of protein phosphatase 2A 

(PP2A) and glutamatergic neurotoxicity. Furthermore, we underscored 

radiopharmaceuticals currently available for imaging AD pathophysiology in vivo and 

non-invasively with positron emission tomography (PET). Finally, we evaluated a new 

PET biomarker, [11C]ABP688, for visualizing glutamatergic fluctuations and advanced in 

the understating   of how glial cells contribute to the [18F]FDG signal, the widely used 

radiopharmaceutical in clinical settings for visualizing cerebral glucose metabolism. Our 

findings have high translational value and direct impact in clinical settings, which can 

potentially alter the way we interpret glucose metabolism in AD and other 

neurodegenerative disorders. In summary, in this thesis, we have advanced in terms of 

molecular mechanisms, and in the use of PET biomarkers toward an early and accurate 

diagnosis of AD.  

Keywords: Alzheimer’s disease; glutamate; positron emission tomography; protein 

phosphatase 2A; tauopathy.  
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Lista de abreviaturas 

[11C]PIB [11C] Composto B de Pittsburgh  

[18F]FDG [18F] Fluoro-deoxi-glicose 

AMPA  Alfa-amino-3-hidroxi-metil-5-4-isoxazolpropiónico   

APP   Proteína precursora de amilóide  

Aβ   β-amilóde 

CAT   Catalase  

CDK5  Ciclina dependente de cinase 5 

CN   Cognitivamente normal 

DA   Doença de Alzheimer  

EPM    Labirinto em cruz elevado   

FDA   Food and Drug Administration  

FTDs   Demências frontotemporais  

GLAST  Transportador Glutamato-aspartato  

GLT-1  Transportador de Glutamato Tipo 1 

GM  Substância cinzenta 

GSH-Px  Glutationa peroxidase   

GSK-3β  Glicogênio sintase cinase 3-beta  

ICV   Intracerebroventricular    

IH   Intrahipocampal  

KA   Cainato 

IL-1   Interleucina 1   

IL-6   Interleucina 6   
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LCR    Líquido cefalorraquiano  

LDB    Teste do claro-escuro   

MAP    Proteína associada de microtúbulo  

MARK  Proteína reguladora associada a microtúbulo   

MCI   Declínio cognitivo leve  

mGluR  Receptores metabotrópicos de glutamato  

MRI    Imagem por ressonância magnética   

MWM  Labirinto aquático de Morris   

NFTs   Emaranhados neurofibrilares  

NIH    National Institutes of Health 

NMDA  N-metil D-Aspartato 

OKA   Ácido ocadáico 

P-tau    Tau fosforilada   

PET    Tomografia por emissão de pósitrons 

PKA    Proteína cinase dependente de cAMP   

PP2A   Proteína fosfatase 2A   

PS1  Presenilina 1   

PS2  Presenilina 2 

sAPPα  Fragmento solúvel da proteína precursora de amilóide  

Ser    Serina  

SNC    Sistema nervoso central 

SOD   Superóxido Dismutase 

t-tau    Tau total 
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TNF-alfa  Fator tumoral de necrose alfa   

Tre    Treonina   

TSPO   Proteína translocadora de 18 kDa   

WM  Substância branca  
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Introdução 

O envelhecimento é um fenômeno natural que pode ser definido como as 

alterações biológicas de um determinado organismo em função do tempo. Este processo 

favorece a danificação de moléculas, células e tecidos, e ultimamente leva a fragilidade e 

morte (Heemels, 2010). Neste sentido, o aumento da expectativa de vida da população 

tem sido associado aos avanços na medicina e a processos evolutivos (Vaupel, 2010). De 

fato, segundo o Global AgeWatch dados de 2012 demonstram que cerca de 11% da 

população mundial tem mais de 60 anos. Estima-se que em 2030 este número chegue a 

16%, e a massivos 22% da população em 2050, ou seja, cerca de 2,3 bilhões de pessoas 

com mais de 60 anos (http://www.helpage.org/global-agewatch/). É importante ressaltar 

que o envelhecimento é um dos principais fator de risco para o desenvolvimento de 

diversas patologias, que incluem o câncer e doenças cardiovasculares.  

Entretanto, os maiores mistérios do envelhecimento se concentram nas alterações 

produzidas no sistema nervoso central (SNC). Neste sentido, estudos clínicos de grande 

escala estão em andamento, entre eles o Harvard Aging Brain Study 

(http://nmr.mgh.harvard.edu/lab/harvardagingbrain) e A4 study (http://a4study.org), e 

tem como principal objetivo entender o envelhecimento normal do cérebro e identificar 

pacientes em risco de desenvolver doenças neurodegenerativas, como a doença de 

Alzheimer (DA). Neste sentido o foco total é na DA, pois ela é responsável por mais de 

50% de todos os casos de demência e caminha a passos largos para números considerados 

epidêmicos, assim sendo, um dos maiores desafios globais na área da saúde (Alzheimer's, 

2015). 
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A doença de Alzheimer 

A DA foi descrita a mais de um século atrás, em 1906, pelo Psiquiatra alemão 

Alois Alzheimer na 37a Reunião dos Psiquiatras do Sudoeste Alemão (do inglês 37th 

Assembly of Southwest German Psychiatrists) em Tubingen. A palestra do Dr. Alzheimer  

intitulada “Uma doença característica do Córtex Cerebral” (do inglês A Charateristic 

Disease of the Cerebral Cortex) descrevia os sintomas de Auguste Deter (figura 1a), 

uma mulher de 51 anos que exibia declínio cognitivo progressivo, alucinações e 

incompetência psicossocial. A autopsia do cérebro de Auguste Deter revelou a deposição 

evidente de “substâncias peculiares” espalhadas pelo córtex cerebral (figura 1b) (Jucker 

et al., 2006).  

 

  

 

 

 

 

 

Figura 1. Auguste Deter e a “substância peculiar” no córtex. a) Retrato de Auguste Deter com 51 anos. 

b) Desenhos feitos com auxílio da câmera lúcida1 da substância peculiar depositada no córtex de Auguste 

Deter. Figuras adaptadas de (Jucker et al., 2006). 

 Abaixo uma tradução do caderno de anotações do Dr. Alzheimer em uma de suas 

consultas com a paciente Auguste Deter (trecho adaptado de (Jucker et al., 2006)): 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
1

Câmera lúcida: dispositivo óptico utilizado para auxiliar artistas durante o desenho, que foi descrito em 1611 por Johannes Kepler. 
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“Anotação do Dr. Alzheimer: Ela se sentou na sua cama com uma expressão de 

impotência. 

 Dr. Alzheimer: Qual o seu nome?  

 Auguste Deter: Auguste. 

 Dr. Alzheimer: Sobrenome?  

 Auguste Deter: Auguste.  

 Dr. Alzheimer: Qual o nome do seu marido? 

 Auguste Deter: Auguste, eu acho.” 

Atualmente as chamadas “substâncias peculiares” encontradas no cérebro de 

Auguste Deter são as principais características neuropatológicas da DA: a deposição de 

placas de beta(β)-amilóide e a formação de emaranhados neurofibrilares (NFTs, do inglês 

neurofibrillary tangles) (Nisbet et al., 2015; Thal et al., 2015). Segundo a hipótese da 

cascata de amilóide, acredita-se que a DA é um processo iniciado pela acúmulo de placas 

de β-amilóide que desencadeia uma cascata de processos neurodegenerativos (Hardy e 

Higgins, 1992; Hardy e Selkoe, 2002). Atualmente, acredita-se que estes processos 

fisiopatológicos estejam relacionados com a progressão dinâmica do quadro clínico da 

DA, onde um paciente assintomático passa por uma fase de declínio cognitivo leve (MCI, 

do inglês mild cognitive impairment) e finalmente chega a demência (Dubois et al., 

2010). 

A forma genética da DA, que acomete menos de 5% dos pacientes antes dos 65 

anos, corrobora a hipótese da cascata de amilóide, e é causada por mutações patogênicas 

em genes envolvidos no metabolismo da proteína precursora de amilóide (APP, do inglês 

do amyloid precursor protein). De fato, mutações nos genes APP e presenilinas 1 (PS1) e 

2 (PS2) causam uma deposição agressiva de placas de β-amilóide (Wu et al., 2012). O 

tipo mais comum da DA, chamada de esporádica, tem causa multifatorial e não apresenta 
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mutações nos genes citados acima. Na DA esporádica, a idade é o maior fator de risco, 

afetando normalmente pacientes com mais de 65 anos (Goedert e Spillantini, 2006). Os 

mecanismos envolvidos na DA esporádica parecem ser muito mais complexos e ainda 

não foram precisamente elucidados. 

 

Mecanismos envolvidos na doença de Alzheimer 

Nas seções seguintes vamos discutir brevemente os principais mecanismos 

moleculares já descritos e seu envolvimento na fisiopatologia da DA. Mais 

especificamente, discutiremos os marcadores neuropatológicos clássicos (β-amilóide e os 

NFTs), processos neuroinflamatórios e vias de sinalização envolvidas na disfunção 

sináptica na DA. 

 

A deposição de β-amilóide 

Avanços recentes mapearam mecanismos relacionados com a deposição 

extracelular de placas de β-amilóide. As placas de β-amilóide são a conformação final do 

processo amiloidogênico iniciado pela quebra da APP pela ação sequencial de duas 

secretases: β-secretase e γ-secretase, que levam a formação de peptídeos de β-amilóde 

(Aβ), sendo os mais comuns o Aβ1-40 e o Aβ1-42 (Nunan e Small, 2000). Estes peptídeos 

de Aβ sofrem processos de oligomerização e finalmente de fibrilogênese formando placas 

maduras e insolúveis de β-amilóide. Atualmente, acredita-se que os oligômeros de Aβ 

são as formas mais tóxicas de  β-amilóide e parecem orquestrar a disfunção sináptica na 

DA (Haass e Selkoe, 2007). Baseado em estudos recentes, os oligômeros de Aβ parecem 

interagir com um complexo de receptores pós-sinápticos que incluem o receptor 
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glutamatérgico N-metil-D-Aspartato (NMDA) e o receptor metabotrópico de glutamato 5 

(mGluR5), porém estes mecanismos ainda não foram precisamente elucidados (Benilova 

e De Strooper, 2011). Cabe salientar a existência de uma via denominada não-

amiloidogênica, onde a quebra sequencial da APP é feita sequencialmente pela α-

secretase e pela γ-secretase, liberando no meio extracelular um fragmento solúvel 

(sAPPα, do inglês soluble amyloid precursor protein α) que não forma placas (Suh e 

Checler, 2002).  

Acredita-se que o processo de deposição de β-amilóide pela via amiloidogênica 

leve a diversos mecanismos de neurodegeneração associados a formação de emanharados 

neurofibrilares contendo a proteína tau hiperfosforilada, e ultimamente desencadeia 

disfunção sináptica associada a morte celular (figura 2).  

 

 

  

 

 

 

 

 

 

 

Figura 2. Atual hipótese da cascata β-amilóide. Representação atualizada dos processos 

neurodegenerativos iniciados pelo acúmulo de β-amilóide, que induzem processos neurodegenerativos, e 

ultimamente levam a demência. Figura adaptada de (Haass e Selkoe, 2007). 
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  Reduced À  degradation/clearance

Oligomerization of À 42 and initial
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A proteína tau 

A tau é uma proteína associada aos microtúbulos (MAPs, do inglês microtubule 

associated proteins) que fisiologicamente é uma das responsáveis pela manutenção da 

estabilidade do citoesqueleto (Williams, 2006). Resíduos de serina (Ser) e treonina (Tre) 

aceptores de fosfato, alvos de diversas proteínas cinases2, são os principais reguladores da 

função da tau (Buee et al., 2000). Neste sentido, quatro cinases são consideradas 

reguladoras chave da fosforilação de tau: glicogênio sintase cinase 3-beta (GSK-3β, do 

inglês glycogen synthase kinase 3β), ciclina dependente de cinase 5 (CDK5, do inglês 

cyclin-dependent kinase 5), proteína cinase dependente de cAMP (PKA, do inglês cAMP-

dependent protein kinase) e proteína reguladora associada a microtúbulo (MARK, do 

microtubule-affinity-regulating-kinase). Além de mediar a estabilidade do citoesqueleto, 

a fosforilação da proteína tau está envolvida em diversos processos que incluem 

plasticidade neuronal e sinalização intraneuronal (Johnson e Stoothoff, 2004; Gendreau e 

Hall, 2013). O ajuste fino da fosforilação de tau também depende da atividade de 

proteínas fosfatases3, em particular da proteína fosfatase 2A (PP2A, do inglês protein 

phosphatase 2A). A PP2A é a mais abundante proteína fosfatase do cérebro, e a mais 

envolvida na defosforilação dos sítios aceptores da proteína tau (cerca de 70%) (Gong e 

Iqbal, 2008).  

A fosforilação exacerbada da proteína tau leva a instabilidade dos microtúbulos e 

neurodegeneração, e é um dos eventos neuropatológicos bem estabelecidos na DA. Mais 

especificamente, a hiperfosforilação dos resíduos Ser199/Ser202/Thr205 (AT8), 

Tre212/Ser214/Thr217 (AT100), Tre231/235 (AT180) e Ser396/Ser404 (PHF-1) é 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
2 Proteína cinase: enzima que transfere grupos fosfatos de moléculas doadoras para moléculas-alvo específicas (aceptores).   
3!Proteína fosfatase: enzima que remove grupamentos fosfato de moléculas-alvo específicas.!
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invariavelmente um processo patológico e dá origem aos depósitos intracelulares 

chamados de NFTs (Augustinack et al., 2002; Ballatore et al., 2007; Spires-Jones et al., 

2009) (figura 3). A agregação da proteína tau, é uma característica encontrada não só na 

DA mas em diversas outras doenças neurodegenerativas que incluem as demências 

frontotemporais (FTDs, frontotemporal dementias), e são denominadas taupatias.  

Além do β-amilóide, diversos mecanismos parecem induzir a hiperfosforilação 

patológica da proteína tau (Inestrosa e Arenas, 2010; Tu et al., 2014). Entre eles, está a 

atividade reduzida da PP2A, que é um característica fisiopatológica comumente 

encontrada no cérebro de pacientes na DA e em outras taupatias (Gong et al., 1993; Gong 

et al., 1995; Arif et al., 2014). Neste sentido, evidências experimentais com o uso de uma 

neurotoxina que inibe a atividade da PP2A, chamada de ácido ocadáico (OKA, do inglês 

okadaic acid), demonstraram que a inibição da PP2A é capaz de replicar diversos 

processos fisiopatológicos relacionados a hiperfosforilação da proteína tau, que incluem 

estresse oxidativo cerebral e declínio cognitivo em modelos experimentais (Tian et al., 

2004; Zhang e Simpkins, 2010; Kamat et al., 2011; Zimmer et al., 2012). 

 

 

 

 

 

 

 

Figura 3.  Hiperfosforilação da proteina tau. A hiperfosforilação da proteína tau desestabiliza os 

microtúbulos, liberando filamentos helicais emparelhados compostos de tau hiperfosforilada, que 

ultimamente formam os emaranhados neurofibrilares (NFTs). Adaptado de (Brunden et al., 2009). 
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   Na DA, a propagação cerebral dos NFTs constituídos de tau hiperfosforilada tem 

um padrão bem definido que foi descrito pelos anatomistas Heiko Braak e Eva Braak. O 

chamado estagiamento de Braak (do inglês Braak staging) define a deposição de NFTS 

em seis estágios: da camada trans-entorrinal (estágios I-II) via regiões límbicas (estágios 

III-IV) para áreas isocorticais (estágios V-VI) (Braak e Braak, 1991). É importante 

ressaltar que diversos estudos demostram uma significante correlação linear entre a 

propagação dos agregados de proteína tau e a severidade da DA, ou seja, com o grau de 

declínio cognitivo, disfunção sináptica e atrofia cerebral (Arriagada et al., 1992; 

Guillozet et al., 2003; Hampel et al., 2005). 

 

Neuroinflamação 

Além das características neuropatológicas clássicas da DA, muitos estudos têm 

apontado para processos neuroinflamatórios como coadjuvantes importantes na 

progressão da DA. O envolvimento de processos inflamatórios foi primeiramente descrito 

pela presença de fatores de complemento, como o C1q, C4 and C3, encrustrados nas 

placas de β-amilóide (Eikelenboom e Stam, 1982; Eikelenboom et al., 1989). Logo após, 

ativação microglial e elevados níveis de interleucina 1 (IL-1) foram encontrados em 

pacientes com DA (Griffin et al., 1989; Eikelenboom e Van Gool, 2004). Atualmente, 

sabe-se que a ativação das células astrogliais – microglia e astrócitos – e a liberação de 

citocinas inflamatórias como o IL-1,  interleucina 6 (IL-6) e o fator tumoral de necrose 

alfa (TNF-alfa, do inglês tumor necrosis factor alpha) são respostas inflamatórias 

presentes durante toda a progressão da DA (Akiyama et al., 2000; Ferreira et al., 2014). 

Além disso, diversos estudos demonstram que os depósitos de placas de β-amilóide e 



!

! !15!

NFTs estão comumente cercados de células gliais ativadas ou reativas (Serrano-Pozo et 

al., 2011; Serrano-Pozo et al., 2013).  

De fato, apesar de estar bem estabelecido que estes processos inflamatórios fazem 

parte da fisiopatologia da DA, ainda não se sabe ao certo se são processos benéficos ou 

prejudiciais. Acredita-se que a inflamação no início da doença seja uma reação adaptativa 

com finalidade de proteger a integridade cerebral (Wyss-Coray e Mucke, 2002), enquanto 

a inflamação crônica parece exacerbar o processo neurodegenerativo (Mrak e Griffin, 

2005; Hoozemans et al., 2011). Neste sentido, estudos sugerem que a inflamação cerebral 

crônica pode contribuir para a quebra da homeostasia na sinapse glutamatérgica tripartite, 

e subsequentemente exacerbar eventos neurotóxicos (Schaeffer e Gattaz, 2008; Fuller et 

al., 2010).  

 

Neurotransmissão glutamatérgica 

O glutamato é o principal neurotransmissor excitatório cerebral em mamíferos e 

está envolvido em funções cerebrais fisiológicas, como desenvolvimento, plasticidade 

sináptica, migração celular e diferenciação (Danbolt, 2001). Uma vez liberado pelas 

vesículas sinápticas, o glutamato age na fenda sináptica pela sua interação com receptores 

metabotrópicos e inotrópicos (Hollmann e Heinemann, 1994). Os receptores inotrópicos 

– alfa-amino-3-hidroxi-metil-5-4-isoxazolpropiónico (AMPA), cainato (KA) e NMDA – 

são canais iônicos de resposta excitatória rápida, enquanto os receptores glutamatérgicos 

metabotrópicos (mGluR1-8, tipo 1 ao 8) são acoplados a proteína G e exercem um 

importante papel modulatório (Schaeffer e Duplantier, 2010). Como o glutamato não é 

degradado no compartimento extracelular, dois transportadores astrocitários, 
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transportador de glutamato tipo 1 (GLT-1, do inglês glutamate transporter 1) e 

transportador glutamato-aspartato (GLAST, do inglês glutamate-aspartate transporter), 

são responsáveis por removerem o glutamato da fenda sináptica e cessar o estímulo 

excitatório (Danbolt, 2001).  

A disfunção deste mecanismo de controle de transmissão sináptica causa um 

aumento nos níveis de glutamato na fenda sináptica e consequente hiperativação dos 

receptores glutamatérgicos, um processo patológico denominado excitotoxicidade. 

Acredita-se que a excitoxicidade tenha um papel chave em processos neurodegenerativos 

na DA e em outras doenças cerebrais (Mark et al., 2001; Mehta et al., 2013). 

Neste sentido, os oligômeros de β-amilóide parecem interagir com os receptores 

glutamatérgicos e assim desencadear processos excitotóxicos (Paula-Lima et al., 2013). 

Mais especificamente, estudos mostram que os oligômeros de β-amilóide induzem 

abertura do canal inotrópico do receptor NMDA, o que resulta em aumento do influxo de 

cálcio, ativação de vias de sinalização associadas com a fosforilação da proteína tau e 

consequente morte neuronal (Revett et al., 2013). No contexto da DA o receptor 

ionótropico NMDA tem sido o mais explorado nos últimos anos. Este receptor é um 

tetrâmero formado por subunidades GluN1, GluN2 (A/B/C/D) e GluN3 (A/B) (Schoepfer 

et al., 1994; Cull-Candy et al., 2001). O receptor NMDA é o alvo molecular da 

memantina, uma droga aprovada pelo Food and Drug Administration (FDA) para o 

tratamento da DA. Mais especificamente, o mecanismo de ação da memantina envolve 

um bloqueio de baixa afinidade do canal iônico do receptor NMDA, e age somente 

quando o mesmo está aberto (figura 4). Isto leva a um bloqueio parcial do  
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Figura 4. Mecanismo de ação da mematina. O mecanismo de ação da mematina envolve o bloqueia do 

canal ionico do receptor NMDA quando o receptor está ativado. Figura original baseada em (Lipton e 

Chen, 2004).  

influxo!excessivo!de!cálcio!decorrente!da!abertura!exacerbada!do!canal!iônico,!mas!

ao! mesmo! tempo é capaz de manter a atividade do receptor em níveis fisiológicos 

(Johnson e Kotermanski, 2006; Lipton, 2007). A memantina produz uma melhora global 

nos aspectos comportamentais e cognitivos dos pacientes com DA (Winblad e Poritis, 

1999; Reisberg et al., 2003; Tariot et al., 2004; Peskind et al., 2006; Van Marum, 2009). 

Porém, ela não consegue retardar ou impedir a progressão da DA. De fato, acredita-se 

que um dos fatores responsáveis pela falta de estratégias terapêuticas efetivas para o 

tratamento da DA é a ausência de uma diagnóstico acurado e precoce. 

 

Biomarcadores 

O diagnóstico definitivo da DA por muito tempo se ateve a busca dos agregados 

de β-amilóide e tau em tecido cerebral de pacientes post-mortem (Mckhann et al., 1984). 

Cerca de uma década atrás, foi publicado o primeiro estudo demonstrando placas de β-

amilóide in vivo com a utilização do radiofármaco denominado Composto B de 

Pittsburgh ([11C]PIB, do inglês Pittsburgh Compound B) via neuroimagens com 
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tomografia por emissão de pósitrons (PET, do inglês Positron emission tomography) 

(Klunk et al., 2004). Nos anos seguintes o uso deste biomarcador de imagem trouxe 

avanços sem precedentes em termos de diagnóstico da DA. Neste sentido, cabe salientar 

a natureza progressiva da DA e o fato de que as alterações fisiopatológicas começam 

muitos antes do aparecimento dos sintomas (Reiman et al., 2012; Jack et al., 2013b). De 

fato, duas meta-análises recentemente publicadas sugerem que o depósito de β-amilóde 

precede os primeiros sintomas clínicos na DA em cerca de 30 anos (Jansen et al., 2015; 

Ossenkoppele et al., 2015). Dado o exposto, acredita-se que o uso de biomarcadores é a 

melhor estratégia para um melhor entendimento da DA antes do sintomas, o que 

potencialmente pode levar a um diagnóstico precoce.  

 

O uso de biomarcadores na doença de Alzheimer 

De acordo com o grupo de estudos de biomarcadores do National Institutes of 

Health (NIH) nos EUA, biomarcadores são características que podem ser medidas e 

avaliadas objetivamente como um indicador de um processo biológico normal, processo 

patológico, ou resposta farmacológica a uma intervenção farmacêutica (Biomarkers 

Definitions Working, 2001). Na DA, os biomarcadores foram definidos como 

ferramentas capazes de detectar características clássicas da DA de maneira precisa e 

confiável (Consensus report of the Working Group on: "Molecular and Biochemical 

Markers of Alzheimer's Disease". The Ronald and Nancy Reagan Research Institute of 

the Alzheimer's Association and the National Institute on Aging Working Group, 1998). 

Atualmente duas modalidades de biomarcadores são as mais utilizadas: biomarcadores de 

fluído, que envolvem a análise bioquímica de sangue ou líquido cefalorraquiano (LCR); e 
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biomarcadores de imagem, que incluem o PET e a imagem por ressonância magnética 

(MRI, do inglês magnetic resonance imaging). Estes biomarcadores impulsionaram 

estudos clínicos de grande escala de caráter longitudinal e multimodal, como o 

Dominantly Inherited Alzheimer Network (DIAN, http://dian-info.org/) e o Alzheimer’s 

Disease Neuroimaging Initiave (ADNI, http://adni.loni.usc.edu/), que visam definir a 

progressão da DA, avançar em um diagnóstico precoce e desvendar novos alvos 

terapêuticos analisando uma vasta gama de biomarcardores de imagem e fluído em 

associação com testes neuropsicológicos. Levando em consideração a fisiopatologia da 

DA, estes biomarcadores podem ser divididos em duas classes: biomarcadores de β-

Amilóide e biomarcadores de neurodegeneração (Jack et al., 2010). Nas próximas seções 

discutiremos os principais biomarcadores utilizados na DA e o advento de modelos 

hipotéticos que visam explicar a progressão da DA em função da análise de 

biomarcadores. 

 

Biomarcadores de β-Amilóide 

Existem dois tipos principais de biomarcadores de β-Amilóide: análises 

bioquímicas de LCR que medem os produtos da quebra do APP e a tecnologia de PET 

que quantifica a deposição de placas de β-Amilóide no cérebro por imagem (Blennow et 

al., 2015).  

Diversos produtos envolvidos na via amiloidogênica do APP podem ser 

quantificados, porém o mais estudado até o momento é o Aβ1-42 (Blennow et al., 2015). 

De fato, os níveis de Aβ1-42 no LCR chegam a estar 50% reduzidos na DA (Blennow e 

Vanmechelen, 2003). Apesar dos níveis de Aβ1-40 (que é quase 10 vezes mais abundante 
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no LCR do que Aβ1-42) não estarem alterados na DA, razão entre os níveis de Aβ1-42/Aβ1-

40 no LCR têm sido proposta como uma estratégia ainda mais sensível em termos de 

diagnóstico, pois ela balanceia a variabilidade interindividual na produção total de Aβ, ou 

seja, evita falso negativo em pacientes que naturalmente produzem pouco Aβ (Hansson et 

al., 2007; Lewczuk et al., 2015).  

Entre os biomarcadores de imagem para β-amilóide, o [11C]PIB é de longe o mais 

estudado. O [11C]PIB apresenta retenção em regiões corticais relacionadas com o 

acúmulo de placas de β-amilóide em pacientes com DA (Klunk et al., 2004; Jack et al., 

2013a). Além do [11C]PIB, diversos radiofármacos para placas de β-amilóide foram 

desenvolvidos com o radioisótopo flúor 18 ([18F]): [18F]florbetapir (Wong et al., 2010), 

[18F]flutemetamol  (Nelissen et al., 2009), [18F]florbetaben (Rowe et al., 2008) e o 

[18F]NAV4694 (Rowe et al., 2013) (figura 5). É importante salientar que estes 

radiofármacos se correlacionam apenas modestamente com o declínio cognitivo, pois se 

ligam somente na estrutura folha-beta (do inglês beta-sheet) de placas maduras de β-

amilóide (Hampel, 2013).  

Esforços têm sido feitos para o desenvolvimento de metodologias não invasivas 

que possam identificar as formas mais tóxicas de β-amilóide, os oligômeros, que 

ofereceriam oportunidades sem precedentes para o monitoramento de terapias e o 

diagnóstico precoce na DA (Viola et al., 2015). 
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Figura 5. Visualização de placas de β-amiloides via PET: A esquerda, a imagem do cérebro de um 

paciente assintomático (cognitively  normal),  no centro, um paciente com declínio cognitivo leve (MCI) e a 

direita, um paciente com demência do tipo Alzheimer (Dementia). Adaptado de (Leuzy et al., 2014c). 

 

Biomarcadores de Neurodegeneração 

Os biomarcadores clássicos de neurodegeneração incluem análises bioquímicas de 

LCR que medem os níveis da proteína tau total (t-tau, do inglês total tau) e fosforilada 

(p-tau, do inglês phosphorylated tau), e tecnologias de imagem como PET e MRI para 

medir o metabolismo de glicose e a atrofia cerebral, respectivamente.  

Os níveis de t-tau e p-tau no LCR são marcadores dinâmicos de dano cerebral e 

correlacionam-se com o estagiamento clínico na DA (Buerger et al., 2002; Samgard et 

al., 2010). Cabe salientar que aumentos de até 300% na concentração de t-tau e p-tau no 

LCR são encontrados em pacientes com DA (Blennow, 2004). Além disso, recentemente 

foram desenvolvidos diversos radiofármacos direcionados para marcar os agregados de 

proteína tau (Zimmer et al., 2014c). É esperado que estes radiofármacos sejam 

rapidamente integrados a estudos clínicos, e a sua utilização tem potencial de revelar 

informações topográficas da propagação in vivo dos NFTs no cérebro. 

O [18F]Fluoro-deoxi-glicose ([18F]FDG) PET, um radiofármaco análogo da 

glicose, tem sido utilizado para estimar o metabolismo de glicose cerebral a mais de 30 
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anos, e nos dias atuais é amplamente utilizado não somente na pesquisa mas também em 

âmbito clínico (Mazzilotta et al., 1981; Silverman, 2004; Toyama et al., 2004). Acredita-

se que a captação de [18F]FDG PET sirva como uma espécie de index metabólico da 

atividade neuronal (Rocher et al., 2003). Pacientes com DA apresentam uma consistente 

redução no consumo de glicose cerebral em regiões corticais específicas particularmente 

nas áreas parietal, temporal e do cingulado posterior (figura 6), e estas reduções 

correlacionam-se com a severidade do quadro clínico (Mosconi, 2005). Além disso, 

estudos recentes demostram que reduções no metabolismo hipocampal de glicose 

(captação de [18F]FDG) parecem predizer a transição de um paciente normal, para MCI  e 

demência na DA (De Leon et al., 2001; Mosconi et al., 2008). 

 

 

 

 

 

 

 

 

Figura 6. Assinatura metabólica via PET. Imagem representativa de [18F]FDG de um paciente 

cognitivamente normal (CN) e um paciente com a DA (AD), mostrando uma característica redução na 

captação de [18F]FDG nos córtices parietal, temporal e posterior cingulado. Figura adaptado de (Schilling et 

al., 2014). 

 Além do PET, a aquisição de imagens por MRI estrutural tem sido utilizada para 

estimar taxas de atrofia cerebral (Frisoni et al., 2010). Na DA, existe um padrão 

estereotipado de atrofia cerebral que começa no córtex entorrinal, hipocampo e córtex 
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posterior cingulado, e é seguido por uma atrofia tardia do neorcortex (temporal, parietal e 

frontal). É importante ressaltar que o grau de atrofia se correlaciona com o declínio 

cognitivo (Scahill et al., 2002; Thompson et al., 2003; Mcdonald et al., 2009). Neste 

sentido, atrofia do hipocampo é a mais evidente, e consegue aumentar o grau de 

sensibilidade do diagnóstico da DA (Horn et al., 1996).  

 

Outros biomarcadores 

Apesar de não específicos, uma vasta gama de biomarcadores atualmente 

disponíveis tem potencial de servir como coadjuvantes no diagnóstico e monitoramento 

da DA. Entre eles estão os radiofármacos para medir ativação microglial, que são 

considerados biomarcadores de neuroinflamação no contexto da DA (Zimmer et al., 

2014b). Além disso, existe uma vasta gama de radiofármacos capazes de identificar 

alterações em sistemas de neurotransmissão com potencial uso o diagnóstico e 

monitoramento da DA (Schilling et al., 2014). É importante salientar mais uma vez que 

apesar de não específicos, estes radiofármacos têm potencial de identificar assinaturas 

topográficas da DA, como é o caso do [18F]FDG, e por isso são de grande interesse.  

Apesar de não fornecem informações topográficas, biomarcadores de LCR 

também podem ajudar na caracterização da DA. Neste sentido, uma pletora de 

marcadores podem ser avaliados. Entre os mais promissores estão biomarcadores 

neuroinflamatórios e de estresse oxidativo (Blennow et al., 2012). Recentemente, dois 

novos biomarcadores de LCR foram propostos: I) ferritina, uma proteína que reflete a 

concentração de ferro no cérebro, e seus níveis parecem predizer a progressão da DA 
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(Ayton et al., 2015); II) d-serina, um co-agonista do receptor NMDA, que parece estar até 

5 vezes mais concentrado no LCR de pacientes com DA (Madeira et al., 2015).  

 

Modelos hipotéticos de biomarcadores 

Estudos anteriores com a utilização destes biomarcadores impulsionaram o 

desenvolvimento de modelos hipotéticos da progressão da DA. Entre eles o de maior 

aceitação é o modelo desenvolvido pelo Dr. Clifford Jack em 2010 e atualizado em 2013  

(Jack et al., 2013b). O chamado modelo hipotético dinâmico de biomarcadores da cascata 

patológica da DA (do inglês, hypothetical model of dynamic biomarkers of the 

Alzheimer’s pathological cascade) propõe a progressão clínica da DA em função da 

magnitude de anormalidades de biomarcadores multimodais (figura 7). 

 
 

 

 

 

 

 

 

Figura 7. Atual modelo hipotético dinâmico de biomarcadores da cascata patológica da DA. 

Anormalidades no metabolismo de β-amiloide podem ser identificado via amilóide-PET ou LCR (Aβ1-42). 

Neurodegeneração relacionada com a proteína tau pode ser analisada por LCR (t-tau e p-tau) e via 

[18F]FDG PET. A atrofia cerebral pode ser avaliada por imagens de MRI estrutural. O declínio cognitivo é 

precedido por um longo e silencioso período onde os biomarcadores de β-amilóide e neurodegeneração já 

se encontram em níveis anormais. Figura adaptada de (Jack et al., 2013b). 
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 Apesar de todos estes avanços em mecanismos e biomarcadores na DA, nenhuma 

estratégia terapêutica consegue impedir a progressão da DA. Neste sentido, se faz 

necessário o aprofundamento do estudo dos mecanismos fisiopatológicos e a busca por 

novos biomarcadores que possam identificar o início da DA, e assim, possivelmente, 

iniciar o tratamento da DA antes do aparecimento dos sintomas. 

Objetivo 

 Investigar mecanismos fisiopatológicos relacionados com a PP2A, a proteína tau 

e o sistema glutamatérgico e avaliar biomarcadores de imagem no contexto da DA. 

Objetivos específicos  

- Investigar os efeitos da inibição da PP2A na fosforilação da tau, sistema 

 glutamatérgico, estresse oxidativo e função cognitiva. 

- Avaliar o potencial preventivo e neuroprotetor da memantina frente a inibição da 

 PP2A. 

- Avaliar os efeitos do tratamento de longo-prazo com memantina em animais 

 saudáveis. 

- Revisar criticamente e propor direções futuras no uso dos radiofármacos 

 atualmente disponíveis para visualização de placas de β –amilóide via PET. 

- Revisar os radiofármacos recentemente desenvolvidos para visualização de NFTs 

 via PET e seu emprego em pesquisas translacionais.  

- Revisar o potencial dos biomarcadores de neuroinflamação via PET como 

 possíveis coadjuvantes no diagnóstico e monitoramento da DA. 

- Avaliar os estudos utilizando biomarcadores de PET em modelos animais 

 transgênicos carregando mutações humanas nos genes APP, PS1 e tau. 
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- Investigar o possível uso do radiofármaco [11C]ABP688 na identificação de 

 anormalidades na neurotransmissão glutamatérgica. 

- Investigar a contribuição dos astrócitos no sinal do PET [18F]FDG. 
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PARTE II 

 Nesta seção os resultados serão apresentados em capítulos. Os capítulos são 

compostos por um breve prefácio seguido de um artigo científico. Os capítulos I-IV 

demonstram os resultados de estudos experimentais desta tese visando o entendimento de 

mecanismos moleculares e alvos terapêuticos na DA. Os capítulos V-IX demonstram os 

estudos visando um maior entendimento dos biomarcadores de imagem a nível clínico no 

contexto da DA. Os capítulos X-XIII demonstram os estudos experimentais com 

microPET com a finalidade de avançar em termos de biomarcadores de imagem.   
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Capítulo II. Pretreatment with Memantine Prevents Alzheimer-Like Alterations Induced 

by Intrahippocampal Okadaic Acid Administration in Rats. 

 No capítulo II apresentamos o artigo publicado no periódico Current Alzheimer 

Research. 

No capítulo anterior (Capítulo I) demonstramos uma série de alterações 

fisiopatológicas envolvidas com a inibição da PP2A. Neste estudo, queríamos investigar 

o envolvimento do sistema glutamatérgico frente a inibição da PP2A. Para isto, 

utilizamos um protocolo de pré-tratamento com memantina seguido de uma infusão 

intrahipocampal de OKA em ratos. O OKA causou um aumento nos níveis de glutamato 

no LCR em conjunto com o aumento do imunoconteúdos de CDK5, p25 (ativador 

patológico de CDK5) e hiperfosforilação de tau, que se refletiram em déficit cognitivo. O 

pré-tratamento com memantina foi capaz de impedir a ação neurotóxica do OKA e 

prevenir o aumento nos níveis de glutamato no LCR, CDK5 e p25, e assim manteve 

integra a memória dos animais submetidos a infusão do OKA. A partir destes resultados 

sugerimos que o sistema glutamatérgico, em especial o receptor NMDA, pode ser um 

alvo para intervenções farmacológicas na DA na longa fase que precede os primeiros 

sintomas de déficit cognitivo. 
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Pretreatment with Memantine Prevents Alzheimer-Like Alterations  
Induced by Intrahippocampal Okadaic Acid Administration in Rats 

Eduardo Rigon Zimmer, Eduardo Kalinine, Clarissa Branco Haas, Vitor Rocco Torrez ,  
Diogo Onofre Souza, Alexandre Pastoris Muller and Luis Valmor Portela* 

Departamento de Bioquímica, ICBS, UFRGS. Programa de Pós Graduação em Ciências Biológicas - Bioquímica. Rua 
Ramiro Barcelos, 2600 anexo, CEP 90035-003, Porto Alegre, RS, Brasil 

Abstract: Cerebral okadaic acid (OA) administration induces Alzheimer’s disease (AD)-like phenotype in rats. Altera-
tions in glutamate levels associated with hyperactivation of cyclin dependent kinase 5 (Cdk5) signaling pathway down-
stream Tau phosphorylation may participate in the genesis of this pathological phenotype. Here, we examined the efficacy 
of memantine (MN) pretreatment on reducing OA-induced AD-like phenotypes in rats. Wistar rats were given daily in-
traperitoneal injections of MN for 3 days and then given an intrahippocampal infusion of OA. Animals were divided into 
four groups: control (CO), MN, OA and MN/OA. Spontaneous locomotion and spatial memory performance were as-
sessed by open field and Morris water maze respectively. Additionally, we measured glutamate levels in the cerebrospinal 
fluid (CSF) and the immunocontent of Cdk5, p35, p25 and phosphorylated Tau (pTauSer199/202) in the hippocampus. Spon-
taneous locomotion did not differ between groups. The OA group showed a significant decrease in spatial memory per-
formance compared to all groups. The OA infusion also increased CSF glutamate levels and the immunocontents of Cdk5, 
p25 and pTauSer199/202 in the hippocampus. Conversely, pretreatment with MN prevented OA-induced spatial memory 
deficits and the increment of CSF glutamate level; which paralleled with normal immunocontents of Cdk5, p25 and pTau-
Ser199/202 proteins. There were positive correlations between spatial memory performance and the neurochemical parame-
ters. In summary, pretreatment with MN prevents spatial memory deficits induced by intrahippocampal OA administra-
tion in rats. The prevention of increase CSF glutamate levels, along with the reduced hippocampal phosphorylation of 
TauSer199/202 by Cdk5/p25 signaling pathway, are the mechanisms proposed to participate in the prophylactic effects of MN 
in this AD-like model. 

Keywords: Alzheimer´s disease, okadaic acid, memantine, glutamate, Cdk5, tau, learning and memory. 

1. INTRODUCTION 

 Alzheimer’s disease (AD) is an aging-associated neu-
rodegenerative disease that causes important structural and 
neurochemical alterations and is associated with the progres-
sive deterioration of cognitive function [1-3]. The neuropa-
thological characterization of AD includes the accumulation 
of senile plaques (deposits of amyloid-!) and the aggregation 
of abnormal filaments of Tau protein into neurofibrillary 
tangles. These pathologies are present in brain regions in-
volved in memory and cognition [4, 5].  
 For many years, acetyl cholinesterase inhibitors were the 
first choice in drugs for the treatment AD, but recently the 
glutamatergic system has also been shown to be a possible 
target for new drug therapies [6, 7]. Glutamate is the major 
excitatory neurotransmitter in the brain and plays fundamen-
tal roles in neurodevelopment, neuronal survival and in 
learning and memory processes through its interactions with 
ionotropic (AMPAr, KAr and NMDAr) and metabotropic 
 
*Address correspondence to this author at the Departamento de Bioquímica, 
ICBS, UFRGS, Rua Ramiro Barcelos, 2600 anexo, CEP 90035-003, Porto 
Alegre, RS, Brasil; Tel: 55 51 33085558; Fax: 55 51 33085544; 
E-mail: roskaportela@gmail.com 

receptors (mGluR) [8-10]. However, high amounts of gluta-
mate in the synaptic cleft may cause receptor hyperactivation 
and neuronal death by excitotoxicity [11]. In this context, the 
N-methyl-D-aspartate receptor (NMDAr), a heterodimeric 
calcium ion channel, exerts a major role in a variety of neu-
rodegenerative disorders, including AD [12, 13]. Excessive 
calcium influx through the ion channel activates the signal-
ing pathways involved in neurodegeneration [10]. The cyclin 
dependent kinase (Cdk5) signaling pathway is physiologi-
cally regulated by p35 or p39 proteins. However, under con-
ditions of high intracellular calcium concentrations, p35 is 
cleaved by calpain into p25. This cleavage allows the forma-
tion of the complex Cdk5/p25, which causes downstream 
aberrant phosphorylation of Tau. Indeed, several lines of 
evidence have associated the Cdk5 pathway with AD patho-
genesis [14-16]. 
 Memantine (MN), a non-competitive antagonist with a 
low affinity for the NR2B subunit of NMDAr, has been used 
in the treatment of AD to delay neurodegenerative processes 
and improve cognitive function [17-21]. The mechanism of 
MN action involves the blockade of an excessive influx of 
calcium through the NMDA receptor caused by glutamate 
hyper stimulation [22]. Recently, a pretreatment protocol 
with MN was shown to reverse neurochemical and behav-
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ioral alterations caused by an ischemic insult in rats [23]. 
Furthermore, when administered post-insult, MN improved 
the spatial memory deficit caused by a bilateral injection of 
okadaic acid (OA) [24]. These data provide support to the 
idea that MN could be used in prophylactic protocols to di-
minish the harmful effects of glutamate excitotoxicity in 
experimental models of neurological diseases.  

 
Fig. (1). Experimental Model. Animals received a daily intraperi-
toneal (i.p.) injection of MN (20 mg/kg) or saline (NaCl, 0.9%) 
over 3 consecutive days. On the third day, an intrahippocampal 
(i.h.) infusion of okadaic acid (100 ng) or saline (NaCl 0.9%) was 
made into the right hemisphere in the CA1. By the third day post-
surgery, rats were considered suitable for behavioral experiments. 
After the in vivo experiments we choose randomly 6 animals per 
group for the neurochemical assays. 

 The intracerebral administration of OA causes a selective 
inhibition of the serine/threonine phosphatase 1(PP1) and 2A 
(PP2A) and exacerbates kinase activities [25]. This imbal-
ance in phosphorylation/ dephosphorylation status induces 
AD-like phenotype including cognitive deficits, and hyper-
phosphorylation of NMDAr receptor subunits and Tau pro-
tein [16, 26-28]. Tau is a major microtubule-associated pro-
tein whose hyperphosphorylated form is considered one of 
the hallmark alterations reported in neurons of Alzheimer’s 
disease patients. The increase in Tau phosphorylation is be-
lieved to cause neuronal death by destabilization of the cy-
toskeleton, disruption of axonal transport, microglial activa-
tion, mitochondrial dysfunction and increased generation of 
reactive oxygen species [24, 29-31]. 
 This study aimed to investigate whether the prophylactic 
use of MN is capable of preventing AD-like phenotype in-
duced by OA in rats. Our data demonstrate that MN pre-
vented spatial memory deficits through the modulation of 
brain glutamate levels and phosphorylation of Tau by 
Cdk5/p25 signaling pathway.  

2. MATERIAL AND METHODS 

2.1. Animals 

 Male Wistar rats (400-500 g), 4-5 months old, were ob-
tained from the State Foundation for Health Science Re-
search (FEPPS, Porto Alegre/RS, Brazil). Animals were 

placed into a controlled temperature room (22 ºC) under a 12 
h light/12 h dark cycle (lights on at 7 am) and had free access 
to food and water. A total of fifty-nine (n=59) rats were di-
vided into four groups: control (CO, n=17), memantine 
(MN,n=14), okadaic acid (OA,n=14) and memantine/okadaic 
acid (MN/OA, n=14). To avoid social isolation, we kept 4 
animals per cage [32]. All behavioral tests were performed in 
normal cycle between 9:00 a.m. and 5:00 p.m. All experi-
ments were in agreement with the Committee on the Care 
and Use of Experimental Animal Resources, UFRGS, Brazil. 

2.2. Drugs 

 Memantine (Ref. M-9292, Sigma, USA) and okadaic 
acid (Ref. O8010, Sigma, USA) were dissolved in saline 
(NaCl, 0.9%) at a concentration of 20mg/ml and 50ng/!L, 
respectively.  

2.3. Treatment and Surgical Procedure 

 Animals received a daily intraperitoneal (i.p.) injection of 
memantine (20 mg/kg) or saline (NaCl, 0.9%) over 3 con-
secutive days. The dose of MN was based on work where 
MN was shown to prevent neural damage caused by focal 
ischemia in rats [23]. In addition, Abdel-Aal et al. 2011 re-
ported that sixty days of daily MN (20 mg/kg) administration 
in rats prevented aluminum-induced cognitive deficits and 
did not cause alterations in motor integrity and coordination 
[33]. On the third day of MN injections, animals were anes-
thetized by an i.p. injection of ketamine (Cetamin, Schering-
Plough Coopers, Brazil, 100 mg/kg body weight) and xy-
lazine (Coopazine, Syntec, Brazil, 10 mg/kg body weight). 
An intrahippocampal (i.h.) infusion of 2uL okadaic acid (100 
ng) or saline (NaCl 0.9%) was made into the right hemi-
sphere in the CA1 region at the following coordinate loca-
tion, with reference to bregma: A -3.6, L 2.0, and V 2.4 [34, 
35]. This dose of OA was reported to cause spatial learning 
impairment and hippocampal neurodegeneration in rats [36]. 
Furthermore, the same dose also caused pyramidal cell loss 
in the CA1 neurons by apoptosis, similar to those observed 
in neurodegenerative diseases, like AD [37]. By the third day 
post-surgery, rats showed normal food intake, water con-
sumption and spontaneous locomotion in the cage and were 
considered suitable for in vivo experiments. 

2.4. Open Field Task 

 The open field test is commonly used to evaluate sponta-
neous locomotor activity. The apparatus for this test was a 
circular black box with a 60 cm diameter and a 50 cm height. 
The experiments were conducted in a sound-attenuated room 
under low-intensity light (12 lx). The rats (n=10 per group) 
were placed in the center of the arena and spontaneous lo-
comotion, exploratory activity and anxiety-like behavior was 
recorded with a video camera for 10 min. In order to analyze 
anxiety-like behavior, we created a virtual central circular 
zone (30 cm of diameter) using the analysis software (for 
review, see Prut et al. 2003 [38]). Animals that spent less 
time in central zone were considered to display anxiety-like 
behavior. All analyses were performed using a computer-
operated tracking system (Any-maze, Stoelting, Woods Dale, 
IL). 
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2.5. Morris Water Maze Task 

 To evaluate spatial memory, we conducted the Morris 
water maze task (MWM), as described by Muller et al. 2010 
[39]. The apparatus was a black circular pool with a 190 cm 
diameter and 70 cm height and the water temperature was 
maintained at 21 ± 1 °C. Rats (CO: n= 17, MN n=14, OA: 
n=14 and MN/OA: n=14) were trained daily in a 4-trial wa-
ter maze task up to 4 consecutive days. Each trial lasted up to 
60 s, including 20 s of rest on a hidden black platform. Dur-
ing training, the animals learned to escape from the water by 
finding a hidden black platform submerged about 2 cm be-
low the water surface in a fixed location. If an animal failed 
to find the platform in 60 s, it was removed from the water, 
gently placed on the platform and allowed to rest for 20 s. 
Rats were returned to their home cages immediately after 
each daily training session. The maze was located in a well-
lit white room with several visual stimuli hanging on the 
walls to provide spatial cues. Escape latency was defined as 
the time to find the platform during each trial and was used 
as an indicator of learning. A probe test without the platform 
was performed on the fifth day, and the time spent in the 
target quadrant was used as an indicator of memory reten-
tion.  

2.6. Cerebrospinal Fluid (CSF) Sampling 

 On the 11th day, after the last MWM session, rats (n=6 
per group) were anesthetized with ketamine (Cetamin, 
Schering-Plough Coopers, Brazil, 100 mg/kg body weight) 
and xylazine (Coopazine, Syntec, Brazil, 10 mg/kg body 
weight) and placed in a stereotaxic apparatus. The CSF was 
collected (40 to 80 !L) by direct puncture of the cisterna 
magna with an insulin syringe (27 gauge ! 1/2-inch length) 
and stored at - 80 °C. Samples with blood contamination 
were discarded.  

2.7. High-Performance Liquid Chromatography (HPLC) 
Procedure 

 HPLC was performed to measure glutamate levels in the 
aliquots obtained from the CSF cell-free supernatants. The 
measurement was performed as previously described 
(Schmidt et al., 2009). Analyses were performed with the 
Shimadzu Class-VP chromatography system, which con-
sisted of a quaternary gradient pump with vacuum degassing 
and piston desalting modules, a Shimadzu SIL-10AF auto- 
injector valve with a 50 mL loop and a UV detector (Shima-
dzu, Kyoto, Japan). Separations were achieved on a Supelco 
250 mm ! 4.6 mm, 5 "m particle size column (Supelco, St 
Louis, MO, USA). The mobile phase flowed at a rate of 1.2 
mL/min, and the column temperature was 24 °C. The buffer 
composition remained unchanged (Buffer A: 150 mmol/L 
phosphate buffer, pH 6.0, containing 150 mmol/L potassium 
chloride; Buffer B: 15% acetonitrile in Buffer A). The gradi-
ent profile was modified to the following content of Buffer B 
in the mobile phase: 0% at 0.00 min, 2% at 0.05 min, 7% at 
2.45 min, 50% at 10.00 min, 100% at 11.00 min, and 0% at 
12.40 min. Samples of 10 "l were injected into the injection 
valve loop. Absorbance was read at 360 and 455 nm (emis-
sion and excitation, respectively). CSF glutamate levels are 
expressed as the mean ± SEM in micromoles. 

2.8. Western Blotting 

 For Western blot analysis, we used ipsilateral hippocam-
pus (n=6 per group). Hippocampal homogenates were pre-
pared in PIK buffer (1 % NP-40, 150 mM NaCl, 20 mM 
Tris, pH 7.4, 10 % glycerol, 1 mM CaCl2, 1 mM MgCl2, 400 
!M sodium vanadate, 0.2 mM PMSF, 1 !g/ml leupeptin, 1 
!g/ml aprotinin, and 0.1 % phosphatase inhibitor cocktails I 
and II from Sigma-Aldrich) and centrifuged. Supernatants 
were collected and the total protein was measured using Pe-
terson’s method [40]. Samples containing 40 "g of protein 
from the hippocampal homogenate were separated by elec-
trophoresis on a polyacrylamide gel and electrotransferred to 
PVDF membranes. Protein bands within each sample lane 
were compared to standard molecular weight markers (Preci-
sion Plus Protein™ Dual Color Standards #161-0374), which 
were used to identify the molecular weight of protein of in-
terest. We performed at least 3 replicate gels for each sample 
of the same animals. Non-specific binding sites were blocked 
with Tween–Tris buffered saline (TTBS, 100 mM Tris–HCl, 
pH 7.5) with 5% albumin for 2 h. Samples were incubated 
overnight at 4 oC with monoclonal and polyclonal primary 
antibodies against Cdk5 (Cell Signaling Technology, 
1:1000), p25/35 (Cell Signaling Technology) pTauser199/202 
(Invitrogen, 1:1000), Tau (Santa Cruz, 1:500) and actin 
(Sigma, 1:5000). Following primary antibody incubation, the 
membranes were incubated with secondary antibodies (anti-
rabbit, Cell Signaling Technology, 1:3000; anti-mouse, Santa 
Cruz Technology, 1:5000) for 2 h at room temperature. The 
films were scanned and the band intensity was analyzed us-
ing ImageJ software [41].  

2.9. Statistical Analysis 

 Results are presented as the means ± SEM. The data from 
the water maze task were analyzed with a repeated-measures 
analysis of variance (ANOVA), followed by Tukey’s post-
hoc test. Differences between all groups were analyzed with 
ANOVA with a Tukey’s post-hoc test. Correlations between 
the measures of cognitive function and protein levels were 
analyzed by Pearson's correlation. Differences were consid-
ered statistically significant if p<0.05. 

3. RESULTS 

3.1. Effects of MN and OA On Locomotor and Explora-
tory Activity 

 To analyze the effects of MN and OA in locomotor and 
exploratory activity, we performed the open field task. The 
administration of MN and/or OA did not cause significant 
changes across time in the locomotor and exploratory activ-
ity in the open field task Fig. (2A), (F[1,36 ] = 0.632 , p = 
0.432). In addition, neither distance traveled Fig. (2B), 
(F[3,36]=1.418, p=0.2534) nor mean speed Fig. (2C), 
(F[3,36]=1.491, p=0.2335) was affected, suggesting that the 
treatment did not cause locomotor deficit. Furthermore, there 
were no statistical differences among groups in either the 
time spent (F[3,36]=1.917, p=0.1442) or the total distance 
travelled in the central zone (F[3,36]=1.634, p= 0.1987) sug-
gesting no signs of anxiety-like behavior (data not shown).  
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3.2. Effects of MN and OA In Spatial Memory 

 To analyze the effects of MN and OA on spatial memory, 
we subjected the rats to the Morris water Maze Task 
(MWM). During the acquisition sessions (4 days), all groups 
showed improvements in their performances across days and 
took less time to find the hidden platform Fig. (3A), (F[3,165] = 
47.058, p=0.0001). On the fourth day, the OA group reached 
a performance plateau and took more time to find the plat-
form compared to other groups Fig. (3A), (F[3,55]= 4,191, p= 
0.0096). Further, MN prevented the impairment caused by 
OA on the fourth day Fig. (3A), (F[1,55] = 4.428, p=0.040). In 
the retention session (day 5), the OA group showed impaired 
spatial memory performance compared to the other groups 
Fig. (3B), (F[3,55]= 5.161, p=0.0032). There were no statisti-
cal differences among groups regarding total distance trav-
eled Fig. (3C), (F[3,55]= 0.6523, p=0.5849) or mean speed 
Fig. (3D), (F[3,55]= 0.7080, p=0.5514).  

3.3. Effects of MN and OA Administration on Hippo-
campal Cdk5 Signaling, Tau Phosphorylation 
(Ser199/202) and Glutamate CSF Levels 

 The i.h. infusion of OA increased the hippocampal im-
munocontent of Cdk5 and p25/p35 ratio; however, three days 
of pretreatment with MN prevented these increases Fig. (4A) 
(F[3,20]=6.061, p= 0.0042) Fig. (4B) and (F[3,20]=3.764, 
p=0.0272). Further, OA administration significantly en-
hanced CSF glutamate levels, which was prevented by MN 
Fig. (4C) (F[3,20]= 10.88, p=0.0002). Finally, intra-
hippocampal OA infusion caused an increase in the im-
munocontent of pTauSer199/202 but pretreatment with MN pre-
vented this augmentation Fig. (4D) (F[3,20]= 4.769 , p= 
0.0115).  

3.4. Correlation Between MWM and Neurochemical As-
says 

 There were positive correlations between the latency to 
find the platform on day 4 of MWM and the immunocontent 
of Cdk5 Fig. (5A, R=0.6224, p=0.0012), ratio p25/p35 Fig. 
(5B, R=0.5624, p=0.0042) and pTauSer199/202 Fig. (5C, 
R=0.4126, p=0.0451). Moreover, CSF glutamate level was 
strongly correlated with increased latency on day 4 Fig. (5, 
R= 0.7302, p=0.0001). 

4. DISCUSSION 

 Alzheimer’s disease is multifactorial and heterogeneous, 
and thus offers multiple therapeutic opportunities [42]. The 
present study showed the potential of MN pretreatment as a 
strategy for preventing AD-like alterations induced by intra-
hippocampal OA infusion in rats. Indeed, MN prophylaxis 
prevented spatial memory impairment on Morris water maze 
task (MWM), which paralleled decreased expression of 
Cdk5, p25 and pTauSer199/202, and CSF glutamate levels. 
 Inhibition of PP2A activity by OA seems to have no ef-
fect on locomotor speed, motor coordination or sensorimotor 
ability [37, 43]. In fact, our results showed no significant 
statistical differences between groups in the spontaneous 
locomotion, mean speed and exploratory activities in the 
open field task. Although the data appear to indicate a slower 
speed in the open field in the OA group, the mean speed did 
not reach statistical significance (p=0.2335).The lack of sig-
nificant locomotor deficits in the open field task permits fur-
ther assessment in MWM. Zhang and Simpkins (2010) have 
already reported impaired performance in the Morris water 
maze task after an intra hippocampal OA administration. 
Similarly, we showed impaired spatial memory performance 
on MWM after intra hippocampal OA infusion. Although 
rats treated with MN appear to show a decreased time spent 
in the target quadrant, this observation is not supported by 
the statistical analysis. Of note, rats treated with MN after a 
bilateral intracerebroventricular infusion of OA showed im-
proved performance on MWM [24].  
 By using a prophylactic approach we showed that MN 
prevented the course of molecular alterations involved in the 
development of memory deficits induced by OA. It has been 
suggested that protein phosphatase (PP1 and PP2A) activity 
plays an important role in normal brain physiology by con-
trolling the neuronal dephosphorylation system, which, when 
dysfunctional, results in the hyperphosphorylation of Tau 
protein and memory deficits [44]. Although a normal PP1 
activity is implicated in the improvement of learning and 
memory processes [45], it does not account for the majority 
of phosphatase activity inhibited by OA. The inhibition of 
PP2A by OA is achieved at concentrations up to 100 times 
lower than those required to inhibit PP1[46]. Considering the 
dose used in this work, we believe that OA is preferentially

 
Fig. (2). Open Field Task. The spontaneous locomotor and exploratory activities were not affected by OA and MN. (A) Distance trav-
eled per minute, showing exploratory and locomotor activity. (B) Total distance travelled. (C) Mean speed. Groups: control (CO), meman-
tine (MN), okadaic acid (OA) and okadaic acid/memantine (MN/OA); n=10 per group. Data are represented as the mean ± SEM. *p<0.05 
between groups. 
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Fig. (3). Morris water maze task. OA impaired both the acquisition and retention memory performances and MN prevented these 
deficits. (A) Acquisition task: the latency to find the platform was used to assess learning ability. (B) Retention task: the time in the target 
quadrant was used to assess memory retention. (C) Total distance travelled. (D) Mean speed. (E) Representative track and occupancy plots 
obtained by video-tracking software (ANY-mazeH, Stoelting CO, USA), during the retention task. Groups: control (CO, n= 17), memantine 
(MN, n = 14), okadaic acid (OA, n = 14) and okadaic acid/memantine (MN/OA, n = 14). Data are represented as the mean ± SEM. *p<0.05 
between groups. 

 
inhibiting PP2A activity. Interestingly, it was demonstrated 
that the inhibition of PP2A by a hippocampal infusion of OA 
caused a transient impairment of the spatial memory 
performance and a persistent neurodegeneration [36, 37]. In 
contrast, we detected persistent spatial memory deficits that 

affected distinct phases of the MWM task (acquisition and 
retention).  
 One of the remarkable characteristics of AD is the pro-
gressive neurodegeneration associated with cognitive decline 
[1-3]. The mechanisms underlying brain degeneration and
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Fig. (4). MN prevent neurochemical alterations (Cdk5, p25, pTauSer199/202, glutamate) induced by i.h. OA administration. Western blots 
of proteins involved in Cdk5 signaling pathway obtained from hippocampal homogenates: (A) immunocontent of Cdk5, (B) ratio p25/p35 (C) 
Phosphorylation state of TauSer199/202. (D) Glutamate levels in cerebrospinal fluid. Groups: control (CO), memantine (MN), okadaic acid (OA) 
and okadaic acid/memantine (MN/OA); n=6 per group. Data are represented as the mean ± SEM. *p<0.05 between groups. 

 
memory deficits in AD include the hyperactivation of the 
glutamatergic system caused by high levels of glutamate in 
the synaptic cleft [47]. The infusion of OA, in turn, disrupts 
the balance between phosphorylation and dephosphorylation, 
such that there is a disproportionate level of regulatory pro-
teins in a phosphorylated state [28, 44], which negatively 
affects neuronal function and activates neurodegenerative 
processes probably due to Tau hyperphosphorylation (Sun et
al., 2003). In this sense, MN therapy has been addressed to 
inhibit Tau hyperphosphorylation, neuronal death, and to 
prevent the inhibition of PP2A activity [48].  
 Moreover, among the putative targets of OA neurotoxic-
ity is the persistent activation of NMDA glutamate receptor 
caused by increased glutamate levels. We can speculate that 
under these circumstances, there is an increased calcium 
influx through the ion channel of the NMDA receptor. In-
deed, we showed that OA increases CSF glutamate levels 
suggesting a mechanism that mimics glutamate excitotoxic-
ity. Similarly, glutamate levels have been found to be sig-
nificantly elevated in the CSF of AD patients [49]. On the 
other hand, three days of MN administration prevented the 
increases in CSF glutamate levels caused by OA, thus sug-
gesting that MN modulates the neuronal/glial mechanisms 
involved in synthesis, release and uptake of glutamate. Ac-
cordingly, it has been suggested that the neuroprotective 
effect of MN involves the depression of glutamate release by 

neurons specially when excessive glutamate release occurs 
[50]. We also demonstrated that MN prevented the aberrant 
expression of pTauSer199/202 induced by OA. Interestingly, 
these sites are downstream phosphorylated by abnormal 
Cdk5 activity [51, 52].  
 We also observed increases in hippocampal expression of 
Cdk5 and its pathological activator p25 after OA injection. 
As stated above, these increments were accompanied by an 
increased phosphorylation status of TauSer199/202. In contrast, 
MN pretreatment prevented the increase expression of Cdk5, 
p25 and pTauSer199/202 in the hippocampus. Considerable evi-
dence suggests that Cdk5 is required for the proper develop-
ment of the mammalian central nervous system [14] but may 
also be implicated in neuronal death in neurodegenerative 
disorders [53, 54]. For instance, Cdk5 physiologically modu-
lates NMDA activity by the phosphorylation of NR2A and 
NR2B subunits [16, 47, 55], however the pathological acti-
vation of NMDAr by Cdk5/p25 causes excessive calcium 
influx into neurons and functional deficits/death [56]. In 
support of these data, we showed that the immunocontent of 
Cdk5 and p25/p35 in hippocampus positively correlates with 
memory deficits on day 4 of the MWM. In fact, many studies 
demonstrate the importance of Cdk5 signaling pathway and 
its effectors in the learning and memory function and suggest 
this protein as a novel therapeutic target in neurodegenera-
tive diseases [57]. Similarly, CSF glutamate levels and 
immunocontent of pTauSer199/202 were correlated with spatial 
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munocontent of pTauSer199/202 were correlated with spatial 
memory deficits, reinforcing the idea that these elements are 
active participants in the pathological processes that culmi-
nate in AD. Interestingly, some clinical studies already 
showed positive correlations between cognitive deficits with 
Tau and glutamate CSF levels [58-60].  
 The prophylactic use of MN is not typical in clinical 
practice; however, experimental evidence supports the notion 
that the molecular and cellular mechanisms involved in eti-
ology of neuropathological changes and cognitive deficits 
can be targeted by a prophylactic regimen before the onset of 
dementia symptoms. In this context, there is increasing inter-
est in the search for new tools, methods and molecular mark-
ers to enable an early diagnosis of AD or to detect, prior to 
symptom onset, individuals who are at risk of developing 
AD [61-66]. An early diagnosis coupled with a pretreatment 
could provide opportunities to prevent and/or delay the be-
havioral, neurochemical and neuroanatomical alterations 
associated with neurodegenerative disorders.  

5. CONCLUSION 

 In summary, pretreatment with MN prevents spatial 
memory deficits induced by intrahippocampal OA admini-

stration in rats. The prevention of increase CSF glutamate 
levels, along with the reduced hippocampal phosphorylation 
of TauSer199/202 by Cdk5/p25 signaling pathway, are the 
mechanisms proposed to participate in the prophylactic ef-
fects of MN in this AD-like model. 
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Capítulo III. Inhibition of protein phosphatase 2A: focus on the glutamatergic system. 

No capítulo III apresentamos o artigo publicado no periódico Molecular 

Neurobiology. 

No capítulo anterior (capítulo II) demonstramos o envolvimento da PP2A e do 

sistema glutamatérgico em processos neurodegenerativos. Neste capítulo, propusemos 

uma via de sinalização envolvendo excitotoxidade glutamatérgica e a atividade reduzida 

da PP2A na fisiopatologia de DA e de outras taupatias. 
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Abstract In a recent review published in Molecular
Neurobiology, Kamat and colleagues (Mol Neurobiol. 2014
Dec;50(3):852–65) highlighted the cellular and molecular
mechanisms involved in Okadaic acid (OKA)-induced neuro-
toxicity. In this review, the authors underline a wide range of
pathological signaling pathways involved in OKA-induced
neurotoxicity; however, the role of glutamate was only briefly
described. We believe that the hyperactivation of the gluta-
matergic system is a key pathophysiological player in OKA-
induced neurotoxicity and deserves serious attention. In this
commentary, we propose an integrative model linking gluta-
mate and PP2A and put forward some unanswered questions.

Keywords Excitotoxicity . Glutamate . Okadaic acid .

Protein phosphatase 2A . Tau hyperphosphorylation

Comment

Back in the 1990s, a series of seminal studies lead by Drs.
Khalid Iqbal and Inge Grundke-Iqbal revealed the role of pro-
tein phosphatase (PP2A) activity in the regulation of tau phos-
phorylation [1, 2]. Currently, tau hyperphosphorylation is a
key player in a range of neurodegenerative diseases, referred

to collectively as tauopathies [3, 4]. More specifically, it is
well known that reduced PP2A activity is a common feature
in Alzheimer’s disease (AD) and related non-AD tauopathies
[5, 6]. However, the mechanisms underlying PP2A downreg-
ulation are still not fully understood.

In keeping with this, we have read with great interest the
recent review published by Kamat et al. in Molecular
Neurobiology [7]. In their article, the authors have highlighted
the wide range of cellular and molecular mechanisms in-
volved in Okadaic acid (OKA)-induced neurotoxicity; how-
ever, the role of glutamatergic excitotoxicity was only briefly
described. A potent neurotoxin, OKA inhibits the major brain
serine/threonine protein phosphatases 1 (PP1) and PP2A, but
with greater affinity for PP2A [8, 9]. Importantly, PP2A ac-
counts for more than 70% of tau phosphatase activity in the
brain [10].

In a previous publication [11], we have demonstrated that
PP2A inhibition by OKAwas capable of increasing cerebro-
spinal fluid (CSF) concentrations of glutamate and the expres-
sion of the cyclin-dependent kinase-5 (CDK5)—as well as its
a c t i v a t o r P 2 5— u l t i m a t e l y l e a d i n g t o t a u
hyperphosphorylation. Additionally, we showed that N-
methyl-D-aspartate receptor (NMDAR) antagonism with
memantine (MN) was able to prevent OKA-induced neuro-
toxicity, which highlights the key role of glutamate. Interest-
ingly, in a recent article [12], Kamat and colleagues have
shown that cerebral administration of OKA increased the ex-
pression of GluN1 and GluN2B (both subunits of the gluta-
matergic NMDAR), and also decreased synapsin-1 mRNA
expression, leading to neurotoxicity. These combined events
point to synaptic dysfunction guided by NMDAR hyperacti-
vation. As proof of concept, the authors showed that MK801,
also a non-competitive inhibitor of NMDAR, was capable of
protecting against OKA-induced neurodegeneration [12],
which is in line with our previous publication. In both
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publications, however, Kamat and colleagues did not mention
the increased levels of glutamate in the CSF, which for us is a
major finding and possibly the key trigger for all the disrupted
signaling induced by PP2A inhibition.

The above described allow us to propose a pathway de-
scribing howOKA-induced neurodegeneration is orchestrated
by the dysfunction of the glutamatergic system. In fact, it
seems that the inhibition of PP2A by OKA increases levels

of glutamate, leading to NMDAR hyperactivation. The high
influx of calcium—due to NMDAR hyperactivation—leads to
CDK5 dys func t i on , wh i ch f i na l l y induce s t au
hyperphosphorylation (Fig. 1). Interestingly, a recent work
[13] has shown that p35 is cleaved to p25 in an NMDAR-
dependent manner, building on our previous findings. How-
ever, there are still several unanswered questions regarding the
association of PP2A and glutamate, such us how do astroglial

Fig. 1 Inhibition of PP2A by
Okadaic acid: emphasis on the
NMDAR. aOkadaic acid (OKA)-
induced neurotoxicity via the
glutamatergic NMDAR.
Intracerebral administration of
OKA increases extracellular
levels of glutamate, leading to
NMDAR hyperactivation,
increased influx of calcium, and
elevated rates of cleavage of p35
to p25. A potent activator of
CDK5, p25, causes
hyperphosphorylation of tau
leading ultimately to
neurotoxicity and associated
synaptic dysfunction. b NMDAR
antagonism as a protective
mechanism. Administration of
non-competitive NMDAR
antagonists—like memantine or
MK-801—regulates intracellular
calcium influx, reducing calpain-
2-mediated proteolytic cleavage
of p35 to p25, restoring glutamate
homeostasis, and protecting
against OKA-induced
neurotoxicity

Mol Neurobiol



cells react in this scenario? Or how does PP2A inhibition
result in elevated levels of glutamate? The answer to this latter
question, in our opinion, is the key to a better understanding of
how PP2A inhibition triggers glutamatergic dysfunction.

Importantly, since MN is approved by the Food and Drug
Administration (FDA) for treating AD [14] and PP2A is re-
duced in this condition, it seems reasonable to propose that the
pathway described here can be directly translated to human
neurodegenerative conditions. Though more studies are re-
quired owing to the complexity of the glutamatergic system,
the body of literature presented here highlights the pivotal role
of glutamatergic neurotransmission in the etiology of AD and
non-AD tauopathies and suggests PP2A as a potential thera-
peutic target.

Conflict of Interest The authors declare that they have no competing
interests.
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Capítulo IV. Long-term NMDAR antagonism correlates reduced astrocytic glutamate 

uptake with anxiety-like phenotype. 

 No capítulo IV apresentamos o artigo publicado no periódico Frontiers in 

Cellular Neuroscience. 

No capítulo II demonstramos que um pré-tratamento com memantina foi capaz de 

prevenir processos neurodegenerativos relacionados com a proteína tau, e sugerimos o 

uso de drogas glutamatérgicas na fase assintomática da DA. Cabe reenfatizar que a 

memantina é droga de escolha e aprovada pelo FDA para o tratamento da DA. Neste 

estudo queríamos investigar os efeitos de um longo tratamento com memantina. Para isso 

tratamos camundongos por 25 dias com memantina. A memantina causou um 

comportamento anxiogênico nos animais associado a uma diminuição na captação de 

glutamato pelos astrócitos. Estes dados apontam para um cenário de acoplamento entre 

neurônios e astrócitos via o antagonismo do receptor NMDA. No contexto da DA, pode-

se dizer então que um diagnóstico precoce é sine qua non para a eficiência do tratamento 

com drogas glutamatérgicas.  
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The role of glutamate N-methyl-D-aspartate receptor (NMDAR) hypofunction has been
extensively studied in schizophrenia; however, less is known about its role in anxiety
disorders. Recently, it was demonstrated that astrocytic GLT-1 blockade leads to
an anxiety-like phenotype. Although astrocytes are capable of modulating NMDAR
activity through glutamate uptake transporters, the relationship between astrocytic
glutamate uptake and the development of an anxiety phenotype remains poorly
explored. Here, we aimed to investigative whether long-term antagonism of NMDAR
impacts anxiety-related behaviors and astrocytic glutamate uptake. Memantine, an
NMDAR antagonist, was administered daily for 24 days to healthy adult CF-1 mice by
oral gavage at doses of 5, 10, or 20 mg/kg. The mice were submitted to a sequential
battery of behavioral tests (open field, light–dark box and elevated plus-maze tests).
We then evaluated glutamate uptake activity and the immunocontents of glutamate
transporters in the frontoparietal cortex and hippocampus. Our results demonstrated
that long-term administration of memantine induces anxiety-like behavior in mice in
the light–dark box and elevated plus-maze paradigms. Additionally, the administration
of memantine decreased glutamate uptake activity in both the frontoparietal cortex
and hippocampus without altering the immunocontent of either GLT-1 or GLAST.
Remarkably, the memantine-induced reduction in glutamate uptake was correlated
with enhancement of an anxiety-like phenotype. In conclusion, long-term NMDAR
antagonism with memantine induces anxiety-like behavior that is associated with
reduced glutamate uptake activity but that is not dependent on GLT-1 or GLAST protein
expression. Our study suggests that NMDAR and glutamate uptake hypofunction may
contribute to the development of conditions that fall within the category of anxiety
disorders.

Keywords: anxiety, astrocytes, behavior, glutamate, memantine

Frontiers in Cellular Neuroscience | www.frontiersin.org 1 June 2015 | Volume 9 | Article 219



Zimmer et al. NMDAR links glutamate uptake and anxiety

Introduction

Anxiety disorders are among the most prevalent psychiatric
conditions worldwide. These disorders have been associated
with social isolation, alcoholism, and increased suicide attempts
and are also considered to be risk factors for the development
of additional psychiatric disorders (Gross and Hen, 2004).
Hence, it is imperative to understand the neurobiological
mechanisms that are associated with anxiety disorders. It has
recently been proposed that a functional imbalance of the
tripartite glutamatergic synapse plays a role in anxiety disorders
(Clement and Chapouthier, 1998; Nutt and Malizia, 2001;
Nemeroff, 2003; Machado-Vieira et al., 2009, 2012). Indeed,
glutamatergic neurotransmission offers multiple potential
pharmacological targets for treating anxiety-related disorders,
such as postsynaptic receptor signaling, presynaptic glutamate
release, and astrocytic glutamate uptake (Szabo et al., 2009;
Zarate et al., 2010; Riaza Bermudo-Soriano et al., 2012; Pilc et al.,
2013).

Currently, antagonism of N-methyl-D-aspartate receptor
(NMDAR) has been proposed as a feasible strategy for
reducing the major symptoms that are linked to anxiety-like
behavior (Cortese and Phan, 2005). Indeed, when memantine,
an NMDAR antagonist, is administered to patients presenting
with depression, anxiety or obsessive-compulsive disorder, their
neuropsychiatric symptoms appear to be relieved (Tariot et al.,
2004; Sani et al., 2012). By contrast, a recent work demonstrated
that chronic antagonism of NMDAR induces elevated anxiety
in healthy mice (Hanson et al., 2014). Overall, the current data
that are available regarding the association between the use of
NMDAR antagonists and the presentation of anxiety-related
behaviors refute a simple model of dose-effect and instead seem
to be closely related to the regimen, type of drug, or route of
administration (Silvestre et al., 1997; Riaza Bermudo-Soriano
et al., 2012; Schwartz et al., 2012). Additionally, it is prudent
to consider that glutamatergic neurotransmission involves not
only neuronal receptors (ionotropic and metabotropic) but
also astroglial transporters that participate in neuron-astrocyte
coupling.

Two major astroglial Na+-dependent glutamate transporters,
glutamate transporter 1 (GLT-1, also known as EAAT2) and
glutamate aspartate transporter (GLAST, also known as EAAT1),
take up glutamate from synapses to maintain the homeostasis
that is necessary to orchestrate the physiological activity of
receptors (Danbolt, 2001). Remarkably, cerebral GLT-1 and
GLAST are predominately localized in astrocytes, with very
low expression in other cell types (Zhou and Danbolt, 2014).
Moreover, astrocytes account for 95% of the glutamate uptake
activity in the brain (Danbolt et al., 1992; Lehre and Danbolt,
1998). Importantly, a recent work demonstrated that cerebral
microinjection of the GLT-1 inhibitor, dihydrokainic acid (DHK),
induced anhedonia and anxiety in rats (John et al., 2015).
Thus, one could claim that astrocytic dysfunction may have a
considerable impact on the expression of anxiety-like phenotypes
(Bechtholt-Gompf et al., 2010; Schroeter et al., 2010; Lee et al.,
2013). Based on the principles of neuron-astrocyte coupling,
we hypothesized that long-term antagonism of NMDAR would

impact astrocytic function and that this would likely affect anxiety
phenotype.

In this study, we aimed to investigate the impact of
long-term NMDAR antagonism by memantine on anxiety-
related paradigms and their potential association with astrocytic
glutamate transport.

Materials and Methods

Animals
Three-month-old CF-1 mice were housed in standard cages
(48 cm × 26 cm). The animals were kept in a room with
controlled temperature (22◦C) under a 12 h light/12 h dark
cycle (lights on at 7 am) and had free access to food and water.
The mice (n = 40) were randomized into four groups: control
(CO), memantine 5 mg (MN5), memantine 10 mg (MN10),
and memantine 20 mg (MN20). To avoid social isolation, we
maintained two animals per cage (Leasure and Decker, 2009).
All behavioral tests were performed between 1:00 pm and 5:00
pm. All experiments were conducted in accordance with official
governmental guidelines in compliance with the Federation of
Brazilian Societies for Experimental Biology and were approved
by the Ethical Committee of the Federal University of Rio Grande
do Sul, Brazil.

Drug Administration
Memantine (Sigma, USA) was dissolved in distilled water at three
different concentrations (0.5, 1.0, and 2.0 mg/mL) to standardize
the volume used for oral administration and reach the desired
dose. For 24 days, the animals received daily administration of
either 5, 10, or 20 mg/kg of memantine, or an equivalent volume
of distilled water, via oral gavage. Body weight and food intake
were monitored. All groups received oral gavage at 1 h after each
behavioral task.

Open Field Test
On the 22nd day, the animals were submitted to an open field
task to evaluate spontaneous locomotion and exploratory activity.
The apparatus was made of a black-painted box measuring
50 cm × 50 cm and was surrounded by 50 cm high walls. The
experiments were conducted in a quiet room under low-intensity
light (12 lx). Each mouse (n = 10 per group) was placed in the
center of the arena, and the distance traveled (total and central
zone), time spent in the central zone, and mean speed were
measured over a course of 10 min (Muller et al., 2012). The
experiment was recorded with a video camera that was positioned
above the arena. The analysis was performed using a computer-
operated tracking system (Any-maze, Stoelting, Woods Dale, IL,
USA).

Light–Dark Task
On the 23rd day, the light–dark task was performed as previously
described (Crawley andGoodwin, 1980) with somemodifications
to analyze anxiety profiles. The light–dark apparatus consisted
of a wood rectangular box with two separated chambers. One
chamber had black walls and floor (50 cm × 50 cm × 50 cm)
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and was not illuminated. The other side had white walls and floor
(50 cm × 50 cm × 50 cm) and was illuminated by a 100 W
white lamp that was placed overhead. The two compartments
were separated by a wall, which had a small opening at floor
level. For each experiment, an animal (n = 10 per group) was
initially placed in the white chamber and then allowed to explore
the two-chamber area for a duration of 5 min. The following
parameters were recorded by a trained and blinded-to-treatment
observer: number of transitions between the two chambers, time
spent in the light chamber, and risk assessment behavior. After
each experiment, the apparatus was cleaned with 70% alcohol and
dried before being used with the next animal.

Elevated Plus-Maze Task
On the 24th day, the animals were submitted to an elevated
plus-maze task to evaluate further signs of anxiety-like behavior.
The elevated plus-maze was performed as previously described
(Pellow, 1986). The elevated plus-maze apparatus consisted of
two open arms (30 cm × 5 cm) and two enclosed arms
(30 cm × 5 cm × 10 cm), which were separated by a central
platform (5 cm × 5 cm) with the two identical arms of each type
being placed opposite to each other. The height of the maze was
70 cm, and the experiments were conducted under dim red light
in a quiet room. Each mouse (n = 10 per group) was individually
placed onto the central platform of the plus-maze, facing one
of the open arms, and was observed/recorded for 5 min by a
trained and blinded-to-treatment observer. The time spent in the
open arms and the total distance traveled were used for further
analysis. After each session, the maze was cleaned with 70%
ethanol. Data analysis was performed using a computer-operated
tracking system (Any-maze, Stoelting, Woods Dale, IL, USA).

Glutamate Uptake Assay
On the 25th day, the animals (n = 6 per group) were
sacrificed/dissected and left hippocampal and left frontoparietal
cortical brain slices were taken for use in a glutamate uptake
assay. The glutamate uptake assay was performed according to
Thomazi et al. (2004). Brain hippocampal and frontoparietal
cortical slices (0.4 mm) were obtained using a McIlwain tissue
chopper and were pre-incubated for 15 min at 37◦C in Hank’s
balanced salt solution (HBSS), containing 137 mM NaCl,
0.63 mM Na2HPO4, 4.17 mM NaHCO3, 5.36 mM KCl, 0.44 mM
KH2PO4, 1.26 mM CaCl2, 0.41 mM MgSO4, 0.49 mM MgCl2,
and 1.11mMglucose, at pH 7.2. Afterward, 0.66 and 0.33 Ciml−1

L-[3H]glutamate were added to a final 100 M concentration of
glutamate for incubation with hippocampal and cortical samples,
respectively. The incubations were stopped after 5 and 7 min
for the hippocampal and cortical samples, respectively, with two
ice-cold washes of 1 ml HBSS, which were immediately followed
by the addition of 0.5 N NaOH. The samples were kept in this
solution overnight. Nonspecific uptake was measured using the
same protocol as described above, with differences in temperature
(4◦C) and medium composition (N-methyl-D-glucamine instead
of sodium chloride). Na+-dependent uptake was considered as
the difference between the total uptake and the non-specific
uptake. Note that astrocytic transport mediated by GLAST and
GLT-1 is responsible for the Na+-dependent glutamate uptake

(Anderson and Swanson, 2000). Both uptakes were performed in
triplicate. Any radioactivity that was incorporated into the slices
was measured using a liquid scintillation counter.

Western Blotting
For western blot analysis, right hippocampal and right
frontoparietal cortical homogenates (n = 6, per group)
were prepared 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
from Sigma–Aldrich) and centrifuged (Zimmer et al., 2012).
Supernatants were collected and total protein was measured
using Peterson’s method (Peterson, 1977). Samples containing
20 µg of protein from the hippocampal homogenate were
separated by electrophoresis on a polyacrylamide gel and
electrotransferred to PVDF membranes. Protein bands within
each sample lane were compared to standard molecular weight
markers (Precision Plus ProteinTM Dual Color Standards,
Bio-Rad), which were used to identify the molecular weights
of proteins of interest. Non-specific binding sites were blocked
using Tween–Tris buffered saline (TTBS, 100 mM Tris–HCl,
pH 7.5) with 5% albumin for 2 h. Samples were incubated
overnight at 4◦C with primary antibodies against GLT-1 (Abcam,
1:1000), GLAST (Abcam, 1:1000), and β-actin (Sigma, 1:5000).
Following primary antibody incubation, the membranes were
incubated with secondary antibodies (anti-rabbit, GE life
sciences, 1:3000; anti-mouse, GE life sciences, 1:5000) for 2 h at
room temperature. Films were scanned, and band intensity was
analyzed using Image J software (Abramoff et al., 2004).

Statistical Analysis
Differences between groups were analyzed with analysis of
variance (ANOVA) followed by Tukey’s post hoc test. Correlations
between behavioral assessments and glutamate uptake were
analyzed by Pearson’s correlation coefficient. The results are
presented as mean values ± SEM. Differences were considered
significant at p < 0.05.

Results

Long-Term NMDAR Antagonism does not Alter
Spontaneous Locomotion but Induces
Anxiety-Like Behavior
Administration of memantine did not cause significant changes
in either distance traveled [Figure 1A; F(3,36) = 1.642,
p = 0.1967] or time spent in the central zone [Figure 1B;
F(3,36) = 0.1697, p = 0.9162] in the open field. Occupancy plots
are used to illustrate the similarities between groups in the open
field test (Figure 1C).

Long-Term NMDAR Antagonism Reduced
Time Spent in the Light Compartment of the
Light–Dark Box
In the light–dark box (Figure 1G), all of the doses of memantine
that were tested significantly reduced the time spent in the light
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compartment by the memantine-administered mice compared to
the CO group [Figure 1D; F(3,36) = 7.364, MN5: p= 0.03, MN10:
p = 0.002, MN20: p = 0.01]. However, transition numbers (light
to dark) were unrelated tomemantine administration [Figure 1E;
F(3,36) = 0.8257, p = 0.4884]. Additionally, there were no
differences among groups in risk assessment index [Figure 1F;
F(3,36) = 1.129, p = 0.3519].

Long-Term NMDAR Antagonism Decreased
Time Spent in the Open Arms of the Elevated
Plus-Maze
The administration of memantine reduced the time spent by
mice in the open arms of the elevated plus-maze (Figure 1J)
when compared to the CO group [Figure 1H; F(3,36) = 6.974,
MN5: p = 0.007, MN10: p = 0.002, MN20: p = 0.004]; however,
there were no changes in total distance traveled [Figure 1I;
F(3,36) = 2.227, p = 0.1018].

Long-Term NMDAR Antagonism Decreased
Glutamate Uptake in the Frontoparietal Cortex
and Hippocampus without Affecting the
Immunocontents of GLAST and GLT-1
The administration of memantine significantly decreased
glutamate uptake in slices of frontoparietal cortex [Figure 2A;
F(3,20) = 11.458, MN5: p = 0.026, MN10: p < 0.001, MN20:
p < 0.001] and hippocampus [Figure 2D; F(3,20) = 15.008,

MN5: p = 0.015, MN10: p < 0.001, MN20: p < 0.001]. However,
memantine did not alter the immunocontent of GLAST in
either the frontoparietal cortex [Figure 2B; F(3,20) = 1.300,
p = 0.3020] or the hippocampus [Figure 2E; F(3,20) = 0.6174,
p = 0.6118]. Additionally, no alterations were found in the
immunocontent of GLT-1 in either the frontoparietal cortex
[Figure 2C; F(3,20) = 2.225, p = 0.1167] or the hippocampus
[Figure 2F; F(3,20) = 0.1520, p = 0.9272].

Correlation Between Anxiety-Like Behavior
and Glutamate Uptake
A positive correlation was found between time spent in the light
compartment of the light dark-box and glutamate uptake in the
frontoparietal cortex (Figure 3A; p < 0.0001, R = 0.7289) and
hippocampus (Figure 3C; p = 0.03, R = 0.4337). Time spent in
the open arms of the elevated plus-maze test was also correlated
with glutamate uptake in the frontoparietal cortex (Figure 3B;
p = 0.03, R = 0.4313) and hippocampus (Figure 3D; p = 0.01,
R = 0.4815).

Discussion

Our results demonstrated that long-term antagonism of NMDAR
by memantine induces anxiety-like behavior in healthy CF-
1 mice. Additionally, memantine decreased glutamate uptake
activity in the frontoparietal cortex and in the hippocampus

FIGURE 1 | Long-term NMDAR antagonism does not alter
spontaneous locomotor and exploratory behavior, but induces
anxiety-like behavior. (A) Total distance traveled in the open field.
(B) Time in central zone in the open field. (C) Open field apparatus and
occupancy plots. (D) Time in light compartment in the light–dark box.
(E) Number of transitions in the light–dark box. (F) Risk assessment

index in the light–dark box. (G) Light–dark box apparatus. (H) Time in
open arms in the elevated plus-maze. (I) Distance traveled in the
elevated plus-maze. (J) Elevated plus-maze apparatus and occupancy
plots. Groups: control (CO), memantine 5 mg (MN 5), memantine 10 mg
(MN 10), and memantine 20 mg (MN 20); n = 10 per group. Data are
presented as mean values ± SEM.
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FIGURE 2 | Long-term NMDAR antagonism decreases glutamate uptake
in the frontoparietal cortex and hippocampus, but does not alter
astroglial transporter immunocontent. (A) Glutamate uptake in slices of
frontoparietal cortex. (B) Immunocontent of GLAST in the frontoparietal cortex.
(C) Immunocontent of GLT-1 in the frontoparietal cortex. (D) Glutamate uptake

in slices of hippocampus. (E) Immunocontent of GLAST in the frontoparietal
cortex. (F) Immunocontent of GLT-1T in the frontoparietal cortex. Groups: CO,
memantine 5 mg (MN 5), memantine 10 mg (MN 10), and memantine 20 mg
(MN 20); n = 6 per group. Data are presented as mean values ± SEM.
∗p < 0.05 among groups.

with this phenomenon correlating with anxiety-like behavior.
By contrast, the immunocontents of the astroglial glutamate
transporters GLT-1 and GLAST were not affected.

Long-term administration of memantine did not induce
significant changes in the spontaneous locomotion and
exploratory activity of mice in the open field test. These findings
imply that neither the dose nor the regimen of memantine that
was used in our work led to non-specific effects such as sedation,
which can potentially impair performance in anxiety-like tasks.
This finding is in agreement with previous reports that have
demonstrated that memantine administration does not alter
locomotion or exploratory profiles (Reus et al., 2010). Conversely,
we also showed that long-term memantine administration at
doses of 5, 10, or 20 mg/kg leads to an anxiogenic phenotype that
is manifested by decreased time spent in the light compartment
(light–dark box) and reduced time spent in open arms (elevated
plus-maze). Interestingly, a previous work showed that the
administration of MK801, another non-competitive NMDAR
antagonist, to rats induced an anxiety-like phenotype in the
elevated plus-maze (Solati, 2011). In contrast to MK801, high
doses of memantine (100 mg/kg) increased time spent in open
arms, implying an anxiolytic effect. However, doses ranging from
10 to 30 mg/kg decreased time spent in open arms (∼40%),
without reaching statistical significance, which suggests a
trend representative of an anxiogenic-like effect (Minkeviciene

et al., 2008). Additionally, chronic antagonism of NMDAR
with piperine18 exacerbated anxiogenic symptoms in C57BL/6
mice (Hanson et al., 2014). Indeed, it would appear that the
antagonism of NMDAR does not follow a linear dose-response
effect in terms of modulating anxiety-like behavior.

It has also been shown that memantine plays a role
in controlling synaptic glutamate release. In fact, Lu et al.
(2010) have shown that memantine suppresses glutamate
release in cortical synaptosomes. In this study, however, we
showed that long-term administration of memantine reduces
glutamate uptake without affecting the glutamate transporters
expression, GLT-1 and GLAST, in the frontoparietal cortex and
hippocampus. Based on these findings, one could argue that
memantine-induced reduction of glutamate uptake by astrocytes
is a direct adaptive response to the reduced release of glutamate
by neurons. This assumption reinforces a theoretical framework
in which neurons and astrocytes are capable of sensing each
other while regulating tripartite glutamatergic synapses (Wade
et al., 2013; Karus et al., 2015). However, further studies using
additional methodologies, such as immunostaining and electron
microscopy, are necessary to better understand neuron-astrocyte
coupling in the context of anxiety-like phenotypes.

Interestingly, a recent work demonstrated that blockade of
GLT-1 in the central amygdala was also capable of inducing
anxiety-like behavior, which reinforces the association between

Frontiers in Cellular Neuroscience | www.frontiersin.org 5 June 2015 | Volume 9 | Article 219



Zimmer et al. NMDAR links glutamate uptake and anxiety

FIGURE 3 | Anxiety-like behavior correlates with glutamate uptake.
(A) Linear correlation between time spent in light compartment during
the light/dark task and glutamate uptake in slices of frontoparietal
cortex. (B) Linear correlation between time spent in open arms and
glutamate uptake in slices of frontoparietal cortex. (C) Linear correlation
between time spent in light compartment during light/dark task and

glutamate uptake in slices of hippocampus. (D) Linear correlation
between time spent in open arms in elevated plus-maze test and
glutamate uptake in slices of hippocampus. Groups: CO, memantine
5 mg (MN 5), memantine 10 mg (MN 10), and memantine 20 mg
(MN 20); n = 24. Data presented by one animal per point.
∗p < 0.05.

astrocytic glutamate uptake activity and the development of an
anxiety phenotype (John et al., 2015). Remarkably, we were able
to show through linear correlation that decreased glutamate
uptake activity in the hippocampus and frontoparietal cortex was
significantly correlated with an increased anxiety-like response.

Conclusion

Long-term NMDAR antagonism by memantine induces an
anxiety phenotype that is associated with reduced glutamate
uptake activity in healthy CF-1 mice, which suggests that
interactions between neurons and astrocytes can shape anxiety-
related behavior.
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Capítulo V. Imaging biomarkers for amyloid: a new generation of probes and what lies 

ahead. 

No capítulo V apresentamos o artigo publicado no periódico International 

Psychogeriatrics. 

Muitos esforços têm sido feitos para o desenvolvimento de uma maneira efetiva 

de diagnosticar a DA precocemente. Neste sentido, os primeiros estudos com PET 

[11C]PIB, que se liga em placas de β-amilóide, trouxerem avanços sem precedentes em 

termos de diagnóstico in vivo da DA. Neste capítulo, relembramos o critério de 

diagnóstico da DA de 1984 proposto pelo National Institute of Neurological and 

Communicative Disorders and Stroke (NINCDS) e pelo Alzheimer’s Disease and Related 

Disorders Association (ADRDA), e avaliamos os novos critérios recentemente propostos 

que incluem o uso de imagem de PET β-amilóide. Também apresentamos as novas 

gerações de radiofármacos para β-amilóide desenvolvidos com o radioisótopo [18F] (meia 

vida de ~110 minutos) e seu potencial uso para distribuição regional e uso generalizado a 

nível clínico. 
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G U E S T E D I T O R I A L

Imaging biomarkers for amyloid: a new generation of probes
and what lies ahead

Introduction

Since the original 1984 criteria for Alzheimer’s
disease (AD), put forth by a work group
jointly established by the National Institute of
Neurological and Communicative Disorders and
Stroke (NINCDS) and the Alzheimer’s Disease
and Related Disorders Association (ADRDA)
(McKhann et al., 1984), important advances have
occurred in our ability to detect AD patho-
physiology, with the incorporation of biomarkers
– defined as anatomic, biochemical, or physiologic
parameters that provide in vivo evidence of
AD neuropathology (Cummings, 2011) – that
can improve the certainty of AD diagnosis.
Use of imaging biomarkers such as positron
emission tomography (PET) with amyloid ligands,
particularly in asymptomatic and pre-dementia
stages of AD, however, has been the subject of
debate (Dubois et al., 2013), with arguments both
for and against the biomarker driven diagnosis
of AD.

Revised conceptualization of AD: the role of
amyloid imaging

In contrast to the original 1984 criteria the recently
proposed revisions put forth by the International
Working Group (IWG; Dubois et al., 2007)
and the National Institute on Aging/Alzheimer’s
Association (NIA-AA; Sperling et al., 2011a)
redefine AD as a clinicobiological entity, comprising
a semantic and conceptual distinction between
AD neuropathology and resulting clinical phe-
nomenology. Currently, AD is conceptualized as a
progressive pathophysiological process in which β-
amyloid pathology is thought to accumulate during
a silent “preclinical” phase followed by a dynamic
cascade of neurodegenerative events including
tau pathology, which ultimately cause cognitive
impairment and dementia. This amyloidocentric
framework incorporates the use of imaging
biomarkers for amyloid in the form of abnormal
PET amyloid tracer retention. The slow progression
of β-amyloid deposition in AD supports the idea
that amyloid pathology occurs very early in the

disease process and tends to reach a plateau by the
onset of the first clinical signs of dementia.

As novel amyloid directed therapeutics enter
clinical trials, the role of amyloid imaging is
increasingly clear given that its ability to allow for
accurate, reliable, and reproducible quantification
of both regional and global amyloid burden, and
the growing consensus emerging from longitudinal
studies that disease-modifying therapies targeting
amyloid must be administered early on in the
disease course (Sperling et al., 2011b). In addition
to serving as a diagnostic biomarker to guide
population enrichment strategies, amyloid imaging
can be used to calculate sample size and to increase
statistical power via population stratification or
through use as baseline predictors (Wu et al., 2011).
In parallel, amyloid-imaging outcomes can serve as
endpoint biomarkers to monitor the rate of disease
progression, as well as response to therapy.

First generation of amyloid probes: 11C
Pittsburgh Compound B

The 11C labeled thioflavin T derivative Pitts-
burgh Compound B (PIB) is the benchmark
PET amyloid-imaging agent, demonstrating high
sensitivity and specificity for in vivo quantification
of fibrillar Aβ in both plaques and related Aβ con-
taining lesions, such as diffuse plaques and cerebral
amyloid angiopathy (Price et al., 2005; Lockhart
et al., 2007; Cohen et al., 2012). Importantly, on
the basis of concentrations achieved during PET
studies, cortical retention of 11C-PIB has been
shown to reflect Aβ load as opposed to Lewy bodies
or tau pathology (Fodero-Tavoletti et al., 2007;
Lockhart et al., 2007; Ikonomovic et al., 2008).
In addition to accelerating current understanding
of cerebral amyloidosis and advancing detection of
AD pathology to an earlier stage (Klunk et al., 2004;
Mintun et al., 2006; Rowe et al., 2007; Cohen et al.,
2012), 11C-PIB has contributed to improvements
in the differential diagnosis of neurodegenerative
diseases (Ng et al., 2007; Rabinovici et al., 2007;
Rowe et al., 2007). However, the short 20-minute
half-life of carbon-11 probes limits their use to
imaging centers possessing an onsite cyclotron and
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a radiochemistry department with expertise in the
synthesis of 11C; the cost of 11C-PIB studies has
precluded it’s routine use in clinical settings.

Second and third generation amyloid probes:
18F-labeled radiopharmaceuticals

In order to address short half-life limitations a
number of 18F labeled amyloid PET radiophar-
maceuticals have been developed with a 110-
minute half-life. Radiopharmaceuticals like [18F]3′-
F-PIB (flutemetamol; Wolk et al., 2011), [18F]AV-
45 (florbetapir; Clark et al., 2012), [18F]-AV-1
or [18F]-BAY94–9172 (florbetapen; Rowe et al.,
2008; Vallabhajosula, 2011), and [18F]AZD4694 or
NAV4694 (Jureus et al., 2010; Cselenyi et al., 2012;
Rowe et al., 2013) can facilitate the integration
of PET into routine clinical use by allowing for
centralized production and regional distribution
(Rowe and Villemagne, 2013).

While 18F-florbetapir, 18F-florbetaben, and 18F-
flutemetamol allow for clear differentiation of AD
patients from healthy controls, cortical retention
of 18F-florbetapir and 18F-florbetaben are inferior
to that of 11C-PIB (Villemagne et al., 2012)
and are characterized by a more narrow dynamic
range of standardized uptake value ratios (SUVRs),
associated visually with elevated non-specific white
matter (WM) binding (Vandenberghe et al., 2010).
Moreover, novel 18F amyloid tracers are associated
with the loss of gray-white matter demarcation
(Rowe and Villemagne, 2011), in contrast to
11C-PIB, where gray matter retention is visibly
greater relative to subjacent WM uptake (Rowe
and Villemagne, 2013). Though it has yet to pass
through phase II trials, 18F-AZD4694 (NAV4694)
is similar to 11C-PIB, possessing rapid kinetics, low
non-specific WM binding, and a wider dynamic
range when comparing AD to healthy control
individuals (Cselenyi et al., 2012; Zimmer et al.,
2013). In a head-to-head comparison study with
11C-PIB among healthy controls and patients
with AD and frontotemporal lobar degeneration
(FTLD), 18FNAV4694 showed an r of 0.98 and
a slope of 0.95, indicating significant overlap with
11C-PIB (Rowe et al., 2013).

Criteria for appropriate use of amyloid PET
imaging

Given that 18F-florbetapir is now approved by the
Food and Drug Administration (FDA) for the
clinical assessment of individuals with cognitive
impairment, with additional 18F tracers likely to
become available in the coming years, appropriate
use criteria (AUC) are of chief importance owing to

(1) the potential for harm if scans are performed for
inappropriate reasons, are misinterpreted, and/or
the information obtained incorrectly applied; and
(2) the high cost associated with such investigations.
Apropos the first instance, a suitable example
is the disclosure of amyloid positivity in an
individual without cognitive impairment. Given
positive findings in close to 30% of cognitively
normal individuals over the age of 70 – and the
lack of sufficient longitudinal data to adequately
characterize the potential risk of future cognitive
decline – premature diagnosis of AD on the
basis of a positive Aβ scan alone has been
categorized as inappropriate given the potential
for detrimental social, psychological, employment,
lifestyle, and financial consequences (Rowe and
Villemagne, 2013). In addition, among patients
with cognitive complaints, precipitous conclusions
could lead to lack of appropriate treatment for
underlying alternative causes, such as depression.
Moreover, from an economic perspective, the
lack of established disease-modifying therapies
necessitates a careful cost-benefit analysis, with
the likelihood of improved diagnostic accuracy and
altered treatment guiding a decision to opt for
amyloid imaging. In short, amyloid findings must
be situated within the context of a comprehensive
investigatory framework, interpreted by a physician
with requisite expertise, and, where possible,
supported by additional markers suggestive of AD
such as an amnestic syndrome of the hippocampal
type (Dubois and Albert, 2004), hippocampal
atrophy on magnetic resonance imaging (MRI), or a
parietotemporal pattern of hypometabolism on 18F-
FDG PET.

Assembled in late 2012 by the Alzheimer’s
Association (AA) and the Society of Nuclear
Medicine and Molecular Imaging (SNMMI), the
Amyloid Imaging Taskforce (AIT) was charged
with delineating AUC for amyloid PET imaging
using available literature and a consensus-based
approach among dementia experts. On the basis
of this approach amyloid imaging was deemed
appropriate in the following clinical contexts:
(1) patients exhibiting unexplained mild cognitive
impairment (MCI) that is persistent or progressive,
(2) patients fulfilling core criteria for possible AD
yet with a clinical course that is atypical or an
etiologically mixed presentation, and (3) patients
with rapidly progressive dementia and atypically
young age at the onset. In a sister publication
(Johnson et al., 2013b), clarification and expansion
of three topics were discussed in the original
publication (Johnson et al., 2013a), including the
practical identification of physicians possessing the
expertise required for appropriate integration of
amyloid PET imaging; the importance of identifying
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the specific subset of MCI individuals for whom
amyloid PET imaging would prove appropriate;
and the creation of developing education programs
aiming to augment awareness of the amyloid PET
AUC and how best to integrate this technique into
clinical decision-making algorithms.

Potential ethical issues tied to disclosure of
amyloid positivity

With the increasing paradigmatic shift toward
the uncoupling of AD pathophysiology from
resulting clinical phenomenology – with the
attendant implication of a diagnosis of AD issued
during the presymptomatic/minimally symptomatic
phase – appropriate legal revisions must occur in
parallel to guard against privacy and confidentiality
infringements (Karlawish, 2011). Guidelines must
also be put in place to address the well-established
stigma tied to AD, and to guide assessment of the
potential for negative psychological sequelae in a
given individual following disclosure of biomarker
information conferring an elevated risk of AD (e.g.
amyloid positivity).

Although researchers are currently not under
obligation to disclose biomarker findings to research
participants owing to uncertainty regarding the
clinical utility of this information – a case in
point being the Alzheimer’s Disease Neuroimaging
Initiative’s (ADNI) “no return policy” – a move
toward clinical trials and increasing calls for
disclosure of research results from the public
(Shalowitz and Miller, 2008) makes clear the
need to accelerate the development of appropriate
guidelines. This reorientation toward disclosure
has been, furthermore, strengthened by recent
findings suggesting that ADNI investigators support
disclosure of amyloid imaging results – as well as,
more generally, other biomarker findings – to ADNI
participants (Shulman et al., 2013). In addition,
despite a lack of evidence supporting the predictive
value associated with imaging biomarkers, some
clinicians have already begun incorporating IWG
and NIA-AA research diagnostic criteria for
asymptomatic at risk and MCI/prodromal into
clinical practice (Gauthier and Rosa-Neto, 2013).

As the field of AD moves rapidly forward,
a growing need exists in terms of the incor-
poration of procedures addressing disclosure of
biomarker findings into large-scale studies and the
encouragement of research addressing the impact
of disclosure of biomarker findings (Gauthier
and Rosa-Neto, 2013). Importantly, those ADNI
investigators who endorsed disclosure likewise, in
a majority of cases, highlighted the importance of
developing standardized protocols and participant

educational materials addressing disclosure, as well
as longitudinal outcome studies to assess the effects
of this information on the well-being of participants
(Shulman et al., 2013).

Future directions

In research, amyloid-imaging agents can serve to
enrich clinical trial populations, monitor disease
progression, or assess the effect of amyloid-
targeted interventions. While PET amyloid probes
have yet to find application in routine general
clinical practice, FDA approval of 18F florbetapir
– with approval of additional 18F compounds
likely in the coming years – requires careful
adherence to, and promulgation of, current AUC.
Moreover, as new data are gathered, and, in
particular, should new effective therapies emerge,
these criteria will likely require re-evaluation and,
possibly, redefinition. In the interim, special care
must be paid to the potential consequences
associated with inappropriate use of amyloid PET
imaging. Further, given the increasing attitudinal
shift toward disclosure of research results it is
vital that psychosocial research keep apace with
developments in the area of AD biomarkers.
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Capítulo VI. Use of amyloid PET across the spectrum of Alzheimer’s disease: clinical 

utility and associated ethical issues. 

No capítulo VI apresentamos o artigo publicado no periódico Amyloid: the 

Journal of Protein Folding Disorders. 

No capítulo anterior (capítulo V) avaliamos os radiofármacos disponíveis para 

visualização de placas de β-amilóide na clínica. Neste capítulo avaliamos o potencial uso 

dos radiofármacos de β-amilóide via PET para o monitoramento da progressão das 

diversas fases da DA. Além disso, discutimos as implicações éticas da divulgação dos 

resultados dos exames de PET β-amilóide associados com o potencial impacto 

psicossocial de ser amilóide positivo (do inglês amyloid positivity). 

 

 

 

 

 

 

 

 

 

 

 

 

 



http://informahealthcare.com/amy
ISSN: 1350-6129 (print), 1744-2818 (electronic)

Amyloid, Early Online: 1–6
! 2014 Informa UK Ltd. DOI: 10.3109/13506129.2014.926267

REVIEW ARTICLE

Use of amyloid PET across the spectrum of Alzheimer’s disease: clinical
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Abstract

Recent advances have made possible the in vivo detection of beta-amyloid (Ab) pathology
using positron emission tomography. While the gold standard for amyloid imaging, carbon-11
labeled Pittsburgh compound B is increasingly being replaced by fluorine-18 labeled
radiopharmaceuticals, with three already approved for clinical use by US and European
regulatory bodies. Appropriate use criteria proposed by an amyloid imaging taskforce
convened by the Alzheimer’s Association and the Society of Nuclear Medicine and Molecular
Imaging recommend restricting use of this technology to the evaluation of patients with
mild cognitive impairment or atypical dementia syndromes. While use among asymptomatic
individuals is currently viewed as inappropriate due prognostic uncertainty, elevated
levels of brain Ab among asymptomatic individuals may represent preclinical Alzheimer’s
disease. Amyloid imaging is likewise expected to play a role in the design of clinical trials.
Though preliminary results suggest amyloid imaging to possess clinical utility and cost-
effectiveness, both domains have yet to be assessed systematically. As the field moves
toward adoption of a pro-disclosure stance for amyloid imaging findings, it is imperative that
a broad range of stakeholders be involved to ensure the appropriateness of emerging policies
and protocols.

Abbreviations: A4: Anti-Amyloid treatment of Asymptomatic Alzheimer’s disease trial; Ab:
beta-amyloid; ADNI: Alzheimer’s Disease Neuroimaging Initiative; AIT: Amyloid Imaging
Taskforce; AUC: appropriate use criteria; CCCDTD4: Fourth Canadian Consensus Conference
on the Diagnosis and Treatment of Dementia; [11C]PIB: Pittsburgh Compound B; DIAN:
Dominantly Inherited Alzheimer Network; DLB: dementia with Lewy bodies; Flutemetamol:
[18F]30-F-PIB; Florbetapir: [18F]AV-45; Florbetaben: [18F]-AV-1 and [18F]-BAY94-9172; FTD:
frontotemporal dementia; FTLD: frontotemporal lobar degeneration; IWG: International
Working Group; MCI: mild cognitive impairment; NIA-AA: National Institute on Aging-
Alzheimer’s Association; PET: positron emission tomography.
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Introduction

Research progress during the past decade has made possible
the in vivo detection of beta-amyloid (Ab) pathology using
positron emission tomography (PET). A neuropathological
hallmark of Alzheimer’s disease (AD), Ab accumulates
extracellularly in the form of neuritic plaques, with this
process thought to precede clinical symptoms by more than a
decade. To date, a majority of studies using PET amyloid

imaging agents have focused on the validation of this
technology and investigation of Ab’s role in the onset and
progression of AD. As a result, few studies have examined the
clinical utility of amyloid PET, limited so far to highly
selected populations free of comorbidities, complex histories
and atypical features [1].

Despite the paucity of clinical use data, the Alzheimer’s
Association and the Society of Nuclear Medicine and
Molecular Imaging recently convened an Amyloid Imaging
Taskforce (AIT), in recognition of the potential clinical
utility of amyloid PET in the evaluation of patients with
cognitive impairment (see Figure 1). On the basis of a review
of current literature and expert opinion, the AIT defined a set
of appropriate use criteria (AUC), restricting use of amyloid
imaging to patients showing objective evidence of cognitive
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impairment, uncertain etiology, and when knowledge of
amyloid status is expected to augment diagnostic certainty
and alter patient management (see Table 1, section A). This
consensus paper is largely in line with recommendations
elaborated during the Fourth Canadian Consensus Conference
on the Diagnosis and Treatment of Dementia (CCCDTD4) [2]
as well as with those put forth by Rowe and Villemagne [3].
We here aim to address the current status of amyloid imaging
at the asymptomatic, pre-dementia and dementia stages of
AD, and potential ethical issues tied to clinical utility, cost-
effectiveness and disclosure.

Development of amyloid PET imaging agents

The 11C labeled Pittsburgh compound B ([11C]PIB) is the
gold-standard amyloid PET agent, however its short half-life
limits its use to centers possessing an onsite cyclotron and a
specialized radiochemistry department [4]. To address
this issue, several 18F labeled agents have been developed,
with a 110-min half-life allowing for centralized produc-
tion and regional distribution. In this respect, 18F-labelled
radiopharmaceuticals such as [18F]30-F-PIB (flutemetamol)

[5], [18F]AV-45 (florbetapir) [6], [18F]-AV-1 and [18F]-
BAY94-9172 (florbetaben) [7,8] can facilitate the integration
of amyloid PET imaging into routine clinical practice [9],
with florbetapir and florbetaben approved for clinical use by
US and European regulatory bodies [10–13] and flutemeta-
mol close behind [14]. A third generation probe,
[18F]AZD4694 – recently renamed NAV4694 [15,16] –
likewise shows promise; exhibiting similar properties to
[11C]PIB – and lower non-specific white matter binding
relative to other 18F tracers [16] – preliminary in vitro
data show that [18F]NAV4694 is able to differentiate AD
from healthy controls [15,17]. Similar head-to-head compari-
sons between [11C]PIB and 18F-labelled amyloid ligands
have revealed significant overlap with respect to detection
of amyloid plaques, linear regression slope and diagnostic
performance [18–22].

Use of amyloid PET in patients with mild cognitive
impairment

A period varying up to 5 years, mild cognitive impairment
(MCI) is considered a transitional state between normal aging

Figure 1. Potential clinical utility of amyloid
PET imaging across the spectrum of AD. The
potential for amyloid PET to prove of use in
the evaluation of patients with cognitive
impairment – or to aid in the identification
of individuals at risk for future cognitive
decline – rests on the assumption that brain
amyloidosis precedes clinical change. Here,
an idealized representation showing the
absence of brain amyloid among cognitively
normal individuals, with a signal appearing in
the MCI phase.

Table 1. Appropriate use criteria for amyloid PET.

(A) Amyloid imaging is considered appropriate in situations 1 through 3 among individuals exhibiting the following characteristics:
(i) Subjective complaint about cognition corroborated by objective evidence.
(ii) Diagnosis is uncertainty following a comprehensive evaluation by a dementia expert, though Alzheimer’s disease remains a possibility.
(iii) When knowledge of amyloid status is expected to augment diagnostic certainty and alter patient management.

(B) Appropriate situations:
(i) Patients exhibiting unexplained mild cognitive impairment that is persistent or progressive.
(ii) Patients exhibiting an atypical dementia syndrome in terms of clinical course or presentation.
(iii) Patients with a progressive dementia and early age at onset (!65 years).

Appropriate use criteria for amyloid PET, as defined by the Society of Nuclear Medicine and Molecular Imaging and the Alzheimer’s Association joint
Amyloid Imaging Task Force 2012. Section A addresses patient characteristics that must be present prior to consideration of amyloid PET. Section B
describes clinical situations in which amyloid PET may prove of use (adapted from ref. [1]).

2 A. Leuzy et al. Amyloid, Early Online: 1–6
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and dementia [23], most commonly of the Alzheimer’s type
[24]. Despite the continued evolution and debate over criteria
for MCI, its core clinical features, by consensus, include a
concern about a change in cognition, impairment in one or
more cognitive domains, and the preservation of independ-
ence in functional activities. Thus, while impaired according
to objective measures the patient with MCI does not meet
criteria for dementia [23].

The recent AIT criteria include MCI associated with
etiologic uncertainty as an appropriate indication for use of
amyloid PET (see Table 1, section B), provided that greater
certainty of the underlying pathology likely results in altered
clinical management [1]. In the case of amyloid positivity,
the level of certainty regarding AD as the underlying
etiology would be increased due the close correspondence
between amyloid PET and brain Ab load. In contrast, amyloid
negativity points to alternative, non-AD neurodegenerative
processes; in practice, this scenario may be the most useful
given the potential presence of age related Ab. As such,
amyloid PET may prove of use in ruling out AD pathology
as the cause for the clinical phenotype in MCI patients
whose clinical tableau may be complicated by potential
traumatic, cerebrovascular or additional medical factors
capable of causing cognitive impairment [1].

Though empirical evidence regarding the value of added
certainty resulting from amyloid PET has not yet been
reported, the AIT considered several situations in which the
added certainty of amyloid PET could be useful to patients
and caregivers. In the context of an individual with MCI,
diagnostic delay frequently results in costly consecutive
investigations, delayed forward planning – addressing issues
such as finances, employment and future preferences – and
delayed initiation of potentially effective therapies targeting
amyloid [3]. Further, use of such medications in the absence
of findings pointing to amyloid positivity would be inappro-
priate in the 50% of MCI patients who do not exhibit
AD pathology [3]. Finally, earlier and more accurate diagno-
sis of AD may prove essential if future disease modifying
therapies are to prove effective.

Use of amyloid PET in patients with AD

The second indication for use of amyloid PET identified by
the AIT is among patients qualifying as having an atypical
dementia syndrome, including those meeting criteria for
possible AD. While fulfilling the core clinical criteria for
AD dementia, doubt surrounds whether the syndrome is due
to AD owing to either an atypical course (e.g. sudden onset
of cognitive impairment or insufficient evidence to support
progressive decline) [25] or due a non-amnestic presentation,
such as in frontotemporal dementia (FTD), which can
prove difficult to distinguish from early-onset AD, particu-
larly early on in the disease course. Although Ab imaging
cannot contribute to the differential diagnosis between
AD and dementia with Lewy bodies (DLB) it may have
prognostic relevance in the latter population as Ab burden has
been shown to correlate inversely with duration of the
prodromal phase [26], similar to that reported in Parkinson’s
disease dementia [27]. Lastly, amyloid PET is likewise
appropriate for use in cases with a relatively early age at

onset (e.g. 50–65 years old, though possibly younger) where
the clinical portrait is characterized by progressive cognitive
impairment and the presence of AD and non-AD dementia
features [1]. Importantly, histopathologic examination
completed during phase III trials for several second and
third generation 18F amyloid ligands confirm that amyloid
imaging with PET is able to detect amyloid plaques, and
that the likelihood of AD is low in patients who are
‘‘amyloid negative’’ [3].

Potential future use of amyloid PET in asymptomatic
persons

Among cognitively normal older individuals elevated
levels of brain amyloid have been reported in 25–35% of
cases [28–30], a figure in line with findings from autopsy
studies [31,32]. Among these individuals, Ab deposition
may represent preclinical AD [3]. While the validity of the
recently proposed National Institute on Aging-Alzheimer’s
Association (NIA-AA) framework for preclinical AD [33]
has yet to be determined, cross-sectional data from the
Dominantly Inherited Alzheimer Network (DIAN) [34] –
as well as longitudinal data from the Alzheimer’s Disease
Neuroimaging Initiative [35] and the Mayo Clinic [36] –
provide support for this model. This notwithstanding, the
clinical implications of amyloid positivity in this population
remain uncertain, with no clinical indication for amyloid
imaging in cognitively normal individuals at this time [1].
The availability of future disease modifying therapies –
non-pharmacological or pharmacologic, particularly the latter
if anti-amyloid drugs are used – as well as greater certainty
vis-à-vis predictive validity, will, however, undoubtedly
alter this position. In this respect, the Anti-Amyloid treatment
of Asymptomatic Alzheimer’s disease (A4) trial recently
proposed by the Alzheimer’s Disease Cooperative Study [37]
– aiming to delay progression from normal cognition to
MCI or dementia using monthly infusions of Ab antibodies
in amyloid positive individuals – will see the use of amyloid
PET with regard to risk assessment and treatment response.

Potential ethical issues tied to use of amyloid PET

Disclosure of amyloid positivity

The Alzheimer’s Disease Neuroimaging Initiative (ADNI) is
an US cohort of individuals with normal cognition, MCI or
mild dementia who are being followed over time in order to
establish the link between various clinical and biological
parameters, including brain amyloid load. Since its inception
in 2004, ADNI has held a ‘‘no return policy’’ regarding the
disclosure of research findings [38], a position motivated by
the uncertain prognostic value of biomarker findings,
including amyloid imaging. While at present standard prac-
tice, this stance of non-disclosure will become less tenable
once the clinical value of amyloid imaging becomes more
firmly established. Moreover, the A4 trial recently proposed
by the Alzheimer’s Disease Cooperative Study will, by its
very design, result in asymptomatic participants being
informed of their amyloid imaging results.

A shift away from this position of non-disclosure, however,
is currently underway, with a majority of researchers from
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the ADNI endorsing disclosure of biomarker findings [38].
This, combined with increasing calls from the public for
disclosure of research findings [39] and incorporation of
International Working Group (IWG) and NIA-AA research
diagnostic criteria for asymptomatic at risk and MCI/
prodromal AD [40,41] into clinical practice by some phys-
icians [42], highlight the importance of delineating the
circumstances under which amyloid imaging results should
be disclosed. While generally in agreement with AIT AUC,
Canadian and Australian perspectives do not address the
act of disclosure per se. While empirical data have yet to
be evaluated, predisclosure counseling addressing the poten-
tial social and emotional implications tied to amyloid
imaging results (i.e. positive or negative) have been proposed
by the AIT in order to minimize the potential for psycho-
logical harm [1].

As data addressing the clinical utility of amyloid
imaging continues to accumulate – increasingly, within a
pro-disclosure framework – the need to accelerate the
development of appropriate disclosure guidelines has
emerged as a key area within the field. In this respect,
research participants’ own formulation of benefit, harm
and acceptable risk [39,43] must be given increased recog-
nition along with greater reliance on empiric evidence
pointing to a low prevalence of negative consequence
following disclosure of test results [44], with individuals
tending to find disclosure beneficial irrespective of the actual
result or secondary psychological distress [45–47]. Given that
the implications of amyloid status apropos employability,
insurability, and related stigmatization and discrimination
[48] are not fully understood at present, a broad range of
stakeholders – including regulators, investigators and research
participants [49] – should be canvassed in order to ensure the
appropriateness of emerging policies and protocols.

Clinical utility and cost effectiveness of amyloid PET

While a substantial body of research has been generated via
amyloid imaging in a relatively short time span, systematic
evidence addressing the clinical utility of amyloid PET –
encompassing a change in diagnostic evaluation, patient
management and/or a related improvement in clinical out-
comes – has yet to be reported [1]. Preliminary results,
however, indicate that amyloid imaging findings carry
prognostic information. In the largest longitudinal study of
patients with MCI conducted to date, the rate of progression
to AD was 82% among those who were ‘‘PIB-positive’’,
relative to only 7% among ‘‘PIB-negative’’ subjects [50].
Amyloid imaging likewise seems to carry treatment implica-
tions, chiefly in terms of affecting the initiation or discon-
tinuation of acetylcholinesterase inhibitor therapy [51].
Though likely adding little to the diagnostic workup of
patients with a classic amnestic AD phenotype, amyloid
imaging is likely to prove of use in patients with atypical
presentations or early age at onset [1–3]. In this respect,
a study aiming to differentiate between AD and frontotem-
poral lobar degeneration (FTLD) showed greater accuracy
and precision associated with [11C]PIB, relative to [18F]FDG
[52]. Owing to its high sensitivity, amyloid PET will likely
prove of greater use in terms of ruling out, rather than ruling

in, AD as the underlying etiology, since amyloid positivity
cannot per se exclude the presence of comorbid non-Ab
pathology [51,53].

Despite the recognition that amyloid PET could lead to
significant savings tied to earlier accurate diagnosis and
initiation of treatment [2], others point to substantially
elevated costs associated with the incorporation of amyloid
imaging into current assessment protocols [54]. Among the
benefits of amyloid PET, the ‘‘value of knowing’’ allows
for more effective medication management, engagement
with support services, broaching of issues pertaining to
driving and safety, and enrolment in clinical trials, among
others [55]. Numerous unknowns exist, however, regarding
the benefits of amyloid PET at the level of diagnostic
utility [56]; among these, the incorporation of demographic
factors, including age and genetic variables, into threshold
adjustment for amyloid positivity, determining the optimal
threshold for determining scan positivity using a quantita-
tive approach, and the presence of false positives and false
negatives [51]. In the case of computer aided image
interpretation – an approach that will likely prove crucial to
the widespread implementation of amyloid PET imaging
outside of specialized centers – software is currently under
development, with several computer-based training
approaches having proven highly effective in training inex-
perienced readers [57,58]. Finally, systematic assessment
of amyloid PET cost-effectiveness has yet to be carried out
and should be implemented in the context of multicentric
cohort studies [59] and in more representative clinical
populations [51].

Future directions

The current evidence base suggests that amyloid imaging
carries clinical utility when used in the context of MCI and
atypical dementia syndromes. In addition, PET compounds
for amyloid may prove of use in the context of subject
selection and monitoring in clinical trials. Its widespread
clinical use, however, will likely depend on the availability
of treatments capable of arresting disease progression [60].
Regarding clinical utility and cost-effectiveness, comparisons
are required between amyloid PET and serum, plasma or
cerebrospinal fluid biomarkers for amyloid as, in addition to
potentially being equally valid and possibly of greater clinical
use, such techniques carry lower cost, invasiveness and
radiation exposure [61]. As the field moves toward revising
current policies surrounding disclosure of amyloid findings,
careful attention must be paid to the A4 sub study addressing
the impact of amyloid status disclosure on participant well
being.
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Capítulo VII. Amyloid imaging in Alzheimer’s disease: a potential new era of 

personalized medicine? 

No capítulo VII apresentamos o artigo publicado no periódico Translacional 

Neuroscience. 

Nos capítulos anteriores (capítulo V e VI) discutimos o uso dos radiofármacos de 

β-amilóide e implicações éticas para o uso destes exames de imagem na clínica. Neste 

capítulo avaliamos o potencial uso dos exames de PET β-amilóide de maneira 

personalizada e chegamos a conclusão que diretrizes éticas e socioeconômicas ainda 

impedem o uso de exames de PET β-amilóide no contexto de medicina personalizada.  
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Capítulo VIII. Developments in Tau PET Imaging. 

No capítulo VIII apresentamos o artigo publicado no periódico Canadian 

Journal of Neurological Sciences. 

Nos capítulos anteriores (capítulos V-VII) avaliamos os radiofármacos de PET 

disponíveis para visualização de placas de β-amilóide. Neste capítulo, avaliamos os 

recentemente desenvolvidos radiofármacos com afinidade por agregados da proteína tau, 

os NFTs. Cabe relembrar, que os níveis de t-tau e p-tau no LCR são utilizados como 

biomarcadores de neurodegeneração na DA, porém eles não conseguem fornecer 

informações cerebrais a nível topográfico. Neste estudo, demonstramos que os PET 

radiofármacos para tau – [18F]THK523, [18F]THK5105, [18F]THK5117, [18F]T807, 

[18F]T808, e [11C]PBB3 – tem alta especificidade e boas propriedades farmacocinéticas, e 

com isso apresentam alto potencial para serem utilizados na clínica. Artigo escolhido 

como capa da edição de setembro do periódico Canadian Journal of Neurological 

Sciences. 
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Developments in Tau PET Imaging
Eduardo Rigon Zimmer, Antoine Leuzy, Serge Gauthier, Pedro Rosa-Neto

ABSTRACT: The presence of neurofibrillary tangles in the brain is a hallmark feature of several
neurodegenerative diseases termed “tauopathies,” including Alzheimer’s disease (AD) and the tau
molecular subgroup of frontotemporal lobar degeneration (FTLD-tau). Recently, several positron emission
tomography (PET) radiopharmaceuticals targeting abnormal conformations of the tau protein have been
developed. To date, six novel tau imaging agents—[18F]THK523, [18F]THK5105, [18F]THK5117, [18F]
T807, [18F]T808, and [11C]PBB3—have been described and are considered promising as potential tau
radioligands. Tau imaging agents offer the opportunity of in vivo topographical mapping and
quantification of tau aggregates in parallel with clinical and cognitive assessments. As such, tau imaging
is considered of key importance for progress toward earlier and more accurate diagnosis of tauopathies as
well as for the monitoring of therapeutic interventions and drug development. Here, we shed light on the
most important developments in tau radiopharmaceuticals, highlighting challenges, possibilities and future
directions.

RÉSUMÉ: La présence d’enchevêtrements neurofibrillaires dans le cerveau est une des caractéristiques dans
plusieurs maladies neurodégénératives appelées «tauopathies» dont font partie la maladie d’Alzheimer (MA) et le sous-
moléculaire de la protéine tau de la dégénérescence fronto-temporale lobaire (DFTL-tau). Récemment, plusieurs
tomographies par émission de positons (TEP) radiopharmaceutiques ont été mises au point afin de cibler avec précision
les conformations anormales de la protéine tau. Six nouveaux agents d’imagerie tau [18F]THK523, [18F]THK5105,
[18F]THK5117, [18F] T807, [18F]T808, et [11C]PBB3 ont été décrits à ce jour et sont considérés très prometteurs en tant
que radioligands tau potentiels. Les agents d’imagerie tau ouvrent de nouvelles voies à la cartographie topographique et
à la quantification in vivo des agrégats de la protéine tau en parallèle avec les évaluations cliniques et cognitives en
cours. L’imagerie de la protéine tau est considérée en tant que telle comme ayant une importance capitale pour faire
progresser les diagnostics actuels vers des diagnostics plus précoces et plus précis de tauopathies, ainsi que pour le suivi
des interventions thérapeutiques et le développement de médicaments. La suite de cet article permettra, nous
l’espérons, d’apporter plus de lumière sur les développements radiopharmaceutiques les plus importants de la protéine
tau, les défis et possibilités, tout en mettant en évidence les orientations futures de cette imagerie.

Keywords: Dementia, positron emission tomography (PET), radiopharmaceuticals, tau, tauopathy

doi:10.1017/cjn.2014.15 Can J Neurol Sci. 2014; 41: 547-553

INTRODUCTION

Tau is a phosphoprotein that belongs to themicrotubule-associated
family (MAP). In the human brain, tau proteins can assume six dif-
ferent isoforms, with each variant containing a microtubule-binding
domain comprising three repeat (3R) or four repeat (4R) regions in the
protein carboxy-terminal (C-terminal) as well as one or two amino
acid terminal (N-terminal) inserts.1 Importantly, the expression of
tau isoforms may not be equal across neurons. For instance, tau
messenger RNAs containing exon 10—which encodes the fourth
microtubule-binding domain—are not found in granular cells
within the dentate gyrus.2 As such, tau isoforms are thought to be
differentially distributed within neuronal subpopulations.

A key mediator of microtubule assembly and stability,3-5 tau
functionality is regulated by a wide range of serine and threonine
phosphorylation sites. In addition to reducing tau’s affinity for
microtubules, abnormal phosphorylation of these sites results in a
complementary toxic gain of function—in the form of an increased
propensity for misfolding and subsequent polymerization—with
this mechanism believed to occupy a central role in various

neurodegenerative conditions,6,7 including Alzheimer’s disease
(AD), and the tau molecular subgroup of frontotemporal lobar
degeneration (FLTD-tau) (Table 1). In the case of AD, the accu-
mulation of abnormally phosphorylated tau is known to proceed
hierarchically—affecting first the transentorhinal pre-α layer (Braak
stage I–II), before progressing toward limbic (Braak stage III/IV)
and isocortical areas (Braak stage V/VI)—with its spread thought to
occur following a shift toward prion-like self-propagation.8,9

Though quantitative assessment of cerebrospinal fluid (CSF)
levels of tau and phosphorylated tau (p-tau) are currently acknowl-
edged as biomarkers of neurodegeneration,10 with levels shown to
correlate with cognitive impairment in AD,11-13 the collection of
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CSF via lumbar puncture is invasive in nature and is associated with
high inter-laboratory variability, hampering comparison of data
across centers.14 In addition, levels of tau and p-tau are unable to
provide information regarding the topography of tau pathology in
the brain, which is critical to the differential diagnosis of certain
tauopathies.15,16 The concept of misfolded tau as a central process
underlying neurodegeneration17-20 has led to the development of
tau-focused therapeutics aiming to reduce tau-mediated neuro-
degeneration, with approaches including microtubule stabilizing
agents, reduction of tau hyperphosphorylation, inhibition of tau
fibril aggregation, and promotion of microtubule stability.21 As
such, the development of noninvasive methodologies has a high
priority for determining tau pathology propagation and monitoring
treatment effects in clinical trials.

Positron emission tomography (PET), a noninvasive molecular
imaging method, allows for quantitative analysis of a wide
array of biological processes in the living human brain. Recently,
three new classes of radiopharmaceuticals with a high affinity
for tau tangles have been described (Table 2). PET using tau
radiopharmaceuticals holds the promise of accurate, reliable, and
reproducible quantification of both regional and global tau burden,
which could translate into earlier and more accurate differential
diagnosis, as well as aid in monitoring disease progression and
therapeutic efficacy in clinical trials.

In a recent review, we underscored the opportunity for
improved modeling using tau radiopharmaceuticals and animals
models.26 Here, we shed light on the most promising tau radio-
pharmaceuticals and highlight future directions for tracking tau
pathology using PET molecular imaging.

TAU RADIOPHARMACEUTICALS

Until recently, the main focus of PET molecular imaging
has been the development of highly specific ligands for early
detection of amyloid deposition. A variety of such tracers,
including Pittsburgh compound B ([11C]PiB) and several [18F]-
labeled tracers, have been developed and have provided important
new insights into the role played by amyloid deposition in
neurodegenerative disorders.27 Though one tracer among these
[18F]FDDNP, appeared to bind both amyloid plaques and tau
tangles,28 a subsequent study using [3H]FDDNP autoradiography
in sections containing neurofibrillary tangles (NFTs) failed to
demonstrate overt labeling of tau pathology because of a low
affinity for NFTs.29 In fact, low levels of tau aggregates
in the brain (relative to β-amyloid), as well as the multiple struc-
tural conformations it can assume, make tau tracking a more
complicated task when compared with detection of β-amyloid
deposition.30

Recently, three new classes of compounds have been developed
aiming to bind tau fibrils and stand as potential tau imaging bio-
markers. These include: (1) quinoline derivatives, (2) benzimidazole
pyrimidine derivatives, and (3) benzothiazole derivatives.15,23,25

In the following paragraphs, we describe the most important insights
generated from in vitro and in vivo studies using these novel tracers
(for detailed information, see Table 3).

Quinoline Derivatives

The first quinoline derived tau ligand was [18F]THK523. Fol-
lowing optimization in the form of improved specificity, second-
generation tracers were released in the form of [18F]THK5105 and
[18F]THK5117. In vitro binding assays involving such tracers
were performed using synthetic truncated tau (K18ΔK280) fibrils,
comprising four repeat regions (244-372) in the absence of
lysine 280 (ΔK280). K18ΔK280 tau aggregates form rapidly
without cofactors and exhibit similar characteristics to paired
helical filamentous (PHF) tau.34,35 These studies demonstrated
that [18F]THK5105 and [18F]THK5117 are associated with
higher binding for K18ΔK280 tau aggregates, relative to [18F]
THK523.22 Using histofluorescence analysis, Fodero-Tavoletti
and colleagues15 showed that [18F]THK523 colocalizes with tau
tangles and presents negligible binding to β-amyloid plaques in
hippocampal tissue obtained from AD patients. Furthermore, they
showed colocalization of [18F]THK523 and tau tangles in mouse
(Tg4510, tau model) tissue immunostained with tau antibodies. In
contrast, there was no colocalization in a mouse model harboring
human amyloid precursor protein (APP) and presenilin 1 (PS1)

Table 2: Tau Radiopharmaceuticals

Tracer Biological target KD (High-affinity binding site) References

[18F]THK523 Tau fibrils 1.67 nM 15

[18F]THK5105 Tau fibrils 1.45 nM 22

[18F]THK5117 Tau fibrils 5.19 nM 22

[18F]T807 Tau fibrils 14.6 nM 23

[18F]T808 Tau fibrils 22 nM 24

[11C]PBB3 Tau fibrils 2.5 nM 25

KD= ligand property equal to the inverse of affinity

Table 1: Tau isoforms in AD and various non-AD tauopathies

Pathology Tau isoform

AD 3R+ 4R

Diffuse neurofibrillary tangle dementia with calcifications 3R+ 4R

Pick’s disease 3R

Cortical basal degeneration 4R

Progressive supranuclear palsy 4R

Argyrophilic grain disease 4R

Multisystem tauopathy with globular inclusions 4R

3R= three repeat tau microtubule binding domains; 4R= four repeat tau
microtubule binding domains; AD=Alzheimer’s disease.
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mutations, a model that displays amyloidosis, but not tau tangles.
[18F]THK523 bound to tau aggregates in AD hippocampal
sections and not to amyloid pathology confirmed using anti-β-
amyloid and anti-tau antibodies.15 Furthermore, [18F]THK523
was found to accumulate in Sommer’s sector (CA1) as well in
layers pre- and pri-α of the entorhinal cortex in AD brain sections.
These findings were consistent with the density of PHF-tau
deposition, as confirmed via immunohistochemistry.31 However,
a recent autoradiography study showed that [18F]THK523 has
affinity only for tau filaments present in AD brains, but not for tau
lesions present in non-AD tauopathies.36 Immunostaining with
fluorescent THK5105 and THK5117 indicated colocalization
with tau (AT8 antibody) in human hippocampal brain sections.22

In addition, autoradiography using [18F]THK5117 showed strong
accumulation in regions displaying high amounts of tau deposi-
tion, such as the subiculum, parahippocampus, CA1 subfield,
insula, inferior and middle temporal gyri, and the cingulate
gyrus.22 Importantly, in vitro validation using binding assays and
autoradiography combined with immunohistochemistry is sine
qua non for the development of novel radiopharmaceuticals. In
fact, these parameters are used to define which radio-
pharmaceuticals should be further investigated in in vivo studies.

In vivo studies showed that [18F]THK523, [18F]THK5105, and
[18F]THK5117 exhibited sufficient amounts of tracer uptake in
the mouse brain after intravenous infusion, although [18F]
THK5105 and [18F]THK5117 showed higher brain uptake and

Table 3: Most relevant in vitro and in vivo studies conducted with tau radiopharmaceuticals

Binding studies

Radiopharmaceutical Binding target Expected findings Results References

[18F]THK523 Synthetic tau fibrils Binding to tau fibrils Two binding sites on tau fibrils (high- and low-affinity sites) 15,31

[18F]THK5105 Synthetic tau fibrils Binding to tau fibrils Two binding sites on tau fibrils (high- and low-affinity sites) 22

Immunohistochemistry

Fluorescence probes Tissue Expected findings Results References

THK523 Tau Tg mice (rTg4510 model) Colocalization THK523 colocalized with tau staining 15

THK523 AD Colocalization THK523 colocalized with tau tangles staining 15

THK5105 AD Colocalization THK5105 colocalized with tau staining 22

THK5117 AD Colocalization THK5117 colocalized with tau staining 22

T726 (T807 analogue) AD Colocalization T726 colocalized with tau staining 23

PBB3 Tau Tg mice (PS19 mice) Colocalization PBB3 colocalized with tau staining 25

PBB3 AD, PID, PSP, CDB Colocalization PBB3 colocalized with tau staining 25

Autoradiography

Radiopharmaceutical Tissue Expected findings Results References

[18F]THK523 AD Binding to tau tangles High binding to tau fibrils 15,31

[18F]THK5105 AD Binding to tau tangles High binding to tau fibrils 22

[18F]THK5117 AD Binding to tau tangles High binding to tau fibrils 22

[18F]T807 AD Binding to tau tangles High binding to tau fibrils 23,32

[18F]T808 AD Binding to tau tangles High binding to tau fibrils 24

[11C]PBB3 Tau Tg mice (PS19 mice) Binding to tau tangles High binding to tau fibrils 25

[11C]PBB3 AD Binding to tau tangles High binding to tau fibrils 25

PET

Radiopharmaceutical Model/disease Expected findings Results References

[18F]THK523 Tau Tg mice (rTg4510) High binding Tg>Wt 15

[18F]THK523 Amyloid Tg mice (APP/PS1 mice) No binding Tg=Wt 15

[18F]THK523 AD patients High binding AD>HC 33

[18F]T807 Tau/amyloid Tg mice (APPswe-Tau mice) High binding Tg=Wt 23

[11C]PBB3 Tau mice (PS19) High binding Tg>Wt 25

[18F]T807 AD patients High binding AD>MCI>HC 32

[18F]T808 AD patients High binding AD>HC 37

[11C]PBB3 AD patients High binding AD>HC 25

[11C]PBB3 CBS patient High binding CBS>HC 25

AD=Alzheimer’s disease; HC= healthy control; CBS= corticobasal syndrome; MCI=mild cognitive impairment; PID= Pick’s disease;
PSP= progressive supranuclear palsy; Tg= transgenic; Wt=wild-type.
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faster clearance than [18F]THK523.22 Though microPET assess-
ment using [18F]THK523 showed higher retention in rTg4510
mice relative to APP/PS1 mice and wild-type littermates, the first
clinical PET study revealed elevated white matter (WM) retention,
precluding future use of [18F]THK523 in research or clinical
settings.33 In the case of [18F]THK5105, however, unpublished
preliminary data (courtesy of professors Okamura and Ville-
magne) revealed labeling of tau pathology in a subject with AD,
with delineated areas (e.g. hippocampus) differing from those
identified using [11C]PiB (Figure 1).

Benzimidazole Pyrimidines

After screening more than 900 compounds, benzimidazole
pyrimidines derivatives [18F]T807 and [18F]T808 were devel-
oped. For characterization, a T807 analogue (T726) was used by
Xia and colleagues23 and showed a high degree of colocalization
with PHF-tau but not with Aβ1-42 in frontal lobe postmortem
tissue exhibiting AD pathology.

Autoradiography using [18F]T807 was conducted on frontal
brain sections in three different groups classified as high PHF-tau
and β-amyloid (group A); low PHF-tau, high β-amyloid (group B);
and negative PHF-tau/β-amyloid (group C). Although strong gray
matter signals were detected in group A, cortical regions from group
B emitted only weak signals, and group C emitted only background
signal. Comparison between double immunostained adjoining brain
sections and [18F]T807 autoradiography revealed that [18F]T807
signals colocalized with immunostaining for PHF-tau but not with
Aβ1-42 plaques.23 [18F]T807 autoradiographic analysis using frontal

lobe sections provided a selectivity estimate of 29-fold for tau
relative to β-amyloid, confirmed by immunohistochemistry.32 In
agreement, autoradiography with [18F]T808 also showed increased
binding in “tau-rich” regions in AD brains, and a significant overlap
in areas stained with anti-tau antibodies.24 Further, [18F]T807 and
[18F]T808 tracers showed fast brain uptake followed by a rapid
washout in normal mice, suggesting low nonspecific binding.23,24

However, [18F]T807 was insensitive to differences between
APPswe-Tau and wild-type background mice.15

The first [18F]T807 PET imaging results obtained in healthy
controls (HCs), mild cognitive impairment (MCI), and AD subjects
showed favourable kinetics—with both rapid brain delivery andWM
clearance—as well as low nonspecific WM and cortical binding in
HCs. In patients with MCI and AD, a distinct pattern of tracer uptake
was observed, relative to the cerebellum—comprising lateral tem-
poral, mesial temporal, parietal, occipital, and frontal cortices—mir-
roring the current understanding of tau deposition, as described by
Braak and Braak.32 Similar findings were obtained using [18F]T808,
with increasing signal intensity within these regions noted as a func-
tion of clinical severity. Although difficult to determine because of the
small sample size, these results suggest that a 30- to 50-minute ima-
ging time point may prove sufficient with respect to differentiating
HCs from subjects with AD, with a time frame of 80 to 100 minutes
optimal for detection of smaller amounts of tau deposits.37

Benzothiazole Derivative: [11C]PBB3

Following a screening of several fluorescent chemicals with
affinity for β-sheet conformations, a PBB class of ligands was

Figure 1: Co-registered MRI, [11C]PiB and [18F]THK-5105 images in a patient with Alzheimer’s
disease (AD). Figure depicts a structural MRI (left), [11C]PIB (center), and [18F]THK-5105 PET
images (right), from a patient with dementia resulting from AD (images courtesy of Profs. V.
Villemagne and N. Okamura). Images were co-registered in the plane encompassing the temporal
lobe, hippocampus, orbitofrontal cortex, amygdala, midbrain, and cerebellum. MRI shows
bilateral hippocampal atrophy (right> left). [11C]PIB images show high uptake (yellow-red spots)
in the temporal neocortex. [18F]THK-5105 shows high uptake (yellow-red spots) in the mesial
temporal as well as the temporal neocortex. The high [18F]THK-5105 uptake in the midbrain
possibly represents high nonspecific binding, a finding that would prove consistent with the vast
literature addressing AD imaging and neuropathology. Of note, low uptake of both [11C]PIB and
[18F]THK-5105 can be seen in the cerebellum, an important finding because the cerebellum
serves as the reference region when determining the standardized uptake value ratio (SUVR). A
semiquantitative approach, SUVR is defined as the ratio of cortical to reference region
radioactivity (i.e. tracer retention). In the case of [11C]PiB and [18F]THK-51505 here shown, the
reference regions are the cerebellum (vermis excluded) and the pons, respectively.
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recently developed for visualization of diverse structural forms of
tau inclusions. The most promising of these tracers is [11C]PBB3,
which shows good pharmacokinetic properties and robust binding
to tau inclusions in small animals and humans.25

In vitro and ex vivo fluorescence microscopy showed that
PBB3 clearly identified tau inclusions in tau transgenic mice
(PS19 line, harbouring P301S FTDP-17 mutation). Additionally,
in vitro autoradiography studies showed that [11C]PBB3 produced
high-contrast signals in the tissue of PS19 mice and AD patients
with low nonspecific binding. Ex vivo autoradiography likewise
demonstrated selectivity for tau inclusions in the PS19 mouse
model.25 These findings were supported by preclinical in vivo
assessment showing that [11C]PBB3 identified tau inclusions in
the PS19 mouse model.

The first exploratory clinical [11C]PBB3 PET study for
patients with probable AD showed minimal nonspecific WM
binding and rapid brain delivery. [11C]PBB3 signal was found to
accumulate in the limbic system in mild AD, with expansion
to most cortical areas with progression through moderate AD,
consistent with Braak stage V/VI. Interestingly, a slight retention
of [11C]PBB3 was noted around the hippocampus in a normal
control subject who had shown a decline of several points on the
Mini-Mental Status Examination (MMSE), similar to early Braak
stages. Finally, elevated [11C]PPB3 binding was noted in the basal
ganglia of a patient diagnosed with corticobasal syndrome, sup-
porting the use of [11C]PPB3 to detect tau lesions in both AD and
non-AD tauopathies.25

SUMMARY OF GENERAL PROPERTIES OF TAU

RADIOPHARMACEUTICALS

The association between autoradiographic and immunohisto-
chemical findings across multiple brain regions in both human
and transgenic mouse brain tissue revealed the colocalization
of all tracers with immunoreactive tau antibodies, indicating
high selectivity for tau aggregates. Furthermore, autoradiography
studies have provided specific and nonspecific binding, number of
available binding sites, and affinity, parameters crucial for the
interpretation of PET studies (for review, see (39); Table 2).
Additionally, the tau tracers here reviewed possess desirable
properties for consideration as potential neuroimaging probes,
including high lipophilicity, low molecular weight, high selectivity/
affinity, and rapid plasma clearance.39,40

Possibilities and Challenges for in vivo Tracking of Tau
Pathology

Clinical PET using such tau radiopharmaceuticals should be
viewed as a work in progress. Initial PET studies using [18F]
THK523 ruled out its use in clinical settings because of elevated
WM binding. However, optimized second-generation compounds
remain under investigation and carry promise for future use
because of their expected specificity for AD forms of tau. In the
case of [18F]T807 and [18F]T808, clinical studies conducted thus
far indicate their ability to track cognitive decline—as indexed by
MMSE scores—as well as the propagation of tau pathology,
according to Braak staging. In the case of [11C]PBB3, despite
findings highlighting its potential to detect tau pathology in both
AD and non-AD tauopathies, its short half-life (20 minutes) limits
its use to imaging centers possessing an onsite cyclotron and

specialized radiochemistry, making it unsuitable for widespread
clinical use.

Based on these early clinical studies, tau tracers may facilitate
the differential diagnosis of AD—where tau tangles are composed
of equimolar 3R and 4R isoforms41—and non-AD tauopathies,
where tau tangles contain predominantly 3R or 4R isoforms.
When combined with complementary structural and functional
imaging approaches, the use of tau tracers may allow for improved
detection and characterization of mixed pathology and refine our
current understanding of the link between tau deposition, meta-
bolic change, and brain atrophy. At the same time, tau tracers may
provide further insight into the link between alterations in tau
protein distribution that accompany normal aging and perfor-
mance decrements on neuropsychological measures in non-
demented elderly individuals.42 In the context of clinical trials
involving tau-directed therapeutics, tau PET ligands may serve as
diagnostic biomarkers to guide population enrichment strategies,
to calculate sample size, and to increase the statistical power via
population stratification or through use as baseline predictors.43 In
parallel, tau-ligands can serve as endpoint biomarkers to monitor
the rate of disease progression as well as response to therapy.
Finally, tau ligands may aid in the testing of new hypotheses,
including the hypothesis that β-amyloid and tau pathology arise
independently in sporadic AD, with incident β-amyloid patho-
physiology interacting synergistically with an antecedent limbic/
brainstem tauopathy.10,44

Despite the promise held by the tracers discussed here, a
number of challenges remain. Given that structural polymorph-
isms are the rule rather than the exception,45 with a given tau
isoform assuming various conformations, and different isoforms
assuming similar forms ultrastructurally,46 the distribution of such
tau aggregates within the brain varies by phenotype.45 Though an
advantage in terms of differential diagnosis, the underlying
assumption—namely, that binding of tau ligands will be com-
parable across the spectrum of tau polymorphisms—is unlikely.45

In addition, the ability of tracers to bind tau may be affected by
different posttranslational modifications47 such that a given
radiotracer may be able to bind PHF-tau but not other ultra-
structural tau conformations, such as straight filaments or ran-
domly coiled filaments. Additionally, tau deposition from normal
aging must be addressed to provide a reliable threshold and avoid
false positives given the presence of tau pathology in a certain
percentage of cognitively normal individuals.48,49 Finally, addi-
tional PET studies incorporating increased subject numbers and a
wider range of tauopathies are necessary to further validate the use
of tau ligands in clinical settings.

CONCLUSION

The growing interest in tau radiopharmaceutical will surely
contribute to significant advancements in the field. Indeed, it is
expected that many additional tau-focused radiopharmaceuticals
will soon be examined. Current tau tracers hold translational value
in terms of characterizing the link between the progression of tau
pathology and cognitive impairment as well as in terms of mon-
itoring treatment effects in clinical trials using tau-focused ther-
apeutics. Finally, tau tracers hold the potential for inclusion as
biomarkers of neurodegeneration, to be used alone or in parallel
with CSF tau measurements in order to achieve an improved
understanding of tauopathies.
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Capítulo IX. Tracking neuroinflammation in Alzheimer's disease: the role of positron 

emission tomography imaging. 

No capítulo IX apresentamos o artigo publicado no periódico Journal of 

Neuroinflammation. 

Além dos biomarcadores de PET β-amilóide (capítulos V-VII) e tau (capítulo 

VIII), outros PET radiofármacos para eventos fisiopatológicos não específicos da DA, 

podem fornecer assinaturas topográficas da doença. A neuroinflamação é um processo 

contínuo ao longo da progressão da DA. Neste capítulo revisamos os mecanismos 

envolvidos em processos neuroinflamatórios, os radiofármacos de PET atualmente 

disponíveis para a visualização de neuroinflamação e as estratégias terapêuticas 

envolvendo anti-inflamatórios não esteroides (NSAIDs, do inglês Nonsteroidal anti-

inflammatory drugs) no contexto da DA. Além disso, discutimos o uso destes 

radiofármacos para acompanhamento da progressão da DA em função das alterações 

neuroinflamatórias. 
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Abstract

Alzheimer’s disease (AD) has been reconceptualized as a dynamic pathophysiological process, where the
accumulation of amyloid-beta (Aβ) is thought to trigger a cascade of neurodegenerative events resulting in
cognitive impairment and, eventually, dementia. In addition to Aβ pathology, various lines of research have
implicated neuroinflammation as an important participant in AD pathophysiology. Currently, neuroinflammation
can be measured in vivo using positron emission tomography (PET) with ligands targeting diverse biological
processes such as microglial activation, reactive astrocytes and phospholipase A2 activity. In terms of therapeutic
strategies, despite a strong rationale and epidemiological studies suggesting that the use of non-steroidal
anti-inflammatory drugs (NSAIDs) may reduce the prevalence of AD, clinical trials conducted to date have proven
inconclusive. In this respect, it has been hypothesized that NSAIDs may only prove protective if administered early
on in the disease course, prior to the accumulation of significant AD pathology. In order to test various hypotheses
pertaining to the exact role of neuroinflammation in AD, studies in asymptomatic carriers of mutations deterministic
for early-onset familial AD may prove of use. In this respect, PET ligands for neuroinflammation may act as surrogate
markers of disease progression, allowing for the development of more integrative models of AD, as well as for the
measuring of target engagement in the context of clinical trials using NSAIDs. In this review, we address the
biological basis of neuroinflammatory changes in AD, underscore therapeutic strategies using anti-inflammatory
compounds, and shed light on the possibility of tracking neuroinflammation in vivo using PET imaging ligands.

Keywords: Alzheimer’s disease, Positron emission tomography, Neuroinflammation, Microglia, Astrocytes,
Phospholipase A2, Amyloid-β, Hyperphosphorylated tau, Non-steroidal anti-inflammatory drugs, 18 kDa translocator
protein

Background
Research advances over the past decade have led to the
reconceptualization of Alzheimer’s disease (AD) as a
progressive pathophysiological process in which the ac-
cumulation of amyloid-beta (Aβ) is thought to trigger a
cascade of neurodegenerative events, including the intra-
cellular accumulation of hyperphosphorylated tau [1,2].

From a clinical standpoint, AD is viewed as a continuum,
comprising a clinically silent phase [3] (characterized by
cognitive normality in the presence of AD pathology), a
prodromal mild cognitive impairment (MCI) phase [4]—
during which individuals exhibit cognitive dysfunction,
but of insufficient severity to meet criteria for dementia—
and, finally, a dementia phase [5].
In addition to the pathological hallmarks of AD, Aβ

and hyperphosphorylated tau, a growing body of literature
points to neuroinflammation as an important player in the
pathogenesis of AD. Following a set of classic studies im-
plicating the complement factors C1q, C4 and C3 in the
formation of amyloid plaques [6,7], activated microglia
and the inflammatory cytokine IL-1 were found to be

* Correspondence: pedro.rosa@mcgill.ca
†Equal contributors
1Translational Neuroimaging Laboratory (TNL), McGill Center for Studies in
Aging (MCSA), Douglas Mental Health University Institute, Montreal, QC H4H
1R3, Canada
2Alzheimer’s Disease Research Unit, MCSA, Douglas Mental Health University
Institute, Montreal, QC H4H 1R3, Canada
Full list of author information is available at the end of the article

JOURNAL OF 
NEUROINFLAMMATION

© 2014 Zimmer et al.; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly credited. The Creative Commons Public Domain
Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article,
unless otherwise stated.

Zimmer et al. Journal of Neuroinflammation 2014, 11:120
http://www.jneuroinflammation.com/content/11/1/120



elevated in AD patients [8,9]. In addition to its role in
the promotion of astrogliosis [10,11], IL-1 is known to
induce marked expression of the amyloid precursor
protein (APP) gene [12] and α1-antichymotrypsin [13],
both known components of amyloid plaques [14,15].
Further exploration of complement activation showed
that while the opsonizing components were in proxim-
ity to amyloid plaques, the terminal components were
associated with dystrophic neurites [16,17]. The import-
ance of the complement system in AD was established
shortly after, following the discovery that C1q possessed
the ability to bind Aβ and its N-terminal fragments and
thus to initiate neuroinflammation via activation of the
classical complement pathway [18]. Since this early work,
numerous post-mortem immunohistochemical, biochem-
ical, and molecular studies have confirmed the presence
of neuroinflammation in the brain of AD subjects (for
review, see [19]).
A key issue regarding neuroinflammation in AD is

whether this response is beneficial or detrimental in na-
ture. While acute neuroinflammation seems to be an
adaptive reaction aiming to restore brain integrity [20],
chronic inflammation appears to be an injurious process,
resulting in progressive neurodegeneration [21,22]. Clin-
ical trials using non-steroidal anti-inflammatory drugs
(NSAIDs) - initiated on the basis of numerous epidemio-
logical studies suggesting that systemic use of NSAIDs can
prevent or delay the onset of AD [23,24] - have yielded
mixed or inconclusive results [25]. However, preliminary
results from the Alzheimer's Disease Anti-inflammatory
Prevention Trial (ADAPT) may suggest that NSAIDs can

be beneficial only if administered early in the disease
course, before any symptoms are evident [22]. While this
Janus face of neuroinflammation in AD has yet to be fully
understood, it is clear that neuroinflammation is an early
and continuous process, present from preclinical through
late stage AD [26-28].
Recently, positron emission tomography (PET) imaging

agents targeting neuroinflammatory processes have been
developed and offer the opportunity for non-invasive
in vivo tracking of diverse brain inflammatory events
(Table 1). Specifically, microglial activation, reactive astro-
cytosis and increased phospholipase activity are neuroin-
flammatory events amenable of quantification using PET
imaging agents [29-31]. In addition to tracking the pro-
gression of AD as a function of neuroinflammatory re-
sponse, the use of PET imaging agents may help shed light
on the interplay between Aβ, hyperphosphorylated tau,
and neuroinflammation, possibly leading to improved
modeling of AD pathophysiology.
In this review, we describe some of the most import-

ant insights provided by PET imaging agents targeting
neuroinflammation in AD, revise the evidence provided
by preclinical and clinical trials using NSAIDs, and
underscore the role that PET biomarkers may play in
terms of the development of novel therapeutic strategies,
monitoring of disease progression, as well as biomarkers
of target engagement.

Imaging microglial activation using PET
Comprising approximately 10% of the cells within the cen-
tral nervous system [46], microglia constitute the first line

Table 1 Positron emission tomography imaging agents for neuroinflammation
Process of interest Biological target Radiopharmaceutical Reference

Microglial activation 18-kDa translocator protein [11C]PK11195 [32]

[11C]AC5216 [33]

[11C]PBR2806 [34]

[11C]DPA-713 [35]

[11C] DPA-714 [36]

[11C]MBMP [37]

[11C]DAC [38]

[11C]DAA1106 [39]

[11C]vinpocetine [40]

[18 F]PBR06 [41]

[18 F]FEAC [42]

[18 F]FEDAC [42]

[18 F]DAA1106 [43]

Reactive astrocytes Monoamine oxidase B [11C]-DED [30]

[11C]Sch225336 [44]

Phospholipase A2 activity Metabolism of arachidonic acid 1-[11C]-AA [31]

[18 F]FAA [45]
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of defense against invading pathogens and other harm-
ful agents. Under pathological conditions, microglial
cells proliferate and migrate to the site of injury, acquiring
phagocytic abilities and releasing various pro-inflammatory
mediators [47-50]. In AD, reactive microglia in the vicinity
of Aβ plaques have been repeatedly observed in both clin-
ical [51,52] and experimental studies [53,54], with experi-
mental models confirming Aβ-mediated release of various
neurotoxic molecules by microglia [55-58]. In keeping
with the biphasic hypothesis of neuroinflammation, how-
ever, additional studies have shown activated microglia to
release neuroprotective cytokines such as transforming
growth factor-β1, and there may be worsening of AD
pathology following microglial inhibition [59].
Currently, PET imaging of microglial activation is

possible using molecular agents targeting the 18 kDa
translocator protein (TSPO), formerly named the per-
ipheral benzodiazepine receptor (PBR) [60,61]. Located
mainly in parenchymal glial cells, TSPO is present at
low concentrations under normal physiological condi-
tions [62], save for the ependyma, choroid plexus, and
olfactory nerve layer of the olfactory bulb, which display
high densities of TSPO receptors [63,64]. In response to
neuroinflammation, however, TSPO levels undergo a dra-
matic increase, making it well-suited for assessment of
microglial activation [62]. Indeed, numerous studies indi-
cate TSPO to be a sensitive marker of reactive microglia
and inflammation secondary to neurodegeneration, in-
cluding of the AD type (for review see [65,66]).
Preclinical studies using PET ligands binding TSPO

have been performed in transgenic (Tg) rodent models
harboring human APP or tau pathogenic mutations. In
the case of [11C]PK11195 - the prototypical TSPO ligand -
the number of available binding sites (Bmax) was found to
be significantly increased in the frontal cortex of AD
post-mortem tissue, as compared to controls, while
[3H](R)-PK11195 binding correlated significantly with
immunohistochemically labeled activated microglia
[67]. Likewise, an age-dependent increase in [3H](R)-
PK11195 was noted in APP/PS1 Tg mice, in keeping
with increased retention of [11C](R)-PK11195 assessed
using microPET, which was again correlated with the
presence of activated microglia, as determined via
histopathological assessment [67]. Similar work con-
ducted using [11C]AC-5216 [33], and [18F]FEDAA1106
[68] - TSPO ligands which are optimized for improved
blood-brain barrier permeability, affinity and, in the
case of [11C]AC-5216, kinetics - revealed increased
TSPO signals in living Tg mice overexpressing human
APP (APPE6993Δ) [69]. Importantly, the APPE6993Δ model
displays high levels of Aβ in the absence of fibrillary
amyloid plaques [70], suggesting that amyloid dysmeta-
bolism per se is sufficient to induce upregulation of TSPO-
positive microglia.

Clinical studies using [11C](R)-PK11195 in patients
with mild-to-moderate AD have shown increased reten-
tion in the entorhinal, temporoparietal and posterior
cingulate cortices, areas that show decreased glucose
use, as measured with [18F]DG-PET [71]. Furthermore,
elevated microglial activation, as indexed by high [11C]
(R)-PK11195 binding within cortical association and
striatal regions (see Figure 1), was noted in a group of
AD subjects with high Pittsburgh compound B ([11C]
PIB) retention, whose mini mental state examination
(MMSE) scores were correlated negatively with micro-
glial activation, but not with [11C]PIB binding [29].
Additional studies have provided conflicting results
[72]; however, it is possible that [11C](R)-PK11195 sen-
sitivity might be insufficient for detecting microglial ac-
tivation present in mild-to-moderate AD [73]. In MCI,
findings with [11C](R)-PK11195 are inconclusive, with
one study showing a small increase in PIB-positive pa-
tients relative to controls [74], but others studies reporting
no increase, even among patients who subsequently con-
verted to AD [72,73].
Among second generation TSPO radioligands, increased

binding of [11C]DAA1106 has been observed in AD, as
compared to controls, though no correlation was found
with respect to disease severity [75]. In a follow-up study
among patients with MCI, the increased binding was asso-
ciated with progression to AD over a 5-year follow-up
period [39]. In the case of [11C]PBR28, increased binding
was noted in AD, but not MCI, despite the latter display-
ing cerebral amyloidosis and hippocampal atrophy using
PIB-PET and magnetic resonance imaging (MRI) volume-
try [76]. Furthermore, [11C]PBR28 binding was shown to
correlate with clinical severity and gray matter loss, par-
ticularly within regions exhibiting the highest density of
TSPO [76] (see Figure 2). Finally, [11C]PBR28 binding was
found to be higher among patients with early-onset AD
(<65 years), particularly within frontal and parietal regions,
in keeping with studies showing greater frontoparietal
atrophy in patients with early-onset AD [77-80]. Col-
lectively, these findings with [11C]PBR28 suggest that
the increased expression of TSPO by activated micro-
glia occurs after progression to AD, and continues as a
function of disease progression, in those who develop
disease symptoms at an early age.

Second-generation 18-kDa translocator protein ligands
and the rs6971 polymorphism
In contrast to PET studies using [11C]PK11195 - which
binds with similar affinity across subjects [81] - inter-
pretation of studies using second-generation ligands for
the TSPO has been rendered difficult by substantial
inter-individual variability in binding affinity, ranging
from 4- to 50-fold [82]. Recently, a common single-
nucleotide polymorphism (rs6971) in exon 4 of the
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TSPO gene has been identified as the key determinant
of TSPO ligand affinity [83,84]. Based on the rs6971
polymorphism, subjects are currently divided in three
groups: high-affinity binders (HAb), mixed-affinity
binders (MAb) and low-affinity binders (LAb), with

binding class determined on the basis of the number of
high- versus low-affinity sites [81,82]. While the binding
variation between HAb and MAb is around 30% [85], a
difference approaching 80% has been observed between
between HAb and LAb [76]. Adjusting for the rs6971
polymorphism - either via genotyping or by leucocyte
binding assay - has been shown to result in more accurate
quantitation of TSPO availability [76], as well as offering
potential benefits of increased statistical power and
smaller required sample size in the case of clinical
studies (see Figure 3).

Cannabinoid receptor type 2: a potential target for
imaging microglial activation using PET
Under physiological conditions, the cannabinoid recep-
tor type 2 (CB2) is expressed in very low concentrations
in the brain [86,87]. Recent studies, however, have dem-
onstrated microglial overexpression of CB2 in AD fol-
lowing Aβ deposition [88,89]. An attractive alternative to
TSPO ligands, CB2 radiopharmaceuticals, such as [11C]
Sch225336 [44] and [11C]A-836339 [90], are potential
imaging biomarkers for estimating activated microglia in
the brain. Indeed, work using [11C]A-836339 has pro-
vided the first in vivo evidence of CB2 upregulation in
APPswe/PS1dE9 mice [90], an animal model presenting
Aβ deposition similar to that seen in AD. Moreover, pre-
liminary findings highlight the CB2 receptor as a poten-
tial therapeutic target, with use of selective CB2 agonist

Figure 1 PET biological targets for measuring neuroinflammation in AD. Amyloid-beta (Aβ)1–42 and neurofibrillary tangles (NFTs) - the classic
hallmarks of Alzheimer’s disease (AD) - can trigger neuroinflammatory changes, which induces the release of complement factors, cytokines and
others inflammatory factors. Positron emission tomography (PET) uses biological surrogates for measuring neuroinflammation. Microglial activation
is estimated by the expression of the 18-kDa translocator protein (TSPO), which is mainly found on the outer mitochondrial membrane of the
microglial cells under inflammatory conditions. Monoamine oxidase-B (MAO-B), an enzyme usually located on the outer mitochondrial membrane
of astrocytes, is proposed as an index of reactive astrocytosis. Radiolabeled arachidonic acid (AA), a phospholipid present in the cell membrane
and cleaved by phospholipase A2 (PLA2), can estimate the AA metabolism. AA is the precursor of eicosanoids - prostaglandins and leukotrienes - which
are potent mediators of the inflammatory response.

Figure 2 Illustrative [11C](R)PK11195 PET imaging. Representative
[11C](R)PK11195 images in a healthy control (age 65 years) and in a
patient with Alzheimer’s disease (AD) dementia (age 68 years). The
brain axial view shows increased [11C](R)PK11195 binding in the AD
subject (yellow-red spots) in comparison to the healthy control subject.
Standardized uptake value (SUV) defined by the ratio of brain to
reference region (supervised reference tissue extraction) radioactivity
was used for estimating [11C](R)PK11195 binding. Image provided by
Dr Paul Edison of the Division of Brain Sciences, Department of
Medicine, Imperial College London, UK.

Zimmer et al. Journal of Neuroinflammation 2014, 11:120 Page 4 of 12
http://www.jneuroinflammation.com/content/11/1/120



shown to reduce microgliosis, promote Aβ clearance, and
improve cognitive performance in both Tg APP 2576 mice
[91] and in rats with cognitive impairment following bilat-
eral microinjections of Aβ at the level of the hippocampus
[92]. In addition, Tg amyloid mice lacking the CB2 re-
ceptor have been shown to exhibit significantly in-
creased levels of soluble Aβ1–42 and plaque deposition
[93]. Though the use CB2 imaging agents may play a
role in monitoring the effectiveness of CB2-specific in-
terventions, more studies are needed. The link between
TSPO and CB2 expression, however, remains elusive.

Imaging reactive astrocytes using PET
Astrocytes are the most prevalent cells in the central ner-
vous system, outnumbering neurons by at least five-fold
[94]. These specialized glial cells dynamically interact with
neurons modulating diverse signaling pathways as well as
synapse formation [95-97]. Similar to microglia, astrocytes
become reactive in response to a variety of detrimental
stimuli [98]. In AD, increased expression of glial fibrillary
acidic protein (GFAP) is typically observed in immunohis-
tochemical studies of post-mortem brain tissue, indicating
an increased number of reactive astrocytes [99], with
GFAP-positive astrocytes noted at the margins of amyloid
deposits [100]. Though the astrocytic network is thought
to exert a neuroprotective role via the sequestration/
degradation of Aβ [101-105], its involvement is likewise
believed to extend in deleterious directions, including
the amplification of cortical amyloid deposition via propa-
gation of intercellular calcium waves [106].
In PET imaging, the enzyme monoamine oxidase B

(MAO-B) has been proposed as a biomarker for in vivo

quantification of astrocytosis in AD [107]. Located on
the outer mitochondrial membrane, MAO-B occurs pre-
dominantly in astrocytes [108,109], and can be imaged
using 11C-deuterium-L-deprenyl ([11C]-DED), a radio-
pharmaceutical exhibiting high affinity and specificity for
MAO-B [110,111]. Catalyzing the oxidative deamination
of catecholamines, MAO-B density has been shown to
be highly expressed in astrocytes surrounding amyloid
plaques [112] and seems to contribute to neurodegener-
ation by disrupting oxidative homeostasis [113].
Clinical studies using [11C]DED have demonstrated in-

creased tracer retention in MCI and AD, with binding
highest among PIB +MCI individuals [30]. These findings
suggest that reactive astrocytosis may be present early on
in the course of AD, in keeping with previous hypotheses
[99,114], as well as with findings of increased [11C]DED
binding in the earliest Braak stages of AD post-mortem
tissue [115]. Several important factors remain unanswered
with respect to this study, however. First, [11C]DED bind-
ing may be underestimated since it is highly dependent on
cerebral blood flow [111,116,117], a parameter known to
be reduced in AD [118-121]. Moreover, it is unclear the
degree to which the [11C]DED signal represents reactive
astrocytosis, since MAO-B is also found within serotoner-
gic neurons and non-reactive astrocytes [108,109]. An-
other confounder that needs to be addressed is the fact
that MAO-B seems to increase with age in almost all brain
regions (with the exception of the cingulate gyrus) in
healthy human subjects [111].

Imaging phospholipase A2 using PET
Microglia derived inflammatory cytokines are capable of
binding astrocytic cytokine receptors that are coupled
to cytosolic phospholipase A2 (cPLA2), and secretory
phospholipase A2 (sPLA2) [122]. Activation of these
Ca2+-dependent enzymes results in the hydrolysis of
membrane phospholipids, liberating arachidonic acid
(AA) [123,124], itself a precursor of pro-inflammatory
eicosanoids including prostaglandins and leukotrienes
[125,126]. Moreover, nitric oxide, released as part of this
reaction, can likewise promote AA hydrolysis via cPLA2

via postsynaptic ionotropic N-methyl-D-aspartate glutam-
ate receptors [127,128], as can Aβ [129,130]. Such me-
chanisms have been noted in AD, including increased
expression of cPLA2 and sPLA2, elevated cytokine levels,
increased glutamatergic markers and different forms of ac-
cumulated Aβ [129-131], as well as increased cerebro-
spinal fluid (CSF) levels of AA metabolites [132]. On the
basis of these markers, AA metabolism has been hypothe-
sized to be elevated in AD [31].
Preliminary results obtained using radiolabeled AA

(1-[11C]-AA) support this hypothesis, with elevated in-
corporation coefficients noted in neocortical areas shown
to have high densities of neuritic plaques with activated

Figure 3 Illustrative [11C]PBR28 PET imaging. Representative [11C]
PBR28 images in a healthy control (age 61 years) and in a patient
with Alzheimer’s disease (AD) dementia (age 57 years). The brain
axial view show increased [11C]PBR28 binding in the AD subject
(yellow-red spots) in comparison to the healthy control subject. Of
note, both subjects are high-affinity binders. Distribution volume
corrected for free fraction of the radioligand in plasma (VT/fP) was
used for estimating [11C]PBR28 binding values. Image provided by
Drs William Kreisl and Robert Innis of the Molecular Imaging Branch,
National Institute of Mental Health-NIMH, USA.
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microglia [31]. To the extent that the elevated binding of
1-[11C]-AA represents the upregulation of AA metabol-
ism, PET with 1-[11C]-AA may prove of use in the assess-
ment of investigations in patients with AD.

Neuroinflammation as a therapeutic target in AD
Following an initial report of unexpectedly low prevalence
of AD among patients with rheumatoid arthritis [133], nu-
merous epidemiological studies have indicated a reduced
incidence of AD among users of NSAIDs (for a review,
see [134]). A systematic review suggests that duration of
NSAID use of at least 2 years is required to reduce risk
estimates [135], while the apparent protective effects of
NSAIDs is diminished among older individuals, even to
the point of disappearance [136,137] or, in one study,
reversal [138]. The apparent protective effect may also
be more pronounced among carriers of the apolipoprotein
E (APOE) ε4 allele [24,137,139,140]. In general, non-aspirin
compounds have been associated with greater protect-
ive effects, relative to aspirin compounds [134], and no
protective effects have been suggested among users of
acetaminophen [141].
Several mechanisms have been proposed to explain the

possible protective effects of NSAIDs in AD, including the
reduction of brain inflammation by inhibition of cyclooxy-
genase (COX)-mediated synthesis of pro-inflammatory
prostaglandins [101]. Indeed, the beneficial effects of
NSAIDs on memory performance in transgenic mouse
models of AD have been proposed to relate directly to
their blockade of COX activity [102-105,142,143], and
not to their ability to lower levels of inflammatory cyto-
kines, TNF-α or IL-1β [144]. A second proposed mechan-
istic hypothesis pertains to the ability of NSAIDs to inhibit
processing of the APP or the production or aggregation of
Aβ. A subset of NSAIDs (including ibuprofen and indo-
methacin) have been shown in vitro and in APP-Tg mouse
models to preferentially lower levels of amyloidogenic
Aβ1–42, independently of their COX-inhibiting activity
[145]. These NSAIDs are thought to stimulate non-
amyloidogenic processing of APP via enhancement of
α-secretase activity [146], to decrease secretion of Aβ in
cell lines stimulated with pro-inflammatory cytokines [147],
and to decrease the expression of α1-antichymotrypsin, an
acute phase protein known to accelerate the development
of amyloid pathology in APP-Tg mice [148]. It is note-
worthy, however, that a large meta-analysis of NSAID
use in human samples has failed to show a distinction
between those NSAIDs that modulate γ-secretase activ-
ity in vitro and others, and between ibuprofen and na-
proxen in particular [149]. Finally, NSAIDs that are
known to inhibit the multimerization of Aβ in vitro
[150] may also inhibit the aggregation of Aβ via direct
interaction [151], although human neuropathological
studies have failed to show this [152,153].

The hypothesis that neuroinflammation plays a role in
the pathogenesis of AD - and that its suppression via the
use of anti-inflammatory compounds may prevent or
delay the onset of AD - provided the rationale for a series
of clinical trials utilizing various anti-inflammatory drugs
[154]. While initial pilot studies using indomethacin
(a COX-1 preferential inhibitor) and diclofenac (a
non-selective COX inhibitor) combined with the gas-
troprotective agent misoprostol, suggested benefits in
mild-to-moderate AD [155,156], gastrointestinal prob-
lems (a side effect commonly associated with inhibition of
COX1) resulted in a high drop-out rate. Follow-up studies
with nimesulide [157], celecoxib [158] or rofecoxib
[159,160] - selective COX-2 inhibitors - showed no
therapeutic effect [157-160]. Likewise, despite encour-
aging results in animal models, a 1-year clinical trial
using the non-selective COX inhibitor ibuprofen showed
no significant overall effects on cognitive and clinical out-
comes in patients with mild-to-moderate AD (although
positive results were seen in APOE ε4 carriers, with the
opposite pattern observed in non-carriers) [161]. A pri-
mary prevention trial (ADAPT) using naproxen (mixed
COX-1/COX-2 inhibitor) and celecoxib (selective COX-2
inhibitor) in individuals at risk for AD was terminated
early due to perceived cardiovascular side effects [162],
but with results that suggested that these NSAIDs may
in fact accelerate disease progression if initiated in indi-
viduals already displaying MCI or substantial AD patho-
physiology without symptoms. Their use among individuals
without AD pathophysiology may prove beneficial, how-
ever; a hypothesis supported by CSF biomarker values
obtained at 21 to 42 months follow-up [134].
Though the failure of clinical trials using NSAIDs has

been ascribed to timing of intervention, duration of
treatment, dosage, and drug class, the underlying prob-
lem remains the lack of consensus surrounding whether
neuroinflammation causes neurodegeneration in AD, or
is simply a protective response to primary pathological
processes. At present, these findings offer only limited
data making it difficult to evaluate the therapeutic utility
of NSAIDs in AD. However, piecing together findings
from preclinical work in AD-like Tg models, the finding of
protective effects in APOE ε4 carriers and the overall re-
sults of the ADAPT trial, it seems likely that NSAIDs
may exert a protective effect but only if administered
early on in the disease course. Further studies are required
to provide support for this idea.

Potential role of PET in monitoring responsivity to
anti-inflammatory therapies in AD
The literature suggests that neuroinflammation occurs
early in the course of AD, likely as a response to Aβ and
pathologically phosphorylated forms of tau, and that
early use of NSAIDs may prove effective in individuals
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with minimal AD pathology and/or carriers of the APOE
ε4 allele. Indeed, results from a masked long-term
follow-up of the ADAPT cohort seemed to confirm this
idea. The difficulty with early initiation of treatment,
however, lies in recognizing those who have already ex-
perienced pre-symptomatic disease onset. In this respect,
studies in asymptomatic carriers of mutations determin-
istic for early-onset familial AD may prove helpful, given
the recent suggestion of the order in which biomarkers
reach abnormal levels in this population [163], and that
the clinical evolution of early-onset familial AD is highly
predictable within a kindred, especially for age at onset
[164]. Imaging of neuroinflammation in this population
using PET, alongside CSF and plasma markers, may allow
for a more integrative AD biomarker model [2,165], par-
ticularly with respect to the interplay between glial activa-
tion, seeding of Aβ and hyperphosphorylated tau species,
and cognitive decline. Moreover, TSPO ligands may prove
sensitive to early AD pathophysiological changes in the
form of toxic Aβ oligomers [166], changes that lie below
the detection threshold of current in vivo AD biomarkers
[2]. In the context of clinical trials using NSAIDs (com-
pounds that retain therapeutic potential despite the
general failure of trials conducted to date, particularly
since they are relatively safe and highly available), PET
could serve to demonstrate target engagement in addition
to proving topographical information, critical information
lacking from fluid- and plasma-based biomarkers. The re-
producibility of TSPO binding, however, remains under
debate [167,168]. In this respect, clinical trials addressing
this issue are currently underway, and will hopefully
provide results clarifying the test-retest reliability of
TSPO ligands [169,170].

Concluding remarks and future directions
In general, the continued study of inflammatory mecha-
nisms, including in particular the use of PET imaging
for tracking neuroinflammatory changes, seems to have
a promising role in AD. To date, radioisotopic probes
targeting neuroinflammation have demonstrated en-
couraging results in preclinical and clinical studies, with
these radiopharmaceuticals holding promise for inclu-
sion as surrogate markers of disease progression in the
next generation of clinical trials using anti-inflammatory
therapies. Importantly, novel approaches aiming to aug-
ment the sensitivity of these PET imaging agents may be
required, with inclusion of vascular [171] and genetic
[172,173] covariates likely to strengthen the value of PET
outcomes.
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Capítulo X. MicroPET imaging and transgenic models: a blueprint for Alzheimer's 

disease clinical research.  

No capítulo X apresentamos o artigo publicado no periódico Trends in 

Neurosciences. 

O diagnóstico precoce parece ser a chave para a otimização das estratégias 

terapêuticas na DA. Neste capítulo, revisamos os estudos envolvendo a versão 

miniaturizada do PET (microPET) e modelos transgênicos de β-amilóide e tau. 

Chegamos a conclusão que o uso desta tecnologia em modelos animais ainda está em 

seus primórdios e propusemos aplicações avançadas do microPET para o entendimento 

da progressão dos efeitos das patologias de β-amilóide e tau, como estudos longitudinais 

e análise de redes metabólicas. Artigo escolhido como “artigo do mês” da edição de 

novembro do periódico Trends in Neurosciences. 
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MicroPET imaging and transgenic
models: a blueprint for Alzheimer’s
disease clinical research
Eduardo R. Zimmer1,2,3, Maxime J. Parent1,2, A. Claudio Cuello4, Serge Gauthier1,2,
and Pedro Rosa-Neto1,2

1 Translational Neuroimaging Laboratory (TNL), McGill Center for Studies in Aging, Douglas Mental Health University Institute,
Montreal, Quebec, Canada
2 PET unit, Montreal Neurological Institute (MNI), Montreal, Quebec, Canada
3 Department of Biochemistry, Federal University of Rio Grande do Sul, Porto Alegre, Rio Grande do Sul, Brazil
4 Department of Pharmacology and Therapeutics, McGill University, Montreal, Quebec, Canada

Over the past decades, developments in neuroimaging
have significantly contributed to the understanding of
Alzheimer’s disease (AD) pathophysiology. Specifically,
positron emission tomography (PET) imaging agents
targeting amyloid deposition have provided unprece-
dented opportunities for refining in vivo diagnosis, mon-
itoring disease propagation, and advancing AD clinical
trials. Furthermore, the use of a miniaturized version of
PET (microPET) in transgenic (Tg) animals has been a
successful strategy for accelerating the development of
novel radiopharmaceuticals. However, advanced appli-
cations of microPET focusing on the longitudinal propa-
gation of AD pathophysiology or therapeutic strategies
remain in their infancy. This review highlights what we
have learned from microPET imaging in Tg models dis-
playing amyloid and tau pathology, and anticipates cut-
ting-edge applications with high translational value to
clinical research.

AD: current conceptualization and the role of PET
imaging
AD is currently conceptualized as a progressive pathophys-
iological process, initially characterized by amyloidosis
(extracellular Ab accumulation; see Glossary), followed
by a cascade of neurodegenerative events, including the
formation of neurofibrillary tangles (NFTs, intracellular
tau protein aggregates), neuroinflammation, and neuro-
transmission abnormalities, ultimately leading to cogni-
tive decline and dementia [1–3]. In the past decade,
developments in radiopharmaceutical research have
allowed the synthesis of highly specific PET imaging
agents, which have allowed the in vivo quantification of
amyloid deposition in AD patients [4].

PET permits the quantification of numerous biological
and pharmacological processes via the pharmacokinetic

analysis of imaging agents labeled with positron-emitting
radioisotopes (radiopharmaceuticals) administered in liv-
ing individuals. The high sensitivity of PET (nanomolar to
picomolar) is ideal for the non-invasive quantification of
receptor availability, transporter systems, gene expres-
sion, signal transduction, protein binding, and transcrip-
tional regulation [5]. As such, PET imaging has numerous
research and clinical applications in the field of neurode-
generative diseases. In fact, PET imaging has been
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Glossary

Amyloid load: the density of amyloid deposits estimated by the magnitude of
amyloid imaging agents binding.
Amyloid precursor protein (APP): an integral membrane protein expressed in
many tissues and concentrated in the synapses of neurons.
Biomarker: an indicator of biological processes, pathogenic processes, or
pharmacologic responses.
Binding potential (BPND): imaging outcome measure expressing the avail-
ability of binding sites to the radiopharmaceutical at a given tracer concentra-
tion. This value is proportional to the ratio between Bmax and Kd.
Bmax: the maximum number of receptor binding sites.
Consortium to Establish a Registry for Alzheimer’s disease (CERAD):
standardized procedures for the evaluation and diagnosis of patients with
Alzheimer’s disease.
Dissociation constant (Kd): a ligand property equal to the inverse of affinity:
the half-saturation constant of the ligand.
Frontotemporal dementias (FTDs): subgroup of overlapping non-Alzheimer
clinical syndromes characterized by behavioral changes, impairment of
semantic memory, and aphasia.
Frontotemporal lobar degeneration (FTLD): a term utilized for the spectrum of
FTD-related neuropathologies that are subdivided into five groups: FTLD-tau,
FTLD-TDP, FTLD-UPS, FTLD-FUS, and FTLD-ni.
Half-life: the time required for the radioactivity of a compound to decrease to
half its initial value.
Positron emission tomography (PET): imaging technique based on molecular
agents labeled with positron-emitting radioisotopes. PET data can produce 2D,
3D, or 4D (volume and time) images of biological processes (10!9–10!12 M
sensitivity).
Radiopharmaceutical: compound labeled with a radioactive molecule.
Specific activity (SA): the ratio between radiolabeled and unlabeled molecules,
expressed as radioactivity per unit mass (or volume).
Standardized uptake value (SUV): the ratio between the tissue radioactivity
and the normalized dose injected. This value represents the fraction of
radioactivity trapped in a target region.
Standardized uptake value ratio (SUVR): the ratio between target and
reference SUVs.
Target engagement biomarker: a parameter expressing the interaction
between small molecules and their target proteins in a living system.
Transgenic (Tg) models: animals whose genomes have been altered by the
insertion of one or more foreign genes.
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recently incorporated into the diagnostic criteria for the
spectrum of clinical manifestations of AD [6,7]. Moreover,
PET has the potential to further contribute to AD research
by determining disease staging and monitoring the efficacy
of disease-modifying interventions [8].

Several PET radiopharmaceuticals have been used for
estimating the pathophysiological features of AD. Amyloid
load has been successfully quantified using [11C]PIB,
[18F]florbetapir, [18F]florbetaben, [18F]flutemetamol, and
[18F]NAV4694. The imaging outcomes of several amyloid
agents accurately reflect neuropathological post-mortem
staging in AD brains [9–12]. Neurodegeneration has been
quantified by estimating declines in cerebral blood flow
([15O]H2O), oxygen consumption ([15O]O2) and glucose me-
tabolism ([18F]fluorodeoxyglucose, FDG) [13–16]. Recently
developed imaging agents for tau pathology, such as
[18F]THK523, [18F]THK5105, [18F]THK5117, [18F]T807,
[18F]T808, and [11C]PBB3, have reinforced the imaging
armamentarium for tracking neurodegeneration in AD
[17–19]. Molecular imaging agents targeting microglial
activation, such as [11C]-PK11195, have been used for
the quantification of neuroinflammatory changes in AD
[20] (Figure 1). In addition, PET technologies can be ap-
plied in clinical trials for population enrichment, target
engagement, or monitoring therapeutic response. Aside
from their clinical use, PET imaging technologies can be
ported to preclinical settings, allowing in vivo studies in
animal models.

Miniaturized PET imaging provides an optimal inter-
face between animal models and human research, owing to
similarities in acquisition and outcome measures. Radio-
pharmaceutical profiles, such as brain permeability and
binding properties, are frequently comparable across spe-
cies. Such translational power is boosted by the unparal-
leled opportunity for imaging human pathology
phenotypes in genetically engineered animal models. In-
deed, a body of literature dominated by radiopharmaceu-
tical research has propelled the use of Tg animals
expressing human mutations as platforms for radiophar-
maceutical development using microPET. In fact, micro-
PET imaging using Tg models has significantly advanced
the development of radiopharmaceuticals, providing mea-
sures of brain permeability, pharmacological stability, and
metabolite profiles [19,21].

Apart from its use in the development of imaging
agents, the association of microPET with Tg models has
tremendous potential for providing new insights into AD
pathophysiology. In fact, given the diversity of imaging
agents (see http://www.ncbi.nlm.nih.gov/books/NBK5330/)
and numerous Tg models displaying amyloidosis and tau
pathology ([22] for review), one can easily conclude that
methods combining radiopharmaceuticals and Tg models
for exploring disease processes remain in their early stages
(Table 1, and Table S1 in the supplementary material
online). However, critical analyses of such combinations
in the literature reveal numerous discrepancies across
studies, which overshadow their potential applications.

In the following paragraphs, we discuss potential
sources of variability across these studies, including the
properties of radiopharmaceuticals, Tg models, and micro-
PET methodologies. Finally, we explore future directions

of microPET imaging in AD experimental research, includ-
ing a discussion of longitudinal multiparametric studies,
refined statistical analyses, and the recent development of
hybrid cutting-edge systems.

Imaging AD pathophysiology in Tg models
The coexistence of multiple pathological features in AD
patients (e.g., amyloidosis, tau pathology, synaptic deple-
tion, and neuroinflammation) makes it difficult to attribute
particular aspects of AD pathophysiology to a single patho-
genic mechanism. As such, microPET imaging combined
with genetically engineered models constitutes an attrac-
tive strategy to test predictions regarding the progression of
AD pathophysiological events following the overexpression
of a specific mutant gene. For example, models with human
amyloid precursor protein (APP) mutations are highly de-
sirable for developing imaging biomarkers for amyloidosis
because strains with APP mutations display a pattern of
amyloid deposition similar to that observed in humans [23].
Similarly, models harboring human tau mutations display a
phenotype dominated by tau hyperphosphorylation and the
production of NFTs, yielding a pattern of tau pathology
propagation similar to that described by Braak and Braak
[24,25]. Interestingly, the topology of amyloidosis and tauo-
pathy described above appears to be associated with con-
nectivity patterns rather than reflecting direct homologies
between areas of rodent and human brains [26,27]. Al-
though these models did not fully mimic the anatomical
distribution of the amyloid and tau lesions in the human
brain, they share neurochemical features, such as protein
conformational changes and molecular aggregation [22].
Thus, similarities between the AD pathophysiology ob-
served in humans and Tg models make microPET an opti-
mal in vivo method for proof-of-concept studies.

Imaging biomarkers for quantification of amyloid load
Amyloid imaging with [11C]PiB and [18F]FDNNP has been
used in AD research for nearly a decade. To date, [11C]PiB
has been the best-studied tracer for quantifying amyloid
load in both humans and experimental models. This thio-
flavin-T derivative has a high affinity and specificity for
fibrillar Ab depositions [28]. By contrast, the naphthalene
derivative [18F]FDNNP has a lower affinity and specificity
for revealing amyloid plaques [29].

The new generation of 18F-labeled imaging agents, in-
cluding [18F]AV45 (florbetapir), [18F]florbetaben, and
[18F]flutemetamol, bind to fibrillary amyloid plaques with
a higher affinity than [18F]FDDNP. [18F]florbetapir and
[18F]flutemetamol have been rapidly translated to clinical
settings as FDA-approved diagnostic agents for brain am-
yloidosis [30,31]. Several studies have demonstrated opti-
mal correspondence between in vivo amyloid imaging and
post-mortem Congo red, thioflavin-T, or silver staining,
which identify fibrillary Ab deposition [32–34]. In fact,
[18F]florbetapir images obtained ante-mortem correspond
to Consortium to Establish a Registry for Alzheimer’s
Disease (CERAD) pathological scores obtained from biop-
sies or the post-mortem brain in the same individuals [32].
One drawback is that the entire second generation of
amyloid agents show an undesirably high level of white-
matter (WM) retention [35]. Novel amyloid imaging
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agents, such as benzoxazole derivatives (e.g., [18F]24),
imidazo-benzothiazoles (IBTs, such as [11C]5), barbitu-
rates (e.g., [18F]1a), and [18F]NAV4694, constitute alter-
natives that demonstrate fast brain penetration, high

affinity for fibrillary amyloids, reduced WM retention,
and rapid non-specific clearance [12,36–39]. Copper (Cu)
radiopharmaceuticals, such as [64CuII]L1, have interesting
properties, including stability, a long half-life (12.7 h), and
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Figure 1. Alzheimer’s disease (AD) pathophysiological events and PET biological target possibilities. (A) Amyloid pathology: amyloid precursor protein (APP) is cleaved by
b-secretase and g-secretase (transmembrane proteases), yielding an Ab monomer. Monomer aggregation produces toxic Ab oligomers, which further aggregate as
insoluble Ab plaques. Amyloid plaques are mature Ab aggregates with a b-pleated sheet conformation. (B) Formation of neurofibrillary tangles (NFT):
hyperphosphorylation of tau proteins induces microtubule instability leading to massive detachment of tau protein from microtubules, generating paired helical
filaments. The aggregation of hyperphosphorylated tau produces a filamentous conformation, termed NFTs. (C) Glucose hypometabolism: [18F]FDG has been used to
measure rates of glucose metabolism in the cerebrum. [18F]FDG can be used to follow the decrease in metabolic activity due to AD progression. (D) Microglial activation:
neuroinflammation due to amyloid deposition or NFTs can accelerate AD progression. Radiopharmaceuticals can track the neuroinflammation by allowing the assessment
of the binding site of translocator protein-18 kDa (TSPO, formerly known as the peripheral benzodiazepine receptor, PBR).
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the ability to cross the blood–brain barrier (BBB) [40].
However, these imaging agents have been minimally ex-
plored in animal models and humans and still need to be
validated fully.

Imaging biomarkers for the quantification of
neurodegeneration, neuroinflammation, and altered
neurotransmission
Hypometabolism and a high concentration of NFTs in the
brain are considered biomarkers of neurodegeneration
[41]. Glucose hypometabolism indicates reduced tissue
hexokinase activity, a rate-limiting step of glucose metab-
olism [42]. For many years [18F]FDG has served as the
major PET tracer for mapping hypometabolic areas in
experimental and clinical settings [43]. Although not spe-
cific to AD, hypometabolism in the parietal, temporal, and
posterior cingulate cortices is considered an AD signature
that increases diagnostic accuracy [44,45].

Recently, novel imaging agents targeting tau pathology
have been developed. Tau radiopharmaceuticals may pro-
vide better diagnostic accuracy, which is crucial for patients
with atypical dementia syndromes. [18F]THK5105,
[18F]THK5117, [18F]T808, [18F]T807, and [11C]PBB3 are
particularly promising owing to their high affinity and
selectivity for tau fibrils [17,18,46,47].

Increased phospholipid production [48], activated micro-
glia [49], and astrogliosis [50] are neuroinflammatory pro-
cesses that are amenable to quantification using PET.
However, to date, only microglial activation has been
reported in Tg models expressing amyloid or tau pathology
phenotypes. [11C]PK11195 was the first imaging agent tar-
geting microglial activation. In fact, [11C]PK11195 binds to
the peripheral benzodiazepine receptor (PBR), recently
renamed as the 18-kDa translocator protein (TSPO). Its
high non-specific binding and poor signal-to-noise ratio limit
its capacity to quantify low TSPO concentrations [51].
[18F]FEDAA1106 was designed for improved BBB perme-
ability and has a high affinity for TSPO [52]. [11C]AC5216
exhibits better kinetics in the brain than any other
TSPO molecular agent and produces high-contrast images,

allowing the measurement of early neuroinflammatory
signs [53]. However, the clinical utilization of numerous
novel TSPO radiopharmaceuticals is limited by the
rs6971 single-nucleotide polymorphism in the TSPO gene,
which is responsible for 30% of the difference in the stan-
dardized uptake value (SUV) between carriers and non-
carriers [54]. Cannabinoid receptor type 2 (CB2) constitutes
a new molecular target for detecting activated microglia. In
fact, the CB2 agonist [11C]A836339 binds to CB2 receptors
surrounding amyloid plaques [55], supporting the concept
that the microglial upregulation of CB2 is associated with
amyloidosis [56].

Dopamine, serotonin, acetylcholine, and GABA abnor-
malities have been quantified in AD patients by PET [57].
However, in vivo quantification of neurotransmission ab-
normalities has been largely neglected in Tg models of
amyloid and tau pathology. At present, only GABAergic
and cholinergic systems have been assessed in AD micro-
PET research. [11C]FMZ is a ligand that binds to a sub-
units of GABA-A receptor and presents fast kinetics and
low non-specific binding in the brain [58,59]. [11C]FMZ
precisely revealed decreases in regions showing the great-
est degree of neuronal loss in post-mortem studies and is
suggested to serve as an imaging index of neuronal loss
[60]. [11C]MP4A targets acetylcholinesterase (AChE), and
its rate of hydrolysis is used as a highly specific marker of
AChE activity [61].

Genetic basis of Tg models displaying amyloidosis and
tau pathology
Genetic mutations that underlie familial forms of AD
(FAD) and frontotemporal lobar degeneration (FTLD)
provided the basis for the development of genetically
engineered models overexpressing human genes encoding
key proteins involved in the aggregation of amyloid pla-
ques and the formation of tau aggregates, respectively
[22,24]. Animal phenotypes derived from genetic manip-
ulations are crucial for the design and interpretation of
microPET studies because the concentration of abnormal
proteins in brain tissue changes dramatically across dif-
ferent models. As such, models with high concentrations of
brain pathology (e.g., amyloid plaques) provide an im-
proved signal-to-noise ratio. We briefly review Tg models
of amyloidosis and tau pathology that have previously
been studied with microPET. These models typically
use combinatorial approaches involving the expression of
APP, presenilin-1 (PS1), and mutant tau (Figure 2, Table S2
in the supplementary material online; for a complete
description of the models see http://www.alzforum.org/
research-models).

APP models
The overexpression of the mutant human APP gene is the
key concept underlying the majority of amyloid models.
Several APP mutations produce a wide range of pheno-
types with various degrees of amyloidosis, neuroinflamma-
tion, and neurodegeneration. The Tg2576 mouse model
presents elevated Ab levels at 6–9 months and amyloid
deposits starting at 9–12 months; however, there is no
neuronal loss or NFT formation [62]. The APP23 mouse
model presents amyloid plaques as early as 6 months,

Table 1. Radiopharmaceuticals currently used in microPET
research involving transgenic models of amyloid and tau
pathology

Biological target Radiopharmaceutical Refs

Amyloid plaques [11C]PiB
[18F]FDDNP
[18F]AV-45
[11C]5
[18F]24
[18F]1a
[64CuII](L1)

[28]
[123]
[35]
[37]
[124]
[38]
[40]

Glucose metabolism [18F]FDG [125]

Tau fibrils [18F]THK523
[18F]T807
[11C]PBB3

[46]
[93]
[19]

Microglial activation [11C]AC-5216
[18F]FEDAA1106
[11C]PK11195
[11C]A-836339

[53]
[52]
[119]
[56]

GABAA receptor [11C]FMZ [60]

Acetylcholinesterase activity [11C]MP4A [121]
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together with cell loss and tau hyperphosphorylation, al-
though there is no NFT aggregation [63]. The APPE693d
mouse model shows elevated Ab production and abnormal
tau phosphorylation at 8 months, and it develops increased
microglial activation at 12 months; however, there is no
plaque deposition, even at 24 months [64]. Finally, the J20
mouse model shows an early decline in synaptophysin
immunoreactivity, a measure of synaptic density, at 2–4
months and amyloid plaques at approximately 5–7 months
[65].

APP/PS1 models
The addition of a PS1 mutation in models overexpressing
APP yields a more severe brain amyloidosis phenotype.
Compared with APP models, PSAPP mice have higher
Ab1–42 brain concentrations, although amyloid plaques
are detectable only at 6 months of age [66]. The
APPswe/PS1d9 mutations produce a combination of brain
amyloidosis and decreases in cholinergic activity at 6
months [67,68]. The Arte10 mouse model shows early
(3–5 months) amyloidosis and microglial activation [69].
Similarly, APP751sl/PS1 mice show amyloidosis at 3–4
months and microglial activation surrounding Ab plaques
at 6 months [70,71]. Interestingly, APP/PS1-21 mice ex-
hibit aggressive cerebral amyloidosis starting at 1.5–2
months of age, which is accompanied by microglial activa-
tion and neuronal loss [72]. In addition to mouse models,
there are recently developed rat models carrying APP/PS1
mutations. The 3!Tg rat model exhibits brain amyloidosis,
microglial activation, and hyperphosphorylated tau at 7
months of age [73]. The TgF344 rat model displays age-
dependent amyloidosis and phosphorylated tau starting at
6 months, accompanied by astrogliosis and neuronal loss at
16 months [74].

APP/TGF-b1 model
TGF-b1 and APP mutations combine in the mouse model
J20/T64, which was designed to investigate vascular and

tissue aspects of amyloidosis [75]. This model shows an
early dysfunctional cerebrovascular response and strong
microglial activation at 5 months, followed by an increase
in Ab levels at 6–8 months, reaching a plateau in the
amount of plaques between 12 and 18 months [76,77].

Tau models
It is expected that ligands for NFTs will play an important
role in the differential diagnosis of early-onset dementia,
atypical presentations of dementia (e.g., frontal variants of
AD), and mixed dementia. Although tau Tg models are
typically based on human FTLD mutations (mainly fron-
totemporal dementia with parkinsonism-17, or FTDP-17),
they were crucial for the validation of tau imaging agents.
For example, the rTg4510 model, which carries an FTDP-
17 tau mutation, exhibits NFTs, neuronal loss, and brain
atrophy starting at 4 months [78]. In the PS19 model,
which also carries an FTDP-17 tau mutation, microglial
activation and synaptic loss (3 months) precede filamen-
tous tau lesions at 6 months of age [79].

APP/Tau
The presence of both APPswe and FTDP-17 tau mutations
in the TAPP mice model produces a phenotype of amyloid-
osis and NFTs that is detectable at 9–10 months [80]. As
expected, this model shows that amyloidosis and NFTs
arise in distinct brain regions.

APP/PS1 and tau model
Although it is expected that APP, PS1, and FTDP-17 tau
mutations induce an aggressive pathological phenotype in
mouse models, the PLB1 mouse model exhibits a mild
phenotype owing to a single-copy knock-in of a dual Tg
construct expressing mutant human APP and tau. Indeed,
this model presents lower brain human APP/Ab concen-
trations and low tau immunoreactivity at 6 months [81].

In summary, there is a wide range of phenotypic expres-
sion among Tg models of amyloidosis and tau pathology.

APP Tau PS1TGF-β1

Tg2576
APP23
J20
APPE693d

rTg4510
Tau(PS19)APPJ20/T64

PSAPP
APPswe/PS1de9
ARTE10
APP751sl/PS1

APPswe-TauPLB1

3xTg
TgF344McGill-R-Thy1-APP

(A)

(B)
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Figure 2. Transgenic (Tg) models displaying amyloidosis and tau pathology. Tg models of amyloidosis and tau pathology are produced by the overexpression of mutant
human genes, such as amyloid precursor protein (APP), presenilin-1/PS1 (PSEN1), or microtubule-associated protein tau (MAPT). Genetic advances have provided the
opportunity to combine these mutations and build models displaying phenotypes that closely resemble human AD neuropathology. Although more studies have been
conducted with Tg mice models (A), rat models (B) offer advantages for imaging procedures, mainly owing to their larger brain volumes and closer phylogenetic similarity
to humans.
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Variability due to different expression levels, mutant iso-
forms, background strains, or promoters ultimately has an
impact on microPET outcome measures. Such substantial
phenotypic heterogeneity makes the choice of Tg strains a
key step in designing a successful microPET experiment.
Although some models display amyloidosis associated with
a degree of neuroinflammation or neurodegeneration, none
of the available Tg models can reproduce the full complex-
ity of human sporadic or genetic AD pathophysiology.

The pathology phenotype dictates the in vivo amyloid
load
The ability to image brain amyloidosis with microPET
depends on the brain degree of amyloid pathology (amyloid
plaques), properties of the radiopharmaceutical [specific
activity (SA), KD, radiometabolites], scanner resolution,
acquisition parameters, and analytical methods (Box 1).
The age of the animals also becomes an important variable
because amyloid pathology accumulates as a function of
time in models harboring APP mutations. APP Tg strains
usually fail to retain amyloid imaging agents owing to their
modest concentrations of brain fibrillary amyloid, particu-
larly in young animals. For example, [18F]24 was the only
compound reported to accumulate in Tg2576 mice aged 31
months, whereas [11C]PiB and [18F]FDDNP were not
retained even in mice aged 22–23 months [36,82,83]. Out-
standing radiochemistry contributed to the detection of
[11C]PiB retention in the APP23 mouse model (17–29
months) [21,84,85].

Animals harboring mutant APP and PS1 genes display
more aggressive amyloidosis than APP strains. As a con-
sequence, the Arte10 mouse model exhibits [11C]PiB re-
tention with a radiochemistry preparation similar to those
administered to human subjects [86,87]. As expected,
Arte10 mice aged 22 months also showed retention of
the new amyloid agent [11C]5 [37]. Age-dependent
[18F]florbetapir retention has been demonstrated in the
APP/PS1-21 mouse model [88]. Finally, [64CuII]L1 and
[18F]1 could be used to detect the amyloid load in
APPswe/PS1 mice aged 9 months [38,40]. By contrast,
PS1/APP mice failed to retain [11C]PIB at 6, 9, or 12
months. This unexpected negative result could be attrib-
uted to study design issues, such as the small sample size
for each time-point and the large brain volumes of interest
(VOIs) [89]. Rat models displaying amyloidosis are more
suitable for the resolution of microPET scanners. In fact, a
3!Tg rat model showed an age-dependent increase in
[18F]FDDNP retention in cross-sectional (9, 14, and 22
months) and longitudinal (10, 13, 15, and 18 months)
studies [90]. Furthermore, the TgF344 rat model showed
high [18F]FDDNP retention at 15 months [74]. Additional-
ly, an early [11C]PiB microPET study with the McGill-R-
Thy1-APP model (APPswe/ind) have shown promising
results [134,135]. These results underscore the advantages
of models with larger brain volumes in microPET experi-
ments.

In summary, it is intuitive that Tg models displaying
significant amounts of brain amyloidosis exhibit better
retention of amyloid imaging agents. More elaborate re-
search focusing on in vivo brain amyloid gold-standard
quantification using microPET is a complex task in mice

owing to the need for repeated blood sampling for estima-
tion of plasma concentrations of radiopharmaceuticals. In
rats, the larger body mass, brain size, and blood volume
permit the proper estimation of the plasma input neces-
sary to carry out gold-standard binding experiments using
kinetic modeling (Figure 3). Such kinetic modeling experi-
ments are necessary for validating simplified methods
such as the standardized uptake value ratio (SUVR).
For the same reasons, Tg rats are advantageous for lon-
gitudinal studies focusing on modeling pathophysiology as
a function of amyloid progression or monitoring novel
therapeutic interventions. One of the best examples illus-
trating the translational power of Tg models is the devel-
opment of diverse Ab1–42 vaccines, which are currently
being tested in clinical trials [91,92]. However, to date,
the combination of microPET amyloid agents with Tg
models has only contributed to the development of new
molecular agents.

Imaging AD biomarkers of neurodegeneration
Tau imaging agents and [18F]FDG are defined as biomark-
ers of neurodegeneration. Although initial PET results
using tau ligands are promising, they still must be validated
and utilized in a wider range of animal models and human
tauopathies. [18F]THK523 (KD = 1.67 nM) and [11C]PBB3
(KD = 2.5 nM) were used successfully to identify tau fibrils in
rTg4510 and PS19 mice models, respectively [19,46]. By
contrast, [18F]T807 binding was negative in the TAPP
mouse model, possibly owing to the reduced signal-to-noise
ratio caused by its inferior affinity (KD=14.6 nM) [93]. It is
expected that novel radiopharmaceuticals targeting NFTs
will soon be developed and examined. Such radiopharma-
ceuticals will have multiple applications in translational
neuroscience by enabling the assessment of tauopathy prop-
agation in parallel with cognitive decline [94].

Glucose hypometabolism is a well-known feature in the
AD brain. Although hypometabolism is an early abnormal-
ity in AD, the link between amyloidosis, tau pathology, and
metabolic decline remains elusive [16]. Although glucose
hypometabolism correlates with cognitive decline in
humans [95], such associations remain unclear in animal
models. Glucose metabolism abnormalities indexed by
[18F]FDG uptake have been reported either during the
resting state or as a result of sensory or motor activation.
During prolonged whisker stimulation, higher metabolism
in the contralateral, compared with the ipsilateral, barrel
cortex is expected. Experiments conducted on J20 (9, 12,
and 19 months of age) and J20/T64 (18 months of age)
mouse models showed reduced glucose uptake in the barrel
cortex contralateral to whisker stimulation [77,96,97].
These results are consistent with the hypothesis that
models overexpressing APP show abnormal coupling be-
tween brain activation and metabolism.

In contrast to activation studies, resting acquisitions
have provided variable results. In APP strains, such as the
Tg2576 model, hypermetabolism was observed at 7 months
of age, whereas normal metabolism was observed at 9, 13,
and 15 months [98–100]. The only study conducted in the
APP23 mouse revealed normal glucose metabolism at 13
months, despite the neuronal depletion that is character-
istic of this model [101,102]. In fact, these findings might
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Box 1. Key points for microPET

The procedures employed determine the success of microPET
experiments using small animal models, particularly mice, which
are at least fivefold smaller than rats [126]. The logistics involved in
these experiments are substantially more complex than those
involved in clinical PET experiments. Importantly, microPET experi-
ments must be carried out by an experienced team.

(i) Cyclotron: refined hot-atom chemistry within a target is neces-
sary to produce radionuclides with high specific activity (SA; see
Glossary). These radionuclides are used for the radiolabeling of
molecules [127].

(ii) Radiochemistry: radiopharmaceutical doses should be stable in
the appropriate excipient and prepared at concentrations suffi-
ciently high to permit the administration of small volumes (<10%
of total blood volume) with high SA (the mass injected should be
!5% of the radiopharmaceutical KM or KD) [128]. Compounds
labeled with [18F] are preferable over [11C]-labeled compounds
owing to the less complex radiochemistry and longer half-life
[129].

(iii) MicroPET procedures: list-mode acquisitions are preferable
because they provide greater flexibility for data reanalysis.
Anesthesia should be avoided whenever possible; however,
when unavoidable, the choice of anesthetic should be carefully
considered. For example, gas anesthetics are easier to adjust
during the course of a microPET experiment. The monitoring of
anesthetized animals is crucial to avoid undesirable physiological
states such as cardiovascular instability, low central temperature,
and brain hyperperfusion or hypoperfusion [110–113]. Radio-
pharmaceuticals should be administered in the venous system to
secure easy access to the central circulation, to ensure equal
distribution to the tissues, and to avoid first-pass effects [130]. In
terms of acquisition, the brain should be placed in the center of
the scanner’s field of view (FOV) to maximize resolution. The
dose injected should respect the limits imposed by the scanner
hardware. Arterial or venous blood samples should account for
less than 10% of the total blood volume of the animal. A
transmission scan or CT (anatomical structural image) should be
conducted to allow data reconstruction [131] (Figure I).

(iv) Data processing: optimized reconstruction algorithms such as
ordered-subset expectation maximization (OSEM) or maximum a
posteriori (MAP) are desirable because they generate images
with better signal-to-noise ratios and resolution. Every voxel of an
image expresses the tissue-radioactivity concentration over time
(time–activity curves; TACs), which can be arranged as single or
multiple time-frames. The choice of analytical model for the TACs
is crucial for interpreting microPET results. Although simplified
models that do not require blood sampling are usually preferred
owing to their simplicity, they rely on several assumptions that
must be substantiated. Indeed, those models need to be validated
beforehand using the full kinetic models to identify an appro-
priate reference region that is both stable and devoid of any
specific binding. Biologically relevant outcome measures such as
binding potentials (BPND), total volume of distribution (VT), and
distribution volumes (DV) can be derived from the TACs and an
arterial input function. The biological validity of outcome
measures such as the distribution volume ratios (DVRs), the
percentage of brain uptake normalized by the total body weight
(SUV), and the ratio between a brain region and a reference
region (SUVR) require validation with gold-standard kinetic
methods [131].
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Figure I. Outline of a microPET acquisition.
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suggest the coexistence of temporary compensatory mech-
anisms due to amyloid deposition. Indeed, patterns of
temporarily altered glucose metabolism have already been
identified in patients with mild cognitive impairment
(MCI) and AD [103].

In APP/PS1 strains, such as APP751sl/PS1 and
APPswe/PS1de9 mice, PET [18F]FDG shows brain hypo-
metabolism at the beginning of the plaque formation
phase, which occurs at 3 and 6 months, respectively, for
these two models [104,105]. Hypometabolism may be as-
sociated with the neurodegeneration present in these mod-
els. By contrast, aged APPswe/PS1d9 animals (13–15
months) show normal [18F]FDG uptake, whereas the
APP751sl/PS1 model showed hypermetabolism despite
its higher degree of neuronal depletion [105,106]. The
hypermetabolism exhibited by the aged APP751sl/PS1
animals may be linked to the significant inflammatory
reaction present in this model. PLB1 mice showed normal
metabolism at 9 and 17 months of age, likely owing to the
less-aggressive phenotype observed in these animals [81].

In contrast to studies using amyloid imaging agents,
[18F]FDG research in Tg models has advanced our knowl-
edge regarding AD pathophysiology. First, the current
data support the hypothesis that amyloidosis imposes
reorganization of brain metabolic activity. In addition,
[18F]FDG was used successfully to measure the effects of
effective pharmacological interventions in Tg models [107].
The data presented in our review suggest that [18F]FDG

uptake is might be responsive to inflammatory reactions
and compensatory mechanisms during the progression of
amyloidosis and tau pathology. Because human AD patho-
physiological events are thought to begin at least a decade
before symptom onset [41], the insights provided by Tg
animals can aid the interpretation of metabolic changes
observed during the early stages of human disease.

Sources of bias and variance in [18F]FDG uptake
Brain metabolic changes assessed with microPET
[18F]FDG do not appear to follow a linear association with
the model phenotype. Overall, the [18F]FDG data obtained
in Tg models refute a simple disease model where hypo-
metabolism progresses as a function of amyloidosis or tau
pathology. Alternatively, one could argue that variability
in acquisition parameters or analytical issues, rather than
phenotypic heterogeneity across Tg models, might explain
the discrepancies between the reported results and pre-
dictions derived from the dynamic biomarkers of the AD
pathological cascade hypothesis [3]. In addition, differ-
ences in scanner resolution can reduce the sensitivity of
[18F]FDG PET owing to the small volume of the mouse
brain (Figure 4). Particularly, spillover effects from the
harderian glands and partial volume effects constitute a
significant issue that is present even in cutting-edge micro-
PET systems [108]. Counting rate performance, scatter
fraction, sensitivity, and image quality ([109] for review)
might also introduce variability across microPET studies.
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Figure 3. Full kinetic modeling. Pharmacokinetic modeling requires dynamic acquisitions (multiple time-frames) obtained from tissue kinetics (A) and plasma input function
(B). The setup for these experiments includes a dose calibrator for dose surveillance. Tissue kinetics information is obtained via a microPET camera (C) which is equipped
with an anesthetics system (D) and a monitoring system (E) to maintain the animal in a physiological steady-state during the experiment. Imaging analysis (F) provides PET
time–activity curves of the region of interest and the reference region (G). The measurement of plasma kinetics involves the implantation of femoral artery catheter, a
precise sampling system for small volumes of arterial blood (H), a well-counter (I), a gradient HPLC (J) for metabolite measurements, and a high-resolution balance. The
plasma input function is the plasma time–activity curve adjusted for the fraction of radioactivity that remains attached to the radiopharmaceutical. The plasma time–activity
curves (K) illustrate plasma radioactivity concentrations from a series of blood samples obtained during the microPET acquisition. Metabolite correction is needed because
a fraction of the radioactivity present in the plasma detaches from the radiopharmaceutical (drug metabolism): radio-HPLC analysis of a series of plasma samples reveals
the fraction of radioactivity remaining attached to the radiopharmaceutical through the plasma activity curve. (L) Kinetic models are used to estimate volumes of
distribution, binding potentials or rate constants (K1, k2, k3 and k4). by using the tissue input function and the tissue time-activity curves. The presence of an appropriate
reference region is important for the determination of binding potentials as well as for the determination of simplified methods, which bypasses the need for an arterial
input function. KBq, kilobecquerel.
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Handling, anesthesia, and maintenance of physiological
conditions during PET [18F]FDG acquisition are crucial.
Variations in dietary conditions, ambient temperature,
and circadian cycle have an impact on [18F]FDG biodis-
tribution in mice [110,111]. Furthermore, stressful han-
dling or immobilization can cause the release of
corticosteroids and consequently interfere with the global
and regional rate of glucose consumption [112]. In addition,
the suppression of brain activity imposed by anesthetics
has a direct impact on glucose metabolism. For example,
animals anesthetized with isoflurane show reduced global
and regional [18F]FDG uptake compared to awake animals
[113]. In summary, the interpretation of [18F]FDG micro-
PET studies is complex and should take into consideration
the imaging acquisition methodology and the physiological
conditions during the [18F]FDG uptake phase. Based on
the present literature on microPET and [18F]FDG, simple
steps can significantly increase the reproducibility across
studies. For example, the [18F]FDG uptake phase should
be performed systematically in fasting awake animals, and
the scanning phase should be conducted under light anes-
thesia with constant monitoring of physiological condi-
tions. In addition, documenting physiological conditions
such as temperature, heart rate, and blood pressure during
acquisitions may aid in analyzing discordances across
studies.

Imaging neuroinflammation and neurotransmission
Ab peptides and tau pathology independently trigger neu-
roinflammatory responses such as reactive astrogliosis and
microglial activation [114,115]. Activated astrocytes and/
or microglia serve as surrogates for neuroinflammation
and can be quantified using PET technologies [116]. Al-
though astrocyte activation in Tg models of amyloid and
tau pathology has not yet been assessed using microPET,
microglial activation has been described in several studies.

[11C]PK11195 was capable of detecting higher TSPO
expression in APPswe/PS1 from 9 to 16 months [117]. In
models expressing a milder amyloid pathology, whereas
[18F]FEDAA1106 provided negative results even in APP23
mice aged 24 months [21], [11C]AC5216 detected TSPO
expression in animals with (APP23) and without

(APPE693d) amyloid plaque deposition [21]. The higher
sensitivity of [11C]AC5216 for microgliosis is attributable
to its better kinetics and affinity. TSPO imaging agents
such as [11C]AC5216 or [18F]FEDAA1106 captured micro-
glial activation in tau-PS19 aged 7 months mice [21,85].
The CB2 receptor is a novel target for quantifying micro-
glial activation [118]. In fact, [11C]A836339 was capable of
detecting brain CB2 receptor upregulation in the APPswe/
PS1de9 mouse model at 18 months of age [56].

Together, these data support the feasibility of quantify-
ing the brain concentrations of activated microglia in
response to amyloidosis and tau pathology in Tg models.
The sensitivity of these studies relies on tracers with better
affinity and higher specific binding than [11C]PK11195,
such as [11C]AC5216 [53]. These experimental studies
support human PET findings demonstrating that micro-
glial activation precedes AD dementia symptoms
[119,120]. Thus, in vivo tracking of neuroinflammation
in animals displaying amyloidosis or tau pathology can
be used as a marker of therapeutic effectiveness. In this
context, AD clinical trials using anti-inflammatory drugs
can incorporate PET imaging agents as biomarkers for
target engagement.

Alterations in neurotransmission were minimally ex-
plored using microPET. Although neuronal integrity and
AChE activity are reduced in the early stages of AD
[121,122], [11C]FMZ and [11C]MP4A were unable to detect
differences between the APP23 mouse model and wild type
mice [102]. In this context, subtle fluctuations in neuro-
transmission may not be detected owing to the small brain
size and the spatial resolution limitations of microPET.

Concluding remarks and future directions
Despite being technically challenging, the combination of
microPET with Tg models has advanced our understand-
ing of AD pathophysiology, assisted in the development of
AD biomarkers and opened new frontiers for disease-mod-
ifying therapies (a summary overview of microPET experi-
ments is given in Table S3 in the supplementary material
online). Animal models constructed via advanced genetic
combinatorial techniques associated with the growing
number of PET radiopharmaceuticals are likely to play

(B) (C)

SUVR
maxmin

1 cm

(A)

TRENDS in Neurosciences

Figure 4. Comparison between microPET in rats and mice. The larger rat brain allows for the differentiation of several brain regions (e.g., the prefrontal cortex and
cerebellum), allowing a more reliable analysis and providing more robust data. (A) Rat (wistar) and mouse (C57BL/6) brain specimens. [18F]FDG scan in mice (B) and (C) rat.
For further details see [132].
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a major role in AD research. Importantly, our review empha-
sizes that pharmacokinetic properties and the animal model
phenotypes should be carefully considered when designing
microPET studies. In addition, the accuracy and sensitivity
of these methods are dependent on the radiochemistry
quality (particularly the SA), animal physiological condi-
tions, scanner resolution, and acquisition protocols. Fur-
thermore, full kinetic models (e.g., one- or two-tissue
compartment models) should be used whenever possible;
failing that, simplified models can be used if they have been
previously validated for the radiopharmaceutical of inter-
est. Finally, recent advances in the generation of genetically
engineered rats have provided a better animal model for
microPET given their larger brain and body size, homeo-
static stability during anesthesia, and larger blood volume,
which translate into robust longitudinal assessments.

In the near future it seems reasonable to expect that Tg
mice models will continue to play a significant role in the
development of radiopharmaceuticals. Refined statistical
analyses offer the opportunity to explore pathophysiologi-
cal mechanisms needed to interpret downstream outcome
measures such as large- or small-scale brain architecture
(Box 2). The future also promises exciting advances in
multi-modality imaging approaches. The combination of
microPET acquisition with cutting-edge technologies
such as optogenetics (optoPET) and hybrid functional
magnetic resonance imaging (PET-fMRI) will dissect
the role of AD pathophysiology in the context of specific
neural populations or large-scale brain connectivity, re-
spectively. Novel radiopharmaceuticals will expand
microPET possibilities of monitoring neurotransmission
fluctuations, target engagement, and drug efficacy. Final-
ly, longitudinal studies using microPET in rats (i.e.,
McGill-R-Thy1-APP, TgF3443, and 3!Tg) are ideally
suited for accelerating the delivery of better biomarkers
and pharmacotherapies, which ultimately translates
into earlier diagnosis and more effective treatments for
human AD.
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Capítulo XI. In vivo tracking of tau pathology using positron emission tomography 

(PET) molecular imaging in small animals. 

No capítulo XI apresentamos o artigo publicado no periódico no periódico 

Translational Neurodegeneration. 

No capítulo anterior (capítulo X) avaliamos os estudos com PET em modelos 

transgênicos de β-amilóide e tau. A propagação da patologia de tau parece correlacionar 

com a severidade do declínio cognitivo e da disfunção sináptica. Porém este pressuposto 

se baseia em dados post-mortem e análises de LCR, pouco sabe-se da propagação in vivo 

da patologia de tau e sua relação com o declínio cognitivo. Neste estudo, propusemos o 

uso de PET com radiofármacos para tau acoplados a estudos multimodais e longitudinais 

em animais transgênicos portadores de mutações humanas da proteína tau, para avançar 

no entendimento da progressão da patologia de tau. 
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Abstract

Hyperphosphorylation of the tau protein leading to the formation of neurofibrillary tangles (NFTs) is a common
feature in a wide range of neurodegenerative diseases known as tauopathies, which include Alzheimer’s disease
(AD) and the frontotemporal dementias (FTDs). Although heavily investigated, the mechanisms underlying the
pathogenesis and progression of tauopathies have yet to be fully understood. In this context, several rodent
models have been developed that successfully recapitulate the behavioral and neurochemical features of tau
pathology, aiming to achieve a better understanding of the link between tau and neurodegeneration. To date,
behavioral and biochemical parameters assessed using these models have been conducted using a combination of
memory tasks and invasive methods such as cerebrospinal fluid (CSF) sampling or post-mortem analysis. Recently,
several novel positron emission tomography (PET) radiopharmaceuticals targeting tau tangles have been developed,
allowing for non-invasive in vivo quantification of tau pathology. Combined with tau transgenic models and micro-
PET, these tracers hold the promise of advancing the development of theoretical models and advancing our under-
standing of the natural history of AD and non-AD tauopathies. In this review, we briefly describe some of the most
important insights for understanding the biological basis of tau pathology, and shed light on the opportunity for
improved modeling of tau pathology using a combination of tau-radiopharmaceuticals and animal models.

Keywords: Positron emission tomography, Tau molecular agents, Tau rodent models, Tauopathies

Introduction
Tau is a microtubule-associated protein (MAP) responsible
for the maintenance and promotion of cell microtubule
stability. In the human brain there are six tau isoforms
generated by in or out exons splicing and expressed as
three repeat (3R) and four repeat (4R) isoforms. In the
normal human brain these isoforms are present at similar
levels [1]. Several serine (Ser) and threonine (Thr) phos-
phate acceptor residues (almost 90 sites in the longest form
of human tau) are the main regulators of tau functioning
and are a target for a wide range of brain kinases involved
in crucial signaling pathways owing to the high availability
of these phosphorylation sites [2].

There are at least four key kinases regulating tau phos-
phorylation states: glycogen synthase kinase-3B (GSK3-B),
cyclin-dependent kinase 5 (CDK5), cAMP-dependent
protein kinase (PKA) and microtubule-associated regula-
tory kinase (MARK). In addition to mediating axonal
cytoskeletal stability, tau is involved in axonal develop-
ment—including axonogenesis, polarization, outgrowth
and myelination [3]—as well as in neuronal plasticity and
the integration of microtubule functions with interneuronal
signaling pathways [3,4].
The fine-tuning of tau phosphorylation also depends

on protein phosphatase activities, in particular protein
phosphatase 2A (PP2A). The major phosphatase in the
human brain [5], PP2A accounts for the overwhelming
majority of tau dephosphorylation. In fact, tau homeosta-
sis depends on kinase/phosphatase activities and is of vital
importance for the maintenance of microtubule stability,
dynamics, as well as neuronal viability (Figure 1a).
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Seeding and spreading of tau pathology
Aberrant phosphorylation of tau leads to disruption of
microtubule stability and neurodegeneration. Phosphor-
ylation in the residues Ser199/Ser202/Thr205 (AT8),
Thr212/Ser214/Thr217 (AT100), Thr231/235 (AT180) and
Ser396/Ser404 (PHF-1) are invariably abnormal in patho-
logical processes involving tau [6] (Figure 1b). Abnormally
phosphorylated tau undergoes misfolding and aggregation,
which constitutes a widespread feature among neurode-
generative diseases, including Alzheimer’s disease (AD) and
Frontotemporal dementias (FTDs) [7,8].
In these diseases, the so-called tauopathies, tau deposits

are commonly found in the cell bodies and neuronal
dendrites, assuming a fibrillar conformation known as
neurofibrillary tangles (NFTs) [9] (Figure 2a). In AD, NFT
formation follows a well-characterized pattern of propaga-
tion, first described by Braak and Braak. The Braak staging
follows the topographical evolution of the disease by
means of six stages, which demonstrate the spread of tau
pathology from the transentorhinal layer (I-II) toward lim-
bic (III-IV) and isocortical areas (V-VI) [10]. Additionally,
several studies have shown the degree of tau pathology to
correlate with synaptic dysfunction and brain atrophy, as
well as the severity of cognitive decline [11-13]. Import-
antly, while in AD tangles are constituted of equimolar 3R
and 4R isoforms, FTD variants express predominantly 3R
or 4R isoforms [14].
The main challenge with respect to defining the role

of tau pathology in human neurodegenerative conditions
is the co-existence of multiple pathology types. For ex-
ample, in AD it is hard to develop theoretical models
that allow for predictions regarding the evolution of tau
pathology since amyloidosis is also present to an important
degree. To overcome the effect of multiple pathologies,
animal models expressing a single human tau mutation or
displaying aberrant tau phosphorylation can be used as a

method of choice to achieve an improved understanding
of tau biology, pathology and the mechanisms underlying
its spread throughout the brain.

Genetic and chemical models of tau pathology
The use of rodents for recapitulating human neurode-
generative diseases has been unquestionable in providing
new insights at a mechanistic level, with various genetic
and chemical models capable of mimicking different fea-
tures of tau pathology [15]. More specifically, the major-
ity of transgenic models are constructed based on tau
pathogenic mutations from frontotemporal dementia
with parkinsonism-17 (FTDP-17), producing 4R pathology
[16-18]. In addition, transgenic models using non-mutated
human truncated tau are able to recapitulate neurofib-
rillary degeneration [19]. Recent advances, aiming to better
model neurodegenerative changes seen in AD, pieced
together mutated human amyloid precursor protein (hAPP)
and wild-type human tau (without pathogenic mutation),
producing a model displaying amyloid plaques and NFTs
containing both 3R and 4R isoforms [20].
Importantly, transgenic models expressing human tau

are capable of reproducing NFT formation [21,22]. In con-
trast, genetic models lacking human tau expression such as
p25-transgenic mice, which overexpress the human activa-
tor of CDK5 kinase, [23,24] and chemical-induced models
[25,26] lead to hyperphosphorylated tau in brain regions
rich in tau expression, but not to NFT formation (for re-
view of tau rodent models see http://www.alzforum.org/
research-models).
Tau models have been employed for analyzing mecha-

nisms, pathophysiology, behavior, and also for testing
novel therapeutic strategies. Currently, behavioral tasks,
analyzed by several memory paradigms, such as the
Morris water maze (spatial memory), object recognition
task (recognition memory) and Y or T-maze (working

Figure 1 Tau protein physiological functions and pathological role. a) Physiological function: Tau protein promotes assembly and stabilization of
microtubule architecture. Tau phosphorylation sites and isoforms are in charge of regulating tau function; b) Pathological role: Aberrant phosphorylation
at various serine/threonine sites attenuates tau binding, which results in microtubule destabilization followed by accumulation in paired helical filaments
(PHFs) and formation of insoluble aggregates (neurofibrillary tangles; NFTs).
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memory), have been correlated with cerebrospinal fluid
levels of tau and phospho-tau. Similar to humans, animal
cognition correlates with tau pathology quantified in post-
mortem tissue [25,27-29]. However, in terms of assessing
the role of tau burden on cognition, classic behavior-
pathology correlation methods are of limited use due their
invasiveness and intrinsic cross-sectional study designs.
In contrast, Positron Emission Tomography (PET) using
tau-imaging agents provides a unique opportunity to
observe the progression of tau pathology non-invasively
and longitudinally.

Tau imaging agents
Advances in radiopharmaceuticals have recently led to
novel tau-imaging agents, including [18 F]T807, [18 F]T808,
[18 F]THK523, [18 F]THK5105, [18F]THK5115 and
[11C]PBB3. In the following paragraphs, we briefly dis-
cuss the state-of-the-art of these compounds and what
lies ahead.
[18 F]T807 and [18 F]T808 probes show promising results

for tracking tau pathology in early clinical studies. In
addition, post-mortem autoradiography followed by im-
munohistochemistry shows co-localization between these
radiopharmaceuticals and phospo-tau antibodies [30,31].
Similar autoradiography studies with fluorine-tagged li-

gands THK523 (first-generation), THK5105 and THK5117
(second-generation) show high affinity for tau fibrils [32].
[18 F]THK523 shows specificity for tangles in studies

conducted in transgenic mice models harboring only amyl-
oid plaques or NFTs [33]. However, similarly to several [18

F] tracers, [18 F]THK523 shows an undesired high non-
specific retention in white matter (WM) that may obscure
cortical uptake. WM non-specific uptake reduces the
diagnostic sensitivity of numerous imaging agents. To
overcome this limitation, the second-generation of THK
tracers, [18 F]THK5105 and [18 F]THK5117, were optimized
for higher NFTcortical uptake and less WM retention [34].
The only tau radioligand labeled with carbon-11, [11C]

PBB3, shows striking specificity for NFT detection in
transgenic models overexpressing human tau mutation.
Despite its structural similarities with [11C]PiB, the [11C]
PBB3 data obtained in transgenic mice support specificity
for tau pathology. In humans, [11C]PBB3 shows cortical
uptake consistent with Braak staging. Indeed, positive
[11C]PBB3 and negative [11C]PiB characterized a cortico-
basal syndrome patient [35]. These tracers hold the prom-
ise of allowing for the in vivo detection and tracking of tau
pathology, and may prove of use in differentiating AD and
non-AD tauopathies. However, it is not entirely clear
whether a single tau-imaging agent will be useful to
quantify pathology underlying the entire spectrum of
tauopathies given the presence of molecular heterogeneity.
For example, it is commonly known in PET literature that
the interaction between an imaging agent and a molecular
target (e.g. a protein) occurs only if the binding pocket is
accessible to the imaging agent. Binding pocket availability

Figure 2 Neuropathological mechanisms possibly involved in tauopathies and expected tracking of tau spreading by imaging agents
in rodent models. a) Pathological events (blue box) that contribute to tau hypherphosphorylation (purple box), microtubule detachment (green box),
aggregation of paired helical filaments (PHFs) containing β-sheet structures (yellow box) and formation of neurofibrillary tangles (NFTs) containing the
binding pocket for tau tracers (red box); b) Expected progression of tau pathology as shown by tau imaging agents based on previous findings in
AD-like mouse models using immunohistochemistry. The image represents a coronal view of a T1-weighted mouse brain structural magnetic
resonance imaging (MRI) image at bregma −2.88 mm.
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is highly dependent on the protein structural conformation,
which can be absent if the protein assumes an unusual
conformation. Consequently, the ability of tracers to bind
to NFTs may be affected by different post-translational
modifications such that a given radiotracer may be able to
bind NFTs but not to other ultrastructural tau conforma-
tions, such as straight (SF) or randomly coiled filaments
(RCFs). Additionally, tau expression as 3R and 4R isoforms
can strongly modulate the availability of binding pockets,
since these different isoforms can assume distinct structural
conformations.
In this context, the combination of tau tracers and

genetic manipulation to achieve transgenic rodent models
expressing human tau with a given conformation/isoform
may accelerate our understanding of the mechanisms
subserving tau-mediated neurodegeneration and clinical
progression across the spectrum of tauopathies.

Tracking tau pathology in small animals
Since only human tau protein assumes the structural con-
formation rendering NFTs, transgenic models expressing
human tau are sine-qua-non for testing new imaging agents
with high translation value for human diseases [9]. Further,
a high degree of homology and functional similarity is
observed between humans and rodents in brain areas
recognized as predilection sites for tau pathology, includ-
ing the hippocampus [36-38].
Tau transgenic models, combined with behavioral as-

sessment and in vivo imaging using microPET stands as a
unique strategy for establishing the clinico-pathological
correlations needed for testing the efficacy of novel
disease-modifying drugs. Additionally, in vivo tracking of
tau pathology in transgenic rodent models will provide
new insights with high translational value owing to the
spatiotemporal pattern of propagation similar to that ob-
served in human tauopathies [37] (Figure 2b). In addition
to occupying an important role in the full validation of
tau-imaging tracers, microPET has the potential to pro-
vide high-resolution dynamic images that will estimate
the content of tau aggregates via pharmacokinetic ana-
lysis. Finally, microPET can deliver crucial information
regarding tracer kinetics, requisite for both the develop-
ment of novel tau radiopharmaceuticals and in the con-
text of imaging analysis.

Clinical utility
It is expected that tau-imaging agents will contribute to
the early diagnosis of tauopathies. In addition, these
imaging agents will significantly expand our knowledge
regarding the propagation of tau protein in the human
brain as well as its relationships with clinical features of
the various tauopathies. Given the numerous drugs aiming
to halt the progression of tau pathology, it is also expected

that these ligands will allow for the monitoring of treatment
effects of novel anti-tau therapies (see review Giacobini
et al. [39]). Yet, there remains a significant amount of
research to be conducted in order to establish the ad-
vantages and limitations of tau-imaging agents. Indeed,
well-controlled microPET studies in animal models are
necessary for the validation and development of tau
specific PET agents with less non-specific binding and
favorable kinetics (Table 1).

Concluding remarks
PET in tau transgenic models allows for longitudinal assess-
ment and thus is ideally suited for following tau pathology
progression and/or response to disease-modifying drugs.
Simultaneously, the use of the same animal for PET im-
aging and behavioral assessments eliminates the
between-subject variability and will provide key insights
on the role of tau in neurodegeneration and associated
cognitive decline. Finally, these results can rapidly be
translated to human research, delivering novel therapeutic
strategies, mechanistic insights, predictive models and
biomarkers.
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Table 1 Tau imaging agents: from basic to clinical
applications
Basic research The combination of Tau imaging agents and

transgenic models can allow for:

a) Non-invasive longitudinal tracking of tau
pathology

b) Longitudinal assessment of behavior as a
function of tau pathology

c) Determination of pharmacokinetic properties

d) Development of novel radiopharmaceuticals

e) Development of theoretical models regarding
progression of tau pathology

Clinical applications The use of Tau imaging agents in the clinical
approach can allow for:

a) Early diagnosis

b) Differential diagnosis

c) Follow-up of cognitive decline as function of
tau pathology progression

d) Monitoring of treatment effectiveness of
novel anti-tau and associated therapies

e) Development of theoretical models regarding
tau pathology progression

f) Estimation of sample size and endpoints in
the context of clinical trials
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Capítulo XII. Imaging in vivo glutamate fluctuations with [11C]ABP688: a GLT-1 

challenge with ceftriaxone. 

No capítulo XII apresentamos o artigo publicado no periódico Journal of 

Cerebral Blood Flow & Metabolism. 

A excitotoxicidade glutamatérgica é um dos mecanismos envolvidos na 

fisiopatologia da DA. Neste capítulo, avaliamos a sensibilidade aos níveis de glutamato 

do radiofármaco de PET [11C]ABP688, que se liga no sítio alostérico do mGluR5, em um 

estudo experimental de microPET. Para isso, utilizamos a ceftriaxona, um potente 

ativador do transportador astrocitário GLT-1, para modular os níveis extracelulares de 

glutamato. A redução dos níveis extracelulares de glutamato parece aumentar a 

disponibilidade do sítio alostérico do mGluR5. Estes dados apontam para o [11C]ABP688 

como um radiofármaco capaz de identificar flutuações glutamatérgicas. Desta maneira, o   

[11C]ABP688 se torna potencialmente interessante para o reconhecimento de cenários de 

excitotoxicidade cerebral in vivo e não-invasivamente. 
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Imaging in vivo glutamate fluctuations with [11C]ABP688:
a GLT-1 challenge with ceftriaxone
Eduardo R Zimmer1,2,3, Maxime J Parent1,2, Antoine Leuzy1,2, Antonio Aliaga4, Arturo Aliaga1, Luc Moquin5, Esther S Schirrmacher4,
Jean-Paul Soucy4, Ivan Skelin4, Alain Gratton5, Serge Gauthier2 and Pedro Rosa-Neto1,2,4

Molecular imaging offers unprecedented opportunities for investigating dynamic changes underlying neuropsychiatric conditions.
Here, we evaluated whether [11C]ABP688, a positron emission tomography (PET) ligand that binds to the allosteric site of the
metabotropic glutamate receptor type 5 (mGluR5), is sensitive to glutamate fluctuations after a pharmacological challenge. For this,
we used ceftriaxone (CEF) administration in rats, an activator of the GLT-1 transporter (EAAT2), which is known to decrease
extracellular levels of glutamate. MicroPET [11C]ABP688 dynamic acquisitions were conducted in rats after a venous injection of
either saline (baseline) or CEF 200mg/kg (challenge). Binding potentials (BPND) were obtained using the simplified reference tissue
method. Between-condition statistical parametric maps indicating brain regions showing the highest CEF effects guided placement
of microdialysis probes for subsequent assessment of extracellular levels of glutamate. The CEF administration increased
[11C]ABP688 BPND in the thalamic ventral anterior (VA) nucleus bilaterally. Subsequent microdialysis assessment revealed declines in
extracellular glutamate concentrations in the VA. The present results support the concept that availability of mGluR5 allosteric
binding sites is sensitive to extracellular concentrations of glutamate. This interesting property of mGluR5 allosteric binding sites
has potential applications for assessing the role of glutamate in the pathogenesis of neuropsychiatric conditions.
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INTRODUCTION
Glutamate is the major excitatory neurotransmitter in the
mammalian brain, acting on ionotropic (AMPAr, KAr and NMDAr)
and metabotropic (mGluRs) receptors. The ionotropic receptors
produce fast-acting excitatory effects, while mGluRs (G protein-
coupled receptors) have a crucial role in the modulation of
glutamatergic neurotransmission.1 Since glutamate is not
degraded in the extracellular compartment, two major astrocytic
transporters, GLT-1 (EAAT2) and GLAST (EAAT1), remove gluta-
mate from the synapses and provide the regulation necessary to
orchestrate receptor excitability.2 The disruption of this fine-
tuning mechanism causes hyperactivation of glutamatergic
receptors, a well-established detrimental scenario termed excito-
toxicity, which is described as a fundamental player in the
pathophysiology of several neurologic and psychiatric disorders.3,4

Due to the glutamatergic system’s involvement in a large array of
neuropsychiatric conditions, techniques allowing for noninvasive
in vivo estimation of glutamatergic neurotransmission are highly
desirable.
Positron emission tomography (PET) is an imaging technique

that allows for the in vivo measurement of biologic processes such
as receptor availability or fluctuations of endogenous neuro-
transmitters.5 Advances in pharmacology have allowed for the
development of PET radiopharmaceuticals targeting allosteric

binding sites of the metabotropic glutamate receptor type 5
(mGluR5).6 Previous PET studies showed that pharmacological
challenges with N-acetylcysteine, a facilitator of the cysteine-
glutamate antiporter that increases the release of nonsynaptic
glutamate, produced a decrease in the binding of the PET
radiopharmaceutical [11C]ABP688, an allosteric and highly selec-
tive mGluR5 antagonist, in baboons7 and in rhesus monkeys.8 In
contrast, a recent study showed no effect of N-acetylcysteine on
[11C]ABP688 binding in rats.9 In fact, little is known regarding
noncompetitive interactions between glutamate and the avail-
ability of mGluR5 allosteric binding sites. Although important,
none of the previous studies tested whether pharmacologically
induced declines of extracellular glutamate concentrations
increased the availability of mGluR5 allosteric binding sites.
With this in mind, we used ceftriaxone (CEF)—a potent GLT-1

activator, which decreases extracellular levels of glutamate10–12—to
investigate whether the PET radiopharmaceutical [11C]ABP688 is
sensitive to declines in extracellular glutamate concentrations.

MATERIALS AND METHODS
Animals
Sprague-Dawley rats (n=5, 392.10 ± 58.69 g) were scanned twice within 2
to 7 days (baseline and challenge). The scanning was conducted between

1Translational Neuroimaging Laboratory (TNL), McGill Center for Studies in Aging, Douglas Mental Health University Institute, Verdun, Quebec, Canada; 2Alzheimer’s Disease
Research Unit, McGill Centre for Studies in Aging, McGill University, Montreal, Quebec, Canada; 3Department of Biochemistry, Federal University of Rio Grande do Sul (UFRGS),
Porto Alegre, RS, Brazil; 4Montreal Neurological Institute (MNI), Montreal, Quebec, Canada and 5Department of Psychiatry, Douglas Hospital Research Centre, McGill University,
Montreal, Quebec, Canada. Correspondence: Dr P Rosa-Neto, McGill Center for Studies in Aging, 6825 LaSalle Boulevad, Montreal, H4H 1R3 Quebec, Canada.
E-mail: pedro.rosa@mcgill.ca
This work was supported by the Canadian Institutes of Health Research (CIHR) [MOP-11-51-31], the Allan Tiffin Foundation, the Alzheimer's Association [NIRG-08-92090], the
Fonds de recherche du Québec – Santé (FRSQ; chercheur boursier), the Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq, Brazil), fundação de Amparo à
Pesquisa do Rio Grande do Sul (Fapergs, Brazil), and INCT for Excitotoxicity and Neuroprotection/CNPq.
Received 20 August 2014; revised 16 December 2014; accepted 30 December 2014; published online 25 March 2015

Journal of Cerebral Blood Flow & Metabolism (2015) 35, 1169–1174
© 2015 ISCBFM All rights reserved 0271-678X/15 $32.00

www.jcbfm.com



1030 h and 1330 h. Additional Sprague-Dawley rats (n= 6, 452.10
± 68.69 g) were used for microdialysis. The microdialysis was conducted
between 1030 h and 1530 h. Animals were kept in a room with controlled
temperature (21°C) under a 12-hour light/12-hour dark cycle (lights on
0800 h), with ad libitum access to food and water. All procedures were
performed according the Guide to the Care and Use of Experimental
Animals (Ed2) of the Canadian Council on Animal Care. The protocols for
PET imaging, surgery, and microdialysis were approved by the Animal Care
Committee of McGill University (Montreal, QC, Canada).

Radiosynthesis, Pharmaceuticals, and Imaging Procedures
[11C]ABP688 was synthesized as described previously.13 The mean specific
radioactivity for the baseline was 12.35±5.75 TBq/mmol and for the
challenge 12.74±2.49 TBq/mmol (mean± s.d.). The PET acquisitions were
performed using a Concorde MicroPET R4 scanner (Siemens-CTI, Knoxville,
TN, USA), as previously described by Elmenhorst.13 Rats were placed in a
prone position with the head immobilized by both the body holder and the
nose cone of the anesthesia system (2% isoflurane at 0.5 L/min oxygen flow).
The brain was positioned in the center of the field of view. A 10-min
transmission scan with a rotating [57Co] point source was acquired to correct
for attenuation followed by the 60-minute emission scan. For the baseline,
they received a tail vein injection of saline 30minutes before the scan
(Figure 1A). For the challenge, they received a tail vein injection of CEF
200mg/kg 30minutes before the scan (Figure 1B). Subsequently, [11C]
ABP688 was administered as a bolus injection (0.2mL) into the tail vein.
Respiratory rate, heart rate, and body temperature were monitored
throughout the scan (Biopac Systems MP150, Goleta, CA, USA). Mean
injected radioactivity was 17.02±2.89 MBq for baseline and 16.62±4.31MBq
for challenge (mean± s.d.). Ceftriaxone was dissolved in saline (200mg/kg).

Image Reconstruction, Analysis, Processing, and Estimation of
Binding Parameters
Images were reconstructed using an MAP (maximum a posteriori)
algorithm, normalized and corrected for scatter, dead time, and decay.
Imaging analysis was conducted using minctools (http://www.bic.mni.
mcgill.ca/ServicesSoftware/). Time-averaged tissue-radioactivity images
were manually coregistered to a standard rat histologic template.14 The
image outcome measure, nondisplaceable binding potential (BPND), was
estimated using the simplified reference tissue model,15 with the
cerebellum as a reference region due to its low [11C]ABP688 binding.13

[11C]ABP688 BPND was estimated for every dynamic scan, with resulting
images convolved using a 2.4-mm Gaussian kernel. The PET images
were corrected for motion by realigning each frame to a reference frame
using mutual information as the cost function.16 For detailed information
regarding PET methodology (including error analysis, parameter sensitivity

analysis, and scan duration) and simplified reference tissue model
analytical details, see Elmenhorst.13

Microdialysis Surgery, Procedure, and Histology
Rats were anesthetized with sodium isoflurane (2% isoflurane at 0.5 L/min
oxygen flow), and stereotaxically implanted with 22 gauge stainless steel
guides into the left frontal cortex (FC), anteroposterior (AP): 4.20mm,
mediolateral (ML): 1.0 mm, dorsoventral (DV): 5.0 mm) and into the right
thalamic ventral anterior (VA) (AP:− 1.88mm, ML: 2.0 mm, DV: 6.5 mm)
following Paxinos coordinates.17 These cannulas were used to insert the
microdialysis probes into the target sites. Cannulas were secured with
acrylic dental cement and a single anchor screw threaded into the
cranium. Carprofen (5mg/kg, subcutaneously) was used for postoperative
analgesia (once daily for 2 days). Animals were allowed 1 week for recovery
(housed one per cage) before testing. Microdialysis was performed as
previously described by Lupinsky.18 Probes were calibrated in artificial
cerebrospinal fluid (26mmol/L NaHCO3, 3 mmol/L NaH2PO4, 1.3 mmol/L
MgCl2, 2.3 mmol/L CaCl2, 3.0 mmol/L KCl, 126 mmol/L NaCl, 0.2 mmol/L
L-ascorbic acid) containing 100 ng/ml aspartate, GLU, and GABA. In vitro
probe recovery ranged from 14% to 19% at a flow rate of 2 μL/min.
Computer-controlled microinfusion pumps were used to deliver perfusate
to the probes, and the dialysate was collected from the fused silica outlet
line (dead volume: 0.79 μL).
Microdialysis was performed under isoflurane anesthesia (2% isoflurane

at 0.5 L/min oxygen flow). Two microdialysis probes (see Figures 4A and
4B) were inserted into the animals' indwelling guide cannula and
perfused with sterile artificial cerebrospinal fluid (flow rate set at 1 μL/
min). Samples were then taken at 20-minute intervals for 1 hour (baseline),
followed by CEF (200mg/kg) injection in the tail vein, while still collecting
samples for 4 hours (challenge, Figure 1C). Each 20-μL dialysate sample
was collected in a fraction vial preloaded with 1 μL of 0.25mol/L perchloric
acid to prevent analyte degradation and immediately stored at 4°C for
subsequent analysis. After microdialysis, animal brains were dissected and
stored in 4% paraformaldehyde and subsequently cryoprotected in a 30%
sucrose solution. Brains were sliced in 20-μm-thick samples (coronal) and
stained with cresyl violet (Nissl staining) for confirmation of probes
placement.

Lysate High-Performance Liquid Chromatography Analysis
Glutamate levels were determined as previously described by Lupinsky.18

A high-performance liquid chromatography precolumn derivatization with
electrochemical detection was used to determine glutamate levels. The
chromatographic system consisted of an ESA pump (model 582) and an
ESA injector (model 542) coupled to a Waters Xterra MS C18 3.0× 50mm
5 μm analytical column. The mobile phase was prepared as needed and
consisted of 3.5% acetonitrile, 20% methanol, and 100mmol/L sodium

Figure 1. [11C]ABP688 and ceftriaxone (CEF) challenge study design. (A) MicroPET baseline: rats received a saline tail vein injection 30minutes
before the scan, a 10-minute transmission (Tr) scan preceded the 60-minute emission scan; (B) MicroPET challenge: the same rats used for
baseline, received a CEF tail vein injection (200mg/kg) 30 minutes before the scan, a 10-minute Tr scan preceded the 60-minute emission scan;
(C) Microdialysis: additional rats are used for microdialysis, a baseline microdialysis was performed during 60minutes (three samples) followed
by a CEF tail vein injection (200mg/kg) and microdialysis challenge sampling during 200minutes (10 samples). PET, positron emission
tomography.
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phosphate dibasic (Na2HPO4) adjusted to pH 6.7 with 85% phosphoric acid.
The flow rate was set at 0.5 mL/min, and the electrochemical detector ESA
Coularray 5600 A, Chelmsford, MA, USA) was set at potentials of +150mV
and +550mV. Working standards (100 ng/mL) and derivatization reagents
were prepared fresh daily from stock solutions and loaded with samples
into a refrigerated (10°C) ESA autosampler (model 542, Chelmsford, MA,
USA). Before injection onto the analytical column, each fraction was

sequentially mixed with 20 μL of o-phthaldehyde (0.0143mol/L) diluted
with 0.1 mol/L sodium tetraborate and 20 μL of 3-mercaptopropionic acid
(0.071mol/L) diluted with H2O and allowed to react for 5 minutes. After
each injection, the injection loop was flushed with 20% methanol to
prevent contamination of subsequent samples. Under these conditions,
the retention time for GLU was 2.4 minutes with a total run time of
30minutes/sample. Chromatographic peak analysis was accomplished by

Figure 2. [11C]ABP688 time-activity curves (TACs) obtained from baseline and challenge conditions. (A) Baseline and post ceftriaxone TACs
from the cerebellum (reference region) and (B) the thalamic VA nucleus (high-binding region) of a single rat. Blue squares represent baseline
condition and red squares the challenge condition.

Figure 3. Baseline and ceftriaxone (CEF) challenge averaged [11C]ABP688 nondisplaceable binding potential (BPND). Averaged [11C]ABP688
BPND images obtained during the baseline overlaid on a histologic template are shown in axial (A), sagittal (B), coronal (C), as well as dorsal
(D) and mid-sagittal surface projections (E). Averaged [11C]ABP688 BPND images obtained after CEF challenge overlaid on a histologic
template are shown in axial (F), sagittal (G), coronal (H), as well as dorsal (I) and mid-sagittal surface projections (J). Statistical parametric
images (t-stats contrast (CEF challenge4baseline)) overlaid on a histologic template are shown on axial view (K); sagittal view (L); coronal view
(M); and rat brain 3D surface showing (N) peak t-stat region (the gray object represents hippocampal position in the 3D surface). Note group
differences showing a symmetric cluster in the anterior thalamus, encompassing basal forebrain and posterior striatum with the local maxima
at the thalamic VA. [11C]ABP688 BPND in the local maxima, during baseline and challenge microPET scans (O). Schematic representation of
[11C]ABP688 BPND binding in the metabotropic glutamate receptor type 5 (mGlur5) allosteric site (P). Images represented as [11C]ABP688
BPND and t-value. Graph represented as mean± s.d., n= 5. **Po0.01. PET, positron emission tomography.
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identification of unknown peaks in a sample matched according to
retention times from known standards using ESA's CoulArray software.

Statistical Analysis
A paired Student's t-test was used to calculate differences in the
[11C]ABP688 BPND between challenge and baseline. Comparisons between
baseline and challenge were conducted at the voxel level using t-statistic
analyses (RMINC, https://launchpad.net/rminc). Regions showing high
specific binding were adjusted for a statistical cluster-wise threshold of
Po0.05, and corrected for multiple comparisons using random field
theory.19 For microdialysis, two-way ANOVA with repeated measures
followed by Bonferroni correction was used. Differences were considered
statistically significant at Po0.05.

RESULTS
Ceftriaxone Challenge Increased [11C]ABP688 BPND with Peak
Effect in the Thalamic Ventral Anterior Nucleus
Figure 2 shows the representative time-activity curves of reference
region (cerebellum, Figure 2A) and of a high-binding region
(thalamic VA nucleus, Figure 2B). Averaged BPND images
showed consistent brain uptake of [11C]ABP688, and no global
differences between baseline and challenge (baseline: 1.06 ± 0.24;
challenge: 1.14 ± 0.26; t(4) = 0.5135, P= 0.6347; Figures 3A and 3J).
Voxel-based analysis showed a large bilateral symmetric cluster
with increased [11C]ABP688 BPND in the thalamus, with peak effect
in the thalamic ventral nucleus (VA) (peak t(4) = 6.78, P= 0.0025,
Figures 3K–3N) after the challenge with CEF. Paired t-test showed
a significant increase in the [11C]ABP688 BPND in the VA (local
maxima) after challenge with CEF (t(4) = 5.295, P= 0.0061, baseline:
0.9781 ± 0.24; challenge: 1.379 ± 0.08 Figure 3O).

Ceftriaxone Evoked Glutamate Reductions in the Thalamic Ventral
Nucleus
Repeated measures two-way ANOVA revealed an effect of drug
(F(13,130) = 5.379, P= 0.0001) but not of region (F(1,10) = 1.373,
P= 0.2685). A significant interaction between drug and region
(F(13,130) = 2.109, P= 0.0175) was observed. Bonferroni post hoc
analysis revealed decreased glutamate concentrations after
challenge in the VA (P(range) = 0.0004 to 0.0314) but not in the FC
(P(range) = 0.2526 to 0.999; Figure 4C). Comparison between averages
of baseline and CEF challenge during the scan period also showed
decreased extracellular levels of glutamate in the VA (t(5) = 4.183,
P=0.0086), but not in the FC (t(5) = 1.482, P=0.20; Figure 4D).

DISCUSSION
The present study showed for the first time the effect of the
reduction of extracellular glutamate levels, using a GLT-1
pharmacological challenge with CEF, on PET [11C]ABP688 binding.
In a previous study, we validated the cerebellum as a suitable

reference region for the quantification of mGluR5 availability using
[11C]ABP688 in rats, via in vivo (microPET) and in vitro (autoradio-
graphy) techniques. Additionally, we performed a blood-based
pharmacokinetics analysis and a blocking study with 1,2-methyl-6-
(phenylethynyl)-pyridine, an antagonist of mGluR5 allosteric
binding site and a competitor of [11C]ABP688.13 Furthermore, we
evaluated the reproducibility of [¹¹C]ABP688 binding in a test-
retest study and examined several pharmacokinetic models for
determination of binding potential (BPND), showing that the
simplified reference tissue model is the pharmacokinetic model
that presents lowest variability.20

These validation studies allowed us to proceed with a pharma-
cological challenge aiming to identify the impact of reduced

Figure 4. Ceftriaxone reduced levels of glutamate in the thalamic ventral nucleus but not in the frontal cortex (FC). (A) Histologic verification
(cresyl violet) at VA (anteroposterior (AP): -1.88 mm, mediolateral (ML): 2.0 mm, dorsoventral (DV): 6.5 mm) microdialysis probes; (B) Histologic
verification (cresyl violet) at FC (AP: 4.20 mm, ML: 1.0 mm, DV: 5.0 mm) microdialysis probes; (C) Levels of glutamate measured by microdialysis
in the VA and in the FC during baseline (60minutes) and challenge (200minutes) conditions; (D) Comparison between levels of glutamate
during baseline (solid bars) and challenge (checkered bars) at 60minutes (the same duration as the PET scanning period). Data presented as
mean± s.e.m, N= 6. *Po0.05, **Po0.01, ***Po0.001.
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glutamate concentrations on [11C]ABP688 binding in rats. Here,
we show that the acute CEF challenge increased [11C]ABP688
binding in the thalamic VA. Beyond the considerable expression
levels of GLT-1,21 the thalamic VA receives massive glutamatergic
afferents from the cerebellum and basal ganglia22 and drives
several connections with prefrontal, premotor, and motor cortices,
a piece of the so-called thalamocortical network.23,24

Interestingly, [11C]ABP688 binding to the transmembrane
allosteric site instead of orthosteric binding site of glutamate
(Figure 3P) is highly dependent on the tertiary and quaternary
receptor conformations.25 Additionally, mGluR5 can assume
oligomeric or heteromeric forms,26–28 which may have an impact
on the availability of the allosteric site. One could also argue that
glutamate levels alter mGluR5 conformational states. In fact,
affinity shift in the receptor–radioligand interactions is a
phenomenon already described in the case of dopamine D2
receptors, where an amphetamine challenge altered the affinity of
a D2 PET radiopharmaceutical.29–31

Guided by [11C]ABP688 microPET data, a microdialysis study
was performed to confirm the reduction of glutamate levels in the
VA. As expected, since [11C]ABP668 binding was not altered in the
cerebral cortex, levels of glutamate in the FC (used as a control
region) remained stable after CEF injection. In contrast, 20 minutes
after CEF injection glutamate levels were reduced in the VA.
However, the reason why this thalamic region is the first to be
affected by CEF since GLT-1 and mGluR5 are expressed in almost
all brain regions remains unknown and requires further investiga-
tion. One could argue that the differential expression and splice
variants of GLT-1 in diverse brain regions may yield distinct
activation by CEF.32,33 Further studies are necessary to validate this
observation; however, it seems unlikely that the changes in
[11C]ABP688 binding are the result of a direct displacement by
CEF, since CEF does not bind to the mGluR5 allosteric site. In fact,
further methodological developments are necessary to better
understand noncompetitive interactions using PET. Altogether,
our results support a theoretical framework in which synaptic
glutamate concentrations anticorrelate with [11C]ABP688 binding
(i.e., low levels of glutamate will produce increased [11C]ABP688
binding and high levels of glutamate decreased [11C]ABP688
binding). Interestingly, two recent studies showed that
[11C]ABP688 PET was capable of identifying reductions in mGluR5
availability in patients with major depressive disorder,34 and in an
epilepsy rat model.35 On the basis of our assumptions, reduced
[11C]ABP688 PET binding in this study may indicate increased
glutamate levels, a possible sign of early excitotoxicity. This seems
reasonable since excitotoxicity is an important pathological entity
in both major depression36 and epilepsy.37

In summary, molecular imaging using [11C]ABP688 seems to
constitute a valuable tool for noninvasive and in vivo assessment
of glutamatergic neurotransmission. Studies encompassing a wide
range of clinical populations displaying glutamate-related neuro-
logic and neuropsychiatric conditions are necessary to fully
evaluate the feasibility and potential of [11C]ABP688 for measuring
clinically-relevant glutamatergic fluctuations. If these clinical
studies succeed, then [11C]ABP688 PET imaging will offer the
opportunity of identifying glutamate abnormalities (e.g., brain
excitotoxicity), which may allow for the development of
glutamate-based disease signatures and for the evaluation of
glutamate focused therapies.
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Discussão 

Nesta tese investigamos diversos mecanismos envolvidos em processos 

neurodegenerativos relacionados com a atividade reduzida da PP2A, uma característica 

fisiopatológica da DA e de outras taupatias, com ênfase particular em vias de sinalização 

intracelular e no sistema glutamatérgico. Além disso, revisamos a situação atual do uso 

de biomarcadores de PET para β-amilóide, tau e neuroinflamacão em pacientes 

portadores da DA. Ademais, em estudos experimentais, investigamos flutuações no 

sistema glutamatérgico in vivo com o radiofármaco [11C]ABP688 e demonstramos uma 

contribuição dos astrócitos no sinal do PET [18F]FDG, ambos estudos com alto potencial 

translacional e aplicação direta na clínica em doenças neurodegenerativas. Nos próximos 

parágrafos discutiremos as principais implicações e avanços provenientes destes estudos. 

Nesta tese estabelecemos dois modelos de taupatia com a infusão de OKA em 

roedores. O OKA é um inibidor de proteínas fosfatases cerebrais com relativa 

especificidade para PP2A e com alta afinidade (IC50 = 0.5 nM), que causa 

hiperfosforilação da proteína tau, e consequentes anormalidades similares aos processos 

degenerativos encontrados na DA e em outras taupatias (Cohen et al., 1989; Gong et al., 

2000). Este modelo se torna atrativo para estudar alterações similares da DA, se levarmos 

em conta que até hoje não foram desvendadas mutações patológicas no gene da proteína 

tau em pacientes portadores da DA. As mutações patológicas atualmente conhecidas são 

provenientes das demências frontotemporais com parkinsonismo ligadas ao cromossomo 

17 (FTDP-17, do inglês frontotemporal dementia with parkinsonism-17) (Gotz et al., 

2007). Desta maneira, um modelo químico parece ser a melhor estratégia para entender a 
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disfunção da tau na DA evitando modificações genéticas encontradas nas demências do 

tipo FTDP-17. 

Primeiramente, mostramos que as anormalidades induzidas por OKA seguem um 

modelo dose-dependente, ou seja, infusões cerebrais de doses maiores de OKA – maior 

inibição da PP2A — causam danos neuroquímicos e comportamentais mais evidentes em 

um modelo ICV em camundongos CF1 (ver parte II, capítulo I, “Inhibition of Protein 

phosphatase 2A links tau phosphorylation, oxidative stress and spatial memory”). Mais 

especificamente, mostramos que OKA causa déficit cognitivo, alterações no sistema 

oxidativo cerebral e hiperfosforilação da proteína tau. No sistema redox, OKA aumentou 

o dano oxidativo em lipídios (níveis de peroxidação lipídica) e em proteínas (níveis de 

proteína carbonilada), e remodela a atividade das enzimas antioxidantes, como a peróxido 

dismutase (SOD), a catalase (CAT) e a glutationa peroxidase (GSH-Px). Neste sentido, 

cabe ressaltar que o aumento nos níveis cerebrais de peroxidação lipídica induzido por 

OKA se correlacionou linearmente e positivamente com o déficit cognitivo. Os nossos 

resultados estão de acordo com estudos em humanos demonstrando que existe um 

aumento de marcadores de peroxidação lipídica no LCR e no sangue de pacientes MCI, 

ou seja, no estágio pré-demência (Pratico et al., 2002; Schrag et al., 2013). Além disso, 

evidências de estudos com cérebros de pacientes com DA apontam para essa quebra da 

homeostasia no sistema redox em pacientes MCI e DA (Shmakov e Abrosimova, 1989).  

O mesmo perfil se repetiu na fosforilação da proteína tau, ou seja, o grau de 

fosforilação de tau nos sítios Ser396 e Ser199/202 se correlacionou linearmente com o déficit 

cognitivo. Nossos resultados fornecem mais uma evidência científica da associação entre 

tau hiperfosforilada e redução da performance cognitiva, e além disso, reforçam o papel 
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chave da PP2A mediando esse fenômeno. Neste sentido, nossos resultados replicaram 

estudos anteriores que sugerem que o grau de inibição da PP2A determina o estado de 

hiperfosforilação da proteína tau (Harris et al., 1993; Gong et al., 2000).  

Entretanto a associação entre as anormalidades induzidas pela inibição da PP2A 

ainda não está bem definida. Resolvemos então usar os dados de estresse oxidativo 

cerebral e fosforilação de tau para uma análise de rede utilizando a técnica de matrizes 

simétricas de correlação. Com estes dados desenvolvemos o que denominamos “rede de 

eventos bioquímicos” relacionados com a inibição da PP2A via OKA. Identificamos três 

principais reguladores que parecem orquestrar as ações neurotóxicas do OKA: I) p-tau 

ser199/202, um marcador de neurodegeneração; II) GSH-Px, uma marcador de atividade 

glial antioxidante; III) proteína carbonilada, um marcador de dano a proteínas. Baseado 

nestas análises, pode-se dizer então que estes três fenômenos estão acoplados, ou seja, a 

neurodegeneração (p-tau) está associada ao dano protéico (carbonilação) e parece ativar 

vias de neuroproteção gliais (GSH-Px). Além disso,  desenvolvemos um modelo não-

linear com os dados bioquímicos que se correlacionaram com o déficit cognitivo. Neste 

modelo, peroxidação lipídica e fosforilação de tau parecem ser os iniciadores do dano 

cognitivo induzido por OKA. Em resumo, nossos resultados indicam que o grau de 

inibição da PP2A estaria intimamente relacionado com o início e a progressão do declínio 

cognitivo, e que existe um acoplamento entre dano oxidativo e hiperfosforilação de tau. 

Sendo assim, podemos sugerir que a atividade reduzida da PP2A possa ser um dos 

eventos iniciais na fase assintomáticas da DA e de outras taupatias.  

Utilizando um modelo similar (infusão unilateral intrahipocampal  de OKA em 

ratos wistar) demonstramos o envolvimento do sistema glutamatérgico nos efeitos 
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neurotóxicos da inibição da PP2A (parte II, capítulo II, “Pretreatment with Memantine 

Prevents Alzheimer-Like Alterations Induced by Intrahippocampal Okadaic Acid 

Administration in Rats”). A infusão de OKA induziu déficit cognitivo e causou um 

aumento nos níveis liquóricos de glutamato e no imunoconteúdo hipocampal de CDK5, 

p25 e p-tau ser199/202. Cabe relembrar que o p25 é um ativador aberrante da CDK5. Um 

pré-tratamento com memantina foi capaz de prevenir todas as alterações 

comportamentais e neuroquímicas induzidas pelo OKA (Zimmer et al., 2012). Estes 

nossos resultados apontam para uma ação crucial do receptor NMDA mediando os efeitos 

neurotóxicos de OKA. Um achado importante aqui é o fato de que a inibição da PP2A 

intracelular, por algum mecanismo ainda não precisamente elucidado, induz um aumento 

nos níveis extracelulares de glutamato, e este aumento se correlaciona linearmente com o 

grau de déficit cognitivo. Estes resultados se tornam ainda mais atrativos devido as 

diversas maneiras em que as frações de β-amilóide são capazes de quebrar a homeostasia 

do sistema glutamatérgico (para revisão ver (Danysz e Parsons, 2012)), ou seja, pode 

haver um efeito colaborativo entre β-amilóide e tau mediando excitotoxicidade 

glutamatérgica. Em linha com os nossos resultados, um estudo recente demonstrou que 

MK-801, outro bloqueador do canal iônico do receptor NMDA, conseguiu proteger 

contra os efeitos neurotóxicos da infusão cerebral de OKA (Kamat et al., 2014).  

Baseado no exposto acima, propomos uma via de sinalização envolvendo a 

atividade reduzida da PP2A e o sistema glutamatérgico (ver parte II, capítulo III, 

“Inhibition of Protein Phosphatase 2A: Focus on the Glutamatergic System”). Mais 

especificamente, postulamos que o aumento nos níveis de glutamato induzido por OKA 

parecem hiperativar o receptor ionotrópico NMDA, o que desencadeia um aumento no 
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influxo de cálcio. A calpaína-2, enzima responsável pela clivagem de p35 em p25, é 

sensível aos níveis de cálcio e leva a uma ativação aberrante da CDK5. A atividade 

exacerbada da CDK5 induz hiperfosforilação da proteína tau e subsequente 

neurodegeneração associada a disfunção sináptica, e finalmente ao déficit cognitivo. 

Neste sentido, bloqueadores do canal do receptor NMDA, como a memantina e o MK-

801, conseguem impedir o aumento nos níveis intracelulares de cálcio e assim evitar os 

efeitos excitotóxicos da inibição da PP2A via OKA (Zimmer et al., 2015a). De fato, o 

pré-tratamento com bloqueadores do NMDA parece ter um efeito preventivo na 

disfunção das vias das sinalização acima descritas, e que possivelmente reflete em uma 

melhora no desempenho cognitivo dos animais tratados com OKA. Este potencial efeito 

profilático dos inibidores do NMDA, nos levou a tratar animais por um longo prazo para 

analisar possíveis efeitos adversos do tratamento com memantina (ver parte II, capítulo 

IV, “Long-term NMDAR antagonism correlates reduced astrocytic glutamate uptake 

with anxiety-like phenotype”) . 

O tratamento de longo prazo (25 dias) com memantina em camundongos CF1 

induziu um perfil ansiogênico em dois testes clássicos para se avaliar comportamentos 

ansiosos, o labirinto em cruz elevado (EPM, do inglês elevated plus-maze) e o teste do 

claro-escuro (LDB, do inglês light-dark box). Além disso, nossos resultados demostraram 

que a memantina resultou numa diminuição na captação astrocitária de glutamato no 

hipocampo e no córtex temporo-parietal destes animais, porém sem alterar o 

imunoconteúdo dos transportadores astrocitários GLT-1 e GLAST. Notavelmente, a 

diminuição da captação de glutamato se correlacionou com um maior perfil ansiogênico 

em ambos os testes (EPM e LDB). Interessantemente, uma publicação recente 
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demonstrou que a inibição do GLT-1 com ácido diidrocaínico (DHK, do inglês 

dihydrokainic acid) foi capaz de induzir ansiedade em camundongos, o que reforça o 

papel do transporte de glutamato astrocitário como modulador do perfil de ansiedade 

(John et al., 2015). Além de bloquear o canal iônico do receptor NMDA, a memantina  

inibe a liberação pré-sináptica de glutamato resultando na diminuição do transporte de 

glutamato a nível astrocitários (Lu et al., 2010). Este pressuposto está em linha com 

diversos modelos teóricos onde neurônios e astrócitos são capazes de regular um ao outro 

(Wade et al., 2013; Karus et al., 2015). Nosso estudo sugere que este acoplamento 

funcional neurônio-astrócito esteja envolvido no controle da sinapse glutamatérgica 

tripartite, e assim, tenha um impacto significante no controle do perfil de ansiedade 

(Zimmer et al., 2015c). 

Desta maneira, estratégias terapêuticas focando no sistema glutamatérgico para o 

tratamento da DA parecem depender primeiramente de um diagnóstico precoce e 

acurado. Neste sentido, diversas estratégias têm sido investigadas com a finalidade de 

proporcionar um diagnóstico precoce da DA, e o uso de biomarcadores para detectar as 

características clássicas da DA, como o β-amilóide e os NFTs, é considerado a estratégia 

mais promissora. Como discutido anteriormente, o acúmulo de  β-amilóide pode ser 

detectado de maneira não invasiva com o uso de radiofármacos para PET. É importante 

ressaltar que a disfunção do metabolismo cerebral de β-amilóide começa até 30 anos 

antes dos primeiros sintomas da DA, o que oferece um lacuna temporal considerável para 

o tratamento da DA antes do aparecimento dos sintomas (Jansen et al., 2015; 

Ossenkoppele et al., 2015). Cabe salientar que o critério para  diagnóstico da DA de 1984 

(Mckhann et al., 1984), foi recentemente atualizado com a inclusão dos biomarcadores – 
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definidos como parâmetros anatômicos, bioquímicos e fisiológicos que podem fornecer 

evidências in vivo da DA – como coadjuvantes no diagnóstico da DA (Dubois et al., 

2007; Sperling et al., 2011).  

Nesta tese revisamos os principais radiofármacos disponíveis para a visualização 

de placas de β-amilóide in vivo via PET, e os prós e contras para sua utilização em larga 

escala em centros clínicos (ver parte II, capítulo V, “Imaging biomarkers for amyloid: a 

new generation of probes and what lies ahead”). O [11C]PIB é o radiofármaco de 

referência para visualização de placas de β-amilóide e demonstra alta sensibilidade e 

especificidade por agregados fibrilares de β-amilóide (placas maduras) (Klunk et al., 

2004; Price et al., 2005). O [11C]PIB tem sido amplamente utilizado para o diagnóstico 

diferencial de doenças neurodegenerativas com sintomatologia similar, como por 

exemplo a  diferenciação entre a DA (amilóide positivo) e as FTDs (amilóide negativo) 

(Rabinovici et al., 2007). Porém, a curta meia-vida (~20 minutos) do carbono-11 limita 

seu uso a centros que possuem um cíclotron, e inviabiliza sua distribuição regional.  

 Uma série de radiofármacos marcados com flúor-18 (meia-vida de ~110 minutos) 

foram desenvolvidos, entre eles o [18F]flutemetamol, [18F] florbetapir, [18F]florbetapen e 

[18F]NAV4694, com a finalidade de facilitar a produção centralizada e distribuição 

regional, e assim integrar os exames de PET na rotina clínica. Apesar de diferenciarem 

indivíduos com DA de indivíduos cognitivamente normais (CN),  o [18F]flutemetamol, 

[18F]florbetapir e o [18F]florbetapen apresentam alto grau de ligação não especifica na 

substância branca (WM, do inglês White matter), e desta maneira sua performance para 

marcar placas de β-amilóide em regiões corticais da substância cinzenta (GM, do inglês 

grey matter) é inferior a do [11C]PIB (Leuzy et al., 2014b). Em contraste, uma publicação 
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recente demonstrou que o [18F]NAV4694 tem performance similar ao [11C]PIB (Rowe et 

al., 2013). Além disso, em estudos preliminares apresentados na Alzheimer's Association 

International Conference em 2013 e 2014 nós sugerimos que in vitro o [18F]NAV4694 

tem performance superior que o [11C]PIB em estudos de autoradiografia com tecidos 

post-mortem de indivíduos com a DA (Zimmer et al., 2013; Zimmer et al., 2014a). 

 Atualmente o [18F]flutemetamol, o [18F] florbetapir e o [18F]florbetapen já estão 

aprovados para uso clínico pelo FDA (referências do FDA número(s): 3667868, 3421114 

e 3473704, respectivamente) e o [11C]NAV4694: está em estudo clínico de fase III 

(referência do estudo clínico: NCT01886820). Devido a isto, o uso apropriado destes 

radiofármacos de PET é uma questão importante que está sendo muito debatida (ver parte 

II, capítulo VI, “Use of amyloid PET across the spectrum of Alzheimer’s disease: clinical 

utility and associated ethical issues”). Por exemplo, cerca de 30% dos indivíduos CN 

com mais de 70 anos tem depósitos de placas de β-amilóide, ou seja, são amilóide 

positivos (Rowe e Villemagne, 2013). Um erro na interpretação destas imagens, pode 

levar a um fardo psicossocial, no estilo de vida e financeiro, e potencialmente o início de 

um tratamento inadequado. Além disso, o tratamento inadequado pode favorecer ao 

surgimento de sintomas neuropsiquiátricos, como sugerido preliminarmente pelos nossos 

resultados experimentais com memantina e em outros estudos (Menendez-Gonzalez et 

al., 2005; Gaugler et al., 2013; Safer et al., 2015). 

 Baseado neste exemplo, fica claro que as imagens de PET β-amilóide para um 

diagnóstico precoce da DA devem ser acompanhadas de outros biomarcadores, como 

atrofia hipocampal por imagens de MRI e hipometabolismo no córtex parieto-temporal 

por PET [18F]FDG (Schuff et al., 2009; Mosconi et al., 2010). Em 2012, um força tarefa, 
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denominada Amyloid Imaging Taskforce (AIT), estabeleceu três principais critérios para 

o uso de exames de PET β-amilóide nos seguintes indivíduos: I) indivíduos exibindo 

declínio cognitivo leve persistente e progressivo de etiologia não explicada; II) 

indivíduos com características clínicas da DA com um curso clínico atípico ou sugestivo 

de demência mista; e III) indivíduos jovens com rápida conversão a quadro de demência 

(< 65 anos) (Johnson et al., 2013a; Johnson et al., 2013b). Pode-se dizer então que o uso 

de exames de PET β-amilóide estaria restrito a pacientes apresentando declínio cognitivo, 

de etiologia não explicada, com finalidade de aumentar a acurácia do diagnóstico ou até 

mesmo para alterar o tratamento do paciente. Neste sentido, o uso de exames de PET β-

amilóide durante a progressão temporal da DA, incluindo pacientes assintomáticos, ainda 

segue em debate, pois ainda não se sabe exatamente o significado do acúmulo de β-

amilóide em indivíduos CN (Leuzy et al., 2014c). A propósito, um estudo de larga escala 

denominado Anti-Amyloid treatment of Asymptomatic Alzheimer’s disease trial (A4), que 

visa atrasar ou até mesmo impedir a progressão de CN para MCI e subsequente DA com 

o uso de infusões mensais de anticorpos de β-amilóide, está utilizando PET β-amilóide 

como marcador da progressão da doença longitudinalmente, e provavelmente vai revelar 

respostas mais contundentes para o significado do β-amilóide positivo em pacientes CN 

(http://www.adcs.org/Studies/A4.aspx). 

Outro ponto importante em debate é a divulgação dos resultados dos exames de 

PET β-amilóide para os participantes destes estudos clínicos, pois os resultados podem 

ter um impacto psicossocial negativo na vida dos indivíduos amilóide positivo. Cabe 

salientar, que a maioria dos estudos de larga escala – em especial o ADNI – ainda não 

divulgam os resultados dos exames por PET β-amilóide para os indivíduos participantes. 
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Porém, o estudo A4 segue uma política diferente e revela o resultado dos seus exames de 

imagens com PET β-amilóide para os indivíduos participantes. Neste sentido, existe uma 

pressão da comunidade científica em favor da divulgação dos resultados, o que enfatiza a 

necessidade do desenvolvimento de um guia de orientações que possa minimizar danos 

psicossociais e estigmas discriminatórios aos indivíduos com o status de amilóide 

positivo (Shulman et al., 2013). Em meio a tantas variáveis que ainda necessitam ser 

devidamente estudadas, a que se torna mais evidente é a necessidade do uso da imagem 

de PET β-amilóide em pacientes assintomáticos associado a outros biomarcadores, ou 

seja, o uso dessa tecnologia para um diagnóstico precoce individualizado (ver parte II, 

capítulo VII, “Amyloid imaging in Alzheimer’s disease: a potential new era of  

personalized medicine?”). Entretanto, este conceito de medicina personalizada para o uso 

dos exames de PET β-amilóide ainda não parece pronto para tornar-se rotina em centros 

clínicos, devido a necessidade de mais estudos e respostas a estas variáveis (Leuzy et al., 

2014a).  

Além dos radiofármacos para β-amilóide, foram recentemente desenvolvidos 

radioligantes capazes de identificar agregados da proteína tau (parte II, capítulo VIII, 

“Developments in Tau PET Imaging”).  É importante ressaltar que a concentração de 

NFTs no cérebro é muito inferior aos níveis de placas de β-amilóide, e além disso, os 

NFTs podem assumir diversas conformações, o que torna a sua visualização uma tarefa 

complicada (Mukaetova-Ladinska et al., 1993). Recentemente, seis (6) radiofármacos 

com afinidade por agregados da proteína tau foram desenvolvidos:  [18F]THK523, 

[18F]THK5105, [18F]THK5117, [18F]T807, [18F]T808 e [11C]PBB3 (Fodero-Tavoletti et 

al., 2011; Maruyama et al., 2013; Xia et al., 2013). Todos estes radiofármacos mostraram 



!

! 162!

alta especificidade e co-localizaram com NFTs em estudos post-mortem. Além disso, 

todos eles possuem características farmacocinéticas desejadas, como lipofilicidade, 

volume de distribuição, baixo peso molecular, alta seletividade/afinidade e rápido 

clearence do plasma (Zimmer et al., 2014c). 

Com exceção do [18F]THK523, que recentemente demonstrou altos valores de 

ligação não específica na WM, os outros radiofármacos parecem promissores para uso 

clínico e oferecem uma oportunidade sem precedentes para análise longitudinal e 

topográfica da propagação dos NFTs na DA e em outras taupatias, porém muitas etapas 

de validação ainda necessitam ser conduzidas (Villemagne et al., 2014). As etapas mais 

desafiadores são: I) o entendimento do acúmulo de agregados de tau devido ao 

envelhecimento para que com isto se evite falsos positivos em pacientes CN; e II) 

identificação da afinidade destes ligantes por diferentes conformações de tau. 

Além disso, outros radiofármacos menos específicos para a DA têm sido 

propostos, como é o caso dos biomarcadores de PET para neuroinflamação (ver parte II, 

capítulo IX, “Tracking neuroinflammation in Alzheimer's disease: the role of positron 

emission tomography imaging”). Diversos estudos têm indicado que processos 

inflamatórios estão presentes durante toda a progressão da DA, ou seja, durante todas as 

fases da doença (Mcgeer e Mcgeer, 2013). O alvo da maioria dos radiofármacos de PET 

para neuroinflamação é a ativação microglial via afinidade pelo receptor TSPO (Zimmer 

et al., 2014b). O TSPO é um receptor de membrana mitocondrial da microglia que 

somente é expresso quando a microglia está ativada (Venneti et al., 2006). De fato 

diversos estudos com o [11C]PK11195 (o radiofármaco de referência para TSPO) 

conseguiram identificar aumento na ativação microglial em pacientes com MCI e DA, e 
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estudos in vitro confirmam a co-localização entre microglia ativada e o PK11195 (Edison 

et al., 2008; Tomasi et al., 2008; Okello et al., 2009; Venneti et al., 2009). Além do 

[11C]PK11195, outros radiofármacos com afinidade pelo TSPO também conseguem 

identificar sinais de neuroinflamação em estudos experimentais e em pacientes com MCI 

e DA (Yasuno et al., 2012; James et al., 2015).  

Uma nova classe de radiofármacos tem se baseado na expressão cerebral do 

receptor canabinóide do tipo 2 (CB2) para identificar ativação microglial. Em condições 

fisiológicas a concentração cerebral do receptor CB2 é muito baixa, porém em situações 

neurotóxicas, como a deposição de β-amilóide, os níveis microgliais deste receptor 

aumentam consideravelmente (Van Sickle et al., 2005; Gong et al., 2006). De fato, o 

[11C]A-836339 é um ligante que atualmente já foi investigado em um modelo animal de 

β-amilóide e é considerado promissor para o uso clínico no contexto da DA (Horti et al., 

2010). Além da ativação microglial, existem outros dois alvos moleculares de bastante 

interesse para avaliação via PET de neuroinflamação na DA: a reatividade astrocitária e a 

atividade cerebral da enzima fosfolipase A2 (PLA2) (Lehtonen et al., 1996; Verkhratsky 

et al., 2010). A reatividade astrocitária pode ser medida pela expressão da enzima 

monoamino oxidase B (MAO-B) que é expressa predominantemente na membrana 

mitocondrial dos astrócitos. Neste sentido, o 11C-deuterium-L-deprenyl ([11C]-DED) tem 

alta afinidade e especificidade pela MAO-B, e estudos já mostraram retenção aumentada 

de [11C]-DED em pacientes MCI e DA (Carter et al., 2012). A atividade da PLA2 pode 

ser medida utilizando ácido araquidônico (AA) marcado com cabono-11 (1-[11]-AA), 

pois o metabolismo de AA parece estar aumentado na DA (Esposito et al., 2008). 
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Cabe salientar que estudos epidemiológicos demonstraram uma menor incidência 

de DA em pacientes que utilizam NSAIDs (Mcgeer et al., 1996; In T' Veld et al., 2001). 

Apesar disso, um estudo clínico de grande escala denominado Alzheimer's Disease Anti-

inflammatory Prevention Trial (ADAPT) não demonstrou eficácia no tratamento da DA, 

porém sugeriu que os NSAIDs podem ser eficazes se administrados nas fases inicias da 

DA (Breitner et al., 2011; Group, 2015). Baseado no acima exposto, parece intuitivo que 

todos estes radiofármacos de PET para medir neuroinflamação devem ser incorporados 

em estudos clínicos de caráter longitudinal, e podem ser utilizados como indicadores da 

progressão da doença e eficácia de drogas anti-inflamatórias. Além disso, existe uma 

necessidade da inclusão destes processos inflamatórias nos modelos hipotéticos da DA, 

pois a neuroinflamação parece ser um processo chave no desencadeamento e exacerbação 

de eventos neurodegenerativos na DA (Zimmer et al., 2014b).  

Na pesquisa básica, estudos utilizando microPET em roedores têm sido utilizados 

majoritariamente para o desenvolvimento de novos radiofármacos, ou seja, para avaliar 

características farmacocinéticas e assim avançar no uso destes ligantes em pesquisas 

clínicas. Em dois estudos desta tese (parte II, capítulo X, “MicroPET imaging and 

transgenic models: a blueprint for Alzheimer’s disease clinical research”,  e capítulo XI, 

“In vivo tracking of tau pathology using positron emission tomography (PET) molecular 

imaging in small animals”) sugerimos o uso do microPET de maneira refinada com a 

finalidade de avançar em termos de fisiopatologia da DA e de outras taupatias. É 

importante ressaltar que os mesmos princípios metodológicos utilizados no PET em 

humanos são utilizados no microPET, o que confere um alto grau translacional aos 

estudos experimentais com microPET. Ainda, diversos modelos de roedores transgênicos 
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carregando mutações humanas replicam a deposição de placas (mutações humanas no 

APP e nas presenilinas)  e a propagação dos agregados de tau (mutações humanas 

patológicas na tau) (Gotz e Ittner, 2008).  

De fato, diversos estudos experimentais de microPET foram conduzidos com 

estes modelos animais para análise de placas de β-amilóide, neurodegeneração e 

neuroinflamação, e de maneira geral, estes estudos demonstram que estes animais 

conseguem replicar o fenótipo de imagem de PET esperado em pacientes portadores da 

DA e de outras taupatias (Zimmer et al., 2014d). Neste sentido, estudos longitudinais 

oferecem uma grande oportunidade para avaliar os efeitos da deposição das placas de β-

amilóide e de NFTs em função da progressão dos processos neurodegenerativos e 

declínio da função cognitiva. O primeiro estudo longitudinal de longa duração foi 

recentemente publicado em uma parceria entre os laboratórios dos Profs. Mathias Jucker 

e Bernd Pichler ambos da Universidade de Tubingen na Alemanha (Maier et al., 2014). 

Neste estudo, camundongos APP23 (modelo carregando APP humana) foram escaneados 

com [11C]PIB  em 6 tempos: 2, 8, 18, 21, 27 e 30 meses, e a progressão do acúmulo de β-

amilóide foi mensurada. Cabe salientar que a maioria dos estudos de microPET foram 

desenvolvidos em modelos transgênicos usando linhagens de camundongos. 

Recentemente, os primeiros modelos transgênicos utilizando engenharia genética em 

ratos foram desenvolvidos (Leon et al., 2010; Cohen et al., 2013), e oferecem uma 

oportunidade muito superior para estudos de microPET, simplesmente devido ao maior 

tamanho do cérebro e volume sanguíneo corporal. Devido a resolução atual dos 

microPETs (Goertzen et al., 2012), o uso de ratos fornece resultados com maior precisão 

e facilita na identificação de regiões cerebrais. De fato, o que se faz altamente necessário 
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são estudos implantando plataformas multimodais nestes animais, ou seja, estudos que 

incorporem diversos radiofármacos de PET, outras modalidades de imagem como as 

imagens por MRI, análises bioquímicas de sangue ou LCR, e comportamentais de 

maneira longitudinal. Além disso, a maioria dos estudos com o PET [18F]FDG ainda 

seguem utilizando o consumo cerebral de glicose como uma medida estática. Entretanto, 

baseados no conceito de acoplamento entre a atividade cerebral e o metabolismo de 

glicose (Choi et al., 2014), o [18F]FDG pode ser utilizado para estudo de redes 

metabólicas e consequente identificação de mecanismos de propagação do processo 

neurodegenerativo. De fato, um estudo recente aplicou análise de rede com [18F]FDG em 

pacientes com MCI, e revelou que a deposição de placas de β-amilóide está associada a 

uma organização aberrante da rede metabólica cerebral (Carbonell et al., 2014).  

Além da proposta de se utilizar microPET de maneira longitudinal para seguir a 

progressão das alterações da DA, a pesquisa experimental oferece maior flexibilidade 

para se avaliar mecanismos fisiopatológicos e avançar na interpretação das imagens 

provenientes da ligação de radiofármacos. Nos próximos parágrafos discutiremos dois 

estudos onde utilizamos intervenções farmacológicas associadas a imagens por  

microPET com a finalidade de avançar no entendimento das propriedades do 

[11C]ABP688 e do [18F]FDG. 

Estudos com PET para avaliar o sistema glutamatérgico oferecem oportunidades 

interessantes para se entender processos excitotóxicos na DA e em outras demências. 

Neste sentido, o [11C]ABP688 é um radiofármaco que se liga no sítio alostérico do 

mGluR5 e possui características peculiares (Ametamey et al., 2006). Apesar de ter sido 

desenvolvido para se estimar a concentração destes receptores, o [11C]ABP688 parece ser 
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sensível a variações no sistema de neurotransmissão glutamatérgica (Delorenzo et al., 

2011). Mais especificamente, estudos demonstraram que a infusão intravenosa (IV) de N-

acetilcisteína (NAC), uma droga que aumenta os níveis extracelulares de glutamato, antes 

do exame de imagem com PET em macacos diminui a retenção cerebral de [11C]ABP688 

(Miyake et al., 2011; Sandiego et al., 2013). Outro estudo, mostra que a quetamina, um 

antagonista do receptor NMDA que em doses sub-anestésicas aumenta a liberação de 

glutamato, também diminui o sinal das imagens com PET [11C]ABP688 (Delorenzo et 

al., 2015). Baseado nestes estudos, utilizamos a ceftriaxona, um antibiótico β-lactâmico 

que aumenta a captação de glutamato via ativação de GLT-1 astrocitário, e 

consequentemente diminui os níveis extracelulares de glutamato (Thone-Reineke et al., 

2008; Rasmussen et al., 2011), antes do exame de imagem com microPET [11C]ABP688 

em ratos (ver parte II, capítulo XII, “Imaging in vivo glutamate fluctuations with 

[11C]ABP688: a GLT-1 challenge with ceftriaxone”).  

A ativação de GLT-1, via administração IV de ceftriaxona, aumentou a retenção 

de [11C]ABP688 nos dois hemisférios cerebrais em uma região específica, o núcleo 

ventral anterior do tálamo (VA). Um estudo subsequente de microdiálise demonstrou que 

os níveis de glutamato estavam realmente reduzidos no VA. Os nossos dados contribuem 

para a conjectura de que o [11C]ABP688 é sensível a flutuações na concentração de 

glutamato (Zimmer et al., 2015b). Como o [11C]ABP688 não compete pelo sítio de 

ligação do glutamato (ortostérico), acredita-se que a ligação do [11C]ABP688 no cérebro 

dependa da conformação do mGlur5. O mGlur5 pode assumir diversas conformações 

entre elas dímeros, heterodímeros e ainda, por estar acoplado a proteínas G, pode estar 

em baixo ou alto estado de afinidade, o que provavelmente influencie na disponibilidade 
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do seu sítio alostérico, e contribua para esta dinâmica de ligação do [11C]ABP688 

(Romano et al., 1996; Cabello et al., 2009; Canela et al., 2009). Esta propriedade 

interessante do [11C]ABP688 tem potencial aplicação para o monitoramento do papel do 

sistema glutamatérgico na DA, em outras doenças neurodegenerativas e 

neuropsiquiátricas. De fato, em um estudo seguinte demonstramos um desacoplamento 

entre atrofia cerebral, captação de [18F]FDG e retenção de [11C]ABP688 em pacientes 

diagnosticados com a FTD variante comportamental (bvFTD, do inglês behavioral 

variant frontotemporal dementia). Mais especificamente, encontramos regiões cerebrais 

com retenção reduzida de [11C]ABP688, porém, com metabolismo normal ([18F]FDG) e 

sem sinais de atrofia (Leuzy et al., 2015). Cabe salientar que utilizamos uma estratégia 

baseada na interação entre neurônios e astrócitos para investigar as propriedades do 

[11C]ABP688, ou seja, ativamos o transportador astrocitária GLT-1 e conseguimos alterar 

a ligação do [11C]ABP688 no sítio alostérico do mGluR5, que é predominantemente 

neuronal. 

Esta interação neurônio-astrócito tem sido alvo de diversos debates 

principalmente em termos de metabolismo energético. Atualmente, acredita-se que o 

consumo de PET [18F]FDG reflita atividade neuronal, ou seja, o consumo de glicose em 

neurônios (Mosconi et al., 2010). De fato, o hipometabolismo cerebral característico da 

DA e de outras demências parece estar intimamente ligado a disfunção sináptica de 

natureza neuronal. Entretanto diversos estudos liderados pelos Drs. Pierre Magistretti e 

Luc Pellerin da Universidade de Lausanne na Suíça indicam um cenário um pouco 

distinto em termos de consumo cerebral de glicose (Pellerin e Magistretti, 2012). Eles 

postularam um mecanismo denominado a “lançadeira de lactato astrócito-neurônio” 
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(ANLS, do inglês astrocyte-neuron lactate shuttle). Baseado na ANLS, a captação de 

glicose é feita pelos astrócitos, que produzem lactato via glicólise anaeróbica, e enviam 

este lactato para suprir demandas energéticas neuronais. Ainda, cabe salientar que a 

ANLS propõe que o gatilho para a captação astrocitária de glicose seria a captação de 

glutamato via GLT-1 e GLAST (Pellerin e Magistretti, 1994; Voutsinos-Porche et al., 

2003). Porém este mecanismo nunca foi testado in vivo e não se sabe se a ativação do 

GLT-1 astrocitário seria capaz de alterar o sinal proveniente do PET [18F]FDG.  

Utilizando a mesma abordagem farmacológica do estudo anterior, administramos 

uma dose única de ceftriaxona IV antes do escaneamento de microPET com [18F]FDG, e 

analisamos o impacto da ativação de GLT-1 no sinal de [18F]FDG. A ativação de GLT-1 

causou um aumento global no consumo de [18F]FDG (parte II, capítulo XIII, “[18F]FDG 

PET signal is driven by astroglial glutamate transport”). Uma análise um pouco mais 

refinada demonstrou que regiões com maior expressão de GLT-1, como o córtex pré-

frontal e o hipocampo, foram as regiões onde a ativação do GLT-1 causou um aumento 

mais marcante no consumo de [18F]FDG. Baseado no acoplamento entre fluxo sanguíneo 

cerebral e atividade neuronal (Lauritzen, 2001), analisamos o fluxo sanguíneo cerebral 

via laser doppler após a ativação de GLT-1. De fato, a administração de ceftriaxona não 

alterou o fluxo sanguíneo cerebral em estado de repouso, ou durante estimulação das 

vibrissas (do inglês whiskers stimulation). Além disso, a ativação de GLT-1 per se foi 

capaz de reorganizar a arquitetura metabólica e dessincronizar a captação de glicose entre 

diversas regiões cerebrais. 

Nossos resultados são a primeira evidência in vivo via PET [18F]FDG de que a 

captação de glutamato astrocitária via GLT-1 aumenta a captação de glicose. Nossos 
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dados associados a estudos anteriores (para revisão ver (Pellerin e Magistretti, 2012)) 

indicam que muito do sinal proveniente do PET [18F]FDG tem natureza astrocitária. Estes 

resultados têm implicação direta na clínica, pois o [18F]FDG PET tem sido utilizado 

como um índice metabólico de atividade neuronal. Mais especificamente, estes achados 

têm consequências diretas na interpretação de imagens com PET [18F]FDG em doenças 

cerebrais. Por exemplo, regiões hipometabólicas captadas por PET [18F]FDG são 

características presentes em diversas doenças neurodegenerativas, como a DA e as FTDs, 

e doenças neuropsiquiátricas, como depressão e transtorno obsessivo-compulsivo (para 

revisão ver (Magistretti e Pellerin, 1996)). Desta maneira, estas assinaturas metabólicas 

podem estar indicando disfunção astrocitária e não necessariamente disfunção neuronal, o 

que potencialmente desafia o conceito atual da interpretação das imagens com PET 

[18F]FDG. 

 

Conclusão 

Na presente tese, avançamos no entendimento de vias de sinalização associadas 

com a hipersforforilação da proteína tau envolvendo a disfunção da PP2A e a 

excitotoxicidade glutamatérgica. Além disso, avaliamos o uso dos radiofármacos de PET 

para visualização in vivo e não invasiva da fisiopatologia da DA. Finalmente, sugerimos 

o PET [11C]ABP688, para avaliar flutuações no sistema glutamatérgico in vivo, e 

propomos uma reconceptualização na interpretação do PET [18F]FDG, o radiofármaco 

mais utilizado na clínica atualmente para visualização do metabolismo de glicose. Além 

de avançar em termos de fisiopatologia, os resultados dos nossos estudos com microPET 

têm alto potencial translacional e impacto direto na clínica. O PET [11C]ABP688 pode ser 
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diretamente incluído em estudos clínicos e a nova intepretação do PET [18F]FDG pode 

alterar a maneira atual como vemos o metabolismo de glicose na DA e em outras doenças 

neurodegenerativas. 
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Anexos 

ANEXO I: Artigos publicados durante o período de doutoramento cujos temas se 

relacionam a esta tese, mas não foram incluídos no corpo principal da tese. 
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ANEXO I-A. Physical exercise exacerbates memory deficits induced by 

intracerebroventricular STZ but improves insulin regulation of H2O2 production in mice 

synaptosomes. 

No ANEXO I-A apresentamos o artigo publicado no periódico Journal of 
Alzheimer’s disease. 
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Accepted 11 March 2012

Abstract. Insulin brain resistant state is associated with cognitive deficits and Alzheimer’s disease by mechanisms that may
involve mitochondrial damage and oxidative stress. Conversely, physical exercise improves cognitive function and brain insulin
signaling. The intracerebroventricular (i.c.v.) administration of streptozotocin (STZ) in rodents is an established model of insulin-
resistant brain state. This study evaluates the effects of physical exercise on memory performance of i.c.v., STZ-treated mice
(1 and 3 mg/kg) and whether insulin (50 and 100 ng/ml) modulates mitochondrial H2O2 generation in synaptosomes. S100B
levels and SOD and CAT activities were assessed as markers of brain damage caused by STZ. Sedentary and exercise vehicle-
treated mice demonstrated similar performance in object recognition memory task. In the water maze test, exercise vehicle-treated
mice showed improvement performance in the acquisition and retrieval phases. The administration of STZ (1 mg/kg) before
thirty days of voluntary physical exercise protocol impaired recognition and spatial memory only in exercised mice, whereas
STZ (3 mg/kg) impaired the performance of sedentary and exercise groups. Moreover, STZ (3 mg/kg) increased hippocampal
S100B levels in both groups and SOD/CAT ratio in the sedentary animals. Insulin decreased synaptosomal H2O2 production
in exercised compared to sedentary mice; however, both STZ doses abolished this effect. Normal brain insulin signaling is
mechanistically involved in the improvement of cognitive function induced by exercise through the regulation of mitochondrial
H2O2 production. However, a prior blockade of brain insulin signaling with STZ abolished the benefits of exercise on memory
performance and mitochondrial H2O2 regulation.
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INTRODUCTION

There has been growing interest in determining the
importance of insulin signaling for normal brain func-
tion and whether a state of central insulin resistance
is involved in the pathogenesis of neurodegenerative
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diseases and cognitive deficits [1–4]. According to
these conjectures, several studies have demonstrated
that impaired brain insulin/IGF1 pathways may cause
mitochondrial dysfunction and increase oxidative
stress damage to neural cells. The insulin-resistant
brain state is thought to play a pivotal role in the
pathogenesis of neurodegenerative disorders including
Alzheimer’s disease (AD) [5–7].

Alterations in many aspects of mitochondrial
physiology has been linked with neurodegenerative
disorders [8]. For instance, functional changes in the
respiratory chain complexes affect brain energy supply,
leading neural cells to degenerate [9]. Mitochondria
have been previously shown to be a site of dam-
age in neurodegenerative diseases [10]. Interestingly,
amyloid-! can interact with various mitochondrial pro-
teins causing reduction in respiratory chain complex
activities and increase in generation of reactive oxy-
gen species (ROS) [11]. Hydrogen peroxide (H2O2)
is a ROS that can induce oxidative damage and
regulates redox-sensitive signaling [12]. Under nor-
mal conditions, the majority of cellular H2O2 is
produced by mitochondria and is promptly metabo-
lized by antioxidant enzymes. However, in a scenario
of decreased mitochondrial antioxidant capacity, an
increase in H2O2 causes oxidative damage, impairs
metabolism, and promotes neurodegeneration [10,
13]. Thus, mitochondrial dysfunction and ROS gen-
eration emerge as important factors associated with
AD pathogenesis. Conversely, it has been shown that
regular physical exercise positively modulates brain
insulin signaling [14], protects against neurodegenera-
tive disorders [15], and increases antioxidant defenses
[16]. Moreover, physical exercise increases the num-
ber and activity of neuronal mitochondria, providing
enough energy for exercise-induced neuroplasticity
[16].

Streptozotocin (STZ) is commonly administered at
high doses (>65 mg/kg, i.p.) peripherally to induce
experimental diabetes mellitus in rats [17]. However,
intracerebroventricular (i.c.v.) administration of STZ
at very low doses (1–3 mg/kg) in rodents does not
alter peripheral glucose levels and is considered as
a reliable experimental model for late-onset sporadic
Alzheimer’s disease [18–21]. The proposed mech-
anisms for STZ-induced AD are multifactorial and
include: i) impaired glucose metabolism, particularly
in brain structures with high glucose demands and
high insulin sensitivity [22]; ii) decreased intracellu-
lar insulin/IGF1 signaling [23, 24]; and iii) increased
oxidative stress [20]. These alterations have been
associated with the impaired learning and memory

performance that have been reported in this AD model
[25, 26].

The aim of this work was to evaluate the effects
of physical exercise on memory performance of i.c.v.,
STZ-treated mice and to determine whether insulin
modulates mitochondrial H2O2 generation. To test
these hypotheses, we used spatial and recognition
memory tasks and biochemical analyzes in brain tissue
preparations. Our results indicate that i.c.v., adminis-
tration of STZ causes cognitive impairment, which is
exacerbated by physical exercise.

MATERIAL AND METHODS

Animals, surgical procedures, and exercise
protocol

Two-months-old CF1 male mice were housed in
standard cages (48 × 26 cm) with four animals per
cage. To avoid social isolation, the animals were not
confined to individual housing [27]. The animals were
kept in a controlled room temperature (22◦C), under a
12 h light/12 h dark cycle and had free access to food
and water. Prior the voluntary exercise, the animals
were anesthetized by intraperitoneal (i.p.) injection
of ketamine (100 mg/kg body weight) and xylazine
(10 mg/kg body weight) and underwent i.c.v., surgery
procedures as previously described [14]. The STZ
(1 mg/kg or 3 mg/kg) or saline was i.c.v., injected
(2 "l/hemisphere) bilaterally into the lateral ventricle
(n = 20 animals per group). Three days after surgery
mice were divided into either the sedentary or exer-
cise groups. In the exercise group, the animals had
free access to a running wheel during 4 weeks. After
4 weeks, each mouse ran an average of approxi-
mately 3500 m. The animals still had free access to
the running wheel during the behavioral experiments.
All of the experiments were performed in accor-
dance with the guidelines of the Committee on Care
and Use of Experimental Animal Resources, UFRGS,
Brazil.

Locomotor, recognition, and spatial memory tasks

The open field test is commonly used to evalu-
ate spontaneous locomotor activity. The experiments
were conducted in a sound-attenuated room under
low-intensity light. The mice (n = 10 per group) were
randomly placed into individual square wooden boxes
(50 × 50 × 50 cm) that were positioned on the floor
of a soundproof and diffusely illuminated room for
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10 min. The locomotor activity, exploratory activ-
ity and anxiety-like behavior were recorded with a
video camera for 10 min. The analysis of behavioral
protocols was performed using a computer-operated
tracking system (Any-maze, Stoelting, Woods Dale,
IL).

The recognition memory was analyzed as previ-
ously described [28]. On the first day (day 1), the mice
(n = 10–12 per group) were randomly placed into indi-
vidual square wooden boxes (50 × 50 × 50 cm) that
were positioned on the floor of a soundproof and dif-
fusely illuminated room for 10 min. On day 2, the mice
were familiarized with two identical plastic objects that
were placed 8.5 cm from the walls of the cage. Each
testing session lasted 3 min. Following the novel-place
test trial, the mice were returned to their home cages
for 24 h and were then placed in the arena for the novel
object recognition test. In this test, one of the objects
was replaced with a novel object that differed in shape,
color, and texture. All of the objects and the arena were
thoroughly cleaned with 10% ethanol between trials to
remove any residual odors. The number of times that
the animal explored each object during the familiariza-
tion training and the testing trials was recorded. Each
exploration was defined as an act in which the mouse
would approach the object with the nose (within 1 cm),
sniff, and touch the object with the tip of its nose and/or
with its paws. It was not considered to be explorative
activity when the mouse either stood next to the object
or on top of it.

To analyze the spatial memory, we performed the
water maze task. We used an apparatus that was a black,
circular pool (110 cm in diameter) with a water tem-
perature of 21 ± 1◦C. The mice (n = 12–16 per group)
were trained daily in a 4-trial water maze task for 4
consecutive days, with each trial lasting up to 60 s,
followed by 20 s of rest on a hidden black platform.
During the training, the mice learned to escape from
the water by finding a hidden, rigid, black platform,
which was submerged approximately 1 cm below the
water surface in a fixed location. If the animal failed to
find the platform within 60 s, it was manually placed
on top of 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 in all of the groups) and facilitate memory acqui-
sition. The maze was located in a well-lit white room
with several visual stimuli hanging on the walls to
provide spatial cues. The latency to find the platform
during each trial was measured as an indicator of learn-
ing. A probe test without the platform was performed
on the fourth day and the time spent in the target

quadrant was measured as an indicator of memory
retention.

Preparation of synaptosomes

The mice (n = 5–8 animals per group) were sac-
rificed by decapitation and the synaptosomes were
isolated [29]. Briefly, the brains were rapidly removed
and placed into ice-cold “isolation buffer” containing
0.32 M sucrose, 1 mM EDTA, and 10 mM Tris-HC1
(pH 7.4). The cerebellum and underlying structures
were removed and the remaining tissue was used for the
forebrain sample. The forebrain was also homogenized
in isolation buffer.

The homogenate was centrifuged at 4,000 rpm
(1,330 g) for 3 min. The supernatant was carefully
decanted and the pellet was resuspended in isola-
tion buffer. This homogenate was then re-centrifuged
as described above, the supernatant retained, and the
pellet discarded. Next, the pooled supernatant was
centrifuged at 16,000 rpm (21,200 g) for 10 min. The
decanted supernatant was discarded and the pellet was
resuspended in 3 ml of 15% Percoll and a discontin-
uous density gradient was prepared (3.5 ml of 23%
Percoll above 3.5 ml of 40% Percoll). The tubes were
centrifuged for 5 min at 19,000 rpm (30,700 g). Frac-
tion 2 was enriched in synaptosomes and fraction 3 was
enriched in mitochondria. This protocol was described
in more detail previously [29, 30].

Mitochondrial H2O2 production

Mitochondrial H2O2 production was assessed by the
Amplex Red oxidation method. Synaptosomes (0.1 mg
protein/mL) were incubated in the standard respiration
buffer supplemented with 10 mM Amplex Red and 2
units/mL horseradish peroxidase. Succinate (10 mM)
and ADP (2 mM) was used to analyze the mitochon-
drial response in our preparation. Vehicle or insulin
(50 and 100 ng/ml) was incubated in each well. The
doses of insulin and time of incubation to achieve
a decrease in synaptosomes H2O2 production were
previously standardized by our group (Muller et al.
unpublished data). Similar doses of insulin were used
by Chenal et al. in cell culture to improve the neuroen-
ergetic status and to activate downstream intracellular
signaling pathways involved in neuroprotective effects
[31]. The fluorescence was monitored at the excita-
tion and emission wavelengths of 563 nm (slit 5 nm)
and 587 nm (slit5 nm), respectively, with the Spec-
tra Max M5 multi-mode microplate reader (Molecular
Devices). Each experiment was repeated at least five
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times with different synaptosomal preparation. The
maximal rate (100%) of mitochondrial H2O2 forma-
tion was assumed to be the difference between the
rate of H2O2 formation in the absence of the oxida-
tive substrate and that rate measured after the addition
of succinate for up to 30 min.

S100B ELISA assay

After decapitation (n = 8 animals per group), 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 !M sodium vanadate, 0.2 mM PMSF, 1 !g/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. The total protein content was measured
using a method previously described by Peterson [32].
The homogenates were stored at −70◦C until further
analysis. S100B protocol was conducted according the
instructions of the manufacturer (Diasorin, Italy).

Antioxidant enzyme activity

The antioxidant enzymes were evaluated in fore-
brain homogenates. The catalase (CAT) activity was
measured as previously described [33]. The rate of

Fig. 1. Locomotor activity was evaluated in an open field task (n = 10 animals per group). A) Representative track and occupancy plots of
the experimental groups obtained by video-tracking software (ANY-maze®, Stoelting CO, USA), displaying the specific patterns of their
exploratory behavior during 10 min. B, C) Exercise decreased the distance and speed in all groups when compared with sedentary groups
(*exercise < sedentary; p < 0.05). The administration of i.c.v., STZ had no effect on the locomotor activity.
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the decrease in absorbance at 240 nm was measured
as a function of the H2O2 degradation produced by
the catalase. The superoxide dismutase (SOD) activ-
ity was assessed by quantifying the inhibition of the
superoxide-dependent adrenaline auto-oxidation by
recording the absorbance of the samples at 480 nm [34]
(n = 4–6 animals per group for CAT and SOD).

Statistical analyses

The data were expressed as the means ± S.E.M.,
except for the object recognition task, which was
expressed as the median ± interquartile ranges. The
data from the water maze task was analyzed using a
repeated-measures analysis of variance (ANOVA) fol-
lowed by Tukey’s post-hoc test. The Kruskal-Wallis
One Way Analysis of Variance was used for object
recognition, once the distribution was asymmetrical
according to the Shapiro-Wilk analysis. To analyze
the differences between the groups, we used a one-way
ANOVA followed by Tukey’s post-hoc test. The differ-
ences between the groups were analyzed by t-Test. The
differences were considered statistically significant at
a p-value <0.05.

RESULTS

Locomotor activity

Exercise animals of all groups demonstrated
decreased locomotor activity and had lower mean
speed than sedentary animals. Those parameters were
not affected by STZ i.c.v., treatment in all groups
(Fig. 1, exercise groups < sedentary groups; p < 0.05).

Recognition memory

There was no significant difference between the
sedentary vehicle and exercise vehicle groups in the
object recognition task. However, STZ 1 mg/kg before
the physical exercise caused impairment in recognition
memory when compared to exercise vehicle animals.
Also, STZ 3 mg/kg administration impaired the recog-
nition memory in both groups, exercise and sedentary
(Fig. 2; p < 0.05).

Spatial memory performance

In the water maze task, the exercise vehicle ani-
mals showed improvement of memory performance in
both the acquisition and retrieval phases, as revealed by
the decrease latency to found the hidden platform and

Fig. 2. The i.c.v., STZ administration and recognition memory
deficits (n = 10–12 animals per group; median with interquartile
ranges). Exercise and sedentary vehicle animals showed similar
performance in the object recognition task. However, 1 mg/kg of
STZ impaired recognition performance only in the exercise mice
(#exercise vehicle > exercise STZ 1 mg/kg; p < 0.05). At a dose
of STZ 3 mg/kg, both groups showed impairment in recognition
memory (*sedentary vehicle and exercise vehicle > sedentary STZ
3 mg/kg and exercise STZ 3 mg/kg; p < 0.05).

increase in time spent in the target quadrant. Adminis-
tration of STZ (1 mg/kg) before four weeks of exercise
impaired spatial memory performance. However the
sedentary animals were not affected. The administra-
tion of STZ 3 mg/kg impaired the recognition memory
in both groups, exercise and sedentary (Fig. 3A, B;
p < 0.05). The mean swim speed was not significantly
different among the groups (Fig. 3C).

Mitochondrial H2O2 production

The forebrain synaptosomal fractions were tested
to evaluate the mitochondrial production of H2O2 as
proposed by Sims [35]. The addition of succinate
builds up the proton gradient and increases mito-
chondrial H2O2 production in synaptosomes. ADP
was used as substrate to generate ATP in the com-
plex FoF1ATP synthase thus consuming the proton
gradient and decreasing H2O2 production (Fig. 4A).
These parameters allow us to predict that the synap-
tosomal preparation was responsive to manipulation
and can be used to test insulin and exercise effects
on H2O2 production. Insulin receptor signaling was
reported to modulate many aspects of the mitochon-
drial physiology including biogenesis, metabolism
and ROS generation [36]. Here we incubated
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Fig. 3. The i.c.v., STZ administration and spatial memory deficits on Morris water maze task. A) Representative track and occupancy plots
obtained by video-tracking software (ANY-mazeH, Stoelting CO, USA), displaying the retention phase during 60 seconds. B) The exercise
mice showed improvement in spatial memory performance during the acquisition phase of the water maze task (*latency to the hidden platform
exercise vehicle < other groups; p < 0.05). The administration of STZ (1 mg/kg) impaired the exercise effects on memory (a; latency to found the
hidden platform = exercise 1 mg/kg > exercise vehicle; p < 0.05). The administration of STZ (3 mg/kg) impaired the performance in both groups
when compared with their respective vehicles (b, c; latency to found the hidden platform = sedentary vehicle and exercise vehicle < sedentary
STZ 3 mg/kg and exercise STZ 3 mg/kg; p < 0.05). C) In the retrieval phase, exercise improved spatial memory (*exercise vehicle > other groups;
p < 0.05). The i.c.v., administration of STZ at 1 mg/kg decreased the time spent in the target quadrant in the exercise group when compared with
the exercise vehicle (#exercise vehicle > exercise STZ 1 mg/kg and; p < 0.05). Administration of 3 mg/kg STZ decreased the time spent in the
target quadrant in both of the groups (#sedentary STZ 3 mg/kg and exercise STZ 3 mg/kg < other groups). D) STZ-treatment did not affect the
mean speed (n = 12–16 animals per group).

synaptosomal preparations with insulin at doses of 50
and 100 ng/ml that has been shown to induce neuropro-
tective responses in neural cell cultures [31]. Insulin
decreased the H2O2 production induced by succinate

in sedentary and exercise vehicle groups (Fig. 4B, C).
Exercise increased the H2O2 production induced by
succinate in the synaptosomes (Fig. 4C, **exercise
vehicle > sedentary vehicle (dotted line); p < 0.05). The
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Fig. 4. Exercise increased the H2O2 production and insulin
decreased the H2O2 production in synaptosome preparations. A)
Synaptosomes were responsive to succinate and ADP treatment.
Exercise increased the H2O2 production when compared with seden-
tary animals (*exercise vehicle > sedentary vehicle; p < 0.05. B)
Insulin 50 and 100 ng/ml decreased the H2O2 production in synap-
tosme of the sedentary animals (*sedentary vehicle > sedentary
insulin 50 and 100 ng/ml, p < 0.05). The STZ i.c.v. administra-
tion abolished the effect of insulin. C) Exercise animals showed
increased H2O2 production induced by succinate in synaptosomes
when compared with sedentary mice (**exercise > sedentary (dot-
ted line), p < 0.05). Insulin at a doses of 50 and 100 ng/ml decreased
H2O2 production induced by succinate in synaptosomes of exercise
mice (*exercise vehicle > exercise 50 ng/ml > exercise 100 ng/ml;
p < 0.05). The STZ i.c.v. administration prior to four weeks of physi-
cal activity abolished the increase of mitochondrial H2O2 production
induced by exercise and the decreased H2O2 production induced by
insulin (∗exercise vehicle > exercise STZ 1 and 3 mg/kg, p < 0.05)
(n = 5–8 animals per group).

ability of insulin to decrease H2O2 production was
enhanced in the exercise group compared with the
sedentary animals (38% versus 26%) (Fig. 4B, C). The
STZ i.c.v., treatment at doses of 1 and 3 mg/kg abol-
ished the effect of insulin on H2O2 production (Fig. 4B,
C). Moreover, the STZ i.c.v., (1 and 3 mg/kg) adminis-
tration before the physical activity abolished the effect
of exercise in H2O2 production (Fig. 4C; *exercise
vehicle > exercise 1 and 3 mg/kg; p < 0.05).

Glial reactivity and oxidative stress

We analyzed the content of hippocampal S100B as
an indicator of glial response to the damage caused by
STZ i.c.v., as previously demonstrated [37]. Exercise
did not increase hippocampal S100B when compared
with the sedentary group. However after thirty days
of 3 mg/kg STZ i.c.v., there was an increase S100B
content in the sedentary and exercise groups com-
pared to their respective controls and 1 mg/kg group
(Fig. 5A; p < 0.05). Furthermore, the evaluation of
antioxidant enzymes showed that sedentary 3 mg/kg
STZ mice exhibited a decrease hippocampal CAT
(Fig. 5B; p < 0.05) and SOD (Fig. 5C; p < 0.05) activi-
ties; and an increase SOD/CAT ratio (Fig. 5D; p < 0.05)
when compared with sedentary vehicle mice.

DISCUSSION

In this study, we demonstrated that voluntary
physical exercise increased the sensitivity of the
insulin-resistant brain state induced by one previous
STZ i.c.v., administration. Accordingly, the admin-
istration of 3 mg/kg STZ caused impairment in the
recognition and spatial memory of both sedentary and
exercise animals, while the administration of 1 mg/kg
STZ prior the physical activity caused memory deficits
only in the exercise animals. Conversely, the ability
of insulin to decrease mitochondrial H2O2 production
induced by succinate in synaptosomal preparations
was more prominent in the exercised animals. Further-
more, both STZ doses abolished the ability of insulin
to decrease mitochondrial H2O2 production in seden-
tary and exercise mice, suggesting that this regulatory
effect require normal brain insulin receptor signaling.

Brain insulin receptors are mainly localized in
regions associated with learning and memory pro-
cesses such as the cortex and hippocampus. Deficits in
brain insulin signaling have been consistently linked
with cognitive deficits in experimental animal disease
models and in AD patients [38]. The data of memory
deficits reported here corroborate this finding. On the
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Fig. 5. A) Glial reactivity (S100B expression), and antioxidant enzymes, catalase (CAT) and superoxide dismutase (SOD), activities. The
i.c.v., administration of STZ (3 mg/kg) increased the hippocampal S100B levels in both sedentary and exercise mice (*sedentary 3 mg/kg and
&exercise 3 mg/kg > other groups, p < 0.05) (n = 8 animals per group). B) The i.c.v., administration of STZ (3 mg/kg) decreased CAT activity in
sedentary animals (*sedentary 3 mg/kg < sedentary vehicle, p < 0.05). C) The i.c.v., administration of STZ (3 mg/kg) decreased the SOD activity
in sedentary animals (*sedentary 3 mg/kg < sedentary vehicle, p < 0.05). D) The i.c.v., administration of STZ (3 mg/kg) increased the SOD/CAT
ratio in sedentary animals (*sedentary 3 mg/kg < sedentary vehicle, p < 0.05) (n = 4–6 animals per group).

other hand, insulin administration at optimal doses has
been shown to improve cognitive performance in both
rodents and humans [39]. It is well established that vol-
untary exercise improves the hippocampal plasticity
and spatial memory performance of rodents [14]. We
previously showed that voluntary exercise increases
insulin signaling in the hippocampus, a region known
to be closely associated with spatial memory [14].
The i.c.v., administration of STZ causes a broad range
of neural changes including impaired metabolism,
decreases in insulin signaling, and increases in oxida-
tive stress damage [25], which are associated with the
undesired consequences for learning and memory pro-
cesses [20, 25]. Interestingly, the cognitive deficits are
long-term and progressive and can be observed as early
as 2 weeks after i.c.v.,-STZ administration. Moreover,
these changes are maintained for up to 12 weeks post
treatment [3, 18, 40]. As expected, after four weeks
of STZ i.c.v., administration, the animals still exhib-
ited memory deficits, which were not reduced by an
exercise intervention. Surprisingly, we showed that
even low doses of the i.c.v., STZ (1 mg/kg) injected

before the physical activity affected the memory per-
formance of exercise animals in both tasks (recognition
and spatial). The difference between our results and
those obtained by others with regard the neuroprotec-
tive effects of exercise [41, 42] could be explained by
the influence of different exercise regimens (voluntary
or forced) on brain responses [43]. Further, it is attempt
to propose that damaged caused by STZ i.c.v., abol-
ished the effect of physical exercise on cognition which
is associate with increased in insulin sensitivity in brain
[14]. Although this postulation is merely speculative,
our results support the idea that an intact hippocampal
insulin signaling is important to attain the benefits of
exercise on recognition and spatial memory processes
[14].

To investigate potential mechanisms involved in
cognitive impairment associated with STZ adminis-
tration, we evaluated mitochondrial H2O2 generation.
H2O2 is a major ROS produced by mitochondria that
is important for oxidative damage [44] implicated in
the aging processes [45] and AD pathogenesis [10].
Here we showed that exercise increases mitochondrial
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H2O2 production induced by succinate in synapto-
somes. This may represent one aspect of mitochondrial
activation induced by exercise [46]. We also found that
insulin did not reduce H2O2 production in synapto-
somes of i.c.v., STZ mice but did in i.c.v., vehicle mice.
The results presented reinforce the belief that phys-
iological insulin signaling may have neuroprotective
relevance for the modulation of brain mitochondrial
H2O2 production. Indeed, perturbing insulin signal-
ing by the administration of 3 mg/kg i.c.v., STZ,
increased expression of S100B protein in the hip-
pocampus of all groups, which may reflect the glial
activation responses to the neurotoxic effects of STZ
[37]. Furthermore, the decreased SOD and CAT activ-
ity [25, 41], associated with increased SOD/CAT ratio
suggests a cellular environment favorable to oxida-
tive stress damage. Interestingly, Chen et al. [47]
previously demonstrated that transgenic mice overex-
pressing mitochondrial peroxiredoxin 3 (peroxidase
activity) exhibited a decreased brain mitochondrial
H2O2 generation as well as significant decrease in
cognitive deficits induced by the paraquat [48]. Alto-
gether, the results emphasize the significant role of
mitochondrial H2O2 generation and metabolism in the
impaired cognitive function and the important role of
insulin and exercise on the modulation of mitochon-
drial function.

In summary, normal brain insulin signaling is mech-
anistically involved in the improvement of cognitive
function induced by exercise. This may be associated
with the regulation of mitochondrial H2O2 produc-
tion. However, blockade of brain insulin signaling by
STZ before the initial of physical activity abolished
the benefits of exercise on memory performance and
mitochondrial H2O2 regulation.
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Abstract Although the pathogenesis underlying behav-
ioral variant frontotemporal dementia (bvFTD) has yet to

be fully understood, glutamatergic abnormalities have been

hypothesized to play an important role. The aim of the
present study was to determine the availability of the

metabotropic glutamate receptor type 5 (mGluR5) using a

novel positron emission tomography (PET) radiopharma-
ceutical with high selectivity for mGluR5 ([11C]ABP688)

in a sample of bvFTD patients. In addition, we sought to

determine the overlap between availability of mGluR5 and
neurodegeneration, as measured using [18F]FDG-PET and

voxel-based morphometry (VBM). Availability of mGluR5

and glucose metabolism ([18F]FDG) were measured in
bvFTD (n = 5) and cognitively normal (CN) subjects

(n = 10). [11C]ABP688 binding potential maps (BPND)

were calculated using the cerebellum as a reference region,

with [18F]FDG standardized uptake ratio maps (SUVR)
normalized to the pons. Grey matter (GM) concentrations

were determined using VBM. Voxel-based group differ-

ences were obtained using RMINC. BvFTD patients
showed widespread decrements in [11C]ABP688 BPND

throughout frontal, temporal and subcortical areas. These

areas were likewise characterized by significant hypome-
tabolism and GM loss, with overlap between reduced

[11C]ABP688 BPND and hypometabolism superior to that

for GM atrophy. Several regions were characterized only
by decreased binding of [11C]ABP688. The present find-

ings represent the first in vivo report of decreased avail-

ability of mGluR5 in bvFTD. This study suggests that
glutamate excitotoxicity may play a role in the pathogen-

esis of bvFTD and that [11C]ABP688 may prove a suitable

marker of glutamatergic neurotransmission in vivo.
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Introduction

Behavioral variant frontotemporal dementia (bvFTD) is a

progressive neurodegenerative syndrome characterized by

change in personality, impaired social cognition, and
executive dysfunction (Mendez et al. 2008; Swartz et al.

1997). Approaching Alzheimer’s disease (AD) as the

leading cause of early-onset (before 65 years of age)
dementia (Ratnavalli et al. 2002; Rosso et al. 2003),

bvFTD arises from a heterogeneous range of patholo-

gies—referred to collectively as frontotemporal lobar
degeneration (FTLD)—resulting in degenerative changes

within frontal paralimbic, temporal and subcortical brain

regions. In most cases, patients show either deposition of
the microtubule associated protein tau (tau) or the TAR

DNA-binding protein of 43 kDa (TDP) (Mackenzie et al.

2010). A minority, however, show a defect in metabo-
lism of the tumor-associated protein fused in sarcoma

(FUS). The majority of FTLDs can therefore be classi-

fied into FTLD-tau, FTLD-TDP, or FTLD-FUS, with
further subclassification based predominantly on inclu-

sion morphology and lesion distribution (Mackenzie

et al. 2010).
Although the pathogenic mechanisms underlying

bvFTD have yet to be fully elucidated, aberrant glutama-

tergic neurotransmission has been hypothesized to play a
role. The primary excitatory neurotransmitter in the

mammalian brain, glutamate acts via ionotropic and

metabotropic receptors (Schaeffer and Duplantier 2010).
Whereas ionotropic receptors mediate fast excitatory neu-

rotransmission, metabotropic glutamate receptors

(mGluRs) play an important role in synaptic modulation
via regulation of neuronal excitability, transmitter release,

synaptic plasticity and glial function. In the case of bvFTD,

FTLD has been found to accumulate preferentially within
paralimbic and homotypical heteromodal brain regions,

areas rich in excitatory glutamatergic pyramidal cells.

Indeed, several autoradiographic and immunohistochemi-
cal studies in post-mortem bvFTD tissue have provided

evidence supporting this hypothesis (Dalfo et al. 2005;

Ferrer 1999; Procter et al. 1999), highlighting reduced
expression of the N-methyl-D-aspartate (NMDA) ionotro-

pic glutamate receptor. Importantly, activation of mGluR5

was shown to regulate glutamatergic neurotransmission via
modulation of NMDA receptor functionality (Llansola and

Felipo 2010; Niswender and Conn 2010; Perroy et al.

2008). Moreover, mGluR5 signaling has been shown to be

critically involved in the normal cognitive functioning of

various neuronal populations (Schaeffer and Duplantier
2010), including those within FTLD predilection sites

(Ferraguti and Shigemoto 2006).

Despite a strong in vitro evidence base, glutamatergic
abnormalities in bvFTD have yet to be systematically

characterized in vivo owing to the lack of suitable

molecular probes. Using [11C]ABP688—a novel positron
emission tomography (PET) radiopharmaceutical with high

selectivity for mGluR5 (Ametamey et al. 2006, 2007)—we
sought to measure mGluR5 availability and to determine

the topographic overlap with neurodegeneration within

frontotemporal and subcortical brain regions, as indexed
using [18F]fluorodeoxyglucose ([18F]FDG)-PET and voxel-

based morphometry (VBM).

Methods

Subjects

Five patients meeting research criteria for probable bvFTD
(Rascovsky et al. 2011) were recruited from the McGill

Centre for Studies in Aging (MCSA) Alzheimer’s Disease

Research Unit. Exclusion criteria were (1) past or present
use of memantine; (2) presence of other neurological dis-

eases; (3) premorbid psychiatric disease or intellectual

disability; (4) history of head injuries and loss of con-
sciousness following head trauma; (5) current (within

1 month) use of psychoactive substances; (6) parkinson-

ism—as identified using the United Parkinson’s Disease
Rating Scale (Goetz et al. 2007)—and (7) the presence of

any major structural anomaly or signs of major vascular

pathology on magnetic resonance imaging (MRI) evalua-
tion (Roman et al. 1993). All patients underwent neuro-

psychological assessment and behavioral testing. Global

cognition was assessed using the Mini-Mental State
Examination (MMSE) (Folstein et al. 1975), with language

and visuospatial function measured using the Wechsler

Abbreviated Scale of Intelligence, second edition
(McCrimmon and Smith 2013). The Cogstate Research test

battery was used to assess executive function, episodic

memory, and social cognition (http://cogstate.com/tag/cog
state-brief-battery/). The choice of measures included in

the overall assessment battery took into consideration test

availability in both English and French. Behavioral mea-
sures included the Neuropsychiatric Inventory (NPI)

(Cummings et al. 1994), and the Frontal Behavioral

Inventory (FBI) (Kertesz et al. 1997). In addition, given
that bvFTD and the frontal variant of AD are often difficult

to differentiate on clinical grounds alone (Alladi et al.

2007), all patients underwent carbon-11 Pittsburgh Com-
pound B ([11C]PiB) PET to rule out the presence of
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amyloid pathology. The diagnosis of bvFTD was deter-

mined during a multidisciplinary conference taking into
consideration available medical, clinical, imaging, neuro-

psychological, and complementary laboratory information.

The bvFTD patients were matched by age and gender to
a group of 10 cognitively normal (CN) controls, recruited

via advertisements in a local newspaper. CN subjects were

identified as individuals who (1) were independently
functioning community dwellers; (2) did not have a per-

sonal or first degree relative history of psychiatric disor-
ders; (3) had no cognitive complaints; (4) had a normal

neurological and psychometric examination; (5) were not

taking any psychoactive medications; (6) had no history of
head trauma; (7) showed no signs of vascular pathology on

MRI evaluation (Roman et al. 1993) and (8) had an MMSE

score C29, an NPI score of 0, and an FBI score of 0.
Demographic and clinical data for all subjects are shown

in Table 1, with ratings of lobar atrophy (Kipps et al. 2007)

and hypometabolism (Poljansky et al. 2011) for bvFTD

patients shown in Table 2. All subjects and their caregivers

provided written informed consent. The study protocol,
approved by the Research Ethics Board of the Montreal

Neurological Institute as well as by the Faculty of Medi-

cine Research Ethics Office, McGill University, was car-
ried out in accordance with the Declaration of Helsinki.

PET acquisition

3-(6-Methyl-pyridin-2-ylethynyl)-cyclohex-2-enone-O-11C-
methyl-oxime ([11C]ABP688) was synthesized as described

previously (Elmenhorst et al. 2010), with a radiochemical

purity[99 %. The study was performed using a high-res-
olution research tomograph (HRRT) PET scanner (CTI/

Siemens, Knoxville, Tennessee), a brain-dedicated tomo-

graph combining high spatial image resolution with high
sensitivity. Prior to radiopharmaceutical administration, a

6-min transmission scan was acquired for scatter and

attenuation correction using a [137Cs] rotating point source.
A 60-min dynamic list-mode emission scan was started

concomitantly with the venous injection of 370 MBq

(mean specific activity [500 Ci/lmol) of [11C]ABP688,
with emission data acquired in list-mode format, and

binned into 26 time frames. For each and every time

frame, sets of fully 3D sinograms were generated from the
list-mode data (2,209 sinograms, span 9, with 256 radial

bins and 288 azimuthal angle samples). A time-series of

26 3D images (frame duration: 6 9 30 s, 4 9 60 s,
8 9 120 s, 3 9 240 s, 5 9 300 s) were then reconstructed

from these sinograms, each 3D image being composed of

256 9 256 9 207 cubic voxels (voxel side-length of
1.21875 mm), using an expectation maximization image

reconstruction algorithm with an ordinary Poisson model

of the acquired PET data. The reconstruction included full
accounting for the normalization, attenuation, and time-

dependent scatter of random events. To reduce the partial

volume effect, resolution modeling with point-spread
function was implemented in the reconstruction (Comtat

et al. 2008). Subject head-motion correction was

Table 1 Demographic and clinical data for all subjects

BvFTD
(n = 5)

CN
(n = 10)

pa

value

Age at scan, Med (IQR), years 65 (7) 63 (2.75) 0.65

Education, Med (IQR), years 10 (5) 16 (4) 0.06

Sex, M/F 3/2 7/3 1.00

Handedness, R/L 5/0 9/1 0.52

MMSE, Med (IQR),
max = 30

26 (1) 30 (1) 0.03

FBI, Med (IQR), max = 72 20 (0) 0 (0) 0.001

NPI Total, Med (IQR),
max = 144

32 (8) 0 (0) 0.001

Due to the small group sizes, data are represented as Med
(IQR) = median (interquartile range)

M/F male/female, R/L right/left, MMSE Mini-Mental State Exami-
nation, FBI Frontal Behavioral Inventory, NPI Neuropsychiatric
Inventory
a The t test for continuous variables, Fischer’s exact test for cate-
gorical variables

Table 2 Ratings of hypometabolism and lobar atrophy in patients with bvFTD

[18F]FDG-PET MRI

Subject Frontal
lobe

Temporal
lobe

Parietal
lobe

Occipital
lobe

Cerebellum Basal
ganglia

Thalamus Frontal
lobe

Anterior temporal
lobe

1 2 2 1 0 0 0 1 3 2

2 2 2 1 0 0 0 0 1 1

3 2 2 1 0 0 0 0 3 3

4 2 2 1 0 0 0 0 1 2

5 2 2 1 0 0 0 1 1 2

Ratings for [18F]FDG-PET: 0 absent, 1 mild, 2 moderate, 3 strong

Ratings for MRI: 1 very mild, 2 mild, 3 moderate
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implemented using a data-driven motion estimation and

correction method (Costes et al. 2009).
All patients underwent an [18F]FDG-PET scan using a

Siemens ECAT EXACT HR? PET device (CTI/Siemens,

Knoxville, TN, USA) as part of their clinical evaluation. In
keeping with the ALARA radiation safety principle (Nat-

arajan et al. 2013), data were not recollected on the HRRT.

After fasting overnight, patients received a venous bolus
injection of 185 MBq of 18F-fluorodeoxyglucose

([18F]FDG) in a quiet environment. A dynamic scan was
performed in 3-dimensional mode for 10 min under stan-

dard resting-state conditions with eyes open, recording 63

transaxial slices simultaneously with an axial resolution of
5 mm full width at half maximum (FWHM) and an in-

plane resolution of 4.6 mm. Each collected slice had a

thickness of 2.45 mm and a matrix size of 128 9 128
voxels. After correction for attenuation, scatter, decay and

scanner-specific dead time, the PET data were recon-

structed by filtered back-projection using a Hann filter
(4.9 mm FWHM).

CN subjects had their acquisition conducted on the

HRRT, with acquisition parameters identical to those for
[11C]ABP688, as described above. Images were recon-

structed taking into consideration data acquired between 45

and 60 min only, with reconstruction matching that used
for the HR? data. In order to compare data from the HRRT

and HR? PET scanners, the resolution of the HRRT was

matched to the partial volume effect of the HR?. To do so,
an anisotropic Gaussian kernel of 5.7 9 5.7 9 6.7 mm

FWHM was used, which was found to be the best match of

scanner resolutions through an internal phantom study
(unpublished data). In the case of [18F]FDG, two CN

subjects were excluded owing to movement with one

patient unable to return for the scan, reducing the sample
size for [18F]FDG to 4 bvFTD and 8 CN.

Magnetic resonance imaging

For anatomical co-registration and identification of the

volumes of interest (VOI), all subjects underwent a high-
resolution T-1 weighted MRI using a Siemens TRIO 3T

scanner (Siemens Medical Solutions, Erlangen, Germany).

Images were acquired in 3-D (voxel size = 1 mm3;
FOV = 256 9 256 mm; TR = 22 ms; TE = 9.2 ms; flip

angle = 30!), with the scan performed on either on the

same day or less than 2 weeks apart from the PET acqui-
sitions, depending on the availability of the research slots.

Imaging analysis

[11C]ABP688 binding potential, non-displaceable (BPND)

values were obtained using the simplified reference tissue
method (SRTM) (Gunn et al. 1997), using the cerebellum

as a reference region (Elmenhorst et al. 2009; Minuzzi

et al. 2009). [18F]FDG-PET frames were summed and
standardized uptake value ratio (SUVR) maps calculated by

normalizing the summed image to mean pontine activity

for each subject. In order to correct for partial volume error
(PVE), a modified version (Greve et al. 2014; Rousset et al.

2007) of the Muller-Gartner method (Muller-Gartner et al.

1992; Rousset et al. 1998) was implemented using the
PVElab software package (https://nru.dk/downloads/soft

ware/pveout/pveout.html) (Quarantelli et al. 2004).
Following correction for field inhomogeneities (Sled

and Evans 1998), native MRI volumes were nonlinearly

resampled into standardized stereotaxic space, using the
high-resolution ICBM template as reference (Fonov et al.

2009). Subsequently, normalized images were classified

into grey matter (GM), white matter (WM) and cerebro-
spinal fluid (CSF) using an automatic algorithm (INSECT)

(Zijdenbos and Evans 1998). Voxel-based morphometry

(VBM) (Ashburner and Friston 2000) was carried out on
the structural segmented GM images nonlinearly resam-

pled to the standard stereotaxic space after blurring with an

isotropic Gaussian kernel of 10 mm FWHM. Finally,
classified images were resampled to an anatomical tem-

plate and automatically labeled using a probabilistic atlas-

based approach (ANIMAL) (Collins et al. 1999; Collins
and Evans 1997). VOIs yielded by this procedure were

subsequently applied to PET BPND (cerebellum) and SUVR

maps (pons).
Voxel-wise analysis maps of [11C]ABP688 BPND,

[18F]FDG SUVR, and VBM values were estimated using a

basis functions approach (Gunn et al. 1997), with PET
images convolved using an isotropic Gaussian kernel of

6 mm FWHM. Parametric maps created in native space

were then normalized into MNI space in order to allow for
group comparisons. The resulting t-maps, calculated using

RMINC (Lerch 2006), show the areas with a significant

difference in BPND, SUVR, and relative concentration of
GM between groups. Those areas were subsequently

adjusted for a statistical cluster-wise threshold of p \ 0.05,

and corrected for multiple comparisons using random field
theory (Worsley et al. 1998). [11C]ABP688 BPND local

maxima coordinates were used to extract [18F]FDG SUVR,

and VBM values, in order to compare the magnitude of
decline.

Brain regions where all patients differed significantly

from controls on the basis of Z scores C2—calculated
using the formula [(individual patient value) - (control

mean)/(control standard deviation)]—were calculated for

[11C]ABP688 BPND, [18F]FDG SUVR, and VBM t-maps.
These areas were then used to extract raw [11C]ABP688

BPND, [18F]FDG SUVR, and VBM values, which, after

reconversion to Z scores, were plotted using GraphPad
Prism 5 software. Overlap maps—[11C]ABP688 BPND and
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[18F]FDG SUVR, [11C]ABP688 BPND and VBM, [18F]FDG

SUVR and VBM—as well as areas showing only reduced
[11C]ABP688 BPND, [18F]FDG SUVR, and VBM—were

created using MINC tools (http://www.bic.mni.mcgill.ca/

ServicesSoftware/MINC). For overlap maps, binary masks
were generated by applying the cluster-corrected t-map

thresholds to each individual t-map—[11C]ABP688 BPND,

[18F]FDG SUVR, and VBM—setting voxels less than the
given threshold to 0 and voxels greater than the threshold

to 1. Binary masks were then summed, with voxels having
a value of 2 indicating overlap. In order to show areas

exhibiting only reductions (e.g., in availability of mGluR5)

binary masks were subtracted (e.g., [11C]ABP688 BPND -
[18F]FDG SUVR - VBM), with the range of values in the

resulting volume restricted to lie between 0 and 1,

removing negative values generated as a result of the
subtraction. Finally, volumes were visualized and color-

coded using the software DISPLAY (http://www.bic.mni.

mcgill.ca/software/Display/Display.html).

Results

Groups differed significantly in terms of MMSE, FBI and

NPI (see Table 1). No differences were observed for age at
scan, education, sex, or handedness. Since only two

patients were capable of completing the entire neuropsy-

chological assessment battery, quantitative assessment

proved uninformative. Qualitative assessment based on the

expert judgement of neuropsychologists (JP and CC)
indicated clear deficits in executive and social cognitive

measures in all bvFTD patients. Two patients displayed

abnormal performance on measures of abstract and con-
crete language, with three showing deficits in visuospatial

processing. While all patients showed moderate hypome-

tabolism within frontotemporal regions, atrophy ranged
from very mild to moderate (see Table 2).

Z score maps for regions with significantly reduced
[11C]ABP688 BPND, hypometabolism and atrophy com-

mon to all patients—along with plots showing Z scores

relative to controls are shown in Fig. 1. Location and
coordinates of local maxima for the contrast [11C]ABP688

BPND CN [ bvFTD] are reported in Table 3, along with

values for [18F]FDG SUVR and VBM using these local
maxima. Despite neurodegeneration being more wide-

spread than declines in mGluR5 availability, reductions in

metabolism and GM were found to be inferior to those for
[11C]ABP688 BPND across a wide range of FTLD predi-

lection sites (see Table 3). Relative to controls, bvFTD

patients showed reductions of 65, 30, and 15 %—for
[11C]ABP688 BPND, [18F]FDG SUVR, and VBM, respec-

tively—on the basis of values extracted from common

Z score maps.
Voxel-wise analysis of group differences in

[11C]ABP688 BPND revealed declines in mGluR5 avail-

ability (85,152 mm3) in orbital, ventromedial, and

Fig. 1 Z score maps for all bvFTD patients were created for
[11C]ABP688 BPND, [18F]FDG SUVR, and VBM. These maps were
then combined to show areas with significantly reduced [11C]ABP688
BPND, [18F]FDG SUVR, and GM common to all bvFTD patients (top
left, top right, bottom left, respectively). These common Z maps were

then used to extract raw [11C]ABP688 BPND, [18F]FDG SUVR, and
VBM values. After conversion to Z scores, values were plotted,
relative to CN subjects (bottom right). ***p \ 0.001, **p \ 0.01,
*p \ 0.05
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Table 3 Location and Talairach coordinates of local maxima for areas of reduced [11C]ABP688 BPND in patients with bvFTD, along with
t values for [18F]FDG SUVR and VBM findings, using [11C]ABP688 BPND maxima coordinates

Brain region x y z t[11C]ABP688 p t[18F]FDG p tVBM p

Gyrus rectus L -9.0 28.2 -24.7 -7.12 [0.0001 -4.19 [0.0001 -2.28 0.0401

Gyrus rectus R 13.8 26.2 -24.7 -6.52 [0.0001 -3.22 0.0092 -2.38 0.0333

Medial orbitofrontal cortex L -16.0 23.1 -15.2 -8.49 [0.0001 -2.40 0.0373 -0.527 0.6071

Medial orbitofrontal cortex R 15.0 -15.2 -9.66 -9.73 [0.0001 -1.98 0.0076 -0.002 0.9998

Lateral orbitofrontal cortex L -32.1 36.0 -15.2 -4.63 0.0005 -4.14 0.0020 -4.03 0.0014

Lateral orbitofrontal cortex R 28.1 47.2 -15.2 -5.21 0.0002 2.59 0.0269 -4.45 0.0007

Ventromedial prefrontal cortex L -2.9 51.3 4.0 -7.42 [0.0001 -5.55 0.0002 -5.6t9 [0.0001

Ventromedial prefrontal cortex R 13.3 53.2 2.5 -4.42 0.0007 -2.01 0.0722 -3.32 0.0055

Dorsomedial prefrontal cortex L -3.6 56.9 28.0 -6.14 [0.0001 -4.56 0.0010 -1.43 0.1763

Dorsomedial prefrontal cortex R 3.3 42.0 34.2 -4.11 0.0012 -4.88 0.0006 -4.29 0.0009

Anterior cingulate L -2.4 37.0 14.7 -4.93 0.0003 -4.03 0.0024 -5.00 0.0002

Anterior cingulate R 5.0 40.2 14.7 -4.40 0.0007 -3.97 0.0026 -5.66 [0.0001

Frontal pole L -10.1 71.1 3.0 -4.85 0.0003 -2.79 0.0191 -1.53 0.1500

Frontal pole R 14.2 72.0 3.0 -4.81 0.0003 -2.59 0.0269 -1.42 0.1791

Dorsolateral prefrontal cortex L – – – – – – – – –

Dorsolateral prefrontal cortex R 52.1 25.1 21.8 -8.3 [0.0001 -5.01 0.0005 -1.51 0.1550

Ventrolateral prefrontal cortex L – – – – – – – – –

Ventrolateral prefrontal cortex R 52.1 38.9 -4.9 -5.87 [0.0001 -5.28 0.0004 -0.96 0.3546

Paracentral lobule L -4.6 -26.9 64.5 -5.09 0.0002 -1.98 0.0759 -2.34 0.0359

Paracentral lobule R 7.0 -35.9 -55.1 -4.11 0.0002 -1.98 0.0759 -1.52 0.0152

Thalamus L -17.8 -31.3 1.8 -6.50 [0.0001 -3.11 0.0111 -8.74 [0.0001

Thalamus R 9.0 -15.9 1.8 -4.74 0.0004 -1.93 0.0824 -9.66 [0.0001

Hypothalamus L -5.1 -5.9 -11.1 -4.18 0.0011 -2.32 0.0428 -8.49 [0.0001

Hypothalamus R 4.1 -5.9 -11.2 -4.26 0.0009 -2.67 0.0235 -8.34 [0.0001

Caudate L -11.2 14.1 1.8 -5.43 0.0001 -4.65 0.0009 -5.89 [0.0001

Caudate R 9.0 9.1 7.3 -3.96 0.0016 -4.16 0.0019 -1.05 0.3128

Putamen L -26.2 17.1 1.8 -4.74 0.0004 -3.64 0.0445 -3.81 0.0022

Putamen R – – – – – – – – –

Insula L -41.1 13.0 -9.8 -4.55 0.0005 -3.59 0.0049 -4.11 0.0012

Insula R 41.7 14.1 -2.0 -5.76 [0.0001 -4.32 0.0015 -5.78 [0.0001

Temporal pole L -38.1 22.2 -35.9 -5.59 [0.0001 -4.13 0.0020 -2.02 0.0645

Temporal pole R 31.1 22.2 -39.0 -6.79 [0.0001 -2.75 0.0205 -1.56 0.1428

Superior temporal gyrus L -58.2 -10.9 2.0 -3.96 0.0016 -4.07 0.0023 -1.74 0.1055

Superior temporal gyrus R 49.4 -2.4 -4.0 -6.61 [0.0001 -3.21 0.0093 -4.78 0.0004

Middle temporal gyrus L -58.2 -16.0 -11.0 -4.60 0.0005 -4.00 0.0024 -1.29 0.2195

Middle temporal gyrus R 52.7 -12.1 -24.0 -6.99 [0.0001 -4.53 0.0011 -1.53 0.1500

Inferior temporal gyrus L -58.2 -24.5 -25.4 -7.19 [0.0001 -3.95 0.0027 -0.16 0.8753

Inferior temporal gyrus R 52.7 -45.1 -22.9 -5.16 0.0002 -3.65 0.0045 -0.09 0.9297

Hippocampal formation L -35.1 -11.8 -19.2 -4.94 0.0003 -1.00 0.3409 -1.62 0.1292

Hippocampal formation R 34.5 -14.6 -18.5 -1.99 0.0680 -2.77 0.0198 -3.26 0.0062

Cuneus L -11.2 -92.9 15.9 -5.22 0.0002 -3.35 0.0074 -4.81 0.0003

Cuneus R 13.8 -90.8 15.9 -5.27 0.0002 -2.05 0.0611 -4.69 0.0004

Lingual gyrus L -12.7 -73.7 -1.7 -6.87 [0.0001 -1.27 0.2328 -5.52 [0.0001

Lingual gyrus R 22.8 -79.1 -3.9 -7.17 [0.0001 -0.41 0.6905 -0.26 0.7983

standardized uptake ratio (SUVR); voxel-based morphometry (VBM); non-displaceable binding potentials (BPND). Talairach coordinates (x, y,
z) of [11C]ABP688 BPND local maxima (t values, corrected for multiple comparisons, p \ 0.05) were applied to [18F]FDG SUVR and VBM
t-maps in order to extra t values. p values were determined using t values and degrees of freedom ([11C]ABP688 BPND = 14, [18F]FDG
SUVR = 11, VBM = 14). R right hemisphere, L Left hemisphere, – indicates no findings in that region
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dorsomedial prefrontal areas (corrected for multiple com-
parisons, p \ 0.05; see Fig. 2). Declines were likewise

noted in the gyrus rectus, anterior cingulate (L [ R), right

posterior cingulate, superior frontal gyrus (L [ R), para-
central lobule (L [ R), caudate (L [ R), left putamen,

insula (R [ L), thalamus (L [ R), right lingual gyrus, and
right cuneus. Additional declines were found in the right

dorsolateral, right ventrolateral, and anterior prefrontal

cortex, the right superior and middle temporal gyri, as well
as in the temporal poles. No significant increases in

[11C]ABP688 binding were observed in bvFTD patients.

Significant hypometabolism was noted among bvFTD
patients (116,742 mm3) in extensive prefrontal areas,

including the orbitofrontal (R [ L), ventromedial and

dorsomedial prefrontal (L [ R), as well as the cingulate
gyrus (L [ R) (corrected for multiple comparisons,

p \ 0.05) (see Fig. 3). Metabolism was significantly

reduced in the superior, middle, and inferior frontal gyri as
well as in the precuneus and paracentral lobule (L [ R).

Hypometabolism was also found in the bilateral insula

(R [ L), uncus/amygdala, and parahippocampus (L [ R),
as well as in subcortical structures, including the head of

the caudatum and the left thalamus. There was also

hypometabolism in the superior, middle, and inferior
temporal gyri, temporal poles, and cerebellar tonsils.

Among bvFTD patients, grey matter loss (88,845 mm3)

was predominantly focused in the striatum—including the
putamen (L [ R) and head of the caudate nucleus bilater-

ally (corrected for multiple comparisons, p \ 0.05; see
Fig. 4). There was significant involvement of the thalamus

and insula bilaterally, as well as the amygdala, and para-

hippocampus. Atrophy was also observed in the anterior
cingulate (L [ R), precuneus (R [ L) gyrus rectus,

orbitofrontal gyrus, as well as the right superior/middle

temporal gyri, though to a lesser degree (see Table 3).
Overlap between [11C]ABP688 BPND and [18F]FDG

SUVR t-maps was observed in the gyrus rectus (L [ R),

anterior cingulate/ventromedial prefrontal cortex (L [ R),
dorsomedial prefrontal cortex (L [ R), thalamus (L [ R)

insula (R [ L) and temporal poles (22 379 mm3; see

Fig. 5). [11C]ABP688 BPND and VBM findings overlapped
in the anterior cingulate/ventromedial prefrontal cortex

(L [ R), orbitofrontal cortex (R [ L), thalamus (L [ R),

head of the caudate nucleus (L [ R) and the insula (R [ L)
(13 463 mm3; see Fig. 6). Overlap between hypometabolic

regions and atrophy was noted in medial and lateral

Fig. 2 Voxel-wise t-maps showing areas of decreased [11C]ABP688
BPND in patients with bvFTD compared with CN subjects
(85,152 mm3; corrected for multiple comparisons, p \ 0.05). Left-
ward asymmetry was noted in the anterior cingulate, superior frontal
gyrus, paracentral lobule, caudate, putamen, and thalamus. Rightward

asymmetry was found in the posterior cingulate, lingual gyrus,
cuneus, dorsolateral/ventrolateral prefrontal cortex, superior/middle
temporal gyri and the temporal poles. No significant increases in
[11C]ABP688 binding were observed in bvFTD patients
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orbitofrontal areas, anterior cingulate/ventromedial pre-
frontal cortex (L [ R), dorsomedial prefrontal cortex

(R [ L), insula (R [ L), thalamus (L [ R), left amygdala,

right hippocampal formation, and the head of the caudate
nucleus (R [ L) (14 179 mm3; see Fig. 7). Though hypo-

metabolism and atrophy were found in frontal, temporal,

and subcortical brain regions, these declines were found to
be inferior relative to those for [11C]ABP688 BPND in a

wide range of areas, including the gyrus rectus, medial and

lateral orbitofrontal cortex, ventromedial prefrontal cortex,
left dorsomedial prefrontal cortex, paracentral lobule,

frontal pole, left putamen, left insula, lingual gyrus, cuneus,
temporal poles, right superior temporal gyrus, inferior and

middle temporal gyri, and the right dorso- and ventrolateral

prefrontal cortex.
Subtraction of binarized t-maps ([11C]ABP688

BPND - [18F]FDG SUVR - VBM) showed that

decreased binding of [11C]ABP688 was unique to the
gyrus rectus (R [ L), orbitofrontal cortex (R [ L), lateral

portion of the right head of the caudate nucleus, left

putamen, left superior temporal lobe, inferior temporal
lobes, temporal poles (R [ L), right posterior cingulate,

right ventral/dorsolateral prefrontal cortex, left paracentral

lobule, right occipital cortex, and right lingual gyrus (55

742 mm3; see Fig. 8). A similar subtraction yielded a
volume of 86 616 mm3 for regions displaying only

hypometabolism ([18F]FDG SUVR - [11C]ABP688

BPND - VBM)—including the uncus/amygdalae
(L [ R), the parahippocampus (L [ R), bilateral cuneus,

posterior cingulate/precuneus (L [ R), bilateral insula,

medial prefrontal cortex, left posterior paracentral lobule,
left frontal operculum, anterior temporal poles, orbito-

frontal gyrus/gyrus rectus (R [ L), and bilateral cerebellar

cortex (see Fig. 9). In addition, the orbitofrontal gyrus, the
right middle temporal gyrus, right temporal operculum,

left anterior insula, posterior insula bilaterally (R [ L),
ventral amygdala (L [ R), left posterior inferior temporal

gyrus, anterior cingulate gyrus (L [ R), the putamen

(L [ R) and head of the caudate nucleus bilaterally, the
thalamus as well as the posterior portion of the hippo-

campal formation, bilaterally, were found to be charac-

terized only by GM reductions (VBM - [18F]FDG
SUVR - [11C]ABP688 BPND; 67 635 mm3; see Fig. 10).

Though changes in [11C]ABP688 BPND, [18F]FDG SUVR,

and VBM were found to co-exist within the orbitofrontal
cortex and temporal lobe, relative to [18F]FDG and VBM,

findings for [11C]ABP688 were more ventral and lateral,

respectively.

Fig. 3 Voxel-wise t-maps showing areas of decreased [18F]FDG
SUVR in patients with bvFTD compared with CN subjects
(116,742 mm3; corrected for multiple comparisons, p \ 0.05). The
dorso/ventromedial prefrontal cortex, cingulate gyrus, frontal gyri,

paracentral lobule, precuneus, parahippocampus, thalamus, caudate
and temporal lobes were characterized by leftward asymmetry.
Hypometabolism was also noted with rightward asymmetry in the
insula and orbitofrontal gyrus and in the cerebellar tonsils bilaterally
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Discussion

The present findings represent the first in vivo report of
decreased availability of mGluR5 in bvFTD. In line with

recent studies showing reduced binding of [11C]ABP688 in

disorders characterized by glutamate excitotoxicity—such
as major depressive disorder and temporal lobe epilepsy

(Choi et al. 2014; Deschwanden et al. 2011)—our findings

may indicate altered glutamatergic neurotransmission in
bvFTD, or conformational changes specific to the mGluR5

allosteric site. Further, we reproduced previous [18F]FDG

and VBM findings in terms of both the topography of
neurodegeneration and its partially asymmetric distribution

(Diehl-Schmid et al. 2007; Hornberger et al. 2012; Jeong

et al. 2005; Pan et al. 2012). In addition, we showed that
the volume of decreased mGluR5 availability was inferior

to that for hypometabolism and GM atrophy, and that the

overlap between reduced [11C]ABP688 BPND and hypo-
metabolism was superior to that for GM atrophy. More-

over, we showed that declines in mGluR5 availability were

unique to several isocortical, limbic, and paralimbic areas,
possibly representing an early sign of pyramidal cell dys-

function. In this respect, the focality of [11C]ABP688 BPND

reductions in the present study is striking given the

widespread distribution of mGluR5. In addition, several

frontotemporal areas showed hypometabolism and/or GM

loss in the absence of reduced [11C]ABP688 binding.
Taken together, these findings suggest a differential neu-

ronal vulnerability to FTLD pathology in bvFTD—similar

to that seen in other neurodegenerative diseases (Double
et al. 2010)—with reduced availability of mGluR5 possibly

preceding neurodegeneration within select frontotemporal

brain regions.
While at physiological concentrations glutamate is

known to play a pivotal role in synaptic plasticity (Balsc-

hun et al. 2006; Huber et al. 2001)—with any given
function of a given cortical region likely to depend on

glutamatergic neurotransmission at some level (Francis

2009)—at high concentrations it has been shown to act as a
neurotoxin, promoting neuronal injury and death in animal

models (Rao et al. 2001; Rothstein 1996) and in neurode-

generative diseases, including AD (Francis 2003). In the
case of AD, accumulation of b-amyloid is thought to

inhibit astroglial glutamate uptake, resulting in increased

extracellular levels of glutamate, which, under chronic
conditions, lead to cell death via sustained elevations in

intracellular calcium (Harkany et al. 2000). This excito-
toxic scenario may explain decreased binding of

Fig. 4 Voxel-wise t-maps showing areas of reduced VBM derived
GM concentration in patients with bvFTD compared with CN subjects
(88,845 mm3; corrected for multiple comparisons, p \ 0.05). Atrophy
was predominant in the thalami (L [ R), head of caudate, insula,

uncus/amygdala, and parahippocampus. GM loss was likewise noted
in the putamen (L [ R), precuneus (R [ L), anterior cingulate
(L [ R), gyrus rectus, orbitofrontal gyrus and right superior/middle
temporal gyri
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Fig. 5 Overlap (orange; 22,379 mm3) between binarized
[11C]ABP688 BPND (red) and [18F]FDG SUVR (yellow) t-maps was
found with leftward predominance in the gyrus rectus, anterior

cingulate dorso/ventromedial prefrontal cortex, and thalamus. Over-
lap was also noted with rightward asymmetry in the insula and in the
temporal poles bilaterally

Fig. 6 Overlap (purple; 13,463 mm3) between binarized
[11C]ABP688 BPND (red) and VBM (blue) t-maps was found with
leftward asymmetry in the anterior cingulate, ventromedial prefrontal

cortex, thalamus, and head of the caudate nucleus. Rightward
asymmetry was noted in the insula and orbitofrontal cortex
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[11C]ABP688 in that continued high levels of glutamate

may alter the availability of its transmembrane allosteric
binding site (Ametamey et al. 2007) by altering mGluR5

conformational states (Cabello et al. 2009; Canela et al.

2009; Changeux and Edelstein 2005; Romano et al. 1996).
Indeed, affinity shifts in receptor–radioligand interactions

have previously been described in the context of dopami-

nergic neurotransmission, where the affinity of a D2 PET
radiopharmaceutical was altered following an amphet-

amine challenge (Narendran et al. 2004; Seneca et al. 2006;
Wilson et al. 2005).

Recently, an expanded hexanucleotide repeat in the

chromosome 9 open reading frame 72 (C9ORF72) was
identified as the most common cause of familial FTD and

amyotrophic lateral sclerosis (ALS), with mutations asso-

ciated with deposition of TDP-43 pathology (DeJesus-
Hernandez et al. 2011; Renton et al. 2011). While the

pathogenic mechanism(s) by which this repeat expansion

could cause disease remain unknown, induced pluripotent
stem cell differentiated neurons from C9ORF72 ALS

patients were shown to be highly susceptible to glutamate

excitotoxicity (Donnelly et al. 2013). Related work on
primary cells from TDP-43 transgenic mice showed an

increased vulnerability to the toxic effects of excess glu-

tamate (Swarup et al. 2011). Moreover, a recent study

involving transgenic mice expressing the FTDP-17 muta-

tion P301L in the human tau gene—resulting in the accu-
mulation of hyperphosphorylated tau—showed a tau-

dependent impairment of glutamate metabolism (Nilsen

et al. 2013). These studies suggest that the pathogenicity of
hyperphosphorylated tau and TDP-43—the molecular

pathologies accounting for most cases of bvFTD (Mac-

kenzie et al. 2011)—may involve glutamatergic
excitotoxicity.

Certain methodological aspects, however, limit inter-
pretation of the present findings. In addition to this study’s

cross-sectional design and small sample size, the absence

of histopathological data precludes conclusions about the
homogeneity of the sample from the perspective of

underlying molecular pathology. As such we were not able

to address the possible interplay between different FTLD
subtypes and possibly differing effects on mGluR5 avail-

ability. Moreover, potential limitations may accompany the

use of VBM when applied to atrophic brains (Good et al.
2002).

Despite these caveats, our findings shed light on the

possible role of glutamate excitotoxicity in the pathogen-
esis of bvFTD and suggest that [11C]ABP688 may prove a

suitable non-invasive marker of glutamatergic neurotrans-

mission in vivo. Larger prospective studies are required to

Fig. 7 Overlap (green; 14,179 mm3) between binarized [18F]FDG
SUVR (red) and VBM (blue) t-maps was observed with leftward
asymmetry in the orbitofrontal cortex, anterior cingulate/ventromedial

prefrontal cortex, thalamus and amygdala. Rightward asymmetry was
found in the dorsomedial prefrontal cortex, insula, hippocampal
formation, and head of the caudate
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Fig. 8 Subtraction of binarized t-maps ([11C]ABP688 BPND -
[18F]FDG SUVR - VBM) showed areas characterized only by declines
in [11C]ABP688 BPND (55,742 mm3). Areas characterized by right-
ward asymmetry included the inferior temporal lobes, temporal poles

gyrus rectus, orbitofrontal cortex, head of the caudate nucleus, posterior
cingulate, ventral/dorsolateral prefrontal cortex, lingual gyrus, and
occipital cortex. Areas characterized by leftward asymmetry included
the putamen, superior temporal lobe, and paracentral lobule

Fig. 9 Subtraction of binarized t-maps ([18F]FDG SUVR -
11C]ABP688 BPND - VBM) showed areas characterized only by
hypometabolism (86,616 mm3), including the bilateral insula, medial
prefrontal cortex, left posterior paracentral lobule, left frontal

operculum, anterior temporal poles, and bilateral cerebellar cortex.
Leftward asymmetry was noted for the uncus/amygdalae, parahippo-
campus, and posterior cingulate/precuneus. Rightward asymmetry
was noted for the orbitofrontal gyrus/gyrus rectus
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validate these findings, to establish the trajectory of

reduced mGluR5 availability relative to other biomarkers
of neurodegeneration, and to address the potential link

between the dysregulation of glutamatergic neurotrans-

mission and bvFTD symptomatology.
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Our group showed that crude ethanol (CE) and butanol (BUT) extracts of Capsicum baccatum presented anti-inflammatory
and antioxidant properties. Furthermore, the flavonoid and total phenolic contents were positively correlated with both of these
properties observed for C. baccatum extracts. The present study demonstrated that 60 days of oral administration of CE and BUT
(200 mg/kg) in mice did not cause significant differences in the following parameters evaluated: hematological profile, body weight
and relative weight of visceral organs, systemic lipid profile, glucose homeostasis (GTT), kidney and hepatic biochemical markers,
and spontaneous locomotion and anxiety-like behavior. Altogether, these results indicate for the first time that the long-term oral
administration of C. baccatum extracts does not affect specific aspects of CF1 mice physiology, suggesting their safety, building up
the venue to test their efficacy in animal models underlying persistent activation of oxidative and inflammatory pathways.

1. Introduction

Capsicum species, from Solanaceae family, are native to the
tropical and humid zones of central and south America and
include peppers of significant economic value and potential
pharmacological application. The fruits vary widely in size,
shape, flavor, and sensory heat. The five main species in the
genus are C. annuum, C. baccatum, C. chinense, C. frutescens,
and C. pubescens. These peppers are widely used as spices
in the food industry and in a broad variety of medicinal
applications worldwide [1, 2].

Capsicum annuum, C. chinense, and C. frutescens are
remarkable sources of antioxidant compounds, including
capsaicinoids [3, 4] and phenolic compounds, particu-
larly flavonoids [5]. The consumption of these compo-
nents has potential health benefits due to their activity as

free-radical scavengers, which may help prevent inflam-
matory diseases and pathologies associated with oxidative
damage, such as atherosclerosis and Alzheimer’s disease
[6–8]. These Capsicum species exert anti-inflammatory,
antioxidant, antiplatelet, antihypertensive, hypoglycemic,
and hypocholesterolemic properties in vitro and in vivo
models [8–13]. The main pungent component, capsaicin, has
been used clinically for its analgesic and anti-inflammatory
properties [14, 15].

The red pepper C. baccatum var. pendulum is widely
consumed in food preparations. Reports about the chemical
composition of this species are very scarce, especially for this
variety. Although the potential pharmacological properties
of C. baccatum have been also less explored, there are
some studies that suggest antioxidant and anti-inflammatory
activities of the crude juice [16–18]. A crude juice of
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C. baccatum fruit presented anti-inflammatory effects in a
pleurisy model when 2 and 20 g/kg were administered via
i.p. and s.c. to rats [19]. In a recent study, we prepared a
crude ethanol extract (CE) of C. baccatum fruit and, after
fractionation, a butanol extract (BUT) enriched in bioactive
substances was obtained [20]. We showed that the oral acute
administration of 200 mg/kg of BUT extract exhibited the
highest antioxidant and anti-inflammatory activities in mice
and this extract did not contain capsaicin by HPLC analysis.
Furthermore, the flavonoid and total phenolic contents
were positively correlated with the antioxidant and anti-
inflammatory properties observed for CE and BUT [20].
Although the use of plant extracts as an alternative to
conventional medications is widespread, the safety of the
extracts needs to be determined before human use [21]. As
in this case the constituent concentration intake of these
enriched extracts is significantly higher than in the fruit,
and considering their potential pharmacological properties
previously described, it is relevant to evaluate their long-
term oral administration adverse effects. Accordingly, in this
study we evaluated the effects of Capsicum baccatum extracts
on behavioral, hematological, and metabolic parameters of
mice.

2. Materials and Methods

2.1. Plant Material and Extraction. Capsicum baccatum var.
pendulum (Willd.) Eshbaugh (Solanaceae) fruit was obtained
from a cultivated area in the city of Turuçu, Rio Grande do
Sul, Brazil. This plant was certified by the Germoplasm Bank
of the Brazilian Government Research Institute EMBRAPA
(Empresa Brasileira de Pesquisa Agropecuária, Pelotas, RS,
Brazil) which maintains botanical and chemical uniformity.
A voucher specimen (number P278) was identified and
deposited at the Herbarium of the Brazilian Government
Research Institute EMBRAPA. The fruit of red pepper was
dried in a circulating air stove (40◦C) and triturated to pow-
der. The fruit was extracted with 70% ethanol (plant : solvent,
1 : 10, w/v) under reflux for 4 hours to obtain the crude
ethanol extract (CE). Then the fruit was also submitted to
successive extractions in a soxhlet apparatus in order to
obtain the dichloromethane, butanol (BUT), and aqueous
dried extracts as described previously [20].

2.2. Phytochemical Study. The ethanol and butanol extracts
were characterized according to the previous studies [20]
as follows: the characterization of the phenolic com-
pounds (quercetin and rutin) and capsaicin in C. bac-
catum was performed by HPLC on Agilent instrument
(serie 1200) equipped with photodiode array detector
(G1322A), autosampler (G1329A), and Agilent ChemStation
software. An Ace RP-18 column (250 mm × 4.0 mm i.d.,
particle size 5 µm) and a linear gradient starting from
methanol : acetonitrile : water (15 : 15 : 70) then changed to
methanol : acetonitrile : water (30 : 30 : 40) over 25 min, were
used. Capsaicin was determined at 280 nm and rutin
and quercetin at 254 nm. The total phenolic content was
estimated using the Folin-Ciocalteu method customized

for 96-well microplates. Gallic acid was used to obtain
the calibration curve, and the results were expressed as
milligrams of gallic acid equivalents per gram of dried extract
(GAE/g). The total content of flavonoids was determined by
the AlCl3 colorimetric method, using quercetin as standard.
Results were expressed as milligrams of quercetin equivalents
per gram of dried extract (QE/g).

2.3. Animals. Adult 2-month-old CF1 male mice weighing
25–35 g were used. The animals were maintained under
controlled temperature (22 ± 2◦C) and humidity (55% ±
10%) conditions on a 12 h light-dark cycle (7 : 00 AM and
7 : 00 PM) with free access to standard commercial diet and
distilled water. To avoid social isolation two animals were
maintained per cage [22]. All experiments complied with
the international standards for animal protection and those
of the Brazilian College of Animal Experimentation. The
Ethical Committee on animal use of the Universidade Federal
do Rio Grande do Sul, Brazil, approved all experiments
(number 19446).

2.4. Experimental Design. The animals were randomized
into three groups of 10 animals: distilled water (control
group), ethanol extract (CE), and butanol extract (BUT).
C. baccatum extracts (200 mg/kg body weight) were admin-
istered daily by gavage for 60 days. The extracts and dose
of 200 mg/kg were selected considering that they presented
the higher antioxidant and anti-inflammatory activities in
our previous study [20]. Clinical signs of toxicity, general
appearance, and mortality were monitored daily during
the experimental period. Mean body weight gain and food
intake were calculated and compared among groups. Body
weights were recorded weekly throughout the study period.
Mean daily food consumption was calculated twice per
week by subtracting the weight of the remaining food from
the weight of the supplied food. All behavioral tasks were
performed between 1 : 00 PM and 5 : 00 PM Twenty-four
hours after the behavioral tasks, the animals were anes-
thetized (ketamine:xylazine, 100 : 10 mg/kg, i.p.) to blood
sampling for hematological and biochemical analysis. After
that, animals were quickly sacrificed, dissected, and subjected
to necropsy examination.

2.5. Open Field Task. The open field task is a widely used
model for the evaluation of spontaneous locomotion and
exploratory activities, as well as indicator of anxiety-like
behavior [23]. The apparatus was a black-painted box (50 ×
50 cm) surrounded by 50 cm high walls. The experiments
were conducted in a quiet room under low-intensity light
(12 lx). On the 59th day of administration, each mouse was
placed in the center of the arena, and the distance travelled
(total and central zone), time spent in the central zone, and
mean speed were measured for 10 min. To analyze anxiety-
like behavior, we created a virtual central zone (30 × 30 cm)
using the analysis software and the time in the central zone
was used as an indicator of anxiety-like behavior [24]. A
video camera positioned above the arena was used to record
all experimental sessions. The analysis was performed using
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a computer-operated tracking system (ANY-maze, Stoelting,
Woods Dale, IL).

2.6. Elevated Plus-Maze Task. The elevated plus-maze task
measures anxiety-like behavior in rodents and was per-
formed as previously described [25]. The apparatus was
made of wood and consisted of four elevated arms (70 cm
from the floor × 30 cm long × 5 cm wide) arranged in cross-
like disposition and separated by a central zone (5 cm long×
5 cm wide). Two opposite arms were enclosed by 10 cm high
walls, with an open roof, and the other two were open
(no walls). The experiments were conducted in a sound-
attenuated and temperature-controlled room under dim
red light illumination. On the 60th day of administration,
each mouse was placed individually on the central zone
of the plus-maze facing one of the open arms (no walls)
and recorded with a video camera for 5 min. The time
spent in the open and closed arms, the number of entries
into the arms, the total distance travelled, and the mean
speed were analyzed. The time spent in open arms was
considered a measurement of anxiety-like behavior. The
analysis was performed using a computer-operated tracking
system (ANY-maze, Stoelting, Woods Dale, IL).

2.7. Pathological Examination. All animals were firstly sub-
jected to necropsy by examination of macroscopic external
aspect of organs. Then mice were quickly dissected, and
the stomach, liver, brain, heart, lung, and kidneys were
excised and weighted individually. Fat tissues from the
retroperitoneal and epididymal regions were dissected and
weighed as previously described [26]. Organ/tissue absolute
weight was compared with the final body weight of each
mouse on the day of sacrifice to determine the relative
organ/tissue weight (absolute organ/tissue weight (g) ×
100/animal body weight (g)).

2.8. Hematological and Biochemical Analysis. The follow-
ing hematological parameters were determined by using
a semiautomatic blood analyzer (MS4, USA): hemoglobin
(Hb), red blood cell (RBC) count, hematocrit (HCT),
white blood cell (WBC) count, mean corpuscular vol-
ume (MCV), mean corpuscular hemoglobin (MCH), and
mean corpuscular hemoglobin concentration (MCHC). For
biochemical determinations, these were evaluated: total
cholesterol, HDL-cholesterol, LDL-cholesterol, triglycerides,
total protein, albumin, alanine aminotransferase (ALT),
alkaline phosphatase (ALP), lactate dehydrogenase (LDH),
creatinine, and urea. Glucose homeostasis was determined
using the glucose tolerance test (GGT), which was performed
five days prior to animal sacrifice to avoid metabolic and
behavioral alterations. A glucose solution (2 mg/g i.p.) was
injected into mice fasted for 12 h, and blood was collected
from a small puncture on the tail at 0, 30, 60, and 120 min
after injection. Blood glucose level was measured with
glucometer (AccuChek Active, Roche Diagnostics, USA), and
the area under the curve was used to compare the glucose
tolerance among groups [7]. All biochemical determinations

were performed using commercial kits (Labtest, MG, Brazil)
in a Spectramax M5 (Molecular Devices, USA).

2.9. Statistical Analysis. Statistical analysis was performed
using a one-way analysis of variance (ANOVA) followed by
a Bonferroni test for multiple comparisons. We used the
Software GraphPad Prism 5.0 for this analysis. The results
are expressed as the mean ± standard error of mean (SEM).
Differences were considered significant at P < 0.05.

3. Results

3.1. Phytochemical Study. The total phenolic content of
C. baccatum was the same in CE and in BUT extracts,
180.08 ± 3.76 mg and 187.51 ± 2.34 mg GAE/g, respectively
(P > 0.05). In contrast, the flavonoid contents present in
BUT extract (54.68 ± 2.92 mg of QE/g) were significantly
higher compared to CE extract (34.36 ± 4.04 mg QE/g)
(P < 0.05). HPLC analysis did not identify the presence of
flavonoids quercetin and rutin in any samples obtained from
C. baccatum (Figure 1(b)). Furthermore, capsaicin was not
detected in BUT extract (Figure 1(a)) [20].

3.2. Open Field Task. After the long-term administration
of 200 mg/kg of CE and BUT there were no statisti-
cal differences among the groups in distance traveled
(Figure 2(a)), mean speed (Figure 2(b)), time spent in the
central zone (Figure 2(c)), and total distance travelled in
central zone (Figure 2(d)). The representative occupancy
plots (Figure 2(e)) illustrated a similar exploratory behavior
profile among groups during 10 min recording.

3.3. Elevated Plus-Maze Task. There were no differences
among groups in mean speed (Figure 3(a)), total dis-
tance travelled (Figure 3(b)), time spent in open arms
(Figure 3(c)), closed arms (Figure 3(d)), and entries in open
arms (Figure 3(e)) and in closed arms (Figure 3(f)). The
representative occupancy plots (Figure 3(g)) illustrated a
similar occupancy profile of the central zone and open and
closed arms of the plus-maze apparatus among groups.
These results reinforced the data obtained in the open field
task (Figure 2) in which CE and BUT did not cause anxiety-
like behavior.

3.4. Oral Toxicity Study. After 60 days of treatment, no
clinical signs of toxicity, including hair loss, piloerection,
changes in skin, eyes, or oral mucosa, or death, were observed
in both treated groups. All animals appeared healthy at
the end of the experiment. Visceral examinations of the
control and treated mice revealed no visible lesions. There
was no accumulation of the extracts, signs of hyperemia,
or ulcerations in the gastric mucosa. The body weight
increase throughout the administration period was similar
in all groups (Figure 4). In addition, there was no statistical
difference among groups in final mean body weight and
food intake during the administration period. Furthermore,
no significant alterations in the relative weights of the
kidney, heart, brain, lung, stomach, or epididymal and
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Figure 1: HPLC chromatograms of CE and BUT extracts of C. baccatum: (a) detection at 280 nm to capsaicin (Rt = 14.20 min); (b) detection
at 254 nm to rutin and quercetin (Rt: 5.80 and 9.26 min, resp.). CE: crude ethanol extract; BUT: butanol extract.

retroperitoneal fat pads were observed among treated and
control groups (Table 1). There was a reduction in the relative
liver weight in animals that received CE extract; however at
macroscopic examination we did not visualize signs of lesion.

3.5. Hematological and Biochemical Parameters. There were
no significant differences among groups in hematological
parameters analyzed: hemoglobin, red blood cells count,
hematocrit, MCV, MCH, MCHC, WBC count, lymphocyte,
and neutrophils content (Table 2). Furthermore, there was
no significant difference among groups in biochemical
parameters analyzed: ALT, ALP, total proteins and albumin,
LDH, triglycerides, cholesterol, HDL and LDL, urea, and
creatinine (Table 3) at the end of the experiment. Moreover,
extracts administration did not cause alterations in glucose
tolerance test (Figure 5, P > 0.05).

4. Discussion

The red pepper C. baccatum is widely used as spice and the
few studies on its pharmacological activities were performed
using crude extract or juice [16–19]. Previously our group
demonstrated that CE and the enriched BUT extract showed
the high antioxidant and anti-inflammatory activities. These
latter extracts presented higher total phenolic and flavonoid
contents than other Capsicum species, whose compounds

were considered the main responsible for the antioxidant
and anti-inflammatory properties imparted to C. bacca-
tum. Another relevant issue raised by the former work
revealed that BUT extract does not contain capsaicin, one
component of other Capsicum species associated to anti-
inflammatory activity. However, even without detectable
presence of capsaicin in BUT, it still maintains significant
anti-inflammatory effect. This latter extract represents a new
potential therapeutic opportunity to identify novel, more
effective, and safety components. Herein, CE and BUT at
the daily dose of 200 mg/kg were chosen for investigating
their effects on baseline aspects of mice physiology, consid-
ering their pharmacological activities described previously
[20].

The present study demonstrated that long-term oral
administration of CE and BUT had no negative effects on
hematologic, metabolic, and behavioral outcomes in normal
male CF1 mice. Some features in the normal physiology
of rodents resemble to humans and can be used to under-
stand the response to toxic/therapeutic agents, diseases,
and pharmacological strategies. Usually mice show a high
degree of exploratory behavior necessary to search for food
and territory dominance and establish social interactions
[27]. In the open field task, CE and BUT administration
did not affect total distance traveled, mean speed, time,
and distance travelled in the center zone. Similarly, in the
elevated plus-maze task, no differences were observed among
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Figure 2: Open field task performed after sixty days of oral administration of C. baccatum extracts (200 mg/kg). Total distance travelled
(a), mean speed (b), time spent in the central zone (c), and the distance travelled in the central zone of the apparatus (d). Representative
occupancy plots obtained by video-tracking software (ANY-mazeH, Stoelting, CO, USA) (e). The results are presented as the mean ± SEM
(n = 10) using one-way ANOVA. No significant differences were observed among groups.

the groups; they presented similar mean speed, total distance
travelled, time spent, and number of entries in open and
closed arms. Although in the plus-maze task CE group
seems to spend more time in the open arms compared
to other groups, the difference did not reach statistical
significance. These results indicate that CE and BUT did not
cause alterations in spontaneous locomotion and anxiety-
like behavior, making it possible for mice to maintain social
interactions and reach water and food. In accordance with
this, no significant changes in food consumption, body
weight gain/final weight, and mortality ratio were observed
among groups. Further, during the course of administration,
we did not observe mouth lesions or ulcerations caused

by gavage procedures or reaction to extracts. Overall,
these parameters were considered a preliminary indication
that mice had normal absorption of nutrients, hormonal
signaling, metabolic and organ-specific functions, which
resulted in similar growth and development. In addition,
a normal macroscopic appearance was noted in all organs,
and there was no difference in organ/body weight among
groups.

In this context, we conducted a more precise hematolog-
ical, metabolic, and tissue assessments, searching for signs of
undesirable effects induced by long-term administration of
CE and BUT. We confirmed that biochemical profile related
to lipid metabolism (serum triglycerides, total cholesterol,
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Figure 3: Elevated plus-maze task performed after the administration of C. baccatum extracts (200 mg/kg). Mean speed (a), total travelled
distance (b), time spent in the open arms (c), time spent in the closed arms (d), number of entries into the closed arms (e), and the number
of entries into the open arms (f). Representative occupancy plots obtained by video-tracking software (ANY-mazeH, Stoelting, CO, USA)
(g). The results are presented as mean ± SEM (n = 10) after analysis by one-way ANOVA. No significant differences were observed among
the groups.
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Table 1: Effects of C. baccatum extracts on body weight (g), the relative weight of visceral organs and tissues (g/100 g b.w.), and food
consumption (g/day) after a 60-day study in mice (200 mg/kg, per os).

Parameters Control Ethanol Butanol

Initial weight (g) 33.7 ± 5.72 33.3 ± 4.03 30.7 ± 3.72
Final weight (g) 44.2 ± 4.68 43.1 ± 2.68 43.4 ± 6.63
Weight gained (g) 10.5 ± 3.63 9.8 ± 2.52 12.7 ± 3.33
Weight gained (%) 31.2 29.4 41.4
Food intake (g)/day 9.5 ± 1.9 9.0 ± 1.7 11.0 ± 2.2
Relative epididymal fat pad weight (%) 1.50 ± 0.48 1.02 ± 0.31 1.18 ± 0.34
Relative retroperitoneal fat pad weight (%) 0.50 ± 0.29 0.26 ± 0.13 0.38 ± 0.20
Relative liver weight (%) 5.52 ± 0.29 4.86 ± 0.17∗ 5.94 ± 0.44
Relative kidney weight (%) 1.82 ± 0.18 1.79 ± 0.15 1.78 ± 0.15
Relative heart weight (%) 0.47 ± 0.02 0.46 ± 0.05 0.45 ± 0.04
Relative brain weight (%) 1.07 ± 0.08 1.13 ± 0.04 1.08 ± 0.10
Relative lung weight (%) 0.52 ± 0.07 0.56 ± 0.04 0.63 ± 0.11
Relative stomach weight (%) 0.73 ± 0.07 0.69 ± 0.26 0.84 ± 0.15
∗

Significant difference compared with the control (P < 0.05). Values are mean ± SEM of 10 animals.

Table 2: Hematological profiles of mice following gavage administration of C. baccatum extracts for 60 days (200 mg/kg).

Parameters Control Ethanol Butanol

Hb (g/dL) 13.1 ± 0.56 13.1 ± 0.95 13.1 ± 0.81
RBC count (106/µL) 8.5 ± 0.33 8.5 ± 0.43 8.3 ± 0.65
HCT (%) 40.1 ± 2.29 39.7 ± 3.53 39.1 ± 2.47
MCV (fl) 47.3 ± 1.57 46.6 ± 1.93 47.2 ± 1.82
MCH (pg) 15.5 ± 0.51 15.5 ± 0.44 15.8 ± 0.46
MCHC (g/dL) 32.9 ± 1.32 33.2 ± 0.72 33.5 ± 0.60
WBC count (103/µL) 6910 ± 2222.2 7818 ± 1639.2 8158 ± 2090.7
Lymphocyte (%) 74.5 ± 5.11 79.9 ± 7.06 70.3 ± 9.88
Neutrophils (%) 19.7 ± 7.0 12.2 ± 6.90 22.0 ± 7.97

Hb: hemoglobin; RBC: red blood cells; HCT: hematocrit; MCV: mean corpuscular volume; MCH: mean corpuscular hemoglobin; MCHC: Mean corpuscular
hemoglobin concentration; WBC: white blood cells. No significant difference was observed among groups (P > 0.05). Values are mean ± SEM of 10 animals.

Table 3: Serum biochemical evaluations of mice following gavage administration of C. baccatum extracts for 60 days (200 mg/kg).

Parameters Control Ethanol Butanol

ALT (IU/L) 29.0 ± 10.94 45.8 ± 40.52 42.2 ± 18.79
ALP (IU/L) 45.7 ± 21.74 28.5 ± 15.93 41.3 ± 14.68
Proteins (mg/dL) 4.9 ± 0.58 4.9 ± 0.42 4.8 ± 0.38
Albumin (mg/dL) 2.0 ± 0.45 2.0 ± 0.21 1.6 ± 0.38
LDH (IU/L) 150.2 ± 37.2 202.2 ± 83.93 148.0 ± 22.43
Triglycerides (mg/dL) 91.0 ± 25.63 76.4 ± 21.97 102.2 ± 31.42
Cholesterol (mg/dL) 129.5 ± 9.93 101.0 ± 13.58 119.4 ± 26.81
HDL-cholesterol (mg/dL) 63.5 ± 8.68 53.3 ± 7.69 56.7 ± 10.08
LDL-cholesterol (mg/dL) 47.8 ± 11.28 32.4 ± 11.08 42.3 ± 24.55
Glucose (mg/dL) 96.2 ± 44.45 133.5 ± 47.53 108.6 ± 34.70
Urea (mg/dL) 42.5 ± 3.15 45.6 ± 1.52 45.3 ± 12.53
Creatinine (mg/dL) <0.20 0.20 ± 0.04 <0.20

ALT: alanine aminotransferase; ALP: alkaline phosphatase; LDH: lactate dehydrogenase. Neither of the treated groups was significantly different from the
control group. Values are means ± SEM of 10 animals. No significant difference was observed among groups (P > 0.05).
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Figure 4: Growth curves of CF1 mice orally treated with C. bacca-
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Figure 5: Glucose tolerance test: mice fasted for 8 h received glucose
(2 mg/g of body weight, i.p.). Blood samples from the tail vein were
taken at 0, 30, 60, and 120 min. Repeated measures of analysis of
variance (ANOVA) were used to evaluate the statistical significance.
The results are expressed as mean ± SEM No significant difference
was observed among groups (P > 0.05).

HDL, and LDL-cholesterol) and glucose homeostasis (GTT)
was similar among groups. There was no indication of
cytotoxicity induced by the extracts on hematopoietic red
and leucocytes cells. Further, under macroscopic evalua-
tion, there was no sign of alterations in kidney and liver
by CE and BUT extracts, which was confirmed by the
levels of serum biochemical markers of function/damage
of these organs. CE showed decreased liver weight with
no significant changes in serum markers of liver damage
(ALT, ALP) and functionality (total proteins, albumin, and
urea) compared to other groups, which reinforces the
lack of structural or functional abnormalities. However,

this issue requires caution and additional examinations
on liver through histochemical and immunohistochemical
investigations.

This study provides evidence that sixty-days adminis-
tration of C. baccatum extracts (CE and BUT) has a phar-
macological level of safety. From these data, it is possible to
envisage studies to understand its mechanism of action and
obtain more data on the reproductive toxicity, genotoxicity,
and carcinogenicity in order to proceed to clinical evalua-
tion.

5. Conclusion

This work demonstrated for the first time that 60 days of
oral administration of crude ethanol and butanol extracts
of C. baccatum did not affect specific aspects of CF1
mice physiology. In fact, animals showed normal locomotor
ability, blood cells counts, lipid and glucose homeostasis,
as well as tissue-specific markers of functionality/damage
suggesting a level of pharmacological safety. These normal
outcomes build up the venue to test the effective dose of these
extracts in animal models underlying persistent activation of
oxidative and inflammatory pathways for a long-term period.
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ANEXO II-B. Insulin prevents mitochondrial generation of H2O2 in rat brain. 
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The mitochondrial electron transport system (ETS) is a main source of cellular ROS, including hydrogen per-
oxide (H2O2). The production of H2O2 also involves the mitochondrial membrane potential (ΔΨm) and oxy-
gen consumption. Impaired insulin signaling causes oxidative neuronal damage and places the brain at risk of
neurodegeneration. We evaluated whether insulin signaling cross-talks with ETS components (complexes I
and FoF1ATP synthase) and ΔΨm to regulate mitochondrial H2O2 production, in tissue preparations from
rat brain. Insulin (50 to 100 ng/mL) decreased H2O2 production in synaptosomal preparations in high Na+

buffer (polarized state), stimulated by glucose and pyruvate, without affecting the oxygen consumption. In
addition, insulin (10 to 100 ng/mL) decreased H2O2 production induced by succinate in synaptosomes in
high K+ (depolarized state), whereas wortmannin and LY290042, inhibitors of the PI3K pathway, reversed
this effect; heated insulin had no effect. Insulin decreased H2O2 production when complexes I and FoF1ATP
synthase were inhibited by rotenone and oligomycin respectively suggesting a target effect on complex III.
Also, insulin prevented the generation of maximum level of ∆Ψm induced by succinate. The PI3K inhibitors
and heated insulin maintained the maximum level of ∆Ψm induced by succinate in synaptosomes in a
depolarized state. Similarly, insulin decreased ROS production in neuronal cultures. In mitochondrial prepa-
rations, insulin neither modulated H2O2 production or oxygen consumption. In conclusion, the normal down-
stream insulin receptor signaling is necessary to regulate complex III of ETS avoiding the generation of
maximal ∆Ψm and increased mitochondrial H2O2 production.

© 2013 Elsevier Inc.

Introduction

The brain consumes large amounts of oxygen to generate the ATP
and phosphocreatine required for the maintenance of cellular func-
tional homeostasis (Halliwell, 2006). However, part of the oxygen is
physiologically diverted to the generation of reactive oxygen species
(ROS) (Floyd and Hensley, 2002). Given their potentially harmful ef-
fects, the balance between ROS production and antioxidant defenses
determines the degree of oxidative stress on cellular membranes,
proteins and DNA; therefore a tight regulation is required to maintain
a normal cell functioning (Nicholls and Budd, 2000).

Evidence indicates the complexes I and III, and FoF1ATP synthase
of the mitochondrial electron transport system (ETS) as main sources
of cellular ROS production, such as superoxide (O2

−) and hydrogen
peroxide (H2O2) (Meyer et al., 2006). Although all organs can poten-
tially be modified by oxidative stress damage, brain comprises one

especially sensitive tissue as consequence of its reduced antioxidant
defenses and high metabolic rate. This is particularly relevant during
brain aging, metabolic disorders and in the pathogenesis of neurode-
generative diseases including Alzheimer's disease (Reger et al., 2006).
In this scenario, the mitochondrial membrane potential (ΔΨm) is at
the center of the cell's interactions, controlling ATP synthesis, mito-
chondrial Ca2++ accumulation, superoxide generation and redox ac-
tivity (Aldinucci et al., 2007). Thus, the mechanisms involved in the
regulation of mitochondrial function could link ROS production and
neurodegenerative process (Dumont and Beal, 2011).

Insulin was recognized as a neurotrophic factor that acts on insu-
lin receptors (IRs) distributed in neurons from different brain regions
(Zhao and Alkon, 2001). Activation of insulin receptor downstream
signaling proteins (PI3K and AKT) modulates neuronal survival
(Valenciano et al., 2006), synaptic plasticity, and inhibitory/excitatory
neurotransmission (Dou et al., 2005; Lee et al., 2005; Stranahan et al.,
2008; Zhao et al., 1999). Moreover, insulin signaling modulates the
activity of AKT, GSK3, and cytochrome c proteins localized in mito-
chondrial compartment (Cheng et al., 2010; Mookherjee et al.,
2007; Petit-Paitel et al., 2009). Consistent data of the literature have
supported the concept that impaired peripheral and central IR
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signaling is a risk factor for neurodegenerative diseases (Neumann et al.,
2008; Ott et al., 1999). Indeed, it was recently proposed that impaired
central insulin signaling is an early feature in AD, promoting cognitive
decline independent of classic neuropathological alterations (Talbot et
al., 2012). This places the downstream insulin signaling targets at the
center of interest for preventive and therapeutic interventions.

Given the importance of mitochondria in different aspects of nor-
mal cell physiology several studies have tried to identify whether ex-
tracellular signals influence mitochondria function. Thus, the main
objective of this work was to evaluate whether insulin signaling
could modulate mitochondrial H2O2 production through the regula-
tion of ETS components (complexes I, III and FoF1ATP synthase) and
ΔΨm in rat brain.

Materials and methods

Reagents

Insulin–Humulin was purchased from Lilly and bovine serum
albumin, succinate, oligomycin, safranin-O, FCCP (carbonylcyanide-p-
trifluoromethoxyphenylhydrazone), horseradish peroxidase, rotenone,
oligomycin and wortmannin were purchased from Sigma. LY290042
was purchased from Cell Signaling. Amplex Red, Neurobasal, RPMI
1640 and B27 supplement medium were purchased from Invitrogen.
Percoll was purchased from Amersham Biosciences and, hydrogen per-
oxide was purchased from Merck. CM-H2DCFDA was purchased from
Molecular Probes.

Isolation of synaptosomes and mitochondria

The forebrain frommale Wistar rats (3–4 months old) was rapidly
removed and homogenized in isolation buffer containing 0.32 M su-
crose, 1 mM EDTA (K+ salt), and 10 mM Tris–HC1 (pH 7.4). The ho-
mogenate was centrifuged at 1330 ×g for 3 min. The supernatant was
carefully retained and then centrifuged at 16,000 rpm (21,200 ×g)
for 10 min. The pellet was resuspended and carefully layered on top
of a discontinuous Percoll gradient and centrifuged for 5 min at
30,700 ×g (Sims, 1990; Sims and Anderson, 2008). The synaptosomal
and mitochondrial fractions were incubated in depolarized buffer
(high K+) (100 mM KCI, 75 mM mannitol, 25 mM sucrose, 5 mM
phosphate, 0.05 mM EDTA, and 10 mM Tris–HC1, pH 7.4) and synap-
tosomal was also incubated in polarized buffer (high Na+) (20 mM
HEPES, 10 mM D-glucose, 1.2 mM Na2HPO4, 1 mM MgCl2, 5 mM
NaHCO3, 5 mM KCl, 140 mM NaCl, pH 7.4). Animal care followed
the official governmental guidelines in compliance with the Federa-
tion of Brazilian Societies for Experimental Biology and was approved
by the Ethics Committee of the Federal University of Rio Grande do
Sul, Brazil at number 22436.

Glutamate uptake in synaptosomes

We evaluated glutamate uptake capacity to analyze the viability of
synaptosomal preparations (Bole et al., 2002). Briefly, preparations
were incubated in polarized (high Na+) or depolarized (high K+)
buffer in the presence of 100 nM L-[3H]glutamate, for 1 and 5 min
at 37 °C. The filters were washed three times with 3 mL ice-cold
15 mM sucrose medium buffer (pH 7.4). The radioactivity retained
by the filters was measured in a Wallac model 1409 liquid scintilla-
tion counter.

Oxygen (O2) measurement

The O2 consumption rates were measured polarographically using
high-resolution respirometry (Oroboros Oxygraph-O2K). Synapto-
somal fractions (0.1 mg/mL) were incubated with polarized buffer.
The synaptosomes were incubated for 30 min at 37 °C with 50 or

100 ng/mL of insulin before the measurement of oxygen consump-
tion. The oxygen consumption flow was monitored for 10 min with
the ionic medium with 15 mM glucose or with 50 mM glucose plus
20 mM pyruvate; after that it was added to synaptosomes 0.5 μM of
the proton ionophore FCCP to estimate the maximal ETS capacity.

ROS production and mitochondrial membrane potential (∆Ψm)

The mitochondrial release of H2O2 was assessed by the Amplex Red
oxidation method. The synaptosomal or mitochondrial fractions
(0.1 mg protein/mL) were incubated in the polarized or depolarized
buffer supplementedwith 10 μMAmplex Red and 2 units/mLhorserad-
ish peroxidase. The fluorescence was monitored at excitation (563 nm)
and emission wavelengths (587 nm) in Spectra Max M5 microplate
reader (Molecular Devices, USA). Each experiment was repeated five
times with different synaptosomal and or mitochondrial preparations.
The maximal rate (100%) of mitochondrial H2O2 formation in polarized
state was assumed to be the difference between the rate of H2O2 forma-
tion in the polarized buffer and in polarized buffer plus substrates
(50 mM glucose + 20 mM pyruvate) up to 30 min. The maximal rate
(100%) of mitochondrial H2O2 formation in depolarized state was as-
sumed to be the difference between the rate of H2O2 formation in the
absence and in the presence of succinate up to 30 min.

The ∆Ψm was measured by using the fluorescence signal of the
cationic dye, safranin-O. The synaptosomal and mitochondrial frac-
tions (0.1 mg protein/mL) were incubated on respiration buffer in
high K+ supplemented with 10 μM safranin O. Fluorescence was
detected with an excitation wavelength of 495 nm and an emission
wavelength of 586 nm (Spectra Max M5, Molecular Devices). Data
are reported as percentage of maximal polarization induced by succi-
nate. Each experiment was repeated at least three times with differ-
ent mitochondrial preparations.

In the experiments with 15 and 30 min with pre-incubation
(insulin and PI3K inhibitors) there was no addition of mitochondrial
substrates.

Western blotting

For Western blot analysis, 30 μg of protein (Peterson, 1977) from
synaptosomal and mitochondrial fractions was separated by electro-
phoresis on a 10% polyacrylamide gel and electrotransferred to
PVDF membranes. Polyclonal antibodies pAktser-473 (Cell Signaling
Technology, 1:1000) and Akt (Cell Signaling Technology, 1:3000)
were used to analyze downstream intracellular insulin signaling.

Neuronal cultures

Cortices from 16-day-old Wistar rat embryos were dissected and
150.000 cells/well was plated in 24 well/1 cm2 (TPP, Switzerland)
in neurobasal medium plus B27 supplement. After 7 days of culture,
the neurobasal medium was replaced by RPMI 1640 medium, which
contained 10 mM glucose without B27. To investigate the effects of
glucose and insulin in ROS production, neurons were supplemented
with different solutions to achieve the following final concentrations:
50 mM glucose; 50 mM glucose + insulin 10 ng/mL; 50 mM
glucose + insulin 50 ng/mL; 50 mM glucose + insulin 100 ng/mL
and 50 mM glucose + FCCP for 30 min. Afterwards, cells were incu-
bated with 1 μM CM-H2DCFDA for 40 min at 35 °C and examined
under a Nikon Eclipse TE300 epifluorescence microscope at a fixed
exposure time. We performed three independent cortical neuron cul-
tures and use triplicates for each treatment (see above).

Statistical analysis

To analyze the data distribution we used Shapiro–Wilk test. Data
were analyzed by one-way analysis of variance (ANOVA) followed
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by a post-hoc Tukey. Data showed in Fig. 3 were analyzed by repeated
measures one-way ANOVA followed by a post-hoc Tukey test and are
presented as mean ± S.E.M. P values b 0.05 were considered statisti-
cally different.

Results

Functional properties of synaptosomes

Synaptosomes incubated in the polarized state (high Na+) showed
Na+-dependent L-[3H]glutamate uptake (Fig. 1A). As expected, the glu-
tamate uptake was impaired in depolarized state (high K+) (Fig. 1A).
The routine and uncoupled respiration (0.4 μM FCCP) was not different
when 50 mM glucose was the only substrate in the polarized state, a
condition that favors ROS formation by mitochondria in neurons
(da-Silva et al., 2004) (Fig. 1B, glucose). However, the oxygen consump-
tion increased by FCCP when 50 mM glucose + 20 mMpyruvate were
included as substrate in the medium (Fig. 1B, glucose + pyruvate;
*uncoupled > routine). Insulin had no effects on oxygen consumption
routine and uncoupled respiration in synaptosomes (Fig. 1B). Glucose
plus pyruvate increased H2O2 production in synaptosomes incubated
in a polarized state. Also, the uncoupling agent FCCP decreased H2O2

production (Fig. 1C compared to 15 mM glucose, dotted line). Insulin
at 50 and 100 ng/mL decreased H2O2 production in 50 mM glucose
and/or 20 mM pyruvate compared to 15 mM glucose (basal level, dot-
ted line) (Fig. 1C).

Insulin decreased H2O2 production and ∆Ψm levels in synaptosomes

To improve the capacity in generating H2O2 we used a buffer with
high K+ to depolarize the synaptosomes (Sims and Blass, 1986) and
increase the H2O2 production compared to polarize buffer (data not
shown). This experimental strategy changes the membrane perme-
ability during the incubation time and permits the detection of classi-
cal mitochondrial responses (ROS production and ∆Ψm) stimulated
by anionic substrates, nucleotides (ADP and ATP) and succinate (Sims
and Blass, 1986). Synaptosomes and mitochondria were responsive
to succinate, succinate + ADP and oligomycin (inhibitor FoF1ATP
synthase) (Figs. 2A and B). The fractions containing isolated mitochon-
dria showed similar responses to substrates and oligomycin as observed
in synaptosomal preparations, but showing a two-fold higher rate of
H2O2 production as compared to synaptosomal preparation (Figs. 2A
and B). Moreover, as shown in Fig. 2C, the downstream signaling pro-
teins pAKT ser473 was activated in a dose-dependent manner by insu-
lin in synaptosomes incubated during 15 min. Insulin did not affect the
expression of AKT and pAKTser473 in mitochondrial enriched prepara-
tions (Fig. 2C).

Insulin decreased the synaptosomal H2O2 production induced by
succinate (Fig. 3A, open square; dose effect: F(3,75) = 11.112, p =
0.0001). Taking into consideration that some evidences pointed that
insulin signaling remains increasing over time (Christie et al., 1999;
Grillo et al., 2009) we tried to optimize its effects in synaptosomes
using a pre-incubation strategy. A pre-incubation up to 30 min with

Fig. 1. Functional properties of synaptosomes. A) Sodium dependent L-[3H] glutamate uptake capacity was evaluated during 1 and 5 min. The L-[3H]glutamate uptake was negligible
in the presence of high K+. B) Oxygen consumption flow rate was determined after pre-incubation (30 min) with or without insulin (50–100 ng/mL). The routine respiration (open
symbols) or oxidative phosphorylation uncoupled respiration (maximal ETS capacity) by addition of 0.4 μM of the proton ionophore FCCP (closed symbols) was determined polar-
ographically. The oxygen consumption was increased only in a buffer containing 50 mM glucose + 20 mM pyruvate (closed triangles, right graph) in uncoupled respiration. Insulin
had no effect in oxygen consumption in neither routine nor uncoupled respiration. C) H2O2 production increased in synaptosomes in high Na+ buffer plus 50 mM glucose (Glu),
20 mM pyruvate and with bigger effect with Glu 50 + pyruvate 20 mM compared to 15 mM Glu (dotted line), such as 10 mM succinate (* b 0.05). Uncoupled agent FCCP
decreased H2O2 production in synaptosomes compared to 15 mM Glu (** b 0.05). Insulin at 50 and 100 ng/mL decreased the H2O2 production induced by glucose and pyruvate
(p b 0.05) (n = 5).
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increasing doses of insulin caused a progressive inhibition inmore than
60% of mitochondrial H2O2 generation in synaptosomes (Fig. 3A, open
triangles and circles; incubation time effect: F(2,75) = 7.096, p =
0.002). Interestingly, 30 min of pre-incubation with different doses of
insulin did not cause any detectable decrease in H2O2 generation by
mitochondrial preparations (Fig. 3A, closed circles, dose effect: F(3,36) =
0.056, p = 0.982). The PI3K inhibitors, wortmannin (200 nM),
LY290042 (10 μM) and heated insulin (90 °C for 15 min) (Marks et al.,
2009), completely reversed the protective effect of insulin (from 10 to
100 ng/mL) at 15 min (Fig. 3B, open triangles, dose effect: F(3,37) =
1.887, p = 0.149) and at 30 min (Fig. 3C, open circles, dose effect:
F(3,66) = 1.927, p = 0.127). PI3K inhibitors had no effect on isolated
mitochondria (Fig. 3B, closed circles, dose effect: F(3,16) = 0.168, p =
0.916; and Fig. 3C, closed circles, dose effect: F(3,16) = 0.130, p =
0.941). In addition, heated insulin had no effect in H2O2 production
induced by succinate in the synaptosomes (Fig. 3D, insulin dose:
F(3,36) = 2.103, p = 0.110).

We further tested if insulin-mediated H2O2 production is due to reg-
ulation on electron transfer system (ETS). Thus, we incubated synapto-
somes in the presence of oligomycin (inhibitor FoF1ATP synthase).
Additionally we used rotenone (inhibitor complex I) to measure reverse
(complex III → complex I) electron transfer-mediated ROS production
in the depolarized synaptosomes. As expected oligomycin increased
the H2O2 production (Fig. 3E, open circles, p b 0.05), and insulin at
100 ng/mL significantly decreased the oligomycin-inducedH2O2 produc-
tion (Fig. 3E; oligomycin > oligomycin + 100 ng/mL, p b 0.05). More-
over, rotenone decreased the H2O2 production (Fig. 3E closed triangles,
p b 0.05) and insulin at 10–100 ng/mL significantly improved the
effect of rotenone (Fig. 3E; * rotenone > succinate + rotenone +
10–100 ng/mL, dose effect: F(3,48) = 5.084, *p = 0.004).

Subsequently, we induced ∆Ψm formation by succinate on both
synaptosomes and mitochondrial preparations (Figs. 3F and G respec-
tively) using high K+ in the incubation medium. Insulin efficiently
prevented the reaching of maximum level of ∆Ψm induced by

succinate in synaptosomes (Fig. 3F open circles, insulin dose:
F(3,48) = 8.821, p = 0.0001). PI3K inhibitors, wortmannin and
LY290042, and heated insulin maintain the maximum level of ∆Ψm

induced by succinate in synaptosomes with or without 30 min
pre-incubation with insulin (Fig. 3F). In the isolated mitochondrial
fraction, insulin doses, wortmannin and LY290042 had no significant
effect on ∆Ψm, (Fig. 3G, insulin dose: F(3,36) = 0.219, p = 0.883).

Furthermore,we analyzedwhether ROS production in neurons is re-
sponsive to insulin regulation in neuronal cell cultures (Figs. 3H–O). In-
cubation with 50 mM glucose increased ROS production by neurons
(Fig. 3I) when compared to 10 mM glucose (Fig. 3H). Insulin at 10, 50
and 100 ng/mL (Figs. 3J, K, and L respectively) decreased neuronal
ROS production induced by glucose. The PI3K inhibitors reduced the ef-
fect of insulin (Figs. 3M and N), as well as FCCP reduced mitochondrial
ROS production (Fig. 3O).

Discussion

Our results show that insulin signaling regulates the complex III of
ETS and stability of ∆Ψm and thus decreasing the mitochondrial ROS
production in synaptosomes without affecting oxygen consumption.
However, when downstream insulin signaling is disrupting by PI3K
inhibitors these regulatory effects on synaptosomes and neurons are
missing. These findings support the previous belief that brain insulin
signaling (Cole and Frautschy, 2007), has antioxidant functional roles
(Duarte et al., 2004) and exerts regulatory actions on ∆Ψm (Huang
et al., 2005). Conversely, insulin neither affected AKT phosphorylation
nor H2O2 production in isolated mitochondrial preparations. This
lack of insulin effects on mitochondria preparations might be
caused by the breakdown of the molecular machinery during isola-
tion procedure or reflect the absence of complete components of
insulin signaling cascade in mitochondria. This later possibility de-
serves investigation.

Fig. 2. H2O2 production by synaptosomes and mitochondria. A and B) Synaptosomes and mitochondria incubated with succinate increased H2O2 production when compared to the
basal levels (* succinate > basal; p b 0.05). The addition of ADP decreased H2O2 production when compared to succinate (# succinate + ADP b succinate; p b 0.05). The addition
of oligomycin decreased H2O2 production when compared to succinate (oligomycin b succinate; p b 0.05). C and D) Insulin at a dose of 10–100 ng/mL increased the phosphory-
lation state of AktSer473 in synaptosomes but not in mitochondria (n = 5) (Western blot bands and columns).
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Normal intracellular insulin signaling is putatively involved in sev-
eral aspects of brain physiology (Plum et al., 2005) and alterations in
this pathway have been consistently implicated in the etiology of
neurodegenerative diseases (Hoyer and Lannert, 2007). We used
drugs to disrupt downstream signaling trying to mimic a brain insulin
resistance state. The results with or without PI3K inhibitors showed
that an uninterrupted intracellular insulin signaling is necessary to
achieve the effect of insulin in decreasing H2O2 production in synap-
tosomes. Moreover, synaptosomes pre-incubated with insulin (15
and 30 min) were more responsive to insulin-regulation of H2O2 pro-
duction compared with no pre-incubation protocol. Based on this
pre-incubation approach we suggest that similarly as observed for
other insulin target proteins in cerebral tissue (Christie et al., 1999;
Grillo et al., 2009), the time of exposition to insulin is important to

achieve a maximal effect in the regulation of mitochondrial H2O2 pro-
duction in synaptosomes.

In addition insulin was able to modulate the effects of oligomycin
and rotenone on H2O2 production. When succinate is used as a sub-
strate for mitochondrial respiration the majority of H2O2 production
is generated by reverse-electron flow in complex I and complex III
(Votyakova and Reynolds, 2001). Thus, the inhibition of complex I
with rotenone in the presence of succinate causes increased proton
leaks and ROS production by the complex III. Here we showed that
this inhibitory experimental condition insulin (10–100 ng/mL) was
efficient in decreasing the H2O2 production through the modulation
of the complex III (Petit-Paitel et al., 2009) or cytochrome c release
(Sanderson et al., 2008). Similarly, insulin also decreased H2O2 pro-
duction induced by oligomycin reinforcing the regulatory role in the

Fig. 3. Insulin decreases H2O2 production and efficiently prevents the formation of the maximal ∆Ψm induced by succinate in synaptosomes. A) Insulin decreased H2O2 production
without pre-incubation (vehicle > insulin 100 ng/mL; p b 0.05; open squares, insulin dose: F(3,75) = 11.112, *p = 0.0001). Pre-incubation with insulin up to 30 min improved the
insulin antioxidant effect (open triangle and open circle, incubation time: F(2,75) = 7.096, *p = 0.002). Insulin had no effect on mitochondrial-enriched fraction (Fig. 3A, closed
circles, dose effect: F(3,36) = 0.056, p = 0.982). B, C and D) The incubation or pre-incubation with the PI3K inhibitors wortmannin and LY294002, and heated insulin abolished
the effect of insulin in regulated H2O2 production induced by succinate in synaptosomes. The PI3K inhibitors had no effect on mitochondrial-enriched fractions (n = 5).
E) Oligomycin increased the H2O2 production in synaptosomes (* succinate + oligomycin > succinate; p b 0.05). Insulin at 100 ng/mL decreased H2O2 production induced
by oligomycin (& succinate + oligomycin > succinate + oligomycin + insulin 100 ng/mL; p b 0.05). Rotenone alone decreased the H2O2 production in synaptosomes
(* succinate + rotenone b succinate; p b 0.05). Insulin at 10–100 ng/mL further decreased the H2O2 production when incubated with rotenone (succinate + rotenone + insulin
10–100 ng/mL succinate + rotenone; insulin dose: F(3,48) = 5.084, *p = 0.004). (F) Pre-incubation with insulin for 30 min inhibited the maximal ∆Ψm (basal > insulin
10–100 ng/mL; open circles, insulin dose: F(3,48) = 8.821, p = 0.0001). Incubation with PI3K inhibitors wortmannin, LY294002, and heated insulin abolished this effect. G) Neither
insulin nor PI3K inhibitors affected the maximal ∆Ψm in mitochondrial-enriched fraction (n = 5). H–P) Neuronal cultures: insulin (10–100 ng/mL) decreased the ROS production
induced by 50 mMGlu (H–L). PI3K inhibitors abolished the effect of insulin (M–N); and FCCP reduced the mitochondrial ROS production (O). P) The figure shows the CM-H2DCFDA
immunofluorescence quantification of the images H–O.
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reverse electron flow of ETS. Furthermore, insulin protects neurons
against ROS production induced by high glucose levels (Russell et
al., 2002). The cross-talk between insulin signaling and mitochondria
is not completely understood; however some reports have shown
possible connections involving the activation of AKT affecting some
aspects of the mitochondrial physiology including closure of a perme-
ability transition pore component, the voltage-dependent anion
channel, and the decline in oxidative phosphorylation that precedes
cytochrome c release (Gottlob et al., 2001; Sanderson et al., 2008).

The H2O2 production can also be influenced by changes in the
∆Ψm. It is known that even a slight decrease in ∆Ψm avoids the
semi-ubiquinone radical formation leading to a drastic impairment
in the electron leaks from ETS to form superoxide anion, a substrate
for H2O2 production (Korshunov et al., 1997). Here, we showed that
insulin decreases the maximum ∆Ψm induced by succinate in synap-
tosomes; however, there were no differences with or without
pre-incubation, pointing that insulin modulates the H2O2 production
in different pathways. Moreover kinases (Meyer et al., 2006) and
scavenger enzyme activities (Santiago et al., 2008) can regulate the
homeostasis of H2O2 levels in brain. Thus, it seems that insulin can
potentially act in different targets of mitochondrial compartment
resulting in decrease H2O2 production and/or increase metabolism.
One potential limitation of this work is related to the use of brain
preparations from normal rat in which the disruption of insulin sig-
naling was induced through pharmacological inhibitors. Thus addi-
tional studies are necessary to establish the functional relevance of
these finding in animal models of impaired brain insulin signaling.

Considering the main findings of this study, we confirm that insu-
lin may exert antioxidant properties in the brain. However, when
brain insulin/IGF-I signaling is deficient, including aging (Muller et
al., 2012), Alzheimer's disease and diabetes mellitus there is an in-
creased H2O2 production which has been reported to contribute to
cause neurological deficits (Kilbride et al., 2008) or beyond, to be an
early main event in neurodegenerative processes (Talbot et al.,
2012). In contrast, strategies designed to improve brain insulin sig-
naling (Muller et al., 2011) and mitochondrial function (Dietrich et
al., 2008) could be helpful to maintain the normal balance of the
redox state in the brain and to avoid the development of neurodegen-
erative diseases. Our findings strongly suggest that normal insulin
signaling is required for a normal mitochondrial function and metab-
olism (Cheng et al., 2009).

Conclusion

In conclusion, the normal downstream insulin receptor signaling
is necessary to regulate complex III of ETS avoiding the generation
of maximal ∆Ψm and increasing mitochondrial H2O2 production.
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ANEXO II-C. Nandrolone-induced aggressive behavior is associated with alterations in 

extracellular glutamate homeostasis in mice. 

No ANEXO II-C apresentamos o artigo publicado no periódico Hormones and 

Behavior.   
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Nandrolone decanoate (ND), an anabolic androgenic steroid (AAS), induces an aggressive phenotype bymecha-
nisms involving glutamate-induced N-methyl-D-aspartate receptor (NMDAr) hyperexcitability. The astrocytic
glutamate transporters remove excessive glutamate surrounding the synapse. However, the impact of
supraphysiological doses of ND on glutamate transporters activity remains elusive. We investigated whether
ND-induced aggressive behavior is interconnected with GLT-1 activity, glutamate levels and abnormal NMDAr
responses. Two-month-old untreated male mice (CF1, n = 20) were tested for baseline aggressive behavior in
the resident–intruder test. Another group of mice (n = 188) was injected with ND (15 mg/kg) or vehicle for 4,
11 and 19 days (short-, mid- and long-term endpoints, respectively) and was evaluated in the resident–intruder
test. Each endpoint was assessed for GLT-1 expression and glutamate uptake activity in the frontoparietal cortex
and hippocampal tissues. Only the long-term ND endpoint significantly decreased the latency to first attack and
increased the number of attacks, which was associated with decreased GLT-1 expression and glutamate uptake
activity in both brain areas. These alterations may affect extracellular glutamate levels and receptor excitability.
Residentmaleswere assessed for hippocampal glutamate levels viamicrodialysis bothprior to, and following, the
introduction of intruders. Long-term ND mice displayed significant increases in the microdialysate glutamate
levels only after exposure to intruders. A single intraperitoneal dose of the NMDAr antagonists, memantine or
MK-801, shortly before the intruder test decreased aggressive behavior. In summary, long-term ND-induced ag-
gressive behavior is associated with decreased extracellular glutamate clearance and NMDAr hyperexcitability,
emphasizing the role of this receptor in mediating aggression mechanisms.

© 2014 Elsevier Inc. All rights reserved.

Introduction

Anabolic androgenic steroids (AAS), such as nandrolone decanoate
(ND), are synthetic derivatives of testosterone that were developed to
improve anabolic functions with fewer androgenic effects (Jones and
Lopez, 2006; Shahidi, 2001). However, humans and rodents submitted
to high AAS dose regimens may display exaggerated emotional reactiv-
ity and aggressive behavior, which ultimately is associated with gluta-
matergic hyperexcitability in brain areas such as the hypothalamus,
cortex, and hippocampus (Breuer et al., 2001; Carrillo et al., 2009,
2011a; Diano et al., 1997; Kanayama et al., 2010; Le Greves et al.,
1997; McGinnis, 2004; Ricci et al., 2007; Robinson et al., 2012; Talih
et al., 2007).

The mechanism underlying the AAS-induced aggressive phenotype
is dynamic and not restricted to proteins of the synaptic milieu. For in-
stance, select hypothalamic neurons express dramatic increases in
phosphate-activated glutaminase, the rate-limiting enzyme in the syn-
thesis of glutamate, in aggressive, adolescent, AAS-treated, male
Syrian hamsters (Fischer et al., 2007). Steroids also increase the rate of
glutamate and aspartate release, thus increasing the binding probability
of glutamate to NMDA or AMPA receptors (Brann and Mahesh, 1995;
Ventriglia and Di Maio, 2013). Actually, AAS-induced aggression is
mechanistically associated with glutamatergic hyperexcitability. This
concept has been supported by studies on genetically modified animals
and pharmacological studies addressing glutamate fast-acting
ionotropic receptors, i.e. kainate (KAr), α-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPAr), and N-methyl-D-aspartate
(NMDAr) (Fischer et al., 2007). To date, studies on knockout mice lack-
ing the AMPAr 1 subunit (GluR1) show reduced aggressive behavior
(Vekovischeva et al., 2004), whereas AAS-treated aggressive hamsters
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display a significant increase in the number and density of GluR1-
expressing hypothalamic neurons compared to non-aggressive,
vehicle-treated controls (Fischer et al., 2007). Moreover, hypothalamic
administration of a KAr agonist or L-glutamate stimulates aggressive at-
tacks in rats and cats respectively (Brody et al., 1969; Haller et al., 1998).
Although pharmacological antagonism of NMDAr may cause non-
specific behavioral effects due to sedation, this receptor has multiple
regulatory binding sites that may serve as anti-aggressive targets
(Bortolato et al., 2012; Umukoro et al., 2013). Accordingly, the adminis-
tration of memantine (MEM), a low-affinity uncompetitive NMDAr an-
tagonist, decreases aggression induced by social isolation or morphine
withdrawal in rodents (Belozertseva et al., 1999; Sukhotina and
Bespalov, 2000). Moreover, knockout mice for monoamino oxidase ‘A’
exhibited pathological aggressive behavior mediated by the higher ex-
pression of NR2A and NR2B subunits of NMDAr in the prefrontal cortex
(Bortolato et al., 2012). Remarkably, systemic administration of selective
NR2A andNR2B antagonists as well as dizocilpine (MK-801) an uncom-
petitive high-affinity NMDAr antagonist, countered the enhanced ag-
gression (Bortolato et al., 2012). Collectively, these studies highlight a
positive correlation between heightened aggression and increased glu-
tamatergic tonus in a range of animal models.

Because there are no extracellular enzymes that can degrade gluta-
mate, the maintenance of physiological concentrations requires gluta-
mate transporters activity present in both astrocytes and neurons. The
high-affinity glutamate transporter 1 (GLT-1) is predominantly
expressed in astrocytes and is responsible for more than 90% of gluta-
mate clearance from the synaptic cleft (Lehre and Danbolt, 1998). Fur-
ther, GLT-1 is highest expressed in the hippocampus and neocortical

areas (Ullensvang et al., 1997). In contrast, glutamate transporter 3
(EAAC1) is widely distributed in neurons and even GLT-1 can be
found at lower levels in neurons, particularly in axon terminals. Despite
neuronal EAAC1 being quantitatively lower when compared to astro-
cytes, its functional role cannot be neglected. Notably, it can be assumed
that astrocytes (via GLT-1) are the main regulators of extracellular glu-
tamate levels (Danbolt, 2001). Although astrocytic glutamate uptake is
recognized as an important mechanism to avoid excessive glutamate
levels associated with prolonged receptor activation, the impact of
supraphysiological doses of ND on glutamate transporters activity re-
mains elusive.

Here, we investigate whether ND-induced aggression is mechanisti-
cally interconnected with GLT-1 activity, glutamate levels, and NMDAr
response in the brains of male, gonad-intact CF1 mice.

Material and methods

Animals

Two-month old CF1 male mice (total n = 208) weighting 32–38 g
were housed in standard polycarbonate cages (cm: 28 × 17.8 × 12.7),
and kept in a temperature-controlled room (22 ± 1 °C) with a 12 h
light/12 h dark cycle (light on at 7 a.m.). The animals were permitted
free access to food and water. To avoid social isolation, both resident
and intruder mice were housed at four per cage (Leasure and Decker,
2009). All experimental procedures were performed according to the
NIHGuide for Care andUse of Laboratory Animals and the Brazilian Society
for Neuroscience and Behavior (SBNeC). Recommendations for animal

Fig. 1. Schematic experimental design. Behavioral and neurochemical endpoints in control (CO) and nandrolone (ND) groups: (A) The timeline showing each endpoint (short-, mid- and
long-term exposure); (B) Flowchart representing behavioral and biochemical outcomes for each endpoint; (C) Boxes with arrows representing five independent experiments conducted
after long-term exposure. Abbreviations: high-performance liquid chromatography (HPLC), memantine (MEM), dizocilpine (MK-801), intraperitoneal (i.p.).
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care were followed throughout all the experiments in accordance with
project approved by the ethical committee from the Federal University
of Rio Grande do Sul-UFRGS #26739.

Experimental design and drug administration

All experimental procedures are shown in Fig. 1: (A) The timeline
showing each endpoint (short-, mid- and long-term exposure);
(B) Flowchart representing behavioral and biochemical outcomes for
each endpoint; and (C) Boxes with arrows representing five indepen-
dent experiments conducted after long-term exposure.

The mice home cages were allocated in one of the following groups;
resident or intruder. Resident mice home cages were assigned to treat-
ment groups. Animals received single daily subcutaneous injections of
oil-vehicle (CO) or nandrolone decanoate 50 mg (ND; Deca-Durabolin®,
Organon; 15 mg/kg/day in a volume of 1 ml/kg, dissolved in corn oil)
for 4 days (short-term exposure), 11 days (mid-term exposure) and
19 days (long-term exposure). The ND and CO-treated animals were
not housed in the same cage. This strategy avoids NDmice establishing
social dominance over CO animals before the intruder test. The dose and
treatment regimenwere based on previous publishedworks (Le Greves
et al., 1997; Rossbach et al., 2007). All the behavioral experiments were
conducted during light phase, from 9 a.m. to 3 p.m. (de Almeida et al.,
2010) whereas the vehicle and ND were administered from 3 p.m. to
4 p.m. Thus, the last injectionwas performed on the day prior to the be-
havioral and neurochemical experiments.

The NMDAr antagonist memantine (MEM; Sigma-Aldrich, M183),
and dizocilpine (MK-801; Sigma-Aldrich, M107) were dissolved in sa-
line 0.9%, and were administered intraperitoneally (i.p.) using a single
injection volume of 10 ml/kg. The time of peak concentration (60 min)
in the rat brain after MEM administration was chosen based on the
work of Kotermanski et al. (2013). The dose of MEM (20 mg/kg) was
based on the neuroprotective effects achieved in a rat model of gluta-
matergic hyperexcitability (Zimmer et al., 2012b). The time and dose
regimen of MK-801 (0.1 mg/kg) were based on previous published
work (Bortolato et al., 2012).

Open-field test

Animals (n = 10 per group/n = 20 per endpoint) were tested for
spontaneous and locomotor activity after short, mid and long-term CO
or ND administration using a black box apparatus 50 cm × 50 cm ×
50 cm. The experiments were conducted in a sound-attenuated room
under low-intensity light (12 lx). Animals were placed in the right cor-
ner of the arena and locomotor activity was recorded with a video cam-
era for 10 min (Prut and Belzung, 2003). All analyses were performed
using a computer-operated tracking system (Any-maze, Stoelting,
Woods Dale, IL) (see Supplementary material for detailed description).

Additionally, an independent group of mice were long-term
treated with ND or vehicle (CO) and received an i.p. injection of MEM
(20 mg/kg) or saline, 60 min before the open-field test (Kotermanski
et al., 2013). Animals were assigned to one of the following groups:
control + saline (CO + SAL), control + memantine (CO + MEM),
ND + saline (ND + SAL) and ND + memantine (ND + MEM); n = 9
per group.

Morris water maze task

We performed theMorris water maze task (MWM) to evaluate spa-
tial memory performance in one independent group of long-term treat-
ed animals. The apparatus was a black, circular pool (110 cm diameter)
with a water temperature of 21± 1 °C. The long-term CO (n= 10) and
ND mice (n = 10) were trained daily in a four-trial MWM for five con-
secutive 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 plat-
form and allowed to rest for 20 s. Each trial was separated by at least
12 min to avoid hypothermia and facilitate memory acquisition
(Muller et al., 2011), see Supplementary Fig. 2.

Resident–intruder test

In this test, aggressive behavior is tested by introducing an intruder
into a resident's home cage. As expected, residents are typically more
aggressive because they are familiar with the environment and are
defending their home territory (Nelson and Trainor, 2007). The protocol
of the intruder test used in this studywas adapted from a previouswork
of our group (Kazlauckas et al., 2005). To date, dominant or subordinate
animalswere not distinguished before the test. If the intruder animal at-
tacks the resident first (~10% of intruders) or showed an exacerbated
offensive profile, both animals were excluded from the analysis and
were not retested. Thus, all residents attacking the intruder were con-
sidered dominant. The test was performed during the light phase
based on previous work of Bortolato et al. (2012) and in the proposed
concept that light or dark phases produce reliable results in social be-
havior testing (Yang et al., 2008). As cited above the mice home cages
were assigned as resident (ND or vehicle) or intruder.

Two days prior to the intruder test, the home cage sawdust of ND
and CO groups was not changed in order for the animals to establish
and maintain territoriality within their home cage. Before the test,
three resident CF1 mice were removed to an identical and clean cage.
One residentmouse remained alone for 2min habituation prior to intro-
ducing the intruder mouse. After testing, the animal number one was
moved to the clean cage. For each ND one CO mouse was assessed in
the intruder test. The ND and CO animals were tested in their own
home cages. The time-delay between each animal test was 15 min, in-
cluding the first 2 min habituation. Observations of dominant and sub-
ordinate status, latency to the first aggressive attack, and the number
of attacks of the resident toward the intruder were recorded during a
period of 10 min maximum. In this work, an attack was defined as a
bout of activity (fight) lasting up to several seconds during which the
resident mouse bites the intruder at least once. The behaviors that can
be displayed bymice consist of a stationary one-sided attack, frontal at-
tack, chase, wrestle, lunge or boxing inflicted by the resident against the
intruder. These components were then recorded as the number of ag-
gressive acts (adapted from Thurmond, 1975).

The intruders did not receive any treatment and were housed in dif-
ferent home cages than were the residents (ND or CO). Residents and
intruders were submitted to the resident–intruder test only once. For
ethical reasons, if the aggressive behavior put the animals at risk of inju-
ries like blooding or suffering the testwas stopped earlier than themax-
imum test duration of 10 min and both resident and intruder animals
were excluded from the analysis (Defensor et al., 2012; Kazlauckas
et al., 2005; Simon and Whalen, 1986; Thurmond, 1975).

To characterize the baseline aggressive behavior, three groups of
untreated two-month old male mice were subjected to the resident–
intruder test for 10 min, with intervals of 48 h (day 1; n = 6, day 2;
n = 7 and day 3; n = 7). The aggressive scores of each group did not
vary significantly across three independent experiments. The mean la-
tency to first attack was 471.5 ± 42.7 s (S.E.M.), and the mean number
of attacks was 2.10 ± 0.65 (S.E.M.).

After that, another group of mice was injected with vehicle (CO) or
ND and tested for aggressive behavior at short-, mid- and long-term
exposures (n = 10 per group/per endpoint). In addition, another
group of long-term ND and CO mice received a single i.p. injection of
MEM (20 mg/kg) or saline 60 min before the resident–intruder test
(Kotermanski et al., 2013). For this approach, animals were assigned
to the following groups: CO + SAL, CO + MEM, ND + SAL and ND +
MEM (n= 6 per group, total n = 24).
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A separate group of long-term ND and CO mice were i.p. injected
withMK-801 (0.1 mg/kg) or saline 30min before the resident–intruder
test (Bortolato et al., 2012). Animalswere then assigned to the following
groups: CO+SAL, CO+ MK-801, ND+SAL andND+MK-801 (n=10
per group, total n = 40).

Sodium-dependent glutamate uptake activity

After short-,mid- and long-termvehicle (CO) orND exposure (n=6
per group) animals were decapitated and the right hippocampus and
frontoparietal cortex were immediately dissected on ice (4 °C). Slices
from the hippocampus and frontoparietal cortex (0.4 mm thick) were
rapidly prepared using a McIlwain Tissue Chopper, separated in HBSS
(in mM: 137 NaCl, 0.63 Na2HPO4, 4.17 NaHCO3, 5.36 KCl, 0.44 KH2PO4,
1.26 CaCl2, 0.41MgSO4, 0.49MgCl2 and 1.11 glucose, pH 7.2) at 4 °C. Hip-
pocampal and frontoparietal cortical sliceswere pre-incubatedwithHBSS
at 37 °C for 15 min, followed by the addition of 0.33 μCi ml−1 L-[3H]
glutamate (PerkinElmer®). Incubationwas stopped after 5min for hippo-
campus and 7min for frontoparietal cortexwith 2 ice-coldwashes of 1ml
HBSS. Afterwashing, 0.5NNaOHwas immediately added to the slices and
they were stored overnight. Na+-independent uptake was measured
using the above-described protocol with alterations in the temperature
(4 °C) and the composition of the medium (N-methyl-D-glucamine
instead of NaCl). Results (Na+-dependent uptake) were measured as
the difference between the total uptake and the Na+-independent up-
take. Each incubation was performed in quadruplicate (Thomazi et al.,
2004). Incorporated radioactivity was measured using a liquid scintilla-
tion counter (Hidex 300 SL).

Cell viability

Mice (n = 5 per group) were decapitated after long-term expo-
sure and the right hippocampus and frontoparietal cortex were im-
mediately dissected on ice (4 °C). Cellular viability was measured
in brain slices (0.4 mm thick) by MTT (3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide) assay (Oliveira et al., 2002) (for
detailed description of MTT assay, see Supplementary material). Active
mitochondrial dehydrogenases from living cells are able to reduce MTT
to form a purple formazan product. This is feasible method for measur-
ing cell proliferation and neural cytotoxicity in response to drugs.

Western blotting

Mice (n=6–8 per group) exposed to short-, mid- and long-termND
were decapitated and the left hippocampus and frontoparietal cortex
were immediately dissected on ice (4 °C) and stored at−80 °C for ho-
mogenate preparations. Hippocampal and frontoparietal cortical
homogenates were prepared in PIK buffer (1% NP-40, 150 mM NaCl,
20 mM Tris pH 7.4, 10% glycerol, 1 mM CaCl2, 1 mM MgCl2 and 0.1%
phosphatase inhibitor cocktails I and II; Sigma-Aldrich, USA) at 4 °C,
and centrifuged. Supernatants were collected and the total protein
was measured using the method described by Peterson (1977). For
Western blot analysis, 20 μg of protein from hippocampus and
frontoparietal cortex homogenate preparations was loaded into each
well, separated by electrophoresis on 8% polyacrylamide gel and
electrotransferred to PVDF (polyvinyl difluoride, Thermo Scientific
Pearce) membranes. Protein bands within each sample lane were com-
pared to standard molecular weight markers (Precision Plus Protein™
Dual Color Standards, Bio-rad), which were used to identify the molec-
ular weight of proteins of interest. Nonspecific binding sites were
blocked with Tween-Tris buffered saline (TTBS, 100 mM Tris–HCl,
pH 7.5) containing 5% bovine albumin serum (Sigma-Aldrich, USA) for
2 h and then incubated overnight at 4 °C with polyclonal antibody
against GLT-1 dissolved in TTBS (1:1000, Alpha Diagnostic Internation-
al) andmonoclonal antibody anti-β-actin (1:3000, Sigma-Aldrich, USA).
Membranes were then rinsed 3× for 10 min with TTBS and incubated

with secondary antibodies horseradish peroxidase-conjugated second-
ary antibody (1:3000 dilution, anti-rabbit and 1:3000 dilution anti-
mouse, GE Healthcare Life Sciences) for 2 h at room temperature, mem-
branes were then rinsed 4× for 10 min with TTBS and incubated with
enhanced chemiluminescent substrate (PerkinElmer®) for 1 min or
2min at room temperature. The resulting reactionwas displayed on au-
toradiographic film by chemiluminescence (Moreira et al., 2011; Muller
et al., 2011). The X-ray films (Kodak X-Omat, Rochester, NY, USA) were
scanned and band intensity was analyzed using Image J software (de-
veloped at the US National Institutes of Health and available on the In-
ternet at http://rsb.info.nih.gov/nih-image).

Microdialysis

Long-termND and COmice (n=4 per group)were implantedwith a
guide cannula under anesthesiawith ketamine (100 mg/kg) andxylazine
(10 mg/kg) using the following coordinates: anterior = 1.8 mm and
lateral = 1.5 mm (both from the bregma), and ventral = 1.5 mm
(from the skull) (Paxinos and Franklin, 2001). Animals assigned in each
experimental group were randomly chosen from two different cages,
and were not distinguished as being dominant or submissive. The mice
were allowed to recover for 48 h after implantation of the guide cannula.
The location of the dialysis probe was confirmed at the end of the
experiment using a vibratome (Leica, Germany) and magnifying lens.

Animals used for microdialysis were allowed to move freely in their
cages. A microdialysis probe was slowly inserted into the hippocampus
(dentate gyrus-CA3 area) through the guide cannula. The animals were
habituated to microdialysis for 1 h (1 μl/min with artificial extracellular
fluid aECF; 124 mM NaCl, 3 mM KCl2, 1 mM MgSO4 7H2O, NaHCO3,
2mMCaCl2 H2O, 1mMglucose, buffered at pH7.4) using BASi brainmi-
crodialysis probes (MD-2200-BR2, USA) (Garrido et al., 2012). To ana-
lyze baseline levels of extracellular glutamate, we collected 3 samples
at 10 minute increments. Subsequently, individual animals were ex-
posed to an intruder (as previously described) without aECF perfusion,
and soon afterward four samples in fractions of 10 min were collected
during 40 min to analyze post-test glutamate levels. These animals
were used only for microdialysate sampling. Glutamate concentration
was analyzed through high-performance liquid chromatography
(HPLC).

HPLC procedure

HPLC was performed with cell-free supernatant aliquots to quantify
glutamate levels (Schmidt et al., 2009). Briefly, samples were
derivatized with o-phthalaldehyde and separation was carried out
with a reverse phase column (Supelcosil LC-18, 250 mm × 4.6 mm,
Supelco) in a Shimadzu Instruments liquid chromatograph (200 μl
loop valve injection). The mobile phase flowed at a rate of 1.4 ml/min
and column temperature was 24 °C. Buffer composition is A: 0.04 mol/l
sodium dihydrogen phosphate monohydrate buffer, pH 5.5, containing
20% of methanol; and B: 0.01 mol/l sodium dihydrogen phosphate
monohydrate buffer, pH 5.5, containing 80% of methanol. The gradient
profile was modified according to the content of buffer B in the mobile
phase: 0% at 0.00 min, 25% at 13.75 min, 100% at 15.00–20.00 min, and
0% at 20.01–25.00 min. Absorbance was read at 360 nm and 455 nm,
excitation and emission respectively, in a Shimadzu fluorescence detec-
tor. Samples of 8 μl were used and concentration was expressed in μM.

Biochemical evaluations

After long-term exposure to ND or the vehicle (CO), the animals
(n = 10 per group) were sacrificed by decapitation, and then blood
was collected and centrifuged (10,000 ×g, 10 min) to obtain serum
samples. We evaluated serum biochemical parameters linked with
metabolic profile (glucose tolerance test and lipids) and tissue-specific
toxicity: kidney (urea, creatinine) and liver (albumin, AST; alanine
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aminotransferase and ALT; aspartate aminotransferase) (Muller et al.,
2011; Zimmer et al., 2012a) (for detailed description see Supplementa-
ry material).

Statistical analysis

Data distribution was analyzed using the Kolmogorov–Smirnov test.
The Mann–Whitney U-test was used to analyze differences between
each ND endpoint (short-, mid-, long-term) and its respective CO
group in the resident–intruder test. Differences between groups in neu-
rochemical and biochemical parameters were analyzed using Student's
t test. Nonparametric comparisons were performed by the Kruskal–
Wallis test, with Dunn's post-hoc test comparisons to analyze differ-
ences in the resident–intruder test with MEM and MK-801 administra-
tion. The differences between groups were considered statistically
significant if p b 0.05. Results were presented as mean ± standard
error of mean (S.E.M.).

The Cohen's d was used to estimate the effect size, which is the dif-
ference betweenmeans divided by standard deviation (S.D.). According
to Cohen's d, effect size was classified as small (d= 0.2), medium (d=
0.5) and large (d ≥ 0.8) (Sullivan and Feinn, 2012).

Results

Nandrolone-induced aggressive behavior

ND exposure did not cause significant decrease in the latency to first
attack in short- (p = 0.199; Cohen's d = 0.36), and mid-term expo-
sures (p = 0.662; Cohen's d = 0.28) compared to their respective CO
groups (Fig. 2A). Also, there was no significant difference in the number
of attacks in short- (p= 0.372; Cohen's d=−0.25), andmid-term ex-
posures (p= 0.525; Cohen's d=−0.26) compared to their respective
CO groups (Fig. 2B). In contrast, long-term administration of ND signif-
icantly decreased the latency to first attack (Fig. 2A, p b 0.0001; Cohen's
d= 1.41), and increased the total number of attacks against an intruder
compared to the CO group (Fig. 2B, p = 0.0168; Cohen's d = −0.77).
For more detailed pairwise comparisons see Table 1.

Nandrolone decreased glutamate uptake and immunocontent of GLT-1

Long-termND exposure significantly decreased glutamate uptake in
slices of hippocampus (Fig. 3A, p = 0.03; Cohen's d = 1.83) and
frontoparietal cortex (Fig. 3B, p= 0.004; Cohen's d= 1.20) when com-
pared to the CO group. Moreover, the immunoquantification of the glu-
tamate transporter 1 (GLT-1) byWestern blotting revealed a significant
decrease in hippocampus (Fig. 3C, p = 0.03; Cohen's d = 1.26) and
frontoparietal cortex (Fig. 3D, p = 0.0003; Cohen's d = 2.02). For
more detailed pairwise comparisons see Tables 2 and 3. The decreased
glutamate uptake activity and GLT-1 expression may cause increases
in the glutamate levels associated with hyperstimulation of glutamate
receptors and cell damage and/or dysfunction. Thus, we performed
analyses of cell viability throughMTT assay in slices of frontoparietal
cortex and hippocampus after short- and long-term ND exposures
(n = 5 per group). There was no significant difference observed
between the ND and CO groups, suggesting no overt signs of de-
creased neural cells' viability/damage in frontoparietal cortex (short-,
p = 0.577; Cohen's d = 0.39 and long-term, p = 0.682; Cohen's d
= 0.61) and hippocampus (short-, p = 0.629; Cohen's d =−0.29
and long-term, p = 0.579; Cohen's d = 0.42) (see Supplementary
Table 2).

Short- and mid-term exposures to ND or vehicle (CO) (n = 6–8)
did not cause significant changes, either in the immunocontent of
GLT-1 in hippocampus (short-, p = 0.785; Cohen's d = 0.10 and
mid-, p = 0.086; Cohen's d = 0.81) and frontoparietal cortex
(short-, p = 0.694; Cohen's d = 0.25 and mid-term, p = 0.069;
Cohen's d = 0.88), or in glutamate-uptake capacity in same brain
areas (data not shown).

Long-term ND exposure increased hippocampal extracellular glutamate
levels

The glutamate levels in the long-term (ND) group not exposed to in-
truder (baseline) did not show statistical significant difference com-
pared to the control (CO) group (Fig. 4, p = 0.06; Cohen's d =
−1.70). After exposure to the intruder test, the glutamate levels in the
ND group significantly increase compared to CO animals (Fig. 4, p =

Fig. 2. Resident–intruder test. Long-term ND exposure (15 mg/kg) induced an exacerbated aggressive behavior in CF1 male mice. (A) Latency to first attack (p b 0.0001); (B) Number of
attacks; (p = 0.0168). Data represented mean ± S.E.M. (n = 10 per group). *p = 0.0168 and ***p b 0.0001 indicate significant statistical difference between groups.

Table 1
Resident–intruder test after vehicle (CO) or nandrolone (ND) administration (short-, mid-, and long-term endpoints, n = 10 per group/per endpoint).

Behavior test Time regimen Parameters Control (CO) Nandrolone (ND) Cohen's d Statistical difference n per group/per endpoint

Intruder test Short-term exposure Latency to first attack (s) 493.6 ± 172.0 422.7 ± 221.8 0.36 n.s. 10
Mid-term exposure 393.7 ± 240.6 327.0 ± 240.8 0.28 n.s.
Long-term exposure 515.9 ± 176.9 227.2 ± 233.4 1.41 p b 0.0001
Short-term exposure Number of attacks 5.4 ± 9.2 7.6 ± 9.1 −0.25 n.s.
Mid-term exposure 6.6 ± 10.0 9.3 ± 11.0 −0.26 n.s.
Long-term exposure 4.4 ± 9.2 11.8 ± 10.0 −0.77 p = 0.0168

n Total 60

Values are expressed as mean ± S.D.
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0.04; Cohen's d = −3.00). Extracellular microdialysate fluid was col-
lected and glutamate was measured with HPLC. Data represent mean ±
S.E.M. (n = 4 per group). For more detailed comparisons see Table 4.

Memantine and MK-801 decreases aggressive behavior induced by
nandrolone

A single MEM administration after long-term ND exposure did not
cause significant changes in the locomotor activity on open-field test

(see results in the Supplementary Table 3). This indicates an absence
of sedative effects, which could be a confounding factor in the
resident–intruder.

We additionally investigated the possible connection between in-
creased extracellular glutamate levels and NMDAr hyperexcitability
mediating aggressive behavior. Thus, long-termND+ SAL group signif-
icantly decreased the latency to first attack and increased the number of
attacks compared to CO + SAL group (Fig. 5A, p = 0.022; Cohen's d =
2.97 and Fig. 5B, p = 0.0457; Cohen's d = −2.73 respectively). The

Fig. 3.Glutamate uptake andWestern blotting. Nandrolone (ND) decreases glutamate uptake and immunocontent of GLT-1 in hippocampus and frontoparietal cortex. (A) Glutamate up-
take in slices of hippocampus, and (B) frontoparietal cortex (n = 6). (C) Immunocontent of GLT-1 in hippocampus and, (D) frontoparietal cortex (n = 6–8). Data represented mean ±
S.E.M. *p= 0.03, **p= 0.004 and ***p= 0.0003 indicate significant difference between groups. Short- andmid-termND exposures were not significantly different from their respective
control groups.

Table 2
Glutamate uptake in slices of hippocampus and cortex in long-term groups (CO and ND, n = 6 per group).

Neurochemical assay Brain structure Time regimen Control (CO) Nandrolone (ND) Cohen's d Statistical difference n per group/per endpoint

Glutamate uptake Hippocampus Long-term exposure 100.0 ± 11.1 69.56 ± 22.2 1.83 p = 0.03 6
Cortex Long-term exposure 100.0 ± 22.7 70.93 ± 25.7 1.20 p = 0.004

n Total (hippocampus) 12
n Total (cortex) 12

Values are expressed as mean ± S.D.

Table 3
Immunocontent of GLT-1 in homogenates of hippocampus and frontoparietal cortex after vehicle (CO) or nandrolone (ND) administration (Short-, mid- and long-term endpoints).

Neurochemical assay Brain structure Time regimen Control (CO) Nandrolone (ND) Cohen's d Statistical difference n per group

Western blotting Hippocampus Short-term exposure 100.0 ± 14.0 98.0 ± 24.4 0.10 n.s. 6
Mid-term exposure 100.0 ± 18.9 84.1 ± 20.2 0.81 n.s.
Long-term exposure 100.0 ± 13.9 80.9 ± 16.5 1.26 0.03

Cortex Short-term exposure 100.0 ± 15.4 96.01 ± 16.3 0.25 n.s. 8
Mid-term exposure 100.0 ± 15.9 84.98 ± 18.3 0.88 n.s.
Long-term exposure 100.0 ± 11.3 80.25 ± 8.3 2.02 p = 0.0003

n Total (hippocampus) 36
n Total (cortex) 48

Values are expressed as mean ± S.D., n = 6 for hippocampus and n = 8 for cortex per group/per endpoint (short-, mid- and long-term exposures).
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administration of MEM significantly increased the latency to first attack
and decreased the number of attacks (Fig. 5A, p = 0.017; Cohen's
d = −2.99 and Fig. 5B, p = 0.003; Cohen's d = 3.50) in ND + MEM
compared to the ND + SAL group, respectively. The MEM per se did
not significantly affect the latency to first attack or number of attacks
in CO + SAL compared to CO + MEM (Figs. 5A and B, p = 0.999;
Cohen's d = 0.08 and d = −0.04 respectively).

Additionally, long-term ND+ SAL group significantly decreased the
latency to first attack and increased the number of attacks compared to
CO + SAL group (Fig. 5C, p = 0.004; Cohen's d= 1.57 and Fig. 5D, p =
0.024; Cohen's d=−1.05 respectively). The administration of MK-801
significantly increased the latency to first attack and decreased the
number of attacks (Fig. 5C, p = 0.004; Cohen's d = −1.32 and
Fig. 5D, p = 0.002; Cohen's d = 1.38) in ND + MK-801 compared to
ND + SAL group, respectively. As expected, the MK-801 per se did not
significantly affect the latency to first attack or number of attacks in
CO + SAL compared to CO + MK-801 (Figs. 5C and D, p = 0.999;
Cohen's d =−0.10 and d= 0.22 respectively). These pharmacological
approaches with MEM or MK-801 reinforce the implication of NMDAr
hyperexcitability in the mechanism of aggression For more detailed
pairwise comparisons see Tables 5 and 6.

Biochemical evaluation

Serum biochemical results are presented in Supplementary Table 1.
After long-term exposure, ND significantly increased serum levels of tri-
glycerides (p = 0.0468; Cohen's d = −1.32) and decreased HDL-
cholesterol serum levels (p = 0.0017; Cohen's d = 1.46) compared to
the CO. The capacity of mice in regulating glucose homeostasis (GTT)
was not affected by treatments (data not shown). Similarly, there
were no significant alterations in serum biochemical markers of liver

and kidney damage. The food consumption and body weight gain
during short-term to long-term exposure were similar between groups.
As expected, testicular weight (in grams) was significantly decreased in
ND relative to CO (0.291 g ± 0.04 versus 0.251 g ± 0.04, p = 0.007;
Cohen's d = 1.00).

Discussion

Our results demonstrate that long-term ND-induced aggressive be-
havior is associated with glutamatergic abnormalities like down-
regulation of astrocytic glutamate uptake and increases in the glutamate
levelsmediatingNMDAr hyperexcitability. In accordance to this, the ad-
ministration of NMDAr antagonists MEM (uncompetitive low-affinity
NMDAr antagonist) and MK-801 (uncompetitive high-affinity NMDAr
antagonist), shortly before the intruder test reduce the aggressive be-
havior in long-term ND group.

Short-, mid- and long-term ND exposures did not affect locomotor
and exploratory activity on open-field test (see Supplementary Fig. 1)
indicating that there was no alteration in the motor components of ag-
gressive responding. In fact, studies evaluating putative effects of AAS
on spontaneous locomotion and exploratory profile in rodents have
shown no significant changes (see review of Clark and Henderson,
2003). Similarly, the spatial memory performance on MWM in both ac-
quisition and retention phases showed no significant differences be-
tween ND and CO groups suggesting normal spatial information
processing (see Supplementary Fig. 2). As the hippocampus participates
in both memory and aggressive behavior and is very sensitive to repet-
itive stress, this evaluation allows ruling out the overlap of hippocampal
responses associated with long-term ND administration. In contrast to
our findings, long-term administration of ND (15 mg/kg) impairs
MWM performance in both acquisition and retention phases in rats
(Magnusson et al., 2009; Tanehkar et al., 2013). Overall, these behavior-
al outcomes, associated with the lack of differences on kidney and liver
serum biochemical markers (see Supplementary Table 1), strengthen
the view that our long-term ND treatment regimen impacts central
mechanisms associated with aggression without apparent toxic effects
on these organs.

Also, the temporal aggressive profile reported here corroborates
published data by Carrillo et al. (2011a), in which an AAS cocktail in-
duced progressive alterations in the glutamatergic parameters associat-
ed with increased aggressive scores. Glutamatergic neurotransmission
in the hypothalamus is an output aggressive system modulated by go-
nadal hormones and AAS (Brann and Mahesh, 1995; Brody et al.,
1969; Diano et al., 1997; Fischer et al., 2007; Haller, 2013), which also
receives many inputs from different brain areas and neurotransmitter
systems. This implies that the neurobiology of aggressive behavior in-
volves a complex and intricate collaborative network (Carrillo et al.,
2011b; Ferris et al., 2008;Nelson and Trainor, 2007). Accordingly, a neu-
ral circuit composed of several regions including the prefrontal cortex,
amygdala, hippocampus, hypothalamus, anterior cingulated cortex,
and other interconnected structures has been implicated in emotion
regulation. Consequently, functional or structural abnormalities in one
or more of these regions or in the interconnections among them can in-
crease the susceptibility for impulsive aggression and violence (Nelson
and Chiavegatto, 2001). Considering these functional interconnections,

Fig. 4.Glutamate levels in extracellularfluid of hippocampus. The glutamate levels in long-
term nandrolone (ND) and vehicle (CO) animals not exposed to intruder (baseline). After
exposure to intruder test (post-test), the animals significantly increase the glutamate
levels when compared to CO animals (p = 0.04). Extracellular microdialysate fluid was
collected and glutamate was measured with HPLC. Data represent mean ± S.E.M. (n =
4 per group).

Table 4
Microdialysis/HPLC in long-term groups (CO and ND) at baseline and after exposed an intruder (n = 4 per group).

Behavior test Time regimen Parameters Time period CO ND Cohen's d Statistical
difference

n per group

Microdialysis/HPLC after and before intruder Long-term exposure Glutamate levels (μM) Baseline 4.63 ± 0.92 6.80 ± 1.64 −1.70 p = 0.06 4
Post-test 4.43 ± 1.65 10.30 ± 2.26 −3.00 p = 0.04

n Total 8

Values are expressed as mean ± S.D.
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Fig. 5. N-methyl-D-aspartate receptor (NMDAr) antagonists and resident-intruder test. Memantine (20 mg/kg i.p.) or MK-801 (0.1 mg/kg i.p.) administration in long-term ND
mice, 60min and 30min respectively prior to intruder test, restores the aggressive scores to levels of the COgroup: (A) Latency to first attack (CO+SAL versusND+SAL; p= 0.0219 and
ND+ SAL versus ND+MEM; p = 0.0168) and (B) Number of attacks (CO + SAL versus ND + SAL; p = 0.0457 and ND+ SAL versus ND +MEM; p= 0.0029, n = 6 per group) after
memantine administration; (C) Latency to first attack (CO+ SAL versus ND+ SAL; p= 0.0041 and ND+ SAL versus ND+MK-801; p= 0.0041); and (D) Number of attacks (CO+ SAL
versus ND + SAL; p = 0.0239, and ND + SAL versus ND + MK-801; p = 0.0015, n = 10 per group) after MK-801 administration. Data represent mean ± S.E.M. *p b 0.05 indicates
significant statistical difference between groups.

Table 5
Resident–intruder test in long-term groups (CO and ND) after a single memantine (MEM) administration (n = 6 per group).

Behavior test Time regimen Parameters CO/SAL CO/MEM ND/SAL ND/MEM Cohen's d Statistical
difference

n per group

Intruder test with MEM Long-term exposure Latency to first attack (s) 548.3 ± 59.6 543.3 ± 60.6 0.08 n.s. 6
156.7 ± 203.8 547.7 ± 57.4 −2.99 p = 0.017

548.3 ± 59.6 156.7 ± 203.8 2.97 p = 0.022
543.3 ± 60.6 547.7 ± 57.4 −0.04 n.s.

Number of attacks 3.2 ± 2.6 3.3 ± 1.9 −0.07 n.s.
13.0 ± 4.6 1.8 ± 1.8 3.50 p = 0.003

3.2 ± 2.6 13.0 ± 4.6 −2.73 p = 0.046
3.3 ± 1.9 1.8 ± 1.8 0.81 n.s.

n Total 24

Values are expressed as mean ± S.D. Oil vehicle (CO), nandrolone (ND), saline (SAL) and memantine (MEM, 20 mg/kg). The MEM was administered (i.p.), 60 min before the test.

Table 6
Resident–intruder test in long-term groups (CO and ND) after a single MK-801 administration (n = 10 per group).

Behavior test Time regimen Parameters CO/SAL CO/MK-801 ND/SAL ND/MK-801 Cohen's d Statistical
difference

n per group

Intruder test
with MK-801

Long-term exposure Latency to first attack (s) 478.4 ± 164.74 496.3 ± 194.64 −0.10 n.s. 10
180.8 ± 215.39 460.6 ± 207.53 −1.32 p = 0.004

478.4 ± 164.74 180.8 ± 215.39 1.57 p = 0.004
496.3 ± 194.64 460.6 ± 207.53 0.18 n.s.

Number of attacks
3.86 ± 4.40 2.73 ± 6.39 0.22 n.s.

11.28 ± 9.66 2.23 ± 3.54 1.38 p = 0.002
3.86 ± 4.40 11.28 ± 9.66 −1.05 p = 0.024

2.73 ± 6.39 2.23 ± 3.54 0.10 n.s.
n Total 40

Values are expressed as mean ± S.D. Oil vehicle (CO), nandrolone (ND), saline (SAL); dizolcipine (MK-801). The MK-801 (0.1 mg/kg) was administered (i.p.), 30 min before the test.
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it seems that the facilitating role attributed to glutamatergic system on
aggressive responding is widespread in the brain (Ricci et al., 2007).

Furthermore, long-termND exposure decreased the immunocontent
of GLT-1 and Na+-dependent glutamate uptake activity in the hippo-
campus and frontoparietal cortex, acting as contributory factors to the
observed increase in hippocampal glutamate levels when animals
were exposed to an intruder. These findings support the concept that
the peak concentration and rate of clearance of glutamate from the syn-
aptic cleft are important determinants of synaptic function (Clements
et al., 1992), and also shed lights for the putative impact of glutamate
transporters dysfunction in the mechanisms of aggression. Considering
that high glutamate levels are implicated in the genesis of aggression
and violent behavior (Munozblanco and Castillo, 1987), and that
NMDAr is a candidate modulator of several behavioral phenotypes, we
conjectured that ND mediates the aggressive responding through
NMDAr.

Therefore, we administratedMEM andMK-801 antagonists to mod-
ulate NMDAr activity and aggression in long-termND exposedmice. Al-
though, theNMDAr antagonists may exhibit a sedative effect (Umukoro
et al., 2013), long-term NDmice injected with MEM (20 mg/kg, 60 min
before the test) did not show a significantly reduced locomotor profile
in the open-field test, implying that MEM might modulate specific
mechanisms of aggression without sedative effects. Indeed, the same
dose and time regimen of MEM used in the open-field decreased the
aggressive outcomes in the long-term ND mice. It seems clear that
NMDAr antagonism is the primary mechanism of action of therapeutic
relevance for MEM although additional effects at 5-HT3, α-7 nicotinic
acetylcholine and dopamine D2 receptors may be supportive for thera-
peutic effects (Rammes et al., 2008). Thus, the significantly reduced ag-
gressive behavior attainedwithMEMmay also include the participation
of these neurotransmitter systems. However, this issue was not ad-
dressed by this study. Similarly to MEM, acute injection of MK-801mit-
igates the aggressive outcomes in long-term ND exposed mice. It is
recognized that MK-801 increases spontaneous locomotion (Bortolato
et al., 2012; Tort et al., 2004), albeit doses up to 0.15 mg/kg barely in-
crease locomotor activity in mice (Su et al., 2007) and rats (Ouagazzal
et al., 1993). Bortolato et al. (2012) showed thatwild-typemice injected
with MK-801 (0.1 mg/kg) caused hyperlocomotion and none anti-
aggressive effects; but despite this the same dose in ourwork decreased
the aggressive outcomes in long-term ND mice. In contrast to our hy-
pothesis, there are studies showing that NMDAr antagonismwith phen-
cyclidine or memantine increases rather than decrease aggressive
behavior (Audet et al., 2009; Newman et al., 2012). Taken together,
these results corroborate the functional relevance of increased brain
glutamate levels and the NMDAr binding sites in the neurobiology of
aggression.

Conclusion

In summary, long-term ND-induced aggressive behavior is associat-
edwith decreased extracellular glutamate clearance and NMDAr hyper-
excitability emphasizing the role of this receptor in mediating
mechanisms of aggression.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.yhbeh.2014.06.005.
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Abstract The 14-3-3 protein family takes part in a wide range
of cellular processes and is expressed in all eukaryotic organ-
isms. In mammals, seven isoforms (β, ε, η, γ, τ, ζ, and σ)
have been identified. 14-3-3 proteins are suggested to modu-
late the insulin-signaling cascade in the brain. The aim of this
study was to investigate whether insulin resistance state in-
duced by high palatable diet modulates expression of the 14-
3-3 proteins in brain.Wistar male rats (n=8) were divided into
two experimental groups: insulin resistant (IR), induced by
high palatable diet, and control (CO) group. Biochemical
parameters (glucose tolerance test and plasma lipid profile)
were evaluated after 130 days. Brain structures (cortex and
hippocampus) were dissected for evaluation of messenger
RNA (mRNA) and protein levels of different 14-3-3 proteins.
Statistical analyses included Student t test and Pearson

correlation. Significant decrease was observed in Ywhah and
in Ywahq mRNA levels in the cortex of IR group, while no
changes were observed in the hippocampus. Significant in-
crease of θ isoformwas observed in hippocampus IR group by
immunodetection, while no differences were detected in the
remaining isoforms. Inverse correlation was observed be-
tween blood glucose levels in cortex IR group and both
Ywhah and Ywhaq mRNA levels. Protein levels of Creb
and phosphatidylinositide 3-kinases (PI3K) showed to be
increased in the hippocampus. These alterations may be due
to a compensatory effect of impaired insulin signaling. We
demonstrated differential expression of 14-3-3 isoforms
throughout brain regions of rats with IR. As a whole, our
results indicate that brain 14-3-3 levels are influenced by
different diets.

Keywords 14-3-3 . Insulin resistance . Protein expression .

mRNA levels . Rat brain

Introduction

The 14-3-3 protein family consists of highly conserved regu-
latory molecules expressed in all eukaryotic cells [1, 2]. In
mammals, seven isoforms (β, γ, ε, ζ, η, θ, and σ) have been
identified to date, and they seem to be highly abundant in the
mammalian nervous system [3]. 14-3-3 proteins participate in
a wide range of cellular processes through binding interactions
with hundreds of structurally and functionally diverse proteins
[4]. These proteins are implicated in regulation and coordina-
tion of many cellular processes, including signaling pathways,
transcriptional regulation of messenger RNA (mRNA) levels,
apoptosis, and signaling cascades among others [5, 6].

In the brain, 14-3-3 proteins are suggested to modulate the
insulin signaling cascade pathway through phosphorylation
and interaction with key regulatory proteins such as insulin
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receptor substrate-1 (IRS-1) and IRS-2, glycogen synthase
kinase 3 (GSK3), and phosphatidylinositide 3-kinases
(PI3K) [7–10].

Insulin is well known as the major and immediate regulator
of blood glucose levels in peripheral tissues and has emerged
as a major regulatory substance within the brain [11]. For
instance, two major brain areas of behavior affected by insulin
are those related to feeding and cognition [12]. Depressive-
like behavior in rats can be explained by downregulation of
hypothalamic insulin receptor signaling [13]. In addition,
insulin receptor protein levels decrease with age, which
suggests that insulin signaling and insulin receptor
levels are involved in the aging process [14, 15].
Disease states such as dementia and Alzheimer are related to
insulin resistance and to other aspects of metabolic
syndrome [16]. High risk of dementia or significant
cognitive decline has been associated to both insulin resis-
tance alone and type 2 diabetes mellitus (T2DM) [17, 18].
Therefore, insulin resistance possibly enhances the synaptic
loss and neurodegeneration associated with cognitive decline
and dementia [19].

Many proteins that bind to 14-3-3 in response to insulin-
activated signaling pathways have been identified [20].
Overall, a network of 14-3-3-phosphoprotein interactions
has been shown to provide mechanistic insights into glucose
uptake stimulated by insulin as well as other effects in intra-
cellular events [21]. IRS proteins serve as intracellular
docking and adapter molecules that integrate stimuli from
different cellular pathways. IRS2 and 14-3-3 have been shown
to interact on high cAMP levels, upon insulin and IGF-1
stimulation [8]. Recently, 14-3-3 mRNA and protein levels
were shown to be affected in an isoform- and tissue-specific
manner in a streptozotocin-induced diabetic animal model
[22].

It is well recognized that insulin resistance and disrupted
glucose metabolism occurs in peripheral tissues. However,
recent publications support the view that insulin resistance is
also present in the brain. This perspective coincides with the
current concept that brain insulin receptors/signaling
have physiological relevance for neuroplasticity and
neuromodulation mechanisms [23–26]. We have previously
demonstrated in an insulin resistance model that in addition to
peripheral parameters, some neurological aspects are also
modified. All of these observations point to the fact that brain
insulin resistance is reasonably reliable [11, 27]. Thus, im-
paired signaling modifies the expression of a wide variety of
other related proteins, including 14-3-3 proteins, taking into
account that insulin is a pro-survival molecule. The extent of
mRNA and protein reflects a dynamic balance among all cell
processes, although the way this balance is achieved remains a
challenge. Emerging evidence is changing the role for many
regulatory mechanisms occurring after mRNA are
manufactured. This has been examined to date in almost every

organism; amount of transcript does not fully predict protein
extent [28, 29].

Therefore, the purpose of the present study was to investi-
gate whether insulin resistance state induced by high palatable
diet modulates the expression of 14-3-3 isoforms in the brain
of rats.

Experimental Procedures

Animals and Diet

Eight (n=8) adult male Wistar rats were housed under con-
trolled temperature (22±2 °C) and humidity (55±10 %) con-
ditions on a 12-h light-dark cycle (lights on at 7 a.m.), with
food and water offered ad libitum. All experiments were
performed in agreement with international standards and the
Brazilian College of Animal Experimentation for animal pro-
tection. The project was approved by the Ethical Committee
on animal use of the Universidade Federal do Rio Grande do
Sul, Brazil (#19446). At 2 months old (ranging from 200 to
250 g of weight), animals were divided into two experimental
groups (n=4): control (CO) and insulin resistant (IR).
Administration of high palatable diet (also known as cafeteria
diet orWestern-style diet) during 130 days was used to induce
insulin resistance in IR group [27, 28], while CO group was
fed with standard laboratory diet.

Biochemical parameters were evaluated after 130 days.
For glucose tolerance test, rats were deprived from food
overnight (8 h) and blood samples were collected
through a small puncture on the tail. Animals were
anesthetized with ketamine/xylazine intraperitoneally
(100/10 mg/kg), and blood was collected for plasma
lipid profile. They were then decapitated, the cortex
and hippocampus were rapidly dissected, and each structure
was divided into two pieces. One was rapidly frozen and
stored at −80 °C for proteome analysis; the other was sub-
merged in RNAlater® (Ambion, USA) and stored at −20 °C
for mRNA analysis.

Biochemical Profile

Glucose solution at 50 % (w/v) was administrated into
rats (2 g/kg of body weight) for glucose tolerance test
(GTT). Blood samples were collected at fasting and at
30, 60, and 120 min after glucose overload, and glyce-
mia was measured with a commercial glucometer, Accu-
Chek Active (Roche, USA).

Plasma lipid profile was performed by measuring levels of
total content of triglycerides (TG), total cholesterol (TC), and
fractions of high-density lipoprotein (HDL) and low-density
lipoprotein (LDL). Analyses were performed using commer-
cial kits (Katal®, MG, Brazil).
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Evaluation of Protein Profile by Mass Spectrometry

Pieces of frozen tissue were homogenized in PBS using a
homogenizer, and proteins were extracted with 10 % TCA in
cold acetone. Protein extracts of all the groups (cortex IR,
cortex CO, hippocampus IR, and hippocampus CO
groups) were analyzed by mass spectrometry (MS) to
identify differentially expressed proteins. A total of
100 μg of protein was digested with trypsin (Sigma-
Aldrich, USA) at 1:50 (w/w) enzyme/protein ratio for
1 h at 37 °C. Reaction was then quenched, and tryptic
digest was separated using a nanoLC Ultra-1D plus
system (Eksigent, USA), followed by direct elution to a
nanospray ion source connected to a hybridmass spectrometer
(LTQ-XL and LTQ Orbitrap Discovery, Thermo, USA). Flow
rate was set at 300 nL/min using 2–98 % acetonitrile/0.1 %
formic acid gradient during 5 h.

Tandem mass spectra were obtained by Proteome
Discoverer 1.0 software (Thermo Fisher Scientific, USA),
and all MS/MS samples were analyzed using SEQUEST
software assuming the digestion by trypsin. Scaffold software
v. 3.1.2 (Proteome Software Inc., USA) was used to validate
MS/MS-based peptide and protein identifications. Proteomes
were compared using DeconTools software v. 1 (Pacific
Northwest National Laboratory, USA) and MultiAlign v.
5.0.3 (Pacific Northwest National Laboratory, USA). Protein
quantitation was assessed by spectral counting, where the
number of observed spectral counts for each protein is a
frequency-based analysis approach that provides a rough
measure of protein levels in complex protein mixtures, espe-
cially for more abundant proteins [30, 31].

Evaluation of mRNA Levels of 14-3-3 Isoforms

mRNA levels were measured by quantitative real-time PCR
(qPCR) using gene-specific TaqMan® FAM/MGB
inventoried or made to order assays (14-3-3 isoform β/α,
gene Ywhab, assay Rn00695953_m1; ζ/δ, Ywhaz,
Rn00755072_m1; η, Ywhah, Rn00755085_m1; θ, Ywhaq,
Rn00820723_g1; Applied Biosystems, USA), using
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as en-
dogenous control (inventoried assay Rn99999916_s1,
Applied Biosystems, USA). Total RNA was extracted using
TRI Reagent® solution (Ambion, USA) according to manu-
facturer’s protocol. RNA concentration was estimated using
the fluorimetric method Quant-iT® RNA Assay (Invitrogen,
USA) in the Qubit™ (Invitrogen, USA) equipment.
Complementary DNA (cDNA) was synthesized by re-
verse transcription (RT) reaction using High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems,
USA). Two hundred nanograms of total RNA was
placed in a total reaction volume of 20 μL containing
1× RT buffer, 4 mM of each dNTP, 1× RT Random

Primers, and 0.05 units of MultiScribe™ Reverse
Transcriptase. RT reaction was performed as follows: 10 min
at 25 °C, 2 h at 37 °C, and 5 s at 85 °C. Subsequently, cDNA
was kept at −20 °C until further use.

cDNA solution was diluted 1:5 in water, and reaction
was carried out in a total volume of 12 μL containing
1 μL of diluted cDNA solution, 1× of gene-specific
TaqMan® assay, 1× of endogenous control TaqMan®
assay, and 1× PCR Master Mix (Applied Biosystems, USA).
Cycling program was 2, 10 min at 95 °C, followed by
40 cycles of 15 s at 95 °C and 1 min at 60 °C.
Reactions of each sample were performed in triplicate in an
ABI Prism 7500 Fast Sequence Detector System (Applied
Biosystems, USA).

Transcriptional profile of each 14-3-3 isoform was deter-
mined in both brain structures. The relative mRNA levels
were calculated by the ΔΔCt method according to Livak
and Schmittgen [32], using GAPDH as endogenous control
and the control group of each structure as calibrator.

Evaluation of Protein Levels by Western Blot

Total protein extracts of each group were analyzed byWestern
blot (WB) for protein analysis. Twenty micrograms of protein
were mixed with Bolt™ LDS Sample Buffer (4×)
(Novex, USA) and Bolt™ Sample Reducing Agent
(10×) (Novex, USA). Samples were then heated for
5 min at 95 °C and separated on a precasted Bolt™
Bis-Tris Plus Gel 4 to 12 % polyacrylamide gradient
(Novex, USA) using Bolt™ MES SDS Running Buffer
(Novex, USA) for 35 min. at 165 V. Following electrophore-
sis, protein content was transferred to a nitrocellulose mem-
brane using iBlot® Transfer Stack (Novex, USA) in the
iBlot® Gel Transfer Device (Invitrogen, USA) using the
P3–7-min program.

Free sites were blocked with 5 % nonfat milk powder in
tris-buffered saline containing 0.5 % Tween 20 (TBS-T) pH
7.3 to 7.5 for 1 h after blotting. Membranes were rinsed once
for 10 min followed by three times for 5 min with TBS-T
solution and then incubated for 1 h with 14-3-3 isoform
primary antibodies (14-3-3 β/α, #9636, 1:2.000; 14-3-3 ζ/δ,
#7413, 1:2.000; 14-3-3 θ, #9638, 1:1.1000; 14-3-3 η, #5521,
1:1.000; Cell Signaling Technology, USA) diluted in TBS-T
with 1 % BSA solution. For Creb (#9104, Cell Signaling
Technology) and PI3K p85 (#4257P, Cell Signaling
Technology), the primary antibodies were diluted 1:1.000
and incubated overnight at 4 °C. Next to incubation with
primary antibodies, membranes were rinsed again as previ-
ously described and incubated for 1 hwith secondary antibody
conjugated to horseradish peroxidase (anti-rabbit IgG HRP-
linked, #7074, 1:4.000; Cell Signaling Technology, USA)
diluted in TBS-T with 1 % BSA solution. All incubations
and washes were performed at room temperature with gentle
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agitation. Blots were developed using the Western Lightning
ECL Pro (PerkinElmer, USA), and membranes were then
imaged using the ImageQuant LAS 500 (General Electric
Healthcare, USA). Same membranes were rinsed and blotted
to housekeeping anti-β-actin HRP-linked antibody (#A3854,
1:30.000; Sigma-Aldrich, USA) and followed by the same
treatment described above. Immunoreactive content was
quantified using ImageJ software v. 1.47 (available from the
National Institutes of Health, USA).

Statistical Analysis

Statistical analyses were performed using Student t test.
Correlation between variables was calculated by Pearson cor-
relation, and differences were considered statistically signifi-
cant when p<0.05.

Results

Biochemical Profile Demonstrates Insulin Resistance
in Animal Model

We demonstrated that the treatment with high palatable diet
during 130 days altered results of the GTT. Blood glucose
levels at 0, 30, 60, and 120 min after glucose overload were
measured and are shown in Fig. 1. Area under the curve
(AUC) showed a significant higher value in the IR group
when compared to CO group (p<0.0001) (data not shown).
We have also evaluated lipid parameters (TG, TC, HDL, and
LDL), and TC as well as LDL was significantly increased in
the IR group when compared to CO (Fig. 2).

Evaluation of mRNA Levels of 14-3-3 Isoforms
and Correlation with Biochemical Parameters

Significant decrease of mRNA levels in cortex IR group was
observed in Ywhah (14-3-3 η, p=0.0118) and Ywahq (14-3-3
θ, p=0.0156). Ywhab (14-3-3 β/α) and Ywhaz (14-3-3 ζ/δ)
genes do not show significant differences in mRNA levels in
cortex IR group, when compared to CO group. mRNA levels
of all 14-3-3 isoforms analyzed do not show any significant
difference in hippocampus (Fig. 3).

In the cortex, AUC of IR group in GTT has shown
negative correlation to mRNA levels of Ywhah (r=−0.7587,
p=0.0291) and Ywhaq (r=−0.8063, p=0.0156) when com-
pared to the CO group. All remaining correlations with
glucose levels were not statistically significant (Fig. 4).

No differences were found between each lipid param-
eters evaluated (TG, TC, HDL, and LDL) and mRNA
levels of the four 14-3-3 isoforms in the cortex and hippocam-
pus (Fig. 5).

Fig. 2 Plasma lipid profile.
Levels of total cholesterol (a),
triglycerides (b), LDL-cholesterol
(c), and HDL-cholesterol (d). CO
represents control group (n=4),
and IR represents insulin-resistant
group (n=4). Means were com-
pared by Student t test; *p<0.05

Fig. 1 Glucose tolerance test. High palatable diet during 130 days altered
the glucose tolerance test (GTT). Measures were at fasting and at 30, 60,
and 120 min after glucose overload. CO represents control group, and IR
represents insulin-resistant group (n=4 per group)
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Evaluation of Protein Content of 14-3-3 Isoforms, Creb,
and PI3K

Two (α/β and ζ/δ) of the four isoforms of 14-3-3
proteins analyzed showed alteration of expression pat-
tern between test (IR) and control (CO) groups in MS
experiment. Creb and PI3K were not detected, although
total number of peptides found in MS was lower than expect-
ed for each group.

We observed significant increase of protein immunodetection
in WB of the 14-3-3 θ isoform (p=0.0428) in hippocampus IR
group, when compared to CO. No differences were found in the
hippocampus for the other isoforms analyzed. In the cortex, all
four isoforms analyzed do not show significant differences be-
tween the groups as well (Fig. 6). Creb and PI3K show a
significant increase of protein immunodetection only in the
hippocampus of IR group when compared to CO group

(p=0.0090 and 0.0125, respectively). The cortex does not show
significant changes (Fig. 7).

Discussion

In the present study, we have evaluated the effect of insulin
resistance induced by high palatable diet on lipid and glucose
parameters and on protein and mRNA levels of four 14-3-3
isoforms in adult male rats. Levels of TC and LDL and
glucose intolerance showed to be significantly affected by
diet, as expected.

mRNA levels and protein immunodetection of the
four 14-3-3 isoforms (α/β, ζ/δ, η, and θ) were evalu-
ated in the cortex and hippocampus of rats with induced
insulin resistance and compared to rats fed with normal
diet. We have then demonstrated that 14-3-3 isoforms

Fig. 4 Correlation of blood
glucose versus mRNA levels.
Correlation of glycemia (AUC)
and mRNA levels of Ywhah
and Ywhaq in cortex
(Pearson correlation test)

Fig. 3 Relative mRNA levels of 14-3-3 isoforms. Results are presented as mean±SD (n=4). Significant levels (*) were considered when p<0.05
Student t test. CO represents control group, and IR represents insulin resistant group
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are differently expressed in the brain of rats with insulin
resistance. As previously stated, 14-3-3 proteins are a
family that can modulate interaction between proteins.
Regulation of interaction usually involves phosphoryla-
tion of the interacting protein, and phosphorylation of 14-3-3
isoforms themselves may modulate interaction in some cases
[2, 6, 33].

Proteome analysis revealed a decrease from 2 to 1 in
peptide spectral count of 14-3-3 α/β in hippocampus IR
group. These isoforms interact with the tuberous sclerosis 1/
tuberous sclerosis 2 dimmer (TSC1/TSC2) and is involved in
cell growth and morphology [34]. They form a protein com-
plex that inhibits signal transduction to downstream effectors
of the mammalian target of rapamycin (mTOR) [35]. The

Fig. 6 Western blot analysis of 14-3-3 isoforms. Immunoreactive
content was quantified by scanning densitometry, and density of each
14-3-3 antibody was normalized by actin content, in order to correct
variations in protein loading. Upper panels represent results from the

cortex, and lower panels represent results in the hippocampus. Results
are presented as mean±SD (n=4). Means were compared using
Student t test; *p<0.05

Fig. 5 Correlation of mRNA levels versus plasma lipid profile. mRNA
levels of 14-3-3 isoforms (black circle Ywhab; black square Ywhaz; black
triangle Ywhah; black inverted triangle Ywhaq) and total cholesterol,

triglycerides, LDL cholesterol, and HDL cholesterol in the cortex
(upper set) and in the hippocampus (lower set) per animal (n=4)
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mTOR pathway is deregulated in diabetes, and a decrease of
this isoform in insulin resistance state may be a consequence
of the reduced signaling of insulin in the hippocampus that
might be leading to a decreased inhibition of mTOR signaling
[36].

We have also seen alterations in 14-3-3 ζ/δ isoforms in the
proteome analysis. In cortex IR group, 3 counts in 14-3-3 ζ/δ
isoforms were identified in peptide spectral while none were
found in the CO. A small difference in peptide spectral count
was also shown in the hippocampus, which increased from 4
to 5 counts when insulin resistance was induced. Interestingly,
mRNA levels and immune content (WB) of this isoform
remained unchanged. A recent study suggests that increasing
14-3-3 ζ/δ levels or activity could be a novel approach to the
prevention of beta cell death that occurs in diabetes [37]. Other
studies correlated 14-3-3 ζ/δ with IRS1 and IRS2 and with
protein kinase B (Akt), but not in brain structures [7, 38].
IRS1, IRS2, and Akt are essential proteins in insulin pathway
and may have a close interaction with 14-3-3 ζ/δ due to
upregulation of this protein in insulin-resistant state.

mRNA levels of 14-3-3 η isoform were demonstrated to be
significantly lower in cortex IR group. This isoform was

previously shown to be important in long-term potentiation
(LTP), more specifically as a downstream component of the
pathway involved in presynaptic LTP [39]. Furthermore, 14-
3-3 η has been associated with psychotic bipolar disorder [40].
In our study, despite no alterations in peptide and protein
levels were present, we have demonstrated negative correla-
tion of blood glucose levels and mRNA levels of this isoform.
Therefore, we believe that this isoform can be involved in a
fine tune regulation in the insulin pathway taking into account
that variation was only found in mRNA levels in the cortex
while no significant alteration was shown in the hippocampus.

mRNA levels of 14-3-3 θ isoform were shown to be
downregulated in the present study. This isoform is involved
in apoptosis and cell proliferation and promotes assembly and
stability of microtubules. In addition, a protective effect in
Parkinson disease has been demonstrated [41], and decrease
observed here might be responsible for an increase in α-
synuclein inclusion formation. It has been shown that overex-
pression of 14-3-3 θ protects against dopaminergic cell loss in
a α-synuclein transgenic C. elegans model [42]. We demon-
strate here a decrease in mRNA levels of Ywhaq only in the
cortex, which is negatively correlated to AUC of blood

Fig. 7 Western blot analysis of
Creb and PI3K in the cortex and
hippocampus. Immunoreactive
content was quantified by
scanning densitometry, and
density of each Creb (upper set)
and PI3K (lower set) antibody
was normalized by actin content,
in order to correct variations in
protein loading. Results are
presented as mean±SD (n=4).
Means were compared using
Student t test; *p<0.05
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glucose levels. Others studies have also shown downregula-
tion in the cortex in association to bipolar disorder and schizo-
phrenia [41]. Further, we have also seen an increase of almost
19 % in Ywhaq levels in the hippocampus, although no
statistically significant difference was detected. Moreover,
levels of 14-3-3 θ isoform detected by WB were significantly
higher in hippocampus IR group. Involvement of 14-3-3 θ in
the signaling pathway of growth factors, such as insulin, by
stimulating the PI3K-Akt signal has been shown [43].We then
propose that insulin-resistant state may injure neurons, and
these changes are an attempt to protect hippocampus by
increasing 14-3-3 θ mRNA levels due to its protective effect.
This data suggest that 14-3-3 θ isoform can play a key role in
the insulin signaling pathway.

A recent work evaluated mRNA and protein levels of 14-3-
3 proteins in a streptozotocin rat model of early DM1.
Although they have assessed all forebrain and the model
was of acute DM1, some results are in agreement with those
presented in this work that show a decrease inmRNA levels of
14-3-3 3 η and θ and unchanged mRNA and protein levels of
other isoforms. They demonstrated a decrease in protein levels
of 14-3-3 θ in the brain cytosol while we observed an increase
in protein levels of 14-3-3 θ in the hippocampus [22].

mRNA concentrations had represented concentrations and
activities of the corresponding proteins, thereby assuming that
transcript abundances are the main determinant of protein
abundances. However, we observed a decrease in mRNA
levels of 14-3-3 η and θ in the cortex and an increase in
protein levels of 14-3-3 θ in the hippocampus. We also need
to consider that when dealing with four isoforms and two
distinct brain regions, it is plausible to expect differences in
the molecular levels dependent on the isoform or the brain
region. Insulin-resistant state can produce different responses
in different structures, at different molecular levels, and in
different molecules. There are many regulatory processes
between transcription and translation, and protein stability is
also an important issue. Data from transcription level can
indicate whether the protein is present or not and, roughly,
the levels of this protein. So, transcription data is useful for
identifying potential candidates for follow-up at the protein
level. However, changes in gene expression do not necessarily
reflect alterations in protein level [44]. On the other hand, the
discrepancies between mRNA and protein expression could
be partially explained by differential tissue sensitivity pattern
caused by insulin resistance.

We also evaluated the protein levels of Creb and PI3K by
WB. Interestingly, the immunocontent of Creb and PI3K were
increased in the hippocampus, but not in the cortex. This may
be due to a compensatory effect of impaired insulin signaling in
the structure. Creb is not only important in the direct transcrip-
tional activation of gluconeogenic genes but also responsible
for the progression of hepatic insulin resistance in the diet-
induced or the genetic mouse models of obesity [45]. Despite

the importance of Creb in diverse tissues, our study shows that
Creb is also important in the CNS insulin-resistant state, mainly
in the hippocampus. In turn, an increase of Creb levels seems to
be essential to maintain CNS insulinergic pathway. Thus, fur-
ther studies are necessary to delineate the diverse roles of Creb
in the brain insulin resistance.

14-3-3 proteins have a number of binding partners in-
volved in regulation of important basal functions in all cell
types. The relevance of 14-3-3 proteins in the nervous tissue is
based on the relevance of certain processes for proper neuro-
nal development and function, such as synapse formation, and
neuronal plasticity and development [46].

Improving brain insulin sensitivity might be a strategy for
preventing or treating neurodegenerative disorders that corre-
late with brain insulin resistance [47]. Thus, drugs designed to
increase the peripheral insulin sensitivity may potentially have
similar effects in the brain; however, few studies have evaluated
this hypothesis. In addition, 14-3-3 proteins are very important
to many normal neurological functions as well as in neurolog-
ical disorders. Connection between altered 14-3-3/ligand inter-
action and neural diseases suggests a pathological role for 14-3-
3 proteins. It remains to be demonstrated alterations of specific
isoforms in specific disease and/or injuries. However, results
presented here provide further evidences to the involvement of
14-3-3 isoforms in the insulin signaling pathway.
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ANEXO II-E. Intracerebroventricular metformin decreases body weight but has pro-

oxidant effects and decreases survival. 

No ANEXO II-E apresentamos o artigo publicado no periódico Neurochemical 
Research. 
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Abstract Metformin (Met), which is an insulin-sensi-
tizer, decreases insulin resistance and fasting insulin lev-

els. The precise molecular target of Met is unknown;

however, several reports have shown an inhibitory effect
on mitochondrial complex I of the electron transport

chain (ETC), which is a related site for reactive oxygen

species production. In addition to peripheral effects, Met
is capable of crossing the blood–brain barrier, thus reg-

ulating the central mechanism involved in appetite con-

trol. The present study explores the effects of
intracerebroventricular (i.c.v.) infusion of Met on ROS

production on brain, insulin sensitivity and metabolic and

oxidative stress outcomes in CF1 mice. Metformin (Met
50 and 100 lg) was injected i.c.v. in mice daily for

7 days; the brain mitochondrial H2O2 production, food

intake, body weight and fat pads were evaluated. The
basal production of H2O2 of isolated mitochondria from

the hippocampus and hypothalamus was significantly
increased by Met (100 lg). There was increased periph-

eral sensitivity to insulin (Met 100 lg) and glucose tol-

erance tests (Met 50 and 100 lg). Moreover, Met
decreased food intake, body weight, body temperature, fat

pads and survival rates. Additionally, Met (1, 4 or

10 mM) decreased mitochondrial viability and increased
the production of H2O2 in neuronal cell cultures. In

summary, our data indicate that a high dose of Met

injected directly into the brain has remarkable neurotoxic
effects, as evidenced by hypothermia, hypoglycemia,

disrupted mitochondrial ETC flux and decreased survival

rate.

Keywords Brain metabolism ! Food intake ! Body

weight ! Body temperature ! Insulin resistance ! Fat pads !
Mitochondrial function

Introduction

Type 2 diabetes mellitus (T2D), which is a progressive and
complex disorder, has a considerable impact on individuals

and society. The majority of patients are unable to sustain

normal glycemia without pharmacological interventions
targeted at improving insulin receptor responsiveness [1].

Metformin (1,1-dimethylbiguanide) (Met), which is an oral

insulin sensitizer, is widely prescribed for treating hyper-
glycemia in patients with T2D because it improves insulin

sensitivity and peripheral glucose homeostasis [2, 3].

Although the precise molecular targets associated with
these benefits have not been established, the increasing

expression of insulin receptor and activity of tyrosine

kinase present as likely candidates [4]. The inhibition of
complex I of the mitochondrial electron transport chain
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(ETC) [5], and prevention of erratic brain neovasculariza-

tion induced by hyperglycemia [6] are also potential targets
of the modulatory effect of Met. In contrast to these ben-

efits, Met may affect the capacity of isolated mitochondria

from liver in accumulate calcium by affecting the perme-
ability transition pore opening thereby resulting in

increased oxidation of thiol groups [7]. Therefore, Met may

cause beneficial or harmful effects for mitochondrial
physiology, which should be taken into consideration for

pharmacological strategies aiming to improve brain insulin
sensitivity.

Interestingly, patients with Alzheimer’s disease (AD)

share many age-related pathophysiological features of
T2D, including insulin resistance and disrupted glucose

metabolism in non-neural tissues, as well as peripheral

oxidative and inflammatory stress associated with cogni-
tive decline [8]. However, strong data from recent pub-

lications support the view that insulin resistance is not

limited to peripheral tissues and that brain insulin recep-
tors/signaling has physiological relevance for the mecha-

nisms of neuroplasticity and memory [8]. Actually, It has

been proposed that decreased brain insulin receptors
responsiveness leads to cognitive deficits and neuro-

pathological mechanisms like tau-hyperphosphorylation,

oxidative stress, and apoptosis [9]. Also, brain insulin
resistance was reported to be an early pathological event

that precede cognitive decline [8]. Therefore, pharmaco-

logical strategies to improve brain insulin signaling might
result in improvements of neuronal survival and cognitive

function.

Although oral sensitizers, such as Met, can cross the
blood–brain barrier [10] and has the potential for inducing

similar therapeutic effects as insulin, its peripheral effects

on glucose homeostasis limits such application in non-
diabetic individuals [11]. In this context, few experimental

studies have assessed the brain responses to Met, especially

concerning delivery through intracerebral strategies. To
date, intracerebroventricular (i.c.v.) infusion of Met atten-

uates salt-induced hypertension in hypertensive rats, thus

connecting the central regulatory mechanism governed by
insulin with the peripheral sympathetic nervous system

[12]. Additionally, i.c.v. Met decreases food intake in a due

to hypothalamic mechanisms [13, 14].
Another relevant issue is that both impaired brain insulin

receptor response [15] and insulin receptor hyper activation

may cause neurodegeneration and impaired cognitive
function [16, 17]. Therefore, the neuromodulatory role

exerted by insulin is under fine-tuning control and is not

exclusively dependent on insulin levels but also on insulin
receptor sensitivity. In the present study, we aimed to

explore the effects of i.c.v. infusion of Met on reactive

oxygen species (ROS) production on brain, insulin sensi-
tivity and oxidative stress outcomes in CF1 wild type mice.

Materials and Methods

Animals

Male CF1 mice (weighing 40–50 g), aged 2 months old,
were obtained from the Foundation for Health Science

Research (FEPPS, Porto Alegre/RS, Brazil). The animals

were placed in a temperature-controlled room (22 !C)
under a 12-h light/12-h dark cycle (lights on at 7 am) and

had free access to food and water. A total of 30 mice

(n = 30) were randomly allocated to one of the following
groups: control (vehicle, n = 10), Met 50 lg (Met 50,

n = 10) and Met 100 lg (Met 100, n = 10). All of the

experiments were conducted in agreement with the Com-
mittee on the Care and Use of Experimental Animal

Resources, UFRGS, Brazil, project number 22436. Chlo-

ridrate of Met (EMS S/A) was dissolved in saline (NaCl,
0.9 %) at concentrations of 50 and 100 lg injected in 2 lL

(1 lL/min).

Treatment and Surgical Procedure

The animals were anesthetized using an i.p. injection of
ketamine (Cetamin, Schering-Plough Coopers, Brazil,

100 mg/kg body weight) and xylazine (Coopazine, Syntec,

Brazil, 10 mg/kg body weight). A 27-gauge, 7-mm guide
cannula was inserted 1 mm posterior to the bregma, 1 mm

to the right from the midline and 1 mm above the lateral
brain ventricle. Through a 2-mm hole made at the cranial

bone, the cannula was implanted 1.5 mm ventral to the

superior surface of the skull and fixed using jeweler’s
acrylic cement [16]. On day 3 post surgery, the mice

exhibited normal food intake and water consumption as

well as spontaneous locomotion; they were thus considered
ready for in vivo experiments. The animals received a daily

i.c.v. infusion of Met dissolve on saline (NaCl, 0.9 %) and

filtered (Met 50 lg or Met 100 lg) or saline for seven
consecutive days. The dose used was choose based on

works that showed no damage caused by Met i.c.v. [14,

18].

Body Mass Parameters, Blood Sampling, Food Intake

and Survival Rate

Body weight and food intake were measured daily for

seven consecutive days. 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.
Body temperature was measured on the following days

of administration: 1, 2, 4, 6 and 7. The animals were sac-

rificed by decapitation. Blood was collected and
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centrifuged at 10,000g for 10 min to obtain serum samples.

The serum samples were stored at -20 !C until analysis
was performed. The hippocampus and hypothalamus were

dissected to prepare homogenates. The fat tissues from the

mesenteric and epididymal regions were dissected and
weighed as previously described [19], briefly, between the

lower part of the rib cage and mid-thigh was considered

epididymal fat pad whereas all fat found along the mes-
entery starting at the lesser curvature of the stomach and

ending at the sigmoid colon was considered mesenteric fat
pad. The survival rate was evaluated during treatment.

Glucose Tolerance Test (GTT) and Insulin Sensitivity
Test (IST)

One day after the Met/vehicle treatment one cohort of
animal was used to GTT and other animals used to IST.

An intraperitoneal injection of glucose (2 mg/g body

weight) was performed in 12-h fasted mice 24 h after the
last i.c.v. Met injection. The blood samples were collected

by a small puncture on the tail immediately before (0 min)

and 30, 60, and 120 min after the injection [20]. At each

time, glucose was measured using a glucosimeter (Accu-

Chek Active, Roche Diagnostics", USA).
An intraperitoneal injection of insulin (1 U/kg) was

performed in 12-h fasted mice 24 h after the last i.c.v. Met

injection. The blood samples were collected by a small
puncture on the tail immediately before (0 min) and 30, 60,

and 120 min after the injection [21]. At each time, glucose

was measured using a glucosimeter (AccuChek Active,
Roche Diagnostics", USA).

ROS Production

The mitochondrial release of H2O2 was assessed using the
Amplex Red oxidation method. The total homogenate from

the hippocampus and hypothalamus (0.1 mg protein/mL)

was incubated in standard respiration buffer supplemented
with 10 lM Amplex Red and 2 U/mL horseradish perox-

idase in polarized and depolarized buffers. Fluorescence

was monitored at excitation (563 nm) and emission
wavelengths (587 nm) using a Spectra Max M5 microplate

reader (Molecular Devices) [22]. Each experiment was

repeated at least three times with hippocampal and

Fig. 1 Glucose tolerance test (GTT) and insulin sensitivity test (IST).
a Met treatment altered the glucose tolerance test. At baseline (time 0)
*Met 100 lg \Met 50 lg and vehicle. After glucose injection *Met
100 lg\Met 50 lg and vehicle until 120 min. #Met 50 lg\vehicle
at time (120 min); one-way analysis of variance (ANOVA) with
repeated measures followed by Bonferroni post hoc analysis;
p \ 0.05. b The treatment decreased the area under the curve
(AUC) at Met 100 (*Met 100 lg \Met 50 lg and vehicle; one-way
analysis of variance (ANOVA) with repeated measures followed by

Bonferroni post hoc analysis; p \ 0.05). c Met treatment altered the
insulin sensitivity test. At baseline (time 0) and 30 min *Met 100 lg
\vehicle, at 120 min. #Met 100 lg \Met 50 lg \vehicle; one-way
analysis of variance (ANOVA) with repeated measures followed by
Bonferroni post hoc analysis; p \ 0.05. d The treatment decreased the
area under the curve (AUC) (*Met 50 \vehicle and #Met 100 lg
\Met 50 lg and vehicle; one-way analysis of variance (ANOVA)
with repeated measures followed by Bonferroni post hoc analysis;
p \ 0.05)
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hypothalamus preparations. The maximal rate (100 %) of

mitochondrial H2O2 formation in a depolarized state was
assumed to be the difference between the rate of H2O2

formation in the absence and in the presence of succinate

up to 30 min. ADP was used for modulating the mito-
chondrial function by inhibiting ROS production.

Propidium Iodide (PI) and MTT Colorimetric Assay

Animals treated with saline or Met 50 and 100 ug after
were killed by decapitation and after the hippocampal sli-

ces was cut in 300 lm using McIlwain tissue chopper.

On average, three slices from animal of the hippocam-
pus were obtained and placed in a 96-well containing pre-

warmed HEPES-buffered saline (in mM: 120 NaCl, 5 KCl,

2 CaCl2, and 10 glucose; pH 7.4). The slices were incu-
bated for 1 h before propidium iodide (PI) addition. Cell

death was assessed by using uptake of the fluorescent

exclusion dye PI, which is a polar compound that enters
only into dead or dying cells with damaged membranes.

Once inside the cells, PI binds to DNA, inducing intense

red fluorescence (630 nm) when excited by green light
(495 nm). The slices were incubated with 10 lg/mL PI for

1 h and then imaged on a standard inverted microscope by

using a rhodamine filter set. The PI uptake was quantified

by imageJ.
The assessment of slice viability was performed by the

colorimetric [3(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tet-

razolium bromide]. Slices (400 lm) were pre-incubated for
1 h, then it was adding 0.5 mg/ml of MTT (PBS), followed

by incubation at 37 !C during for 45 min. The formazan

product generated during the incubation was solubilized in
dimethyl sulfoxide and measured at 560 and 630 nm.

S100B ELISA Assay

The hippocampus was homogenate with PBS buffer
(100 mM Tris/HCl, pH 7.4). The S100B level was assessed

in hippocampus by a commercially available ELISA kits

Millipore, USA (Cat #EZHS 100B-33K). All technical
procedures were performed according to the manufacture.

Neuronal Cortex Cultures, Neuronal Viability and ROS
Production

The cortices from 16-day-old Wistar rat embryos were dis-
sected, and 150,000 cells/well were cultivated in neurobasal

medium plus B27 supplement [23]. After 7 days of culture,

the neurobasal medium was replaced by RPMI 1640

Fig. 2 Effects of i.c.v. metformin administration on food intake, body
weight, epididymal and mesenteric fat pads. a Met treatment decreased
food intake, #Met 50 lg\vehicle and *Met 100 lg\vehicle from days
2 to 7; b Met 50 lg decreased body weight: #Met 50\vehicle from days
3 to 7. Met 100 lg decreased body weight: *Met 100 \vehicle from
days 2 to 7. and Met 100 lg\Met 50 lg\vehicle on day 7. c Metformin

treatment decreased the epididymal fat pad, *Met 100 lg and Met 50 lg
\vehicle; one-way analysis of variance (ANOVA) followed by
Bonferroni post hoc analysis; p \ 0.05. d Metformin treatment
decreased the mesenteric fat pad, *Met 100 lg and Met 50 lg\vehicle;
#Met 100 lg \Met 50 lg; one-way analysis of variance (ANOVA)
followed by Bonferroni post hoc analysis; p \ 0.05
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medium without B27, which contained glucose (10 mM).

To investigate the effects of Met on neuronal mitochondrial
viability, the neurons were supplemented with Met at doses

of 1, 4 and 10 mM for 60 min [24]. The neuronal viability

assay was performed using the colorimetric 3(4,5-dimeth-
ylthiazol-2-yl)-2-5-diphenyl tetrazolium bromide (MTT,

Sigma) method. After treatment, the neurons were incubated

with 0.5 mg/mL MTT at 37 !C for 45 min. The formazan
product generated during the incubation was solubilized in

dimethyl sulfoxide and measured at 560 and 630 nm. The
results are expressed as a percentage of the control [25]. To

investigate the effects of Met in ROS production, the neu-

rons were supplemented with Met at doses of 1, 4 and
10 mM for 60 min. Subsequently, the cells were incubated

with 2 lM CM-H2DCFDA for 40 min at 37 !C with 4 %

CO2. The cells were examined using a Nikon Eclipse TE300
epifluorescence microscope at a fixed exposure time [26].

Superoxide Dismutase Assay

Superoxide dismutase (SOD) activity was evaluated by

quantifying the superoxide-dependent autoxidation inhibi-
tion of epinephrine, verifying the absorbance of the sam-

ples at 480 nm [27]. In a 96-well plate, we added tissue

homogenates (30 lL), 150 lL of 50 mM glycine buffer pH
10.2, and 10 lL of 10 lM catalase. In the auto-oxidation

wells, 180 lL of 50 mM glycine buffer, pH 10.2 and 10 lL

of 10 lM catalase were added. The reaction was initiated
by adding 10 lL of 60 mM epinephrine. The absorbance

was obtained at 480 nm and recorded for 10 min at 32 !C.

SOD activity was defined as the amount of enzyme
required to decrease by 50 % the epinephrine oxidation

using superoxide. The specific activity was expressed in

units per mg of protein.

Glutathione Peroxidase (GPx) Activity

GPx activity was measured according to the technique

described by Wendel [28] using tert-butyl-hydroperoxide as a

substrate. Enzyme activity was determined by monitoring the
NADPH disappearance at 340 nm in a medium containing

100 mM potassium phosphate buffer/1 mM ethylenediamine

tetra acetic acid, pH 7.2, 2 mM GSH, 0.15 U/mL glutathione
reductase, 0.4 mM Mazide, 0.5 mM tert-butyl-hydroperox-

ide, and 0.1 mM NADPH. One GPx unit (U) is defined as

1 lmol of NADPH consumed per minute. The specific
activity was calculated as U/mg protein.

Statistical Analysis

The data are presented as the mean ± SEM values. The

line graphs were analyzed using one-way analysis of

variance (ANOVA) with repeated measures followed by

Bonferroni post hoc analysis. The column bar graphs were
analyzed using ANOVA followed by Bonferroni post hoc

analysis. p \ 0.05 was considered to be statistically sig-

nificant. The cumulative survival probability was evaluated
using a Kaplan–Meier plot.

Results

Insulin Sensitivity

Glucose Tolerance Test (GTT) and Insulin Sensitivity Test
(IST)

Baseline (time 0) glucose levels of Met 100 lg group was
decreased compared to the vehicle and Met 50 lg groups

(Fig. 1a; *Met 100 lg\vehicle and Met 50 lg; p \ 0.05).

After glucose injection, the Met 100 lg group had lower
glucose levels compared those of the other groups at 30, 60

and 120 min (Fig. 1a and b; *Met 100 lg \vehicle and

Met 50 lg; p \ 0.05). In the IST, the Met 100 lg group
showed a lower glucose level compared to that of the

vehicle and Met 50 lg groups. At 30, 60 and 120 min after

insulin injection, the Met 50 lg and Met 100 lg groups
showed lower glucose levels compared to that of the

vehicle group. Moreover, the Met 100 lg group showed a

lower glucose level compared to the Met 50 lg group
(Fig. 1c and d; *Met 50 lg \vehicle; #Met 100 lg \Met

50 lg; p \ 0.05).

Metabolic Parameters

Food Intake, Body Weight and Fat Pads

Food intake was decreased by Met 50 lg and Met 100 lg

from days 2 to 7 of administration (Fig. 2a; *Met 100
\vehicle, #Met 50\vehicle; p \ 0.05). The vehicle group

had normal food intake over 7 days (Fig. 2a). Met 50 lg

decreased body weight from days 3 to 7 (Fig. 2b; Met
50 lg \vehicle; #p \ 0.05). Met 100 lg decreased body

weight from days 2 to 7 (Fig. 2b; Met 100 lg \vehicle;

*p \ 0.05). The body weight remained invariable in the
vehicle group (Fig. 2b).

Met 50 lg and 100 lg decreased epididymal (Fig. 2c;

Met 100 lg and 50 lg \vehicle; *p \ 0.05) and mesen-
teric fat pads (Fig. 2d; Met 100 lg and 50 lg \vehicle;

*p \ 0.05) compared to those in the vehicle group.

Moreover, the mesenteric fat pad in the Met 100 lg group
was lower than that in the Met 50 lg group (Fig. 2d, Met

100 lg \Met 50 lg; #p \ 0.05).
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Oxidative Stress Parameters

Mitochondrial H2O2 Production in the Hippocampus
and Hypothalamus

The hippocampus and hypothalamus homogenates were
responsive to succinate, an activator of mitochondrial H2O2

production. ADP decreased H2O2 production in the vehicle

and Met 50 lg groups (Fig. 3a and b; H2O2 production
succinate [H2O2 production baseline; *p \ 0.05). Met

100 lg induced increases in H2O2 production at basal

levels (Fig. 3a and b; H2O2 production without substrate
Met 100 lg [Met 50 lg and vehicle; #p \ 0.05). Succi-

nate did not stimulate H2O2 production over basal levels

(Fig. 3a and b) in the Met 100 lg group.

Neural Cell Damage and Mitochondrial Viability

Met i.c.v. at doses of 50 and 100 lg did not significantly

affect neural cells integrity as showed by propidium iodite

staining (Fig. 3c), and also did not affect brain mitochon-
drial viability as showed by MTT assay (Fig. 3d).

Protein Marker of Astrocyte Damage

Met i.c.v. in both doses (50 and 100 lg) did not sig-

nificantly affect the hippocampal levels of S100B
(Table 1).

Mitochondrial Viability and ROS Production
in Neuronal Cell Cultures Exposed to Metformin

To analyze whether Met effects achieved in in vivo
experiments affected isolated neurons, we evaluated

mitochondrial viability and ROS production in neuronal

cortical cultures. Met was added at doses of 1, 4 and
10 mM to each well for 60 min. The mitochondrial via-

bility decreased in a dose-dependent manner [Fig. 4c

vehicle[treated groups; F(5, 18) = 168.135 (dose–effect),
*p = 0.0001; R2 = 0.973 (linear regression)].

Fig. 3 Metformin treatment (100 lg) increased H2O2 production in
the hippocampus and hypothalamus, however did not affect brain
viability. a H2O2 production in hippocampus, *H2O2 production
succinate [H2O2 production baseline in Met 50 lg and vehicle
groups, #H2O2 production baseline in Met 100 lg[H2O2 production
baseline in Met 50 lg and vehicle groups; one-way analysis of
variance (ANOVA) followed by Bonferroni post hoc analysis;
p \ 0.05. b H2O2 production in hypothalamus, *H2O2 production

succinate [H2O2 production baseline in Met 50 lg and vehicle
groups, #H2O2 production baseline in Met 100 lg[H2O2 production
baseline in Met 50 lg and vehicle groups; one-way analysis of
variance (ANOVA) followed by Bonferroni post hoc analysis;
p \ 0.05. c Met i.c.v. had no effect on propidium iodide a marker
of membrane damage. d Met i.c.v. had no effect on MTT assay a
marker of mitochondrial viability
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Total ROS production in neurons was measured using

the fluorescent probe CM-H2DCFDA. Met was added to
the neuron culture at doses of 1, 4 and 10 mM to each well

for 60 min. ROS production increased in the Met groups in

a dose-dependent manner [Fig. 3 D–H vehicle \Met 1, 4
and 10 mM; F(3, 12) = 11.472 (dose–effect); *p = 0.001;

R2 = 0.677 (linear regression)].

Oxidative Stress Damage and Antioxidant Enzymes

The antioxidant enzymes glutathione peroxidase and SOD
were measured in the blood, hippocampus and hypothala-

mus. There were no significant differences between groups

despite the pro-oxidant environment elicited by Met i.c.v.
(Table 1).

Metformin Disturbs Body Temperature and Survival
Rate

Met 50 lg decreased body temperature from treatment
days 4 to 7 (Fig. 4a; #Met 50 lg \vehicle; p \ 0.05),

whereas Met 100 lg decreased body temperature from

days 2 to 7 (Fig. 4a;*Met 100 lg\vehicle; and Met 100 lg
\Met 50 lg \vehicle; p \ 0.05). The vehicle group

showed normal body temperature over 7 days (Fig. 5a).

The survival rate curve showed that in the Met 50 lg
group, the animals started to die on day 3 of administration;

on day 7, only 60 % of the animals survived (Fig. 5b).

Using Met 100 lg, the animals started to die on day 1 of
administration; on the last day, only 40 % of the animals

survived (Fig. 5b).

Table 1 Antioxidant enzymes and S100B

Vehicle Met 50 lg Met 100 lg

Glutathione peroxidase UGPx/mg protein

Hippocampus 27 ± 1.5 35 ± 3.7 33 ± 3.9

Hypothalamus 48 ± 9.8 37 ± 7.9 44 ± 3.1

Serum 34 ± 7.1 25 ± 8.2 37 ± 8.3

Superoxide dismutase USOD/mg protein

Hippocampus 11 ± 0.5 10 ± 0.2 11 ± 1.2

Hypothalamus 11 ± 0.2 10 ± 0.6 12 ± 1.5

Serum 5.0 ± 0.7 6.0 ± 0.5 6.0 ± 1.0

S100B (ng/mg protein)

Hippocampus 1.8 ± 0.2 1.9 ± 0.1 1.6 ± 0.1

Fig. 4 Met affects the neuronal mitochondrial ROS production and
the mitochondrial viability by the MTT assay in neurons. a–
d Representative images of ROS production of neuronal cell culture
at vehicle, Met 1 mM, Met 4 mM and Met 10 mM respectly.
e Quantification of green fluorescence microscopy images (% of
control). The ROS production in neurons was measured using

fluorescent probe CM-H2DCFDA. Met increased ROS production in
a dose-dependent manner, F(3, 12) = 11.472 (dose–effect),
p = 0.001. R2 = 0.677 (linear regression). f MTT, viability was
altered by Met treatment in a dose-dependent manner, F(5,
18) = 168.135 (dose–effect), p = 0.0001. R2 = 0.973 (linear regres-
sion). d–f
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Discussion

The present work showed that 7 days of Met (50–100 lg)
i.c.v. administration down regulated body temperature,

decreased food intake, body weight and survival rates.

From the preclinical perspective, our results raised
important concerns regarding undesirable effects of high

doses of Met, mainly impaired brain mitochondrial ETC

function associated to increased H2O2 production. Addi-
tionally, we should consider that Met consistently impaired

glucose homeostasis, and decreased fat pads. Up to our

knowledge, this is the first report using long-term i.c.v.
treatment regimens, which intend to be more realistic

strategy to test a candidate drug to be used chronically by

patients.
Improving brain insulin sensitivity might be a feasi-

ble strategy for preventing or treating neurodegenerative

disorders that correlate with brain insulin resistance
[13]. Thus, medications designed to increase the

peripheral insulin sensitivity may potentially exert

similar effects on the brain; however, few studies have
evaluated this hypothesis. Up to 24 h of Met treatment

has been demonstrated to have dose-dependent anorexic

effects, such as decreasing food intake and optimizing
energy production by regulating hypothalamic circuits

[29]. We showed for the first time that long-term i.c.v.

treatment (7 days) decreased food intake, which paral-
leled decreased body weight and fats. This evidence

may help reinforce the proposed role of Met in con-
trolling food intake and energy expenditure by modu-

lating agouti-related protein also called agouti-related

peptide (AgRP) neurons [30]. Actually, Met i.c.v.
increased the phosphorylation of signal transducer and

activator of transcription 3 (STAT3), a hypothalamic

protein involved in satiety response [11]; however, it
did not affect the phosphatidylinositol-4,5-bisphosphate

3-kinase/50 AMP-activated protein kinase (PI3K)/

AMPK pathway. Although STAT3 is partially involved
in Met-induced satiety control, the exact pathway has

not been established. In another work Met i.c.v.

decreased food intake by inhibition of phosphorylation
of AMPK [14].

Met inhibits complex I, thus decreasing oxidative respi-

ration [5] and increasing ROS production by the mitochon-
dria. In the hippocampus and hypothalamus, i.c.v. Met

(100 lg) disrupted the mitochondrial response to the sub-

strate ADP. Under these circumstances, it seems that mem-
brane lipids integrity and mitochondrial viability were not

affected by treatment, probably implying that astrocytes are

still able to provide neuroprotective mechanisms of defense
to neurons. Similarly, we showed that the addition of Met to

neuronal cultures increased ROS production and decreased

mitochondrial viability. These results support the concept
that mitochondrial hypofunction is the mechanistic basis

behind disrupted energy homeostasis and neurotoxicity

associated with high doses of Met.
The proposed effects of Met on adipose tissue are

associated with the inhibition of lipogenesis and the stim-

ulation of lipolysis [31]. We found decreased epididymal
and mesenteric fat pads that appear to be caused by Met.

However, these findings could be secondary to decreased

food intake and impaired thermoregulation, which subse-
quently increased fat mobilization and oxidation. These

results suggest that the administration of Met i.c.v. may be

a promising strategy for experimental studies of obesity
and diabetes [12]. The impact of Met on the hypothalamus,

the primary brain regulatory center of feeding behavior and

caloric expenditure, as well as on fat pads deserves addi-
tional exploration.

Met affects peripheral sympathetic nerve activity [32].

In the present study, we postulated that Met-induced
hypothermia was attributed to impaired sympathetic nerve

Fig. 5 Metformin treatment decreased temperature and survival rate.
a Body temperature: The rectal body temperature was measured
during Met i.c.v. administration. #Met 50 lg\vehicle on day 4, *Met
100 lg \vehicle on day 1 until 7 and & Met 100 lg \Met 50 lg
\vehicle; one-way analysis of variance (ANOVA) with repeated
measures followed by Bonferroni post hoc analysis; p \ 0.05.
b Survival: Metformin decreased survival; in Met 50 lg, 40 % of
the mice died; in Met 100 lg, 60 % of the mice died. The cumulative
survival probability was evaluated using a Kaplan–Meier plot;
p \ 0.05
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activity, which can be considered the primary alteration

associated with increased mortality rate. The integrity of
the sympathetic nerve response is necessary for maintain-

ing an adequate inflammatory response and thermoregula-

tory functions [33, 34]. Additionally, the doses used in this
study demonstrated that Met affected the mechanisms

involved in the regulation of glucose homeostasis, which

resulted in hypoglycemia and impaired insulin sensitivity.
However, one limitation of our work was the dose regimen.

Thus, lower doses should be tested in preclinical studies to
warrants better benefits with minimum side effects.

In conclusion, we demonstrated that the direct admin-

istration of Met on the brain up to seven days causes severe
hypothermia and hypoglycemia and disturbs mitochondrial

function/viability; these results parallel an increased mor-

tality rate in mice.
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ANEXO II-F. A new device for step-down inhibitory avoidance task--effects of low and 

high frequency in a novel device for passive inhibitory avoidance task that avoids 

bioimpedance variations. 

No ANEXO II-F apresentamos o artigo publicado no periódico Plos One. 
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Abstract

Background
Step-down inhibitory avoidance task has been widely used to evaluate aversive memory,
but crucial parameters inherent to traditional devices that may influence the behavior analy-
sis (as stimulus frequency, animal’s bioimpedance) are frequently neglected.

NewMethod
We developed a new device for step-down inhibitory avoidance task by modifying the
shape and distribution of the stainless steel bars in the box floor where the stimuli are ap-
plied. The bars are 2mm wide, with rectangular shape, arranged in pairs at intervals of 1cm
from the next pairs. Each pair makes an electrical dipole where the polarity inverts after
each pulse. This device also presents a component that acquires and records the exact cur-
rent received by the animal foot and precisely controls the frequency of stimulus applied
during the entire experiment.

Result
Different from conventional devices, this new apparatus increases the contact surface with
bars and animal´s paws, allowing the electric current pass through the animal´s paws only,
drastically reducing the influence of animal’s bioimpedance. The analysis of recorded data
showed that the current received by the animal was practically the same as applied, inde-
pendent of the animal´s body composition. Importantly, the aversive memory was observed
at specific stimuli intensity and frequency (0.35 or 0.5 mA at 62 and 125Hz but not at
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0.20 mA or 20 Hz). Moreover, with this device it was possible to observe the well-known
step-down inhibitory avoidance task memory impairment induced by guanosine.

Conclusion
This new device offers a substantial improvement for behavioral analysis in step-down in-
hibitory avoidance task and allows us to precisely compare data from different animals with
distinct body composition.

Introduction
In the last century many apparatus and protocols to study learning and memory have been cre-
ated. One of these devices developed by Thorndike [1] consisted of small crates or ‘problem
boxes’. In the late 1930’s, the task was performed with a box containing a lever and food suppli-
er. In this device, the rat had to learn how to have access to the food by pressing the lever[2].
Later, Hudson and colleagues[3]presented a new one-trial protocol called Inhibitory Avoid-
ance Task (IAT).In the 1960’s, Jarvik and Kopp[4] modified the IAT by building a novel appa-
ratus containing 2 compartments, a small lit chamber connected to a larger dark chamber,
where the animal received a shock as it entered to the dark compartment. Thereafter, the pro-
tocol for IAT has been modified several times. These changes resulted in a well-established pro-
tocol of Step-down inhibitory (passive) avoidance task[5–16]

In step-down inhibitory avoidance task, one critical point was the application of various
electric current intensities, ranging from 0.3mA to 3mA[17–20].The stimulus intensities reflect
in the latency of step-down in the test trial (24 h after training). For male Wistar rats (age, 2–3
months, weight, 220–260 g), researchers showed the latency for step-down in the test of ±40–
50 seconds with 2 seconds of stimulus in intensities of 0.3mA [7],0.4mA[15,21] and 0.5mA
[22–26];step-down latencies of 180s in test applied 0.8mA (2s) in training[22,27] and 600 s for
1mA (2s)[28].

However, these apparatus did not consider the influence of animal’s bioimpedance on the
applied currents. Additionally, several other versions of protocol combine one or two-trials as-
sessments during the task[21].Therefore, up to now there is no standardized protocol for IAT
to properly evaluate aversive memory [29], principally for fresh researchers in the field.

Therefore our aim was to develop and standardize a new device for step-down inhibitory
avoidance task, in which the applied electric current has the precise same intensity as the cur-
rent passing through the animal paws, taking in consideration the animal bioimpedance; the
stimulus frequency and intensity are controlled and recorded during the entire experiment.
For further tasks, we challenged this new step-down inhibitory avoidance device using a
known amnesic drug (guanosine,i.p.) [30,31].

Materials and Methods
Animals and experimental conditions
All experimental procedures were performed according to the Brazilian Law N° 11.794/2008.
Recommendations for animal care were followed throughout all the experiments in accordance
with project approved by the ethical committee from the Federal University of Rio Grande do
Sul-UFRGS #5647. Adult Wistar female (3 months old, 280–300g, n = 20) and male (3–5
months old, 310–450g, n = 258) rats were used in the present study. Animals were allocated in
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a controlled temperature (22°C ± 1°C) room under a 12h light/12h dark cycle. They were dis-
tributed, in groups of 5 in Plexiglas cages with free access to food and water. Previously to the
experiment the animals were handled using gloves, for approximately 5 min, once a day for 7
consecutive days. This step is critical to habituate the animals to the experimenter and reduce
the stress caused by manipulation. After the habituation period the animals were evaluated in
the inhibitory avoidance apparatus between 3:00 to 5:00 PM. The animal behavioral perfor-
mance was video recorded.

Two distinct protocol paradigms were used: in the first, the duration of the foot shocks was
set in 3s[26,30,32] adapting the frequency and current applied; in the second, animals receive
foot shock until they return to the platform[20]. The time parameters, including the step-down
latency to the grid with the 4 paws during the training and the test sessions were accessed with
a manual activated chronometer.

Inhibitory avoidance apparatus
The inhibitory avoidance apparatus consists of a 50 × 25 × 30 cm poly(methyl methacrylate)
box. This box has a 48 × 30 cm transparent acrylic window, a 5 cm-high,12 cm-wide and
25 cm-long platform on the left facing a grid of a series of 20 pairs of stain steel bars (2mm di-
ameter) spaced 2mm within bars and each pair spaced 1 cm apart (Fig. 1). Each pair of bars
makes an electrical dipole where the polarity inverted after each pulse. All bars have insulating
layer on the sides and bottom. This step-down inhibitory avoidance apparatus was built to
avoid the variations of current intensity received by animals caused by the animal bioimpe-
dance. With a new arrangement and bars design the electrical current pass through only the
animals’ paws that is in contact with each pair of bars. This allows us to control the current fre-
quency and intensity and to record the current passing through the paw of the animal during
the entire experiment.

Frequencies. Three different frequencies of current were applied, as shown in the Fig. 2:
trains of pulses at 20Hz (10 pulses of 25ms every 500ms), 62Hz (10 pulses of 8ms every 167ms)
and 125Hz (10 pulses of 4ms every 83ms). Thus, the period of shock applied in all selected fre-
quency, in one second, was the same. Programing the current frequencies, we introduce one
modulate frequency, which exposes the animal to pulse train followed by periods without

Fig 1. Schematic representation of the inhibitory avoidance apparatus. The inhibitory avoidance apparatus, including operating diagram with digital
frequency control by microcontroller (PIC18F4520), an analog-digital (A/D) to measure and to control the intensity of stimulus and a data recorder on a
SD card.

doi:10.1371/journal.pone.0116000.g001
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shock, it avoid the continuous animal muscle contraction provoked by passing of electric cur-
rent and allows the animal to escape.

The choice of frequency was based in frequencies utilized in electric stimulation machines
for physiotherapy proposes using 10–100Hz[33]. The frequency of 10Hz was used by Garin
[20], and the value of frequency in major articles used the inhibitory avoidance apparatus
wasn’t specified.

These frequencies are controlled by a microcontroller PIC18F4520. The intensity of stimuli
varied according to the protocol used and it is specified for voltage received by 100ohms resis-
tor integrated in IAT circuit. This voltage was converted in a A/D port of microcontroller
PIC18F4520 with 10bits resolution, in accordance with Nyquist-Shannon sampling theorem,
converted in a ASCII number and recorded in a. txt file in a SD card (2Gb) using the fat16 li-
brary for C++.

Bioimpedance. Important aspects have to be considered when using the inhibitory avoid-
ance apparatus. The voltage source is normally 110 or 220V and the resistance changes by a se-
lector switch, the application of the direct current provided by batteries is used, however it
result in an higher influence of bioimpedance of the animal [34]. According the Ohm’s law, the
bioimpedance decreases the effective current received by the animal when it steps on the grid
[35]. There are three measures involved in bioimpedance value (using a frequency current
below 1kHz): the conductivity value of animal’s body (ρ), the contact area between animal’s
foot and iron bars (A) and the distance between bars (L). In frequencies below 1kHz the bioim-
pedance is equal as the body resistance R = ρ.L/A [36]. We substantially increase the area
(from 0.2cm² to 0.8cm²) modified the bars shape and decrease the distance (from ~15cm to
0,2cm) between ground and positive poles. As a result of our modifications we present a new

Fig 2. Positive phase of stimulus waveform for different frequencies (Hz) at 0.35mA current intensity.

doi:10.1371/journal.pone.0116000.g002
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device with a large (A) and small (L) resulting in a drastically decrease in the bioimpedance val-
ues of paw skin [37] from 1.7 Momhs to 32 Komhs.

In the traditional apparatus the skin bioimpedance of 1.7 Mohms/1mm2 is very similar to
the internal resistance of a current source of 1mA[37] and the bioimpedance of animal changes
with body composition[38].This aspect has not been specified by many authors[3,20,30,39,40].
Indeed, we measured the value of current intensity in the traditional apparatus of Inhibitory
Avoidance Task, with a floor containing parallel caliber stainless-steel bars (1mm diameter)
spaced 1 cm apart [41,42]. So the effective current received by the animals´ paws in traditional
apparatus usually is reduced by 21–58% of the selected value when the paws touch the bars
(Fig. 3, insert).In simple words, a researcher selecting 0.5 mA in the traditional apparatus can
be applying 0.25–0.4 mA, but not the choice intensity presenting a high variation in the
final results.

In our Inhibitory Avoidance apparatus, we increased the contact area of the paws skin and
the pair of bars by 0.8 cm² and we decrease the current route, consequently, we drastically de-
creased the impedance values of paw skin [37] from 1.7 Momhs to 32Komhs. By performing
these changes we were able to reduce the decrement of effective current from 21–58% (tradi-
tional apparatus) to 0.1–3%.

To the electrical shock pass only in the paws and not through the body, in our apparatus,
there are three position modes of bars: connected in phase, connected in ground, and off (no
phase, no ground). We turn on the pars of bars, one by one, connected only one bar in phase
and only one bar in ground each time, all others bars was off. The bars of pair were close
enough for the animal touch, with one foot, the two bars at the same time (positive and ground
bars), so the current pass from the positive bar to the ground bar by the pawn of the animal
and not by the body as the traditional apparatus (Gauss Law).

Recording the current. It should be observed that, besides bioimpedance, electrical conduc-
tion also depends on “extra-corporeal factors” such as any dirt interposed between the paws

Fig 3. Plots of current intensity at 62Hz passing through the animal’s paws or resistor.Different groups were represented by white, light gray or dark
gray bars: 150Kohms resistor (no animal in the apparatus), female rats (3 months; 280–320g) or male rats (3 months; 310–360g), respectively. In insert
graphic the effective current passing by animal body in traditional apparatus of inhibitory avoidance, nominal current 0.4mA. The standard data represents
mean±S.D. Analyses by Mann-Whitney test; n = 5 animals/group/current supplied and 5 measurements for each animal. No significant difference was
observed among the groups. Insert graphic, 8 animals, 3 measurements for each animal.

doi:10.1371/journal.pone.0116000.g003
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and the bars during tests (faeces, etc.), another factor hard to quantify. This is the reason for
measurement and record the current passing in the animal, if any extra-corporeal factors de-
crease the current intensity it will be visualized.

The current was recorded by an analog/digital converter (A/D) and the sampling rate fol-
lowed the Nyquist-Shannon theorem. The sampling frequency of 400 Hz was used. We mea-
sured the current value by the voltage in a 100ohms resistor placed after the negative pole bar,
so the current intensity value was registered only when the animal´s paw closed the circuit
stepping on a pair of bars. The value measured (V2) is the resultant of the voltage applied (V1)
divided by the summation of resistance in the switch (R1), the bioimpedance of animal´s paws
(R2) and the 100ohms resistor (R3), multiplied by 100ohms (see. 1).

V2 ¼
R3V1

ðR1 þ R2 þ R3Þ
ð1Þ

This value is then converted to ASCII character by the microcontroller and record on a SD
Card.

Using this recording system, we were able to determine the number of stimuli received by
each animal. The Fig. 4 shows the data of stimuli intensity of 0.35 and 0.8mA at trains of 62Hz.
When the stimulus intensity were of 0.35 mA at trains of 62Hz or 125Hz, all animals received
the exact given pulses, with no jumping. However, with stimulus intensity of 0.8mA, the num-
ber of jumps increased and consequently the exact given pulses received by the animals de-
creased, jeopardizing the experimental analysis. Therefore, to avoid the inconsistent amount of
received stimuli due to the jumping, we decided to use the stimuli intensity of 0.2, 0.35 and 0.5
mA to evaluate the effect of different current frequencies on the performance of the animals
(all data of the current intensity passing through the animal paws were recorded in a SD Card
and analyzed offline).

Step-down Passive Inhibitory Avoidance Task
First protocol. For this protocol, we used the stimulus of 0.35mA at 62Hz. Each animal was
gently placed on the platform facing the rear left corner of the inhibitory avoidance apparatus
(training session).When the animal stepped-down on the grid with the 4 paws, it received the

Fig 4. Number of animals (n = 10 per group) receiving 3 consecutive bursts of current (0.35 or 0.8mA, 62 Hz), measured for 1 s.

doi:10.1371/journal.pone.0116000.g004
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footshock (stimulus) for 3 seconds. Afterwards, the animal was withdrawn from the apparatus.
After 24h (test session), each animal was placed on the platform again. In this session no shock
was applied when the animal stepped down on the grid. After stepping down, each animal was
withdrawn from the apparatus and placed back to the home cage [43]. The time parameters
were accessed during the training and the test sessions with a manual activated chronometer.
The time to step down on the grid with the 4 paws was measured in both, training and test ses-
sions. Step-down latencies were cut-off at 60s in the training session and at 180s in the
test session.

Second protocol. During the training session, each animal was gently placed on the plat-
form facing the rear left corner of the inhibitory avoidance apparatus. Immediately after step-
ping down with the 4paws on the grid the animal received continuous scrambled footshock
(the current and frequency depended on the specific group) until it spontaneously step-up
back to the platform (latency to escape). The animal was then withdrawn from the apparatus.
The escape latencies were cut-off at 60s[20].After 24h (test session), the procedure was per-
formed as described for the test session of first protocol. These time parameters were accessed
during the training and the test sessions with a manual activated chronometer. Step-down la-
tencies were cut-off at 60s in the training session and at 180s in the test session. The animals
were divided at 11 groups according to the intensity and frequency stimuli applied (0.2mA;
20,62 and 125Hz), (0.35mA; 10,20,40,62 and 125Hz), and (0.5 mA; 20, 62 and 125 Hz).

Passive inhibitory avoidance performance (Score). To evaluate the performance in IAT,
the latency to step-down in the training and test sessions are measured. According to previous
studies, the memory was measured by the difference between the latency to step-down during
the test session and the latency to step-down in the training session [30–32,43,44][22–26].In
second protocol, the time to scape change for each animal, so we qualified the performance by
the influence of the time to explore the platform (step-down latency in training session), the
foot shock duration (latency to escape) and the latency for step-down in test (step-down laten-
cy in test)to evaluate the inhibitory avoidance performance(see 2).

f tð Þ ¼ logðk1=SDTÞ
ðk2:SUÞ

:SD24H ð2Þ

f(t): IAT function
SDT: step-down latency in training session
SD24:step-down latency in test
SU: latency to escape
k1: 60s (maximum time in the platform during the training session)
k2: 3s (minimum time in the platform during the training session)

The measure of “learning” was the same as all classic articles using the passive inhibitory
avoidance task, so we measured the difference between step-down latency in train and the
step-down latency in test after 24h.The value of latency to return to platform was used to quali-
fy and compere animals with different time to return to platform in function of the leaning
in task.

Using the equation f(t) we can compare the effect if a treatment that affects the latency to re-
turn to platform (ex: sensibility to the shock),do or do not affects learning. If the time to return
to the platform is different among the animals, the equation balances this variable resulting in
a value of performance.

Additionally any values of equation above 1 indicate the step-down latency in test (SD24H)
is significant higher of step-down latency in training (SDT), independent of the escape latency.
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Drugs
Guanosine (GUO) from Sigma (St. Louis, MO, USA) was dissolved in NaCl 0.9%. The solu-
tions were prepared immediately before use and were protected from the light[30,45].Thirty
minutes before the training session the rats received a single intraperitoneal (i.p.) injection of
7.5mg/kg GUO (1ml/kg)or vehicle (NaCl—0.9%). The dose of GUO applied was based on pre-
vious studies from our group using in vivo protocols to investigate the anticonvulsant [46–49]
and the amnesic effect on IAT [30].

Statistical analysis
The data are expressed as median and interquartile range, since the behavioral variables being
analyzed (step- down and step up- latency) did not follow a normal distribution, using D’Agos-
tino&Pearson omnibus test of normality. The observation was limited to 180 seconds. The data
were analyzed using the Graphpad Prism 5 program. To compare the results we used One-
Way ANOVA followed by Dunnett’s, Mann-Whitney, or using Chi-square with significance
level of p< 0.05.

Regarding total n = 278 we can divide in: current intensity measurement—48 animals
(Fig. 3); measurement of consecutive bursts of current—20 animals (Fig. 4); protocol 1 and
protocol 2 comparison–20 animals (Fig. 5); influence of current and intensity measurement—
90 animals (Fig. 6); mapping of 0.35 mA effects—20 animals (Fig. 7); guanosine experiment—
80 animals (Fig. 8).

Results
Using our new step-down inhibitory avoidance device, the current received by the animal
through the paws was exactly the same current applied without any interference of the body
bioimpedance for all stimuli intensities (0.2, 0.4, 0.6 or 0.8 mA) (Fig. 3). However, to obtain
this result, it is necessary to turn on one pair of bars at a time. This is controlled by the micro-
controller PIC18F4520that witches the pair of bars according the selected train of frequencies
(20Hz, 62Hz or 125Hz) and the number of pair (20 pair in this apparatus).

In the second protocol (variable escape time), the median time that animals received shock
was of 8.5s (interquartile range, 7.25–18.5 seconds) and the animals spent more time in the

Fig 5. Step down latency (s) for training and test sessions. Light gray represents the group without returning (first protocol with 3s of stimulus), and dark
gray represents the group returning (second protocol with escape latency) in the training session (0.35mA, 62Hz). The latency to escape in the second group
is represented in the insert graphic. The data is expressed by median with interquartile range; analyses by Mann-Whitney test; (n = 10 per group)
***p<0.001 comparing to SDT.

doi:10.1371/journal.pone.0116000.g005
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Fig 6. Effects of frequency (Hz) and current intensity (mA) in step-down inhibitory avoidance
parameters. Effects of frequency (Hz) and current intensity (mA) on step down latency in training session—
A, latency for escape—B, step down latency in test session—C, and score performance (D—the combination
of the 3 graphs above by applying the Equation 2). In B, same letter represent statistical difference among
groups; *p<0.05;**P<0.01;***p<0.001, by Mann-Whitney, comparing to the same group in A. Data
represent median with interquartile range (n = 10/group).

doi:10.1371/journal.pone.0116000.g006
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platform during the test session compared to the training session (Fig. 5). The learning was ob-
served in the second protocol but not in the first protocol (applied the stimulus for 3s), using
0.35mA 62Hz.However, using current of 0.8mA 62Hz for 3s the animal behavior reflects the
classic experiments (data not show). Therefore, we choose to use the second protocol for fur-
ther experiments in this study.

There was no statistical difference among groups in the step-down period during the train-
ing session (Fig. 6A).There was statistical difference among groups 0.5mA 62Hz and 0.5mA
20–125Hz in the latency to escape from the grid (Fig. 6B). Moreover, for the stimuli intensity
of 0.2mA at 20, 62 or 125Hz, and 0.35 or 0.5 mA at 20Hz there was no difference in step-down
latency in test session when compared to the respective step-down latency in training (Fig. 6C).
Animals receiving stimuli intensity of 0.35 and 0.5 mA at 62 and 125Hz had increased time
spent in the platform in test session (Fig. 6C). Applying the Equation 2 we can observe the in-
fluence of all variables evaluated in this study that may contribute for the learning process. By
these mathematical analyses all groups with a median above 1 are classified as presenting mem-
ory (Fig. 6D).

The Fig. 7 shows the effect of 0.35mA stimulus with different frequencies in step-down la-
tency in test session. For 40Hz the step-down latency in test session is similar to observed when
used 0.3–0.5mA in classic articles (median of 40–50 seconds), however, when we use 62Hz the
step-down latency is comparable to 0.8mA (median of 180 seconds), and the behavioral re-
sponse to the stimulus is more intense at higher frequencies (Table 1).

Using the second protocol we observed diminishing of memory in avoidance task by guano-
sine at i.p. 7.5mg/kg at 0.35mA, at 62Hzand 125 Hz stimulation (Fig. 8), even though the gua-
nosine group presented different time to return to the platform among the animals of the
group, there were still the amnesic effects of this compound. There was influence of latency to
return to platform in test (escape latency) and the step-down latency in training on the perfor-
mance score in both, saline (Fig. 9 A-C) and guanosine (Fig. 9 B-D) administration. We ob-
served that 18% of animals treated with GUO and 17.5% of control group obtained a score!1
and< 2.99. However, the number of animals treated with GUO with score higher than 3
where significantly smaller than the control group (17%, 65%, respectively) (p<0.0001, Chi-
square) (see Fig. 9).

Discussion
In our new apparatus, the electric stimulus does not depend of animal’s bioimpedance (Fig. 3).
It permits to evaluate the real effect of the stimulus among groups with different bioimpedance
values, eliminate the influence of house conditions[50]the phenotype, genetic[34,35], treat-
ments like exercise [51] and drugs[52], changing the bioimpedance value[53].

Further, our aim was to design an apparatus with stimulus frequency and intensity easily
and clearly controlled and recorded during the entire experiment, as the studies using tradi-
tional apparatus designed to test step-down avoidance task do not evaluate the influence of ani-
mal’s bioimpedance on the applied currents, nor frequency, neither the intensity of stimulus.
These 3 points clearly alter the behavior of the animals, as confirmed by our results.

Among the advantages from these modifications we can sustain that the current applied
during the task is the current arrived to the animals. In simple words, a researcher selecting
0.5 mA in the traditional apparatus can be applying 0.25–0.4 mA, which result in a high varia-
tion in the final performance of the animals. With this new apparatus, we were able to reduce
the decrement of effective current from 21–58% (traditional apparatus) to 0.1–3% (Fig. 3).
Using the traditional apparatus for step-down inhibitory avoidance task, each animal may re-
ceive different electric current intensity (due variations in body composition); so the
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comparison among animals with different ages, sex or weight is jeopardized, due to the animals
bioimpedance differences.

It should be observed that, besides bioimpedance, electrical conduction also depends on
“extra-corporeal factors” such as any dirt interposed between the paws and the bars during
tasks (faeces, etc.), another factor hard to quantify. This is an additional reason for measure-
ment and recording of the current arriving to the animals, if any extra-corporeal factors de-
crease the current intensity it will be visualized.

The frequency modified the effect of current intensity on leaning in inhibitory avoidance
task and the behavioral of the animal during the stimulus (Table 1). It’s a nonstandard parame-
ter and usually not cited in articles, but it is important as the current intensity confirmed by
our data (Figs. 6 and 7).

The choice of frequency was based in frequencies utilized in electric stimulation machines
for physiotherapy proposes using 10–100Hz[33]. The frequency of 10Hz was used by Garin
[20], and the value of frequency in most articles used the inhibitory avoidance apparatus
wasn’t specified. Even using a battery as electric source, the stimulus should be given in form of

Fig 7. Effects of frequency (Hz) with 0.35mA current intensity in step-down inhibitory avoidance latencies. A- Effects of frequency (Hz) on step down
latency in training session (T), latency for escape (E), step down latency in test session (24h), and score performance (B—the combination of the 3
parameters by applying the Equation 2).**P<0.01; ***p<0.001, by Mann-Whitney, comparing to the same group in A. Data represent median with
interquartile range (n = 10/group).

doi:10.1371/journal.pone.0116000.g007

A New Device for Step-Down Inhibitory Avoidance Task

PLOS ONE | DOI:10.1371/journal.pone.0116000 February 23, 2015 11 / 17



pulses, the constant current (Gaussian current) promote fixed muscle contraction and can
burn the skin (Joule effect). Moreover we need to have some kind of ideal frequency window to
work. In this sense, we worked with a low frequency as 20 Hz to indirectly answer what could
be the lesser frequency for the learning in this task.

Here, there was a relation between performance in step-down inhibitory avoidance task
and the current frequency (Figs. 6 and 7). The behavioral escape, but not the performance in
test session, was the same for 20 Hz and 125 Hz frequencies. This modified step-down inhibito-
ry avoidance apparatus allowed us to control variables that have been not specified up to
now [18,32,39,54]. Our data demonstrates that not only the intensity but also the frequency of
the applied current plays a key role in the performance in a step-down inhibitory avoidance
and learning. This data of frequency is one of missing information in other studies using
IAT [19,41,55,56]. We observed learning with 0.35mA and 0.5mA at 62 and 125Hz but not at
20Hz (Fig. 6). The latency to step up back to the platform during the training session was

Fig 8. Effect of guanosine on the step-down inhibitory avoidance task. (A) Effect of guanosine (i.p.- 7.5mg/kg) on the step-down inhibitory avoidance
task using 0.35 mA stimuli with different frequencies (62 Hz and 125 Hz). All groups displayed similar escape latency (data not shown). Bars express median
(interquartile range). (B) Application of Equation 2 to the data of the graph A. The data were analyzed by Mann-Whitney test (n = 20 per group); ***p<0.001.

doi:10.1371/journal.pone.0116000.g008
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similar for all current intensities, even for the lowest applied current (0.2mA), regardless the
frequency applied.

It is important to emphasize that the possibility to programing the current frequencies in
our apparatus with one modulate frequency (Fig. 2) allows to avoid the continuous animal
muscle contraction provoked by the passing of electricity by the animal body. Also, the shape
of bar avoid that animal hold the bar during the stimulus (Fig. 1). In order to maintain this
concept we needed to resolve the problem of bioimpedance influence in electric current. Thus,
we changed the bars distribution, shape and turn on mode. In this way we cannot apply a
scrambled footshock in this model, as the classical apparatus, because we need to turn off the
bars. Furthermore, a comparison among traditional systems and the ours (with and without in-
fluence of bioimpedance, respectively), is difficult because we cannot control the frequency in
traditional apparatus, nor to measure the real intensity through the animals

With the new apparatus presented here we were able:(1) to abolish the influence of bioimpe-
dance in the intensity of the current received by the animal; (2) to precisely control the current
received during the shocks delivery over the task; (3) to control and constantly record the in-
tensity and frequency of the effective current applied, enabling a full record of the entire experi-
ment. There was a clear reduction in the decrement of effective current to only 0.1–3%,
indicating an insignificant interference of bioimpedance (Fig. 3).

The guanosine, a guanine-based purine, plays important roles in the Central Nervous Sys-
tem[49,57], and has a well establish amnesic effect in vivo in rodents[30,31,49]. Therefore we

Table 1. Description of the observed behavioral responsesduring the test and training sessions.

0.35mA 20Hz

Training Test

ID Vocalization Flinch Jump Rearing Turn Angle Freez Risk Acessment Faeces

cx1 r1 - + - 2 0 0 0 0

cx1 r2 + + - 6 6 1 2 Ok

cx1 r3 - + - 3 2 0 2 Ok

cx2 r3 - ++ - 5 3 0 2 0

cx2 r4 + + - 2 1 0 1 Ok

cx3 r4 + ++ - 1 0 0 0 Ok

0.35mA 62Hz

Training Test

ID Vocalization Flinch Jump Rearing Turn Angle Freez Risk Acessment Faeces

cx1 r4 ++ ++ - 10 4 0 7 Ok

cx1 r5 +++ +++ + 5 5 0 5 Ok

cx2 r1 ++ ++ + 7 3 0 6 Ok

cx2 r2 ++ ++ + 3 2 0 5 0

cx3 r1 +++ +++ - 5 3 0 6 Ok

cx3 r2 + +++ + 14 8 0 7 Ok

cx3 r3 +++ +++ + 2 1 0 3 Ok

+ one episode,
++ between two and four episodes,
+++ more than four episodes; in test the absolute number during the session.

doi:10.1371/journal.pone.0116000.t001
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evaluated our new device using animals treated with i.p. injection of guanosine. We observed a
significant diminishing effect of guanosine on step-down inhibitory avoidance memory even
with a variable escape time.

Taken altogether, this new device offers a substantial improvement in behavioral analysis in
the step-down inhibitory avoidance task, by considering crucial parameters that havebeen
never stated before, such as frequency of stimulus application and principally the influence of
the animal’s bioimpedance. This influence was drastically reduced by the changes in the shape
and distribution of the bars in the apparatus, which permitted to record the exact current pass-
ing precisely trough the paws of the animal during the task and to compare results among

Fig 9. Platform exploration time in training (step-down latency in training) and time of stimulus (escape latency) influence on learning. The scale of
colors indicates the animals score based in Equation 2. (A) Saline group exposed at 0.35mA, 62Hz. (B) Guanosine group exposed at 0.35mA, 62Hz. (C)
Saline group exposed at 0.35mA, 125Hz. (D) Guanosine group exposed at 0.35mA, 125Hz. (n = 20/group).

doi:10.1371/journal.pone.0116000.g009
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animals with different body composition. Despite all these findings, only future studies with
classical impaired memory diseases or potential memory modulators drugs could affirm the
full potential of our new apparatus. Finally, we also propose a mathematical equation that
could improve the analysis of animal performance in the inhibitory avoidance task.
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