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RESUMO

A fisiopatologia da Doenca de Alzheimer (DA) envolve diversos mecanismos
patolégicos, como acumulo de B-amiloide e de emaranhados neurofibrilares,
alteracdes na substancia branca e neurodegeneracao. Este trabalho consiste em um
estudo transversal, cujo objetivo foi investigar os efeitos da integridade da
substancia branca e do depédsito de B-amiloide como fatores determinantes do
hipometabolismo cerebral no continuum da Doencga de Alzheimer (DA).

Utilizando dados obtidos através do consércio internacional Alzheimer’s
Disease Neuroimaging Initiative (ADNI), foram avaliados 96 individuos (27 sujeitos
cognitivamente normais - CN, 49 sujeitos com comprometimento cognitivo leve —
CCL, e 20 pacientes com DA) que realizaram um protocolo completo de
neuroimagem com tomografia por emissdo de positrons (PET) com
[*8F]Fluordeoxiglicose ([*®F]FDG) e ['8F]Florbetapir e ressonancia magnética nuclear
(RMN) com a sequéncia de imagem de tensor de difusao (DTI).

Na primeira parte do estudo, no grupo DA foram identificadas areas de reducéo
da anisotropia fracionada (FA) no fasciculo angular e fornix. Dentre essas regifes,
um voxel de interesse (VOI) foi bilateralmente selecionado no fasciculo angular para
as andlises subsequentes. Apds, examinamos a associacao entre a FA no fasciculo
angular bilateral, o depésito de pB-amiloide através do PET [*¥F]Florbetapir
Standardized Uptake Value Ratio (SUVR) nas regifes de interesse e a possivel
associacdo da interacdo entre ambos no hipometabolismo cerebral avaliado através
de PET ['®F]FDG.

No grupo DA, a magnitude do hipometabolismo cerebral no corpo estriado,
cortex orbito-frontal, temporal basal e mesial, pré-cineo e cingulo anterior e
posterior foi determinada pelo efeito sinérgico (interacdo) entre a densidade de
agregados de B-amiloide e o grau de desintegracdo do fasciculo angular, obtidos via
[‘8F]Florbetapir e FA, respectivamente. N&do foram identificados clusters
estatisticamente significativos nos grupos CN e CCL.

Estes resultados ap6iam o conceito de que o efeito sinérgico, mais do que 0s
efeitos independentes da amiloidose e da desintegracdo da substancia branca,
determina o hipometabolismo regional na DA. De fato, o efeito da interacdo em
nosso modelo, envolvendo o depdsito de B-amiloide e a desconexédo da substancia

branca, contribui para um conceito integrativo da fisiopatologia da DA, em que a



acao combinada de diferentes processos patoldgicos potencializa a degeneracéo do
cérebro.

Palavras-chave: Doenca de Alzheimer. Biomarcadores. Tomografia por Emissao de
Positrons. Imagem de Tensor de Difusdo. Interacdo. Substancia branca.
Hipometabolismo. Deméncia.



ABSTRACT

The pathophysiology of Alzheimer’s disease (AD) involves several pathological
mechanisms, including amyloid- and neurofibrillary tangles deposition, white matter
changes and neurodegeneration. In this tranversal study, we investigated the
interaction between white matter (WM) integrity and amyloid-f deposition as a
potential determinant of cerebral hypometabolism in the Alzheimer’s disease (AD)
continuum. Using the Alzheimer’s Disease Neuroimaging Initiative (ADNI) database,
ninety-six subjects (cognitively normal (CN), n = 27; mild cognitive impairment (MCI),
n = 49; and AD, n = 20) had positron emission tomography (PET) with
[*8F]Fluorodeoxyglucose ([*8F]FDG) and ['®F]Florbetapir, and magnetic resonance
imaging (MRI) with Diffusion Tensor Imaging (DTI).

In the first part of the study, we identified areas of fractional anisotropy (FA)
reduction in angular bundle and fornix in the AD group. Among these regions, we
selected for subsequent analyses a voxel of interest (VOI) in the angular bundle
bilaterally. Then, using a voxel-based interaction model we examined the association
of FA in the angular bundle, amyloid- deposition, and also the potential interaction
of these variables with [*8F]FDG cerebral hypometabolism.

In the AD group, [*®F]JFDG hypometabolism in the striatum, basal and mesial
temporal, orbitofrontal, precuneus, anterior and posterior cingulate cortices was
associated with the interaction between increase in [*®F]Florbetapir standardized
uptake value ratio (SUVR) in regions of interest and reduction in angular bundle FA.
No significant clusters were identified in CN and MCI subjects.

The interaction model, including amyloid-B deposition and WM disconnection,
supports the concept of an integrative framework of AD pathophysiology where the
combination of distinct pathological processes leads to progressive brain dysfunction

in important cognitive-related areas.

Keywords: Alzheimer’s disease. Biomarkers. Positron Emission Tomography.

Diffusion Tensor Imaging. Interaction. White Matter. Hypometabolism. Dementia.
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1 INTRODUCAO

1.1 APRESENTACAO

O interesse pela Doenca de Alzheimer (DA) surgiu durante a residéncia em
neurologia no Hospital S&o Lucas da Pontificia Universidade Catdlica do Rio Grande
do Sul (PUCRS), onde tive meu primeiro contato com pacientes com deméncias e
percebi o grande impacto que essa condicdo clinica traz para o paciente e seu
contexto familiar e social. Sob supervisdo do Prof. André Palmini, comecei a me
aproximar da &rea de neurologia cognitiva e a perceber os seus desafios. Ao mesmo
tempo em que a incidéncia e a prevaléncia da DA cresciam globalmente, via de
regra o diagnostico era realizado de forma tardia, oferecendo perspectivas modestas
de resposta aos tratamentos.

Biomarcadores de neuroimagem tem permitido o estudo detalhado da
fisiopatologia da progressdo da doenca, e através de exames como a tomografia por
emissado de positrons (PET), diversos processos previamente descritos apenas do
ponto de vista histopatoldgico passaram a ser analisados de forma dinamica in vivo.
Este contexto cientifico internacional refletia-se também na PUCRS, onde o Prof.
Jaderson Costa da Costa projetava o Instituto do Cérebro do Rio Grande do Sul
(InsCer) dentro desse conceito e buscava aplicar a neuroimagem funcional como um
recurso para obter avancos na area da neurociéncia. Neste periodo, comecei a
atuar também junto ao Prof. Carlos Rieder no Ambulatério de Deméncias e
Distarbios do Movimento Atipicos, passando a ter contato com os diferentes
espectros clinicos de tais condi¢cdes e vivenciando as dificuldades no diagndéstico
preciso e tratamento dessas enfermidades.

Concomitantemente com a idéia clinica de especializagdo em neurologia
cognitiva, surgiu também o indissociavel interesse cientifico pelo tema. Neste
periodo conheci o Prof. Pedro Rosa-Neto, da McGill University, cuja relacdo de
longa data com a PUCRS o trazia a Porto Alegre para ministrar atividades de
extensdo a respeito da neuroimagem na DA, 0 que aumentou meu interesse acerca
do assunto. Esse contato levou a uma crescente aproximacao dos Profs. Pedro
Rosa-Neto e André Palmini e também a buscar realizar doutorado no tema. Através
do prémio “Emerging Leaders in the Americas” do Canadian Bureau of Foreign

Students, surgiu a oportunidade de realizar parte do meu doutorado e especializacéo
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em neurologia cognitiva junto ao Dr. Pedro Rosa-Neto e Dr. Serge Gauthier no
McGill Center of Studies in Aging. Durante o periodo em que estive na McGill
University em Montreal, dividi inicialmente meu tempo entre atividades assistenciais
no Douglas Hospital, sob supervisdo do Dr. Pedro Rosa-Neto e do Dr. Serge
Gauthier e atividades cientificas focadas em neuroimagem na DA. No Translational
Neuoimaging Laboratory da McGill University, tive contato com o consércio
internacional ADNI (Alzheimer’'s Disease Neuroimaging Initiative), projeto
colaborativo entre diversas universidades da América do Norte, onde pacientes
idosos sdo seguidos longitudinalmente dentro do continuum da DA através de
avaliacbes clinicas e de neuroimagem. O formato do ADNI é particularmente
interessante, pois os dados ali gerados tém permitido a realizacdo de relevantes
pesquisas com exames de neuroimagem — de grande custo — e dentro de um
formato padronizado que impactaram significativamente a pesquisa cientifica no
tema.

O periodo em Montreal trouxe um amadurecimento clinico-cientifico,
oportunizando grande aprendizado na area. Este processo levou a contribuir de
forma original no tema através da pesquisa aqui apresentada. Neste estudo,
procurei integrar diferentes modalidades de neuroimagem para investigar o efeito da
interacdo entre distintos processos patologicos na DA. Através de um modelo
estatistico de neuroimagem, testei a hipotese de que a interacdo entre 0S processos
de deposicdo de amiloide e o comprometimento da substancia branca esta
associada com o hipometabolismo cerebral na DA .

Esta tese traz o resultado dessa trajetéria de aprendizado. Os artigos que
encontram-se na sessao de anexos constituem a base desta dissertacao e refletem
0 processo de constru¢cdo e amadurecimento cientifico no tema. Como as diversas
facetas da integracdo de biomarcadores de imagem na DA foram detidamente
revisadas nos artigos em anexo, a revisdo tedrica desta dissertacdo apenas
apresenta os aspectos fundamentais para a compreensao do estudo original. Por
outro lado, a metodologia e o resultados descritos baseiam-se no estudo original

também em anexo e submetido para publicacéo.

1.2 ASPECTOS GERAIS
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Nos ultimos dois séculos, foram observadas importantes mudancas sociais
com um exponencial crescimento da expectativa de vida da populacado (1). Tal
fendbmeno tem gerado importantes alteracdes nas piramides populacionais em todo
o mundo, com um progressivo aumento da populacdo idosa. Dados do Global
AgeWatch de 2015 apontam que h& mais de 900 milhées de individuos no mundo
com mais de 60 anos, e até 2030 esse numero deve chegar a 1.4 bilhdo de pessoas
(https://lwww.ageinternational.org.uk).

Uma das consequéncias mais relevantes desse processo demografico € o
aumento na incidéncia e prevaléncia das doencgas ligadas ao envelhecimento,
periodo em que ocorre um acumulo de modificagbes deletérias em células e tecidos
gue levam ao maior risco de desenvolvimento de doencas e morte (2). Nesse
cenario, observa-se um aumento na incidéncia das condi¢des biolégicas chamadas
de neurodegenerativas, caracterizadas por perda progressiva de neurbnios no
sistema nervoso. Dentre as condigbes neurodegenerativas, existem alguns quadros
gue podem levar ao desenvolvimento de deméncia, estagio clinico caracterizado por
comprometimento da funcionalidade e autonomia do individuo (3).

A doenca de Alzheimer (DA) € a principal condicdo associada com o
comprometimento cognitivo, e apresenta grande impacto para o individuo acometido
por essa enfermidade e para a familia e a sociedade onde esté inserido. Frente a
esta preocupante conjuntura, observa-se um crescente interesse da comunidade
cientifica na busca por uma melhor compreensado de sua fisiopatologia, visando ao
desenvolvimento de terapias mais efetivas e modificadoras da histéria natural da
doenca.

1.3 HISTORIA

O termo deméncia deriva da palavra latina demens, que € composta do prefixo
de (sem ou né&o) e do termo mens (mente). Essa palavra passou a ter conotagcao
médica no inicio do século XVIII através de Jean Etienne Esquirol (4), porém a
condicdo clinica de deterioro cognitivo associado ao envelhecimento é bastante
conhecida desde a antiguidade. Desde o Egito e Grécia Antiga, ja existem registros
descrevendo e formulando os primeiros conceitos de deméncia, mas foi no periodo

greco-romano que Galeno caracterizou a deméncia como um distirbio mental (5).
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Apesar das diversas referéncias a respeito da idéia de deméncia ao longo da
historia, o conhecimento especifico sobre DA é relativamente recente. Em 1906, em
um encontro alemao de psiquiatria na cidade alema de Tubingen, o psiquiatra
alemao Alois Alzheimer (1864-1915) descreveu pela primeira vez as caracteristicas
clinicas e patoldgicas de uma entdo chamada deméncia pré-senil (6). Na sua
descricdo, Alzheimer descreveu o caso da paciente Auguste Deter, cujo quadro
clinico foi acompanhado por ele entre 1901 e 1906. A paciente havia sido internada
em um asilo municipal em Frankfurt, levada pelo marido devido a alteracdes
neuropsiquiatricas manifestadas a partir dos 51 anos. Segundo o marido, Auguste
vinha apresentando importantes alteragcdes na sua personalidade, com delirios
parandides associados a um severo comprometimento da memoéria e prejuizo
funcional na realizacdo de suas atividades de vida diaria. Durante o periodo em que
esteve hospitalizada, Auguste apresentava também desorientacdo temporo-espacial,
e com o passar dos anos seu estado geral deteriorou progressivamente: a fala
tornou-se inteligivel e, em seu ultimo ano de vida, permaneceu acamada. Auguste
Deter faleceu em 1906, pouco antes de completar 56 anos, por septicemia
decorrente de Ulceras de presséao resultantes do longo periodo em decubito dorsal.

Na data da morte de Auguste Deter, Alois Alzheimer estava trabalhando em
Munique, permanecendo ainda extremamente interessado pelo caso em questéo.
Apds o 6bito de Auguste, Alois Alzheimer solicitou que lhes fossem enviados os
registros clinicos e o cérebro da paciente para sua analise. O exame realizado post-
mortem revelou a deposicdo de “substdncias peculiares” no cortex cerebral,
atualmente caracterizados como a presenca de p-amiloide, bem como uma massiva
perda neuronal. Os emaranhados neurofibrilares foram descritos posteriormente por
Fuller, pupilo e colaborador de Alois Alzheimer. Em 1906, Alzheimer apresentou
seus dados no encontro aleméo de psiquiatras em Tubingen, e logo apds relatou tais
achados em um artigo chamado “A characteristic serious disease of the cerebral
cortex”, em 1907 (7). Em 1911, Dr. Alzheimer abordou de forma mais abrangente
suas observagbes em outro artigo, no qual incluiu também os dados de outro
paciente com caracteristicas clinicas muito semelhantes a Auguste Deter. Neste
artigo, Alois Alzheimer incluiu também ilustracbes demonstrando a presenca de
placas de amiloide e de emaranhados neurofibrilares (Figura 1).

O termo Doenca de Alzheimer (DA) foi introduzido pela primeira vez em 1910,

pelo proeminente psiquiatra Emil Kraepelin, na oitava edicdo de seu Manual de
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Psiquiatria, no capitulo de deméncias senis e pré-senis. Neste livro, 0 autor abordou
as caracteristicas clinicas e histologicas de “um grupo peculiar de casos com

alteragdes celulares severas” descrita por Alois Alzheimer poucos anos antes.

Figura 1. llustragdo de Alois Alzheimer de 1911, demonstrando a presenca de
emaranhados neurofibrilares e de placas de amiloide.

Figura adaptada de Dahm e col. Current biology (2006). (7).

1.4 EPIDEMIOLOGIA

A DA é atualmente reconhecida como a principal causa de deméncia no mundo,
estimando-se uma prevaléncia de cerca de 35 milhdes de pessoas globalmente. Nos
Estados Unidos da América (EUA), a doenca acomete um em cada nove individuos
com mais de 65 anos de idade, e acima de 85 anos a prevaléncia é superior a 37%
(8). Com o progressivo aumento da expectativa de vida, projecdes estimam que
ocorra uma duplicacdo desses indices a cada 20 anos nas proximas décadas,
atingindo numeros ainda mais alarmantes.

O maior estudo populacional brasileiro foi realizado na cidade paulista de
Catanduva, onde observou-se uma prevaléncia de deméncia de 7.1% na populacao
acima de 65 anos, sendo que 55.1% dos casos correspondiam a DA e 14.4% a

patologia mista (DA + doenca cerebrovascular) (9). Na avaliacdo subsequente, em
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que foram reavaliados os individuos sem diagnostico de deméncia, observou-se que
a taxa de incidéncia de deméncia praticamente dobra a cada 5 anos, com uma maior
incidéncia em mulheres e uma tendéncia a ocorrer mais em analfabetos (10).
Através dos dados atuais demograficos brasileiros, estima-se uma prevaléncia de
DA de 1,2 milh&o de pessoas no pais, com uma incidéncia média de 100 mil novos

casos por ano.

1.5 CONCEITOS E MODELOS ATUAIS — A DA COMO UM CONTINUUM

Segundo o critério diagnodstico de 1984, o termo DA contemplava apenas
pacientes em estagios com claro comprometimento funcional, chamado de
deméncia, e o diagndstico definitivo exigia achados histopatoldégicos compativeis
com DA (11). O conceito de DA foi revisado em 2011, quando, apds avancos na
compreensao da doenca, a DA passou a ser conceitualizada como um continuum
gue envolve diversos processos neurobiolégicos progressivos e que se apresenta
através de diferentes estdgios clinicos (12). Esse continuum estende-se desde o
funcionamento cognitivo absolutamente normal no idoso até alteracdes leves e
progressivamente mais graves de memoria, de fungfes executivas e outras esferas
da cognicdo, atingindo um estigio de significativo comprometimento cognitivo e
funcional (13).

Atualmente, a fisiopatologia da DA tem sido descrita através de uma complexa
sequéncia de eventos neuropatoldgicos, iniciando com a deposicdo de B-amiloide e
seguida pela hiperfosforilagdo e acumulo da proteina tau (14, 15). Nos estagios
mais avancados do modelo atual da doenca, quando observa-se neurodegeneracéo,
ocorre declinio metabdlico, estrutural e clinico (13).

Sob o ponto de vista clinico, os recentes avan¢os na compreensdo da DA e a
idéia de tratar-se de um processo dinamico, desenvolvido durante décadas, levaram
a importantes mudancas conceituais na avaliacdo e classificacdo clinica dos
pacientes. Um dos exemplos que ilustra estes avancos conceituais diz respeito a
individuos que, a avaliacdo, apresentam comprometimento em algum dos dominios
cognitivos sem impacto significativo na sua funcionalidade. Estes passaram a ser
classificados através da terminologia Comprometimento Cognitivo Leve (em inglés

mild cognitive impairment — MCI) (16).
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O entendimento de que a deméncia representa o0s estagios finais deste
continuum foi um avanco fundamental, uma vez que permite uma projecdo a
respeito deste desfecho indesejavel enquanto o paciente ainda esta funcionando
relativamente bem, com graus variaveis de independéncia e portanto nas fases mais
iniciais do espectro. Através da elaboracdo desses novos conceitos e do
desenvolvimento e incorporacdo do uso de biomarcadores que refletem os
processos patologicos da DA, os critérios diagnosticos foram revisados e passaram
a incluir as diferentes fases clinicas e de categorias diagnoésticas da doenca (3, 17,
18) (Figura 2) .

As importantes mudancas dos paradigmas na area geraram novas questfes e
desafios, como a busca pelo desenvolvimento de intervencdes terapéuticas
realmente eficazes, a fim de evitar ou limitar a progressao da doenca. Para que isso
seja possivel, € altamente desejavel que possamos encontrar meios de identificar
aqueles individuos idosos que irdo beneficiar-se destas intervencdes, ou seja,
agueles nos quais o tratamento iniciard de forma mais preventiva do que paliativa,
sendo administrado antes que ocorra perda funcional significativa. Nesta direcéo, as
pesquisas no tema tém buscado alteragbes sutis e precoces na estrutura e na
dindmica funcional do cérebro de idosos, passando a incluir em estudos como o

ADNI pacientes cognitivamente normais e com comprometimento cognitivo leve.

Figura 2. Modelo atual hipotético dindmico do continuum da DA através de
biomarcadores.
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Figura adaptada de Jack e col. Lancet neurology (2013).(15)

1.6 FISIOPATOLOGIA

A fisiopatologia da DA envolve diversos mecanismos patolégicos, sendo o0s
principais o acumulo de B-amiloide e de emaranhados neurofibrilares compostos
pela proteina tau hiperfosforilada. Tais alteragfes estdo associadas a diversos
eventos, incluindo neurodegeneracdo, neuroinflamacdo com alteragbes na

substancia branca e disfuncéo de diferentes neurotransmissores (Figura 3).

Figura 3. llustracdo de eventos fisiopatoldgicos na DA.

Glial cell

gNeurofibrillary tangles @ Amyloid plaques (y Neurotransmitter Neuroinflammation

Figura adaptada de Schilling e col. Future Neurology (2014). (19).

1.6.1 B-amiloide

A deposicdo extracelular de placas de B-amiloide é uma das principais
caracteristicas da DA, presente inclusive na descricao inicial de Alois Alzheimer. O
acumulo de B-amiloide em placas é a ultima etapa do processo amiloidogénico
iniciado pela quebra da proteina precursora do amiloide (APP) através de duas
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enzimas: B-secretase e vy -secretase, levando a formacédo de peptideos de f -
amiloide, sendo os mais comuns 0 AR1-40 e o AB1-42 (20). Os peptideos passam
por um processo de oligomerizacédo e fibrilogénese, formando entdo placas maduras
e insoluveis de B-amiloide. Conceitos atuais apontam que as formas mais toxicas de
B-amiloide sao os oligbmeros e indicam que estes estdo associados com a disfungéo
singptica da doenca (21). Outra caracteristica importante é que os depositos de (-
amiloide induzem a hiperfosforilacdo da proteina tau, processo a ser discutido na
préoxima secao.

Os depoésitos de B-amiloide ocorrem de forma progressiva e, segundo a
descricdo de Braak, podem ser separados em trés estagios: A) ha o envolvimento
das porcdes basais do isocortex; B) as alteracdo ocorrem nas areas associativas do
isocortex; e C) ha comprometimento de praticamente todas as areas do isocortex
(22). No estagio C, outras areas além do cortex estdo também envolvidas, como o
corpo estriado, tdlamo e hipotalamo.

1.6.2 A proteinatau

A proteina tau tem como principal funcéo a estabilizacdo dos microtubulos, que
constituem o citoesqueleto dos axénios das células nervosas (23). A regulacédo da
fosforilacdo da tau ocorre através de enzimas chamadas proteinas cinases, como
glicogénio sintase cinase 3-beta (GSK-3[3, do inglés “glycogen synthase kinase 3[3”),
ciclina dependente de cinase 5 (CDK5, do ingles “cyclin-dependent kinase 5”),
proteina cinase dependente de cAMP (PKA, do inglés “cCAMP-dependent protein
kinase”) e proteina reguladora associada a microtubulo (MARK, do “microtubule-
affinity-regulating-kinase”) (24). A sinalizacéo e plasticidade neuronal também estéo
associadas a fosforilacdo da proteina tau, e alteragdes nestes processo sdo parte
fundamental da fisiopatologia da DA (25, 26).

Um dos mais importantes processos fisiopatégicos da DA é a fosforilacdo
exacerbada da proteina tau, desencadeando instabilidade dos microtibulos e
neurodegeneracdo. Atraves dessa hiperfosforilagdo ocorre a formacéo e depdsitos
intracelulares chamados de emaranhados neurofibrilares (27-29). A propagacao
cerebral da deposicdo dos emaranhados neurofibrilares ocorre também dentro de
seis estagios padronizados por Braak, sendo: I-1l) camada transentorrinal; Il — V)

regides do sistema limbico e V — VI) areas isocorticais (22).
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Apesar do importante papel da agregacdo da proteina tau na DA, tais
alteracdes ndo sdo observadas apenas na DA, mas também em outras doencas
neurodegenerativas. Tais condi¢cdes, denominadas taupatias, sdo responsaveis por
doencas que apresentam-se com diferentes fendtipos clinicos, como deméncia

frontotemporal e paralisia supranuclear progressiva (23).

1.6.3 Outros mecanismos

Desde a sua descri¢do original, a DA é caracterizada como uma doenca da
substancia cinzenta (6), e as mais proeminentes teorias sobre a fisiopatologia da
doenca postulam que o acumulo das proteinas amiloide e tau justificam a maioria
dos processos neurobiolégicos observados no quadro (22, 30). Entretanto, a
presenca de respostas inflamatérias foi também descrita, tanto através do aumento
de citocinas pro-inflamatorias e de fator de necrose tumoral, como pela ativacéo glial
e presenca de fatores de complemento junto as placas de amiloide e dos
emaranhados neurofibrilares (31-37). A neuroinflamacdo, apesar de inicialmente
ocorrer como mecanismo reativo e protetor no sistema nervoso central, contribui
para a disfuncao singptica e neurodegeneracao (38-40).

A degeneracdo da substéncia branca na DA foi observada em andlises
histopatoldgicas desde estagios pré-clinicos (41). Através de estudos de
neuroimagem, cujos métodos serdo discutidos na sequéncia, foi descrito o
comprometimento de diversos feixes desta substancia, sugerindo que tais alteracbes
também fazem parte da fisiopatologia da doenca (42-46). Apesar do conceito atual
do envolvimento da substancia branca como parte do processo fisiopatoldgico da DA,
0 mecanismo subjacente a esse comprometimento ainda ndo esta claramente
definido, e diferentes teorias buscam explicar esse processo, sendo as principais a
Degeneracao Walleriana e a Retrogénese. Na teoria da Degeneracao Walleriana, o
conceito € que o comprometimento da substancia branca ocorre de forma
secundéria a degeneracdo do cortex. JA na teoria da Retrogénese, a idéia € que
esse processo ocorre de forma primaria nessas estruturas (47, 48). No modelo da
Retrogénese, o dano primario na mielina e o comprometimento axonal levam a
atrofia da substancia branca, sendo mais sensiveis as regides com axbnios cortico-
corticais de menor diametro, especialmente nas areas neocorticais e lobo temporal
(49).
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Dentro do processo patolégico da DA, ocorre a disfuncdo de diversos
neurotransmissores. O glutamato € o principal neurotransmissor excitatorio cerebral,
e os oligbmeros de B-amiloide interagem de forma deletéria com os receptores
glutamatérgicos, levando a um processo de excitoxicidade (50). Nesse processo,
através da inducdo da abertura do canal inotrépico receptor N-metil-D-Aspartato
(NMDA), ha um aumento no influxo de célcio, ativacdo de vias de sinalizacao
associadas com a fosforilacdo da proteina tau e morte neuronal (51). Este
mecanismo justifica o0 uso da Memantina em fases moderadas a avancadas da
doencga, uma vez que essa medicacgdo realiza um bloqueio de baixa afinidade nos
receptores NMDA, reduzindo o influxo de célcio e mantendo a atividade do receptor
de forma adequada (52-54).

O sistema colinérgico também sofre comprometimento na DA, ocorrendo
reducdo nos niveis de acetilcolina associada a reducdo na atividade da enzima
colina-acetil-transferase, responsavel pela sintese de acetilcolina (55, 56). Tais
alteracdes justificam o uso clinico de medicacdes inibidoras das colinesterases a fim
de reduzir a degradacdo da acetilcolina e obter melhora em funcdes cognitivas.
Alteracdes no sistema serotoninérgico também foram descritas na DA, estando
associadas a alteracdes cognitivas e neuropsiquiatricas (57-59).

1.7 A NEUROIMAGEM NA INVESTIGACAO IN VIVO DA PATOLOGIA DA DOENCA
DE ALZHEIMER: O ADVENTO DOS BIOMARCADORES

O advento de marcadores mensuraveis in vivo para a DA, os chamados
biomarcadores, tem permitido importantes avancos na compreensao dos eventos
patolégicos observados na doenca, assim como tem sido util no diagndéstico da
doenca e monitoramento de resposta a intervencgfes clinicas. Os biomarcadores
hoje disponiveis podem ser obtidos através de neuroimagem ou do liquido
cefalorraquidiano com analise dos niveis de amiloide Bi42 € da proteina tau total e
fosforilada. Os marcadores obtidos no liquido cefalorraquidiano apresentam boa
acuracia diagnostica, entretanto tem como fator limitante a necessidade da
realizacdo de puncédo lombar para coleta (60).

O desenvolvimento dos métodos de neuroimagem durante as Ultimas décadas
trouxe importantes avancos clinico-cientificos na area. Os exames de neuroimagem

podem ser classificados como estruturais, quando avaliam essencialmente a
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morfologia cerebral, e exames funcionais, nos quais processos metabodlicos séo
quantificados de forma dinamica (61). Os exames estruturais Sdo importantes na
investigacdo de quadros demenciais, uma vez que a Ressonancia Magnética
Nuclear (RMN) permite avaliar eventuais assimetrias inter-hemisféricas, atrofia lobar
e lesdes vasculares associadas ao quadro, especialmente através da sequéncia
FLAIR (fluid attenuated inversion recovery) (62). Na DA, a avaliacdo de atrofia
cortical e especialmente dos hipocampos também contribuem no processo de
investigacao diagnostica (63).

A Tomografia por Emissdo de Pdsitrons (PET), um dos principais exames
funcionais de neuroimagem, sera abordado na sequéncia, bem como outras
modalidades de RMN.

1.7.1 Tomografia por Emisséo de Pdsitrons

Através de exames de neuroimagem, como a tomografia por emissdo de
positrons (PET), pode-se obter diferentes informacfes de distintos processos
cerebrais in vivo (Figura 4). No exame de PET, através de radiotracadores como
[*8F]Fluordeoxiglicose ([*®F]FDG) e [*C]Pittsburgh Compound B ([*!C] PIB) ou
[*8F]Florbetapir, é possivel quantificar metabolismo e depdsito de amiloide cerebral
(Figura 5), respectivamente (19, 64). A quantificacdo do exame de PET cerebral é
realizada através de um indice chamado SUVR (Standardized Uptake Value Ratio),
calculado através de uma razao entre o valor de captacéo do tragcador em um ponto
especifico e um ponto de referéncia, como cerebelo ou ponte. Na DA, através do
PET, observa-se de forma notdria hipometabolismo cerebral e deposicdo de
amiloide em areas como o coértex do cingulo posterior e areas temporo-parietais
associativas (65, 66) (Figura 6) .

Iniciativas como o consorcio internacional ADNI permitiram grandes avancos
cientificos através de informacédo geradas pelos exames de PET, e hoje critérios

internacionais para pesquisa em DA ja incluem a utilizacdo desta ferramenta (18).
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Figura 4. Processos envolvidos na realizacdo do exame de PET, desde a sintese no
ciclotron até a aquisi¢cdo da imagem.
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Figura adaptada de Schilling e col.r Future Neurology (2014).(19)
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Figura 5. Exame de PET com ['C]Pittsburg Compound B, radiotracador para
depdsito de B-amiloide.

["CJPIB - ®) mclpiB +

a) paciente com sindrome cortico-basal sem evidéncia de depdsito de -amiloide; b) paciente com DA
com evidéncia de extensa deposi¢do de B-amiloide, de forma marcada no cingulo posterior, pré-
cuneo, cortex pré-frontal e parietal inferior.

Figura adaptada de Schilling e col. Dementia & Neuropsychologia (2016).(64)
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Figura 6. Exame de PET com [*8F]FDG em 3 diferentes grupos (CN, CCL e DA).

Individuos cognitivamente normais (NCI), pacientes com Comprometimento Cognitivo Leve (CCL) e
pacientes com DA. No grupo DA, observa-se importante hipometabolismo no cingulo posterior e pré-
cunéo, assim como no cértex frontal e parietal inferior.

Figura adaptada de Schilling e col. Dementia & Neuropsychologia (2016).(64)

1.7.2 RMN com Imagem por Tensor de Difusao

A imagem por tensor de difusdo (DTI) € uma sequéncia de Ressonancia
Magnética Nuclear (RMN) que fornece informacdes sobre a microestrutura da
substancia branca através de diversos indices, como Anisotropia Fracionada (FA) e
Difusividade Média (MD) (Figura 7). Este método permite determinar a organizacao
tecidual das fibras da substancia branca, através da analise da difusividade da agua
no tecido cerebral de forma quantitativa. A FA, o indice mais especifico gerado pelo
DTI para andlise da substancia branca, € expresso através de valores entre zero e
um, refletindo o ordenamento das moléculas baseado no quao direcional é a difusédo
da agua, sendo 0 para difusdo isotropica e 1 para totalmente direcional (67). Uma
reducdo neste indice reflete a perda de mielina nos axénios, e, portanto, perda do
efeito direcional da difusdo da &gua (menor anisotropia), expressando
comprometimento da substancia e da conectividade estrutural (68, 69) (Figura 8).

Diversos estudos demonstraram danos em feixes da substancia branca atraves

da técnica DTI, especialmente em estruturas relacionadas ao sistema limbico e de
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memoéria (70, 71). Em pacientes com DA, foram observadas reducdo na FA e
aumento da MD nas principais areas envolvidas na DA, incluindo corpo caloso, lobo
temporal medial e lateral, fornix, giro do cingulo, pré-cineo e substancia branca do

lobo pré-frontal.

Figura 7. Representacdo das medidas quantitativas em um feixe de substancia
branca obtidas através da imagem por tensor de difuséo.
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Figura adaptada de Chua e col. Current opinion in neurology (2008).(69)
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Figura 8. llustracdo dos processos associados a imagem por tensor de difusao.
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a) modelos tedricos sobre o comprometimento da substancia branca na DA; b) dano na bainha de
mielina associado ao processo patolégico da doenga; c) indices calculados através da imagem por
tensor de difuséo.

Figura adaptada de Alves e col. BioMed research international (2015).(49)

1.8 INTERACAO ENTRE PROCESSOS FISIOPATOGENICOS NA DOENCA DE
ALZHEIMER

Estudos recentes tém integrado diferentes biomarcadores de neuroimagem
para melhor compreender as relacdes entre os diferentes processos fisiopatoldgicos
da DA. Tem-se tentado compreender, sobretudo, quais mecanismos contribuem
para o hipometabolismo cortical na DA. A deaferentacdo por lesdo em feixes de
substéncia branca e a deposicao de B-amiloide sdo dois dos mecanismos estudados
e prioritariamente relacionados a esta redugdo metabdlica observada na progresséo
do quadro.

Em um estudo experimental com primatas, Meguro e col. demonstraram que

lesbes nos cortices peririnal e entorrinal sdo seguidas por hipometabolismo
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hipocampal e no neocortex (72). Estudos subsequentes relacionaram os feixes de
substancia branca comprometidos com o metabolismo de regides cerebrais
interconectadas (por exemplo: desconexado no fornix e hipometabolismo do cingulo
posterior) (73). Outros estudos relacionam a progressao regional do
hipometabolismo cerebral com o depdsito de amiloide nestas areas (74).

Através de modelos criados especificamente para a analise integrada de
diferentes biomarcadores, Pascoal e col. sugerem que a interacdo entre o acumulo
de B-amiloide e da proteina tau apresenta efeito determinante na reducéo
metabdlica na DA (75). Tais achados tem fundamental importancia na fisiopatologia
da DA, uma vez que o modelo atual da doenga envolve um cascata sequencial de
eventos. O conceito integrativo e sinérgico entre diferentes mecanismos vem sendo
amplamente debatido, entretanto os efeitos da interacdo entre o acumulo de B-
amiloide e da proteina tau foram observados apenas em individuos cognitivamente
normais e com CCL. Assim, esses resultados sugerem o possivel envolvimento de
outros mecanismos nas alteracdes observadas especificamente na fase de
deméncia na DA. Dessa forma, no presente estudo buscamos avaliar, através de um
modelo de interacdo, o efeito da desconexdo do fasciculo angular, da deposicao de
amiloide e da interagéo entre ambos no hipometabolismo cerebral na DA.
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2 JUSTIFICATIVA

A incidéncia de DA vem apresentando um progressivo aumento nas ultimas
décadas, e ndo possui ainda um tratamento curativo ou modificador de sua historia
natural. Um dos principais fatores limitantes para o desenvolvimento de novas
terapias € o diagnoéstico ainda tardio, bem como a dificuldade na identificacdo e
compreensao de todos 0os mecanismos patoldgicos envolvidos na sua progressao.

Buscamos aqui avaliar o papel de diferentes biomarcadores na investigacao do
continuum da DA, especificamente indicadores da transi¢cdo entre cognicdo normal e
CCL e entre CCL e DA estabelecida. Quando os biomarcadores sédo analisados de
forma isolada, podem néo apresentar diferencas entre grupos com perfis cognitivos
distintos ao longo do continuum, mas a interacao entre eles pode trazer uma nova
perspectiva nesta distingdo. Através de exames de neuroimagem, buscamos
identificar o efeito da interacdo entre diferentes mecanismos fisiopatolégicos, como o
comprometimento da substancia branca e o depdsito de amiloide no metabolismo
cerebral destes individuos.

Assim, nos propusemos a investigar os efeitos de diferentes processos
fisiopatogénicos na DA visando a contribuir no desenvolvimento de novas
estratégias de investigacdo da progressao de disfuncao cognitiva no envelhecimento.
Especificamente, buscamos utilizar estas técnicas afim de identificar se o
hipometabolismo presente na DA é secundario a desconexao do cortex, a presenca

de amiloide no cortex ou a interacdo entre ambos.
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3 OBJETIVOS

3.1 OBJETIVO GERAL

Avaliar biomarcadores de neuroimagem relacionados a distintos mecanismos

fisiopatogénicos, tanto de forma isolada como interativa, em idosos distribuidos em 3

pontos ao longo do continuum cognitivo: aqueles cognitivamente normais, individuos

com CCL e pacientes com DA.

3.2 OBJETIVOS ESPECIFICOS

Avaliar:

— diferencas na FA em distintos feixes de substancia branca,
comparando individuos com CN x DA, CN x CCL e CCL x DA;

— a FA no voxel de interesse selecionado (fasciculo angular bilateral) em
todos os participantes, para obter os valores médios em cada grupo (CN, CCL,
DA);

— 0 SUVR global do PET [*®F]Florbetapir em todos os participantes, para

obter os valores médios em cada grupo (CN, CCL, DA);

— 0 SUVR global do PET [*¥F]FDG em todos os participantes, para obter

os valores médios em cada grupo (CN, CCL, DA);

— diferencas entre os grupos (CN x DA, CN x CCL, CCL x DA) na FA do

voxel de interesse selecionado bilateralmente no fasciculo angular;

— diferencas entre os grupos (CN x DA, CN x CCL, CCL x DA) no SUVR
global de PET [*®F]Florbetapir;

— diferencas entre os grupos (CN x DA, CN x CCL, CCL x DA) no SUVR
global de PET [*8F]FDG.

Investigar a associagao entre FA no fasciculo angular bilateral, o depdésito de
B-amiloide através do PET [*®F]Florbetapir SUVR nas regides de interesse e a
possivel associacdo da interacdo entre ambos no hipometabolismo cerebral

nos 3 grupos.
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4 MATERIAL E METODOS

4.1 DELINEAMENTO

Estudo transversal a partir da base de dados Alzheimer’s Disease
Neuroimaging Initiative (ADNI).

4.2 DEFINICOES CLINICAS DO ESTUDO

De acordo com os protocolos do ADNI, o diagnostico de DA foi baseado nos
critérios do National Institute of Neurological and Communicative Disorders and
Stroke/Alzheimer’s Disease and Related Disorders Association (NINCDS/ADRDA), e
a severidade do comprometimento cognitivo (DA leve, moderada ou grave) com
base no escores do Mini-Exame do Estado Mental (MEEM) (76) e da escala Clinical
Dementia Rating (CDR) (77). Em linhas gerais, os pacientes com DA apresentam
um declinio cognitivo em relacao a niveis prévios, comprometendo pelo menos dois
dominios cognitivos. Esses pacientes apresentam comprometimento funcional em
suas atividades, o que leva a escores de 1.0 ou mais na escala de CDR.

O ADNI2 e ADNI-GO definem como apresentando comprometimento
cognitivo leve (CCL) individuos com queixas subjetivas de memoria, cuja gravidade
€ objetivada através dos escores na recordacédo tardia de um paragrafo da escala
Wechsler Memdria Logica Il. Individuos com CCL podem ter pontuagdo entre 24-30
no MEEM, CDR 0.5 e preservacdo da funcionalidade nas atividades da vida diaria
(78).

4.3 DESCRICAO DO BANCO DE DADOS DO CONSORCIO ADNI E AMOSTRA
DESTE ESTUDO

Os dados utilizados na elaboracao da tese e do artigo original foram obtidos a
partir da base de dados do consorcio Alzheimer’s Disease Neuroimaging Initiative
(ADNI) (adni.loni.usc.edu). O ADNI foi langado em 2003 por instituicbes norte-
americanas - National Institute on Aging (NIA), National Institute of Biomedical

Imaging and Bioengineering (NIBIB), Food and Drug Administration (FDA) - e
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companhias privadas e organiza¢gfes sem fins lucrativos, em uma parceria publico-
privada de U$ 60 milhdes com duracéo de 5 anos.

O principal objetivo do ADNI foi avaliar se exames seriados de neuroimagem
(RMN e PET), de outros biomarcadores e avaliacdes clinicas e neuropsicologicas
podem ser combinados para avaliar a progressao do comprometimento cognitivo
leve e DA inicial. A determinacdo de marcadores sensiveis e especificos de
progressdo na DA muito inicial destina-se a ajudar os investigadores e clinicos a
desenvolver novos tratamentos e monitorar a sua eficacia, bem como diminuir a
duracdo e os custos de ensaios clinicos.

O investigador principal desta iniciativa € o Dr. Michael W. Weiner, da
Universidade da Califérnia - San Francisco, EUA. O ADNI é resultado de esforcos de
muitos pesquisadores e colaboradores de uma vasta gama de instituicoes
académicas e corporacdes privadas, e os individuos do estudo foram recrutados em
mais de 50 centros nos EUA e Canada. O obijetivo inicial do ADNI foi recrutar 800
sujeitos, mas foi seguido pelo ADNI-GO e ADNI-2. Até o momento, estes trés
protocolos recrutaram mais de 1500 adultos com idades entre 55 e 90 anos,
constituidos de individuos idosos cognitivamente normais, pessoas com transtorno
cognitivo leve e pacientes com DA inicial. A duracdo do follow-up de cada grupo é
especificada nos protocolos do ADNI-1, ADNI-2 e ADNI-GO. Individuos
originalmente recrutados para o ADNI-1 e ADNI-GO tinham a opcdo de serem

seguidos no ADNI-2.

4.3.1 Aspectos Eticos

O estudo ADNI foi aprovado pelos comités de ética e pesquisa de cada centro
participante e foi realizado em conformidade com os regulamentos federais, e as
recomendagOes da Internal Conference on Harmonization (ICH) and Good Clinical
Practices (GCP). Os participantes do estudo forneceram consentimento informado
por escrito no momento do recrutamento e preencheram os questionarios que foram
aprovados pelas comissdes de ética de cada centro participante.

A base de dados ADNI é de livre acesso e foi disponibilizada para realizacao
deste trabalho na McGill University, onde parte do trabalho foi executado. A
realizagdo do presente estudo foi aprovada pela Comisséo Cientifica e pelo Comité

de Etica da PUCRS, conforme documentos anexos nesta tese.
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Maiores informacgBes sobre o estudo e seus protocolos estdo disponiveis no

site www.adni-info.org .

4.3.2 Amostra do estudo

Os critérios utilizados para selecédo de individuos nos bancos de dados ADNI-
GO e ADNI-2 foram: idade entre 55 e 90 anos, disponibilidade dos escores de
MEEM e CDR e realizacdo de protocolo completo de RMN incluindo DTI e PET
cerebral com [*8F]Florbetapir e [*®F]FDG.

Os individuos selecionados para essa pesquisa foram classificados como
cognitivamente normais (CN, N = 27), com comprometimento cognitivo leve (CCL, N
= 49) e com Doenca de Alzheimer (DA, N = 20).

4.4 PROTOCOLOS DE IMAGEM

4.4.1 Ressonancia magnética nuclear com Imagem por Tensor de Difuséo
(DTI)

Todas as imagens de difusdo foram adquiridas em aparelhos de 3 tesla da GE
Medical Systems (GE), utilizando 41 direcdes do gradiente de codificacdo de difusédo
com b=1000 s/mm2 e 5 aquisi¢cdes utilizando b=0 s/mm2, com tamanho de voxel de
1,4 milimetros x 1,4 milimetros x 2,7 milimetros. Todos os exames utilizados ja
estavam corrigidos no formato EPl-eddy pelo ADNI. As imagens em T1 foram
adquiridas no mesmo aparelho de 3 tesla da GE, com um tamanho e voxel de 1,2
milimetros x 1,0 milimetro x 1,0 milimetro. Mais detalhes sobre o protocolo de
aquisicdo estdo disponiveis no site ADNI (ADNI-INFO.org).

Apds o processamento das imagens de DTI, mapas de FA foram gerados
usando FSL-DTIFIT a partir das imagens corrigidas no espaco nativo da RMN. Foi
realizada uma analise para comparar cada grupo (CN, CCL, AD) em relacdo a
valores de FA. Na sequencia, foi realizada uma analise através do contraste entre 0s
grupos, mapeando apenas diferencas significativas entre os grupos CN vs DA
(Figura 9).

O fasciculo angular foi definido como uma regido de interesse para as analises

subsequentes, uma vez que é uma area intimamente relacionada com a patologia da
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DA, conectando o hipocampo ao cortex entorrinal. Através de imagens
tridimensionais, o autor delimitou manualmente uma méscara com apenas um voxel
de interesse (VOI) bilateralmente no fasciculo angular, a fim de obter o valor da FA

de cada sujeito (Figura 10).

Figura 9. Sumario dos métodos de imagem utilizados no protocolo do presente
estudo.

coincidir com o ponto comum. Alinhamento

=
o Sujeitos do Banco de Dados ADNI (n=96)
% \ v
Protocolo de DTI do ADNI (41 direcGes lisicao do [*F]Florbetapit & [*FIFDG
3:‘ b=1000, 5 b=0) 1.4 x 1.4 x 2.7 mm (voxel) Aquisigéo do ['°F] pir e ['F]
® v 4
E Correcéo EPI-eddy Filtro gaussiano com blur de 8 mm para
L
o
3
<

= = = com as comissuras AC-PC e realinhamento
* para obter uma resolugao uniforme

Contraste Estatistica da FA: [CN=CCL],
[CN>DA] and [CCL>DA]

v

Criagdo de mascaras para o voxel de
interesse no fasciculo angular
bilateralmente, seguido de extracdo do
valor da FA de todos os sujeitos

J

Modelo de interacao baseado em voxel entre ['®FIFDG, ['®F]Florbetapir e FA

Processamento de imagens paramétricas da

Resultado




40

Figura 10. llustracdo representando o processo para obter uma mascara para o
voxel de interesse no fasciculo angular esquerdo em uma imagem T1 de RMN.
Através dessa mascara, sao obtidos os valores da FA neste voxel em todos os
pacientes.

4.4.2 Tomografia por Emisséo de Pdgsitrons

As imagens de PET adquiridas para a analise ja foram submetidas a um “blur”
para coincidir com uma funcao de propagacao do ponto comum semi-maxima com 8
milimetros de largura total. As imagens também foram alinhadas com as comissuras
anterior e posterior e realinhadas para obter uma resolugcdo uniforme comum.
Subsequentemente, as imagens de PET foram submetidas a normalizacdo espacial
nao-linear para o espago do template MNI 152, utilizando a transformagé&o derivada
da transformacdo de PET / T1-RM semi-automatica e registro de ressonancia
magneética anatbmica para cada sujeito.

Os mapas com valores de standardized uptake value ratio (SUVR) baseado em
voxel, foram entdo gerados para [*8F]Florbetapir usando como pontos de referéncia
a substancia cinzenta do cerebelo e a substancia branca global. As imagens do
SUVR de [*®F] FDG foram geradas utilizando a ponte como a regido de referéncia.
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Um valor global da SUVR para cada sujeito foi estimado utilizando uma “mascara”
do cérebro incluindo os cortices pré-frontal, orbito-frontal, parietal, temporal, cingulo
anterior e posterior e pré-cuneo.

Os protocolos de aquisicdo padrdo de PET sédo detalhados no seguinte

endereco eletrdnico: http://adni.loni.usc.edu/methods.

4.5 METODOS ESTATISTICOS

As analises estatisticas foram realizadas utilizando o software R Statistical
Software Package versao 3.0.2 com a biblioteca RMINC (http://www.r-project.org/).
RMINC (https://wiki.mouseimaging.ca/display/MICePub/RMINC) € um pacote de
imagem que permite que os arquivos de imagem no formato de imagens médicas

NetCDF (MINC) sejam analisados dentro do ambiente estatistico R.

45.1 Analise da FA

Na primeira parte de nossa andlise, através de analise de covariancia
(ANCOVA), comparamos a FA em diversas areas entre 0s grupos. Na comparagéo
CN vs DA, no grupo DA identificamos clusters significativos de reducdo da FA no
fasciculo angular bilateral e no férnix (P<0.05). A FA no voxel com maior diferenca
estatistica no fasciculo angular foi extraida bilateralmente através de uma mascara
delimitada manualmente no voxel de interesse (VOI).

Na analise de co-variancia (ANCOVA), foram consideradas covariaveis idade,

género, educacao, status APOE ¢ 4 e escore de Hachinski.

4.5.2 Comparagdes entre 0s grupos

Foram realizadas comparacdes entre os grupos (CN vs CCL, CN vs DA, CCL
vs DA) em relacéo a FA no voxel de interesse e SUVR global no PET ['8F]Florbetapir
e no PET [*®F]FDG.

A andlise de co-variancia (ANCOVA) foi aplicada em todas as comparacoes,
sendo consideradas covariaveis idade, género, educacdo, status APOE ¢ 4 e

escore de Hachinski.
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4.5.3 Anadlise dainteracao entre FA e deposicdo de amiloide

Para avaliar os efeitos das anormalidades focais na substancia branca (FA no
VOl do fasciculo angular bilateral)), do depoésito regional de [-amiloide
([*®F]Florbetapir SUVR nas regides de interesse) e da interacdo entre ambos no
hipometabolismo regional de glicose ([*®FJFDG SUVR nas regides de interesse),

utilizamos o seguinte modelo estatistico:

[18F]FDG SUVR ~ ['8F] Florbetapir SUVR + FA, + FA, * [18F] Florbetapir SUVR

+ covariaveis + erro

A andlise referente ao indice de FA no VOI no fasciculo angular bilateral e ao
PET SUVR foi realizada utilizando o software VoxelStats (79). O software VoxelStats
foi especialmente criado para fazer a andlise aqui apresentada. VoxelStats tem a
capacidade de utilizar modelos estatisticos a cada voxel, de forma a determinar os
efeitos estatisticos de cada um dos fatores, bem como os das respectivas interacdes.

O escore de Hachinski (80) foi utilizado para limitar o impacto de possiveis
lesdes vasculares nas alteracdes da substancia branca, e também idade, género,

educacéao e status APOE ¢ 4 foram incluidos como covariaveis.

Os mapas estatisticos paramétricos foram corrigidos por mdltiplas

comparacdes utilizando um P<0.05 (81).



43

5 RESULTADOS

5.1 DIFERENCAS ENTRE OS MAPAS DE FA

O primeiro dado a ser apresentado € o mapa das diferencas na FA entre os
grupos, uma vez que foi o passo fundamental para a selecdo do voxel de interesse
utiizado nas andlises subsequentes. Resultados adicionais relativos a FA,
especificamente relacionados ao VOI, estdo descritos mais adiante.

Na comparacdo dos mapas médios de FA entre os grupos CN e DA, foi
observada uma reducédo nos indices de FA na substancia branca parahipocampal,
incluindo o fasciculo angular bilateral e o fornix no grupo DA (P<0.05) (Figura 11).

N&o foram observadas diferencas estatisticamente significativas entre os
grupos CN vs CCL e CCL vs DA.

Figura 11. Figura representativa das areas de reducdo de FA no grupo DA.

As éareas de reducdo de FA nos pacientes com DA (n=20) comparados com 0os CN (n=27) estdo
ilustrados em cortes axial, sagital e coronal. Os voxels de reducdo significativa da FA estdo
sobrepostos a uma imagem de RMN em T1, representativa no espago esterotaxico. A analise
estatistica evidenciou reducéo na FA na substancia branca parahipocampal, fasciculo angular e fornix
(P<0.05, corrigidos para idade, género, educagéo, escore de Hachinski e status APOE ¢4). Entre
outras areas, a figura ressalta a redugdo da microestrutura (FA) do fasciculo angular bilateralmente.
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5.2 DADOS DEMOGRAFICOS E DE INDICES DOS BIOMARCADORES

Os dados demograficos, os valores da FA no voxel de interesse (VOI) do
fasciculo angular bilateral e 0 SUVR global do PET ['8F]Florbetapir e PET ['8F] FDG
de todos 0s pacientes estdo expressos na Tabela 1.

Os valores médios e o desvio padrdo dos indices demograficos e dos

biomarcadores em cada grupo estdo expressos na Tabela 2.



Tabela 1. Dados demograficos e valores dos biomarcadores de todos os pacientes
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[*8F]FDG [*8F]Florbetapir FA - VOI FA - VOI

ID Diagnostico | Idade | Genéro | APOE | Educagdo | MEEM | Hachinski | CDR | SUVR global | SUVR global Esquerda Direita

4003 | CN 74.5 F 1 16 30 1 0]1.082711123 1.191738006 | 0.169231358 | 0.182676122
4050 | CN 77.3 M 0 19 24 1 0]1.114448705 0.9488903 | 0.218049821 | 0.195766456
4076 | CN 72.7 F 0 20 30 0 0] 1.332052698 1.000132634 | 0.10099514 | 0.15533819
4081 | CN 73 F 1 12 28 1 0] 1.085424355 1.292955925 | 0.136289537 | 0.139499108
4086 | CN 82 M 0 20 28 1 0] 1.203456996 0.955336791 | 0.121016414 | 0.171692137
4104 | CN 72.6 M 0 20 30 1 0] 1.289989798 1.057865339 | 0.114283892 | 0.162085125
4119 | CN 79.5 M 0 20 30 1 0]1.161890609 0.907200694 | 0.149801426 | 0.189997995
4121 | CN 89.2 M 0 16 27 1 0]1.004391883 0.947830818 | 0.194020249 | 0.230955995
4198 | CN 78.5 F 1 16 30 1 0]1.196606261 1.392925997 | 0.075187366 | 0.132193611
4234 | CN 72.3 M 1 13 28 1 0]1.212103988 1.032014789 | 0.178989428 | 0.171611724
4290 | CN 73.8 M 1 20 29 0 0]1.102500143 1.2902265 | 0.152017662 | 0.136573373
4371 | CN 67.9 M 1 18 28 1 0]1.174035608 1.245840307 | 0.102273634 | 0.203078472
4385 | CN 68.7 F 1 12 30 0 0] 1.154065601 1.43819295 | 0.130428663 | 0.105598655
4441 | CN 68.9 F 0 16 30 1 0| 1.423428244 1.058664756 | 0.126106845 | 0.168409712
4499 | CN 84 M 0 20 28 1 0]1.151958835 0.955943957 | 0.152009722 | 0.177644184
4503 | CN 73.9 F 0 19 30 0 0| 1.10712224 0.974887379 | 0.155547227 | 0.165571851
4585 | CN 65.7 M 1 13 29 1 0] 1.068407891 1.000992323 | 0.130986782 | 0.158363785
4604 | CN 65.1 M 1 19 29 1 0| 1.290338752 0.973852217 | 0.151228804 | 0.113883163
4620 | CN 77.3 M 0 19 30 1 0| 1.23153927 1.142586445 | 0.128342491 | 0.139953306
4637 | CN 71 F 0 18 29 0 0]1.373128952 1.124544236 | 0.092626725 | 0.150715964
4638 | CN 74.3 M 0 17 28 1 0| 1.286969422 0.981856412 | 0.141875187 | 0.178856612
4645 | CN 78.5 F 0 14 30 1 0]1.127338268 1.089717841 | 0.133404642 | 0.151082921
4649 | CN 65.6 M 0 18 30 0 0] 1.338425231 1.069980378 | 0.169838904 | 0.145529518
4652 | CN 79.6 M 0 20 26 1 0] 1.060286561 1.34135711 | 0.214804039 | 0.188950904
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[*8F]FDG [*8F]Florbetapir FA - VOI FA - VOI

ID Diagnostico | Idade | Sexo APOE4 | Educacdo | MEEM | Hachinski | CDR | SUVR global | SUVR global Esquerda Direita

4872 | CN 68.7 F 1 14 26 0 0| 1.389058617 1.203588163 | 0.152583557 | 0.13483449
4952 | CN 69.6 F 1 12 28 1 0| 1.299009388 1.008282068 | 0.140357589 | 0.129214191
5236 | CN 85.5 M 0 16 28 0 0| 1.157056493 1.10794248 | 0.209346685 | 0.182411296
2031 | CCL 72.8 M 0 16 27 1] 0.5]1.382243963 1.047213274 | 0.155268203 | 0.116309799
2047 | CCL 77.6 M 1 18 27 3| 0.5]1.229617779 1.370946139 | 0.205408031 | 0.202200026
2052 | CCL 73.3 M 0 20 29 2| 0.5| 1.28591816 0.956417506 | 0.115494981 | 0.214422288
2079 | CCL 65.7 M 0 13 25 0| 0.5]1.240553029 1.327601423 | 0.141883146 | 0.146100142
2106 | CCL 77.7 M 0 12 29 1] 0.5]1.151474751 1.360098609 | 0.157059333 | 0.090771018
2146 | CCL 68.5 M 0 18 29 1| 0.5]| 1.454927956 1.075635414 | 0.075992541 | 0.107470749
2200 | CCL 76.3 F 0 14 26 3] 0.5]1.142191236 0.975792403 | 0.079799827 | 0.138745068
2216 | CCL 68.3 M 1 14 27 0| 0.5]1.111077085 1.223608499 | 0.180267991 | 0.174114367
2284 | CCL 76.8 M 1 16 29 1] 0.5]| 1.14680193 1.157166799 | 0.196214756 | 0.149745869
2332 | CCL 70.7 F 0 16 28 1| 0.5]1.351879219 0.998777138 | 0.126099315 | 0.164961847
2336 | CCL 75.2 F 1 12 30 1] 0.5] 1.19632517 1.457959488 | 0.22332364 | 0.14204803
2367 | CCL 74.9 M 1 20 25 1| 0.5]1.436256792 1.1433128 | 0.148167929 | 0.156598782
2374 | CCL 81.4 F 0 18 26 0| 0.5]1.163611437 0.889229319 | 0.242276345 | 0.135669172
2376 | CCL 82.3 M 1 17 28 1| 0.5]1.061494987 1.369676554 | 0.108380007 | 0.203811164
2390 | CCL 88 F 0 12 25 0| 0.5]1.229797388 1.331233077 | 0.102623683 | 0.082465178
2394 | CCL 69.6 M 1 20 30 0| 0.5]1.364075347 1.047884254 | 0.087412468 | 0.099183402
2395 | CCL 73 M 1 19 30 0] 0.5]1.119787175 1.164176989 | 0.170783016 | 0.325910473
2398 | CCL 73.7 M 1 13 29 0| 0.5]1.203207341 1.079778727 | 0.107424668 | 0.130360915
4157 | CCL 81.4 F 0 19 29 1] 0.5]1.243049549 1.357271189 | 0.079442841 | 0.135568467
4162 | CCL 71.5 F 1 16 26 0| 0.5]1.075877375 1.351042883 | 0.159135269 | 0.113619486
4168 | CCL 82.3 M 1 17 29 1| 0.5]1.120698704 0.985955052 | 0.114235918 | 0.106844601
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[*8F]FDG [*8F]Florbetapir FA - VOI FA - VOI

ID Diagnostico | Idade | Sexo | APOE4 | Educagdo | MEEM | Hachinski | CDR | SUVR global | SUVR global Esquerda Direita

4197 | CCL 81.5 M 1 20 30 1| 0.5 1.0491397 1.202289935 | 0.143728228 | 0.123826355
4205 | CCL 81.7 F 0 18 29 0| 0.5]1.187506994 1.293678029 | 0.11982314 | 0.157265118
4210 | CCL 64.1 M 1 18 29 0| 0.5]1.431606802 1.03240484 | 0.182266538 | 0.153844308
4220 | CCL 71.4 F 0 18 30 1] 0.5]1.059830382 1.122166145 | 0.206168708 | 0.122756254
4245 | CCL 73.8 M 1 19 26 1] 0.5]1.129526477 1.039625755 | 0.090902628 | 0.080064543
4272 | CCL 71 M 0 12 28 1] 0.5]1.234733366 1.130374992 | 0.059653839 | 0.085406611
4287 | CCL 71 F 1 17 29 1] 0.5]1.222140775 1.339936361 | 0.103603813 | 0.066433637
4301 | CCL 74.7 M 0 18 28 2| 0.5]1.086579523 0.99892808 | 0.063052626 | 0.083791589
4455 | CCL 64.4 M 0 18 28 1| 0.5]1.085364148 0.959431837 | 0.174516732 | 0.152501247
4584 | CCL 78.5 F 1 16 27 0| 0.5] 1.20325766 1.202100199 | 0.163915477 | 0.124879536
4624 | CCL 77.9 F 1 13 30 1] 0.5]1.150905523 1.30006599 | 0.108872187 | 0.150180206
4626 | CCL 69.3 M 0 18 29 1] 0.5]1.191975651 0.996051695 | 0.092178841 | 0.088574582
4646 | CCL 61 F 1 16 30 0| 0.5]1.310626006 1.180296619 | 0.22043882 | 0.227838183
4712 | CCL 74.5 M 1 17 24 1] 0.5]1.222456408 1.352214297 | 0.078564813 | 0.205189866
4765 | CCL 76.1 M 1 16 26 1| 0.5]1.056968922 1.139159062 | 0.14026882 | 0.11782578
4807 | CCL 72.2 F 1 16 29 0| 0.5]1.328401718 1.443104406 | 0.140668856 | 0.128060805
4857 | CCL 68.5 M 1 16 27 1| 0.5] 1.04811218 1.482732664 | 0.109955641 | 0.193410073
4858 | CCL 55.4 M 1 16 30 0] 0.5]1.299659254 1.261780968 | 0.137826853 | 0.19641479
4869 | CCL 77.5 M 0 19 29 0| 0.5 1.2858183 0.983220448 | 0.078060144 | 0.109477608
4885 | CCL 75.1 M 1 20 29 0| 0.5]1.158162037 1.225388056 | 0.159424648 | 0.081828113
4888 | CCL 74.9 M 1 12 25 1] 0.5]1.137832986 1.300259935 | 0.132093128 | 0.119092555
4897 | CCL 76 F 0 11 29 1] 0.5]1.115290235 1.311881356 | 0.121865253 | 0.194858595
4902 | CCL 75.5 F 1 15 25 1] 0.5]1.154561484 1.267353516 | 0.099422808 | 0.073882251
4926 | CCL 62.6 M 1 18 29 0| 0.5]1.289455034 1.07599507 | 0.107337534 | 0.195945265
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[*8F]FDG [*8F]Florbetapir FA - VOI FA - VOI

ID Diagnostico | Idade | Sexo | APOE4 | Educagdo | MEEM | Hachinski | CDR | SUVR global | SUVR global Esquerda Direita

4928 | CCL 78 M 1 16 27 1] 0.5]1.185666722 1.356936489 | 0.086268583 | 0.135516501
4944 | CCL 68.3 M 1 14 29 0| 0.5]1.316023496 1.188394005 | 0.174596196 | 0.151515135
4945 | CCL 56.8 M 1 12 27 0| 0.5]1.101368756 1.24324712 | 0.147648397 | 0.104419653
5007 | CCL 72 M 0 14 27 1] 0.5]1.211150055 1.313963207 | 0.180867463 | 0.190273167
4136 | DA 66.9 M 1 20 24 0 1] 1.066845744 1.461146822 | 0.130672927 | 0.116630165
4215 | DA 81.9 M 1 20 26 1] 0.5]1.163813043 1.538081223 | 0.102695423 | 0.10625056
4307 | DA 79.3 M 1 16 22 0| 0.5]0.945371848 1.244014931 | 0.110798293 | 0.136288719
4591 | DA 66.1 F 1 13 23 0 1]1.359621617 1.430098149 | 0.146973689 | 0.150249853
4707 | DA 68.1 M 1 14 21 1 1] 1.106052629 1.25368723 | 0.125178552 | 0.13963948
4718 | DA 78.7 M 1 12 20 1 1] 0.94649303 1.440908864 | 0.10507485 | 0.181506299
4892 | DA 75.3 F 1 11 24 1 11]1.206239894 1.361071823 | 0.155640736 | 0.136197652
4924 | DA 77.5 M 0 14 20 4 1]1.061825814 1.128983175 | 0.123025344 | 0.128110102
4959 | DA 77.7 M 1 20 25 1 1] 1.146265484 1.41287499 | 0.104934386 | 0.072897631
4962 | DA 80.3 F 1 18 22 1] 0.5 0.8500002 1.252130993 | 0.125009124 | 0.129563237
4964 | DA 81.1 M 0 16 23 0 1]1.017801616 1.497713869 | 0.105605191 | 0.080797166
4992 | DA 63.9 F 1 16 22 1 1]1.087821094 1.488781489 | 0.089809935 | 0.105860542
5038 | DA 81.8 M 0 18 25 0 1] 1.034791984 1.024873424 | 0.144520207 | 0.11843339
5056 | DA 85.5 M 1 20 20 0 1] 0.987296584 1.278697004 | 0.119616831 | 0.099211021
5057 | DA 75.6 M 0 16 26 1| 0.5]1.323604624 0.947070269 | 0.133998602 | 0.140853237
5058 | DA 61.9 M 0 20 26 0| 0.5]1.214164622 1.523428363 | 0.093022826 | 0.073069654
5062 | DA 71.3 F 1 14 26 0| 0.5]1.296496008 1.409666454 | 0.155284191 | 0.157574452
5165 | DA 79 M 0 12 23 1 1 1.00420936 1.355500074 | 0.123003617 | 0.121143037
5196 | DA 73 F 1 18 21 0| 0.5|1.183457581 1.371473022 | 0.093875445 | 0.137302781
5251 | DA 66.5 F 1 16 26 1] 0.5 1.309879062 2.134269373 | 0.158043031 | 0.113811765

Legenda: ldade expressa em anos; Sexo, F= Feminino, M= Masculino; APOE4, 1= ao menos um alelo APOE ¢ 4 positivo, 0 =

negativo; Educacao expressa em anos, Mini-Exame do Estado Mental (MEEM) e escala de Hachinski expresso em escore total.
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Tabela 2. Média dos dados demogréficos e dos biomarcadores em cada grupo.

Caracteristicas Total CN CCL DA

No. 96 27 49 20

Idade, anos, meédia (DP) 73.81(6.51) 744(6.2) 73.1(65) 74.5(6.9)
Sexo Masculino, No. (%) 62 (64) 16 (59) 33 (67) 13 (65)
APOE ¢ 4 positivo, No. (%) 55 (57) 11 (40) 30 (61) 14 (70)
Educacdo, anos, média (DP) 16.39(2.74) 16.9(2.8) 16.1(25) 16.2(2.9)
MEEM, escore, média (DP) 27.14(2.68) 286 (1.5) 27.9(1.6) 23.2(2.1)
Hachinski, escore, média (DP) 0.71 (0.70) 0.70 (0.46) 0.73(0.72) 0.7 (0.92)
CDR, escore, média (DP) 0.42(0.31) 0 (0) 0.5 (0) 0.8 (0.25)
[**FIFDG, SUVR global, média (DP) 1.18(0.12)  1.20(0.11) 1.20(0.10) 1.11(0.14)
[*®F]Florbetapir, SUVR global, média (DP)  1.20(0.19)  1.10(0.14) 1.19(0.15) 1.37 (0.23)
FA VOI Esquerda, média (DP) 0.13(0.03)  0.14(0.03) 013(0.04) 0.12(0.02)
FA VOI Direita, média (DP) 0.14 (0.04)  0.16 (0.02) 0.14 (0.04) 0.12 (0.02)

5.2.1 Diferencas de FA no Voxel de Interesse (VOI) Entre os Grupos

Os grupos apresentaram valores médios distintos em relacdo a FA- VOI no

fasciculo angular bilateralmente. Atravées de ANCOVA, foi calculada a significancia

das analises incluindo idade, género, educacao, escore de Hachinski e status APOE

¢ 4 como covariaveis.

Foi observada diferenca significativamente estatistica apenas na comparacao
entre os grupos CN e DA na FA-VOI a direita (Tabela 4).

Tabela 3. FA- VOI no Fasciculo Angular Esquerdo.

Andlise entre 0s grupos P
CNvs CCL 0.45
CN vs DA 0.1
CCL vs DA 0.46

Tabela 4. FA- VOI no Fasciculo Angular Direito.

Andlise entre 0s grupos P
CNvs CCL 0.11
CN vs DA 0.01
CCL vs DA 0.19
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5.2.2 Diferencas nos Valores de PET [*®F]Florbetapir entre os Grupos

Os grupos apresentaram valores médios distintos em relacdo aos valores de
PET [*®F]Florbetapir global SUVR. Através de ANCOVA, foi calculada a significancia
das analises incluindo idade, género, educacao, escore de Hachinski e status APOE
¢ 4 como covariaveis.

Foi observada diferenga significativamente estatistica nas comparagdes entre
0s grupos CN vs DA e CCL vs DA (Tabela 5).

Tabela 5. Comparacdo Entre os Grupos CN vs DA e CCL vs DA (PET
['8F]Florbetapir SUVR global).

Andalise entre 0s grupos P
CN vs CCL 0.2
CN vs DA 0.01
CCL vs DA 0.01

5.2.3 Diferencas nos Valores de PET ['®F]FDG entre os Grupos

Os grupos apresentaram valores médios distintos em relacdo aos valores de
PET [*®F]FDG global SUVR. Através de ANCOVA, foi calculada a significancia das
analises incluindo idade, género, educacédo, escore de Hachinski e status APOE ¢ 4
como covariaveis.

Foi observada diferenca significativamente estatistica na comparacao entre os
grupos CCL vs DA (Tabela 6).

Tabela 6. Comparacédo Entre os Grupos CN vs DA e CCL vs DA (PET [¥F]FDG
SUVR global).

Analise entre 0s grupos P
CNvs CCL 0.97
CN vs DA 0.08
CCL vs DA 0.02

5.2.4 Efeito da Interagcédo da Reduc¢édo da FA no Metabolismo Cerebral

No grupo DA, a andlise estatistica revelou que a reducdo de FA no voxel de

interesse no fasciculo angular bilateral estd associada com o hipometabolismo no
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PET ['®F]FDG. O efeito da interacdo foi observada no corpo estriado, coértex orbito-
frontal, basal e mesial temporal, pré-cineo e cingulo anterior e posterior (Figura 12).
N&o foram encontrados resultados significativos nesse modelo nos outros

grupos analisados.

Figura 12. Figura representativa do efeito da interacdo da reducdo da FA no
fasciculo angular do hipometabolismo cerebral no grupo DA.

A) mostra o efeito da reducé@o da FA no fasciculo angular direito no hipometabolismo cerebral no
grupo DA (N=20); (B) mostra o efeito da redugdo da FA no fasciculo angular esquerdo no
hipometabolismo cerebral no grupo DA (N=20). Mapas estatisticos paramétricos ap0s correcdo por
multiplas comparacdes ( P<0.05), sobrepostos em uma imagem de RMN em T1, representativa no
espaco esterotaxico, revelaram areas de reducdo de PET [®F]FDG como uma funcdo da FA no VOI
do fasciculo angular em cortes coronal, axial e sagital. Interagcbes significativas foram observadas no
pré-cuneo, cingulo e cértex temporo-parietal. A analise foi corrigida para idade, género, educacao,
escore de Hachinksi e status APOE ¢4.
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5.2.5 Efeito da Interacdo do Depdsito de Amiloide no Hipometabolismo

Cerebral

No grupo DA, a analise estatistica revelou que a interacdo entre o aumento do
PET ['®F] Florbetapir SUVR nas regifes de interesse estd associada com o
hipometabolismo no PET [*®F]FDG. O efeito da interacdo foi observada no corpo
estriado, cingulo e cortex temporo-parietal (Figura 13).

N&o foram encontrados resultados significativos nesse modelo nos outros

grupos analisados.

Figura 13. Figura representativa do efeito da interacdo entre depdsito de amiloide no
hipometabolismo cerebral no grupo DA (N=20).

Efeito da interacdo entre depésito de amiloide no hipometabolismo cerebral no grupo DA (N=20).
Mapas estatisticos paramétricos apds correcao por multiplas comparacgdes ( P<0.05), sobrepostos em
uma imagem de RMN em T1, representativa no espago esterotaxico, revelaram areas de reducao de
PET [*F]FDG como uma fungcdo do PET ['8F] Florbetapir SUVR em cortes coronal, axial e sagital.
InteragBes significativas foram observadas no corpo estriado, cingulo e cortex temporo-parietal. A
andlise foi corrigida para idade, género, educagéo, escore de Hachinksi e status APOE ¢ 4.

5.2.6 Efeito da Interacdo entre a Reducédo da FA e o PET [*®F]Florbetapir no

Hipometabolismo Cerebral

No grupo DA, a analise estatistica revelou que a interacao entre a reducao na
FA no voxel de interesse no fasciculo angular bilateral e o aumento do PET ['8F]
Florbetapir SUVR nas regides de interesse estd associada com o hipometabolismo
no PET [®F]FDG. O efeito da interacdo foi observado no corpo estriado, cortex
orbito-frontal, basal e mesial temporal, pré-cineo e cingulo anterior e posterior
(Figura 14).
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As areas afetadas foram distintas dependendo do lado em que a desconexao
no fasciculo angular foi analisada. A interacdo entre a desconexdo no fasciculo
angular direito e o depdsito de amiloide foi associada com hipometabolismo no
cingulo posterior e pré-cuneo (Figura 14 A), enquanto alteracbes no fasciculo
angular esquerdo foram associados a um hipometabolismo no corpo estriado, cortex
orbito-frontal, basal e mesial temporal e cingulo anterior através desse modelo de
interacéo (Figura 14 B).

N&o foram encontrados resultados significativos nesse modelo nos outros

grupos analisados.

Figura 14 . Figura representativa do efeito da interacéo entre depdsito de amiloide e
reducéo da FA no hipometabolismo cerebral no grupo DA.

S -

t-value 8

A) Efeito da interacdo entre depdsito de amiloide e FA no fasciculo angular direito no
hipometabolismo cerebral no grupo DA (N=20). B) Efeito da interacdo entre deposito de amiloide e FA
no fasciculo angular esquerdo no hipometabolismo cerebral no grupo DA (N=20). Mapas estatisticos
paramétricos apds correcao por multiplas comparagdes ( P<0.05), sobrepostos em uma imagem de
RMN em T1, representativa no espaco esterotaxico, revelaram areas de reducdo de PET [8F]FDG
como uma funcgdo da interacdo entre PET [*8F] Florbetapir SUVR e FA no VOI em cortes coronal,
axial e sagital. InteragBes significativas foram observadas no pré-cuneo, cingulo posterior direito,
corpo estriado esquerdo, cértex temporal mesial, érbito-frontal e cingulo anterior esquerdo. A analise
foi corrigida para idade, género, educacéo, escore de Hachinksi e status APOE ¢ 4.
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6 DISCUSSAO

A presente analise transversal de uma coorte de idosos com distintos status
cognitivos mostrou que no grupo DA a interacdo entre o acumulo de amiloide em
diferentes areas e a reducdo da FA no fasciculo angular associou-se
significativamente com hipometabolismo em regides limbicas. Observamos também
que a desconexao do fasciculo angular apresenta um efeito individual prepoderante,
guando comparado com o depdsito de amiloide, para o hipometabolismo cerebral.
Estes achados contribuem para um conceito integrativo da fisiopatologia da DA,
sugerindo que a concomitancia de diferentes processos patolégicos impacta no
metabolismo cerebral e, consequentemente, na progresséao da doenca.

Inicialmente, como observado na literatura, confirmamos a observagcédo de que
a FA em feixes de substancia branca associados ao sistema de memoria, incluindo o
fasciculo angular e o fornix, apresenta reducdo em pacientes com DA em
comparacao com controles CN (82-84). Alteracbes microestruturais nesses feixes
comprometem conexdes entre areas corticais, levando a distintos niveis de
“‘isolamento” ou deaferentacdo (85). A maioria das alteracBes foram evidenciadas
nos lobos temporais, regibes descritas no modelo da retrogénese como
especialmente suscetiveis ao processo degenerativo axonal na DA (47, 86, 87). Por
outro lado, em contraste com outros estudos e possivelmente devido ao limitado
namero de individuos selecionados para esta pesquisa, ndo encontramos diferencas
significativas entre os grupos CN vs CCL e CCL vs DA (71, 88, 89).

Estudos prévios avaliaram as rela¢gBes entre diferentes biomarcadores de DA,
demonstrando correlacdo entre reducdo da FA e tanto hipometabolismo cerebral
regional (73) quanto atrofia hipocampal (90). Nossos achados estdo de acordo com
estes resultados, demonstrando hipometabolismo cerebral associado a desconexao
do fasciculo angular bilateral. Além disso, existem evidéncias de que o metabolismo
no cingulo posterior estd inversamente relacionado com maior difusividade no
hipocampo (91). Em conjunto, estes e outros estudos sugerem que atrofia
hipocampal degenerativa leva a desconexdo dos fasciculos angular e do cingulo,
com subsequente hipometabolismo nessas areas (92, 93). Por outro lado, ndo foram
observadas associa¢gfes entre comprometimento da substancia branca e deposigéo
de B-amiloide mensurada por PET nas fases pré-deméncia (90).

Em adultos cognitivamente normais, foram observadas associagbes entre

biomarcadores no liquido cefalorraquidiano (ABs42 e ABa42/p-Tauisi) e integridade da
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substancia branca, particularmente correlacdo positiva entre ABs2/p-Tauis:1 € FA no
fornix, corpo caloso e fasciculos inferior, superior e fronto-occipital inferior (94).
Valores de FA significantemente mais baixos nas fibras do cingulum posterior
esquerdo foram observadas em individuos com niveis patolégicos de T-tau no
liquido cefalorraquidiano (95), e maiores concentracdes de APi42 no liquido
cefalorraquidiano foram diretamente correlacionadas com valores médios mais altos
de FA (96). Cabe ressaltar que alteracdes da FA ndo ocorrem exclusivamente na DA,
ja tendo sido descritas em outras doencas neurodegenerativas, como Deméncia
Frontotemporal e Deméncia com Corpos de Lewy (97, 98).

Em sujeitos assintomaticos com histéria familiar positiva para DA e em
individuos cognitivamente normais, porém com PET AB +, j& foram observados
indices mais elevados de FA quando comparados com controles, sugerindo
possiveis mecanismos compensatérios nas fases iniciais da doenca, por possivel
resposta glial e “pruning” (99, 100). Especulamos que estes mecanismos poderiam
explicar, a0 menos parcialmente, nossos resultados nao significativos observados
nos grupos CN e CCL. Estudos subsequentes com maior nimero de sujeitos
assintomaticos e com CCL poderéo elucidar essa questao.

Os valores de SUVR global do PET [*®F]FDG e [*®F]Florbetapir do nosso
estudo foram semelhantes aos observados e propostos por outros autores (101,
102). Em relacéo ao PET ['®F]Florbetapir, observa-se um maior SUVR em pacientes
com DA. O oposto ocorre em relacdo ao PET [®F]FDG, uma vez que na DA ha
hipometabolismo cerebral, expresso por valores mais baixos de SUVR.

Através de nosso modelo de interacdo, observamos que, em individuos com
DA, areas de hipometabolismo associam-se concomitantemente a alteracdes no
fasciculo angular, evidenciada por menor FA no VOI, e ao depdésito de B-amiloide,
documentado através do aumento do SUVR de PET ['8F]Florbetapir nas regides de
interesse. O depdsito de amiloide nas areas em que encontramos hipometabolismo
foi descrito por Braak nos estagios neuropatologicos B e C da progressdo da DA,
envolvendo areas associativas no isocortex de pacientes com declinio cognitivo
significativo (22). Cabe ressaltar que o depoésito de amiloide de forma isolada
apresentou um efeito discreto no hipometabolismo cerebral, sugerindo que outros
eventos patoldgicos, no caso a desconexdo do fasciculo angular, sdo fundamentais
para a progresséo da doenca.

O advento dos biomarcadores para DA tem possibilitado a avaliagéo in vivo de

diversos processos fisiopatoldgicos, e refinado a investigacdo e a caracterizacao ao
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longo do continuum do envelhecimento normal e patolégico. Os critérios
diagnésticos clinicos vigentes para DA sdo baseados essencialmente no
comprometimento clinico e funcional, porém os critérios de pesquisa ja incorporam a
utilizacdo de biomarcadores para classificacdo do paciente ao longo do continuum,
como no National Institute on Aging-Alzheimer’s Association (NIA-AA), onde a
positividade dos biomarcadores combinada com aspectos clinicos leva a
classificacdo do paciente em um de trés estagios: assintomatico (DA pré-clinica),
pré-deméncia (CCL devido a DA) ou deméncia (devido a DA) (3, 17, 103, 104). Do
ponto de vista de aplicacdo clinica no contexto atual, os biomarcadores podem
contribuir no diagnostico de deméncias atipicas e de inicio precoce (60, 105).

Além da analise individual de biomarcadores, a integracdo de diferentes
modalidades pode promover uma melhor compreensdo dos mecanismos
relacionados a progressao da DA. Por exemplo, foi observado que a carga de
depésito de amiloide combinada aos niveis de proteina tau no liquido
cefalorraquidiano e ao metabolismo cerebral basal contribuem para predizer a
conversdo de pacientes com CCL para deméncia (106-108). Estudos longitudinais
com DTI conseguiram identificar alteracdes que precedem a progressao para
estagios mais graves ao longo do continuum através da analise de feixes especificos
de substancia branca, particularmente aqueles relacionados ao sistema limbico
(109-111). Estes avangos impulsionaram a constituicdo do European DTI Study in
Dementia (EDSD), um consorcio multicéntrico como caracteristicas operacionais
semelhantes ao ADNI, voltado para o estudo especifico de pacientes ao longo do
continuum na DA através dessa técnica (112). Iniciativas como o EDSD oferecem
novas perspectivas na avaliacdo de riscos e da progressao, especialmente através
de modelos que possam integrar informacdes de distintos biomarcadores.

Ao utilizarmos diferentes biomarcadores, buscamos identificar denominadores
comuns. A identificacdo de areas intimamente relacionadas a DA, como o cingulo
posterior e 0 pré-ciuneo convergem com resultados de pesquisas realizadas por
meio de métodos de neuroimagem distintos dos utilizados em nosso estudo, como
ressonancia magnética funcional (RMNf). A atividade cerebral padrdo em repouso
(em inglés Default Mode Network - DMN) avaliada através da RMNf é modulada por
uma uma conexao em rede entre centros funcionais (113). Tanto o pré-cineo quanto
o0 coOrtex do cingulo posterior desempenham um papel crucial na DMN, e estédo
relacionados com fung¢des cognitivas como memoria e atencdo (114, 115). A

identificacdo de hipometabolismo nessas regibes no nosso modelo de interagdo
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contribui para o conceito de que essas areas tem um funcéo pivotal no desempenho
cognitivo.

De forma especifica, nossos resultados indicam também que a desconexdo da
substancia branca tem um papel chave quando associada a depdsitos de B-amiloide
levando a progresséo fisiopatolégica na DA. Dessa forma, nossos achados indicam
que a utilizacao de biomarcadores de integridade da substancia branca pode auxiliar
na identificagdo de quais pacientes com CCL e com depdsitos de amiloide terdo um
maior risco de desenvolver deméncia.

Uma virtude metodologica da nossa analise € a utilizacdo do programa
VoxelStats (79), que tem a capacidade de utilizar modelos estatisticos a cada voxel,
de forma a determinar os efeitos estatisticos de cada um dos fatores bem como os
das respectivas interacdes. Quando esses dados sdo analisados de forma diferente
(por exemplo, através da definicdo de toda uma regido de interesse), o valor da FA
ou do SUVR reflete uma média de todos os voxels na area selecionada, levando a
uma possivel subestimacao dos achados. Outra caracteristica importante da nossa
pesquisa € o modelo desenvolvido especificamente com o objetivo de avaliar o
impacto metabdlico do efeito da interacéo entre alteracdes estruturais e deposito de
amiloide em diferentes regides cerebrais. Tais processos ja foram avaliados de
forma individual (73, 116, 117), mas nosso modelo é significativamente distinto ao
propiciar uma analise integrativa desses dados. Consideramos também que a maior
virtude metodologica é a utilizacdo de varidveis continuas. Os biomarcadores
modificam-se de forma dindmica em um continuum e, dessa forma, técnicas
baseadas na dicotomizacdo estdo invariavelmente sujeitas a idiossincrasias
analiticas e metodoldgicas.

Por outro lado, algumas questdes metodoldgicas limitam a interpretacdo dos
nossos resultados. Por tratar-se de estudo transversal, inferéncias sobre progresséo
do comprometimento da substancia branca, do depdsito de amiloide e do
metabolismo de glicose sdo especulativas. Da mesma forma, como os critérios de
inclusédo exigiam a realizacdo do protocolo completo de neuroimagem, incluimos um
namero relativamente pequeno de pacientes com DA. Estudos longitudinais e com
um maior numero de pacientes serdo necessarios para confirmacdo dos nossos
achados.

Concluimos que na DA a interacdo entre depésito de [(-amiloide e
anormalidades em feixes da substancia branca impactam de forma significativa o

metabolismo cerebral em areas relacionadas a cognic¢do. A utilizagcdo de um modelo
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estatistico integrando dados de diferentes biomarcadores contribuiu para podermos
avaliar o efeito combinado de distintos processos patoldgicos na DA, gerando novas
perspectivas cientificas.
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7 CONCLUSOES

Concluimos que a magnitude do hipometabolismo nos pacientes com
deméncia do tipo DA esta associada a amiloidose e a desintegracdo das vias de
projecOes destas regides. Através de um modelo que utiliza diferentes métodos de
neuroimagem, concluimos que na DA a interacéo entre o aumento no SUVR do PET
[8F]Florbetapir nas regides de interesse e a reducdo da FA no fasciculo angular
bilateral esta associada com o declinio metabodlico observado através de reducédo no
SUVR do PET [*®¥F]FDG. Observamos também que a desconexdo do fasciculo
angular apresenta efeito prepoderante, quando comparado com o depdsito de
amiloide, para o hipometabolismo cerebral.

A combinacdo de dados de metabolismo cerebral, de depdsito de amiloide e da
integridade dos feixes de substancia branca que conectam importantes areas
cerebrais oferece a possibilidade de avaliar diferentes processos patolégicos no
mesmo paciente ao mesmo tempo. Este modelo traz a perspectiva de clarificar o
papel dos distintos processos patoldgicos observados desde fases prodrémicas da
DA e vai de encontro a uma teoria mais complexa e integrativa da sua fisiopatologia,
sugerindo que é a combinacdo de diferentes processos patolégicos que leva ao

comprometimento metabdlico cerebral.
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6 Parlinson's disease

1. Introduction

Protesmic approaches are widely uwsed in bislogy, medicine,
agriculture and many otheramas The main idea, regardecs of
the bislegieal question behind, is to understand the expressisn,
quantification, compartmen talation, mobilization, o modifi-
cation of proteins under a specific condition. The types and
numbers of these conditors wary extensivehy: development,
biotic and abinticstress, doenoem medical treatment, and o on
{SeeFigs. 1and 2)

Reparts on environmental studies using proteomic ap-
proaches have nemased in the past years. In these cases,
“satellite” arganEms aided to mondtor different kinds of
stresses caused by environmental conditions, such a5 water,
air orsal pellution, intesdeation by different poians, heavy
meetals, srganic selvents, ionizing mdiation, and electromag-
netic feld [1-3].

Although thers iz a wide range of neumdegenerative
dizsnees [MDw), in this review, the meurcdegnemative disor-
ders Parlinson's (PD) and Akheimer's diseases [AD] were
chosen to lhstate proteomic approaches and shadies beus-
ing on envimnmental probeomics.

2, Envirmmmental proteomics

Ermvimnmental changes caveed by different streseors can be
studied applying protesmic approaches. Thess sirategies can
reflect the physidogical response of living beings to changing
condiions or stresfl emdmamental states |4]. Mimmal alter-
atiors on the emimmament may kead toimportant adapta ton s of
oranEsms to this new condiion. A= minted out by Gordles-
Ferndndes and ool laborators, emimamenta] protesmics encom-
pasges studies on teocic and deferse mechanisms trigrersd by
different pollutants, without previoes loowledge about the
biological systems themeehnes, which i one of the adwantages
of thi= appreach [5]. Although protsamic shadies can compare
diyrirmnie regporeses in Seve ral conditions, only in reoent weashas
this strategy gained smes in envirammental isues, partockry
biaomarker seanches for imtoodea Bom/oorta ming on, oF emAma-
mental rigk fietors 5],

Examples of studies performed in which the “emiranmen-
tal problem® was addresead peing protesmics, inclueds terpas-
trial ecosystems | ], semimetal imoodcation | 7], and exposume to
tobaces smoke 8] In a wark pedformed by Meon te-Nisto and
collaborators using Mus prets 2c a hisindicator, the protsin
expresion profile of animals from Domings Rubio stream was
compared to that of animals from Dodans Biological Resenne
(both in Spain), wsing 2-TF {wo-dimersional electophomn=is)
and peptide mass fingerprinting by MALDT-TOF {matrix-assisted

in the animal's proeome were identified, incloding proteins
witha defermive mle against the todeand palhsted environment
as well a5 probeins that conld make them maore susceptible [3].

In amore meent publication ales employing 2 DEas protein
fractionation method, Company and co-warkers compared
subproteamesof the musse] Bathymadiohs aroricus. This animal
livess in a gradient zone at the bottom of the oeeans, in which
water from the hydmothermal vents mixes with sea water,
characterised by sxdremea variasble condition £ of pH, high metale
and salt con tents, and wide osclla tiors in temperature. Besi des
these exmme condiions, several reducing chemical species
are present in this emimnment, which can canse severs
ooidative damages through peneration of reactive osygen
species [ROS). The authors selectsd musssls from differsnt
locations, and perfbrmed an enrchment of thiolcontaining
protaine, by wsing an sctivated this] Sepharsse matrie Protes-
mic amalysie was performed by 3-DE only, without protsin
identification by mass spectrometry. The awthors found a
correlation between thiol direct coddation by ROS and the site
of collection [10).

Dheldrin, a powerful srganochlaride pesticide which blocks
gamma-aming-butyne acd [GABA) mesptors in the (NS, was
widelywaed in the 10601080, This pastisids is vy ipophilie,
and accurmulates in fish fatand muscle. na = ody by Martyniok
and colleagues, gene expression analysis by micmarmay and
iTRAQ weme combined to quantittively evahote protens
differentially expressed in hrgemouth bass fizhes fod on
subchranic disldrin-contaiming diets. The appled protecamic
approach mvealed decrease in the levels of soven proteins and
increase of eeven other prvteins in the dieldrn-fed group.
Sayeral of the dentified proteins are known to be immlwed in
human ND=, fuch 2= micotubule sscocinted taw protein,
myelin basic protein, enslage 1, stathmin 1a, apelipoprotein
E, and parvalbumin, Martymick's study has shown that
disldrin affected * pathological pathways" shared by both AD
and PO, overdapping with proteamic signatures known for
these neurdogical disess e [11], which am related to energy
produs ion, protecion fram ssidative damage, and synapse
integrity. The authars suggested that “commeon pathways
cold be acthvated by stress or injury of the NS and may be
the msult of apoptasis, inflamm ation, and sddative damage
that may precede neuratesdcity and neural damage™ [12].

The afferts of another important toxic agent, amenic, was
evaluated using SELDI-TOF jsurface enhanced laser desorp-
tion/ionization). This semimetal has high affinity to sulfly-
dryl groups in keratin and can be detected in high amounts in
the £ldn, hair and naile of imtocicated individuale 7] In the
study by Harezlak and coauthars, plasma samples from a
population in Bangladesh known to be exposed to As were
amalyred and an extensive questimnaire was applied to the
suljects in order to understand their lifestde. Authoms useda
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“unified statistical method that simultaneously takes into
account different sources of variation that are present in mass
spectrometry measurements®. The raw data was decomposed
into four different stages: baseline, signal, instrumental
noise, and random noise. The authors concluded that the 20
superproteins (protein peaks which fitted into the criteria)
detected in the population could be used as an early
disgnostic for As exposure, and that the statistical method
proposed could be expanded to LC-MS and MAILDI-TOF
approaches [7].

Considering toxicants related to central nervous system, a
proteomic approach identified differential protein expression
in the cortex of rats after cocaine exposure [13]. In this case,
Guan and Guan studied the medial prefrontal cortex, which i
highly activated after cocaine exposure, which can lead to

irreversible changes in this brain's area The authors used a
conditioned place preference assay in rats, a< a model for
addictive drugs. Protein was extracted and analyzed by 2-DE
and MALDI-TOF/TOF. There were about 71 differentially
expressed spots between control and “addicted® groups,
belonging to different functional classes and perhaps these
proteins could serve as models or targets to understand
cocaine addiction [13].

3. Neurodegenerative diseases and proteomics

Neurodegenerative diseases (NDs) are incurable conditions
that result in progressive degeneration or loss of neurons
in the affected individuals [14]. The occcurrence of NDs i
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Fig.1-In the figure, the formation of f-amyoid plaques is presented in the upper pane. The amyloid precursor protein (APP)
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structure, However, hyperp hosphorylated TAU causes destabilization of the mi bule because unbound
hyperphosphorylated tau aggregates and as result, the microfibrillary tangles are produced. Both {amyloid and tangles) will
cause severe damage to the neuron cell,
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DOPAMINERGIC NEURON
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Fig 2- In Alzhemer's disease, the pathological process starts at the bran regon known as substantio nigm pars compada., [t is
accepted that alpha-synudlen jo-£yn) sggregation will form the Lewy bodies. The c-syn aggregation process will produce
severe mitochondrial and p rotessomal d ysfune o, RBeactive oxygen species [ROS) produced in and imbalanced way will
contribute to the overall process and at the end. The regular dopamine (DA) metabolism, from tyrosine, levo dopa |L-DOPA) and
Gnally DA will be mbalanced as a result of the entive process and the Parkinson disease will be established, The fgure
presents a simple representtion o a much more complex disease.

significantly increasing ower the past decades, sspecially
becmise of the global increase in fe expectancy. Mowadays
there i% a great interest in understanding the pathogenesis
of these diseases aiming to detect very eary signs and
symptoms, discover preclinical bismarkers and i dewlep
new thempies for stopping andfor reverting the undedying
procesees, Some of thess disesses constitute a major chal-
lenge fir health professionals, as weryoften diagnosis i given
only in advanced stapes and, despite the different physio-
pathalegical processes underying the diseases, usually thess
eondiiors share savera] clinieal symptomme [15-17). The
development of effective diagnostic methods, which could
identify patients at dek and the sarly stages of these ilneces
wihd be of major imper tance. The early disgross o ND dises ges
ideally should inehsde comtral nervoes system imaging and bis-
msarkers from different sourses, Such as blood and cerebrospinal
fhsid JCSF), that could support the clinical diagnosis [18]. A
biomarker is defined as a ‘tharacteristic that is objecthrely
mengured and evaluated 2 an indicator of normal Wology,
pathelogical process, or pharmacologic rmeponses to a thera-
peutic intervention® [19]. According to Pal and colleagues,
presently no biomarkers exist for reliable diagnosis, tracldng
of dsease progression or mom toring respornses to treat ment
regimes [20]. Themfore, the search for waluable biomarkers
for diagnostics and prognostics of NDe are of great intepest
werldwide [71].

Proteomic approaches have besn exensively applisd to
discover new biomarkers for early diagnosties and prognos-
tHes for these diseases The best “soure” to obtain a mlable
biomarker for neursdegenerative diseases & the CSF. How-
ever, as pointed by Shiand colleagues, the biomarker might
be pressnt in the CFS only at later stages of MD=, no longer

being useful for early disgnosis or intervention. Hence it is
desirable that a biomarker would first be detectable in the
bload and subsequently in the OST, if passible [22).

Proteomic approaches appled in studies of the NS per-
formed with embryanic and postrnatal brain tesee, differsmnt
brain regions, CF, neural stem celle, pre and post synaptic
proteomes and neumdegenemative diseases were exbereively
reviewed by Zang [M3]. One very inderesting and elegant
imrestigation was carried out by Bernay and eolleagues, simed
to shudy the secmtome of the CNS; in different wonds, the
comtents of the sdracelular compartment. A secretome of mat
siriatum was obtained by performing micmdialysis to collect
proteine and peptides that participatein the complex network
of cammumcation within and between brain regions [24]. In
this study, the migodialysiz fuid fSeemipme) was froc Soma ted
into proteins of >100 kDa, »10 MDa and <100 kDa and pep-
tides amund 20 kDa. Two different mass spectrom eters, an
Orbitrap {Therms) and a Q-TOF Ultima [Waters) were used
for the analysi. According to the authars, the differential
pre-fractionation methods and combination of twoe mass
spect mmeters were sssential for the speces of the study, in
which they detected for the rat striatum secretome about 88
proteins and 100 peptides [derived from 29 different protein
précursers), potentially inwawved insigraling of the complex
brain network [24].

Miore than 300 proteires wene Bund altered inbrain and FS
of MD patients or other psychiatric condition {the shdies
comprised Alrheimer's disease, Parkinson's disease, Down's
syndrome, Pick's disease, Creutefeldt-Jakab disease schiza-
phrenia, bipelar dizsorder, depression, hyposda, ischemia and
neumpathic pain). Thie compilation, reviewsd in detaile by
Fountoulakis comprised mainky qualitative studiss performed
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either by 2-DE fallowed by MALDI-TOF or LC-MS/MS analyses
=]

Mevrode perira thre diseases yrere ales shedied under redox
protesmic approac bt A comprehens e review by Butterfeld
about the topic leads to Smilar results: proteins imaheed in
glucoss metabolism, mitochondrial functbon, stroctural, and
protein degradation am commonly affected n some MNDs
[(Alzheimer's disease Patkinson's diseass Huntingten's dis-
eaze and amyotrophic latera] sclerosis), suppesting that theps
mright be a shared mechanism by which neurods gneration
takoes place in different dSeases [26].

4 Envirommentsl agents and NDs

Mamy metals can be found n the envimnment in different
farms. Some severe conditions can develop caused by the
et shve ingestion or absorption of metals including acute
toodeity, mental mtardation, antibiote messtance and ewn
death The etidogy of several diseases might be mlated to
previous exposune o heavy metals or other intosdcant agents
[27-30.

The cenfral nervous sysem i very sensitive to different
agents, and among them, copper can be cted. In the CHE, theps
i a low level of important antioddant ennymes, contrasting
with & high level of easily osidized substrates and oombined
with a high flux of BOS that are generted during neurochem-
ical reac tiors [31]. Despite it importance in Wochemigry, Cu™
jors may disrupt the carrect conformation of some peptides
and proteins, It is loown that Cu™ induces confermational
changs in the normal prion protein, which modify from a
randam eal into p-shest chamcteristc of the PP form of the
protein, which is asseciated with Prion diseases |32 33], Cu™”
jore can contrilu te to the brmation of the p-chest or exe nded
cmformation of amyloddal beta peptides, which are sstociated
with AD [33]. On the other hand, «-hebeal strectures ae
important for the formation of paired helical flaments. B &
asgurmed that in AD, Cu™? partic pates of the formation of this
matif in newusfibd] tangles The stachiometry of copper
hinding to peptide B2, ane of the four highly comserwed regiors
of tau probein [fl to B4, was studied by MALDI-TOF and the
formation of the F2-Cu™” complex was confirmed although
being less strong than the B3-Cu™ complex [32]. Copper i= found
in several types of wires widely used worldwide and workoers
expvsed tothem are susee piible tochromic intosd cation.

In anmother case—contra shdy, Gorell and coworlers ana-
hzed the potential ral e of eocupati onal exposun: o irnn, copper,
manganese, mercury, fine, and lead a5 risk factors for PD, and
Bbund a significamly incressed aseociation of the disesss in
patients with mare than 20 years of exposure with copper and
manganese. The author also reported a greater sssociation of PO
with exposure to combl nations of lead-copper, immcopper and
lead-imn than with amy of these metals alone | 4]

High lewels of some metals in the brain, ncluding alumi-
mum, zine and imn lewels may also be lnked to the develop-
ment or progresgon of AD [35). Zatta and colleagies reviewed
the ale of these metals in neumdegenemthe proceses While
aluminum isreportedasa very controversial cofactorin ADand
other NDe, manganess apparenily pliye an important roe
in causing PD, with increasd emdmomental burden of

manganese being asmocated with neurodegeneration in the
basal gangha The msther ales reported no evidences sesaciat-
ing mine to ND [36].

Recently reviewsd by Bakusley and colleagues, kad expo-
Sure can also be astociated with AT Lead can be abtorbed by
the lung epithelivm and gastreintestinal tract, upon binding
iy herme groups and consequently can flow around the bady
through the bload [37]. In short words, early epissdes in
life andior continuous exposure to lead can contribute to
amyloddogenssts in later Lfe stages [37,30) In the study
performed by Basha and co-workers wsing rodents, the
authors observed that lead expogure induced transient
suppression of the p-amyloid precumsor protein n neombes,
followed by a delayed ower expression 20 months after the
exposune ceased |18,

The mie of envimamental factors in the neidence of NDs
bt been add retsed by analyzing mainly pesticide ecposure,
n gpecial in relaten to Parkinsen and Al beimer's disease
[38,40]. People whe live in a rumal ares, dioks well water, and
wirks in activities melated to farming are more exposed to
pesticides from different sources which may be a risk factor
for developing PD |40].

In a prospective cobart in which 1507 Prench elderly were
fallowed, Baldi and eolleagues identified an increased relathe
rigk 1o develop NDe in subjects who had besn cocupationally
exposed to different pesticides (insecticides, herbicides, and
fungicides). However, it was not possible to oorrelate e
specific chemical to the development of amy nenmlogical
disonder. The Beus was ghen to AD and PD and the “diagrost c®
was given based on g simple alprithm baed on a standa rdized
questionnaire that clasified the suljects s sther suspected or
ot sxpected of having dementia [41].

Back in 1997, in a cage—contral shedy n Tamwan, Liow and
cowirkers reported that PD rigk was greater among subjects
exposed to paraguat and ather herbisides/pesticides than
those not exposed. However, the author did nat find signifi-
cant differences in occupational exposures to chemicals,
hemy metals, and minemls among PD patients and matched
contre subjects [42].

In case of AD, the con tribu ton of environmen tal factors &
controversial. Some authors report an inceased risk to
denrelop AD aseociated to occupational exposure bo pestic dis
H344). On the other hand, diferent authors failed to show
such risk [45). The controversy of these shadies might be
due to the fact that susceptibility to pesticides and other
neumtosing depends on wariability in wenobiotic metabolism,
pessibly generated by genetic pelymorphisms, aging and
degresof exposurs to emdmamental agents [46].

There ame other atypical Parkinson's-like syndromes be-
wond PD. Muliple System Atrophy (MSA) and Progrssive
Suprameclear Palsy (PSP] are neumdegenerative conditions
with clinical featums similar to PD, which may be confused
comsidering their climical sspects. While MSA i a disease
smssciated to g-syneclein aceumulation [47] PEPsssms to be a
tau pathology [15). MSA incidence has been sseociated with
metal dugts and fumes, plaste monomers and additives,
arganie sohrents, and pesticides (48] Dexter and colleagises
repoarted an increased concentration of ion patents with
MEA and ales PSP, suggesting a possible amvironmen tal factor
in thess disaases [§9].
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Oaddative stress iz inherent of several regular physiolog-
ical processes, in which BOS are genermated. Several envimon-
mental palutants, including heavy metals and pesticides
potentally sxacarbate BOS production [50). The imbalancs on
ROS production and physiological antissddant mechanim,
cansed by external agents can contribute to the etiology or
progress of several disesses, such a5 AT Copper, chromium
and cadmium are known to cause protein damage through
ROS intermediates, and were studied by mdos protesmic
approaches [50). Mitmted proteins, specifically enolase,
glycemldebyde-3-phes phate delydragenase ATP synthase,
carbonic anhydrase Tand veltage dependent anion channs]
ware detected by Sultanma and colleagues, in frazen hippo-
campal sample: Fom AD patients analyzed by 2-DE fallowed
by MALDI-TOF [51).

5. Alzheimer's disease

The most commeon form of age-related neurodegenemtive
dizease in the world iz Alxheimer's disease [AD], the leading
cause of dementia [52]. In 2006, the worldwide prevalence
of AD was 266 milion and estimates are that by 2050,
prevalence will quadruple [53], bringing a very high soco-
econom ic impact and requiring huge adjustments of gowemn-
ments, social agendes, health insumncess and families to
deal with these patients,

In 1906 the German nevrclogict Alois Alzheimer [1864-1915)
first deseribed the clinical and pathalegical features of an
umessal brain disease during the Tibingen Assembly of
Southwes Carman Peyeldatry [5455] His presentation de-
seribed the case of Augiste Deter, who, at age 51, presentsd
with a rapidly progressive dementia syndmme. Post- mortem
exmmination rewealed the presence of amyloid plagues and
neumnfitrillary tangles These findings were publiched by
Alzheimer in 1907, in the form of a short report. In 1910, the
peychiatrist Eril Kraepelin, a calleague of Alzheimer, intro-
duced the term Alzheimer's disesce [AD) in his Handbook of
Psychiatry.

The two cre pathological hallmarks of AD ame amylad
plaques and neunfitrillary tangles The amylaid caseade
hypothesis suggsts that the deposition of amyloid g [A8)
peptide trigrers neuranal dysfunction and cell death in the
brain Taw, a microtubule-associned protein, & the major
constituent of neursfibrillary tangles The amylad cascade
hypothesis proposes that changes in tau and consequent
neurofbrillary tangle formation are triggered by toosic con-
centratiors of AR [56] Due to the difficulty in the sarly
diagnosis of this disesse in recent yeam much effort has bean
made in the dissovery of bomarkes e AD, which oould
allow the ditease to be diagnosed at an early stage |57].

Previowsly, the AD disgnesis included s hesively patients
on the dementia stage 58], and the disease was chameterized
by histolagy pathological features. Currently, AD is conoepta-
alized as a progressive pathophysislogical process in which
the accumulation of p-amylodd [Ap) pathology is thought
to set in motion a dynmamic sequentia]l cascade of events,
including neurodegeneraton, inflammatory processes and
neurotransmitter dysfuncion Bven the clinical sspects have
changed in the last clinical diagnesis comsemnsus, inchding

ales preclinieal stages and incorporating bismarkers to support
the diagrosis [59).

With the current conceptual changes that redefined AD a<
process, the physiopathoelogical orset, duration and the wnder-
lying mechamems of AD hinre received great attention of
spacialized maparchers. Tt is hypothesized that the pathologc
process of AD begine around two decades before cogritive
declne [50], and may vary ameng individiale. The most
comman primary symptom of AD & a decline in cogritive
functions, known a8 mild cogritive impairment [MCT), with
dee Bt md e Ny i ber fering in acthites of daiy life [56 61]. At
the MO sage considered as an AD prodremal phase [62),
biomarkers have a crocial mls, in revealing the onset of the
pathophysialogical process and urging chnical interventons,
which are today =l on the clinical trial phase. Al identified
potential biorarkers am <t in the testing stage and dinical
stuscies bumed o larpe population studies ame peeded [§3].

Diverse approaches searching for AD biomarkers were
reparted, incliding plsma protesmics, plasma lipidemics,
transer ptome, s toan thodies, micmBNA, plisma AR species,
and plasma tan differentia) forms [54]. Stodies of plasma
lipidammics derived from find ings that the dergulation of lipid
pathways could be impliested in AD [65] and tramss siptome
profiling-based methods hawe been w=ed in an attempt to
identify a blood-based sigmature fa serum bismarker) to
differentiate AD patients from asym promatic contml subjects
[66-58]. Although the presence of autsamtibodies in AD has
been demonstrated, their mls in the pathdogy of dissase iz
still unclear [59). There & substant ial evidence that altemations
in microBMA levels are associated with some pans of AD
pathaogy, however its relevance as a bood -based biomarker
requines validation [0]. Seme post translational modifie ations
hianve been identified as potential bochemical markes to
measure the disease's activity. Increased levels of oxidative
modification markers hawe been demonstrated; mecenthy,
mitechondria molated fram lymphocytes of MCT pabients
were shown o préesent signs of increased ootidative siess
which may potentially reflect brain damage and serve as a
biomarker for AD [71].

Cerebmapinal fhod and pesitmn emistion bomagraphy
(PET] are the curent clinical Womarkers weed to confirm AD
pathaogie changes in patients diagnosed as having demen tia
The use of CSF biomarkers & widely discuesed Rosa-Meto et
al recommended considering it at a terbary care level to
improve disgnostic certainty, particularly in those coses presnt-
ingatypical climiea] fea e [73].

CSF biomarkers such as amyloid-p1-42 (Apd2), total tau
[t-tay) and phesphorylated tas {p-tas) are hallmarks’ of the
dizeass reflecting axenal damage and phosphoryated tau
{p-tay) indicating neusfbrilary tangle pathology [73-75). CSF
taw & considersd to be astrong marker of the neuronal injury
associated with AD, and the combined detection of Apdd,
t-tau and p-tau levels in CSF are considered to have a high
diagmestic accuracy even in the early stages of Albheimer's
dizease |76). Wang and colleagues reported that “decrased
cerabrospinal Aiid An42 and ineresssd CEF phosphoryated
tay g, were independently associated with reduced defmlt
rade netweor k integrity with the meos tprominent decresses in
functional connectivity observed between the posterior cin-
gulate and medial temporal mgions® [77). The combination of
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low CSF ApA42 and elevated tan in CSF also cormelates with
higher risks of progressian te AT in patients with MO [8). 05T
homarkers are thus thought to be wweful in the very early
disgrasie of AD|75).

Albeit axtemely useful, the CF collection procedurs i
ey imvasive, as it redquires a lumbar punchare and adequate
infrastructure to perform thiE procedurs. Beciuse blood
sampling in comtrast te CST, i less invasive and thus mers
secepted by patients, bisemarkers in blosd are highly desirabls
and helpful in monitaring follow up [14]. Plasma biomsar kers
combined with bseine demographics have been sugpested
# a potential sereening tool [79). Urine and saliva have akeo
Iean tested as possible analytes in AD research

5.1. Proteomics in Alzheimer % disease

Presenthy most of the AD protesmic data report findings on
proteing derived from CSF or blood, sither using protein
armays or mass spectrometry-based detection of blood pro-
files |B0-83). Several promising bood-basedbiomarkers of AD
hawve been proposed in studies mnging from protecmic
analysiz in plasma to genetic pmfiling [64], among which
are apolipoprotein E fwith controversies), brain natiuretic
peptide, pancreatic polypeptide and O reactve protein [B3).

Doecke and cowarkers identified a panel of plasma
biomarkers that distinguich individeals with AD from cogni-
tively healthy contrel subjects with high sersitivity and
specificity. These include HWomarkers with significantly in-
creaged levels fatigol, pancreatic polypeptide, ingulin-like
growth factor binding protein 2, p2 microglobulin, vascular
well adhesion melecule 1, carcnoembryonic antgen, matrix
metalloprotein 2, (D40, macrophage inflam matory protein le,
superoside dismutase, and homocysteine) and bomarkes
with sigrificantly decreased lewels (apalipsprotein I, epider-
mal growth facter receptor, hemoglobin, calcium, zine
interleukin 17, and albumin) in AD [84]. Others stu dies based
mn plisma proteome evahmted apaipoprotein A-T, apolipo-
protein E (Apel), serum ghitamic ataleacetic tansaminase,
w-1-microglebulin and brain natriuretic peptide for AD diag-
nesie [B5). Apolipoprotein E, immunoglabulin M, sstasin-3,
W-termimal prohormeone of brain matdumetic peptide, matrix
metalloproteingse 1, pancreatic polypeptide and tenassin-C
were evaluated by Scares and colleagues in MCI and AD
patients, Their mesults confirmed studies reporting OSF
increased lewels of pancreatic polypeptide, aotaxin 3, tenascin
Cand NT-pro BNP in patients with AD and MCI [79]. Ray and
colleagues reported that several serum signaling proteins, o
chemoldne [C-C motif] hgand-5, -7, -15, and -18; chemokine
[C-X-C motif) ligand- & epidermal growth factor; gramlocyts
colony stimulating factor; glial-derired nenmtrophic factor
mntracellilar adhesion melecule 1; insubinlike gowth facter
hinding pretein §; imtedeukin la, 3 and 11; masephage
colomy-stimulating factor; platelet derived growth factor-BE;
turmer necrosis fackor o and tumor necrosis related apoptosis-
inducing lgand Ré are associated to AD and progression of MCT
1 A | BE].

Az mentioned previowusly, ApoE & a candidate for an AD
Homarker even though some dies repancies have been found
when the levels of this protein are related to AD symptoms,
Aiming b clarify this point, Simon and colleagues ap plied the

powerful maes spactmmetry quantitatiwe appmach of select-
ed reac ton mond toring (SEM) to quantify ApeE and ApoBd in
AD patients and contrel subjects. By using ‘protectypic’
peptides foysteine 112-—cysteine 158 in Apel cysteine 112
arginine 158 in ApoE4) chamcteristic of sach Eoform, which
differ in only one am ino acid, the athors conchided from this
target mass spectromelry approach that Apel and ApoEd are
not clinically sigrificant rlevant for AT disgnostios [87].

Adding to the controversy on ApsE and ApoFd as markems
for AD, Wang and colleagues amalyzed the same isaforms
under a multiple reaction menitering approach (MRM). In this
cage, the author performed protein quantification in the
soluble and imssluble cell fractione. Their data have shown
that C and M-terminal fragments of ApsE and ApoE4
accumulate in higher amounts in AD Hsspes, but the full
assigrment of these fmpments identities has not yet be done.
The appraach used in Wag's study provided “guantitative
evidence for a preferable accumulation of apoE C-terminal
fragment in the nsclube fracion of AD fontal cortesx
homegemate” [28].

Zhang and colleagues performed SEM to study histons
acetylation in human brain tssee of advanced AD patients,
using samples from individuals at different stages of the
disease B3], A considerable lower amount of histone acetyla-
tisn in AD samples was detected when compared to contrels,
pointing to the need of further shedies to understand the
participation of this pest-tramslational protein modification in
AD vl ution.

Domnenia and colleagees performed a quarntitative prodes-
e Shudy, by messuring the lavels of phosphorylated probeins
in hippocampus of AD patients. Hyperphos phorylation of tau
proteins i considered to be a hallmarkof AD [90]. According to
the msthars, several sther proteins eould alse be ermnesusly
phospharylated and contribute to the evelution of AD [20]. In
thit wark a e ritieal point has been i dentifad, that the PMW pedod
(post modem interval) cold influence the owteome of protes-
mic studies. During the tme nterval or d elay betwesn “death™
and “sample” collection, several processes, e proteclyss,
unrelated teany pathelogieal process might happen . Although
contml samples are used for comparissn, the delay sl
inevitably exdds To aveid this siteation, the searh for
Bamarkers in alive individuals should contimes, The authors
meported 17 probeins differentially phosgphorylated in AD
samples as compared to control samples; nine of them
preented increased phosphorylation in AD subjects [80]. In
thit study, samples were pre-froctionated by 2-DE, and ana-
Iyzed in an Orbitap. Mo phesphopeptide enrichment was
performed Protein phosphorylafion was estimated based on
ProQ dym staining Thealtersd phosphorylation patterns in AD
patients sccurred in protens imolwed D ensgy metabaiem
and ATP preduction, signal fransduction and neural stisshars,
all ey steps for AD developrent and evolution [90].

The nitration of proteins in tyrosine residves potentially
interferss with phosphorylation prooss ses which ape vital for
mamy biological functions. Mitrated proteins detected in
Sultana's study suggested imbalance of enemgy metabolism,
symaptic e, and mitochond dal dysfunction, all phenome-
na nowadays accepted as pant of mechaniems keading to AT
D Domenico and colleages imestigated the mle of cellular
stress respanse on AD progression, by evaluating the levels
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of HEP 27,32, 60, T0and M and thisredasin-1 by Western blot
|91]. The main idea of thisstudy was to measure important
proteins related to stress response and protein folding. The
samples were atopsied from subjects belonging to thead
{amnestic] stage at a maximum 3 b PMI, and thres brain
regions were analyzed: hip pocampus, inferior parietal lobule
and cerabellum. In general, the HSP leavel were higher in AD
samples when compared to contral samples, swoept in the
cerebellum. HEP 32 was detected at the highest amount, but
without significant difference betwesn the groups [91].

Another interssting approach was wed by Reed and
co-wirkes in the analysis of proteins that could bind to
4-hypdresey-2-nonenal (HNE in the human brain. HNE has an
important rele in lpd permcidation and can cause sotidative
stress in the brain in it free form or bound to proteins [BO].
The study compared subjects at two stages of the diseass,
the mild cognitive impairment M) phase and latestage
Alzhed merc's disease. The anabysis of HME-bound proteins was
performed by immunohistochemistry and selected probeins
wers amalyzed by MALDI-TOF, after preparation by 2-DE. The
authors panted out that hpid pemotidation seems to have an
important role in AD, even in the sarly stages MO and EAD
{early Alzheimer's disease) [B0]. More recently, Hashimote
and colleagues analyzed microdissected hippocampal neu-
rone by OF lhbeling mass spectrometry. The elegant ap-
proach of laser capture microdissection (LCM) allowed the
authors to analyze £ pecific neurons population of the brain
tissie LOM was used bo extract post mortem peurans of
the comu ammanis 1 regon from AD and contml patients.
The @mu ammoniz 1 & where newrofibrilar tangles are
detected even in early stages of AD. The approach allowed
detection of up- and down-regulated neuron-specific pro-
teine, when comparing AD to contral samples. Through this
strategy, one very specific region of the brmin could be
analyzed in a way that precluded proteins from megions, not
implicated in the pathology, to interfere in the protesmics
study [52].

6. Parkinson’s disease

The English physician James Padkinson in his artiele *“An
Essay on the Shaking Palsy® first descrbed the climeal
features of this condition in 1817, Parkinson's disease [PD) is
the second major neumdegenemtive disesase in the world,
which affects about 0.7% of the geneml population inchding
all ethnie and secoscononic groups, with a slight predom-
inance in malks IE noadence and prevalence increase with
age, reaching about 1% in people above 60 years and &% in
those abowe B0 years 93] Clinically, PD manifests a& meting
tremor, radyldnesia (difficulty in initbating movements and
slow to nun them) and muse le rigidity. These changes ussally
have an asymmetrical onset. Difficulties in gaitand postural
instability and awtenomic dysfuncbion are symptoms that
may be assoctated with disease progression [17].

The depletion of dopamine in PD & one of the hallmarks
of the disesse The pestmortem brain pathological evalsa-
o shows the degenemtion of substntia nigra in the pars
compacta, leading to dopamine deficency. Cytod asmic eosing-
philic inchsions termed Levy bodies (LB), composed mainly of

c-syrsclein are ales fund inamess of neuronal degenemation in
theme patiants [94].

Although a definidwe dagnosis is only gwen in the
autopsy, the syndmmic diagnosis is based on clinieal eriteria,
being the UK Parlkinson's Disea e Socety Brain Bank the most
uzed globally [16]. The PD is not Emited to moter disorders as
corgrithne deficits can aleo be detected. Stud ios indicate a 30%
prévalence of dementa in ndniduals with PD, and it is
estimated that at least 75% of patients with more than ten
years of disesse progression develop dementia [85). PD
patients who develop dementia duding the first pear have
been classified 2 having dementia with Lewy bodies (DLB)
|96]. The riskof deweloping dementiain PD i partieulardy high
in patients dder than 70 years |97 98]

In the past years there & an nereasing consenses in that
expEum to tateants such a2 heavy metals, pesticides and
other mown neurslosde substances can ncrease the rigk of
developing PD [99]. The idea that neursdegeneration, such as
that ebferved in D, is coessy elated to addative stress i<
now accepted |99). Symptoms simiar to those of PD palients
have besn detectsd in subjects exposed to manganese
|25-101]. The accumulation of aluminum in the brain of PD
patients was deseribed, and increased incdence of newn-
logical disesses, ncluding PD, correlates to high levels of
aluminum in drinking water [102). Several technigues are
available to quantfy metals in different tesues, The laser
ablation inductvely coupled plisma mass spectranetsy is
one of these strategies In a work performed by Matush and
colleagues, they analyzed MPTP [1-methyl-4phenyl-1,2,36-
tetmbydropyriding expased mice wming this technique to
analyze detaile of Cu, Fe, Zn and Mn mobilization in brain
tissues [103].

Exposumes to peticides have been asseciated with PD in
seyveral aspects. The associations of PD with mienone and
paradquat, twe worlduide-umed pesticides known to easily
eress the Heod brain barer, have been reported [104). The
effert of some pesticides, including, paraguat, otenons and
disldrin over the asynuckin wes studied by Uversky and
colleagues (in vitm). The authors wed atomic foroe micns-
copy tostudy the a-symselein confor mation an d fibri] forma tion,
respectively, after treatment with the pesteides As mesult, a
significant conbrmational change in the a-symudein Stecture
and formation of a-symeclein fbrls in a high mte wene ob-
serned, S0 gpestingsirong parbc pation of these pest cides in the
development of Parldnson diseass [105].

Rotenone inhibits the complex T of the eectron transport
cham in mitechondrda thus distubing the eddative phos-
phorylation process |30,50) Rotencne intoxicabion proamaotes
selective degensmtion of nigral dopaminergic newnons with
accumulation of cytoplasmic a-syneclein aggregtes reslting
in symploms seenin PD, such as bradvidmesia, rigidity, tremer
and nonmotor signs |30, 104].

The herbicide pammquat has been minted as a strooger
emdnmmental factor in PD oocurrencs |106]. Parmqaat ge e bes
RS through production of s permdide mdicals and indoces a
parkdnsodan syndmome similar in many featums to PO TE also
increaaes lipd pemsddation, dedestes levels of antiooddants,
dishurbs mitechandrial functon, inersses e squression anda ggre-
gation of esymecledn and slectively s nigral doparmi nergic
oS [30,107,108].
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Under the histopathological point of view, the tau protein,
the amyleid protein and Lewy bodies are imvohed in the
development of PD dementia [95,109,110]. The identification
of biomarkers that will allow an earlier and mome accurmte
disgrosis in PD with dementia or DIE & urgent a5 the popu-
lation ages globally increased [111). Chang and coworkers
sugpeshed that mic i NA biomarkers sccociated with AD could
hinve potentiale b other neurode penemative diseases as well
sich as in Parlinson's, Prion and Huntington's dissyses [113].
Other studiss have propossd that combimng climeal findings,
Horhemical and imagng rarkers (MBI, PET and SPECT) will be
muwe likely to contritate to sarly PD disgnasi= and folow up
13,114

6.1 Proteomies in Parkineon’s disease

Biommarkers for diagnesis and prognosis of PD are not currently
available Actually, some putat ive canddabes for PD biomarkers
were provposed but these £ 61 kave low specificity and sensibiv-
ity [18]. Promising findings in the fald showed thate-synocein
i a major com penent of Levwis bodies [115);that TT-1 i invebred
in protection againet cxdative stress during ND [116] and that
levels of Ap4D correlate with cognithve impairment.

The current “smic” approaches in PD include transeripto-
mics, protecmics and metabolomics, aimed at identifiring
=mall changes in mANA, protein or metabalite profiles [114].
Searches for HWomarkers in PD were performed in OSF
fr-symuclein, tay, p-amylad peptides and DJ-1) and proteins
and urate in the bleed [18,113,117] Recemtly it has besn
sugpested that tau and p amyleid ame eritically imvelved in
early PD progression, probably by a mechanim different than
thatin Albheimer's dissase [118].

The rat ventral mesencephalic Hespe ghves rise io the
depamine newsns within the substantia rgra, which degen-
erates in Parlinson’s disease Tsing & quant e prodeomic
appreash (ITRAGQ), Orme and cdlabormtors stedied protein
expresion in Hetues in three differsnt stages: immediately
befre, during and after the dopaminengic neumgenesis Briefly,
extracted tom] protein was labeled with iTRAD reagents,
subrnitted to trypsin digestion  followed by peptide pre
Eactiomation 1sing multidmen sional chromatography [strong
calion exchange + reverse phass). Using this stategy, the
authars identified ca. 3000 proteins by MAIDI-TOF/TOF and
could exploms in details the proteins invohed in the dopamine
newren devel spment [119].

Proteomics approaches have been weed to understand the
mle of mitoe hondria perturbation and soddative stress in the
mle of the PD [120]. Van Laar and cdlaborators amlyzed by
2DIGE flusrescense difference gl slectrophomsi<) mt brain
mitechondria after exposurne to dopami ne-quinone [DAQ). In
ahealthy brain, dopamine (TA) leads to the production of ROS
and DA which i& not adequately stored in vesicles can be
cidized to form the mactve DAQ [11)]. hemased levels of
cysteinyl- DA a covalent modification of DA triggered by DAG,
have besn detected post-mortem in substantia nigra of PD
patients. Furthermars it has been demonstrated that DAQ can
canse alteration of mepirastary mechaniems in mitochondria
L], Prateins soddized in the mitochandria, aseording to the
authors, could alss be potential targets for therapeutic agents
in AD. The authors pedformed mitochondrial izolation from

brain tissee of mts and the extacted mitochondrial prote rs
wers analyzed by 2DICE coupled to MAIDI TOF/TOF mase
spectrometry. Mitechendrial ereatine kinase (MICE], which i
associated with ADP-ATP exchange and the permeability
transition pore [122], is highly sensitive to oxidation Their
data showed that DA-induced oxidation of MK affected its
enxymeactivity thus, compromising the integrity and energy
metabolism of mitechondria [1H].

Parkirsonism mouss models can be dbtained by the wse of
two newrotooine: 1-methyd-4-phemyd- 1,23 §-tetrah ydropyridine
MPTP) and methamphetamine (METH). MPTP seems 1o cause
death of dopaminergic neunrms in the substantia mgra pars
compacta [123], whils METH inhibite sidative pheephorylation
in dopaminergc peumss [124125). Analysis of these btwo
systems under tancriptomic and proteomic approadhes re
wealed significant changes on the levels of 86 proteins and of
mAMA of 181 genes after tosdnfs) treatment(s). The authors
conchuded that thers isa clear mitoch ondrial dy=finction in PD,
with increased oxidative stress, deregulated probein degrada-
tion, memeased apoptosi and osll death, and a potential
activation of the astroctic reponse. This & udy was performed
with U0y™0 labeling and Cys-peptide factionation, simingan
accurate quantification and a wide ooverage of the protesms
[123].

Constantinescy and colleagues analyzed the CSF from
patients with different clinical stages of parldnsonian disor-
ders. The suthors compared the pmtein pmfile of these
goups aiming to identify one or more specifics Homarkes
by mass spectrometry SELDI-TOF (using three differemt
surface arrays: cation and anion e hange and metal binding).
However, no specifc biomarker could be detected and used to
distinguish the pathologies ameng the groups. The authors
pointed out that SEIDT might not be a good strategy, because
the detection limit of the approach could be limiting the
detection of low abundant proteins [126].

Several stisdies have peired to s-symelein as 2 Homarker
candidate for PD. Even though this small protein can be
detected in the plasma, there are still many controwesies
regarding its wss as a bismarker [127]. Chen and collaages
compared the plasma of healthy and PD patient groups, using
2-DE and a O-TOF maes spectometer. Abundant proteins
were depleted from Hood samples and analyzed it separately,
A significant difference between the goups for the proteines
serum amyloid component Pand Gl promped the au thor
to suggest thete two proteins a8 biomarker candidates
Although EITSA further confinmed thess ol the group of
PO patients analyzed in the study was small hence mone
studies are necessary to validate the data [137].

A=a matier of fact, a resentsystematic review of biomariers
emchaded that there & s611 in s cent evidenos o reoommend
the use of any Homarker for diseass progresdon in PD climieal
triale [128).

7. Concluding remarks

Thiz review has briefly highlighted some physiopathological
aspects of Parkinsm's and Albheimer's diseases, the most
common age-relabed neundegensmative diseases in the waorld.
The socurpence of these dissases has sinificantly inereased
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over the past decades in parallel to global nerase in life
expectancy. Presently no biomarkesesdst for reliable diagnosie,
tracking of ditesse progr=sion or montoring themapeutic
outcomes. Here emphasic was given in reviewing probeomic
studies aiming at identification of the wgently nesded bio-
marker(s) that will allow an early detection and subsequent
therapeutic intervention to deter the progress or at least
amelismate the symptoms of these dehilitating pathaoges.
The rae of envimnnental stessor in the nodenos of these
nevrodegenemtive dissases was addressed and protecmic
studies dealing with understanding the effects and disgnosing
the exposure to diferent pollutants and heary metals in
relation to Parkinon and Alrheimers diseaos wens neviewed.
The controversial data on candidate Bomartkers useful for
diagnostic and prognoste of these NS diseases reveal a
fisld with many gaps yet to be sohred, in which protecmic
approaches have ensured application.
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Discusséo Artigo 1

O artigo intitulado “Alzheimer’'s and Parkinson’s diseases: An environmental
proteomic point of view” € um trabalho de revisao publicado no Journal of Proteomics
em 2014, que teve como objetivo revisar os mecanismos e marcadores relacionados
com a DA e a Doenca de Parkinson sob uma perspectiva focada especialmente nos
processos relacionados com proteinas envolvidas nessas doencas.

Inicialmente o artigo revisa aspectos da protebmica, area que estuda os
processos associados a alteracdes nas proteinas, como expressdo, quantificacao,
compartimentalizacdo e mobilizacdo, sob uma condicéo especifica. Com a finalidade
de ilustrar as diferentes abordagens e perspectivas geradas através de estudos com
enfoque protedbmico, foram escolhidas duas das principais doencas
neurodegenerativas e revisadas possiveis associa¢cdes com aspectos ambientais
como fatores de risco para o desenvolvimento de tais condi¢cdes. Através de uma
analise de potenciais fatores ambientais, como radiacdo, poluicdo e substancias
toxicas foram revisadas alteracfes que possam levar ao desequilibrio metabdlico
associados com essas doencgas. Sob o ponto de vista protebmico na analise de
aspectos da DA, diversos estudos descrevem processos inflamatérios como fatores
associados ao desequilibrio de diferentes sistemas metabdlicos protéicos na doenca.

Neste primeiro estudo realizado dentro do periodo do doutorado, o enfoque foi
voltado aos biomarcadores obtidos através da analise de fluidos, como por exemplo
a analise de niveis das proteinas amiloide Bi-42 € tau no liquido cefalorraquidiano,
método ja incorporado na abordagem clinico-cientifica da DA. A perspectiva gerada
através de estudos na area da protedmica contribui para o desenvolvimento de
possiveis biomarcadores plasmaticos que ndo demandem procedimentos invasivos,
como uma puncao lombar, para obtencdo de uma aliquota para analise. Através
dessa estratégia, diversos aspectos relacionados com a DA poderiam ser avaliados
através da andlise de um painel de diferentes proteinas e metabdlitos relacionados
com a doencga, cujas informacdes serviriam para avaliacdo de risco, diagnostico

precoce e monitorizagdo de abordagens terapéuticas.
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Nonamyloid PET biomarkers and
Alzheimer’s disease: current and future
perspectives

Lucas Porcello Schilling'=®, Antoine Leuzy'?, Eduardo Rigon Zimmer'*,
Serge Gauthier & Pedro Rosa-Meto*a:

ABSTRACT Recent advances in neurcbiology and PET have helped redefine Alzheimer's
dizzase (AD) as a dynamic pathophysiclogical process, clinically characterized by preclinical,
mild cognitive impairment due to AD and dementia stages. Though a majority of PET studies
conducted withinthese populations haveto datefocussd on f-amyloid, various ‘nonarmyloid”
radiopharmaceuticals exist for evaluating neurcdegeneration, neurcinflammation and
perturbations in neurotransmission across the spectrum of ADL Impartantly, findings using
such tracers have been shown to comelate with various clinical, cognitive and behavioral
mezsures. In the context of a growing shift toward early diagnosis and symptomatic and
disease-modifying clinical trials, nonamyloid PET radiotracers will prove of use, and,
potentially, contribute to improved therapeutic prospects for AD.

Akheimer’s disease (AD) is the leading cause of dementia 1] and is characrerized by an insidious
onset, progressive impairment in memory, attention and language and by the presence of newmm-
pathalogical hall marks, inchading the extracellular deposition of Brammydaid (4F) and the intracellular
accumulation of hyperphosphorylated tau [z). Criteria for the dinical diagnosis of AL were frst
put forth in 1984 by a work group jointly established by the Mational Instioare of Bleunological and
Communicative Disorders and Stroke, and the Alzheimer’s Disease and Pelated Disorders Association
[#. These criteria assumad that the clinical and peampathological Fearures of AD were elaed in
a ope-to-one manner, such thar AT parhology was either present in an individual — producing
dementia — or absent, in which case dementia, if present, was not due w AL [4).

Though usefal and widely adopted. important advances in the characrerzation of AD along
clinical ard newropathological lines, as well as in cur abilicy w detece AD pathaphysiology in rive
wia blomarkers, led @ a consensus position thar the criteria should be revised (4], These revisions,
initlared by an International Working Group [5.6), were further daborated by several Mational
Instinure of Aging and Alzheimer’s Asociation working groups, resulting in novel diagnostic ori-
teria add ressing asympromatic, ‘preclinical” |7, mild cognitiwe impairment (MCI) due o AT 5
and AD dementia stages [9]. This revised conceprual famework posits a conceprual distincrion
between AT} neuropatholo gy and resuleing clinical phenomenclogy. Specifically, ALY has been con-
ceprualized as a progressive pathophysiclogical process in which AP woxicioy is believed o resal in
sequence of dynamic changes, including the accumulation of intracellular newrs Abrillary tangles
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(NFT5), synaptic loss [10.11], neurcinflammatocy
processes [12] and disrupted neurotransmission
113]. Importantly, these changes are thought
to accumulate during a protracted preclinical
phase, with the acceleration of such dnngcs
marking the transition to MCI, the symptomatic
predementia phase of AD.

Increasingly, quantitative imaging of func-
tional and molecular processes in the living
human brain has become possible using neu-
roimaging techniques, in particalar PET (see
Figura 1). Noninvasive in nature, PET allows for
the quantification of brain biclogical processes
by modeling interactions between short-lived
radiopharmaceuticals and a biological process
of i , with "u,mthznmolopk:o
malar (10" 10 M) range. While the majority
of PET studies conducted in AD have to date
focused on the characterization of amyloid fibril-
lary deposits, 2 growing rumber of ‘nonamyloid
radiopharmaceuticals are available for visuali-
zation and quantification of neurodegencration
(ghscose metabolism and hyperphosphorylated
tau), neurcinflammation (astrocytosis, micro-
gliosis and phospholipase) and perturbations in
peurotransmission (cholinergic, dopaminergic,

serotonergic and others; see Table 1 & Figure 2).
This article aims to review the role of nona-
myloid PET biomarkers in improving our
understanding of AD neurobiology.

Pet blomarkers of neurodegeneration

+ Imaging tau pathology

Misfolding and agpregation of hyperphospho-
rylated tau into NFTs is known to occupy a
central mechanistic role in the pathogenesis of
AD p49.59). A growing body of evidence suggests
that tau pathology is thought to spread to dis-
tant brain regions following a shift toward slf-
propagation in a prion-like manner, disrupting
neuronal function and leading, ultimately, to
neuronal loss and cognitive decline f51. While
increased cerebrospinal fluid (CSF) levels of tau
have been shown to correlate with disease sever-
ity 15 — with the presence of tau in the CSF
of AD patients thought to reflect neurodegen-
eration |54 — the use of CSF tau as 2 biomarker
for AD remains controversial 54). Moreover,
in addition to the invasive nature of lumbar
pancture, CSF measurements cannot pmﬂdc
mpognphlc information, and are prone to vari-
ation across centers (35]. Noninvasive methods

Figure 1. Steps involved In PET Imaging. An on-site cycotron (A) inside the radiochemistry facility
produces short-lived positron-emitting sotopes (8) which, after quality control, are delivered as PET
molecular probes (C) to hospital or research facilities. Molecular probes are Injected Intravenously
at tracer concentrations (D) before PET scanning (E). During the scan, the PET camera records the
distribution of radioactivity, which, following reconstruction, (F), can be analyzed and read by

Imaging experts or dinidans.

For color images please see online at httpe//www.futuremedidne comidol/full10.2217/fnl14.40
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Table 1. Potential nonamylold PET blomarkers for Alzhelmer's disease.

Biological target Radiopharmaceuticals Findings Interpretation Ref.
MNeurodegen aration
Tau pathology [™FTBOT Increased Increased formation of tau aggregates [n4]
[*FIT308 Increased sl
[*FITHKS23 Increased [18]
[*FITHKS10S Increased [i7]
[*FITHEST Increased [i7]
["CIPEE3 Increased [18]
Increased
I-I-l:mklrurs-:.:hu'rql ™FIADG De=creased Decreased glucose metabolism %]
Nouroindh -
TSRO [MCIPETTIES Increased Increased microghal actvaticn |20
[nC]CEATIDE Increased Increased microglal activation [21]
["F]FEDAATIOE Increased Increased microglal actvaticn J2z]
[MCIACS21E Increased Increased microglal actvation 12
[azr ["CIAB3EI39 Increased Increxsed microglal actvaticn [24]
MAD-2 ["EIL—:Icpn:nTI Increased h:mu:dr:acﬁ'mcarh’n-q‘h:ﬁis I=5]
Phospholipase H™CHAA Increased Increzsed phospholipese activity [28]
Neurotran sMission
AChE actrwity nC]PMP D=creassd Decreased AChE activity 171
[MCIMIPAA Decreased 128]
mAChR ["C] NMIPE Decreased Decreased mAChR dersity 12%1
mdChR, "FIR-TZTP Decreased Decreased mAChR, density |3a]
nAChRs 2-[=FJA-B53ED Decreased Decreased nChR density [an]
["Clnicotine Diecreased Decreased n&ChR density |5=]
nitChis type o f, ["F]NCFHEB Decreased Decreased n&Chis type o 8, density [53]
niAChAs type o, [MCICHIEA-1001 Decreased Diecreased niChis type o, density [34]
VIRCHT [FIREDBV Decreased Diecreased VACHT activity 1551
D, [MCINNCTSE Decreased Decreased D, densaty [36]
o, ["CIraclopride Decreased Decreased D, densaty 1371
Dy, ["CIFLB457 Decreased Decreased D/0, density 138]
DT "CIg-CFT De=creassd Decreased dopamine reuptake J3%]
WVMATZ ["CICTRZ Decreased Diecreased VMATI actnity [40]
5-HT, ["Flsetoperone Decreased Decreased 5-HT , receptor [41.4z]
[™Flaltanserin Decreased densitylhecreased 5-HT.a recepeor density
5-HT, ["FIMPPF Decreased Decreased 5-HT,, receptor density %)
HT, [MCISEI07145 Increased Increzsed 5-HT, receptor density |44]
HET ["FIFMeNER-D2 Decreased Decreased MET density I45]
H, ["Cldoxepine Decreased Decreased H, density [48]
uand x opinid receptors "Fifiuvoronaltresone Decreased Decreased p and w opioid receptors 71
densities
. ["CIMPDX Decreassd Decreased A, density J48]
;mrml:;&m';hwghﬁﬁmmmﬁx DAT: Diopaming: transporiarn; H: Histaming recepion; maChR maCh recapiorn; nAChR: kootinic
for quantification of tau patholopy are therefore  pyrimidine derivatives-["F]T-807 and [YF]
highly desirable, particulady given the increas.  T-808-phenylquinoline derivasives["“FJTHE-
ing efforts directed towards the developmens of 523, [*F] THE 5105 and [*FITHE-5117 and the
tan bawd therapeutics. [n this context, =veral  benrothizzole derivazive ['C]PEB-3.
PET research proups have recently developed Following a screening of more than 900 com-
novel classes of compounds characterized by  pounds, several benzimidazole pyrimidine deriv-
suitable kinetics and high affinity/selectiv-  atives were identified as potential @u ligands.
ity for tau fibrils, incloding benzimidazole induding [“F]T-807 and [YF]-T80&. fr wifro
-l.rutsdcng:l..l: wrw futuremedicine.com 554
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autoradiography wsing buman AD brain sec-
tions showed that ["F]T-807 exhibits sirong
binding to NFTs, with o sslectivity estimate of
29 fold for tan, relative to AP (4. Moreover,
compariscn between double immunchisto-
chemical staining of MFTs and Af on adjacent
tissue sections and ["F[T-807 autoradiogaphy
showed the colocalization of [*F|T-807 binding
with immunoreactive NF Ts, but noc wich AR,
plagues [36]. In the case of ["F]T-808, in vitre
autoradiographic-binding assays revealed high
affinity and pood sdectivity for WFTs over AP
|15], with im v assessment in wild-type mice
and rats nsing micro-PET showing fas brain
uptake followed by a mpid washout, supgesting
low nonspecific binding (1), in line with i vire:
finding ohtained using ["F|T-B07 [s4]. Finally,
the hrst human brain imapes obtained using
["F|T-B07 revealed an elevated standardized
uptake valoe mtio to the cerebellum in ADY — as
compared with sabjects with MCI and healthy
controls across temporal, parietal and Frontal
cortices, as well as in the hippocampus/entachi-
nal area, with the differential patterns of tracer
accumulation observed in keeping with Braak
staging [H].

%

Phenylquinoline derivatives exhibiting high
affinity and selectivity for tan agpregates were
picneered by the Tohoko group, with [“F]
THE-523 5 the first tan radiotracer candidate
for PET. Initial i eitre binding assays showed
["FITHE-523 to possess binding affnity for
tau Abrils, with follow up autordicgraphic
work using Al medial temporal brain sections
showing accumulation of ["F]THE-523 in the
hippocampal Sommer’s sector, as well as in the
pre- and pri-B layers of the entorhinal cortex.
These bndings were consistent with the densicy
of paired helical Glament {PHF)-tau deposition,
as confirmed via immunohisiochemisiry (5.
Sobsequent anmradiographic and histoffuores-
cence studies showed thae ["FITHE-523 bind-
ing to MFTs colocalized with tan immononec-
tivity, with no detectable binding 0 A plagues
1&]. Similar findings were obtained in transgenic
mice (rIpd4510), with [*FITHE-523 found o
colocalize with NFTs in tissue immunostained
with tau antibodies, comoborating i edive find-
ings cbtained using micro-PET. By contrast, no
colocalization was noted in a model hatboring
homan amylaid precursor protein and preseni-
lin 1 mutations (APPYPSL), 2 model displaying

q@

Eﬂeuuﬁrllryw@u@ Amyloid plaques 5 Neurctmnsmiter  Newrinflamenation

Flgure 2. Alzheimer's disease pathophyslologhcal events amenable to quantification using PET.
Hypothetical madeks of Alzheimers disease suggest that the pathophysiological cascade of events
culminating In dementia begins many years before detectable cognitive Impalrment. These modals
have provided the framework necessary to test vanous nonamylold blomarkers addressing processes
belleved to be secondary to amylold toxicity, induding neurodegensration, neurcinflammation and

disruptions within neurctransmitter systam.
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a.rl:ly]o]ﬂmi.l in the absence of tan p.at|:|:||ngr,
with micre-PET showing no difference in
[MFITHE523 between APPP51 mice and
wild-type litcermates [16). More recent immu-
nohistochemical and histoBuorescence stodies,
howewes, supgest that ["F]THK 523 does not
bind tau inclusions in non-AD eoopathies (54,
with preliminary dinical data casting doubt
on [“FJTHE-523s future in both reseanch and
clinical settinps owing io very high nonspecific
W binding 5.

Following optimization to improve spedbc-
ity second generation quinaline derivatives werne
imtroduced, in the form of ["F]THE5105 and
["FITHE-5117. fa mitre binding assays con-
ducted using [“F] THE-5105 and [*F|THE-5117
showed high binding affinity to synchetic trun-
cated ran (K1BAK280) Gbrils — comprising the
four repeat regions (244-372) in the sheence of
Iysine 280 (AK280) — with both tracers prov-
ing superior to [YF|THE-523. Further exami-
nation of the sedective binding capadity of these
compounds-performed wsing im witre aumsadi-
n-g;nphyand AD mesial Iu'npu:] brain sections-
showed elevated tracer accumulation within the
parzhippocampus and subiculum, with partics-
lardy high binding in the Sommer’s sector of the
hippocampus. These hndings, confirmed with
Gallyas Brmak staining and immunchistochem-
i.itr_r, were reduced among ]ualﬂ:lr contrals [i7]-
Further assessmens of [ *F] T HE-5105, conducted
using AL hemibrain sections and ["'C]PIB,
showed dense accnmulasion of [“F]THE 5105
in tan rich areas — incleding the insula, infe-
rior and middle mmpm:] g'jr.n,. :in.g;nl:be Eyras
and hippocampus/parahipprcampuos-with the
paiterm of tracer retention corresponding o the
known distribution of au patholegy but not o
that of AP or areas showing dlevated retention
of ["C]ME. Furthermore, biodistribution smd-
fex conducted in normal mice showed abundant
and rapid brain optake and fast cleamnce, with
the kinetics of both tracers superior to those
reparted for [*F]THE-523 |m71.

Following a screening of several flnorescent
chemicals capable of binding to f-sheet confor-
mations, 2 phenylipyridinyl-butad iemyl-benzo-
thizzoles/bermothizzolinms (PBBs) clas of o
ligands was developed for vinualiation and quan-
titative asesmient of diverse stroctumal forms of
pl:n:pllnq'labnd. -1 Twu-phn'bnn mjcn:m:np]l:
data wsing the most promising of these probes,
[“C]PBB3-a pyridinated PBER radiclabeled
with -::.rbnn-ll-pm‘r;d.nd. strong evidence that

["C]PBB3 rapidly transits both the blood -brain
barrier and newronal plasma membranes, bind-
i.ng to intranenronal taw indhusions. Moreover,
accnmulasion of FEE3 in ATE-postive, NF T-ike
lesions in Tp mice expressing a single human
El:l.lmtp::tn.ulmﬁ:l.mw.-ﬂhﬂ! P3S FTDP7
mutation (P519 line) was confirmed using ex eive
microscopy. Additionally, i vire and o mire
autoradiographic shadies showed thar ["{C]PBE3
produced selective, hiph-contrast labeling of new-
ronzl taw indusions in the bmin sem of P519
mice. Similar findings were obtained wsing
in pitre antoradiography and AD tisswe, with
marked radiolabeling of fibrillar apgrepates in
the frontal coreex, as well s the Sommes’s scior
and mbiculum of the hippocampos. Finally, an
exploratary dlinical PET study using ["WC]PBE3
in patients with probable AL revealed elevated
tracer repention in kteral eempaoral and froatal
cortices — consistent with distribution of @
pathologzy at Braak stape Vi1 — with incressing
Jt:nl‘lanli:ndupt:hﬂh: ratios -Dmr:l.llingwiﬂi
decreased scores on the mini menial stape exami-
nation EML‘ISE:I. In ad.djtiuu, a :]i.gl:lt increase
in [”C]I"EES- retention was noted aroond the
hipporampus of 2 contral sabject who showed
a decline in MMSE, consistent with Braak
stage [TV or eadier ).

= Imaging brain glucose metabolism

["*F]FDG PET haslong been used to investigate
the nmrnd-egenu:ti'rz aspects of AD), with cer
ehral glucose metabolism taken as a proxy for
newronal activity (€], and as 2 marcker of syn-
aptic density [&2). In AD, metabolic deficits ane
foand o follow a specific repional paieemn, with
declines in plocose metabolism noted in pari-
etotemporal areas, precuneus (19, posterior cin-
pulate cortex (64 and the medial temporal lobe
(see Fagura 3) j54). These hypometabalic areas are
noted to extend toward frontal association areas
with progression of the disease, with relative
preservation of the visual cortex, primary sen-
sory mator cortsoes, basal panplia, thalamus and
cenehellom (s, While this im rime patbern
of hypometabolism & found in the vast major-
ity of clinically diagnosed AL patients and in
ower B5% patholopically confimmed cases |19, the
exbent and ‘h:pngﬁ.ph}' nfl:rpuutl:bn]i:m has
been found to vary across arypical focal cortical
presentations of AL Specifucally, relative to typi-
cal AL, patients with posterior cortical atrophy
have been shown o exhibit slective hypome-
tabolizm in occipito-parietal regions —as well as

.I.tutxlm:\:guq:
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Figure 3. Representative ["™F P0G Images In

a cognitively normal subject and In a patkent
with Alzhelimer's disease. Metabolic Imaging
with [TFIFDG PET In AD shows the characteristic
patiern of reduced tracer emission, comprising
bilateral parietal, temmporal and posterior
cingulate reglons. In contrast, metabaollsm within
these reglons Is preserved In the cognitively
nonmial subject.

AL: Alzheimers disease; CH: Cognitively nonmal.

in the frontal epe hields 44] — with lopopenic pri-
mary progressive aphasia associated with dispro-
pnrth:\ru.r.: left tqu:ui!t:ll‘l}rpumztabulim
}7]. Greater hypometahalism has likewis been
noted in ]:u.ti:nt: with carl].' onset ALY — with
metabolic reductions among those with mild
dementia comparable to thas =en in lte onset
cazes with severe dementia | — consistent with
studies showing more mpid propression among
patients with earhy onses ATD 49 and, potentially.
with copnitive reserve theary ).

Amonp patients with MCl, messbalic abnor
mﬂm;umumall}rnnmcl in brain :.rz:.:l.'ﬂ:vn:ﬂl'p
affected in AL 7|, albeit of inferor magnitnde
[rz-74]. with the .l.nt-u'h:\r]iipp-na.rrlpﬂ formation
of p.l.n:il:ul:.r value for difﬁmuti.:.‘ting :uhjzcr_-:
with MCI from healthy controls [73). In the
context of comversion studies, MCI subjeces
presenting a more promounced or A D ke’ pat-
tern have been found to decline to AL at higher
razes [v5.7], with reduoctions in plucos metabo-
lismn shown to predict fumure AT with accurs-
cies in the ranpe of 75— 100% r778). In addizion,
["F]FIMG has proven of use in differentiating
progressive from nonprog ressive ML, partics-
lady when combined with memory scares [7).
with PIOE PSSO :]mwiug the ry‘pi.n:l AD func-
tiomal pattern mrnprising, h}rpnrnzt:hnﬂsm in

1']1.:p:|.rict:] :.n:lp-nn.:rior d.nguh.r.:-:u'ti.n:u,:.nd
MOrE SEVErE MEMOry impairment (7580, Among
TWI PR TESSars, memory impairment was foond
e be less severe, with h].lpnrnet:bnlin'rlmnﬁ.n.cd.
to the dorsolateral frontal corbex, consisted with
this regions role in episodic memory processes
such as encoding and retrieval (308,

["F]FDG-PET has likewise been used to study
the progression to MCI and AT among cogni-
tively normal older individuals, and has been
shown o predict cognitive decline within this
population with an sccuracy approaching 30%:
#3.84]. [ a dinicopathological stesdy incorporat-
ing longitedinal ["F]FIMG among cognitively
normal individoals followed theouph MCI 1o
pathologically confirmed AL, progressive reduc-
tions in glocose metabalism were noted years in
advance of dinical SO TS, with reductions
in the hippocampus preceding declines in corti-
cal regions [&3). Similar functional chanpes have
been observed in cognitively normal individo-
als homorypous for the APOE 84 allele frog
— a susceptibility pene-asymptomatic carriers of
mutations cansative for eady onset familial AD
77-7887], and among those with 2 maternal Em-
iy history of AD, as compared with those with
a paternal history or no Rmily history of AD
5. Fma]]}', ["F]FDG may [proe of us in the
characteriration of a subset Jplnhuahii‘ting
nenrodepeneration in the absence of AR deposi-
tion [m3%]. Maced in the Calegory nf'ﬂupﬂcbﬂ:l
nonamyloid pathophysiology’ (SMAP), these
patients have led o the hypothesis that the onses
of neurndegeneration in AD may oot depend of
the accumulation of AR [u.

PET blomarkers for neurcinflammation

= Imaging microghlal activation

AD is associated with naurninﬂ:.mm:.toq.' pro-
cesses, with the key cellular event signaling its
[prEsEnce I'_.I'lt mumlﬂ.ﬂiﬂﬂ I:E 'E.F__ti“ |:|1.;l:l.‘|:l-
g“.: in areas affected bf nm.ln:ﬂl-:g:n.cn.tiun [3].
Observed in both sporadic and familial forms
of AD), spnificant microglial activation appears
to oocur eardy on in the disease conrse, with
a significant increase in the fractional area of
reactive microglia accompanying the formation
of neurtic plaques comprising fhrillary AP 121
22.92-93]. fn wive quanti hcation of microglial acti-
vation has been achieved wsing [MCIPEL11195,
2 specific ligand for TSPO, formerdy called the
peripheral benzodiazepine recepior [23). While
early work psing racemic [M'C]PK11195 was
negative [94] — likely due to the relatively high

Fartars Newrold |2004) 545
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level of nonspecific binding — more recent smad-
ies 1.|_n'.r|g; the R-isomer have shown increased
binding of [*C)-(R)-PE11195 in the entorhinal,

::rup-nmnp.:ﬂet:l and cinpulate cortices of AD
patients in comparison o healthy control sab-

pects [xi]. Moareower, ]ugh |:|1J|:n:|-g:||.:.] activation
hasz been observed in [PC)PIB: ALY patients,
with an inverse correlation found between cos-
tical microglial activation and copnition [w).
Mowel approaches aiming to angment the sen-
sitivity of ["C]-(R)-PE11195 spnal modelling
may be required; in this respect, a recene stndy
has shown that the inclusion of a vasoular com-
ponent resulis in an amplified sipnal in patients
with A pes].

Additional lipands margeting TSP have been
developed aiming for improved pharmacokines-
ics and specificity. For example, PET imaging
with ["C)DAATLIOS showed robus: binding in
AD pﬂti:nh,mqﬂlﬂl with ]'l:ahl:rmﬂml:[‘m,
with ["FIFEDAATIRE or [MC]AC5216 show-
ing promising resulis in preclinical PET siudies
in Al ike transgenic models 4@9%. Further, a
recent clinical study showed thar while increas-
||:|.E: binding of ["F]FEDM]]&E- was not =en
in AD, widespread increases were noted in
MCI, when compared with healthy contrals,
with these valoes predictive of conversion m
AD dementia within a 59eear follow-up period
[zd4]. Thes Endi.ng: contrast with those obizined
using ["F]FEDAALING — a novel TSPO ligand
with im ritre affinity superior o that of ["C)
DA ATLDE [10a] — with no statistically sipnificant
differences in binding between healihy controls
and A} patients, possibly due o the inabilicy o
sepamte specibc and nonspedbe sipnals in wee
[101]. Thoupgh not yet tested in AD patients, [*C]
AC5216 has shown promising pharmacokinetic
properties and higher affinity than [MC]PE11195
in healthy subjecis [isz). However, potential dini-
cal usility of T3P0 ligands is undermined by the
=971 palymorphism in the T5P0 gene, which
con fers lower uptake in camiers (~30%) in com-
parison to noncarriers [23). Finally, growing intes-
exz in the endocannabinoid sysem has idensi-
fied the cannabinoid recepenr cype 2 (CB2) asa
m:.rlnn’ufmin‘n-gﬁ:l activation [iod]- Spac-lﬁaﬂr,
pmdhflca]mldjﬂﬂmwupmgphﬂnnofﬂﬂnl as
indexed by ["C]A-83633%-in a transpenic model
displaying cercbral amyloidosis (2.

= Imaging reactive
Increased expression of glial fbrillary acidic
and astroglial 51008 proteins are cypically

oherved in AD postmortem tissue, indicating
an increased mumber of reactive astrocyies [ o).
PET studies wsing [""C]DED — a ligand with
high affinity/specificity for moncamine oxi-
dase B, an enzyme expressed primarily on the
mitochondrial membrane of reactive astrocyies
103, 106] — have shown devated binding in patienis
with MCI, pointing to astrocyiosis as an eady
event in AT e,

* Imaging phospholipase activity
Microglia-derived inflammatory cytokines are
capable of bindinp &0 astrocytic cyiokine recep-
tors coupled to cPLA, and sPLA, (54, Ca™-
-:lq:-zrhd.n'll. ETTYITES whaose activation initiates
the hydnaly=is of esterified arachidonic acid (AA)
from membrane phospholipids j1m). Belease of
nitric axide can likewise promote membrane-
based AA hydralysis via the role of cPLA, e
i s mﬂntmpl.c plutamate receptor mﬂlwbud.
increases in intracellular Ca®* concentrations
Jite-iiz). Indeed, increased cytokine levels have
been noted in AL [113], a5 have increased expres-
sion levels of both cPLA, and sPLA, CSF lev-
els of AA metabalites-isoprosiane and isoffu-
mne-[id], and plummatergic markers [zrz8.05).
suppesting thar AL is associated with increased
AA messholism. Preliminary resulis obtained
Ll.i.l'lg 1-["C)-AA support this hypothesis, show-
mg elevazed i ||:|m'_p-nﬂlJDn cocfhdents in neo-
cortical areas shown to have hiph densities of
senile (newritic) plagues with activated micm-
plia. To the extent thae the elevated binding of
1-["C])-AA represents the upregolation of AA
metabolism scondary o nenroinflammation,
PET with 1-[""C]-AA may be wsed to examine
mewroinflammation in patients with ALY jve.

PET biomarkers for neurotransmission

* Imaging cholinerglic newrctransmission
Diegeneration of the cholinerpic system is a
well-established hiochemical and histopatho-
logical feature of AD 1, with redoction in
levels of acetylcholine (ACh) and AChE — the
maost important enzyme mediating hydrolysis of
ACh in the human brin — consistently described
Jurriid]. [nﬂ:!ﬂ radiolabeled :.|1a||:|g of ACh
—such as [MC]|PMP and [C]MP4A, themselhes
substrates for AChE — can be need for measuring
and imaging &s activity in mive |15%.i20].

PET smadies using [""C]PMPand ["C]MP4A
have consistently found reduced cortical activicy
in ALY, with the severity of such reductions preat-
est in the remporal corex [121-124). In 2 sudy
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n.:.rui.ni.ng the asspciation betwesn ["'C.v] MP4A
i.rnaging and APMOF 54 EEMOLYpe in p.ﬂ:i.vmu:
with A, AChE was found o be lower in 54
noncarriers (24, with the relative preservasion
of cortical AChE activity in 4 carriers possibly
due to its preserved cellular expression or as a
resalt of AChE activity in amyloid plagues 3.
In AD AChE activity, as indexed by ["C]PMP,
has been shown to associate significantly with
performance on executive measures, as oppased
to tess reflecting episodic memaocy (30 Redoced
AChE activity has also been reporied in MCI
Jiz4], particulady in those subjects who later
convert o AL 1, nl.ggut-lng thai bow AChE
activity may be a marker of prodromal AL, ['C]
PMP and [MC)MP4A have likewiz= been wsed
hnmmin:l]!cﬂ’u:nnfmnmﬂ]lvﬂhlﬂ::hn—
linesteraze inhibitoms [1iE] in AD, with standard
clinical doses produdng a 30—40% inhibition
of AChE (30251219,

ACh exeris iis effects on the CMS wvia bind-
ing at the ligand-gated nicotinic ACh recep-
tors (nAChRs) — consisting of fve subunits,
variously comprising @2l and f2-§4 and
the G-protein coupled muscarinic receptors
{mAChRs), proteins known o play an impor-
tant role in the nevronal circuiery underlying
attention, leaming and memory. To date, there
have been few PET studies tarpeting mAChRs in
AD. Using "C)MNMPB, 2 nonselective mAChR
Eg;n:l, nn-l:]ungﬁm:-nbxrmdhpﬂﬂﬂmw-nh
AD niz7y. Higher binding was, however, shown
in AD APOE 54 carriers using [*F]FP-TZTE
a tracer sebective for the mAChR type 2 Jiad].
In the case of nAChRs, studies have been mare
numerows, with three peneral compound classes
of radiopharmaceuticals developed for use with
PET: nicotine and its derivatives, 3-pyridyl ether
derivatives-incloding 2-["F]A-85380 — and
derivazives of epibatidine [1z).

PET studies wsing ["C] nicotine have shown
decreased availability of nAChRs in AT u,
with mach reductions shown to correlate signifi-
cantly with performance decrements on meas-
ures of executive functioning, in particalar,
attention [130]. When measuned before and after
treatment with rivastigmine — an AChE inhibi-
tor — [ "] nicotine binding sites were foand o be
significantly increased, with this increase found
to comrelate with impn:n'ﬂl p-u‘ﬁ:n'nam:: on an
attentional task at 12-month En“nw-l.lp [z L44]-
Howerer ['C]nicotine results are comaminated
|:|}- cerebral blood Bow effects fﬂ m]ﬂr, |1-i|].
In the case of 2-["F]A-85380, a tracer specific o

the @42 nAChR subeype, resulis have proven
inconsistent, with TEpeIrts of no differences
between patients with AD and ape-matched
healthy contrals (152) and reduced availabiliy
of 42 receptors in both MCI and ALY 35).
Crwing to the lengthy acquisition time required
for stisdies using 2-["F|A-85380 (7-E h), addi-
tional 42 nAChREs radioligands have been
developed, inchading ["FJMCFHEB. Predinical
work in 2 porcine model has established thae in
comparison o 2-[“F]A-E5380, ["FINCFHER
enantiomers possess superior kinetics and shorter
acquisition times [155].

A recene a.pp.rm.l:l! has imvalved the d.ﬂtl-up-
ment of PET tracers selective for the o7 nAChR
subeype. Along with o B, the o, subtype is the
most abundant nAChR in the human brain
and.,hhmnbnn:mpjakz_rmkhnmm:]
plasticity, sensory pating and memary. In con-
trast to @4Q2, however — whos numbers are
decreased in AD — the &, receptor population
has been shown o remain largely intact in AD,
and as mach, mands asa potential arget for novel
therapentics [184]. An interesting approach is to
develop PET tmacers selective for &7 nAChRs,
a5 this receptor mbiype may have broad ioter-
actions with several newrotransmitter systems
and pathologic processes in AD ). Recently,
the resulis of PFET studies have soppesed thar
MCICHIBA-1001 may be 2 sitable mdioligand
for imaging &7 nAChRs in the human brain,
possessing desirable prevequisives for being con-
sidered adequate for PET imaging 136 Finally,
several fr editredin piee studies [37-da) n.'n-ng the
vesamicol derivative [*F] FEOBY — which binds=
VACAT — suppest this tracer to be a promising
marker of brain WVAChT, sensitive to subtle
d.-l.II'LL]:I:;CHLI of the d1.o|]|1zrg1|: system [35].

= Imaging dopaminergic newrotransmilsslon
Various aspects of the dopaminergic system
can be asessed using PET, including synihe-
sis, receptor densities, optake sysem, vesicolar
transporter and newntansmission release. In
contrast to other nenrodegenemtive diseases,
studies wsing ["*F]| fuoredopa in AD have shown
dopamine synthesis o be preserved, even in the
presence of mild ‘parkinsonian’ rigidicy jis).
Relative to controls, reduced siriatal oprake
of the dopamine D1 recepior antagonis: ['C]
NHMC756 has been show in AD p.al:i:rm, in
contrast to the absence of significant declines in
striatal ﬂn]:n.rn.i.rb:m moq:bm:,munm:luing
["Clraclopride. Moreower, Andings with either

604 Future Mewrol. [2014) 9l
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tracer were not found to comelate wigh MMSE ar
extrapyramidal symptoms, measured osing the
Unibed Parkinson’s Disease Rating Scale [147).
Use of Ff]nﬂup.rid.: in p.iti.ult with mare
advanced AT, however, has shown a correlation
between decreased binding and scores obizined
on the Behavioral F:al:l:n]ng'}' in AD thuﬂ'i:r
Weighted Severity Scale ni38). Using the dopa-
mine [2/03 receptor antaponist [MC]FLB457,
declines in Ili.]:pm:.rnp.a] and l:m:p-und f=iigi g
D2 recepeors have been observed in AL, with
reductions in the r.-I.E]u. hippul::m]:lu: shown o
associate signifcantly with verbal memory per-
formance and declarmtive naming (134, Furiher,
n.:]ng [”'C]ﬂ-':FT, a cocaine au:lng, striatal
dopamine reupiake was found w0 be redoced in
ADD patients, with the severity of sach reductions
found to correlate with extrapyramidal symp-
tom severity [Ho]. Fimally, several PET sudies
nsng [MC]DTBE - a reliable marker of dopa-
minerpic presynaptic integry owing to itsafin-
ity for the vesicular monpamine transporter 2
— suppart its nse to facilzare in the differential
diagnosis of AL, dementia with Lewy Bodies
and Parkinson’s disezse [141142], with decreased
binding of [MC]DTRE in patients with AD
a pntcrrti.a| marker for -Dn-::i.rljng subclinical
dementia with Lewy bodies pathalogy [1s.

+ Imaging serotoninergic neurotransmission
Widely involved on pathophysiology of mood
and .:.n:rjel:y, di:mpr:h:m af the ml:rh:nzrgic -
tem has been reported to closely parallel the
occurrence of newropsychiatric featores in AD
[idd]- While the loss of urunnergi.c MEL DS
within the raphe nuclei [145], as well as dysfunc-
tion of isccortical and allocortical serotonin
nerve terminals (#4148 have been reported in
AD, resulis have proven contradictory with
respect o the correlation between such indings
and newropsychiairic symproms e ma). Despize
numerous lines of evidence supporting this sero-
tonin [5-HT) defudency cheary [é1-44.150, in wive
sudies using M'ET have larpely foosed on dhe
link between 5-HT receptors and cognitive
impairment in AL [rm).

Using ["F|]setoperone, a FET ligand spe-
cibic to the SHT,, receptor, signibicant declines
were noted in the cortical 54—Fl'u population,
with maxima in the fronml, parietal, tempoml
mﬂﬂa&pjtﬂmﬂiﬂu,uﬂluh:ﬁ!pﬁrﬁm—
mmpnﬂl carrefour [i53]. In a similar :I:l.n‘l}- u.'n.ng
[*Faltanserin, likewise a ligand for the SHT_
rzl:!'plnr,ﬂm:rsuzﬂ b]nﬂingw:s:mbﬁl]n sveml

brain regions, including the prefrontal and sen-
sorimotor cortices, as well as the in anterior
cingulatre. Muoreover, no correlation was seen
between |1g;.nd Hnd.i.ng and dementia xm-d:f
Ji5d], indexed using the MMSE 5. In a sudy
measuring SHT | receptor densities nsing ["F]
MPPF and PET in patients with ALY signifi-
cantly decreased recepior densities were noted
in the hippocampus and the raphe noclei fiss).
Reduction in hippocampal binding was signifi-
cantly preater when hippocampal volume loss
was accounted for, with a SLPOTEE comelation
found between nuch dedines and dinical severty,
measared with the MMSE [is). Finally, a recent
study nsing ["C)5B207145, a2 novel adioligand
selective for the 5-HT, recepeor, showed chat
while no differences existed between patients
with AL} and healthy congrols when ALD was
defimed on clinical proands, increased binding
was noted in amyloid positive individuals. The
authors sagpes: thar upregulation of 5-HT, may
begin in preclinical AL, possibly in an attempt
o counteract the aconmulasion of AR 156

= Imaging other neurotransmitters
Momerous postmortem studies indicate that
cell numbeers within the bocus coerulens (LC)
— the primary source of norepinephrine (ME)
in the brain — are significantly decreased in AL,
as are levels of WET [déisr-138]. In a series of
autoradiographic experiments using (5,5)-["F)
FMeNER-D), a novel PET lipand selective for
NET, significant declines in MET densities were
noted in the LT and thalamus of AT tisswe sec-
I:im:l:.. as cvuu'l.pamd with hg:.l'ﬂi}' controls [ise -
These resalis sugpest that NET levels stand
as a potential bicmarker for AD, and that the
thalamus — s opposed 1o the LT, whose small
size is problematic piven the spatial resolution
of currene diapnostic PET scannes — may prove
a suitable tarpet for fsture &r wiee PET stodies
using (5.5)-["F]FMeNER-D.

Histaminerpic receptors have been shown
a role an imporiant rale in the modolation of
learning, memory |10] and astention (6], and
are implicated in antiapopeopic pathyways [i6g
as well as in the mediation of newroprotective
effeces at the level of the hippocampus (162, In
this respect,; a PET nnﬂ:r n:]ng Pt]dmph:,
an H1 receptor lipand, showed reduced bind-
ing in temporal and frontal brain areas in AT
Fnt'lcl:d'_'l, wi.l.hmn:p-:u' I:I.-Inﬂing :nmliljng with
dinical severity, as messured wsing the MMSE
pi7. These Em:ﬁ.up supEest that |:|l|l=.r|:|in=rgic

.uun-:lmxguq:
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disruption may contribote to the copnitive
deficits seen in AD.

[erterest likewise exists in the use of PET for
smadying the opioidergic system in AL given the
puiative mndu]:m-rmknfth: endogenous opi-
oid system in behavior and cognition i1, the
ohservarion that high doses of the opiate recepeor
antaponist naloxone produce copnitive impais-
ment in normal II.‘!-_-}GI:LI [igd, 5] mormed postmor-
tem =udies showing dedines in opiate receprors
in AD nssaer. fm mium'l;inﬂngtofnrthﬂ
clarify the mole of the opicidergic syseem in ATY
has shown dedines in j and -k recepior subtypes
|.u|ng; ["F]ﬂnn.mn:]tm :.].l-:.nﬂ J;moq:r-:-.r
.a.nr.ag;nn.L'n,. with :gnLE:nl.dudm::nmd]n the
parieial, frontal and limbic cortices, bat not in
the tempoml cortex [i].

Finally, decreased density of the adenosine A,
receptor has been noted in postmortem auio-
radiopraphic and pathological studies wsng
hippocampal ADD tisme 4Eis-i7]. Citing the
ohservation thae despite considerable nearonal
loss within the medial temporal coreex, patients
with AD do no iovarably exhibit medial
temporal cortex hypomeabolism following
[*F]FDMG PET jedarzamy . Fukumitss s afl [in)
arpued that MC]MPOX, a tracer with affinicy
for the adencsine A, receptor, may prove of use
as a diagnostic biomarker in ATV An fr mire
study using [“F]FDG PET and [M'C)MPDX in
a small nmpl: af AD p.aﬂ-:nu and ]ta.]'th}' o=
trals showed that while decreased retention of
[“'C]me was obeerved in the t:m:p-m.] and
mesdial tempoml cortices, declines in [F]FDG
were noted only in the temporal corvex. As swch,
the authoms pn:lpnmuﬂ that [""C]MI‘DK., but not
["F]FDG, maj'pmzn.iﬂr: o disrapted new-
ronal i u‘lzg,n.l:jr within the pu'forru:.nt p:ul! and
its terminal, nmnghnl.l:l:l.ng.a:]lzl:llml:bcrmul
by high density of adencsine A, receprors [175).

Limitations of nonamylold PET
biomarkers for AD

A majority of PET radiotracers targeting non-
amyloid processes are labeled with carbon-11
(11-C), which stands as a limitation owing
the shore (~20 min} half-life of this isotope.
Production of 11-C radiclipands is therefore
limited o imaping centers possessing an onsibe
cydotron and a rediedhemistry department with
the requisite expertise, making the cost of stud-
iez prohibizive for rootine clinical use. Thoogh
floorine-18 radiopharmacenticals have been
introdoced-with a halflife of approximately

110 min allowing for centralized production
and regional distribation-only [UF]FDIG is cor-
rently approved for dinical use. In the case of
TSP ligands, their clinical wtility may further
be hampered by differential binding affinity
amonp carriers of 2 common single-nucleotide
palymaorphism {=6971) in exon 4 of the TEPO
gene (76177, The issue of specificity for AD like-
wi.umndsaali.mi.nlﬁmhgbnlh: presenoe
of neuroinflammation, depasition of hyperphos-
pl:nrrl:tnd.hu,dpmg‘u]:ﬂuuofnzmtmnm;b
a wide range of Jepeneative di {for
miew,.lu |bu.|-1-|.3|‘|}.

Conclusion

Thaough the field retains o focus on the investiga-
tion of AP deposition owing to current explana-
tory models, a prowing body of studies using
functional and molecular PET imaping sup-
gest that the clinical evolution of AL i driven
by downstream processs, with findings nsnp
radiotracers for hyperphosphorylated taw, cer-
ehral glucose membolism, newrcinflammation
az well as for moncaminerpic and relaied trans-
mitter systems, shown to correlate with vari-
ous copnitive and clinico-behavioral measures.
Though much work remains, implementation
of multitracer approaches wsing the biomarkers
here reviewed may Geilitate the refnement of
v:nnmtnndch,aﬂnwmgfuranlmprmud
standing of AT} pathophy=iclogy.

Future perspective

On the basis of recent biomarker stodies, AD
pﬂ.ll:npl:yﬁnlng i I:|:|n1.|.g|:|t tnpr:l:nrlc the onzet
of clinical symptoms by op to a decade or mare.
As sach the feld h:.:l:-:gnn to shift toward
the url}' ﬂla.g:m]s of AD, r::n-g:ﬂl:ing that a
relatively broad window of opportunity exists,
p-Dtﬂ'I'l‘:lllIf, for intervention with nowel dissaze
modifying therapies. Though none have yet w
demonstraie efficacy in Phase 1] studies, wari-
s :tl:tegiu t:rgct-lng p.l'i.m:.l']l:pI :rurh:iﬂ and
tzm are under development. As sach, multitracer
approaches utilizing, for instance, [®F)FIG and
izn lizands, will be required in both sympromaric
and disease-modifying trials in order to deter-
mine tau engapement and trestment response.
Similady, neuminflammatory molecular imap-
ing can similasdy consribate i anti-inflammatory
interventions. Finally, on the basis of the vast [5t-
evature reparting the effects of prychigtric drug,
tracers for newrstransmision may contribute o

G0 Future Newrol. |2004] 5]
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the development of improved therapeatic pros-
pects addressing nenropsychiatric feasores in AD
as well as the efinement of current treatment

promocols and improved sudy desipns.
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EXECUTIVE SUMMARY
PET blomarkers of neurcdegeneration
= Imaging tau pathology:

- PET studies and related in witro findings highlight the suitable kinetics and high affinityselectivity for tau filbrils of

novel tau radiotracers; however, validation studies are necessary.

#* Imaging brain glucose metabolism:

- Though dedlines in [*FJFDG adhere to a specific topographic distribution in Alzheimer's disease (AD), focal [F)
FDG patterns have been noted in atypical presentations. Greater hypometabodism has likewise been noted in
patients with early onsat AD;

- [®FIFDG hypometabolism has been noted in patients at various points along the AD continuum and in those
at risk fior AD. ["F]FDG may likewise prove of use in terms of characterizing patients with suspected non-AD
pathophysiclogy (SMAF).
PET blomarkers for neurolnflammation
#*  [maging microglial activation:
= The clinical utility of TSPO PET ligands are potentially limited owing to a polymorphism in the T5P0 gene
conferring low uptake in cammiers.
*  Imaging reactive astrocytosis:
- Increased binding of ["C]DED has been noted in patients with AD and mild cognitive impairment.
* Imaging phospholipase activity:
- Elevated metabolism of arachidonic acid (AA)-indexed by 1-["C]-A- has been noted in AD.
PET blomarkers for neurotransmission
= Imaging cholinergic neurctransmission:
- Reduced uptake of radiolabeled acetylcholine analogues, nicotine and its derivatives and 3-pyridyl ether
epibatidine derivatives are seen in patients with mild cognitive impairment and AD.
*  maging dopaminergic neurctransmission:
- ["Fiflucrodopa PET show that the synthesis and storage of dopamine (DA) is preserved in AD. ["CJNNCTS6 shows
dedines in DA D1 receptor availability. DA, as indexed using [*C]8-CFT, is reduced in the striatum;
- Hippocampal and temporal cortex DA D2 receptors have been shown to be reduced using ["CJFLE457, in the right
hippocampal findings assodated with memiory scores;

- In AD patients, decreased binding of ["C]OTBZ, a ligand with affinity for the vesicular monoamine transportar 2,
may be a marker of Lewy Body pathology.
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EXECUTIVE SUMMARY (CONT.)

*  |maging serctoninengic neurotransmission:
- PET studies using [*F]setoperone and ["Flaltanserin show dedines in neocortical SHT , receptors;

- Using ["F]MPPF, decreased SHT,, recaptor densities were noted in the hippocampus and raphe nuclei of patients

with AD, with hippocampal binding correlating with dlinical severity;

- Findings with the 5-HT,_ ligand [C]SB207145 suggest that upregulation of 5-HT, may characterize preclinical AD.

*  |maging other neurotransmitters:

- Autoradiographic studies using (5, 5-"F]FMeNER-D, a PET ligand selactive for the norepinephrine transporter,
hawe shown declines in norepinephrine transporter densities in the locus coeruleus and thalamus of AD tissue;

- Binding of ["C]doxepine, a histamina H1 receptor PET ligand, has been found to be reduced in tempaoral and the
frontal brain areas in AD patients, with receptor binding comelating with dinical severity;

= |Imaging other neurotransmitters:

- I wiv studies in AD using [F[flucronaltrexcne, a i and -k opicid receptor antagonist, hawve shown dedines in
panetal, frontal and limbic cortices;

- Decreased density

of the adenosine A, receptor has been noted in postmortem studies using hippocampal AD

tissue. ["CJMPDX, a tracer with affinity for the adenosine A receptor, may prove sensitive to the integrity of the

perforant path and its terminal zone.
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Discusséo Artigo 2

No artigo “Nonamyloid PET biomarkers and Alzheimer’s disease: current and
future perspectives” publicado no peridédico Future Neurology em 2014 o objetivo foi
realizar uma ampla revisdo sobre a neuroimagem através do exame de PET na DA
sob uma abordagem néo relacionada com os radiotracadores para amiloide.

Na fisiopatologia da DA observa-se, além do acumulo de proteinas patogénicas,
alteracdes neuroinflamatérias e neurodegenerativas; bem como a disfuncédo de
diversos sistemas de neurotransmissores. A analise atraves do PET oferece a
possibilidade de avaliar diferentes processos cerebrais relacionados com a DA in
vivo e de forma dinamica.

A imagem molecular, através de uma ampla gama de radiotracadores com
diferentes caracteristicas, permite a correlacédo entre diferentes aspectos clinicos e o
desenvolvimento de processos patologicos na DA e oferece melhores perspectivas
nas estratégias de prevencao, investigacdo e desenvolvimento de terapias mais

efetivas para a doenca.
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ANEXO C - Artigo 3: Imaging Alzheimer’s disease pathophysiology with PET.

Imaging Alzheimer’s disease
pathophysiology with PET

Lucas Porcello Schilling™*?, Eduardo R. Zimmer'<*4, Monica Shin'?,
Antoine Leuzy', Tharick & Pascoal™® Andréa L. Benedef', Whllians Viendramini Borell?,
André Palmin®, Senge Gauthier?, Pedro Rosa-Meto'#

ABSTRACT. Alzheimer's diseass (AD hes basn reconceptualised 5= 3 dyremic pathophysiological process charecterized
bry prechnical, mild cognithe impaiment (MO}, and dementia stages. Positron emizsion tomography (PET) associztad with
vanious molecular imaging agents reveals numenous agpects of dementia pathophyziclogy, such as brain amyloidosiz,
tau sccumulziion, neurnrecepior changes, metabolizm shnomeslitiss and nauroirflsmmation in dementia pafients. In the
coniext of 3 growing shift toward presymptomiatic ezrly diagnosis and diseass-modifying intersentionz, PET molecular
imaging agents provide sn unprecedented means of quentiying the AD pathophysiclogical process, monitoning dsesse
progression, saceriaining whether therapies engage their respective brain molecular targets, 35 well 3z quantifying
pharmacaologicsl responzes. In the present shudy, we highlight the most important contributions of PET in describing
brain molecuar sbnormalifies in AD.

Key words: Alzheimer’s dis=ese, positron emizsion tomograpiry, amyloid imaging, newrnirfammation, neurndegenerztion,
fau.

A FISIOPATOLOGHA DA DOENGA DE ALTHEIMER ATRAVES DO PET

RESUMID. A doenca de Alzheimer f2m sido reconceituslizada como um processo patofisiologico dndmico carscterzado
pelos estigice pré-clinico, comprometimentn cogritive leve & deméncia. A tomografia por emizs3o de posirons
associads 8 vinos agentes de imegem maolecular revela numernecs sspects de painfisclogs de demencia teie
om0 smiloidse cercbral, scimuo de teu, mudangss em newomecepioes, anomalidsdes de metsbolismo &
neurninflame;dn nestes pacientes. Mo contesto de um cresciments em diregao a0 dagnisfico precoce pré-sintom:tico
& intervenpies modificadores d= doengz, 8 imagem da PET com agentes mokeculares fornece meio pars quenificar
0 processo patofisiologico da DA ssm precedentes, moniforizar & progresso de doenga, bem como quentificar
resposta farmacologica. Aqui, nis rezlpamos as mais importanies contibuiphes do PET na dezcrigao de anomdidades
malecutares cershraiz na DA

Palswas-chave: dosnca de Altheimer, tomografia por emissSo de positon, imagem amiltide, neuroinfismao,
neundegensragan, tEu.

INTRODUCTION
Ehatmer's diseasa (ALY was first desoribed
1906, when the German psychiatrist

decine associated with hehavioral
Five yoars after admission, shehec.unemute
and confined to her bed. Stmilardy to mamy

Alots Alzhetmer reported the chnical and
pathological features from a patient called
Anpusta Deter. At age 51, she became affiicted

pattents, her death came a5 a consaguence of

septicemia. At the nacopsy, the bratn sto-
pathological examination revealed the pres-
ence of amylosd plaques and newrofibmllary
tangles, both of which later became knosm
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as the neuropathological hallmarks of AD. The term
“Alzhetmer's disease” was introduced by the psychiatrist
Emil Kraepeln tn 1910, tn his Handbook of Pepchiatry.
Indttally comstderad a rare disassa, AD bacame recogniizad
as a frequent condition in aging indtviduals as well as the
leading cause of dementia ¥
The neurcpathological features of AD constitute the
extracellular deposition of amylodd-f (AB) aggregates
(senile plaques), miracellular nclusions of hyperphos-
phorylated tau aggregates (newrofibrillary tangles; METs),
brain atrophy and cell depletion.* These features silently
accumulate and propagate aooss brain regions for many
years, leading to subsequent chmical and functsonal
dachne At the stage of chnical symptoms of dementia,
these pathophystological processes have already sig-
nificantly compromised a large proportion of bratn cir-
cutts srvobved in cognition. In its typical presentation,
AD is characterized by progressive cognitive impair-
ment initlally confined to the episodic memory system.
The research criteria for the dapnosts of AD wers
first defined tn 1984 by a working group jomthy estab-
Bshed by the Matonal Instiote of Mearodlogical and
Communicattve Dhsorders and Stroke (MINCDS) and
the Alzhetmer’s Disaase and Related Disorders Assoda-
tion (ADRDA)® The NINCDS-ADRDA criterta aesumead
a static assoclation between the pathological and chni-
cal characteristics of AD® These criteria were useful and
widely adopted, remaining in use for over 25 years. [hur-
ing the last decads, important advances n genatics, bio-
chemdstry, clinical, and pathological characterization of
dementias have taken place, including the development
of in vive biomarkers of AD pathophysiology, leading to
changes in the criterta for AD® An International Worldng
Groug (TWG) inthated these revisions,”* followed by the
Hattonal Institute on Aging and Alzhetmer's Assoclation
workgroup (MIA-AA), leading to new dagnostic oriteria
mcluding predementia stages of AD. In particular, the
HIA-AA ressarch criterla encompasses asymptomatic
" AD mild cognitive impatrment (MCT) dus
to AL and AD dementia stages ™ This disease frame-
work incorporates important advances such as the
noton of chmcal and pathophysiologscal progression,
the genetyc form of AD), as well as atypical presentations
of AD. Importantly, AD pathophy=iology now assumeas a
progresstve cascade of events assoctatad wath AP towte-
ity, which triggers a serles of dowmnstream biochemical
cascades nduding tau hyperphosphorylation, synap-
tic depletion, ™ newroinflammation,™ and abnormal
nauroiransmission ™
Podityon  emisglon tomography (FET) 5 a non-

mvastve method capable of quantifying bological pro-

B PET o B pattophysiclogy  Schilig otal

cesses based on the dynamic distribution of radiobracers
injected during the scanming sesston. There are numer-
ous PET molecular imagtng agents, aach of wiich is spe-
afically designed to quantify a single molecular targst.
‘They allow for the dharacterization of abnormal protetn
agpregation (fibrillary Af or hyperphosphorylated tan
deposits), metabolic abnormalities (glucose metabolism
and cerebral blood flow), and newroinflammation (astm-
cytosls, microghiosis and phospholipase activity). This
reviaw articke focuses om PET molacular imaging in AD,
reviewing the role of imaging biomarkers tn the dagmo-
gls and monitoring of key pathophysiological events of
AD, whdch mnclude AR and tau deposthion, neurodegen-
eration, and newromfsmmation.

PET BIOMARKERS FOR AMYLOID DEPOSITION
Though the pathogenests of AD remams unclear, the
hallmark of this neurodegenerative disexse s the depo-
gition of A plagques, together with other features, sudh
as the presence of NFTs. AR depostts are known to
progresstwaly accumulate i certain brain regions over
the course of the diseass, beginning long before the cin-
tral omset. The canonscal PET molacular agent capable of
detacting fibrillary AR tn vivo 15 the carbom-11 Labellad
thioflavin T derfvative 2-(4"methylaminophenyl)-&-
hydrogybenzotivazole, also kmowm as [WC]Pitsburgh
Compound-B ([UC]MB). The most widsly studied
amylold PET tracer, [PC]PE 15 considered the bench-
mark for PET-amylodd imaping *'® The short half-Hfe
of carbon-11 (20 minutes), however, lmits its use to
centers possessing an on-site cyclotron and spectal-
zed radiochemistry. The new generation of amyloid
ligands, labsled with Auorine 18, have a longer half ifie
of approxmately 110 minutes. Due to these differences
in half-life, these fluorine-18 labeled compounds can be
regularty produced at a cydotyon site and distributed to
other faciities (Tabla 1) 192

Previous studies indicate that patients with M pres-
ent 20-30% higher prevalence of amylod positivity when
compared to controls, which sugpests that both ammestsc
and nonammnestic MO are assndated with an tncmeasad
risk for AD. This assodation 15 much more ralavant in
the ammestic MCT subtype, but 1t 1s tmportant to high-
light that a large number of M pattents are amylotd
negative, supporting the theory that MO is not always
due to amylodd-related AD pathology ™= A positive amy-
lotd-PET scan increases the probability of conversion to
AL heweever, the interval over which MO amylotd
positive patients may convert to AD demenita is variable,
ranging from 1 to 5 years ™ It t mmportant to kaep in
mind the present mited climcal ubllity of detecion of
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AD pathophy=iology tn MO patients, given the ladk of
afficadous therapy as well as the ethical Bmitations when
proposing amylodd tmaging in patients meeting dindcal
crtterta for MCL On the other hand, postttve armyodd-
PET scans tn M{I patients provides confirmation that
this dincal sttuation ooours due to AD pathophysiology,
supporting the idea of investing in nom-pharmacological
mterventions, suwch as cogndttve enrichment and det
and lifestyle changes. By contrast, a negative amylodd-
PET scan in patients presenting cognittve impairment
suggests other non-AD pathologies, such as fronto-
temporal lobar degeneration, hippocampal sclerosts, or
argyrophilic grain disease. Although Parkinson’s disease
(P} and dementia with Lawy bodses (DLE) are meuro-
degenerative disorders assodated with brain depostison
of fibrillary aggregates of a-synudsein protein, ndivido-
als with these synucleinopathies and cogmtive dadine
have shown vartability with regard to the presence of
an abnormal amylosd-PET scan. ™= Individuals present-
ing with Parkineon's dissase (PI) dementia hawe shown
kower bratn amylowd burden than AD, dementis with
Lenwy bodies, exhibitng stmdlar burden to controls. Om
the other hand, patients presenting demen tia with DLE
hawva shown gher amylodd burden than controls, com-
parable to levels seen tn AD pabients ® Interestingly,
these studies have suggested that a posttive amyloid-FET
scan in DLE individuals might be assodated with mor=
rapid cimical progresston, =

The clinscal importance of amyloid tmaging has been
extenstvaly debated. In order to delineate scenarios in
which the use of amylodd PET radiotracers is appropriate
n the evalnation of cognitive impatrment, the Alzhetm-
er's Assodlation and the Socety of Mucear Medicimne
and Molecular Imaging have set up an Amylodd Imag-
g Taskforee (AIT) ™ Performing a Bterature review in
comjunction with expert opindon, the AIT defined a satof

Appropriate Use Criterta (AUC) for dénibcal armylotd tmag-
g, recommending that the use of amyod imaging be
limdted to pattents showing progresstve and unexplained
copmitive dechine with uncertain diagnosts, early onset
dementia and/or atypical cimical presentation, and when
Imowiadge of amyloid stats & expected to alter the ther-
apeutic approach. Clindcal ubilties of amyiold tmagmng
are restrictad to spedfic cases. Patients with early-omset
dementia (commonly defined as onset before 65 years
of ape) have a lower probability of AL pathophy=iology
underiying thetr cogndtive deciine than late-onsat cases.
In this regamd, amylold fmaging might darify whether
underiying brain amyloidosts i assodated with dindcal
syndromes such as primary progressive aphasia, demen-
tlas characterized by a predominance of executive dys-
function, wisuospatial symptoms, progresstve apraxia,
and corticobasal syndrome. Given the aconomic amd
family smpact of the diagnoets of AD i thds population,
an elevated level of dagnostic certatnty ts highly desir-
able. Furthermore, the pressnce of amylold pathology
might provide the rationals for propostng the clindcal wee
of deolinesterase infibitors in this popalatton. The AIT
contratndicates the use of amyloid tmagmg in asymp-
tomatic pepls or in those with a cogndtive complaint but
novclinscal confirmation of tmpatrment, for determining
the severity of dementia and for non-medical reasons,
such as insurance, bagal or employment dadstons.
Finally, recently incorporated tnto AD ressarch diag-
nostic ariterta, amylowd FET plays a major role in defining
AD. The TWG criteria dlassified amyloid PET as a useful
omarker wivch supports dinical diagnosts, espedally
when the presentation is atypscal 2 Hence, amyloid PET
has increasinghy boen used in cinical trials, partioulardy
for enriching study populations comprising ndtviduals
‘with a high probabality of presenting AD or for mondtoe-
ing target engagement of antt-amyloid therapies. How-
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ever, the cindcal utiltty of amylodd PET has been ncreas-
ingly discussed, particulardy in the absence of affective
disease modifying agents ™™= The ensuing pama-
graf;-s SUTETATES progress reganding amyloid fmagng
n

[“C)PFitisbargh Compound-B. [M'C]PIE exhibits a high
affinity and spedfidty for AR plagues, as opposad to
Lewy bodies or tan proteins * showing high acooracy
in the evaluation of Af plaque burden. In indtviduals
with AD, [C]FIE uptake is distributed in the frontal,
meial and lateral posterior parietal cortices, pracuneus,
ocripital cortex and lateral cortices, as well as
in the striatum (Figure 12594 Low [MC]PIB uptake 15
typically observed in the cerabellar cortex.

A racent Cochrana reviess study on [UC]PIB for eady
diagnosts of AD in individuals with MCT estimated
sensitvity of 36% (95% confidence interval- 87-99) and
median specificity of 58%. A growing consensus emerg-
g from lomgitudmal studies indicates that disease-
modifytng theraptes targeting amylod should be admin-
tstered at wery early stages of the disessa ¥ Concerted
efforts worldwide are forusing on advandng the diag-
noats of AD to & prechndcal stage = Elevated [C]PIE
ncing in nondemented subjects indicates that it may ba
sencstttve for the detection of preclmcal AD* suggesting
a 20 to 30-year interval betwaen first amyloid positivity
and onsat of dementia ™

Presontly, [“CJPIE 15 ome of the most acourate agents
for locabizing and quantifring Af deposition; however,
the short half-life of carbom-11 restricts s use to fadll-
tes with an onstte cyclotron and expertise in carbon-11
radiochemistry. Hence, the overall production and utilt-
zation costs are not generally affordable. In order to solve
this issue, recent studies haves focused on fluorine-18
labeled raftopharmarceuticals, whose longer half-life
allowws for regional distribution and commerdialization.
Widaly usad as a biomarker in the dagnostic criterta for
AD, ceretvrospinal fhod (CSF) aleo comfinms Af pathology,
with C5F A, o having an tnverss correlation with [*C]
FIE SUVE values * However, one imitation of C5F AR,
is that it does not provide any reglonalized information
on amylodd burden in the bratn.

Fuorine-18 lsbeled ligands. Wiile the short half-life of
carbon Labeled radiotracers limits the application of
[MCIFIE in clindcal practice, fuorine-18 labelad amyload
PET nd.‘ll:lph.irma:eul:lcalﬁ have heen develuped, with
a growmng potenttal for dinscal and research purposes.

Thess compounds provide a new window of opportundty
in the assessment of precinical and chndcal AT dus to
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[Figure 1. Amyfoid signature. Represantstive [MCJPIE PET ime=ges show-
ing white mafier upiske of ["CJF'E in a patient with CBS (3; age 74,
MMZE 23), and exiansive cortical uptake in @ pafent with AD [ age
70, MMSE 28).

the 110-mimute half-life of fuorme-18, 2 masstve differ-
ence in terms of distribution logistics when comgparad
to [“CJPIE production. At present, four radiofluori-
nated labelad radiopharmacsuticals are drawing sden-
tific attention: [*F)3-E-FIB ([“F]futemetamol), ¥ [*F]
A¥- 45 ([*F]forbetapir),® [“FJAV-1 or [“F]BAYOL-
0172 (*F]florbetaben), ™ and [YF]JAZDME9 or [F]
HAVAE94 =

Similarly to [“CJPIB, these fluorine-18 amylotd
tracers exhibit significant binding to fibrllar AR in
the brain, ™4 alhelt with some differences. [“F]Flute-
matamol, [""Flforbatapir, and [“F]florbetaben are lass
spedfic than [MC]PIB, displaying white matter bnding
whereas [“F]MAV4694 shows more specfic grey-white
matter demarcation and better pharmacokinetic proper-
ties a5 a potential competttor of [*C]PIE PET. The Food
anid Drrug Admntstratton (FDA) and European Madicimes
Agency (EMA) have already approved [“Flflorbetapir
(Armyvid ™), ["Flfutemetamal (Vizamyl™}), and [*F]fio-
rbetaben (MNeuracaq™) for use in cimical practice, whils
[“FIMAVAED ts ourrently in phase [T trials %=

While holding great research potential, all four com-
pounds discriminate healthy controls from AD subjects
with high acouracy. [*“F]Florbatapir has shown remark-
able acruracy tn amylosd detection, with chmcal applica-
tion even in precinical AD* The diagnostic value of
[*F]flutemetamal has been tested recently in symptom-
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atic and precinical AD, showing relavance in deteching
primarily advanced stages of AR deposttion at both dim-
cal and prechnical stages. ™ [“F]Forbetaben 1= a highly
acourate AR PET tracer that has the potential to support
thie clinical diapmosts of AD and other causes of cognitive
dechne © with strmilar visual and quantitative assessment
in PET.

A third gemeration probe, [“FJAZDJED, called
NAV4E94, has been attracting prowing attention for
tts maar-idemtical maping characteristics |, but longer
half-life to those of [MC]PIB. [“FIHAV4604 Mnds spe-
dfically to Af plagues, with excellent frontal cortex-to-
white matter ratios both tn AD and healthy controls. ™
The accuracy of [“FIMAVAE94 in binding AS plaques has
been tested, rellably dsoriminating AD patients from
healthy controls, and sattsfies requirements for clindcal
usape and evaluation of diseass-modifying strategies in
AD™ In a recent study, [“F]MAVAE0 exdvbited a signifi-
cant overlap in amylold tmaging with [“C]PIE in patients
with FTLD, theorstically an Af-free disease in most of
tts pathological subtypes.* Also, the Bnear correlation
of ["F]MNAVAG04 with [*C]PIB of 0.95 t= higher than the
values reported for [**F]forbetapir (range 0.33-0.64) and
[**Fl8orbetaben (071}

PET BIOMARKERS FOR NEURDINFLAMMATION
A factor kmown to be tovolved in the pathogenesis
of AD 15 the tmmmme response, with nittal assoda-
tion between amylold deposits and immune

emerging among ekderly i thelr 70s and 8057 More
racently, there 15 emerging Imowledge on components
of mnate immundty assocated with AD pathology, as
well az inoreasing discussion over the benefidial and
detrimental effects of the immune response in AD.
Another controversial topic i the start pomt of neuro-
inflammatory processes observed in AD brains, which
ratses the questton as to whether mflammation 15 a
cause or a consaquence of AD pathology. Despite the
nitial assumption of thetr coourrence ondy in late stages
of the disease, inflammatory changss i the C5F can be
detected tn MCI patients, revealing the possibiity of
trvolvement of the immune system at very early stages
of AD*

In a bid to answer the as yet unsolved questions
regarding the Jome fioce of inflammation n AD, PET
fmaging is being used in who to trace markers of neo-
roinflammation wlhpummgnutcm,unulﬂned
bealow. ™

Bsdiook cals for imasi N
Neuroimflammatory changes are a part of AD pathology,

Dement leuropsychd 2010 Anetozis-0 m

amd mdcroglial acdivation in aress affected by neunode-
peneration i= a key brain tssue event = Microglial actt-
watiom ocourring in early stages of AD dementia = asso-
dated with a significant elevation in the fractonal area
of reactive microgha follwing the formation of newritic
plagques fibrillar AR == Using a specific
ligand for the 18-kDa tramslocator protetn (TSP,
formeriy called the peripheral benzodiazepine receptor
(PER), [“CJPEL1195 quantificatson of microghial acts-
watiom in 1o has been measurad ™ Probably due to its
poor spedfic binding, tnittal [“CJPE11195 studies in
A showed negative results = However, improvements
in the [MCJPE11195 tracer, particulardy with the wutil-
zattom of its dextro-tsomer, the radiotracer [2C]-{R)-
PE11195, revealed freased sensitivity for detecting
T5PO expression tn paneto-temporal, entorhinal, and
dngulate cortices of AD patlents.® In [C]PIB+ AD
patients, high microghal activation has been observed,
with an inwerse correlation bebween cognition and
microghal activity™ However, a recent study reported
that the inchusion of a vascular component results in
an amplified signal ;n AD patlents™ suggesting that
an ncrease m [CCHEFPE11195 sensittvity signal
‘modeing may be required.

Other TSPO radiopharmaceuticals have been
desipned atmed at fmproving pharmacokinatics and spec-
ificity. In this regard, precindcal stadies involving radso-
tracers [“F]JFEDAATIDE or [MCJACS216 have shown

results in AD-Hke transgendc models, ™™ and
[“C)DAAL106 PET tmaging showsd greater binding
tn AD patients compared to healthy control subjects ™
Anpother recent dimical stody using [YFIFECAATIDE —a
novel TSPO Bgand with tnwtro affintty supertor to that
of [PC]DAATLI06™ — showed widespread ncreases in
M1 patients when compared to healthy controls, with
these values pradicting the conversion to AD dementia
stage within a 5-year follow-up pertod ™

Although applications in studies of AD pattents have
not been performed, [MC]AC5216 has shown promising
pharmacolonetsc features and a Wgher afimty than [©C]
FE11195 in healthy subjects.™ However, the potential
dintcal applications of TSPO radiotracers are Hmited
by the rs6971 polymorphism tn the TSPO gens, which
comfers bower uptake in polymorphtsm carrters (-30%)
i COMparison to non-carrers.™ Importantly, the can-
nabinoid receptor type 2 (CE2) was identifiad as 3 marker
of microgial acttvattom,™ laading to greater attention
to the endocanmabinodd system. In this respect, pre-
climical studies of CEZ? using [MC]A-836330 showed

upregulation in a transgensc madel displaying cerehral
amylotdosts.™
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In AD post-mortemn tiesue, the augmented expressson
of gial Abrillary acidic (GEAF) and astroghal S100E
proteins is typically observed, indicating an noreasa in
the number of reactive astrocytes™ Utlizng a ligand
with a high affindty/spectfidty for monoamine cxddase B
(MAD-B), an enzyme expressed primarily on the mto-
chondrial membrane of reactive astrocytes,™ PET
tmaging using the carbon-11 labeled L-depreny (0]
DEDY) has revealad tnicreased binding in pattents with
MCL, suggesting that astrocytosts is an early event in
AD _H!

PET BIOMARKERS OF NEURDDEGENERATION

PET radiopharmaceaticals of tau pathobogy. Misfolding and
aggregation of hyperphosphorylated tan

o NFTs has a key mole tn AD pathophysiology @5 It is
has been proposed that tau pathology propagates across
braim civoutts. MFTs have been assoclated with neuromal
dysfunction, cell death, and cognitive impatrment. ™
CEF levels of total tan (t-tau) and phosphorylated tan
(p-tau) havebeen assodated with disease severity = with
altered tau lovels in the CSF being interpreted a= surro-
gate markers of neurodegeneration in AD. Despite this
evidence, the clindcal application of CSF tan as an AD
bomarker has been further disoussed alsewdhens *

C5F tau Miomarkers are somewhat dizadvantageous
compared to imaging biomarkers given the need for a
hmnbar puncture. Moreover, C5F measurements pro-
vide ghohal estimates of the disease process without any
information regarding the localization of
HNFT. Finally, the quantificaion of p-tau and t-tau pro-
tetn vares stgnificantly across centres™ Due to thesa
features, tmaging methods for NFT quantification are
extremely tmportant, partiolarly for assessing upoom-
ing tau-basad therapeutics. Given this scenario, several
radiotracers characterized by high affintty for tau fibrils
and with suttabls kinetics have been developed, mdud-
g the benzothiazole derivative [*C]JPEB3, the phenyl-
quinoline derivatives—[WFJTHE-523, [*F]THK-5105,
and [“F]THE-5117—and benmmsdazcle pyrimidine
dertvatives, such as [*F]T207 and [“F]T203.™

[MC]PEES has shown to rapidly cross hoth the blood-
brain barrier (EBE} and neuronal plasma membranss,
binding to intranewronal tau indusions. [ witre and ex
vive autoradiographic studses have shown that [“CJPEB3
produced spedific, high-contrast labeling of neuronal tau
miclustons in the bran stem of mice models expressing
human tau pathological mutations. The same findings
were reported with e wibe autoradiography and AD
tizsue, showing evident radiolabelling of fibrillar aggre-
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gates in spedfic regioms of the hippocampus (incuding
CA1), and the fromtal cortex. Stmilarly, a chnical PET
study using [*C]PBES in probable AD patients revealed
increasad tracer binding in lateral temporal and frontal
cortices, in ling with the distribubion of tau pathology
at Braak stage V/VL, and with Mgher SUVEs correlating
with kowwer memory scores. A slight incoease n [YC]PEES
retention was also cheerved around the Mppocampus of
a comirol] subject who showed decline on the hind-Mental
State Examination (MMSE), consistent with Braak stage
ILTV or earlier ™

Astde from [UC]PBE3, the fluonnated probes ['F]
T-807 and [“F|T-808 are also potential tan Hgands. An
autoradiography study using AL brain tissue has shown
that [“F]T-307 exhibits strong binding to HFTs, with a
selactvity estimate of 20-fold for tau relative to ART
In additon, comparing double immmohistochemdcal
statning of MFTs and AR on adjacent tissue sections,
[*F]T-807 autoradiography showed that tracer bind-
ing co-localized with tmmunoreactive METs, not with
Af plaques.™ In the case of [**F]T-20&, it also has a high
affmity and good selectivity for MFTs over AR, which
was ndexed by autoradiographic studies.™ In addition,
[®E]T-808 presents fast brain uptake followed by a mpid
washout, suggesting low non-spacific bindmg,™ which
t5 consistent with i vivo findings cbtamed using [*F]
T-807* Moreover, the first nmman brain using [*F]
T-807 showed elevatad SUVE in AD comparad to MCI
and healthy control subjects. Distinct patterns of tracer
accumulation, in Bne with Braak staping, was observad
across the frontal, temporal and parietal cortices, as well
as in the Mppocampus/entorhinal reglon =

Another dass of fuornated probes mcludes the
THES, which have exhibdted high affinity and selactiv-
ity for tau aggregates ™ In witro studtes have
reported [“FJTHE-523 binding affinity for tau fibrils,
with subsequent autoradiographic analysis using AD
‘medial temporal brain sactions showing aconmulation of
[®EJTHE-523 in the pre- and pri-c layers of the entorhs-
nal cortex and hppocampal CAL ragion. Immunchisto-
chemistry comfirmed that these fmdings were comsistent
with the density of PHF-tau deposition. ™ Subsaquently,
htstoflunrescence and autoradiographic studies revealad
that [**F] THE-523 Mnding to MFTs co-localizad with
tau immamoreactivity, with no wsibls bndng to AR
plaques.™ However, racent immunoivstochemical and
histofluorescence studies questioned [*F]JTHE-523s
futiure in both ressarch and chndcal settings due to very
high non-spectfic wihite matter binding. * Morover, pre-
Tmnary cimieal data have suggested that [*F]THE-523
does not bind taun mdustons in non-AD tavopatites ™
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The saromd generatiom of THES was wihich
mcudes [WFITHE-5105 and [“FJTHE-5117. Binding
studes conducted m vitre uwsng [PFITHE-5105 and
[**F]THE-5117 have found increased binding affmity to
synthetic runcated tau (FK1SAKIE0 fbrils—compris-
ing the four repeat regions (244-372) in the shsence of
Iysine 280 (AK280}—with both tracers proving supe-
rior to [“F]THE-523. The selecttve binding capactty of
these compounds was further examined using e witre
autorafograghy and AD mesial temporal brain sections,
showing tncreasad accumulation of the radiotracer with
partioularty gh binding in the Sommer’s sector of the
Thesa findings were confirmed through statning and
mmmunohistochemistry, with reduced binding among
healthy controls ™ Additonal assessment of [*F]THE-
5105, conducted using [*C]PIB and AD hemibrain sec-
tions, observed dense acoumulation of [“FJTHE-5105
i tau-rich areas—including the hippocampus/para-
hppocampue, tnsula, angulate gyrus and nfertor and
middle temporal gyri—with the pattern of tracer bind-
ing corresponding to the recognized distribution of
taun pathology but not to that of Af or areas showing
elevatad retention of [“C]PIE. In addition, forther stud-
fes of blodistributon condocted in normal mice showead
profuse and rapid brain uptake and fast clearance, with
the lanetics of both tracers superior to those reported for
[“F]THE-523."

["FIAM Radiotracer. The glucoss analogue 2-deoey-2-
(*Fifiuoro-D-glucose ([YF]FDG) PET has besn utilized
to assess cerebral ghicose metabalism. [FIFDG tmages
have been interpreted as markers of newromal actvity'™
and synaptic density™ The typical AD metabolic
signature consists of hypometabolism in the parieto-
ten:rpn!a] assnciation, n:led.laltmp:ﬁl,pusl:eﬂm cingu-
Late and frontal cortices, with relattve preservation of
thie visual cortex, primary sensory motor cortioes, basal
gangha, thalsmus, and cerebellum (Figure 2).=* This
hypometabolic signature ts frequently observed m AD
patients and in over 85% of pathologically-confirmed
cases " However, tn atypical focal cortical syndromes
of AD, topographic varants of hypometabolism have
been identified. For example, compared to typical AD,
pattents with logopemic primary progresstve aphasia
presented with disproportionate left temporopariatal
hypometabolism ™ Pattents with posterior cortical
atrophy showed hypometabolsm predominantly in
occipito-parietal regioms; some pablents can present
hypometabolism e the frontal eye fislds ™ Patlents
with early onset AD also show greater metabolic reduc-

Figure 2. Representative PET ["FFDG im:=ges acquired from 3 botal of
103 indnadizts with normal cognition (NCI, = 17), mild cognitiee im-

peirment (MC1, 8=52} and demeniia duz to AD (AD, K= 27) obianed
from & toil of 103 stoctural MAl and ["AFDE scans from the Azheim-
o' iseans Neurnimage Initiatve (ADN]) detabass. The fot color scale
represents the magnitude of ["FFDG sEndardzed uptske value rsio
{5UNH]. proportional to glueose wpiake. Mobe lower ["FFOG S6As in
MCl =nd Al 85 compared fo controls. High SUNRE are particulary re-
tuced in the peestorior cinguizts, precumeus snd prefrontzl (miedizl and
dorsntsteral) cortices. Imaging Mathods: MR imeges wes comectad for
non-inearity, classified (whibe, grey matter znd C5F) and swiomaticaly
sagmented into cortical regiors. Stzndsrd uptske valee ratio (SUVE) im-
ages were calculated in PET native spece using the cersbellum a5 rei-
erEnce image. Images wens subsequently rezampled ino the standard
‘sierpotad: space and averaged wsing minciools.

tons, with hypomstaboliem from mid dementa
comparable to that observed m late onset cases with
severe dementia ** These fmdings are supported by
studies showing more aggressfve progression from
patients with early onset ADP and, possthly, by the
cogrdtive reserve theory ™

In ammestic MCI (aMCT) patents, the pattern of
hypomatabolic changes usnally ocours tn bratn reglons
dassically affected n AD bt to 2 lesser degres 1528
The patterns of brain metaboltem tn aMOT and non-
ammestic MCI (nabd(T) subjects are similar, however,
aM{CT has shown a decreass in medial temporal lobe
metabolism and nalMCl hypometabolism in the right
prefrontal reglon "% Some authors report that the
antertor hippocampal formation can contribute to dif-
ferentiating MCT patients from healthy control subjects,
although other data refutes this, with the partial volume
effect in the metabolism of the hippocampal formation
on [“F]FDG tmaging constituting a complicating fac-
tor***= The posterior cmgulate = the most relavant
area for predicting conversion from MCT to AD, gtven
that hippocampal hypometabalism is highly nfluenced
by the atrophy observed on MEI and, after corecting
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for the partial volume effect, tids finding is no longer
supportad 7 [YFJFDG has Rmited chntcal value in MO
patients due to the lack of spectficity for AD pathophyst-
alogy. At a population level, however, subjacts with M
presenting a more marked or ‘AD-Hke' pattern have been
foumad o comvert to dementia at hipher rates 2557 with
accuracies in the range of 75 to 100% = The magni-
tude of hypomatabolism in the parietal and posterior
dngulate cortices o MO 82 assodated with memory
dedtna ****** 4= compared to decltners, stable MCT popu-
lations tend to exhibit hypometabolism restricted to the
dorsolateral frontal cortey, 22

In crder to study the progression to MC1 and AD
among cognittvely normal older indtwiduals, [**F]FORG-
PET has been used to predict cognitive dedine with an
acruracy approaching B0%. = Progresstve reductions
in PET glicose metabolism were cbserved years before
the appearance of ciinical symptoms, with reductions in
the hippocampus precading decinies in cortical reglons’
m a cnidcopathological study that evaluated cognitively
normal individuals followed through MO 0o patholog-
fcally-confirmed AD The same metabolic changes have
been noted tn copnittvaly normal subjects homozygous
fizr a susceptibihity gene, the apoltpoprotem E (APOE)
g4 allale, ™= carmiers of genatic muta-
tions assodated with eardy onest famialia] AT) 19 oy
those with a matermal family history of AD, as compared
to thosa with a paternal hastory or no family history of
AN Tittmataly, [*“F]FDG will potentially prove of use
m the characterization of a subgroup of patients exhdb-
iting neurcdsgeneration in the ahsence of AR depost-
tion 5% These patients, classified in the category of
“susparted non-amyloid pathophystology (SNAFY, could
suggest that the onset of neurodegeneration in AD may
not depend on the accumulation of AS.*

IMAGING ALTHEIMER'S DISEASE
PATHOPHYSIOLOGY IN EXPERIMENTAL MODELS
A mintaturized version of PET, termed microPET, has
made nom-imrastye hnagngnfmallanhmlspusﬂhle,
such as rats and mice. In addifon, advances in genetic
engineering have lad to the development of diverse
animal models harboring human pathological gens
mutations, wivch are capable of mamickeng amyiodd and
tan pathologtes (for reviesw see (141)). These models
show progresstve deposition of amyloid or tau, in
parallel with stpnificant copnittve decding, and are highly
sutted to longtudinal assessment with microFPET.

To date, several studies have investigated AD patho-

events in rodent models with microPET

{fior review sea (142)). However, few such studies have

B PET and AD pathophysiclogy  Schillrg stal

been conducted using a longitudinal design. Racently,
the first prolonged ongihadmal study with microPET
evaluating amylodd was published and revealed non-
linear patterns of amyiold deposition during full disease
progression. ™ By contrast, to our knowledgs, there are
nid Iongitudinal studies o the Mrerature follmeing tan
pathology, and such studies are ancdously swaited by the
AD commumdty.™ In this context, longitudinal studies
assoctating thess ammal models and microPET tmagng
have high translational capabdity, which indicates that
data oollected can be rapidly trandated to dindcal shudies.
In addition, microPET bongttudinal studies offer unprac-

CONCLUSION

Pradictions based on biomarkers imdicate that AD
pathophysiological abnormalities precede the onset of
cimical symiptoms by at least two dacades. By obtatning
eariier AT diagniosts, it will be poestble to develop poten-
tial mnovative therapies that may tmpact the natural
pmg;mm:rnufﬂ[llnm several clinical studies tasting
potenitial new drugs are cwrrently underway with
amylowd and tau being the most promising pharmaco-
logical targets (for review sse (145)). In this scenano,
PET radictracers and newropathological features for
these processes are cructal to determine amylotd and tau
engagement and {0 assess treatment response in cin-
ical trials. Im ]mq:lﬂgmﬂl this, ndﬂ:rl:d:urmal:eu.ul:ah
for neuronfammatory molecular fmaging can aqually
comirtbute to the development of potentially effec-
thva antHinflammatory nterventions. Although the
majority of PET studies tn AD populations have focused
on Af imaging, several ‘non-amyloid” mdiopharmacen-
ticals enst for evaluating neurndegeneration, neuron-
flammation and in mewrobransmission
across the spectrum of AL, potenitally contributing to
mmproved therapeutsc perspectives for AD (for review
sae (146]7).

At prasent, neurckogy 15 experiencng 3 new era whidh
enCMMpasses naging assessment for patients suspected
of having AD. Thus, it i= extremely important to acoe-
rately astablich those patients who are candidates for
performing a cershral PET exam (2.g. amylosd tmaging).
In the case of amylodd postivity, this blomarker-based
information reflacts an elevated risk for AD, and health
professomals should exerdse caution when ordertng
this test in non-demented patents (ag healthy sub-
jects and MCI patienis). In the coming few years, when
more effective theraples are lkely to become available,
amyloid tmaging will be mcraastngly apphied to identfy
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Table 2. PET imaging signares in Alzhaimer's disesse.
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Biological target Radiotracers  Findings

Amyioid deposition Incressed retenfion

Tau pethilogy Incressed retention

Frontal cortex, temporal cortex, perietal cortex and hippocampus!
entorhival ragion

[Gluoes metabolizm Low uptaie

Paristotemporal associstion corices, medial iemporal cortes, posteion
cinguizte and fontsl corfex {2t Iater stages)

Neurcirflzmmation [CIPK11185
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patients with early AD or at risk of developing AD; pref-
erably in assodation with [“F]FDG tmaging in order to
combine pathological (amylod deposition) and meta-
balic miormation. Other radiotrac-
ers will also play a key rode for research tn AD (Table ),
espedally in targeting novel therapies and for mondtor-
ing the response and efficacy of new drugs (e.g. tau and
neurodnflammation).
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Discusséo Artigo 3

O artigo intitulado “Imaging Alzheimer’s disease pathophysiology with PET”
publicado no periédico Dementia & Neuropsychologia em 2016 é um artigo de
revisdo sobre a neuroimagem através do exame de PET na investigacdo da DA.

Neste artigo foram revisados o0s principais radiotracadores utilizados na
avaliacdo da DA, incluindo os relacionados ao acumulo de amiloide. Neste artigo,
apresentamos o PET como ferramenta na avaliagdo da DA como processo dinamico,
bem como sua aplicacdo na investigacdo das altera¢des patoldgicas, como acumulo
de amiloide, desde estagios pré-clinicos. Sob o ponto de vista clinico, revisamos
especialmente o papel dos radiotracadores de depésito de amiloide e de
metabolismo de glicose como elementos importantes na abordagem diagnéstica da
doenca. Em casos especificos, como em pacientes com forma atipicas da DA, a
avaliacdo da deposicdo de amiloide atravées do exame molecular fornece
informacBes fundamentais para o diagndstico preciso e que pode, por vezes,
modificar de forma significativa o planejamento terapéutico para o paciente.

Através do desenvolvimento de biomarcadores de neuroimagem para DA,
foram obtidos importantes avancos a respeito da progressdo e dos processos
relacionados com a doenca. A incorporacdo progressiva desta ferramenta em
grandes iniciativas como o ADNI tem permitido a quantificacdo e monitoramento de
diversos aspectos patoldgicos da doenca desde suas fases iniciais, trazendo a
perspectiva do desenvolvimento de possiveis estratégias preventivas e terapéuticas

especificas na DA.
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