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RESUMO

A doenca de Alzheimer (DA) é definida pelo acimulo de proteinas insoltuveis B-amiloide e tau
no cérebro, levando a degeneracdo neuronal e comprometimento cognitivo. Além disso, a
disfuncdo sinaptica é um elemento fundamental da DA, intimamente associada aos sintomas de
deméncia, porém ainda pouco entendida. Marcadores sinapticos, como neurogranina (Ng),
SNAP25 e SV2A, tém sido reconhecidos como indicadores de degeneracao sinaptica, mesmo
antes da evidéncia de neurodegeneracdo axonal. Modelos de animais transgénicos, como o
TgF344-AD, representam uma ferramenta valiosa para explorar esses processos. Assim, este
estudo teve como objetivo aprofundar a compreensdo da sinaptopatia na DA por meio de trés
metodologias: i. Conducdo de revisdo sistematica com metanalise do sistema glutamatérgico;
ii. Analise de dados de biomarcadores sinapticos e de neurodegeneracdo axonal de individuos
no espectro da DA; iii. Analise de densidade sinaptica em ratos TgF344-AD por meio da
quantificagdo de SV2A por captacdo do radioligante [*®F]SDM8-microtomografia por emissdo
de positrons (PET). Na primeira parte deste estudo, demonstramos que ocorre uma deplecao
generalizada de componentes do sistema glutamatérgico na DA. Tais como reducao nos niveis
de glutamato e aspartato, de recaptacdo de glutamato, na densidade dos receptores AMPAR-
GluA2/3, NMDAR-GIuN2B e na atividade de NMDAR no tecido cerebral humano. Na segunda
parte deste estudo, mostramos que a tau total (t-tau), atualmente postulado como biomarcador
de neurodegeneracdo avancada, estd mais fortemente associado com alteragdes nos
biomarcadores sinapticos Ng e SNAP25 do que com os biomarcadores candnicos de
neurodegeneracdo, atrofia hipocampal e proteina neurofilamentar de cadeia leve (NfL), em
individuos com e sem comprometimento cognitivo. Ademais, na terceira parte deste estudo,
mostramos reducdo na densidade sinaptica cerebral em ratos TgF344-AD envelhecidos,
empregando andlise de [*®F]SDM8-PET. Portanto, adicionamos evidéncia de sinaptopatia na
DA, especialmente no sistema glutamatérgico, sugerimos a utilizagdo do biomarcador t-tau
como indicador de disfungéo sinaptica e uma reinterpretacdo do mesmo em ensaios clinicos e,
finalmente, que 0 modelo TgF344-AD demonstra grande potencial translacional para estudo de

densidade sinaptica na DA.

Palavras-chave: doenca de Alzheimer; disfuncéo sinéptica; sistema glutamatérgico; TgF344-AD



ABSTRACT

Alzheimer's disease (AD) is characterized by the accumulation of insoluble amyloid-f (Ap) and
tau proteins in the brain, leading to neuronal degeneration and cognitive impairment.
Additionally, synaptic dysfunction is a fundamental element of AD, closely associated with
dementia symptoms, yet still not well understood. Synaptic markers such as neurogranin (Ng),
SNAP25, and SV2A have been recognized as indicators of synaptic degeneration, even before
evidence of axonal neurodegeneration. Transgenic animal models, such as the TgF344-AD,
represent a valuable tool for exploring these processes. Thus, this study aimed to deepen the
understanding of synaptopathy in AD through three methodologies: i. Conducting a systematic
review with meta-analysis of the glutamatergic system; ii. Analyzing data from synaptic and
axonal neurodegeneration biomarkers of individuals on the AD spectrum; iii. Analyzing
synaptic density in TgF344-AD rats through SV2A quantification by uptake of the radioligand
[*8F]SDMB8-positron emission tomography (PET). In the first part of this study, we
demonstrated a widespread depletion of components of the glutamatergic system in AD, such
as reductions in glutamate and aspartate levels, glutamate reuptake, density of AMPAR-
GIluA2/3 and NMDAR-GIuN2B receptors, and NMDAR activity in human brain tissue. In the
second part of this study, we showed that total tau (t-tau), currently postulated as a biomarker
of advanced neurodegeneration, is more strongly associated with changes in synaptic
biomarkers Ng and SNAP25 than with canonical neurodegeneration biomarkers, hippocampal
atrophy, and neurofilament light chain protein (NfL), in individuals with and without cognitive
impairment. Furthermore, in the third part of this study, we showed a reduction in brain synaptic
density in aged TgF344-AD rats, employing [*®F]SDM8-PET analysis. Therefore, we add
evidence of synaptopathy in AD, particularly in the glutamatergic system, suggesting the use
of t-tau as an indicator of synaptic dysfunction and a reinterpretation of it in clinical trials, and
finally, that the TgF344-AD model demonstrates great translational potential for studying
synaptic density in AD.

Keywords: Alzheimer’s disease; synaptic dysfunction; glutamatergic system; TgF344-AD
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1 INTRODUCAO

1.1 O SISTEMA GLUTAMATERGICO

O sistema glutamatérgico € uma rede complexa e expansiva dentro do sistema nervoso
central (SNC) que desempenha um papel critico na funcéo cerebral. Os elementos funcionais
da neurotransmissao glutamatérgica incluem neurénios pré e pos-sinapticos, bem como células
gliais, coletivamente referidos como sinapse tripartite (Figura 1) (HALASSA; FELLIN;
HAYDON, 2007; LALO et al., 2021). Porém, o papel do glutamato vai além da
neurotransmissao; ele é um hub metabdlico que conecta o metabolismo da glicose e dos
aminoacidos com a atividade sinaptica (ANDERSEN et al., 2021).

O glutamato é o neurotransmissor mais abundante do SNC de vertebrados, com
receptores presentes em mais de 90% dos neurdnios e 40% das sinapses (BUKKE et al., 2020;
CONWAY, 2020; GASIOROWSKA et al., 2021). Essa presenca extensa ressalta sua
importancia no SNC, onde atua como o principal neurotransmissor excitatorio (COX et al.,
2022; ORREGO; VILLANUEVA, 1993). Os processos de sinalizacdo do cerebro dependem
tanto do glutamato que o SNC é frequentemente referido como uma méaquina glutamato/GABA,
com o GABA servindo como o principal neurotransmissor inibitério (NICIU; KELMENDI;
SANACORA, 2012).

O glutamato é um aminoacido ndo-essencial e sua sintese esta ligada ao metabolismo
energético celular. A glicose é o principal substrato para sua sintese e doadores de grupos
aminos como outros aminoacidos (i.e aspartato), aménia ou nucleotideos participam da sintese,
com o ciclo do &cido tricarboxilico (TCA) desempenhando um papel central. Nos astrécitos, a
piruvato carboxilase converte piruvato em oxaloacetato, essencial para a sintese de glutamato,
enquanto nos neurdnios, o piruvato entra no ciclo TCA via piruvato desidrogenase
(ANDERSEN et al., 2021).

Apos a liberagdo, o glutamato se liga a receptores nos neurénios pré e pds-sinapticos ou
é captado por transportadores em células gliais e neuronais. Os receptores de glutamato séo
diversos, com mais de 20 identificados no SNC, cada um com multiplos subtipos
(PANKEVICH; DAVIS; ALTEVOGT, 2011). Esses receptores séo divididos em duas classes
principais: ionotrépicos e metabotropicos. Os receptores ionotrdpicos incluem N-metil-D-
aspartato (NMDA), acido a-amino-3-hidroxi-5-metil-4-isoxazolpropionico (AMPA) e receptor
de cainato (KAR), enquanto 0s receptores metabotrépicos de glutamato (MmGIUR) estdo

envolvidos em mecanismos de sinalizacdo mais complexos. O funcionamento adequado desses
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receptores é essencial para manter a estabilidade e plasticidade sinaptica, que sdo cruciais para
processos como memoria, aprendizado, cognicdo e comportamento motor (BLISS;
COLLINGRIDGE, 1993; HANSEN et al., 2021).

Presynaptic
neuron

Glu_g

Asp o
Gly -

D-serine —@

® (Glureuptake

Astrocyte

Postsynaptic
neuron

Figura 1. Neurotransmissdo glutamatérgica. O glutamato (glu) é sintetizado através de mdltiplas vias
metabdlicas, armazenado em vesiculas (transportadores vesiculares de glutamato, VGIUTSs) e liberado durante a
transmissao sinaptica. Apds interagir com receptores metabotropicos (mGIuRSs) e ionotropicos (NMDAR, KAR e
AMPAR), o glutamato residual é entdo removido por transportadores especificos de glutamato (EAATS). Apds a
recaptacdo, o glutamato é convertido em glutamina (gln) pela enzima glutamina sintetase (GS), que é expressa
exclusivamente em astrocitos. No ciclo glutamato-glutamina, a glutamina é liberada do astrdcito e captada pelo
neurdnio, onde é convertida em glutamato pela glutaminase. Glicina (Gly). Aspartato (Asp).

Os mGIluRs sdo receptores acoplados a proteina G que desempenham um papel
significativo na modulagdo da transmissao sinaptica e plasticidade. Ao contrario dos receptores
ionotrépicos, que dependem do fluxo de ions, os mGIuRs exercem seus efeitos indiretamente

através de cascatas de sinalizacdo intracelular. Quando o glutamato se liga a esses receptores,
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ele ativa uma proteina G, que entdo desencadeia um sistema de segundo mensageiro, levando a
mudancas funcionais no citoplasma e, em ultima analise, afetando a expresséo génica e a sintese
de proteinas (LESAGE; STECKLER, 2010). Oito subtipos de mGIuR (mGIuR1-8) foram
identificados e sdo categorizados em trés grupos com base em sua sequéncia de aminoacidos,
propriedades farmacolodgicas e vias de transdugdo de sinal (DANBOLT, 2001; KIM et al.,
2008). Os receptores do Grupo | (mGIluR1 e mGIuRb5) tipicamente aumentam a excitabilidade
através da ativacgdo da fosfolipase C, resultando em aumento do célcio intracelular via inositol-
trifosfato e estimulacdo da proteina quinase C via diacilglicerol. Os receptores do Grupo Il
(mGIuR2 e mGIuR3) e do Grupo Il (mGIuR4, 6, 7, 8) estdo ligados a proteinas G inibitdrias
que diminuem os niveis de monofosfato de adenosina ciclico (CAMP) atraves da inibicdo da
adenilil ciclase (HANSEN et al., 2021).

Os KAR sdo compostos por duas familias de subunidades relacionadas: GIluK5-7 e KA-
1 e 2. Os receptores nativos provavelmente formam combinacgdes tetraméricas, que podem ser
tanto homoméricas quanto heteroméricas. Embora as subunidades KA-1 e KA-2 ndo formem
receptores homoméricos funcionais, elas criam locais de ligacdo de alta afinidade para o
kainato, permitindo a ligagcdo de ligantes agonistas. Essas subunidades se combinam com a
subfamilia GIuR5-7 para formar receptores funcionais que se assemelham aos receptores
kainato nativos (BLEAKMAN et al., 2002). Quando expressos em sistemas heter6logos, 0s
receptores homoméricos contendo KA1 e/ou KA2 sdo praticamente inativos, indicando uma
funcdo moduladora, em contraste com as subunidades GIuR5-7, que formam receptores
funcionais ativados por ligantes (HERB et al., 1992).

Os receptores NMDA e AMPA desempenham papéis interdependentes na
despolarizacdo da membrana durante a sinalizacdo sinaptica, mas possuem propriedades e
distribuicbes anatdémicas distintas. Eles s&o fundamentais na mediacdo da plasticidade
sinaptica, aprimorando a neurotransmissao glutamatérgica e a expressédo génica (BARCO;
BAILEY; KANDEL, 2006).

Os receptores NMDA s&o canais ionotropicos permeaveis a ions de calcio, sodio e
potéssio, e desempenham um papel crucial na sinalizacdo neuronal, sendo altamente expressos
em neurdnios e astrocitos, especialmente no hipocampo (BABAEI, 2021). A peculiaridade dos
receptores NMDA reside no seu funcionamento como detectores de coincidéncia: para que o
canal se abra, é necessario que o glutamato se ligue ao receptor e que a célula pos-sinaptica
esteja despolarizada, pois o canal é bloqueado por magnésio em niveis fisioldgicos e sé se abre
com a despolarizacdo da célula. A ativacdo rapida dos receptores AMPA, que também

interagem com o glutamato de forma independente, facilita a ativacdo dos receptores NMDA
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ao se abrir e permitir influxo de sodio, despolarizando a membrana e subsequentemente
superando o bloqueio de magnésio. Consequentemente, hd um influxo de célcio pelo canal
NMDA que promove a propagacgéo do potencial de acéo e iniciacdo de cascatas de sinalizacdo
intracelulares e expressao génica, eventos que marcam os potenciais de longo prazo (LTP). A
ocorréncia de LTP é um dos mecanismos que descrevem a plasticidade sinaptica e que estao
subjacentes a processos cognitivos, como formacdo de memoria e aprendizagem (BARCO;
BAILEY; KANDEL, 2006).

Os receptores NMDA sdo formados por uma combinacdo de diferentes subunidades:
sete subunidades de GIuN1, quatro variantes de GIuN2 (GIuN2A-D) e duas de GIuN3
(GIuN3A-B) (PAOLETTI; BELLONE; ZHOU, 2013). Os receptores NMDA séo unicos entre
0s canais i0nicos ativados por ligantes devido a sua necessidade de dois co-agonistas
obrigatdrios, que se ligam nos sitios de ligacdo de glicina e glutamato localizados nas
subunidades GIuN1 (Kuryatov et al. 1994; Wafford et al. 1995; Hirai et al. 1996; Kew et al.
2000) e GIuN2 (Laube et al. 1997; Anson et al. 1998), respectivamente. Estudos
eletrofisioldgicos demonstraram que a ativacdo do receptor NMDA requer a ocupacéao de dois
sitios independentes de glicina e dois sitios independentes de glutamato (Benveniste and Mayer
1991; Clements and Westbrook 1991). Portanto, a configuragdo minima necessaria para um
receptor NMDA funcional é provavelmente um tetrdmero composto por duas subunidades
GIuN1 e duas subunidades GIuN2. Nesse sentido, as subunidades GIUN2A e GIuN2B sé&o
particularmente importantes, pois se ligam ao glutamato e mediam a excitotoxicidade em
neurdnios corticais (BABAEI, 2021)

J& os receptores AMPA sdo compostos por diferentes combinagdes de subunidades
GIuA1-GluA4. Os receptores AMPA sinapticos, frequentemente apresentam uma combinacéo
de GIuAl e GIuA2 (HANSEN et al., 2021), crucial para a plasticidade neural. Eles séo
rapidamente reciclados na area pés-sindptica, com seu nimero na membrana plasmatica
refletindo o equilibrio entre exocitose e endocitose (HANSEN et al., 2021).

A alta densidade de receptores NMDA contribui para a aprendizagem, memoria e
plasticidade sindptica (BARCO; BAILEY; KANDEL, 2006; LEE; YASUDA; EHLERS,
2010). No entanto, a superativacdo desses receptores pode levar a perda neuronal devido a
excitotoxicidade, o que é uma dicotomia central na funcdo desses receptores. A ativagdo dos
receptores NMDA sinapticos promove mudancas transcricionais mediadas por calcio que
fortalecem a satde neuronal e a resisténcia a danos celulares, enquanto a superativacdo pode

resultar em efeitos téxicos.
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A concentracdo extracelular de glutamato é rigidamente regulada em condicdes
saudaveis. Em repouso, essa concentracao € em torno de 0.6 uM (BOUVIER et al., 1992),
embora exista debate sobre o valor exato (FEATHERSTONE; SHIPPY, 2008). Durante a
excitacdo, o nivel de glutamato aumenta para 10 uM (CLEMENTS et al., 1992). Contudo, a
superexcitacdo consiste em um aumento anormal de glutamato na fenda sinéptica, que
superativa 0 NMDAR, permitindo uma sobrecarga de influxo de calcio que, em ultima analise,
leva & morte celular (LUCAS; NEWHOUSE, 1957) e esta implicada em varias doencas
neuroldgicas, como epilepsia, dependéncia, esclerose lateral amiotréfica, doenca de Parkinson
e DA (ALCOREZA et al., 2021; DONG; WANG; QIN, 2009). Por essa razdo a recaptacdo €
crucial para prevenir a excitotoxicidade. Na sinapse tripartite, neurdnio e astrocitos realizam a
recaptacdo rapida do glutamato por meio da expressao de altos niveis de transportadores de
aminoacidos excitatorios (EAATS): GLAST (transportador de glutamato-aspartato, também
conhecido como EAATL), GLT-1 (transportador de glutamato 1, também conhecido como
EAAT2), EAAT3, EAAT4 e EAATS5 (TANAKA, 2000). Os transportadores EAAT3-5 sdo
encontrados apenas em neurbnios, enquanto GLAST/EAAT1 e GLT1/EAAT2, sao
predominantemente ou exclusivamente expressos em astrocitos, respectivamente (DANBOLT;
FURNESS; ZHOU, 2016).

A sintese e reciclagem do glutamato sdo ainda gerenciadas pelo ciclo glutamato-
glutamina (DANBOLT, 2001). Apo0s a recaptacao pelas células gliais, o glutamato é convertido
em glutamina pela glutamina sintetase (GS). Esta glutamina € entdo transportada de volta aos
neurdnios pré-sindpticos, onde é convertida novamente em glutamato pela glutaminase e
armazenada em vesiculas sinépticas pelos transportadores vesiculares de glutamato (VGIuTs)
para futura liberacdo (BIRNBAUMER et al., 1994; DANBOLT; FURNESS; ZHOU, 2016).

Dessa forma, fica evidente a complexa rede do sistema glutamatérgico e a importancia
de manter seus niveis controlados para manutencdo da homeostasia cerebral e para 0 bom
funcionamento de processos cognitivos. Entretanto, anormalidades do sistema estéo associadas

com doencas neurodegenerativas, como na doenca de Alzheimer (DA).

1.2 A DOENCA DE ALZHEIMER

A DA foi descrita pela primeira vez pelo médico alemédo Alois Alzheimer em 1906,
durante o Encontro de Psiquiatras do Sudoeste da Alemanha. O caso clinico apresentado foi o

de sua paciente Auguste D., de 51 anos, que apresentava sintomas que ndo se encaixavam em



17

nenhuma doenca conhecida na época. A paciente, que residia em um asilo, demonstrava
desorientacdo, grave prejuizo de memoria, perda de nocdo de tempo e espaco, pensamentos
persecutorios, fala alterada e mudancas de humor (STELZMANN; SCHNITZLEIN; MURTAGH, 1995).

Auguste D. faleceu quatro anos e meio apos o inicio dos sintomas, permitindo que
Alzheimer analisasse a histopatologia de seu sistema nervoso. Ele observou atrofia cerebral e a
presenca de placas senis ("miliary foci™). Além disso, o psiquiatra descreveu, pela primeira vez,
a presenca de emaranhados neurofibrilares nos neurdnios corticais, especialmente nas camadas
superiores, utilizando o método recente — na época — de impregnacdo por prata (STELZMANN;
SCHNITZLEIN; MURTAGH, 1995). Em seu artigo de 1907, Alzheimer enfatizou a importancia de
ndo forcar o enquadramento dos sintomas de um paciente psiquiatrico em uma doenca
previamente conhecida (STELZMANN; SCHNITZLEIN; MURTAGH, 1995).

A DA é uma doenca neurodegenerativa progressiva, responsavel por cerca de 60 a 80%
dos casos de deméncia (ALZHEIMER; ASSOCIATION, 2024). Embora tida como rara quando
descoberta, estima-se que existam aproximadamente 57 milhGes de pessoas vivendo com
deméncia no mundo atualmente (NICHOLS et al., 2022). Além disso, com o aumento da
expectativa de vida, observa-se uma maior incidéncia de doengas neurodegenerativas prevendo-
se que esse numero triplique até 2050 (ALZHEIMER; ASSOCIATION, 2024).

E estimado que apenas 1% dos casos de DA ocorram antes dos 60 anos, sendo
diretamente associados com mutacGes genéticas. Nesses casos, a heranca da mutacéo dos genes
para proteina precursora amiloide (APP), para preselinina 1 (PSEN1) ou para presenilina 2
(PSEN2) garantem o desenvolvimento da forma familiar da DA (BEKRIS et al., 2010).
Contudo, a grande maioria dos casos de DA ocorre, de fato, na senioridade, afetando 1 a cada
9 idosos com 65 anos ou mais nos EUA (ALZHEIMER; ASSOCIATION, 2024) e cerca de 960
mil de idosos nessa faixa etaria no Brasil (BERTOLA et al., 2023). Esses casos sdo chamados
de DA esporadica. Embora sua causa exata ndo esteja elucidada, intensa investigacao cientifica
revelou que a idade é o maior fator de risco, seguido da presenca da forma e4 do gene da
apolipoproteina E (APOE) (FARRER, 1997) e historico familiar de DA (MAYEUX et al.,
1991).

Clinicamente, a DA se manifesta por perda de memoria inicial, sequida de declinio
cognitivo progressivo, desorientacdo, dificuldades na linguagem, perda funcional global, além
de alteracGes de personalidade e de humor, incluindo depressdo (HARDY, 2006). Esses
sintomas culminam em total dependéncia de cuidadores antes do paciente vir a o6bito
(ALZHEIMER; ASSOCIATION, 2024). Apesar do diagndstico ser majoritariamente clinico, a

confirmacdo da DA pode ser realizada por anélise post-mortem ou in vivo utilizando
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biomarcadores. Tais analises consistem na identificacdo dos marcos histopatoldgicos da
doenca: placas amiloides, emaranhados neurofibrilares e neurodegeneracdo (CLIFFORD R.J.
JR. etal., 2018).

1.2.1 Beta-amiloide

As placas amiloides sdo depositos extracelulares insoluveis de fibrilas amiloides,
compostas majoritariamente pelo peptideo B-amiloide (AB) (SELKOE, D.J., 1991). Em 1984,
esse peptideo foi isolado, sequenciado e demonstrado pela primeira vez como um constituinte
primario dos depositos polimérficos meningovasculares em pacientes com Sindrome de Down
(GLENNER; WONG, 1984). Um ano depois, Master et al mostrou que a sequéncia completa
das placas amiloides parenquimais eram idénticas aquelas encontradas no ambiente
perivascular descrito anteriormente, com o diferencial de que nas placas a extenséo se estendia
até o residuo 42 (MASTERS et al., 1985).

O AP ¢ um fragmento de 4kDa originado do processamento da APP, uma molécula
precursora amplamente presente em sinapses e produzida no cérebro por neurénios, células
vasculares e sanguineas, incluindo plaquetas, e em menor escala, por astrocitos (HAMPEL et
al., 2021a). Primeiramente, a APP sofre processamento sequencial por proteases integrais,
chamadas secretases (Figura 2a). -secretases clivam APP no dominio extracelular, gerando a
secrecdo de um fragmento N-terminal (APPs-B) e a manutengdo de um fragmento C-terminal
(CTF-p) na membrana. Em seguida, y-secretases clivam diversas vezes o CTF-f em sitios
intramembranares, liberando o peptideo AP e um fragmento intracelular. E interessante lembrar
que a APP também sofre outro processamento em que ndao had formacao de peptideo AP,
realizado por o-secretases em vez de B-secretases, nomeadamente via ndo-amiloidogénica
(UDDIN et al., 2020).

Ademais, diferentes peptideos AP podem ser gerados dependendo do sitio de clivagem
da y-secretase. Ja foram identificados os produtos APi-3s, APi1-40 € APi-42, CUjOS NUMEros
representam a posicao do aminoacido em que ocorre a clivagem (HAASS; SELKOE, 2007). Os
sitios cataliticos da y-secretase responsaveis por esses produtos sdo a presenilina-1 e
presenilina-2, cujas mutagdes estdo associadas com o aumento da agressividade da DA
(SELKOE, 2011). Nesse sentido, o sitio exato onde ocorre a clivagem esta diretamente
relacionado com a toxicidade, sendo que o peptideo APi-42 tem maior tendéncia de agregar e
maior capacidade sinaptotoxica (JARRETT; BERGER; LANSBURY, 1993; SELKOE, D.J;
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HARDY, 2016). Além dos mondémeros e das placas de AP, também ja foram descritos
agregados de dimeros, oligdbmeros, protofibrilas e fibrilas (Figura 2b).

Embora se saiba que a secrecao de AP no liquido cefalorraquidiano (LCR) e no plasma
seja fisioldgica (HAASS et al., 1992), a causa para o acimulo de tal proteina ainda nédo esta
clara. Esforco de diversos grupos de pesquisa gerou diferentes hipoteses que tentam explicar os
mecanismos subjacentes a patologia. A hipdtese da cascata amiloide, proposta em 1992 por
Hardy e Higgins prop0e que as placas amiloides sdo neurotdxicas e a causa primaria e direta da
formacdo de emaranhados neurofibrilares e da neurodegeneracdo vistos na DA (HARDY:;
HIGGINS, 1992). Tal hipotese foi postulada com base em contextos de aumento na expresséo
de APP ou de AP, incluindo trauma craniano ¢ deméncia pugilistica. Consequentemente,
haveria um acimulo de AP em placas em diversas regides do cérebro que desencadearia
neurodegeneracdo e aparicdo dos sintomas precocemente nesses pacientes (HARDY, J. A.;
HIGGINS, 1992; SELKOE, D.J., 1991).
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Figura 2. Esquema da clivagem da APP e formacio do peptideo AB. a. Processamento da proteina
transmembrana APP. Na via amiloidogénica (seta para a esquerda), a APP sofre clivagem pela B-secretase () e
pela y-secretase (y), liberando no meio extracelular APPs-f, o peptideo AP e um dominio intracelular (AICD). Na
via ndo amiloidogénica (seta para direita) o processamento se da pela a-secretase (o) e pela y-secretase, liberando
APPs-o. no meio extracelular, peptideo p3 ¢ AICD. b. Formagdo de espécies de AB: mondmeros, dimeros,
oligbmeros, protofibrilas, fibrilas e placas amiloides, os quais sdo caracterizados pelo tamanho, conformacéo e
solubilidade, e podem ser convertidos uns nos outros bidirecionalmente. Modificado de UDDIN et al., 2020 e
HAMPEL et al., 2021.

Outra evidéncia de suporte para a hipotese da cascata amiloide seria a Sindrome de
Down, cujos pacientes apresentam uma copia extra do cromossomo 21, onde o gene para a APP

esta contido (GOLDGABER et al., 1987). Dessa forma, ha uma superexpressao da proteina A3
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e, de fato, os pacientes portadores da trissomia do 21 apresentam maior incidéncia de DA
(ALZHEIMER; ASSOCIATION, 2024).

Contudo, muitas evidéncias sugerem que as placas amiloides, isoladamente, ndo sdo
suficientes para causar prejuizo de memdria, enfraquecendo a hipétese da cascata amiloide.
Surpreendentemente, um estudo da década de 1990 foi um dos primeiros a mostrar falhas nessa
hipdtese, demonstrando uma correlacdo insignificante entre o numero de placas amiloides e o
e os resultados de testes cognitivos de 70 pacientes com a DA (TERRY, 1994). Além disso, 0
estudo revelou que o prejuizo cognitivo ndo estava correlacionado com a perda neuronal, mas
sim com a perda sinaptica. Ademais, 10 % dos individuos com 50 anos de idade possuem placas
senis, mas sdo cognitivamente saudaveis (JANSEN et al., 2015).

O aducanumabe, um anticorpo monoclonal direcionado contra o peptideo Ap, foi
aprovado pelo 6rgdo americano FDA em 2021 para o tratamento da DA. Estudos mostraram
que o aducanumabe foi capaz de reduzir as placas amiloides no cérebro (SEVIGNY et al.,
2016), mas os dados sobre a melhoria cognitiva foram ambiguos. Dois grandes ensaios clinicos,
ENGAGE e EMERGE, produziram resultados conflitantes, o que levou a debates sobre a
eficacia do medicamento (WALSH et al., 2021), destacando a necessidade de mais pesquisas
para entender a relacdo entre a reducéo das placas e a melhoria dos sintomas clinicos.

Essa contradi¢do entre declinio cognitivo e toxicidade do AP destacou outros produtos
formados a partir de AP, como os oligdmeros soltiveis de AP (APOs). Estes apresentam
neurotoxicidade mesmo na auséncia das fibrilas de Ap (LAMBERT et al., 1998). Nesse sentido,
foi proposto que os APOs sdo as toxinas primarias presentes no cérebro dos pacientes portadores

de DA e a causa genuina do prejuizo sindptico (CLINE et al., 2018; HERRUP, 2015).

1.2.2 Tau

Os emaranhados neurofibrilares sdo agregados intracelulares de polimeros fibrosos da
proteina tau (filamentos helicoidais duplos, ‘PHF”). Os PHFs sdo encontrados no citosol de
neurdnios e sua quantidade é mais bem correlacionada com a gravidade da DA comparada a
placas amiloides (MASTERS et al., 2015). A primeira observacdo de PHFs em cérebro de
individuos com a DA foi relatada em 1963 por Michael Kidd (KIDD, 1963). Em sua carta, 0
autor relatou a presenca de emaranhados densos de fibrilas argirofilicas em neurénios corticais,
que apareciam como formas espirais ou “raquetes de squash”. Ademais, ele observou que tais

emaranhados coravam com congo red e entdo exibiam birrefringéncia, sugerindo a presenca de
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micelas organizadas longitudinalmente, as quais denominou como PHF. Mais de uma década
depois, Weingarten et al isolaram a tau pela primeira vez em um estudo que utilizou porcos
para investigar 0s componentes necessarios para formacdo de microtibulos no cérebro. Eles
descobriram que o “fator intercambidvel” essencial para a estabilizacdo dos microtibulos
consistia em um uma proteina dissociavel, a qual eles propuseram nomear como tau
(WEINGARTEN et al., 1975).

Existe uma grande heterogeneidade nas formas de tau encontradas no sistema nervoso
central (CNS) humano. A tau é codificada pelo gene MAPT localizado no cromossomo 17
(NEVE et al., 1986) (Figura 3a). Por meio de splicing alternativo dos exons 3, 6 e 10, sdo
produzidas seis isoformas de tau: ON3R, 1N3R, 2N3R, ON4R, 1N4R e 2N4R (Figura 3b). Essas
isoformas podem ser diferenciadas pela presenca de zero, uma ou duas inser¢des N-terminais
(ON, 1IN ou 2N, respectivamente) e pela presenca de trés (3R) ou quatro (4R) repeticOes de
ligacdo aos microtibulos na metade C-terminal da tau. As isoformas 4R (aquelas que incluem
0 éxon 10) sdo geralmente melhores em estabilizar microtibulos em comparagdo com as
isoformas 3R (GUO; NOBLE; HANGER, 2017).
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Figura 3. Formacéo da proteina tau. a. Tau é codificada pelo gene MAPT no cromossomo 17. Seis isoformas
da proteina tau sdo geradas por splicing alternativo dos exons 2, 3 e 10. A inclusdo do exon 10 resulta na tau com
quatro dominios de ligacdo aos microtibulos (4R), enquanto a exclusdo do exon 10 resulta na tau com trés
dominios de ligacdo aos microtibulos (3R). A regulacdo dos exons 2 e 3 pode incluir (2 N ou 1 N) ou excluir (0
N) insercBes na extremidade amino-terminal. Apenas a tau ON3R é expressa no cérebro fetal humano ou de
camundongo, enquanto todas as seis isoformas de tau sdo expressas em humanos adultos. Em camundongos e ratos
adultos, a expressdo é quase exclusivamente de tau 4R. b. A tau fosforilada pode se agrupar para formar
oligbmeros, filamentos (retos e helicoidais duplos) e, eventualmente, emaranhados. N (extremidade N-terminal),
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PRD (dominio rico em prolina), MTB (dominios de ligagcdo aos microtibulos), C (extremidade C-terminal).
Retirado de KENT; SPIRES-JONES; DURRANT, 2020.

Além disso, a tau sofre diversas modificacbes pds-translacionais, como glicosilacéo,
oxidacdo, acetilacdo e a mais comumente descrita, fosforilacdo. A tau possui 85 sitios de
fosforilacdo (GUO; NOBLE; HANGER, 2017), e na DA, a hiperfosforilagdo da tau desencadeia
mudancgas conformacionais, promovendo formacgdo de mondmeros, oligdmeros fosforilados,
PHF e filamentos retos duplos, e finalmente, emaranhados neurofibrilares (HANGER;
ANDERTON; NOBLE, 2009) (Figura 3b).

Tais alterac6es reduzem a afinidade da tau pelos microtabulos, impactando no transporte
intracelular (HANGER; ANDERTON; NOBLE, 2009; MEYER et al., 1995). Nesse sentido, a
desestabilizacdo dos microtibulos prejudica o transporte axonal de vesiculas, exercendo,
portanto, papel fundamental na sinaptopatia na DA (Figura 4a). Além do axdnio, estudos mais
recentes localizaram a tau no nucleo onde foi associada com a manutencdo da integridade do
DNA, e nas espinhas dendriticas, embora sua funcdo ainda ndo esteja clara (WANG;
MANDELKOW, 2016). Entretanto, na DA a hiperfosforilagdo ocasiona perda de afinidade
pelos microtubulos (Figura 4b). Como consequéncia, a tau desassociada pode resultar em dano
no DNA e em disfuncdo tanto no terminal pré- quanto no pos-sinaptico. Ademais, estudos
mostraram que agregados de tau patolégica podem ser liberados no espago extracelular e depois

entrar em outros neurénios, espalhando a taupatia.
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Figura 4. Fung¢des da proteina tau. a. Em condi¢es normais, a tau é encontrda nos axonios, estabilizando
microtubulos e influenciando o transporte axonal. Pequenas quantidades de tau também sdo encontradas no ntcleo,
onde auxilia a manter a integridade do DNA e nas espinhas dendriticas. b. Em condic@es patoldgicas, a tau pode
se desassociar dos microtubulos, prejudicando o transporte axonal. A tau patolégica ndo consegue entrar no nicleo,
prejudicando a manutencdo do DNA. Além disso, tratamento de cultura priméaria de neur6énios com oligdmeros de
AP ou outros estressores estimulam o deslocamento da tau para os dendritos, aumentando a translocagdo da enzima
ligase 6 da tubulina tirosina (TTLL6), e subsequente corte dos microtibulos pela spastina. Ademais, a tau
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patoldgica pode servir como uma plataforma de proteinas nos dendritos, entregando proteina tirosina-quinase
(FYN), a qual fosforila a subunidade 2 do receptor NMDA (NMDAR), aumentando a estabilidade da interacéo
com a proteina de densidade pos-sinaptica 95 (PSD95), facilitando a neurotransmissdo glutamatérgica e a
toxicidade de AP. Finalmente, a tau pode formar agregados que vado para o espago extracelular e entdo sdo
encontradas em outros neurénios, espalhando a taupatia. Modificado de WANG, Y.; MANDELKOW, 2016.

De forma similar aos APOs, estudos recentes demonstraram que acimulo de oligdmeros
de tau em sinapses iniciam uma cadeia de aberracGes sinapticas (COLOM-CADENA et al.,
2023; TADDEI et al., 2023). Além disso, oligbmeros de tau estdo presentes mesmo em areas
sem emaranhados neurofibrilares. Finalmente, a presenca dos emaranhados neurofibrilados
isoladamente ndo garantem danos sinapticos, perda neuronal e desenvolvimento de deméncia
(CRYSTAL et al., 1988).

1.2.3 Degeneracdo sinaptica

Desde as descobertas de que placas e emaranhados neurofibrilares sdo compostos de A3
e tau, respectivamente, o maior objeto de estudo na area da DA se concentrou nessas proteinas
como causas diretas da morte neuronal e consequente atrofia cerebral. Contudo, é bem aceito
que a degeneracao sinaptica é o melhor correlato neuropatolégico do declinio cognitivo na DA
(DEKOSKY'; SCHEFF, 1990) e portanto, uma caracteristica central a ser investigada.

Nesse sentido, uma das alteracbes mais centrais na degeneracdo sinaptica na DA
consiste na reducdo no numero de sinapses. Estudos classicos de sinaptopatia na DA focaram
na densidade sinaptica utilizando diferentes métodos de visualizacdo em tecido post-mortem de
pacientes. DeKosky et al utilizaram microscopia eletronica (Figura 5a) e relataram uma
reducdo ultraestrutural de densidade sinéptica no cortex frontal do grupo com DA, de até 42%
comparado com grupo controle. Contudo, eles demonstraram haver um aumento na area de
contato entre um terminal pré-sinaptico e terminais pds-sinapticos no grupo com DA, sugerindo
um efeito compensatério (Figura 5a) e uma correlacdo negativa entre densidade sinaptica e
cognicdo (DEKOSKY; SCHEFF, 1990). Masliah et al utilizaram imunomarcacao e observaram
uma reducdo da proteina sinaptofisina em quantidade mais significativa nos cortices frontal e
parietal, equivalente a 45% comparado com tecido do grupo controle (Figura 5b). Ademais, 0s
autores relataram uma perda sinaptica maior do que a de grandes neurdnios na mesma regido
(MASLIAH et al., 1991). Similarmente, Terry et al reportaram reducdo de sinaptofisina em
40% nas regides médio-frontal e parietal inferior e demonstraram que essa perda sinéptica
correlacionou melhor com a perda cognitiva comparado com namero de placas amiloides
(Figura 5c) (TERRY etal., 1991).
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Tais anormalidades sinapticas ja foram reportadas em diversos sistemas de
neurotransmissao na DA. No sistema colinérgico, por exemplo, ha uma perda significativa de
neurénios colinérgicos no nudcleo basal de Meynert, o que leva a diminuicdo da
neurotransmissao colinérgica no cortex e no hipocampo, contribuindo para os déficits
cognitivos observados na DA (HAMPEL et al., 2018). O sistema noradrenérgico também é afetado,
com a degeneracao de neurdnios no locus coeruleus, levando a uma diminuicdo dos niveis de
noradrenalina e exacerbando a disfuncéo cognitiva e emocional na DA (PORTELA MOREIRA
etal., 2023). Além disso, atividade epileptiforme em pacientes indica um desbalanco inibitério-
excitatorio, sugerindo alteracdo dos sistemas GABAEérgico e glutamatérgico. De fato, multiplas
alteracdes desses sistemas ja foram reportadas (BELL; BENNETT; CUELLO, 2007; BIE et al.,
2018; CARELLO-COLLAR etal., 2023; NUZZO et al., 2021a; ZOTT; KONNERTH, 2022).
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Figura 5. Estudos de densidade sinaptica em tecido de pacientes com DA. a. Microscopia eletrénica mostrando
sinapses tipicas (indicadas com setas) da camada Ill do cértex frontal humano (esquerda) e a quantificacdo do
comprimento da area de contato entre os elementos pré-sindpticos e pds-sindpticos de uma sinapse (comprimento
de aposicéo, [m) no tecido do grupo controle, de biépsia de pacientes com DA e de autépsia dos mesmos pacientes
em adicdo a outros pacientes (direita). b. Detec¢do (esquerda) e quantificacdo (direita) de sinaptofisina do cdrtex
frontal de individuos com DA medido por Western blot. ¢. Anélise de correlacdo entre densidade sindptica medida
por densidade dptica de marcacdo com sinaptofisina e severidade de perda cognitiva. Mini-Mental State Exam
(MMSE). Modificado de DEKOSKY; SCHEFF, 1990; TERRY et al., 1991.
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Na DA, enorme quantidade de estudos demonstra alteracdes no sistema glutamatérgico
(Figura 6). A maioria das investigac@es foram realizadas em estagios severos da DA, quando
é observada uma reducdo de diversos componentes do sistema. Por exemplo, niveis de
glutamato e glicina estdo reduzidos no cérebro post-mortem de individuos com DA (NUZZO
et al., 2021b). Os receptores NMDAR, AMPAR e mGIuRs séo superestimulados ou expressos
em menor quantidade (BUKKE et al., 2020) Transportadores e recaptacdo de glutamato por
parte dos astrécitos foram investigados em modelos experimentais e em fatias de cérebro
humano (BECKSTR@M et al., 1999; FAN et al., 2018; KASHANI et al., 2008; ROCHA et al.,
2022; YEUNG et al., 2021a). Em um estagio mais inicial da DA, porém, sdo reportadas
evidéncias de aumento da neurotransmissao glutamatérgica por meio de aumento na expressao
e ativacédo de receptores NMDA (YEUNG et al., 2021b). Pacientes e modelos experimentais
exibem hiperexcitabilidade neuronal (TARGA DIAS ANASTACIO; MATOSIN; OOl, 2022),
consistente com um padrdo de aumento da ativacdo de NMDAR, o que exacerba o influxo de
calcio e leva a excitotoxicidade. Por outro lado, a hiperexcitabilidade também ja foi associada
com reducdo de componentes do sistema GABAérgico (BUKKE et al., 2020). Contudo, 0s
resultados sdo conflitantes e portanto, faz-se necessario uma integracéo da literatura.
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Figura 6. Alteragdes da sinapse glutamatérgica na doenga de Alzheimer. Os peptideos AP aumentam a internalizagdo de
AMPAR e a atividade dos receptores NMDA, levando a um aumento do influxo de calcio. Isso ativa varias vias, incluindo
GSK-3B, calpaina e P38 MAPK, resultando em hiperfosforilagao da tau e formagdo de emaranhados neurofibrilares. O excesso
de calcio e espécies reativas de oxigénio (ROS) causam disfungdo mitocondrial e apoptose. Af também ativa a microglia,
levando a neuroinflamagéo por meio das citocinas TNF-a e IL-1f, contribuindo ainda mais para a morte neuronal. Os efeitos
cumulativos dessas vias resultam em disfuncéo sinaptica e declinio cognitivo caracteristicos da doenga de Alzheimer. Retirado
de BUKKE et al., 2020.
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Consistente com a importancia do sistema glutamatérgico na DA, em 2003 a droga
memantina foi aprovada pelo 6rgdo americano FDA. A memantina é um antagonista ndo-
competitivo de NMDAR e se liga na subunidade GIuN2B quando o canal esta aberto
(JOHNSON; KOTERMANSKI, 2006; KATO, 2004; TAMPI; VAN DYCK, 2007). A
memantina é recomendada para casos moderados a severos da DA e é capaz de aliviar 0s
sintomas. Entretanto, o tratamento ndo interrompe a progressao da doenca, indicando que ainda
h& grande necessidade de mais investigacdes acerca do papel do glutamato na patologia da DA
(MOLINUEVO; LLADO; RAMI, 2005).

Um mecanismo que esta associado com a perda sinéptica é a inflamagao presente na DA.
Nesse contexto, foi observado um aumento da inflamag&o no SNC, como aumento de citocinas
pré-inflamatorias, de proteinas do sistema complemento e da ativacéo de células gliais, como a
microglia (HEPPNER; RANSOHOFF; BECHER, 2015). A microglia possui diversas fungoes,
entre elas, a de vigilancia do SNC, secrecdo de citocinas e poda de sinapses (COLONNA;
BUTOVSKY, 2017). Porém, estudos em modelos da DA indicam que a microglia possui uma
assinatura tipica da DA e engolfa sinapses sob sinalizacdo do sistema complemento,
consequentemente, reduzindo o nimero de sinapses (HONG et al., 2016; KEREN-SHAUL et
al., 2017). Entretanto, o papel da micrdglia e da inflamacéo parece ser diferente dependendo do
estagio da DA (HEPPNER; RANSOHOFF; BECHER, 2015). Assim, ainda ndo esté elucidado
se a inflamacéo é causa ou consequéncia da patologia, sendo objeto de extenso debate.

As disfungdes do metabolismo mitocondrial estdo fortemente associadas & DA. Ha
décadas, pesquisas revelam que a disfuncdo mitocondrial e a perda sindptica sdo eventos
presentes no inicio da DA (SWERDLOW, 2018). Isso se deve aos diversos papeis da
mitocondria na manutencdo das sinapses incluindo assisténcia na geracdo de adenosina
trifosfato e na regulacdo de célcio, ambos essenciais para viabilidade neuronal (CALKINS;
MANCZAK; REDDY, 2012). Ainda, na DA é observado um aumento no nimero e disfuncédo
das mitocdndrias no compartimento pré-sinaptico, promovendo sintese de espécies reativas de
oxigénio (ROS) toxicas. Disfuncdo mitocondrial e subsequente geracdo de ROS também sao
observadas pos-sinapticamente (TZIORAS et al., 2023).

Multiplos estudos investigaram mecanismos dentro das sinapses. De fato, uma
metanalise de 2016 incluiu 103 artigos com dados de proteinas sinapticas em tecido post-
mortem de pacientes com DA e verificou que ha perda sinaptica em diversas regides cerebrais
incluindo hipocampo, cértex do cingulado, entorrinal, temporal e frontal (DE WILDE et al.,
2016). A analise de marcadores sinapticos especificos concluiu que ha maior alteracdo de

marcadores pré-sinapticos do que pds-sinapticos e que isso ocorre mais robustamente no
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hipocampo do que nas outras regifes analisadas (giro do cingulo, cértex temporal e entorrinal)
(Figura 7).
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Figura 7. AlteracGes sinapticas sdo mais pronunciadas no terminal pré-sindptico do que no pds-sinaptico na
doenca de Alzheimer. llustragdo da diferenca de média padronizada (SMD) resultante da metanélise de 67
proteinas sinapticas no hipocampo, cortex frontal e regifes combinadas (giro do cingulo, cértex temporal e
entorrinal). As proteinas foram divididas em categorias funcionais listadas no quadro com a legenda e
representadas por diferentes simbolos: organizacdo do citoesqueleto (i.e actina), regulacdo de calcio (i.e
sinaptotagmina), organizagdo vesicular (i.e sinaptofisina), adesfo celular (i.e N-caderina), relacionada a
neurotransmissdo (i.e receptores), sinalizagdo intracelular (i.e PSD95). Os valores de SMD para cada categoria
estdo indicados dentro dos simbolos e as cores indicam a magnitude da alteragdo comparada com grupo controle,
sendo reducdo indicada por tons vermelhos e aumento indicado por tons verdes. Retirado de DE WILDE et al.,

2016.

Uma grande diversidade de mecanismos de dano sinaptico esta diretamente ligada as
formas oligoméricas de AP e de tau. Embora placas amiloides e emaranhados neurofibrilares
sejam caracteristicas classicas da DA, diversos estudos demonstraram que ABOs e oligbmeros
de tau sdo mais neurotdxicos e produzem efeitos deletérios diretamente nas sinapses
(FERREIRA; KLEIN, 2011; MILLER et al., 2014; TADDEI et al., 2023). Dessa forma, cabe
explorar os efeitos dos oligdmeros na sinapse no contexto da DA.

Evidéncias indicam que ABO pode induzir excitotoxicidade pré-sinaptica por meio da
ligagdo ao receptor 62, aumentando o influxo de célcio e a formagdo de poros na membrana,

contribuindo ainda mais para o influxo de célcio na sinapse (TZIORAS et al., 2023). A liberacéo
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intracelular de célcio do reticulo endoplasmético liso também pode ocorrer nas espinhas
dendriticas via ativacéo de receptores de inositol-trifosfato e receptores de rianodina.

No terminal pos-sinaptico, ABO pode se ligar ao receptor de proteina prionica C e ao
mGIuR5 promovendo a ativacao de Fyn, que ativa o receptor de inositol-trifosfato e o fator de
elongacdo eucaridtico 2, resultando na fosforilacdo da tau sinaptica (TZIORAS et al., 2023).
Além disso, APOs se associam com a membrana mitocondrial e interagem com proteinas
mitocondriais como Drpl, ABAD e ciclofilina D (CALKINS et al., 2011). Ademais, estudos
demonstram que os ABOs sdo capazes de alterar o numero de mitocondrias em neurdnios, de
alterar os processos mitocondriais de fusdao e fissdo, bem como de transporte (CAl,;
TAMMINENI, 2017). Ainda, microinje¢do de APOs em camundongos induz internalizagdo de
receptores AMPA, inibindo LTP (CLEARY et al., 2005; SHANKAR et al., 2008). Além disso,
foi observada perda de memoria (FIGUEIREDO et al., 2013), e de espinhas dendriticas em
primatas ndo-humanos (BECKMAN et al., 2019).

Mais recentemente, estudos com oligdbmeros de tau indicaram efeitos similares aos
causados pelos ABOs. Isto &, a aplicagdo de oligdmeros de tau extraidos de pacientes com DA
em camundongos resulta em reducio de LTP e em dano de memoria (FA et al., 2016). Ademais,
adicdo de oligdbmeros de tau em cultura primaria de neurénios parece causar perda de espinhas
dendriticas (KANIYAPPAN et al., 2017).

1.2.4 Biomarcadores e estagios da DA

Historicamente, o diagnostico da DA consistia em critérios clinicos baseados na
presenca de sintomas cognitivos e comportamentais por entrevista médica e na exclusdo de
outras doengas. A confirmacdo era possivel somente com exame post-mortem indicando a
presenca dos marcos histopatoldgicos da DA. Contudo, o exame histopatoldgico sugeria
presenca de outras patologias em 20% dos casos (MCKHANN et al., 1984). A necessidade de
diagnosticos mais precisos e em vida, redirecionou a concentracdo de investigaces para o
desenvolvimento de biomarcadores multimodais in vivo da DA capazes de identificar a
neuropatologia caracteristica da doenca. De fato, estudos com biomarcadores demonstraram
que a patologia da DA se inicia 20 a 30 anos antes do aparecimento dos sintomas (JANSEN et
al., 2015).

Nesse sentido, a amiloidose pode ser detectada por espécies de AB no LCR (AP1-40, APa-

42, razdo APaos2) ou por tomografia de emissdo de pésitron (PET) e individuos com niveis
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anormais desses biomarcadores sdo classificados como amiloide-positivos (A+) (Figura 8 -
superior). (HAMPEL et al., 2021b).

Taupatia pode ser indicada por aumento de producéo, fosforilacdo (p-tau) em diferentes
sitios (i.e fosforilagcdo na treonina 181 ‘p-taul81°) e secre¢dao de tau no cérebro, detectada por
quantificacdo no LCR (p-tauX), por PET e mais recentemente, no sangue. Individuos com
aumento anormal de biomarcadores de tau séo classificados como tau-positivos (T+) (Figura
8 — centro) (OSSENKOPPELE; VAN DER KANT; HANSSON, 2022).

Finalmente, neurodegeneracdo pode ser identificada por atrofia de regides tipicamente
afetadas na DA, como cortex cerebral e hipocampo por meio de imagem de ressonancia
magnética (MRI) ou por reducdo nos niveis de captacdo de glicose cerebral com PET. Além
disso, sdo considerados biomarcadores de neurodegeneracdo no LCR as proteinas associadas
com injuria neuronal, como a proteina filamentar de cadeia leve (NfL) presente no axonio e
“tau-total” (t-tau), um marcador que engloba todas as isoformas de tau, independentemente do
estado fosforilacdo. Individuos com aumento anormal desses biomarcadores sdo classificados
como neurodegeneracdo-positivos (N+) (Figura 8 — inferior) (HAMPEL et al., 2021b; HESSE
etal., 2000, 2001; VISSER et al., 2022).
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Figura 8. Biomarcadores da patologia classica da DA. Marcos cléssicos da patologia da DA (placas amiloides,
emaranhados neurofibrilares, atrofia, morte neuronal e dano axonal) e os biomarcadores associados aos marcos e
ao estado patolégico. Tomografia por emissdo de pdsitrons (PET). Imagem por ressonancia magnética (MRI).
Liquido encefalorraquidiano (CSF). Proteina neurofilamentar de cadeia leve (NfL). Tau-total (t-tau). Retirado de
HAMPEL et al., 2021b.

Incorporando esses biomarcadores, Jack et al desenvolveram um modelo postulando a
ordem temporal de anormalidade dos biomarcadores em funcdo da progressdo da doenca
(Figura 9) (JACK et al., 2013). Assim, a ordem estabelecida das alteracdes seria: niveis de 1)
ApB no LCR; 2) AB por imagem PET; 3) tau no LCR; 4) de glicose por PET ou atrofia por MRI
estrutural; e 5) dano cognitivo.

Similarmente aos biomarcadores da patologia classica da DA, outras caracteristicas
proeminentes podem ser medidas nos fluidos e por imagem PET. Nesse sentido, reatividade
astrocitaria € medida por meio de deprenyl-PET ou quantificada nos fluidos utilizando
marcadores como proteina &cida fibrilar glial (GFAP) e chitinase-3-like protein 1 (YKL40).
Ademais, marcadores de neuroinflamacdo sdo considerados o PET-TSPO e o marcador
triggering receptor expressed on myeloid cells 2 (TREM2) cujos biomarcadores refletem
ativacdo microglial, além de citocinas como CXCL10 no LCR (HAMPEL et al., 2021b)
Alteracbes vasculares sdo visualizadas por MRI ou refletidas por aumento dos niveis de
marcadores associados com quebra da barreira hematoencefalica, como o fator soltvel de
crescimento derivado de plaquetas (SPDGF) no LCR (HAMPEL et al., 2021b).
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Figura 9. Modelo da evolucéo temporal de biomarcadores na cascata patolégica da doenca de Alzheimer.
As curvas demonstram os niveis de biomarcadores em funcéo da progressdo da DA. A érea preenchida em verde
representa estagios cognitivos (normal, de declinio leve (MCI), deméncia). Modificado de JACK et al., 2013.



31

Ademais, diversos biomarcadores sindpticos sdo utilizados na DA. Dentre eles, a
proteina associada ao sinaptossomo de 25kDa (SNAP25), neurogranina (Ng), proteina
associada a crescimento-43 (GAP43), sinaptotagmina, sinaptofisina, pentraxinas e AMPAR
encontram-se elevados no LCR (Figura 9) (COLOM-CADENA et al., 2020; TZIORAS et al.,
2023). Além disso, a ordem temporal de anormalidade de alguns desses biomarcadores foi
proposta de modo similar ao modelo de Jack (Figura 10).

Notavelmente, estudos clinicos sugerem que anormalidades dos biomarcadores
sinapticos ocorrem antes da neurodegeneracio axonal (LAN et al., 2022;MILA-ALOMA et al.,
2021), refletida pela perda de volume hipocampal e pelos niveis aumentados de NfL no LCR.
Apesar de t-tau ser considerado um biomarcador de neurodegeneracdo em fun¢do do aumento
dos niveis apoOs lesdo axonal (JACK et al., 2018), pesquisas atuais relataram uma forte
associacgdo entre t-tau no LCR e os biomarcadores sinapticos em individuos nos estagios iniciais
do espectro da DA (MORAR et al., 2022;PEREIRA; WESTMAN; HANSSON, 2017;QIANG
et al., 2022;TIBLE et al., 2020). Isto ocorre tanto em individuos com comprometimento
cognitivo leve quanto na DA pré-clinica, quando ha aumento de biomarcadores da DA, porém
ndo ha comprometimento cognitivo. De fato, em modelo mais recente, foi proposto que niveis
de t-tau se tornam anormais antes de alteracfes no volume hipocampal e nos niveis de NfL
(Figura 10) (ZETTERBERG; BENDLIN, 2021). Nesse sentido, niveis de t-tau foram relatados
como triplicados nos estagios iniciais da DA (VOS et al., 2013), antes de uma perda neuronal
substancial, sugerindo que t-tau pode ser um biomarcador mais especifico para mudancas
sinapticas precoces do que para a neurodegeneracdo em estagios posteriores. Essa relacao
ressalta o potencial do t-tau no LCR como um indicador precoce de degeneragdo sinéptica na
DA, em vez de degeneracao neuronal evidente.

Embora existam muitos estudos demonstrando alteracGes sindpticas no LCR, a
metodologia invasiva ndo reflete diferencas regionais no cérebro. Assim, o uso de PET é
considerado mais apropriado. Nesse sentido, 0s marcadores que permitem imageamento de
densidade sinaptica por PET séo os radiofarmacos [*'C]JUCB-J e [*®F]SDMS8, os quais se ligam
na glicoproteina de vesicula sinaptica 2A (SV2A, do inglés, synaptic vesicle glycoprotein 2A)
integrante da membrana da vesicula pré-sinaptica (FINNEMA et al., 2016; NAGANAWA et
al., 2021). A glicoproteina SV2A esta distribuida de forma ubiqua e homogénea pelas sinapses
cerebrais, assim como a sinaptofisina (HEURLING et al., 2019). A reducdo de sua expressdo
esta correlacionada com performance inferior em avaliacbes neuropsicoldgicas e com o
diagnostico de DA (ROBINSON et al., 2014). Dessa forma, o PET-SV2A oferece uma

oportunidade inovadora e valiosa para diagndstico de sinaptopatias e para estudos clinicos
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experimentais longitudinais e multimodais, ou seja, a avaliagdo continua do paciente em

combinagdo com biomarcadores de fluido e avaliagcBes neuropsicolégicas.
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Biomarcadores sinépticos. b. As curvas demonstram os niveis de biomarcadores em funcéo da progresséo da DA.
Modificado de TZIORAS et al., 2023; ZETTERBERG; BENDLIN, 2021.
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1.3 MODELO TgF344-AD

Animais geneticamente modificados sdo frequentemente utilizados como ferramenta
experimental para investigagdo da DA. O zebrafish, Caenorhabditis elegans e Drosophila
melanogaster sao modelos usados a fim de estudar mecanismos envolvidos na patologia da DA.
Entretanto, por se tratar de animais com sistema nervoso muito mais simples e por serem
animais mais distantes filogeneticamente dos humanos, esses modelos sdo considerados
bastante limitados (JUCKER, 2010).

Frequentemente 0s modelos transgénicos da DA expressam mutacles
humanas/humanizadas da APP, PS1 ou PS2. Contudo, ndo contemplam de modo robusto as
caracteristicas centrais da DA, como a perda neuronal e a (Tabela 1). Além disso, esse modelo
apresenta alteracdo comportamental antes mesmo da deposi¢cdo de AP no cérebro (JUCKER,
2010). Por essa razéo, foi desenvolvido um modelo de ratos transgénicos da DA, TgF344-AD,
com background de ratos Fischer 344 que superexpressam genes humanos da APP e da PS1e
cujo diferencial é a manifestagdo progressiva e completa das caracteristicas da DA: amiloidose
cerebral que precede a taupatia, crescente morte neuronal e declinio cognitivo tardio (COHEN
etal., 2013).

A fim de investigar a DA, existem versdes adaptadas das ferramentas utilizadas em
estudos clinicos para animais. De fato, 0 PET consiste em uma adaptag&o miniaturizada do PET
para pequenos animais, mantendo os principios metodoldgicos do PET e radiofarmacos
utilizados na clinica (ZIMMER et al., 2014b). Assim, o uso dessa ferramenta confere um valor
translacional sem precedentes. Nesse sentido, estudos recentes com PET em animais
transgénicos demonstram alteragdes espaciais e temporais similares a DA (ZIMMER et al.,
2014a).

1.4 JUSTIFICATIVA

Com o aumento da expectativa de vida, espera-se que a incidéncia de doengas
neurodegenerativas aumente dos atuais 57 milhGes de pessoas com deméncia mundialmente
(NICHOLS et al., 2022) para o triplo de casos até 2050 (ALZHEIMER; ASSOCIATION,
2024). Visto que a DA ¢é responsavel por cerca de 60 a 80% dos casos de deméncia,
(ALZHEIMER; ASSOCIATION, 2024) seu estudo é de alta relevancia. Assim, a prevencéo, o
tratamento e respostas de saude publica sdo urgentemente necessarios para enfrentar essa
crescente crise de saide (CUMMINGS et al., 2024).
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Tabela 1. Caracteristicas da DA em modelos animais

Modelo animal A T N G S L C
rTgTaueC Nao Sim Sim Sim Sim Sim Sim
TauAK280 Nao Sim Nido ND Sim Sim Sim
TauRDAK280 Nao Sim Sim Sim Sim Sim Sim
ARTE10 Nao Nio Nido Sim Sim ND Sim
APP E693A-Tg (Osaka) Nao Nao Sim Sim Sim Sim Sim
hTau.P301S Nao Sim Sim Sim ND ND Sim
Tau P301L Ndo Sim ND Sim ND ND ND
Tau P301S (Line PS19) Ndao Sim Sim Sim Sim Sim Sim
TgCRNDS8 Sim Nao Sim Sim Sim Sim Sim
TASTPM (TAS10 x TPM) Sim Nio Nao Sim ND ND Sim
TAS10 (thy1l-APPswe) Sim Nao Nao Sim Sim Nao Sim
APP NL-F Knock-in Sim Nao Nao ND Sim ND Sim
APP NL-G-F Knock-in Sim Nao Nao Sim Sim ND ND
PS/APP Sim Niao Sim ND ND ND Sim
APP23 Sim Nao Sim ND Nio Nio ND
PDAPP (line 109) Sim Nao Sim Sim Sim Sim Sim
APPswe/PSEN1dE9 (line85) Sim Nao Sim Sim Sim Sim  Sim
5xXFAD (B6SJL) Sim Nao Sim Sim Sim Sim Sim
APP (V7171) x PS1 (A246E) Sim Niao Niao Sim ND Sim Sim
APP (VT7171) Sim Niao Nio Sim ND Sim ND
J20 (PDGF-APPSw,Ind) Sim Nao Sim Sim Sim ND Sim
Tg2576 Sim Nao Nao ND Sim Sim Sim
APPSwDI x NOS2 KO Sim Sim Sim ND ND ND Sim
APP (Swedish) (R1.40) Sim ND ND ND ND Nio ND
JNPL3 (P301L) ND Sim Sim Sim ND ND ND
3XTg Sim Sim ND Sim ND Sim Sim

Presenca (sim), auséncia (ndo) ou dados ndo disponiveis (ND) acerca de placas amiloides (A), emaranhados
neurofibrilares (T), morte neuronal (N), gliose (G), perda sinaptica (S), alteragbes em LTP/LTD (L), dano
cognitivo (C). Modificado de alzforum.org (https://www.alzforum.org/research-models/alzheimers-disease
(acessado em julho de 2024)

Nesse sentido, estudar a degeneragdo sinéptica na DA é de grande pertinéncia devido
ao papel critico que a perda sinaptica desempenha na progressao da doenca. A perda de sinapses
é um efeito desencadeado por processos patologicos como amiloidose, taupatia, inflamacéao e
outros mecanismos que ocorrem na DA (SELKOE; HARDY, 2016). Dentre esses processos, a
perda sindptica é a que mais fortemente se correlaciona com o declinio cognitivo, uma vez que
a funcdo sinaptica é fundamental para o desempenho cognitivo (DEKOSKY; SCHEFF,
1990;TERRY etal., 1991). Ainda, dada a presenca significativa de sinapses glutamatérgicas no
SNC e a vulnerabilidade delas na DA (CONWAY, 2020), focar nesse sistema pode oferecer

melhor entendimento da sinaptopatia. Portanto, compreender e abordar a degeneracéo sinaptica
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pode fornecer insights vitais para a fisiopatologia da DA e criar oportunidades para intervencoes
terapéuticas mais eficazes.

Dessa forma, o desenvolvimento de compostos que interrompam ou reduzam o dano ou
a perda de sinapses em combinacdo com o uso de biomarcadores facilitardo o desenvolvimento
clinico de tais medicamentos. Nesse contexto, a capacidade de medir sensivelmente a densidade
sinaptica no cérebro de um paciente vivo, através de tecnologias como a imagem por PET-
SV2A e a concentragdo de proteinas sinapticas no LCR (i.e neurogranina, SNAP25, AMPAR),
oferece uma base sélida para usar esses tipos de medi¢des como biomarcadores (COLOM-
CADENA et al., 2020) que possam efetivamente melhorar a qualidade de vida dos pacientes.
Nesse sentido, a utilizacdo de modelos como o TgF344-AD, que mimetiza a patologia humana
da DA (COHEN et al., 2013), € uma ferramenta importante para estudar os mecanismos de
degeneracéo sinaptica e testar novos tratamentos voltados para a protecao das sinapses.

Portanto, esta tese aborda alteracdes sinapticas na DA, sobre as quais hipotetizamos que
1) ocorra uma deplecdo generalizada do sistema glutamatérgico em individuos com DA, 2) t-
tau mais correlacionado com biomarcadores sindpticos do que com biomarcadores de
neurodegeneracao em pacientes no espectro da DA e 3) o modelo TgF344-AD reflete a reducéo

de densidade sinaptica encontrada em individuos com DA.
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2. OBJETIVOS

2.1 OBJETIVO GERAL

Investigar alteragdes sinapticas que ocorrem na DA.

2.2 OBJETIVOS ESPECIFICOS

Realizar uma revisdo sistematica com metanalise abrangente sobre o sistema

glutamatérgico no cérebro de individuos com DA.

Comparar a contribuicéo da disfuncédo sinaptica e da degeneracdo axonal para os niveis

do biomarcador total-tau no liquido cefalorraquidiano de individuos no espectro da DA.

Quantificar a densidade sinaptica cerebral de SV2A de ratos machos e fémeas TgF344-
AD via PET com [*¥F]SDMS.
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CAPITULO 1

REVISAO SISTEMATICA COM METANALISE DO SISTEMA
GLUTAMATERGICO NA DOENCA DE ALZHEIMER

(Publicado no periédico Molecular Psychiatry em fevereiro de 2024)

Neste capitulo apresentamos uma revisdo sistematica com metanalise para examinar se ha
anormalidades glutamatérgicas consistentes no cérebro humano com DA. Analisamos 16
componentes do sistema glutamatérgico, incluindo transportadores, receptores, componentes
do ciclo glutamato-glutamina e recaptacao de glutamato no cérebro humano com DA. A busca
recuperou 6.936 artigos, dos quais 63 atenderam aos critérios de inclusdo. Mostramos que o
cerebro de individuos com DA apresenta niveis reduzidos de glutamato, aspartato, além de
recaptacao reduzida. Também encontramos niveis reduzidos de AMPAR-GIuA2/3, hipofuncao
do receptor NMDA e reducdo seletiva dos niveis da subunidade NMDAR-GIuN2B no cérebro
como um todo. Ademais, verificamos diferencas regionais de glutamato, aspartato, recaptacdo
de glutamato, AMPAR-GIuA2/3, hipofuncdo de NMDAR e de niveis da subunidade NMDAR-

GIuN2B no cértex entorrinal e hipocampo. Outros parametros estudados ndo foram alterados.

Nossos achados mostram a deplecdo do sistema glutamatérgico e enfatizam a importancia de
entender a neurotoxicidade mediada pelo glutamato na DA. Este estudo tem implicacdes para

o desenvolvimento de terapias e biomarcadores na DA.
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Gipvanna Carelle-Collar', Marco A. De Bastiani
Pedra R(Jsa-Nett)E'ﬁ""ﬁ, Thanick A. Pancoal

', Mndrenia Recha ! Gahriela Lazzarotio’,
" Jodo Pedio Ferrari-Souza *, Firoza Z. Lussier’, Diu%u Q. sauza',
3'?'9, Bruna Bellaver'” and Eduarde R Zirmer AT

4 The Auatharis), under cuclusive licence te Springer Matore Limiced 2024

Glutamatergie neurotransmission system dysregulation may play an important role in the pathophysiolongy of Alzheimer’s disease
[AD]L Hemewer, reporled resulls on glulamalegic compenenls across brain regions are conlradiclory. Here, we cemducled 4
systermatic review with meta-analysis to examineg whether there are consistent glutarmatergic abnarmalities in the human AD brain.
We searched PubMed and \Web of Science [dalabase arigin-Dclaber 2023) reporls evalualing glulamale, glulaming, glulaminase,
glutamine syrithelase, glulamale reuplake, asparlale, excilalory amino acid Lransperlers, vesicular glulamale Lransporlers, glycing,
D-cering, metabotropic and ionctropic glutamate receptors in the AD human brain (FROSPERD MCDROA2022299518). The studies
were synthesized by outeame and brain region. We included cartical regions, the whole brain (cortical and subcortical regions
cambined), the entorhinal coitex and the hippocampus. Pooled effect sizes were determined with standardized mean differences
(SMD}, random effects adjusted by false discovery rate, and hetercgeneity was examined by |® statistics. The search retileved 6 936
articles, 63 meeting the inclusion criteifa (N — FBRCHMT7BEAD; mean age 7578 We showed that the brain of AD individuals
presents decreased glutamate (SMD —0.82; ? 74.54%:; F 200011 and aspartate levels (SMD —0&4; [ 897F1%; F 0.00&)
and reuptake (SMD  —0.75;1°  83.04%; P < 0,001 We alse found reduced a-amino-3-hydraxy-5-methyl-d-isoxazoleprepisnic acid
(AMPARI-GILUAZS levels (SMD  —063%; F 9555%; P 0.048), hypofunctional M-methyl-D-asparate receptor (MAMDAR)

(SMD  —060; ¥ 91.47% P<0.001] and selective reduction of NMDAR-GIUNZE subunit levels (SMD =107 £ 41.81%;

£ < 0.0011. Regional differences include lowei glutamate levels in cortical areas and aspartate levels in cortical areas and in the
hippocampus, reduced glutamate reuptake, reduced AMPAR-GIUAZS in the entorhinal cortex, hypofunction of NMLAR in cortical
areas, and a decrease in NMDAR-GIUM2E subunit levels in the entorhinal cortex and hippocampus. Other parameters studied were
not altered, OQur Andings show deplation of the glutamatergic systern and emphasize the importance of understanding glutarnate-
mediated neurctoxicity in ADL This study has implications for the development of therapies and kiomarkars in AL,

Malecular Psychiatry; httpedidoiorg/101G38/541 380-024-02473 -0

INTROGUCTION such as learning and memory  [4], which ane affected in

Glutarnate is the rmost abundant excitatory neurotransmitter in
the huwman brain. It is synthesized through multiple metabolic
pathways, stored in vesicles by wesicular glutamate transporters
IWGIuTs), and released during synaptic transmission. After inter-
acting with metabotropic (mGlu), and fonotrepic receptors such as
M-methyl-D-aspartate {(MMDAR), kainate [(Gluk), and a-amino-3-
hydrowy-S-rcthyl-3-isoxarglcpropionic acid (AMPAR], glutarnate
is removed from the synaptic cleft by excitatory amine acid
trarsporters (EAATS), which also take up sspartate [1]. Glycine and
[ serine ara essential neuromodulators of the glutamatergic
receplor MMDA [2, 3] 11 s well eslablished Lhal glutarmale
nouretransmission is contral in archestrating orucial processcs,

Alzheimer's disease (A0D] dementia,

AD is classically charsctarized by the accumulation of insoluble
arnyloid B (AR and tau proteins, followad by neurodegeneration
and cognitive decline. In addition, it has been demonstrated that
synapst Iess is a prominent feature in the AD brain and is highly
associated with dementia symptoms 5-8). Consequently, growing
cfforts have beon made to clucidate wnderlying mechanisms
assodiated with synaptic failure in AL progression.

In the last decades, numerous publications have  repored
diverse alterations in the glmamatergic neurotransmmission in AD
19.. Studies have lound changes in glulamale levels and receplors,
dysfunction in the glutamate reuptake systern, and  loss of
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glutamatergic neurens. Howeser, inconsistent results concerning
glutamatergic compenents aooss  brain egions  have been
reparted. These discrepancies challenge the understanding of
the glutamateigic system changes in AG.

To our knowledge, ne comprehensive mela-analysis  has
assessed  the glutarmatergic system in the AD brain tissue.
Therofore, the acgurmulated cwidence is long overduc for a robust
statistical analysis. Thus, we aimed to perform a systematic review
and meta-analysis to determine whether the sum of the literature
points to glutarmatergic system changes in the AD burman brain.

MATERIAL AND METHODS

Search strategy and selection criteria

The systermatic review and meta-analysis was conducted  in
conformity with the PRISWMA guidelines [10], Twe  wunhltered
databases were searched: PubMed and Web of Scence, from
inception year to October 31, 2023 {last search? by C.5. Camplete
search terms can be found in Supplementary Method 510
Additionally, twe authors (C5 and GL) soiutinized the reference
lists from included reports in this meta-analysis and related
roevicyes from the last five years,

Included reports evaluated selected glutamatergic outcomeas in
dinically or neuiopathologically defined AD human brain com-
pared to cognitively normal (CN) individuals. Briefly, reports were
excluded if they were/hack a reviewr and meta-analysis; not peer-
reviewed orfiginal data: ne AD compared to CW data from hurnan
brain tissue; no selected glutamatergic cutcomes; not in English:
na <linical or neuropathalogical diagnostic criteria for AD; an AD
group presenting another concomitant neorodegenerative dis-
2ase; @ M group presenting inflammatory, newrcpsychiatric,
neuralogical disarder; amy group receiving drugs affecting the
glutamatergic systermn; or inswfficient nformation to calculate the
standard mean difference (SMD) A detailed list of the exclusion
criteria can be found in Supplementary Method 52

Records retricved were uplcaded into the program, Rayyan
QURI [11], to aid the screening process. Two authors 15, and
LUdR, LM, AR or QL) independently removed duplicates,
manually, screened abstracts and eligible full texts, and extracted
data. Conflicts were resolved by a third author (BB

Statistical analysis

Study characteristics and sample size, mean and standard
deviation [SOMstandard ervar of the nwearn (SER) wete rallected
directly from text or were estimated manually frem the graphs
with a digital valcr as describod previously [17], Outcomes sought
for collection were quantified levels of ANMPAR. AMPAR GluA
subonits, MAMADAR, NMDAR-GlOM subunits, Glok, mGlu, EAAT,
VGIUT, glutamate, glutamine, glutamine synthetase (G5), glutami-
nase, aspartate, glutamate uptake, aspartate uptake o binding, D-
sering, and glycine, Both quantitative and  scmi-guantitative
methods were included. priortizing the mere precise method
when necessany. Investigators were contacted twice by email to
clarify information or provide missing S0/SEM.

Tww guthors [(C5 and GL) independently assessed methodo-
logical quality using an adapted hias tool [Supplementany dcthod
531 If checklist items were not provided or unclear, the section
wias labeled as high risk Bias vesults are described as a ratio of the
number of studies in each synthesis thigh risk: low risk: some
concerns;. Publication bias was estimated by visual inspection of
funnel plets and by Egger's regrossion asymmotyy tost,

A minimum af three studies were required for each synth
25i510). 5tudies were grouped by outcome and brain region, The
regions synthesized were ab a composite of cortical (CX) and
subcortical regions pooled as "whole hrain® (additicnal informa-
tion on Supplementary Table S1% By OX; o entorhingl cortox (FCY;
and di hippacampus (HPL. Sample size, mean, and 503 from each
group were used as input in RStudic 4,21 113] to generate forest

SPRINGER NATURE

40

plts with MDD with 95% confidence interval [C) by Hedge's g
method providing a more precise estimate of the effect size. To
adjust for statistical artifacts produced by studies with small
sample sizes, unbiased carrection was applied. To mitigate
bebween-study variability, we employed a random-ellecls maodel
uwsing a DerSimonian and Laird estimate based on the effect size.
tost ostimated the significance and was corrected by false
discovery rate with 5% g value, and the adjusted P-value was
considered significant when < 0.05. If a study measurad the same
outcome in multiple subregions fie. frontal and termperal cortices),
we procesded as previously described [14]0 Briefly, SMDB was
calculated for each subregion using a fxed-effect model, and
pacled effect size was estimated as described abowe,

Heterageneity was assessed by 1* statistic, demonstrating the
percentage of the averall wariance in pooled estimates attributed
to hebtween-study variability [15]. Sensitivity analysis was per-
formed to account for the effect of studies with high risk of hias,
and the Jackknife method [16] was used to assess whether any
article was skewing the results in each synthesis,

RESULTS

Study selection and characteristics

We found 5267 records after duplicate removal, Following pre-
established  criteria, 1771 reports were  selected  for full-text
evaluation, from which onby one artide could not Ge retrigved.
Eighty-cight reparts weere included for data collection. Tourtcen
corresponding authors were contacted for missing walues or
darificatian; however, nine did not reply or could not provide the
data. An additional 47 records were induded from the reference
list or recent reviews, Altogether, 148 studies were excluded after
eligibiliny  assessrnent  and  data extraction  (Supplementary
Table 52%. Ultimately, 63 studies assessing 709 (M and 780 AD
individuals met the Tnclusion criteria far cur meta-analysis (Fig. 11
Forty-gight studies reported AD elinical diagnosis conhrmed by
ncuropathological cxamination, while 15 studics had neuropatho-
logical diagnosis alone. Owvarall, TN and AD (CHNAAD individuals
had mean age of 7579 vears, 58/50% males, and post-mortem
intersal of 14.5/12.4 hours. Additienally, the risk of bias assesziment
revedled 4 ratio of studiss we considersd high nsk: low risk: some
concerns as 24935, representing 46, 14, and 404, respectively.
Study characteristics and statistics are described in lable 1 and
Supplementary Table 53, Unless specified, all results correspond to
the whaole brain (see Methods; and are reported as SMD [lower;
wpper limit of €.

Meta-analysis

Glutamate - reugtake, traniporiers, storage. racpdling. and aspar-
fate.  We meta-analyzed glutamate reuptake studiaz n the post-
mortemn brain of AD individuals compared to CW. The analysis
showed @ docline in all vegions mota-analyzed, whole brain
Fig. 24, 11 studies; W — 67 CNF9 AD; 50 — —0.750-1.10; —0.350;
I 83.0¢%; P < 0.1, CX, and HP Supplementary Fig. S51A-Bi,
Cn the tranzporter level, we included EAATZ, VGITT and YGluT2
iFig. 2B-D), but none of them were alteved (EAATZ: nine studies;
W 159CNAGRAR: SMD — 025 08T 007 9164,
P—037Bl, WGIUTT: sewen studies; N — T165CMAS4A0; SMLD —
—0.62 —1.36; 0.12; I — 88.53%; £ — 0.198), (¥GIUT2: three studies;
M — Q&CNT10AD; SMD — —C11[—0.25; 0.03]; 1 — 2.57%;
B =0.240)0 Similarly, EAAT2 and WOILTT levels in the CX remained
unaltcicd Bupplementary Fig, $1C-01 Owverall, Jackknifo's tost did
not affect any of these results [Supplementary Table 4% and
Eggers test indicated no significant publication bias (Supplemen-
tary Table 53). Moreowver, risk of bias assessment rewvealed that the
ratio of studies with high risk, low risk, and some concerns was
515 for glwtamate reuptake; 503 for EAAT2; 5002 for VGIWTT, and
2:0:1 far ¥GIuT2, Remaving studies with a high risk of bias did not
change the results (Supplementary Table 561, however, ¥Glut] and

Mo levular Psychialry



Records identfied from  Racords remaved batane)

screening (n = 1669
\_* Duplicates {1669 )

databases {n = 6936) s
1. Web of Science (n = 4452)
2. Pubmed [n = 2484) i

{'—ﬁéms" screened | _,
in = 5267) ’

("Reports sought for retricval " Reports not retrieved

| {n =171} J = in=1

l

[ Reparls assassed far

Records excluded J
(n = 50%6)

‘ — Reports excluded

Identification of studies from databases
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Identification of studies from other sources

Records identified from other
sources (n = 47)

1. Citation lists (n = 40)

2. Reviews (n=7)

Reports not refneved
in=3)

Repuorls scught for retrieval
(n=42)

|

Reports excluded — Reparls assassed for

eligibility {n = 170) in = 113) in=27) eligibility {n = 39)

«R1(2) «R8I4) «R1(1) «RY(5)

«R2(1) <R3 «R2 (1) +R10(5)

¢RI[17]  «RI10{21} +R3 (1) +R11{5)

«R4(B)  «R11{30) «R4 (1) «R12 (4]

+R5(3)  «R12(10} *R7(1) «R14 (1)

+R6(2) «R13(2) «RE&{2)

. *R7i6)
Included siudies
(h =63}

i Insufficient reports for a
synihesis (n = 8)

Included studias In the review
{n=83)

Fig. 1 Study selection. Flawchart of included studics. Exclusion reasons (Rl are detailed in Supplementary Method S2.

VGlut2 had insufficient studies for sensitivity analysis. Additionally,
we meta-analyzed levels of glutamate, GS, glutamine, and
asparlale in Lhe brain (Fig. 2E-HI. Accordingly, we found a
significant decrease of glutamnate levels in both the whole brain
{six studies; N=57CN/3BAD; SMD= 0582[ 1.7, 047
[ — 74.54%; £ < 0.001) and CX (Supplementary Fig. S1E. Similarly,
we found decreased lavels of aspartate in all regions analyzed,
whale brain ifive studies; N A8CNAZAD; SMD  —0.61|—1.04;
—023); F—8971%; P—0008), CX and HP [Supplementary
Fig. S1G-H). However, we found no significant difference of whole
brain GS expression (three studies; N=27CN/46AD; SMD =
033 1.18; 1.78]: I = 93.014%; P= 0.762} or glutamine levels (four
studies; N — 43CN/43 AD; SMD— 120 0.37: 0.13]: ¥ — 64.65%;
P— 0686} nor in the CX (Supplementary Fig. S1F). Furthermare,
mest of the included studies had low visk of bias or some concerns
in glutamate, glutamine and aspartate synthesis, with 3 bias ratio
of 1:3:2, 3:2:2, and :2:3, respectively. Conversely, all studies from
G5 were labeled as high risk. Nevertheless. removal of the study
with high risk of bias from the glutamate analysis did not change
overall statistical significance. Additionally, Jackknife’s test con
firmed significant decrease in glutamate levels regardless of any
study removed. On the other hand, glutamine levels achieved
slatistical significance following removal of Gueli and Taibi 2013
[17] 1P <0.001), and G5 expression resulted in significant decrease
P=0.020) upan removal of Hensley ct al. [18]. Marcover.
puhlication bias vwas significant anly for GS {P < 0.01]. The limited
number of studies on EAATI, EAAT3, VGIuT2 and glutaminase
prevented their meta-analysis.

Malecular Psychiatry

Glutamate receptors

Glutanatergic receptors and their subunits were assessed
[Fig. 3A-1) in Lhe posl-morlem AD brain. Imporlanlly, specific
binding to open-NMDAR was quantified in the included studies,
thus reported here as such. Meta-analysis of AMPAR density
revealed no differences in the AD whole brain (fowr studies:
N —29CN/30AD;  SMD — —341[-0.97; 0,155, | —93.34%,
P 0.253) oi HP {Supplementary Fig. 52A) compared to CN.
Similarly, the subunit AMPAR-GIUAT was not altered isix studies;
N—60CN/SOAD; SMD— 059 1.76; 057] 12 —02.75%:
P =0.317), though we observed a decrease in the HP and EC
[Supplementary Fig. $2B-C). Alternatively, AMPAR-GIUAZ/3 levels
were |lower in the whale brain {seven studies: N — 6BCN/75A0;
SMD — —0.631—1.18; —0.09; I* — 95.55%; P — 0.046} and EC, but
not in the HP of CX (Supplementary Fig. S2D-F). Risk of bias
analysis indicated a ratio of 1:1:2 for AMPAR, 5:0:1 for AMPAR-
GluAl, and 4:1:2 for AMPAR-GIUA2/3. Sensitivity analysis
indicated that discarding high risk studies from AMPAR-GluAZ2/
3 synthesis resulted in @ non-significant change  instcad
[P —0.221) (Supplementary Table 56 Convarsely. AMPAR and
AMPAR-GIUA1 findings were unaltered. Jackknife’s test showed
that averall, no single study remowval changed the results, except
for AMPAR-GIuAT, in which case Keihan Falsal el al. [19] removal
resulted in significant AMPAR-GIuA1 reduction (P <0.001)
[Supplementary Table S4). Morcover, Eggor's test was negative
for AMPAR and its subunits iSupplementary Table $5). Of note,
only one GluA4 study was eligible for data collection 1201, thus
hot meta-analyzed.
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Fig. 2 Forest plots of included studies evaluating glutamate reuptake, transparters, storage, recycling, and aspartate. Cheerall
standardized mean difference (S0 of glutamate reuptake (A, EAATZ (B, YaluT1 QL WaluT2 (D), glutamate (El, glutarmine iF), G% (@) and
aspartate (H). Bffect siras are represented by horirantal line 1 955 £ summary effect sire is representad by a diamond. Studies are Dsted from
lower to higher risk of bias. EAAT2 excitatory amino acid transporter 2, WGIUT wesicular glutamate transporten, G5 glutamine synthetase, CH

coghitively hormal, AD Alzheiners disease, Cl confidence interval.

Additionally, we observed a marked reduction of spedific
glutanate binding to open-NMDAR in the AD whale brain nine
sludies; W —930N7AD: SMO — 067 052 028 F—o1 47%;
P01y and CX but not HP (Supplerentary Fig. 53A-B)

Maolecular Poychistry

Interestingly, of all the hMDAR subunits analyzed (GUNT, Glul2A,
and GIuk2B), only the NMDAR-GIUNIB was significantly reduced
in Lha whole brain (GION2ZE: Tour sludies; N — 23CN28A0; SMD —

107 145 068 P—41581%: P<0001), (GluN2A: four

SPRINGERNATURE
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Fig. 3 Forest plots of included studies evaluating glutamate receptars. Overall standardized rncan difference {SMEGT of AMPAR [A), AMPAR-
Glua1 (Bl AMPAR-GIUAL (), open-NMDAR (D MMDAR-GIUNT (E). NMDAR-GIUNZA (F), NIMDAR-GIUNZE 1G], mGlu (H) and GluK (1), Effect
sizes are reproscnted by horizontal line £ 95% CL Summary offoct size s represcnted by a diamend. Studics are listed from [oueer ta higher risk
al bias. AMPAR w-amino-3-hydroxy-3-melhyl-d-isozazolepropianic aod recaplor, AMPAR-GluA AMPAR-subunil, Gluk kainale receplor, milu
metabotropic glutamate receptor, open-NAMDAR N-rmethyl-D-aspantate receptor, NMDVR-GUN MMOAR-subunit, CH cognitively normal, AD

Alsheimers disease, Cl conlidence inlerval,

studies; M — 26CN/24A00 SMD — -0.41 -1.18; 0,36 F — 03.30%;
Foo0A23), (GluM1: eleven studies; b SBCN/S8AD; SMD -0.27)-
0.68; 0,131 1P — 86.40%; P —0.504), The same happens in HP and
EC (Supplementaiy Figs, 53-4). Risk of bias assessment indicated a
ratio of 2:1:6 for open-NIMDAR, 53:3 for NMDAR-GlUNT, 2:1:1 for
WMDAR-GILUNZA and 2:0:2 for NMDAR-GIUNZB, Subsecuent exclu-
sion of studies with high risk of bias did not affect the result of
open-NMDAR or NMDAR-GIUNT, howewver, insufficient remaining
sludies with NMMDAR-GLMZA and NMDAR-GIUNZE prevenled
same analysis [Supplementary Table 56). Jackknife's test from
Lhe wilwle brain analysis did nol change Lhe overall result of open-
WMDAR (Supplementary Table 54, GluN1 or GIUM2E, allthough
GIuM2B publication bids was detected by Egger's test and viswal
nspeclion (P—0028) Supplermenlary Table 55)0 Allernalively,
lackkmife's Leol indicaled Lhal Lhe vemoval of Yeung el al. 2021b
significantly modified the result of the GIuN2A  synthesis
(F— 0002 [Supplementary Table 543 Other WNMDAR subunits
WGluM2E-D, GluMN3A-B) and neuromodulators, ghycine [21, 22] and
D-serine [227, were not reported due tir an insuficient number of
eligible studies.

Density of mGlu and Cluk [Fig. 3H, 1) were not significantly
altered in the whole brain (mGlu: hwe studies; W =40/53;
SMD = Q15[ 1.23% 003 F=8852% ~=0845) (Gluk: six
studies; M =4aprat  SMD=-003[030 024 ' =8§6319%
P=0845) orin the HF [Supplernontary Fig. S5)0 Additicnally, the
risk of bias ratio was T34 and 213 for mGlu and GluK,
respoctively, and further oxclusion of studics with high risk did
not change the ovorall results (Supplermentary Table =60, Meither
Jackknifo's method nar Fgger's tost showed differences for thoso
outcomes [Supplermnentary Tables $4-5),

DISCUSSION
Here, we present the rmast comprehensive meta analysis evaluat
ng the scientific literature about the glutamatergic system in AL

SPRINGER NATURE

We examined the expressiondevelsfunction of glutamate, aspar-
tate, glutamine, glutamatergic receptors and transporters, and
glutamate recycling proteins, Cur results indicate a global
dysfunction in the glutamatergic neurotransmission systam in
the human AD brain (Fig. 4) and support future studies focusing
an curently avallable and  mowel drugs that modulate the
glutamatergic systam in AD.

More specifically, cur meta-analysis revealed reduced gluta-
male reuplake in all analyzed brain regions {whole brain, CX,
and HP, suggesting elevated glutamatesaspartate levels in the
synaplic cleft that can lead Lo neuronal death through
exciloloxicily [23]. In conbrasl Lo our reuplake findings, Lhe
abserved decrease in aspartate (whaole brain, CX, and HP] and
glularnale levels [whole brain and CX) in Lhe AD brain lisiue
may nol refllect Ltheir concenlralion in Lhe synaplic clefl bul
averdll loss. Interestingly, glutarmate levels were not altered in
the CSF of AD patients, as reported in another meta-analysis
[24], indicating that regional variability cannot be dismissed. To
aur knirwledye, this is the fivst study to perform s meta-analysis
on aspartate levels in the AD brain. Imporantly, although
EAAT2 levels appeared normal, studies hawe shown that AD
individuals have a higher proportion of splice variants linked to
impaired reuptake [25]. In addition, EAATZ is mostly located in
astrocytes angd cellular density differs acrnss brain regions,
which may hawe an impoartant influcnoo on intorproting those
results 26]. Thus, further investigation of EAATZ cxprossion in
ALY is warrantod, Furthorrnare, we found no altoration in G5
cxprossion of glutamine lewels, and in contrast to glutamnate,
these rosults are mirrpred in the C5F [24] Unfortunatzly,
glutaminase studies were insufficient to provide a complete
aglutamate glutarmine <ycle analysis in the AD brain, Mone
theless, callectively, cur results indicate that AD individuals
present impaired aspantate/glutamate reuptake and aspartate
levels but partial conservation of the astrocytic glutamate
glutamine cycle.

Malccular Psychiatny
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A . +Glu
Cortical +Asp
areas
+ Open-NMDAR
¥ Glu reuptake
+ GluAl
¥+GluA2/3 | Entorhinal cortex
+GIUN2B 0 Lo ¥ Glu reuptake
Whole brain
( +Open-NMDAR § GIuN2B § GIuA2/3 § Glu reuptake ¢ Glu &Aspj
B
Qutcome Region SMD P-value CN (N) AD (N) Blas score
Glutamate reuptake WE 075  <0.001 67 79 @6 5 oo @Highrisk
Glutamate reuptake cX 099  <0.001 66 7 @5 05 @0 Some concems
Glutamate reuptake HP -0.76 0.015 26 22 @1 92 §o Low risk
Glutamate wB -0.862 < 0.001 57 58 &1 2 3
Glutamate X -0.76 0.018 53 52 [ 1] 2 3
Aspartate WB -0.64 0.006 48 47 $o 3 2
Aspartate CX -0.58 0.016 48 47 oo 3 2
Aspartate HP -0.86 0.006 27 25 @0 2 1
AMPAR - GluA1 EC -1.08 0.003 18 21 ®3 0o @0
AMPAR - Glua1 HP -1.20  <0.001 30 27 ®3 01 @0
AMPAR - GluA2/3 wWB -0.63 0.048 68 75 @41 02 @1
AMPAR - Glua2/3 EC -0.84 0.008 30 33 [ k] 0 1
Open-NMDAR wB -0.60 < Q.0D1 93 97 Sz 6 1
Open-NMDAR CX -0.58 0.006 73 79 @2 4 1
NMDAR - GluNZB wWB -1.07 = 0.001 23 28 @2 2 4]
NMDAR - GluN2B EC -1.49 0.005 20 20 ®z 01 @0
NMDAR - GIUN2B HP -0.94 0.005 23 28 ®2 02 @0
C
Presynaptic
neuron
§ Glu-e B b 4
'Asp -8 B
Bh-o
D-serine -

Sy §GluN2

(st

GluAl |
‘GluLS y 4

| Pustsynaplic
neuron

YGIUT1 and VGluT2 are presynaptic markers and despite
consistent evidence of synapse loss in AD [27], we observed
normal levels of both markers. Importantly, we included
conllicting reporls of VGIuT1 expression showing a decrease
throughout the brain [28-32], normal levels in the frontal [33]

Malecular Psychiatry

Astrocyte

and temporal cortices [31], and an increase in the parietal cortex
[34. Conversely, V¥GIuT2 levels were consistently normal.
Interestingly, a meta-analysis found a decline in "vesicular
organizalion” proteins in Lhe post-morlem AD brain 35,
although this category mostly included synaptophysin, another

SPRINGER NATURE
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Fig. 4 Summary of changes in the glutamatergic system in the AD brain. A Erain illustration of results shown by analyzed region: WE, CX,
HF and L. Avrows represent decrease of glutamatergic component in the hwmnan post-mortem AD brain. B Table showing alterations in the
glutamatergic synapse, divided by glutamatergic compoment and region analyzed. Bisk of bias assessment and the number of reports
considered as high risk, with some concerns or with low risk is indicated next te the respective label, C ustration of a glutamatergic synapsc
and the alterations of components in the AD brain indicated by the awows. Slutaminase, D-scrine and glycine were not meta-analvzed due to
tnsufficicnt number of studics. AD Alzhofmers discase, CM cognitively normal, SMO standardized mcan diffcrence, Rogions: WE whele brain,
CX cortical araas, HP hippacampus, CC antarhinal cortex. Componants: Asp aspartate, AMPAR « aming 3 hydrewy 5 methyl 4 lsoxazolepre
pianic acid receytar, AMPAR-GIUA AMPAR-subunit, [-serine; EAAT exdcitatory aming acid transparter, Gln glutamine, Glu glutamate, Gly glycine,
ES alutaming syithetase, spen-WNMDAR MN-rmethyl-D-aspartote receptor, NMDAR-GIUN NMDAR-subunit, YGIUT vesicular glutamate transporter,

-

presynaptic marker, Taken tegether, ¥GIUTs may not be driving
the vesicular dysvegulation in AD.

Furthermoie, we showed unchanged glutamate hinding
lewnls to AMPAR in the whole krain compasitn and HP.
Howewer, when we analyzed specific AMPAR subunils, we
abserved a2 significant roduction in AMPAR-GlUAT,  but
unchanged AMPAR-GIUAZ/S. Both subunits were decreased in
the EC, a regian preceding tau accumulatian in the HP 126] In
contrast, we found no alteration of mGlu and GluK glutamate
binding in the AD brain, Wmpartantly, we pooled different
miGlu, despite known differences, because studies reported
their results as such 37, 381, possibly hindering selective
difforences. Two positron emission tomagraphy (PET) studies
[39, 40] were nol included because Lhey measured maGlu in
living patients, and we considered them inappropriate ta
comhbine with post-mortem tissue. Hegarding Gluk, studies
exhilited canflicting results, showing no differences [41-42],
increased [44, 45] and decreased [38 binding in AL, despite
homogenecus methods,

We further found a decrease in open-NMDAR in the whole
brain and CX. This is a relevanl Ninding, considering Lhal
NMEAR channel ppening is nocessary for NMIAR signaling,
suggesting widespread MiiDAR hypoactivation in AD. This is
likely a pragressian from excitataxicity, an effect of excessive
HMDAR activation observed in the early stages of AD and
reported by multiple studies 48], This is consistent with AD
post-maortem tissue, which usually represents more advanced
AD pathology, thus, mare likely exhibiting the effects of long-
torm oxcitotoxicity. Impartantly, momantine, an open-NMOAR
channel blocker used lo lreal moderale Lo severe AD cases
[47 is belioved ta reduce cxcitotoxicity [48]. Altornatively,
although not meta-analyzed due to the limited number of
studies, one canndgt fule out a reduced density ar intermaliza-
tion of MNMDAR. We meta-analyzed expression of NMDAR
subunits and abserved a selective NMDAR-GIUN2E decrease in
the whaole brain, HP, and EC, whereas Glubll and GIuMZA
remained <onsislently mormal, Typically, NMDAR has Lbwo
glycino-binding GluM1 subunits and two glutamato-hinding
GluN2A-D or GluN3 subunils, and Lhe most camman assembly
is the GluNT GIUNZA GIUNZR in hippocampal synapses [49], In
this context, the fact that we found a reduction of GluMN2E, but
not GluNZA could indicate a campensatary assembly of
CluN2A-containing  NMDAR. Preclinically, NMDAR-GIUNZE
antagonists have dermanstrated potental in rescuing the
harmful offccts of AR dysmetabaolism, including synapsco loss,
redluced long-term polentigtien (LTPl. and increased long-
torm deprossion {[LTIX) [30 52, thus showing a significant rolc
af GluMN2E-containing HMDARs in synaptic plasticity disrup-
tians, The decrease in GIUN2ZE cantaining NMDAR levels we
observed in the AD brain further supports this understanding.
Mareaver, conflicting results regarding the praminent role of
GluM2f and GluN2B on LTR/LTD and their location on
synaptic/extrasynaptic sites |53, 541] increment the challenge
to understand the contribution of those subunits to AD and
how mamanting alleviales AD syrmploms. Cur resualls reinforce
the important rple of NMDAR in AD and support further efforts

SPRINGER NATURE

ta understand the excitatoxicity dynamics across the AD
continuum.

Strengths and limitations

To enhance the robusiness ol the mela-analysis, this study osed
stringent criteria, roquiring the inclusion of @ minirmum of three
studies for syinthesis and adopting a8 conservative threshold for
cansidering studies with a highet risk of hias. & compasite of
cartical and subcortical regions was pooled due to insufficient
data 1o integrate brain regions individually, Whenever possible,
we performedd meta-analysis of the individual region reported.
Thus, whole brain results may mask subtle differences. None-
tholess, this analysis is rolovant to cxamine alterations  of
glulamalergic companenls as a mearinglul process Lhroeughoul
the hrain. Furthermore, the low number of studies and high
heterogeneity in some synthesis affect the statistical power.
Finally, contrals are not necessarily “disease free individuals®, but
have been controlled for absence of dementia or AD pathophy-
siclogy, and ather brain ar psychiatiic diseases, One should keep
in mind that a systematic review with meta-analysis is a summarny
of the lileralure, which cannal complelely eliminale the polenlial
far bias or crror since negative data have a higher probability of
not being published.

CONCLUSION

This sum of the literature indicated a global glutarmatengic
dvsfunction in AD, as well as a regianal vulnerahbilie and a
decrease of specific components, likely reflecting a response to
excitatoxicity, More  studies are required to elucidate  the
contribution of glutamate system abnormalities in AD pathophy-
sivlogy. Finally, we recommend further inwvestigation of the
glutamatcrgic systcm in carlior stages of the discase.

DATA AVAILABILITY

Daka wi |l ba pravided upan ~#3sonakle raquest.

LCDE AVAILABILITY

2orpts wsed bee szatistical cnalysis will be provided uaon reascnable recuest.

REFERENCES

L Cux w5 Haseup CHe Bardee Ae Haseep KR Friend or Zoe? Defieing the ke of

glutamiske i oging and Alzbeimaers disease. Front Sging. 202431 130

lobnzon M, Ascher P Glycine potentiates the NMDOA resacnse i coltuced mause

brair reu-ons. Sature, 19587, 325:520-31.

. Fothet I-P, Maren: AT, Welcske- H, Brady B2, Cincen D) Ferr £ C0, ez al. J-sarinz
iz an endogeraus 1 gand foo the glyrne sise of the M-mathyl-2-asparkats
recrptn. Pree Matl Acad So 2000 8A95R-41.

P

™

4. Kliss TVl Callingedne O A seraptic madel af pemone arn-tern pntentiatan
i Uil pucsampus, Matong, 139336131 33,
S I3 Alvia B, Grisknaalm b dsbien R Bvarzoerg | She i W, Speie 35, el

5F synaplic Bicniar4ers in e pred el swye o Alzheimes discaze aed e
pssuciazivn owitn MR and  PET A Ceoss soctivnnl Ftudy. Moo ogy
202197 EXHS-E2GTE.

Molecular Psychiatry

48



. Tille W, Sandelus A, Hogurd K. Sriqkmalm b Cogaat B Domeorgier et al,
Mssectlon of synaptie pathways throuch the CSF B amarkers far peerictieg
Alrhetmes Glsease. Me tolegy. MEALSS953—2R1.

Calaskes 3 Wi R, Mo 0, 5o i L Sl 132, Dsil Mg el Spnapslis B ke
in C5F wid in divgreasis, corrclate with cognitior ard poedicl progression in MCHaml
Az rwers daeose, Alzhzners Dernenl Transl Bes Clin Inter, 22195871 820

Terry RO, Mz ioh E; Salmon OF, Butters W, JcTercsa BOHIll B.oct al. Phy"mal basiz
of cagnitive alerctions in Alzheimer's diz=a MeEse 055 i e majar correlabs
of coghitive "mpair ment. Anr Meancl. 1991:20:372-80.

%, 2ot B. Kenrerzh A, I pa‘rments of glutamatergic syaaptic trarzmiszion in Alz-
hairne s disease, Hemon Call Doy Bal, 20000 59:0-59

ol

el

o

10, Pacs W, Mcken?le Ik, Brsnagt Pi, Booteen | Heffroann 10, mulraws O, p7 al The
FRISELA A0 aaleee snls i aed coichs iee o e ling spsle halic it
WML 2021372071,

11 Duzzani @, Tarnmads 1, Tedarewics 20 2 magznn:l A Hayyvan o och ared

mobile ¢pa Far syslemalic reviows, Syal Rew, 20165210,

1. Letts CT, Punzenqagen AL, 3alvi A&, Bau CHDy Pives Gi, Torres IL5. et al. Ses
tamztic eviaws and metz £ nalvsic of the behaviara e™acts o* methylphenidate in
t'e saontanecusly hyaertenzive <t ~cdel of atentien-cefcizhvperactivity dis-
cede, Meurosci Biobehaw Rew, SN9 0000 66—,

14. Wiechtaaver W Conducang Meta-fnabizes 1 K warly 798 metasor Packags. . Stat
Gnft HEL Y

14, Detpdleweski Dy Latesabiseger 1 Silaeeaanes |3 Pack s 1), Kasper b doppmechl 1,
vhal Mela and v u” b stroctuel elueges o ler cleatrocamvulsive theragpy in
depression. Orain Slimol. 202114927 37,

15, Hggins JFT, Thompsen 3G Quentityiryg hoterogens
Tacl, 20052 11 535-58

18, Milar BG. Toe Jackkrife & Revizw. Biometrika 197,611,

17, Gael” M, Taib' G. Alzheime-: disease: a~irc agid levels and brain n-etabalic
stanus, Mewre Sci L1E3r bra-d

18, Herw ey K Camey I, tdattenn MP, Aksenea i, Hams ol W L Ter al & model fror
Feata-amnylnin acggrenaren and na. oty Based ne fee acal nearration by the
ppalivee velrvare e tlbsinme elivease, S Matl A e Sei LA 192451:3770 4,

. Kezilian Faloall b BuBror 5, Ghalai B, Grocssl M. Mocswshi M. Soones ool oal,
Cliaryes of soveral broir ceeepoar corrplezes odwe ce-sbel corex ol potien =
wilh Alheim zr diseose: Proboble now poloaCel phormaceuticol large = Snioce
Aoids, 2014:206223-33,

240, Wang ¥, TzsFaye E Yasuda 3R, Wa:zh DC, Armstrang C4, Wol%e BE. Eftects ot

prst-mneten delsy o subunits of isnazropic glutamae receptors noAumEn
Lizir. Mol Brain Res, J0UGadr 24-47,

M. Huren T Mancinn A, Minbialla W, Casamassa &, 0 Malo 4 Danatl 5, qral igh
Prfrimar s lauie cheamategraphy daterei=atien o® Felutamars, ghotam ne
aned alycins vantent i braing cercbrasgingl Tuid ard Blood seran af pation -
allzebz] b flehemers cisease, Aming Acids, 2021;31:435 43,

22, Suidl By Ca'ris M Singowald N Bachler 5T, Lubee G, Differc ness buetaeen CARA
levely in Alzhe'mer’s disease and Down syndrome witt Alzbeir-er like o
pathology. Nawnyr Sch —iedeberas Ak Zharm. 2001362107 3545

23, Lucaz O3 Mewbouce LP. "he Taxic Efect of Sodiurn L-G utamata on the Innar
Lawa<e of tae Retina. Arch Cphthsimal 198 2% 152-201.

. Manew toh R, Frotas i, Scarpiello 5, Gellse 4, Bass B, Wanaglan 4, er al. Evaluathan
n® Kiesabinlic ar il Synapne (ysfunctlon Hyaetheses of Alzkelmers 17 coxsa Al A
FapLa=rnalysiz of 51 Marers, Cun Alekgire2 Bes, 2071507 /4 6@,

in w mete cnalyss. Stz

]

[
=

2, teall N8, Goblardl  #A Milrain AL V._\II(IC'I')L'H‘: R Bl 2H Clolgmal:
raspurler verianty redoce glatamate cptake in Alchemer s discase, Heunsbiol
Aying. 20117:32:553 1 11

245, Caqbe t YC. “umess DM, Zhoo ¥, Yeurenal v glial glutzmabe uaza<e: Reschvirg
the coqundrem, Hearochem Int. 2016, 28:29-45,

27, Campc-esi E, Nilsson J, Brirkmnaln A, Becker B, Azhzon W) Elennca K, et al. Flu'd
Rianarkers  “or Synaatic Dysfuncrion  and  Less. Riomack  Inzights.
QUL 1120 TR NNET.

M5, fodreez-Pecigon M, Tordsa B Gil-Bea TL Ceern O Ramorer b S s
Lawerresplanar of glltamase i r Teeninals (G111 drven By Af 19 Adrhel-
1z cliscase |1 ppoar pas 207626303 12,

23, Kushin™ &, _epicird G Faircl @, Videow © Cavid 17, Fellel Bancy C ol ol Loss of

WGELUTI aac WALUT2 "nothe prei-artol cortee is correlotec, w'th cogridve docline
ir Alzheimer diz=aze. keu-abiol Aging. 20082310 15G-32,

34, Poirel 2 Mella 5. %ideau ©, Rar-et L. Daveli k3, Herzog E, et al. Mode-ate decline
ir 52 ect synaat’s marcers in the postronzal cortex (BA%) ot patierts with Alz-
haimar's disease &t varic.s cogrinve stages. 5o Rep, 2078E1- ¢

A1 Kirwel A1, Fa i, Franets B Dean-cegualanea af wvasclar clutamas= cansprters
preve<hes onll dessarel nathe gy in Alksimes disease, Mo arrbem,
20G6;

32, Milew 5 Kikaaldic FTR, Woaen T, Vidhors 00 Alwresd syrmapses ansl glic-
rarwrnission in elhuimers dsoess ond AL medel mice. Meurobicl sy,
2013342347 =51

Mulerular Psychiatry

. Soares et al.

&3

iz

b

43,

)

Ak,

r

4R,

=2

47

=1

48.

o

49,

=]

&,

=1

51

w1
R

LN

&

L

v
]

Sh.

ES

5!

=l

57
&

. Dot

7. A& kasare I, Malfi -, -erer

. Dewea - D Chil

. Coawvburn By Hardy 1, Belens P Brigas B Presynaplic ansd postapres

Carciz-Espars a . Maz-Lucena Q. Airakar W, Tarrsjén-Sscribana B, Car=ig K.
Llzrers F, et al. Glutamate Transpecter GLT1 Bgaressiar i A 2helmer iasase and
Parmencl: Wira  evay Badles, Toant Aqing Meurmssel 2TE110:125.

skl b Lo A, Mancly K, W20 LA, vinlers HY, Pren W, e al. Frefeneatial
acctinlal ar ol wmyloid bola in orespeptic glulumetergic Leminals (2T
and WGLT2) 'n Alehemer's eiscase coler, Neurebiol Dis, 207245381 7.

A, Zreerk CF, Sijkcn I Musliah S0 Meka anilysis o* synaptic pazielogy
in Alzha'mer: disease reveal: selzctive molecular wesiculzr machinery wo ne~-
abilty, & zkeirer's Ce~ent, 20141 2823-4H,

. Bragk H, BR&& < E. Neuropatholagica stagzing of Alzhe mer-relaszed changes.

Bota eurcnathol 18410 3908,

L farrn A mnalsed mesabictop ooglutamate
recrpitandpbnsphalipass O iipoaling pavsay in e eeeodral sones i Sleheimers
climnawt aned dersuntia wisn Lewer Bodios carrelaies with stage ol Alzheime s
dizzaze-eha o gus, Nowrel ol Dis, 200320:683 22,

rs OT, Groham D, MeCulloz s L Glolemile mcaselropic and
8P4 binding siter ora rediced in Alzheimer's cisease: ar suoradiog-aphic
szady of the hippoczmpus. B-ain Res. 19%1:553:55-04

. Traver W Gietl AF, Sulir-zn H. S-uber E, Mever B, Buch~znn &, et al. Iecuced

Lptake af [11C1-ABFSER, & PET tracsr for metabolic glutamate receptor & i
hippncampes &nd  amygedala n A zheimers  demenba. Brain Behaw.

L Lhihashi B iaea v rgeeshacs 1 Bhieata B ki BJnckanged Teae 1 omelane-

aupic plutanme eceplor g labilly i poticnt widh Aldvimoery discases A
sty uz'ng ST TRED positron cmission leeoegraphy, Mearolr2ge Slin
2001922101733,

. Jenzen ELR, Faull 3LM. Dragunowe &, Synek BL. Alzaeiners disease: Changes in

lippocampel M methyd d aspartate, quitquala’e neurotansit. acenosiae, bear
zociazeping, serctorin end opioid receators-an susoradiogrpaic study. Mew-
rosCIeroe. T YLELR 12—k,

L Geddes T Llas L Sunrer 10, Chine W, Carman OW. Hippaca npal exc tatory

amina ari:d receaans Meldery, annmal ndiacduzls angd sanse with slzhelmsr's
diseasas Mon-M=n lilo-aupanta e neeplog, Muansc e, 19975077 34,
Coweburn BR Hardy 38 Briggs BS, RBube-ts Pe, Charecsonima oo dessite, and s
aibwticn el kair 2l receples inocenal ard & shzimer's Jiseasce human oramn, 3
Meurechorn, 128952720 7.

Chalmerz CT, Dewa- O, Cichar- ©, Broo<s DN, sdcCullcch 1. Differencicl alzer-
Ziohis of corsical glutamatergic aincing iites in cenile dairentia ot the Alzhsimer
—wpe. Proc Natl Acad Sci J5A. 1290800 5220,

Geddzs MW, Cotman DA, Plastici in hippocampal  escitavory amine acid
rarephorg 1 Alzhaime s disease. Maukasc Tes, T95R5E  F-H.

larga s anastacka H, Matasin b, Sal 1 Reanranz | gpersacicabillieg 19 alzhe -
e’ sliscuss wlae eie the diivers bolrnd U abereant gocroleost Toanel
Fchiolry, 2022;1 2237

Feisburg G, Doody B, 3t9er & Scamitt Fo Forr's 5, Mabias HL Mermanbine in
maderats to revera Alzveiners diseose. M. Engl 1 Med. 2003:328:1333 4.
Lipton 5A. Peradigrn skift in reuroprotection by MMDA -eceabor bloc<ade:
ide mantine ard beyord. Mat Rew Dvug Discca 200880 1GC-70.

Towar KR, McGinley M1, Westbroak G0 Triqesercnerdc MKEA Jecsptors at Hip-
preamnal Synapses. | Meurnao, 20145591 510-A0,

ligirlcka & Mikhadawa W, don cle S, Meinkardr | Schoeder LH, Tandich M, =t al
Farly agucoral desfunctian by amylaicl B ooliaoress depeanss an agtisatiar b
FHAR-ruraliirireg B recpie, Bl bl A e AOT2EEAT A,

I u MW Kol oA B Bowan W) G ub 2B subusil conleining WD
roLcphor ontsgonists provert Shbeta m ted  synaptic plosticity dizupTon
in wiva, Proc Matl Acac Sci USA. 2007; 130 20504 -0,

. Li 5. Jin Wi Ko=g eperger T, Shepadson ME. Sqankar Ch. Selkoa DU Scoulile A6

Oligomers rh’'E't Long-Tem Fotantiation tarough a flacha«is = Invalving
Exressive Azzration of Exrasynaaz ¢ MR23-Caataining MMDA Reczptars. | Sew-
FOSCL 07 TH1 SR ==K,

Ioiaets J bdenls 23 Crac LS80S mecepron functhons i health apd dizeaze: Did
actes, new dimersiens Reumn, Wey o 2075, himpesidal o 100067
Jacuren 292365 002, 120231

Faolewi P, Belonc 2 Zhoo L N8A0& meceplor subunit o wers
rocephor  propotics synoptic pesticiny ard  discazc. Maz Rov
201314353 -400.

i pact un
Meurose”.

. tdaslish E, Altord M, C=teresa R, Malcry W, Hans=n L DCeficient Glutamate

Tranzport = Associated. (1596173905

Cross Al Slaver ¥ Simpecn M. Sayston O, Deakin IF, Peray B, &f 4. Sodins
dependent M-"AHzapAtate bndlag In crrehra cartey 10 patlancs with olrhe -
reontaane: Farkincom s diseases, Meursci o, 1950 T

Haenst2in J Martien L Kanel B 1rocreazed clotama Damsaal by e biain
andl zpinwl el in g myuticabic laterg s eresia B Engl J ddesd, 1992032457264 5,
lie glule
matergic “Lnction i1 Alzwei—ers dreice. WJaurcsci Letr ©982:80010%-13,

SPRINGERMATURE

11

49



. Soares et al.

12

G4,

Eh.

[

ET.

b

il

[

o

73

-1
)

-
o

-
-

Eo

-
I

il

2

F1. Hyman Bl Hapser (W, wan, Dareasie Al Alrkeimesr © s Gas

. Yosuda RP. lkewemoec 112, Shetheld R, Rubir RT,

Towhem T, Hardy 1, Noberts 0 Bhggs B Resicnal dismbusiea of are and
poatavrantic ghutamarsrge fumction no Alrheamsis dizeazs, Braln Res
19Hi 4R a0~/
Hardy . Lol W Baaen &, 2l G, Dollabl B OrCaral fRA, e al Heion-
spealo loss ol ygoule=wle ieneevation iv Alcheimers discase Reooee Lol
10827377 80,

. Macrca b, Condy SR, 2emy EK, Pemye BH, Moriaell B Borham JR. Diztribution ot

nearohbri lary targ e termation and [3H]-D-aspsreaze receptor binding 'n the
tha srmue in zhe nor-el eldary brain, ir Alzqeiners cisease and ia Parkinson's
d'seace. Meurcaathel &ppl Magrobal, 19000169 7 -5E8

L allare WA Fared W, Tanaka &, Masliah FoGlutamate trans porssn alterat nnsin

elrheimer disease ale possihly assnclated with abnarmal 8F 2 senressinn., |
Ml urarsalhal 1ep el 1907565801 11,

o Leekstren 1 o sl L laugetie 23 Dowar L Sraban 10 Lehree KR Ll Inee-

ir<li

idual differenoes ir the s ol L Lrinrz pear: s GLAST and GLT,
Bt e clear corrclation with & zbesieer I hurasci Fes, 1952552 (5 29,
Simpson M2, Royston RC. Deakin J%, Crose AJ, Mann Dk Skiter . Regicnol
chingas in [3H10 asparzate and [IHITCR bE'ndiag cites ‘'n AlkbFeimar's ciseasa
beainz. Brair Res. [E5802T6-82.

Yeung LHY, Falpega~e TH, Wood CWs, Turner C, Welewaoel HI, Facll LK. et al.
EAATZ Ewpresmion i the Hipprcampuo: Sabicolum, Sntorhing Sore=e and
Suprnar  Temporal Gyrus meo wlRhaime’s dssase. Font Cel MRumssl
NPT,

wolier BL Lacrson Ko -ull-wr I8 Mockowrjee Fo Byen A Monline 1, = al.
Abcrrar L colergent insolu b - ercila ey ainu oot ransparlen 2 acoamulialos in
alzhwzirer o 1 Meorepathel Sxp ool 20 1G0EET P

Kobayashi E. Ma<ano i, Kobeta K Himure N, dlizeguchi 5, Chikenji T. et al
Artivrtad fonrs of aztrecytes wth higher GLT 1 expressicn zre azsociated with
cognitive nermal sugjec= with Alzheime pethology i Fuman brain. 5 Rep.
NgET A2

Tian O, Kong 0 La |, Gae-Chauchaey &, Tin O, Increased expesslon of oFa-
lpazarn kil rasylane reculss e dlaiuptien of glial glaramate ansparter
PRS2 woantiglian it Boigl el A gl 3l eale o SlAhgine s ciscawe, 1
Mezurowwern, 2016113978 2%,

Hewsh™ &, Teuracdo A, Yornarets T, Tada B, Ko<l A, Ugowa ¥ Allcred caprossion
Al glulamile ranspuler | oand saler chunne arolein ayuoporin 4 in bur-en
tamporal cortex Wity Alzheimer:  diseaze. Meurcoathc  Apal Meurcaiol
2013 AAH22-2E,

Zazaki H. flurarmoto O, Kanazzwa | Arai -, Jegioqsl © stnbution of Sreno Acd
Tranznitters in Fostrroten Beaing of Presede end E=de Dementia of Alrhed ~er
Tywae. dnn Weurcl, 198k 150 RE-9.

& Glntamare
Ann Meural,

Urplertion i e Hippawanpal - Pecoract Pathwiay Zom
1987,22.37 40,

L Grarsbergon JB, Meurtjoy CO, Rosses MY, Boyrolds GP, Roth M, Korf 104 cor

relazive stucy on hiapocorpol cotior skifie and aming acids and  clivica
pathological data in & zFeirer's d'secse. Meurohiol Ag'ng. 1987;2:487-04.
Burbeeva (5, Bokcha |5, Tereshkina EB, Zavichsina CK. Starodubtzava LI Tar
ishchievs ME Glutamare matzbolizing eneyms: in peefrona cotex of Alzhei-
mer'= cleease patients. Yewrncham Res Z0EA0 71451,

Hemsley K Fall B, Sabwamartam 15 Cele P, Hasis b, dkeenae K etoal Bram
1eGinal orespandence ermeen dleheimens daeese hacoacusdogy and 13 o-
vy gl pelcin peClalive, J Newrcchem 1995657146 36

Cdargonsen OF, Grosksbauk W, Gelaas 2 Mowronal phsticity ae sstrocylic

reaction in Gown syrd-are ard Alzl ur discise. 1Moo Seil 193060363 7.

. Janzer EL. Faall RL. Dragunowwe B, Syne< BL A zbeimer's disease: charges in

h'ppocampal M- ethyl-C-zepartate, quisqualaze, nedarotersin. sdenosine. E=n-
zediazepine. serotonin ard opioid receptc-s-an ateradicgraphiz study. Meu-
rosciance, 199LERE 340,

Pellegilnl-Glampesto RE Benrstt BV Zukin KBS Ampaska nas receptor gene
sgprasninn I anmmal angd alrheimers dlsease hippsaca~pus. Neurascoence,
19945141 43,

Wias Gongolee W, Bubonmn & Wl @ Ferer 1 Enafa S 8korant Synaay
P i Spmiplarmalic &l ooy Falicels My Lnk Synaplic epression Lo
Motwork Foilure. Front Synaptic Moarossi, 20277301 72

i

e 3B, A-msoong DAL
Reducton of AMPA-zelactive glutamate receptor sabunits in the entorhical
corkes of patisnzs with Alzhe’mer’s diszasze pathc agy: a bioz wemical study. Brain
Res. 1943 B MR-

L uAkabavask] K, Marisama-Saltn i, leakui ¥4 1 1eedr 4 1a<ahasal H, e al

Bl nanrypic damn-requlatian al g
drszase Meoicaial Ayging, 1997

htamave mrepiar sabuei. Gl in aldhrirnes
267 9%,

L Therns ¥ il 8. Tansen Lo Maslal G Alerations ie glutarm e neoepie 20

3 subumils anc anmpleid procurser procein expression during the cearse of al:
he'mer’s cisease and _ewy Bocy woriant. Acta Meoropethol. 795753048

SPRINGER NATURE

&

=

Yeung HY. Wa by IL. Palpagar-z TH, Tum=r . Waldwoga HJ, Faull ALM, &7 Al
Clutamatergic ecpptedr Sxgaress an changes v the A =halmer's A srese hippe-
canpns and earon e el en e, Saln Sathal, 202747 w4008,

Carn Y ippa CF A L0 00 Bossn A1, Dizan or al 5 oa = ale e eplz al

Shank poslsyoptic plodorre i Albvire or's discase, Brair Bes, 2605129201 &

&4, Tsom's KL dxUliwios 05, Moo SM, Gslewarn's 510 Elulamile Beceplons ie Temion

Ceudime Machous in “eimal &girg end Alzheiner: Ciscies Qo Alzheime - Res.

Pl ERTE e

Tsang SWY. Yomak an ) Marzqall G4, Viaters BV Cur-mings JL Caer CFL-A. st al.

Disrupted muscarnic M1 receptar signaling comelates wth ass of protein kinasa

C activity and alutamaz=rg © 2ot o AlRheicers dizease. Heorabiol Aoging.

A0 AK1-7.

FA Was Lo swnnee 10, Gedess e Chen W, Colmiar O8. Name gl -3spenale
recepten Somples e the Fippaeampus of ey, namrmal individudls an<d e
wth flcheirners dizcase, Mouraucieriv: 19524

7. Minarniye H, Fusunacgi B T uchi T, Fujiwears b, Shimchama 5 Ha neysma 8.

[3HIM 1 :2 thienvlcpcle vezy[ 3.2 piperidine 1[IHITCP) aincirg in heman frencal

cortes d=craazes in Alzheirer tyoa demertia. | Meurocyam. 1$90:54:5340-32.

Schecer K, Meras A Cattaz W=, Sams b, =0sd H.owddller WE. Cort'cal NWDA

Receptor Mropertics and Ylembrans Fuidity Are Alsied n Alzhsimar's Diseass.

Frament Gedarr Coon Discrd. 199602104,

Falmer a1, Buras KA. Presansaticn of lisdos, Falvamms, ard Cleaine 12amams of

the BB L hyl-10-A80aela s i Aldveionees Disease, R hee, 2O0RRZ-1TR7-946.
20, Shirmobama 5 Rinamiys 1 Saweh 1 lery BDL Fusonage B laeiguchi 1oel gl
Chargazs i sigral canude s Tur i Asbvireors dizcase, 1 Heoral Tronsm Sappl.
1GS0E0ES 78

2. Mouradia v Wb Conzeras PC. Monahan 8, Chase TH. [3H]MWE 331 hinding in
Alzhaimer's dizease. Nauwrosci _ett, 198893225230,

43, Ulas ), Cotman OW. Decreazed exprassior of k-methyl-D-asperate receptor 1

mesenger RBhA v @eect regions  af  AlFhsimer  braine Meumscience.

i

&

&

Ll

=
=

&

)

b

T8 S-S
@i, Berchzald WD Calean A3l Dk, Beees | Glllee 120, Ordman Ol Symestic
e aizivsly dlgweezula acis alliphe Bain acgians i mponal

inuiue, Newrolic dging 201121653 61

A Clhoyas MBOWal s 26, Hekel SR, Harmada B8, Thenser M5, Jensen 8240 Fubiag

Lhe pullive cF AAChRNMDAR complze in humar and muorine corlz: ond hig

pocarnpus: Differen: degrees of comalex tormation in healtby and Alzhe’mar

braiy tissua, [ ook One. 201 71122018551 5.

Bi k. 5za C-. H-rnathyl-J-asparkats receptor suacnit RA24 and MAZE messenga-

Y4 levels are altered in the hippocampus ard entnch nal cors=e in Alzhe mer's

disease. | Maural S0 2000 210011 -4,

s, sz O, KEOH, KleMachimict-Dekdasress B4 Dillsy O, Ramin 1. M-sastlyba-
aspLale eeeplor subunil pstzing andd e phospharda e slatus aswal ol

avzly in alzheimers discise, J Nearol 3. 2001182151 9,

A7, Marsall Ca MeSride 10, Chargolhior L Riddle DR Trojanoeeski 13, Lo WY
Inhibition 2* K2 mitigetes Alzheimer's tau pathclegy By preve-ting MEZE
synaphic mislecelizetion. Acta Meurcaathel Commun. 2022 1030

48, Lee k. Ogawa 0, Zhu X, Olaill W1, Perecen RB. Caztel ani R, ez 1. Aoarrznt
expression of mezaantiopic glutamats receptor 2 in tae vu neahble nedmons of
alzhelnars dissasa Aotz Meumpathel, 200470 3Rn-71,

hurman agi-wg and Alzhemer's

o

w

ag, (Ranela A Lee JN, Petinecelll T, 120 Tinee BB 1isg amal perosses n® free
d-aspariate levels ir A cheimers dizeaze, heusasci 2L 12987500751 4,

ACKMOWLEDGEMENTS

W weudld e vz thank U Garglovesky Tar e statislica sepuel ard assistarie in

weritiny Lo BStudia o gl

AUTHOR CONTRIEUTIONS

Studly cuneepziv aned designr ., G0 C B30 urd ERZ. A ticle wrecning Jrd daty
axrrietin: O, LULGR, LM, A% and G, Doka prepaation: 5. ond BB, etz onalysis:
A and MLAS Cawa inedpietation: 25, BB and ERZ. Manascipt prepsratior and
tgure elaborstion: C5. Irtel ectual cortant: zll authors. All authors revised and
aapraved the Gnal wersion of the r=noscipt.

FUNDING

LA has raceivec] furd ng fiow Coardenacan de Apsrfeicaamrento d= Fessaal de Wivel
Superior WAPES: [HHaK AYGZILTE022-0) ard Carsellin Maclonal de= Desenvala-
menlns Ciean Tea s Iernaldeica ([CMEG) 21387200071 ai is suppoied By CMPQ
PESAAGPOIT Hoaral 14175457019 3 2ud ulbrigl'.[ IR HA Amard, G- Faw
weeeived Turding frorm CAPCS [99057 6970082023 00, G L s roc w
frur- CASCE  SEEETGEFOOS/ZC2I 00L LM, ws received undiog o CAPCE

wlolacular Psychiatry

50



WM EESUUS20L0R00]. RS has received  firancial  oaupport from CAPES
HEEK A A0 8- and the Alrheime s Ascnclat o TAL [AARFI-22-001R20]
LE =5 ecrlves Fraacial suprat fiem © 4By TR0 -0 MAR has cereneed
fanging fem CHPC PLY 2502037, LAKE. G suppeien by A0 ARy -2T-R45075] ard
the Matienl InsClole o Aging B AGI7I335 RO1AGO7IE PR M meociee:
unding from Canasior nstiate of Hedlth Reseanch 610P 11 51 31 ard 3FH 152043;
159815: 162203), the Conadior ConsorZum ot hewrodegenerition wnd Aging. the
Weston Begin Instituze A4 [MIRG-12-02040; #IRP-12.255243), the Brain Ca-ada
“oundation 34874 aac 33397, and the Ford: de recherche er santé cu Cuébec
ROEO-VICC-200019] DOS. is supacted by CWMOARCT [8560172014-9], ChPOF
=APF FRONFY [16. BN BITHFLEES
sare ues Tnane al suppnrt “ram CHP R0 D A45R4.
ANUNREAIIE-P] A AP EEG TSRS NIRRT A TARHE - -RSGETT, CRPOY
APLEGEFRONLK 162551 -0000475-7], Ui Lradlian Madcaal o o Scence
ar) Tech-elugy o Craitaonicity o) Moorcpraledion 485571720144, lnsdie
Serapilwirg [Serra 1972 31383), and Mativaal 2zacemy of Beurupsye wlugy AL
MAM 22 3283311

r

COMPETING INTERESTS
TRE soever i SAE of Move Mordisg seres on 38 of Rl Pnovative
Trorapoutios | Minks: ang serves ar the SA3 ane T o Co foundur of (A IMA. P3N

Molecular Psychiatry

. Soares et al,

servec in the 54% of Mave Moedisk. Eisai &nd Ely Lily ard a5 3 Sonzultant in Sz and
Tarvean radieplarmaceuticzls Sthar authars declare nn confllcr of ins=rest.

ADDITIONAL INFORMATION
Sopplementary Information The onlire wersica conza ns suaplencentary material

ava lalle at [t idaiono 0 IEHE T TARILA- 1024 - 4-1).

Comespondance and requeats Sor materals hanld o addressed e Fdaaien 2
S,

Raprints and parmission infermatien is aedilable ol hupSesee e ae s osmy
e aks

Publisher's note =pringer k2ture rema’n: reotrel with regard to | wrisdictional clair-s
ir pual shed maps ard irstitutic 1l affliaticns.

Lyzringge s Pl g s ligensor (e 4 sogiely or gthe naronerd halds £xghsive <inh
this arde v uncer g pueslishine agreeemenl witde Ui aathoe 33 e ather eighes beshls
autie sullarchiving el e sccoptes maswsrpl versiae el this artiele i sulely
gowerred by the terne of such publishing ggreereent and spalicaale ke,

SPRINGERMNATURE

13

51



52

Supplementary information

Supplement
Methed 51
Method $52
Method 53
Figure 51

Figura 52
Figure 53
Figure 54
Figure 55
Table 51
Table 52

Table 53
Table 54
Table S5
Table S6

Content

Search terms

Detalled exclusion criteria
JBI risk of bias questionnaire

Forest plots: glutamate reuptake, transporters, storage, recycling,
and aspartate
Forest plots: AMPAR, GluA1, GIUAZ/3

Forest plots: open-NMDAR, GluN2B

Foresl plols: NMDAR-GIUNT, NMDAR-GIluN2A
Forest plot: GluK

Descrption of onginal regions from included studies

List of all studies excluded after full-text eligibility with exclusion
reason
Report of effect estimates for each study

Sensitivity analysis: Jackknife's method
Publication bias: Egger's test
Sensitivity analysis: risk of bias



53

Supplementary Method S1. Search terms

Search terms appropriately used for each database.

Base Terms

Pubmed

11 May 2022: ("alzheimer disease"[MeSH Terms] OR "alzheimer"[All fields] AND
"disease"[All fields]) OR ("alzheimer disease"[All fields] OR "alzheimer's"[All fields]) AND
(("vGlut"TAll fields]) OR ("AMPAR"[AIl fields] OR "AMPA"[AIl fields] AND "Receptor"[All
fields]) OR ("NMDAR"[AIl fields] OR "NMDA"[AIl fields] AND "Receptor"[All fields]) OR
("mGIuR1"[All fields]) OR ("mGIuR5"[All fields]) OR ("EAAT1"[All fields]) OR ("GLAST"[AIl
Fields]) OR ("Glutamine synthetase"[All fields]) OR ("Glutamate uptake"[All fields]) OR
(“Glutamatergic system”[All fields]) OR (“GLT1”[All fields]) OR (“Glutamate transporter 1”
[All fields]) OR (“Glutamate transporter-1” [All fields]) OR (“GLT-1"[All fields]) OR
(“EAAT27[AIl fields]) OR (“Glutamate aspartate transporter’[All fields]))

31 October 2023: ("alzheimer disease"[MeSH Terms] OR ("alzheimer"[All Fields] AND
"disease"[All Fields]) OR "alzheimer disease"[All Fields] OR "alzheimer's"[All Fields]) AND
("postmortem"[All Fields] OR "post-mortem"[All Fields] OR "post-mortem"[All Fields]) AND
(("d-serine"[All Fields] OR "serine"[All Fields]) OR "glycine"[All Fields])

Web of
Science

11 May 2022: (ALL = (Alzheimer*) AND ALL= ("vGlut" OR “AMPA” OR “NMDA” OR
"MGIuR1" OR "MGIuR5" OR "EAATL1" OR "GLAST" OR "Glutamine synthetase" OR
"Glutamate uptake" OR "GLT1" OR "Glutamate transporter 1" OR "Glutamate transporter-
1" OR "GLT-1" OR "EAAT?2" OR "Glutamate aspartate transporter"))

31 October 2023: (ALL = (Alzheimer*) AND ALL= ("postmortem" OR "post-mortem™) AND

ALL= ("glycine" OR "d-serine" OR "serine"))
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Supplementary Method S2. Detailed exclusion criteria

Reports were excluded if it was or had: 1) a review and meta-analysis;

2) not peer-reviewed original data;

3) no AD and/or control group;

4) not glutamate-related,;

5) retracted;

6) not in English;

7) no clinical or neuropathological diagnostic criteria for AD;

8) AD group presenting other concomitant neurodegenerative disease or receiving drugs affecting the
glutamatergic system (i.e.. memantine, carbamazepine);

9) control group presenting inflammatory, neuropsychiatric, neurological and/or receiving drugs
affecting the glutamatergic system or indicating any neurological/psychiatric disease;

10) no selected glutamatergic outcomes;

11) not quantitative or data were insufficient to calculate the standard mean difference (SMD); 12) data
not from brain tissue;

13) less than three samples in each group;

14) same data were previously published and included in this study;

15) not available;

16) to be synthesized with less than three eligible studies;

17) data from animal, in vitro, or in silico studies.
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Supplementary Method S3. Risk of bias questionnaire

To assess methodological quality, included reports were appraised and rated employing an adapted
questionnaire from the JBI Critical Appraisal Checklist for Case Control Studies by two authors
independently (C.S. and G.L.). The adapted questionnaire was composed of seven sections or items
(i.e., how comparable the groups were, if investigators were blind from diagnosis and method
description). A few items were subdivided (i.e. if the groups were age-, sex-, and PMI- matched). To
each sub-item, the possible answers were ‘yes’, ‘no’ or ‘unclear’. If any of the sub-items was labeled ‘no’
or ‘unclear’, the item received score of zero. The studies were rated in overall as ‘high risk’ (score 0-7),
with ‘some concerns’ (score 8-10), or ‘low risk’ (score 11-15) and described as a ratio of the number of
studies in each category (high risk: low risk: some concerns).



CHECKLIST FOR CASE
CONTROL STUDIES

Critical Appraisal tools for use in JBI Systematic Reviews

56
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INTRODUCTION

JBlis an international research organisation based in the Faculty of Health and Medical Sciences at the
Lniversity of Adelaide, South Australia. 1Bl develops and deliversunique evidence-basad information, software,
education and training designed to improve healthcare practice and health cutcomes, With over70 Collaborating

Entities, servicing cver 90 countries, 1Bl is a recognised global leader in evidence-based healthcare.

JBI Systematic Reviews

The core of evidence synthesis is the systematic review of literature of a particular intervention, condition or
issUe. The systematic review s essentally an analysis of the available literature (thatis, evidence) and a judgment
of the effectiveness or otharwise of a practice, involving a series of complex steps. 1Bl takes a particular view on
what counts as evidence and the methods utilised to synthesise those different types ofevidence. In linewith this
broader view of evidence, 1Bl has developed theories, methodologies and rigorous processes for the critical
appraisal and synthesis of these diverse forms of evidence in arder to aid in clinical decision-making in healthcare.
There now exists 1Bl guidance for conducting reviews of effectiveness research, qualitative research,
prevalencefinddence, eticlogy/risk, economic evaluations, text/opinion, diagnostic test accuracy, mixed-
methods, umbrella reviews and scoping reviews. Further information regarding 1Bl systematic reviews can be

foundin the IBI Bvidence Synthesis Manual.

JBI Critical Appraisal Tools

All systematic reviews incorporate a process of critique or appraisal of the ressarch evidence. The purpose of this
gppraisal is to assess the methodological quality of & study and to determine the extent towhich a study has
addressed the posgbility of biaz in its design, conduct and analysis. All papers selected for inclusion in the
systematic review (thatis — those that meet theinclusion criteria described in the protocol) need to be subjected
to rigorous appraisal by two critical appraisers. The results of this appraisal can then be used to inform synthesis
and interpretation of the results of the study. 1Bl Critical appraisal tools have been developed by the 1Bl and
collaborators and approved by the 1Bl Scientific Committee following extensive peer review. Although designed
for use in systematic reviews, 1Bl critical appraisal tools can also be usedwhen creating Critically Appraised Topics

{CAT), in journal clubs and asan educational tool.

1B, 2020, All rights reserved. IBlgrants use of these Critical Appraisal Checklist for Case Control Studies - 2

tools for research purposes only, All other enguiries
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JBI CRITICAL APPRAISAL CHECKLIST FOR
CASE CONTROL STUDIES

Reviewer_ . Date
Author Year Record Number
Yes (scoreimaximuml g (score:  Undlear

0 {score:0)

1. Were casesand controls comparable and
matched appropriately? {Score: 3)

2. Were the same criteria used for identificationof
cases and controls? {Score: 2)

3. Was the outcome measured in a standard,
velid and religble way? (Score: 2)

4. Was the outcome measured in the same wayfor
cases and controls? (Score: 3)

5. Were confounding factors identified and were the
strategies to deal with them stated? (Score:2)

6. Was the conflict of interests disclosed? (Score:l)

7. Was the investigator blind for group condition

00 O O O O O
A s R o R o B o R
OO0 O O O O O

when the outcome was evaluated? (Score: 2)
Maximum score: 15
Low risk of hias: score 11 or +50me
concerns: score 8 to 10High risk of

hizas: score 7 or —

Owerall risk of bias HIGHRISK D SOME COMCERMS D LOW -RI 5K D

Comments/ohservations (e.g, there is a relevant information in the paper that wasnot contemplated in the questionsor if

there isaneedto contact the authors):

@ JBl, 2020, &l rights reserved, 1Bl grants use of these Critical Appraisal Checklist for Case Cortrol Studies - 3

tools for research purposes only, Al other enguiries
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EXPLANATION OF CASE CONTROL STUDIES
CRITICAL APPRAISAL

How to cite: Monla 5 MunnZ, Tufanaru C, Aramataris £, Sears K, Sfetcu R, Currie M, Qureshi R, Mattis P.LiEy K,
Mu P-F, Chapter 7 Systematic reviews of etiology and risk . In: Aromataris E, Munn 7 [Editars), JBI Manual for
Evidence Synthesis. 1B1, 2020, Available from https:/synthesismanual. jbi.global

Case Control Studies Critical Appraisal Tool

Answers: Yes, Mo, Unclear.

Explain using direct quotes from the study or state any assumptions.

1. Were cases and controls comparable and matched appropriately?

Seeif the subjects are®:

A, age-matched (yes/no/undear],

B. PhI-matched (yes/hofunclear),

C. sex-matched (yves/no/undear),
*if they do notmention these information, you can do the statistics to confirm it

0. Seeif they mention the age of the subjects (yes/mounclear). Full

score: 374 or 444 ves answers,

Explanation:

The control group should be representative of the source population that produced the cases, Thisisusually
done by individual matching, wherein controls are selected for each case on the basis of similarity with
respect to certain characteristics other than the exposure of interest, Frequency or group matching is an
altermative method, Selection bias may result if the groups are not comparable, The study should include
clear definitions of the source population, Sourcesfrom which cases and controlswere recruited should be
carefully looked at. For example, cancer registries may be used to recruit participants in a study examining
risk factors for lung cancer, which typify population-based case control studies. Study participants may be
selected from the targetpopulation, the source population, ar from a pool of eligible participants {such as
in hospital- based case control studies),

2. Were the same criteria used for identification of cases and controls?

a. Seeif therewas a control group definition (yes/nofundear).

b, Seeif there was neuropathalogical confirmation (AD group), when applicable {only in post-mortem
studies) (yes/mofundear).

¢ Seeif the source where controls and AD were recruited is the same (yes/no/unclear),

d. Seeif the population of the study is representative of the real disease condition(yes/naunclear),
Full score: 2/4 or 4/4 yes answers,

Explanation:

It is useful to determine if patients were incduded in the study based on either a specified diagnosis or
definition, This is more likely to decrease the risk of bias, Characteristics are another useful approach to
matching groups, and studies that did not use specfied diagnostic methods or definitions should provide
evidence on matching by key characteristics, & case should be defined

@ IBI, 2020, All rights reserved, JBl grants use of these Critical Appraisal Checklist for Caze Control Studies - 4

tools for research purposes only, &ll other enguiries
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clearly. Itis also important that controls must fulfil all the eligibility criteria defined for the cases except
for those relating to diagnosis of the disease.

3. Was the outcome measured in a standard, valid and reliable way?

See if the analysis is guantitative [yes answer) or semi-quantitative (no answer).
Explanation:

The study should dearly describe the method of measurement of the outcome. Assessing validity requires
that a 'gold standard' is available to which the measure can be compared. The wvalidity of outcome
measurement usually relates to whether a current measure is appropriate. Case control studies may
investigate many different ‘outcomes’ that may or may notbe associated with the condition. In these cases,
reviewers should use the main outcome of interest for their review to answer this question when using this
tool at the study level. Read the methods section of the paper. If for e.g. lung cancer is assessed basad on
existing definiions or diagnostic criteria, then the answer to this question islikely to be yes. If lung cancer
is assessed using observer reported, or s2lf-reported scales, the risk of over- or under-reporting isincreasad,
and chjectivity is compromisad. Importantly, determine if the measurement tools used were validated
instruments as this has a significant impact on outcome assessment validity. Hawving established the
objectivity of the cutcome measurement {2.g. lung cancer) instrument, it's important to establish how the
measurameant was conductad, Were those invalved in collecting data trained or educated in the ussof the
instrument/s? (2.g. radicgraphers). If thers was more than one data collectar, were they similar in terms of
level of education, clinical or research experience, or level of responsibility in the piece of research being
appraised?

4. Was the outcome measured in the same way for cases and controls?

Explanation:

As initem 3, the study should clearly describe the method of measurement of outcome. The ocutcome
measures should be dearly defined and described in detail. Assessment of outcome or risk factors should
hawve been carried out according to same procedures or protocols for both cases and controls.

5. Were confounding factors identified and were the strategies to deal with them
stated?

A, Seelif the cause of death for control and AD group was described {yes/nofunclear].

B, Seeifitismentioned that the participants did NOT have inflammatory/psychiatric conditions, or were
NOT using drugs (ves/nofundear) and/or if participants that had inflammatory, psychiatric conditions,
or were using drugs were excluded (yes/nofunclear).

Full score: 1/2 yes answers
Explanation:

Confounding has occurred where the estimated outcome effect is biased by the presence of some
difference between the comparison groups (apart from the outcome investigated/of interest). Typical
confounders include baseline characteristics, prognostic factors, or concomitant exposures (e.g. smolking).
A confounder is a difference between the comparison groups and it influences the direction of the study
results. A high quality study at the level of case control design will identify thepotential confounders and
measure them {where possible). Thisis difficult for studieswhere behavioural, attitudinal or lifestyle factors
may impact on the results. Strategies to deal with effects of confounding factors may be dealt within the
study design or in data analysiz. By matching or stratifying sampling of participants, effects of confounding
factors can be adjusted for. Whendealing with adjustment in data analysis, assess the statistics used in the
study. Most will be some form of multivariate regression analysis to account for the confounding factors
measurad. Look out

@RI, 2020, &ll rights reserved. JBI grarts use of these Critical &ppraisal Checklist for Case Cortrol Studies - 5

tools for research purposes only, &l other enguiries



for a description of statistical methods as regression methods such as logistic regression are usually
employed to deal with confounding factors/variables of interest,

Was the conflict of interest disclosed?

Was investigator blinded for group condition when the outcome was evaluated?

See if the analysis of the resultswas done blinded.
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Supplementary Figure S1. Forest plots of included studies evaluating glutamate reuptake,
transporters, storage, recycling, and aspartate in cortical areas, hippocampus, and entorhinal
cortex
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Forest plots of included studies evaluating glutamate reuptake, transporters, storage, and recycling, and aspartate in
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cortical areas, hippocampus, and entorhinal cortex. Overall standardized mean difference (SMD) of Glutamate reuptake (A-
B), EAAT2 (C), VGIuT1 (D), glutamate (E), glutamine (F), aspartate (G-H). Effect sizes are represented by horizontal line + 95%
Cl. Summary effect size is represented by a diamond. Studies are listed from lower to higher risk of bias. EAAT (excitatory amino
acid transporter 2). VGIUT (vesicular glutamate transporter). CN (cognitively normal). AD (Alzheimer’s disease). Cl (confidence
interval).
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Supplementary Figure S2. Forest plots of included studies evaluating glutamate AMPAR in
cortical areas, hippocampus, and entorhinal cortex

A. AMPAR: Hippocampus

Study Std. Mean Difference

Geddes, J. W, 1982

Dewar, D. 1681 e

Jansen, K. LR, 1990

Al studies

C. AMPAR-GIuA1: Entorhinal cortex

Study Std. Mean Difference
Wang, Y. 2000
Wakabayashi, K. 1999 -
Yasuda R P 1905 ©
AN studies

Effect size (85% CI)

E. AMPAR-GIuA2/3 Hippocampus

Study Std. Mean Difference

Yeung, J.H Y. 20218

Wang. Y. 2000

Thams, V. 1987

Al studies

Effect siza (85% CI)

- -
Effect size (35% CI)

Weights (%) CN/AD  SMD [95% CI]

— i 35075

32900

31123

810 =0.14[0.30.0.02]

66 -0.65[-0.99, -0.30]

o8 1.18 [-1.60, -0.75]

2324 -0.63 123, -0.03]

Effect size: 2= 2045, p = 0.103

Heterogenaity: 4 = 91.53%

Weights (%) CM/AD SMD [95% CI]

31951

318

36,866

S5 -085[-189,0.58

T -1.87|-282,-032)
&R -103[-218,0.12)
1821 -1.08[-1.78, -0.38]

Effect size: 2= -3.03, p = 0.003
Heterogeneity: 12 = 0%

Weights (%) CN/AD SMD [95% CI]

a1574

3855

54571

5% -0.06 (-0.31, 0.20]

56 1.44[-284. -0.04)

1213 -0.29 [-0.42, ~0.15]

27225 -028 (052,005
Effect size: 2=-163. p=0.439
Hotorogenaity: 1 = 61.58%

Pellagrni-Giampietro, D 1994

B. AMPAR-GIuA1: Hippocampus

Study Std. Mean Difference

Wang. ¥. 2000 -

K 1898

Gonzalez. M.D. 2021 -

Al studies

2 1
Effect size (95% CI)

D. AMPAR-GIuA2/3: Cortex

Study Std. Mean Difference

Yeung, JH.Y. 20218 ks
Gong, ¥, 2009 ——————0———
Falsafi. S K. 2014

Wang, ¥. 2000

Al studios

5 3 3 2
Effect size (85% CI)

F. AMPAR-GIuA2/3: Entorhinal cortex

Study Std. Mean Difference

Yeung, JH.Y, 20218
Thoms, V. 1887
Wang, Y. 2000

Yasuda, R P. 1835

Al studios

‘Effect size (85% CI)

Weights (%) CN/AD  SMD [95% CI]

38,055

20422

20207

21317

Weights (%)

24859

2320

2147

23817

22452

41813

18.091

17,855

109 -0B8[-183,008
56 -103[-234,027
T -181 312 -050)
&5 -1.34[-261,-0.07]

027 -120(-173,-081)
Effoct size: £ = 3988, p < 0.001
Heterogensity: 12 = 0%

CN/AD  SMD [95% CI]

76 -0.55 [~167,057)

VOMZ ~3.4 486, 206

2424 042(032.052)

56 -1.18[-252,0.18]

B4 141 [-273,087)

Effact sizs: 2
Heterogeneity.

Weights (%) CN/AD SMD [95% CI]

M -081[-163,000]
1213 -0781-157,008]
6 071 (195,083
as ~1.57[-283, -0.31

3033 084 [-1.37, -0.31]
Effect size: = -1.11, p = 0.008
Hetarogenelty: 12 = 0%

Forest plots of included studies evaluating glutamate AMPAR in cortical areas, hippocampus and entorhinal cortex.
Overall standardized mean difference (SMD) of AMPAR (A), AMPAR-GIuAl (B-C), AMPAR-GIuA2/3 (D-F). Effect sizes are
represented by horizontal line + 95% CI. Summary effect size is represented by a diamond. Studies are listed from lower to
higher risk of bias. AMPAR (a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor). AMPAR-GIUA (AMPAR-subunit).
CN (cognitively normal). AD (Alzheimer’s disease). Cl (confidence interval).
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Supplementary Figure S3. Forest plots of included studies evaluating glutamate NMDAR in
cortical areas, hippocampus, and entorhinal cortex
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Forest plots of included studies evaluating glutamate NMDAR in cortical areas, hippocampus, and entorhinal cortex.
Overall standardized mean difference (SMD) of open-NMDAR (A-B), NMDAR-GIuN2B (C-D). Effect sizes are represented by
horizontal line + 95% CI. Summary effect size is represented by a diamond. Studies are listed from lower to higher risk of bias.
open-NMDAR (N-methyl-D-aspartate receptor). NMDAR-GIUN (NMDAR-subunit). CN (cognitively normal). AD (Alzheimer's
disease). ClI (confidence interval).



66

Supplementary Figure S4. Forest plots of included studies evaluating glutamate NMDAR-GIuN1
and -GIuN2A in cortical areas, hippocampus, and entorhinal cortex
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Forest plots of included studies evaluating glutamate NMDAR-GIuN1 and -GIuN2A in cortical areas, hippocampus, and
entorhinal cortex. Overall standardized mean difference (SMD) of open-NMDAR-GIuN1 (A-C), NMDAR-GIuN2A (D-E). Effect
sizes are represented by horizontal line = 95% Cl. Summary effect size is represented by a diamond. Studies are listed from lower
to higher risk of bias. NMDAR-GIuN (NMDAR-subunit). CN (cognitively normal). AD (Alzheimer’s disease). Cl (confidence interval).
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Supplementary Figure S5. Forest plots of included studies evaluating glutamate GluK in the
hippocampus
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Forest plots of included studies evaluating glutamate GluK in the hippocampus. Overall standardized mean difference
(SMD) of GluK in the hippocampus. Effect sizes are represented by horizontal line £ 95% Cl. Summary effect size is
represented by a diamond. Studies are listed from lower to higher risk of bias. GluK (kainate receptor). CN (cognitively normal).
AD (Alzheimer’s disease). Cl (confidence interval).



Supplementary Table S1. Description of original regions from included studies

Study (Reference
number from main
text)

Sasaki et al. (72)

D'Aniello et al. (101)

Gramsbergen et al.
(74)
Gueli et al. (17)

Seidl et al. (23)
Sasaki et al. (72)

Seidl et al. (23)
D'Aniello et al. (101)
Gramsbergen et al.
(74)

Gueli et al. (17)
Sasaki et al. (72)

D'Aniello et al. (101)

Gramsbergen et al.
(74)

Pooled
as

Whole
brain

Whole
brain
Whole
brain
Whole
brain
Whole
brain
Cortex

Cortex
Cortex
Cortex

Cortex
Hippoc
ampus
Hippoc
ampus
Hippoc
ampus

Original regions

Superior frontal cortex,Orbital cortex,Cingulate cortex,Inferior
temporal cortex,Insular cortex,Angular cortex,Occipital
cortex,Hippocampus,Caudate nucleus,Putamen,Globus pallidus
interna,Globus pallidus externa,Amygdaloid
nucleus,Dorsomedial thalamus,Ventrolateral
thalamus,Substantia nigra,Accumbens
nucleus,Hypothalamus,Raphe nucleus,Mamillary body
Superior frontal cortex,Orbital cortex,Cingulate cortex,Inferior
temporal cortex,Insular cortex,Angular cortex,Occipital cortex

Hippocampus, frontal cortex

Temporal cortex

Temporal cortex, occipital cortex, caudate nucleus, thalamus
Superior frontal cortex,Orbital cortex,Cingulate cortex,Inferior
temporal cortex,Insular cortex,Angular cortex,Occipital cortex
Temporal cortex, occipital cortex

Frontal cortex, parietal cortex, temporal cortex

Frontal cortex

Temporal cortex
Hippocampus

Hippocampus

Hippocampus

Outcome

Aspartate

Aspartate
Aspartate
Aspartate
Aspartate
Aspartate
Aspartate
Aspartate

Aspartate

Aspartate
Aspartate

Aspartate

Aspartate

68



Study (Reference
number from main
text)

Chalmers et al.(45)
Dewar et al.(83)

Geddes et al.(43)

Jansen et al.(80)
Dewar et al.(83)
Geddes et al.(43)
Jansen et al.(80)
Falsafi et al.(21)
Gonzélez et al.(87)
Pellegrini-Giampietro
et al.(83)
Wakabayashi et al.(85)
Wang et al.(20)

Yasuda et al.(84)

Gonzalez et al.(87)

Pooled
as

Whole
brain
Whole
brain
Whole
brain

Whole
brain
Hippoc
ampus
Hippoc
ampus
Hippoc
ampus
Whole
brain
Whole
brain
Whole
brain
Whole
brain
Whole
brain
Whole
brain
Hippoc
ampus

Original regions

Frontal cortex layers I-ll, Frontal cortex layers lll,Frontal cortex
layers IV,Frontal cortex layers V-VI,Frontal cortex white matter
Subiculum, Hippocampal CA1, CA3,CA4,DG

Hippocampal CA1 or, CA1 pyr,CA1 rad,CA3 or,CA3 pyr,CA3 rad,gd
out,gd in,infragranular,hilus,Im,sub mol,sub pyr,sub pm,phg
in,phg out

Hippocampal CA1, CA3, DG, Entorhinal cortex

Hippocampal CA1, CA3,CA4, DG

Hippocampal CA1 or, CA1 pyr,CA1 rad,CA3 or,CA3 pyr,CA3 rad,gd
out,gd in,infragranular,hilus,Im

Hippocampal CA1, CA3, DG

Cortex (unspecified)

Hippocampus

Dentate gyrus

Dentate gyrus, Entorhinal cortex

Entorhinal cortex, Frontal cortex, Hippocampus

Entorhinal cortex

Hippocampus

69

Outcome

AMPAR

AMPAR

AMPAR

AMPAR

AMPAR

AMPAR

AMPAR

AMPAR - GluAl

AMPAR - GluAl

AMPAR - GluAl

AMPAR - GluAl

AMPAR - GluAl

AMPAR - GluAl

AMPAR - GluAl



Study (Reference
number from main
text)

Pellegrini-Giampietro

et al.(83)

Wakabayashi et al.(85)

Wang et al.(20)

Wakabayashi et al.(85)

Wang et al.(20)

Yasuda et al.(84)

Falsafi et al.(21)
Gong et al.(88)
Thorns et al.(87)
Tsamis et al.(88)
Wang et al.(20)
Yasuda et al.(84)

Yeung et al.(21)

Pooled
as

Hippoc
ampus
Hippoc
ampus
Hippoc
ampus
Entorhi
nal
cortex
Entorhi
nal
cortex
Entorhi
nal
cortex
Whole
brain
Whole
brain
Whole
brain
Whole
brain
Whole
brain
Whole
brain
Whole
brain

Original regions

Dentate gyrus

Dentate gyrus

Hippocampus

Entorhinal cortex

Entorhinal cortex

Entorhinal cortex

Cortex (unspecified)
Middle frontal gyrus

Hippocampal CA1, CA3, Entorhinal cortex

Striatum

Entorhinal cortex, Frontal cortex, Hippocampus

Entorhinal cortex

Hippocampal Str.ori_CA1, Str.pyr_CA1, Str.rad_CA1, Str.ori_CA2,
Str.pyr_CA2, Str.rad_CA2, Str.ori_CA3, Str.pyr_CA3, Str.rad_CAS3,

Outcome

AMPAR - GluAl
AMPAR - GluAl
AMPAR - GluA1

AMPAR - GluAl

AMPAR - GluAl

AMPAR - GluAl

AMPAR - GluA2/3
AMPAR - GluA2/3
AMPAR - GluA2/3
AMPAR - GluA2/3
AMPAR - GluA2/3
AMPAR - GluA2/3

AMPAR - GluA2/3

70



Study (Reference
number from main
text)

Thorns et al.(87)
Wang et al.(20)

Yeung et al.(21)

Thorns et al.(87)

Wang et al.(20)

Yasuda et al.(84)

Yeung et al.(21)

Falsafi et al.(21)
Gong et al.(88)

Wang et al.(20)
Yeung et al.(21)

Beckstrgm et al.(66)

Garcia-Esparcia
al.(73)

Pooled
as

Hippoc
ampus
Hippoc
ampus
Hippoc
ampus

Entorhi
nal
cortex
Entorhi
nal
cortex
Entorhi
nal
cortex
Entorhi
nal
cortex
Cortex
Cortex
Cortex
Cortex
Whole
brain
Whole
brain

Original regions

Str.mol_DG, Str_gran DG, Hilus_DG, Subiculum, Entorhinal
cortex, Superior temporal gyrus

Hippocampal CA1, CA3

Hippocampus

Hippocampus Str.ori_CA1, Str.pyr_CA1, Str.rad_CA1, Str.ori_CA2,
Str.pyr_CA2, Str.rad_CA2, Str.ori_CA3, Str.pyr_CA3, Str.rad_CA3,

Str.mol_DG, Str_gran_DG, Hilus_DG
Entorhinal Cortex

Entorhinal cortex

Entorhinal cortex

Entorhinal cortex

Cortex (unspecified)

Middle frontal gyrus

Frontal cortex

Superior temporal gyrus

Cingulate gyrus, Inferior temporal gyrus

Frontal cortex

Outcome

AMPAR - GluA2/3
AMPAR - GluA2/3

AMPAR - GluA2/3

AMPAR - GIuA2/3

AMPAR - GluA2/3

AMPAR - GluA2/3

AMPAR - GluA2/3

AMPAR - GluA2/3
AMPAR - GluA2/3
AMPAR - GluA2/3
AMPAR - GluA2/3
EAAT2

EAAT2

71



Study (Reference
number from main
text)

Hoshi et al.(72)
Kobayash et al.(68)
Li et al.(65)

Poirel et al.(34)
Tian et al.(69)
Woltjer et al.(67)

Yeung et al.(66)

Beckstrgm et al.(66)
Garcia-Esparcia
al.(73)

Hoshi et al.(72)

Li et al.(65)
Poirel et al.(34)
Tian et al.(69)
Woltjer et al.(67)
Yeung et al.(66)
Gramsbergen
al.(76)

et

et

Pooled
as

Whole
brain
Whole
brain
Whole
brain
Whole
brain
Whole
brain
Whole
brain
Whole
brain

Cortex
Cortex

Cortex

Cortex
Cortex
Cortex
Cortex
Cortex
Whole
brain

Original regions

Inferior temporal cortex, Medial temporal cortex, Superior
temporal cortex
Entorhinal cortex layer |_II, Entorhinal cortex layer Ill_IV

Frontal cortex
Frontal cortex
Frontal cortex
Frontal cortex, Hippocampus

Str.ori_CA1, Str.pyr_CA1, Str.rad_CA1, Str.ori_CA2, Str.pyr_CA2,
Str.rad_CA2, Str.ori_CA3, Str.pyr_CA3, Str.rad_CA3, Str.mol_DG,
Str_gran_DG, Hilus_DG, Subiculum, Entorhinal cortex, Superior
temporal gyrus

Inferior temporal gyrus

Frontal cortex

Inferior temporal cortex, Medial temporal cortex, Superior
temporal cortex

Frontal cortex

Frontal cortex

Frontal cortex

Frontal cortex

Superior temporal gyrus

Hippocampus, Frontal cortex

72

Outcome

EAAT2

EAAT2

EAAT2

EAAT2

EAAT2

EAAT2

EAAT2

EAAT2
EAAT2

EAAT2

EAAT2
EAAT2
EAAT2
EAAT2
EAAT2
Glutamate



Study (Reference
number from main
text)

Gueli et al.(17)
Hyman et al.(75)

Sasaki et al.(74)

Tommaso et al.(22)
Seidl et al.(23)

Gramsbergen et
al.(76)
Gueli et al.(17)

Sasaki et al.(74)

Tommaso et al.(22)
Seidl et al.(23)
Gramsbergen et
al.(76)

Gueli et al.(17)

Tommaso et al.(22)

Seidl et al.(23)

Pooled
as

Whole
brain
Whole
brain
Whole
brain

Whole
brain
Whole
brain
Cortex

Cortex

Cortex

Cortex
Cortex
Whole
brain
Whole
brain
Whole
brain
Whole
brain

Original regions

Temporal cortex
terminal zone of the perforant pathway

Orbital cortex, Cingulate cortex, Inferior temporal cortex, Insular
cortex,Angular cortex,Occipital cortex,Hippocampus,Caudate
nucleus,Putamen,Globus  pallidus interna,Globus pallidus
externa, Amygdaloid nucleus, Dorsomedial thalamus,
Ventrolateral thalamus, Substantia nigra, Accumbens nucleus,
Hypothalamus, Mamillary body

Superior frontal gyrus

Temporal cortex, occipital cortex, caudate nucleus, thalamus
Frontal cortex

Temporal cortex

Orbital cortex, cingulate cortex, Inferior temporal cortex, Insular
cortex,Angular cortex,Occipital cortex

superior frontal gyrus

Temporal cortex, occipital cortex

Hippocampus, frontal cortex

Temporal cortex
superior frontal gyrus

Temporal cortex, occipital cortex, caudate nucleus, thalamus

Outcome

Glutamate

Glutamate

Glutamate

Glutamate

Glutamate

Glutamate

Glutamate

Glutamate
Glutamate
Glutamate
Glutamine
Glutamine

Glutamine

Glutamine
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Study (Reference
number from main
text)

Gramsbergen et
al.(76)

Gueli et al.(17)
Tommaso et al.(22)
Seidl et al.(23)
Burbaeva et al.(78)
Hensley et al.(78)
Jgrgensen et al.(83)
Chalmers et al.(45)
Cowburn et al.(44)
Dewar et al.(83)
Geddes et al.(43)
Geddes et al.(46)
Jansen et al.(80)
Cowburn et al.(44)

Dewar et al.(83)

Geddes et al.(43)

Pooled
as

Cortex

Cortex
Cortex
Cortex
Whole
brain
Whole
brain
Whole
brain
Whole
brain
Whole
brain
Whole
brain
Whole
brain
Whole
brain
Whole
brain
Hippoc
ampus
Hippoc
ampus
Hippoc
ampus

Original regions

Frontal cortex

Temporal cortex

superior frontal gyrus

Temporal cortex, occipital cortex
Prefrontal cortex (BA10)

Hippocampus, Inferior parietal lobe
Frontal cortex

Frontal cortex layers Ill, Frontal cortex layers I-1l, Frontal cortex
layers IV, Frontal cortex layers V-VI,Frontal cortex white matter
Temporal cortex, Frontal cortex, Parietal cortex, Hippocampus,
Caudate

Subiculum, Hippocampal CA1, CA3,CA4,DG

CA1 or, CA1 pyr, CA1 rad, CA3 or, CA3 pyr, CA3 rad, gd out, gd in,
infragranular, hilus, Im, sub mol, sub pyr, sub pm, phg in, phg out
Hippocampus Inner mol, Outer mol, Hilus, H3, H2, H1, S. Or, S.L.M,
S.Luc

Hippocampus CA1, CA3, Entorhinal cortex, DGM
hippocampus

Hippocampal CA1, CA3, CA4, DG

Hippocampal CA1 or, CA1 pyr, CAl rad, CA3 or, CA3 pyr, CA3 rad,
gd out, gd in, infragranular, hilus, Im

Outcome

Glutamine

Glutamine

Glutamine

Glutamine

GS

GS

GS

GluK

GluK

GluK

GluK

GluK

GluK

GluK

GluK

GluK
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Study (Reference
number from main
text)

Geddes et al.(46)
Jansen et al.(80)
Albasanz et al.(38)
Dewar et al.(83)
Gong et al.(88)
Lee et al.(102)
Tsamis et al.(88)
Berchtold et al.(98)
Bi et al.(100)
Elnagar et al.(99)
Falsafi et al.(21)
Gong et al.(88)
Sze et al.(100)
Tsamis et al.(88)

Ulas et al.(96)

Pooled
as

Hippoc
ampus
Hippoc
ampus
Whole
brain
Whole
brain
Whole
brain
Whole
brain
Whole
brain
Whole
brain
Whole
brain
Whole
brain
Whole
brain
Whole
brain
Whole
brain
Whole
brain
Whole
brain

Original regions

Hippocampal Inner mol, Outer mol, Hilus, H3, H2, H1, S. Or, S.L.M,
S.Luc

Hippocampal CA1, CA3, DGM

Left frontal lobe

Subiculum, CA1, CA3, CA4, DG

Middle frontal gyrus

Hippocampus

Striatum

Hippocampus

Entorhinal cortex, Hippocampus

Middle frontal gyrus

Cortex (unspecified)

Middle frontal gyrus

Caudate, Entorhinal cortex, Hippocampus, Occipital cortex

Striatum

Hippocampal CA1, CA2, CA3, Granule cells, Hilus, Subiculum,
Entorhinal cortical layers, Perirhinal layers

75

Outcome

GlukK

GluK

mGlu

mGlu

mGlu

mGlu

mGlu

NMDAR - GluN1

NMDAR - GluN1

NMDAR - GluN1

NMDAR - GluN1

NMDAR - GluN1

NMDAR - GIuN1

NMDAR - GluN1

NMDAR - GIuN1



Study (Reference
number from main
text)

Wakabayashi et al.(85)

Wang et al.(20)

Yeung et al.(21)

Berchtold et al.(98)

Bi et al.(100)
Sze et al.(100)

Ulas et al.(96)

Wakabayashi et al.(85)

Wang et al.(20)

Yeung et al.(21)

Bi et al.(100)

Sze et al.(100)

Pooled
as

Whole
brain
Whole
brain
Whole
brain

Hippoc
ampus
Hippoc
ampus
Hippoc
ampus
Hippoc
ampus
Hippoc
ampus
Hippoc
ampus
Hippoc
ampus

Entorhi
nal
cortex
Entorhi
nal
cortex

Original regions

Dentate gyrus

Entorhinal cortex, Frontal cortex, Hippocampus

Str.ori_CA1l,
Str.pyr_CA1,Str.rad_CA1,Str.ori_CA2,Str.pyr_CA2,Str.rad_CA2,Str
.ori_CA3,Str.pyr_CA3,Str.rad_CA3,Str.mol_DG,Str_gran_DG,Hilus
_DG, Subiculum, Entorhinal cortex, Superior temporal gyrus
Hippocampus

Hippocampus

Hippocampus

Hippocampal CA1, CA2, CA3, granule cells, Hilus

Dentate gyrus

Hippocampus

Str.ori_CA1l,
Str.pyr_CA1,Str.rad_CA1,Str.ori_CA2,Str.pyr_CA2,Str.rad_CA2,Str
.ori_CA3,Str.pyr_CA3,Str.rad_CA3,Str.mol_DG,Str_gran_DG,Hilus

_ DG, Subiculum, Entorhinal cortex, Superior temporal gyrus
Entorhinal cortex

Entorhinal cortex

Outcome

NMDAR - GluN1

NMDAR - GluN1

NMDAR - GluN1

NMDAR - GluN1

NMDAR - GluN1

NMDAR - GluN1

NMDAR - GluN1

NMDAR - GluN1

NMDAR - GluN1

NMDAR - GluN1

NMDAR - GluN1

NMDAR - GluN1
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Study (Reference
number from main
text)

Ulas et al.(96)

Wang et al.(20)

Yeung et al.(21)

Yeung et al.(21)

Elnagar et al.(99)
Falsafi et al.(21)
Gong et al.(88)
Sze et al.(100)
Wang et al.(20)
Yeung et al.(21)
Bi et al.(100)

Sze et al.(100)
Wang et al.(20)
Wang et al.(20)

Wang et al.(20)

Pooled
as

Entorhi
nal
cortex
Entorhi
nal
cortex
Entorhi
nal
cortex
Entorhi
nal
cortex
Cortex
Cortex
Cortex
Cortex
Cortex
Cortex
Whole
brain
Whole
brain
Whole
brain
Whole
brain
Whole
brain

Original regions

Entorhinal cortex layers

Entorhinal cortex

Entorhinal cortex

Entorhinal cortex

Middle frontal gyrus

Cortex (unspecified)

Middle frontal gyrus

Occipital cortex

Frontal cortex

Superior temporal gyrus
Entorhinal cortex, Hippocampus

Entorhinal cortex, Hippocampus, Occipital cortex
Entorhinal cortex
Frontal cortex

Hippocampus

Outcome

NMDAR - GluN1

NMDAR - GluN1

NMDAR - GluN1

NMDAR - GluN1

NMDAR - GluN1
NMDAR - GluN1
NMDAR - GluN1
NMDAR - GluN1
NMDAR - GluN1
NMDAR - GluN1
NMDAR - GIuN2A

NMDAR - GIuN2A

NMDAR - GIuN2A

NMDAR - GIuN2A

NMDAR - GIuN2A

77



Study (Reference
number from main
text)

Yeung et al.(21)

Bi et al.(100)

Sze et al.(100)

Wang et al.(20)

Yeung et al.(21)

Bi et al.(100)

Sze et al.(100)

Wang et al.(20)

Yeung et al.(21)

Sze et al.(100)
Wang et al.(20)
Yeung et al.(21)

Pooled
as

Whole
brain

Hippoc
ampus
Hippoc
ampus
Hippoc
ampus
Hippoc
ampus

Entorhi
nal
cortex
Entorhi
nal
cortex
Entorhi
nal
cortex
Entorhi
nal
cortex
Cortex
Cortex
Cortex

Original regions

Str.ori_CA1,
Str.pyr_CA1,Str.rad_CA1,Str.ori_CA2,Str.pyr_CA2,Str.rad_CA2,Str
.ori_CA3,Str.pyr_CA3,Str.rad_CA3,Str.mol_DG,Str_gran_DG,Hilus
_DG, Subiculum, Entorhinal cortex, Superior temporal gyrus
Hippocampus

Hippocampus

Hippocampus

Str.ori_CA1l,
Str.pyr_CA1,Str.rad_CA1,Str.ori_CA2,Str.pyr_CA2,Str.rad_CA2,Str

.ori_CA3,Str.pyr_CA3,Str.rad_CA3,Str.mol_DG,Str_gran_DG,Hilus
DG

Entorhinal cortex

Entorhinal cortex

Entorhinal cortex

Entorhinal cortex

Occipital cortex
Frontal cortex
Superior temporal gyrus

Outcome

NMDAR - GluN2A

NMDAR - GIuN2A

NMDAR - GIuN2A

NMDAR - GluN2A

NMDAR - GIuN2A

NMDAR - GIuN2A

NMDAR - GIuN2A

NMDAR - GluN2A

NMDAR - GIuN2A

NMDAR - GIuN2A
NMDAR - GIuN2A
NMDAR - GluN2A
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Study (Reference
number from main
text)

Bi et al.(100)
Marshal et al.(101)
Sze et al.(100)
Wang et al.(20)

Bi et al.(100)
Marshal et al.(101)
Sze et al.(100)
Wang et al.(20)

Bi et al.(100)

Sze et al.(100)

Wang et al.(20)

Jansen et al.(80)

Mouradian et al.(95)

Pooled
as

Whole
brain
Whole
brain
Whole
brain
Whole
brain
Hippoc
ampus
Hippoc
ampus
Hippoc
ampus
Hippoc
ampus
Entorhi
nal
cortex
Entorhi
nal
cortex
Entorhi
nal
cortex
Whole
brain
Whole
brain

Original regions

Entorhinal cortex, Hippocampus

Hippocampus

Caudate, Entorhinal cortex, Hippocampus, Occipital cortex

Entorhinal cortex, Frontal cortex, Hippocampus

Hippocampus

Hippocampus

Hippocampus

Hippocampus

Entorhinal cortex

Entorhinal cortex

Entorhinal cortex

Hippocampal CA1, CA3, DGM, Entorhinal cortex

Frontal (A4), Frontal (A9), Hippocampus, Occipital (A17), Parietal
(A39), Temporal (A28, A22)

Outcome

NMDAR - GluN2B

NMDAR - GluN2B

NMDAR - GluN2B

NMDAR - GluN2B

NMDAR - GluN2B

NMDAR - GIluN2B

NMDAR - GluN2B

NMDAR - GIluN2B

NMDAR - GluN2B

NMDAR - GIuN2B

NMDAR - GluN2B

open-NMDAR

open-NMDAR
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Study (Reference
number from main
text)

Ninomiya et al.(92)
Palmer et al.(94)
Scheuer et al.(92)
Shimohama et al.(94)
Simpson et al.(67)
Tsang et al.(89)

Ulas et al.(90)

Jansen et al.(80)
Mouradian et al.(95)
Simpson et al.(67)
Ulas et al.(90)
Mouradian et al.(95)
Ninomiya et al.(92)
Palmer et al.(94)

Palmer et al.(94)
Scheuer et al.(92)

Pooled
as

Whole
brain
Whole
brain
Whole
brain
Whole
brain
Whole
brain
Whole
brain
Whole
brain

Hippoc
ampus
Hippoc
ampus
Hippoc
ampus
Hippoc
ampus
Cortex

Cortex
Cortex
Cortex
Cortex

Original regions

Frontal cortex

Frontal cortex, Temporal cortex
Frontal Cortex, Parietal cortex
Frontal Cortex

Caudate, Frontal cortex, Hippocampus, Putamen, Temporal
cortex
Right hemisphere Orbitofrontal Gyrus

Hippocampal CA1 pyr, CA1 or, CAl rad, CA3 or, CA3 pyr, CA3 rad,
GD in, GD out, Hilus, Infragranular, Lm, Phg in, Phg out, Sub mol,
Sub pm, Sub pyr

Hippocampal CA1, CA3, DGM

Hippocampus
Hippocampus

Hippocampal CA1 pyr, CAl or, CAl rad, CA3 or, CA3 pyr, CA3 rad,
GD in, GD out, Hilus, Infragranular, Lm

Frontal (A4), Frontal (A9), Occipital (A17), Parietal (A39),
Temporal (A28, A22)

Frontal cortex

Frontal cortex

Temporal cortex

Frontal Cortex, Parietal cortex

Outcome

open-NMDAR

open-NMDAR

open-NMDAR

open-NMDAR

open-NMDAR

open-NMDAR

open-NMDAR

open-NMDAR
open-NMDAR
open-NMDAR
open-NMDAR
open-NMDAR
open-NMDAR
open-NMDAR

open-NMDAR
open-NMDAR
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Study (Reference
number from main
text)

Shimohama et al.(94)
Simpson et al.(67)

Tsang et al.(89)
Beckstrgm et al.(66)
Chalmers et al.(45)
Cowburn et al.(100)
Cowburn et al.(65)
Cross et al.(67)
Hardy et al.(67)

Li et al.(65)

Masliah et al.(56)
Rothstein et al.(64)

Simpson et al.(67)

Xuereb et al.(64)

Pooled
as

Cortex

Cortex
Cortex
Whole
brain
Whole
brain
Whole
brain
Whole
brain
Whole
brain
Whole
brain
Whole
brain
Whole
brain
Whole
brain
Whole
brain
Whole
brain

Original regions

Frontal Cortex

Frontal cortex, Temporal cortex
Right hemisphere Orbitofrontal Gyrus
Cingulate gyrus, Inferior temporal gyrus

Frontal cortex layers I-1l, Frontal cortex layers lll,Frontal cortex
layers IV,Frontal cortex layers V-VI,Frontal cortex white matter

Temporal cortex
Hippocampus, Frontal cortex, Parietal cortex, Caudate
Frontal-parietal cortex

Frontal cortex, Hippocampus, Occipital cortex, Parietal cortex,
Temporal cortex, Caudate, Globus pallidus
Midfrontal cortex

Frontal cortex

Hippocampus, Striatum, Motor cortex
Frontal cortex, Caudate,
Hippocampus

Principal anterior, Lateral dorsal, Anterior ventral lateral external
part, Anterior ventral lateral internal part, Posterior ventral
lateral dorsal part, Posterior ventral lateral ventral part, Posterior
ventral lateral caudal part, Ventral posterolateral, Ventral

posteromedial, Basal ventral medial, Mediodorsal, Anterior
paraventricular, Paracentral, Central medial, Centromedian, Para

Temporal cortex, Putamen,

Outcome

open-NMDAR
open-NMDAR

open-NMDAR

Glutamate reuptake
Glutamate reuptake
Glutamate reuptake
Glutamate reuptake
Glutamate reuptake
Glutamate reuptake
Glutamate reuptake
Glutamate reuptake
Glutamate reuptake

Glutamate reuptake

Glutamate reuptake



Study (Reference
number from main
text)

Cowburn et al.(65)
Hardy et al.(67)
Rothstein et al.(64)
Simpson et al.(67)

Beckstrgm et al.(66)
Chalmers et al.(45)

Cowburn et al.(100)
Cowburn et al.(65)
Cross et al.(67)
Hardy et al.(67)

Li et al.(65)
Masliah et al.(56)
Rothstein et al.(64)
Simpson et al.(67)
Garcia-Esparcia et
al.(73)

Kashani et al.(72)

Kirvell et al.(32)

Mitew et al.(33)

Pooled
as

Hippoc
ampus
Hippoc
ampus
Hippoc
ampus
Hippoc
ampus
Cortex
Cortex

Cortex
Cortex
Cortex
Cortex
Cortex
Cortex
Cortex
Cortex
Whole
brain

Whole
brain

Whole
brain

Whole
brain

Original regions

fascicular, Pulvinar lateral, Pulvinar medial, Reticular, Zona
incerta, Subthalamus
Hippocampus

Hippocampus
Hippocampus
Hippocampus

Cingulate gyrus, Inferior temporal gyrus

Frontal cortex layers I-ll, Frontal cortex layers lll,Frontal cortex
layers IV,Frontal cortex layers V-VI,Frontal cortex white matter
Temporal cortex

Frontal Cortex, Parietal cortex

Frontal-parietal cortex

Frontal cortex, Occipital cortex, Parietal cortex, Temporal cortex
Midfrontal cortex

Frontal cortex

Motor Cortex

Frontal cortex, Temporal cortex

Frontal cortex

Prefrontal cortex
Temporal cortex, Parietal cortex, Occipital cortex

Inferior temporal cortex

Outcome

Glutamate reuptake
Glutamate reuptake
Glutamate reuptake
Glutamate reuptake

Glutamate reuptake
Glutamate reuptake

Glutamate reuptake
Glutamate reuptake
Glutamate reuptake
Glutamate reuptake
Glutamate reuptake
Glutamate reuptake
Glutamate reuptake
Glutamate reuptake
VGLUT1

VGLUT1
VGLUT1

VGLUT1

82



Study (Reference
number from main
text)

Poirel et al.(34)

Rodriguez-Perdigon et
al.(73)
Sokolow et al.(35)

Garcia-Esparcia et
al.(73)

Kashani et al.(72)
Kirvell et al.(32)
Mitew et al.(33)
Poirel et al.(34)

Pooled
as

Whole
brain
Whole
brain
Whole
brain
Cortex

Cortex
Cortex
Cortex
Cortex

Original regions

Frontal cortex

Hippocampus

Parietal cortex

Frontal cortex

Prefrontal cortex

Temporal cortex, Parietal cortex, Occipital cortex

Inferior temporal cortex
Frontal cortex

83

Outcome

VGLUT1

VGLUT1

VGLUT1

VGLUT1

VGLUT1

VGLUT1

VGLUT1
VGLUT1

Original regions were pooled as “whole brain”, cortical areas, hippocampus or entorhinal cortex. Regions not included: cerebellum, brain stem, and spinal cord. Abbreviations:
AMPAR (a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor); AMPAR-GIUA (AMPAR-subunit); EAAT (excitatory amino acid transporter); GS (glutamine
synthetase); GIluK (kainate receptor); mGlu (metabotropic glutamate receptor); open-NMDAR (N-methyl-D-aspartate receptor). NMDAR-GIUN (NMDAR-subunit). VGIuT

(vesicular glutamate transporter).



Supplementary Table S2. List of excluded studies after full-text eligibility

Study PMID
28083916
32475008
2900537
3713780
18586353
14751773
20805102
20535486
30606734
1842701
19774677
15144856
28176002
7477679
25012223
34143915
34603012
34048087
31954399
15287897
19295912
2557558
17292512
32483284
25622143
25031178
20416976
1387617
11148253
33492290
35707770
21743130
25213836
19726654
10416226
22677667
2878980
29450841
10412022
8164524
30291374

Study

(Tracy and Gan, 2017)
(Schnoder et al., 2020)
(Greenamyre et al., 1988)
(Procter et al., 1986)
(Simpson et al., 2010)
(Mishizen-Eberz et al., 2004)
(Epis etal., 2010)
(Thalet al., 2010)
(Lle6 et al., 2019)
(Chessell et al., 1991)
(Sultana, Banks and Butterfield, 2010)
(Carter et al., 2004)
(Busse et al., 2018)
(Le Prince et al., 1995)
(Robinson et al., 2014)
(Ishibashi et al., 2021)
(Salcedo et al., 2021)
(Lyons et al., 2021)
(Meccaetal., 2020)
(Matthew R Hynd, Scott and Dodd, 2004)
(Williams et al., 2009)
(Jansen, Faull and Dragunow, 1989)
(Abbott et al., 2008)

(Cho et al., 2020)

(Orretal., 2015)

(Neuman et al., 2015)

(Scottetal., 2011)

(Porter et al., 1992)
(Masliah et al., 2001)

(Nakano et al., 2021)

(Kenanoglu et al., 2022)
(Chenetal., 2011)

(Lietal., 2014)

(Wang et al., 2009)

(Gonzalo-Ruiz, 1999)

(Burbaeva et al., 2012)
(Greenamyre et al., 1987)

(Chan et al., 2018)

(Chan, Griffin and Mattson, 1999)
(Garcia-Ladona et al., 1994)
(Miller Herde et al., 2019)

Reason
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Study PMID
10436347
4071042
15605986
25261450
2160518
35109872
3029638
2878639
32896673
32925049
22232349
11793164
34145880
15030408
26455863
3031556
2570384
2898011
3339353
1980143
27041503
25942042
1683703
11071482
11432984
24312364
7690114
15931666
27986924
14751437
19339596
2879613
1966604
9697936
2858129
11274307
7970158
6133580
7824065
8397299
29859871
11461977
34039651
34965419
34065927

Study

(Procter, Qurne and Francis, 1999)
(Geddes et al., 1985)
(Dalfé et al., 2004)
(Mohamed et al., 2015)
(Penney et al., 1990)
(Munoz-Castro et al., 2022)
(Monaghan et al., 1987)
(Ellison et al., 1986)
(Nuzzo et al., 2020)
(Enache et al., 2020)
(Ringman et al., 2012)
(Panegyres, Zafiris-Toufexis and Kakulas, 2002)
(Matthews et al., 2021)
(Matthew R. Hynd, Scott and Dodd, 2004)
(Fluteau et al., 2015)
(Maragos et al., 1987)
(Procter et al., 1989)
(Procter, Lowe, et al., 1988)
(Procter, Palmer, et al., 1988)
(Lowe et al., 1990)
(Tracy et al., 2016)
(Madeira et al., 2015)
(Smith et al., 1991)
(Honig et al., 2000)

(Hynd, Scott and Dodd, 2001)
(Pirttimaki et al., 2013)

(Carlson, Penney and Young, 1993)
(Fang et al., 2005)

(Prieto etal., 2017)
(Hashimoto et al., 2004)
(Deshpande et al., 2009)
(Geddes et al., 1986)

(Harrison et al., 1990)

(D’Aniello et al., 1998)

(Greenamyre et al., 1985)
(Antuono et al., 2001)

(Masliah et al., 1994)

(Smith et al., 1983)
(Balazs and Leon, 1994)
(Chouinard, Gaitan and Wood, 1993)
(Tiernan et al., 2018)

(Lauderback et al., 2001)
(Dominguez-Alvaro et al., 2021)
(Simoes et al., 2021)
(Ahmad et al., 2021)
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Study PMID
29186695
12938024
11826152
17361039
8773259
8205474
8871942
23616440
11844890
20882066
18983893
19832840
11746426
1361232
10630204
8616634
12408226
24950944
11004532
24312282
8285589
19319679
11532724
9466422
17913914
24156266
9447566
9291943
33380492
20980075
7722505
2761669
4047524
3014387
2905920
29025866
31422081
14749132
10805335
10520940
10847559
24973618
8102356
21597934
25577411

Study

(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(

Savasetal., 2017)

Westphalen, Scott and Dodd, 2003)
Scottetal., 2002)

Jacob etal., 2007)

Ikonomovic, Sheffield and Armstrong, 1995)
Armstrong et al., 1994)
Armstrong and Ikonomovic, 1996)
Lim et al., 2013)

Tsai et al., 2002)

Chenetal., 2010)

Jiang and Jia, 2009)
Makitie et al., 2010)

Robinson, 2001)

Gunnersen and Haley, 1992)
Ikonomovic et al., 1999)

Akbarian, Smith and Jones, 1995)
Thai, 2002)

Burbaeva et al., 2014)

Oyama, Yamamoto and Titani, 2000)
Kravitz, Gaisler-Salomon and Biegon, 2013)
Hyman et al., 1994)

Pow and Cook, 2009)
Dracheva et al., 2001)

Aronica et al., 1998)

Bell, Bennett and Cuello, 2007)
Leubaetal., 2014)
Brown et al., 1997)

Ikonomovic et al., 1997)
Halbgebauer et al., 2021)

Marcello et al., 2012)

Scott, Tannenberg and Dodd, 1995)
Akiyama et al., 1989)

Arai et al., 1985)
Palmer et al., 1986)

Represa et al., 1988)

Goetzl et al., 2018)

Lin, Yang and Lane, 2019)

Zoia et al., 2004)
Ferrarese et al., 2000)
Tumani et al., 1999)
Kuiper et al., 2000)

Busse et al., 2014)

Miulli, Norwell and Schwartz, 1993)
Vermeiren et al., 2011)
Timmer et al., 2015)
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Reason
13
13
11
11
11
11
11
11
11
11
11
11
11
11
11
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11
11
11
11
11
11
11
11
11
11
11
11
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11
11
11
11
11
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12
12
12
12
12
12
12
12
12
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Study PMID
2926384
1734749
1508400
7702702
9871505
18624794
32304284
1980999
30909027
19501936
8819138

Study

(
(
(
(
(
(
(
(
(
(
(

Hoyer and Nitsch, 1989)
Pomaraetal., 1992)
Tohgi et al., 1992)
Fisher et al., 1994)
Fisher et al., 1998)
Duerson et al., 2009)
Treyer et al., 2020)
Dewar et al., 1990)
Ishibashi et al., 2019)
Rupsingh et al., 2011)
Haug et al., 1996)

87

Reason
12
12
12
12
14
16
16
16
16
16
16

Excluded studies with their respective PMID and exclusion reason number. Exclusion reasons are described in the

Supplementary Method S2.



Supplementary Table S3. Report of effect estimates for each study

Outcome

Aspartate
Aspartate
Aspartate
Aspartate
Aspartate
Glutamate
Glutamate
Glutamate
Glutamate
Glutamate
Glutamate
Glutamine
Glutamine
Glutamine

Glutamine

AMPAR - GluA1

AMPAR - GluAl

Region

Whole brain
Whole brain
Whole brain
Whole brain
Whole brain
Whole brain
Whole brain
Whole brain
Whole brain
Whole brain
Whole brain
Whole brain
Whole brain
Whole brain
Whole brain

Whole brain

Whole brain

Study (reference n.
from main text)

Sasaki et al.(74)

Gueli et al.(17)

D Aniello et al.(101)
Seidl et al.(23)
Gramsbergen et al.(76)
Tommaso et al.(22)
Gueli et al.(17)

Sasaki et al.(74)

Seidl et al.(23)
Gramsbergen et al.(76)
Hyman et al.(75)
Tommaso et al.(22)
Gueli et al.(17)

Seidl et al.(23)
Gramsbergen et al.(76)

Pellegrini-Giampietro
et al.(82)

Falsafi et al.(19)

CN

10

10

24

AD

13

12

10

13

12

10
13

12

24

Bias
score

12
12
10
10

13
12
12
10

13
12
10

10

SMD

-0.70
-1.48
-0.94
-0.52
-0.07
-1.17
-1.23
-1.16
-0.43
-0.46
-2.76
-0.51
0.92

-0.14
-0.24

-0.88

2.11

ci_low

-0.97
-2.36
-1.44
-0.77
-0.19
-2.14
-2.08
-1.55
-0.66
-0.64
-4.74
-1.40
0.11

-0.32
-0.37

-1.83

1.39

ci_high

-0.43
-0.60
-0.44
-0.27
0.04
-0.21
-0.38
-0.76
-0.21
-0.29
-0.78
0.39
1.74
0.04
-0.10
0.08

2.82
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Outcome

AMPAR - GluAl
AMPAR - GluAl
AMPAR - GluAl
AMPAR - GluAl
AMPAR - GIuA2/3
AMPAR - GluA2/3
AMPAR - GIuA2/3
AMPAR - GIuA2/3
AMPAR - GIuA2/3
AMPAR - GluA2/3
AMPAR - GIuA2/3
EAAT2

EAAT2

EAAT2

EAAT2

EAAT2
EAAT2

EAAT2

Region

Whole brain
Whole brain
Whole brain
Whole brain
Whole brain
Whole brain
Whole brain
Whole brain
Whole brain
Whole brain
Whole brain
Whole brain
Whole brain
Whole brain

Whole brain

Whole brain
Whole brain

Whole brain

Study (reference n.
from main text)

Wang et al.(20)
Wakabayashi et al.(85)
Gonzalez et al.(83)
Yasuda et al.(84)
Yeung et al. (84)
Gong et al.(87)
Tsamis et al.(88)
Falsafi et al.(19)
Wang et al.(20)
Thorns et al.(86)
Yasuda et al.(84)
Yeung et al.(21)
Woltjer et al.(67)
Kobayashi et al.(66)

Garcia-Esparcia et
al.(71)

Li et al.(63)
Tian et al.(69)

Beckstram et al.(64)

24

12

20

39

10

AD

~

o 0 O

24

13

55

20

11
10

Bias
score

SMD

-0.86
-1.68
-1.34
-1.03
-0.19
-3.46
0.17

0.42

-1.08
-0.44
-1.57
0.33

-0.49
-0.58
1.36

0.64
-0.92

-0.61

ci_low

-1.31
-2.34
-2.61
-2.18
-0.45
-4.86
-0.97
0.32

-1.60
-0.60
-2.83
0.08

-0.58
-0.91
0.77

-0.70
-1.97

-0.84
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ci_high

-0.42
-1.03
-0.07
0.12
0.08
-2.06
1.30
0.52
-0.56
-0.27
-0.31
0.58
-0.40
-0.25
1.96

1.98
0.14

-0.37



Outcome

EAAT2
EAAT2
AMPAR
AMPAR
AMPAR
AMPAR

Glutamate
reuptake

Glutamate
reuptake

Glutamate
reuptake

Glutamate
reuptake

Glutamate
reuptake

Glutamate
reuptake

Glutamate
reuptake

Glutamate
reuptake

Region

Whole brain
Whole brain
Whole brain
Whole brain
Whole brain
Whole brain

Whole brain

Whole brain

Whole brain

Whole brain

Whole brain

Whole brain

Whole brain

Whole brain

Study (reference n.
from main text)

Hoshi et al.(70)
Poirel et al.(31)
Geddes et al.(46)
Dewar et al.(81)
Jansen et al.(80)
Chalmers et al.(45)

Masliah et al.(56)

Rothstein et al.(58)

Simpson et al.(65)

Cowburn et al.(60)

Cross et al.(57)

Chalmers et al.(45)

Li et al.(63)

Beckstram et al.(64)

CN

10

AD

64
10

16

12

10

Bias
score

12
10

SMD

-1.76
-0.07
-0.17
-0.82
-1.10
0.37

-1.04

-0.36

-0.80

-0.51

-0.60

-2.30

-1.52

-0.38

ci_low

-2.47
-0.42
-0.33
-1.22
-1.51
0.10

-1.99

-0.74

-1.15

-0.84

-2.04

-3.24

-2.80

-0.56

90

ci_high

-1.05
0.28
-0.01
-0.42
-0.70
0.65

-0.09

0.03

-0.44

-0.18

0.84

-1.35

-0.23

-0.20



Outcome

Glutamate
reuptake

Glutamate
reuptake

Glutamate
reuptake

GS

GS

GS

GluK
GluK
GluK
GluK
GluK
GluK
mGlu
mGlu
mGlu
mGlu

mGlu

Region

Whole brain

Whole brain

Whole brain

Whole brain
Whole brain
Whole brain
Whole brain
Whole brain
Whole brain
Whole brain
Whole brain
Whole brain
Whole brain
Whole brain
Whole brain
Whole brain

Whole brain

Study (reference n.

from main text)

Cowburn et al.(59)

Hardy et al.(61)

Xuereb et al.(62)

Jorgensen et al.(79)
Burbaeva et al.(77)
Hensley et al.(78)
Geddes et al.(46)
Dewar et al.(81)
Jansen et al.(80)
Cowburn et al.(44)
Chalmers et al.(45)
Geddes et al.(43)
Albasanz et al.(38)
Gong et al.(87)
Dewar et al.(81)
Tsamis et al.(88)

Lee et al.(102)

CN

13

AD

13
11
22

18

Bias
score

12
10

10
10
10

SMD

-2.01

-1.16

0.34

0.64
1.33
-0.91
-0.04
-0.61
-0.09
0.20
0.83
-0.39
-2.29
-0.13
-0.79
0.82
1.43

ci_low

-3.51

-1.67

0.03

-0.19
0.34

-1.18
-0.20
-0.95
-0.26
-0.05
0.43

-0.75
-3.69
-0.97
-1.18
-0.37
0.62

ci_high

-0.52

-0.64

0.66

1.47
2.32
-0.65
0.11
-0.28
0.08
0.44
1.24
-0.03
-0.90
0.71
-0.40
2.02
2.24
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Outcome

NMDAR - GluN1
NMDAR - GluN1
NMDAR - GluN1
NMDAR - GluN1
NMDAR - GIluN1
NMDAR - GluN1
NMDAR - GluN1
NMDAR - GluN1
NMDAR - GIluN1
NMDAR - GluN1
NMDAR - GluN1
NMDAR - GIuN2A
NMDAR - GIuN2A
NMDAR - GIuN2A
NMDAR - GIuN2A
NMDAR - GIuN2B
NMDAR - GIuN2B
NMDAR - GIuN2B

Region

Whole brain
Whole brain
Whole brain
Whole brain
Whole brain
Whole brain
Whole brain
Whole brain
Whole brain
Whole brain
Whole brain
Whole brain
Whole brain
Whole brain
Whole brain
Whole brain
Whole brain

Whole brain

Study (reference n.

from main text)
Ulas et al.(96)
Yeung et al.(66)
Berchtold et al.(97)
Gong et al.(87)
Tsamis et al.(88)
Bi et al.(99)

Falsafi et al.(19)
Wang et al.(20)
Sze et al.(100)

Elnagar et al.(98)

Wakabayashi et al.(85)

Yeung et al.(66)

Bi et al.(99)

Wang et al.(20)
Sze et al.(100)
Marshall et al.(101)
Bi et al.(99)

Wang et al.(20)

CN

10
10

N
N

g ©O© W o U1 O O ~N 0 o Ou

AD

10
12

~

o © o0 o o ©o©o @~

Bias
score

14

11

SMD

-0.40
1.15

-0.63
-0.77
0.16

0.15

0.40

-1.63
-0.69
-1.04
-0.25
0.83

-1.20
-0.82
-0.43
-0.15
-1.47
-1.14

ci_low

-0.68
0.66

-1.53
-1.65
-0.97
-0.01
-0.17
-2.36
-1.08
-2.14
-1.31
0.37

-1.62
-1.25
-0.74
-1.48
-1.97
-1.68
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ci_high

-0.12
1.64
0.28
0.10
1.30
0.31
0.97
-0.90
-0.31
0.06
0.80
1.29
-0.78
-0.39
-0.12
1.18
-0.96
-0.60



Outcome Region Study (reference n. CN AD Bias SMD ci_low ci_high

from main text) score
NMDAR - GIuN2B = Whole brain Sze et al.(100) 6 5 6 -0.86 -1.30 -0.42
Open-NMDAR Whole brain Tsang et al.(89) 11 22 12 -0.79 -1.54 -0.04
Open-NMDAR Whole brain Ulas et al.(90) 10 8 10 -0.65 -0.92 -0.39
Open-NMDAR Whole brain Scheuer et al.(92) 20 21 8 -0.54 -0.67 -0.40
Open-NMDAR Whole brain Ninomiya et al.(91) 10 8 8 -2.87 -4.27 -1.46
Open-NMDAR Whole brain Jansen et al.(80) 9 8 8 -1.24 -1.68 -0.79
Open-NMDAR Whole brain Simpson et al.(65) 9 8 8 -0.39 -0.59 -0.18
Open-NMDAR Whole brain Palmer et al.(93) 8 8 8 0.25 0.05 0.44
Open-NMDAR Whole brain Mouradian et al.(95) 11 9 5 -0.15 -0.30 -0.01
Open-NMDAR Whole brain Shimohama et al.(94) 5 5 5 -4.82 -7.76 -1.88
VGIuT1 Whole brain Garcia-Esparcia et 39 20 8 0.91 0.34 1.47

al.(71)
VGIuT1 Whole brain Sokolow et al.(35) 4 6 8 1.09 -0.31 2.49
VGIuT1 Whole brain Kashani et al.(72) 5 4 7 -2.52 -4.54 -0.51
VGIuT1 Whole brain Mitew et al.(33) 5 6 6 -3.91 -6.24 -1.58
VGIuT1 Whole brain Rodriguez-Perdigonet = 16 15 6 -1.40 -2.19 -0.60

al.(73)
VGIuT1 Whole brain Kirvell et al.(32) 9 12 6 -0.83 -1.11 -0.54

VGIuT1 Whole brain Poirel et al.(31) 63 64 4 -0.28 -0.63 0.07



Outcome

EAAT2
EAAT2
EAAT2

EAAT2
EAAT2
EAAT2
EAAT2
EAAT2

Glutamate
reuptake

Glutamate
reuptake

Glutamate
reuptake

Glutamate
reuptake

Glutamate
reuptake

Glutamate
reuptake

Region

Cortex
Cortex

Cortex

Cortex
Cortex
Cortex
Cortex
Cortex

Cortex

Cortex

Cortex

Cortex

Cortex

Cortex

Study (reference n.
from main text)

Yeung et al.(21)
Woltjer et al.(67)

Garcia-Esparcia et
al.(71)

Li et al.(63)

Tian et al.(69)
Beckstram et al.(64)
Hoshi et al.(70)
Poirel et al.(31)

Masliah et al.(56)

Rothstein et al.(58)

Simpson et al.(65)

Cowburn et al.(60)

Cross et al.(57)

Chalmers et al.(45)

CN

20
39

10

63

AD

55
20

11
10

64
16

Bias
score

11
10

© »~ 01 o o N

SMD

-0.44
-0.27

1.36

0.64

-0.92
-0.58
-1.76
-0.07
-1.04

-0.64

-1.01

-0.04

-0.60

-2.30

ci_low

-1.55
-0.78

0.77

-0.70
-1.97
-1.48
-2.47
-0.42
-1.99

-1.73

-1.44

-0.30

-2.04

-3.24
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ci_high

0.66
0.24

1.96

1.98
0.14
0.32
-1.05
0.28
-0.09

0.45

-0.59

0.21

0.84

-1.35



Outcome

Glutamate
reuptake

Glutamate
reuptake

Glutamate
reuptake

Glutamate
reuptake

Glutamate
reuptake

Glutamate
reuptake

Glutamate
reuptake

Glutamate
reuptake

GluK
GluK
GluK
GluK
GluK

NMDAR - GluN1

Region

Cortex

Cortex

Cortex

Cortex

Hippocampus

Hippocampus

Hippocampus

Hippocampus

Hippocampus
Hippocampus
Hippocampus
Hippocampus
Hippocampus

Cortex

Study (reference n.

from main text)

Li et al.(63)

Beckstram et al.(64)

Cowburn et al.(59)

Hardy et al.(61)

Rothstein et al.(58)

Simpson et al.(65)

Cowburn et al.(60)

Hardy et al.(61)

Geddes et al.(46)
Dewar et al.(81)
Jansen et al.(80)
Cowburn et al.(44)
Geddes et al.(43)

Yeung et al.(66)

CN

10

o o1 o1 © O o

AD

12

10

o b~ 01 00 O

Bias
score

12
10

11

SMD

-1.52

-0.38

-2.01

-1.65

0.03

-0.95

-1.25

-0.76

-0.20
-0.48
0.00
0.71
-0.39

0.56

ci_low

-2.80

-0.56

-3.51

-2.35

-1.35

-2.11

-2.61

-1.82

-0.37
-0.78
-0.17
-0.59
-0.75

-0.61

ci_high

-0.23

-0.20

-0.52

-0.95

1.42

0.22

0.10

0.30

-0.03
-0.18
0.16
2.01
-0.03

1.72
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Outcome

NMDAR - GluN1
NMDAR - GluN1
NMDAR - GluN1
NMDAR - GluN1
NMDAR - GluN1
NMDAR - GluN1
NMDAR - GluN1
NMDAR - GluN1
NMDAR - GluN1
NMDAR - GluN1
NMDAR - GluN1
NMDAR - GluN1
NMDAR - GluN1
NMDAR - GluN1
NMDAR - GluN1
NMDAR - GluN1
NMDAR - GluN1

NMDAR - GIuN2A

Region

Cortex

Cortex

Cortex

Cortex

Cortex
Entorhinal cortex
Entorhinal cortex
Entorhinal cortex
Entorhinal cortex
Entorhinal cortex
Hippocampus
Hippocampus
Hippocampus
Hippocampus
Hippocampus
Hippocampus
Hippocampus

Cortex

Study (reference n.

from main text)
Gong et al.(87)
Falsafi et al.(19)
Wang et al.(20)
Sze et al.(100)
Elnagar et al.(98)
Ulas et al.(96)
Yeung et al.(66)
Bi et al.(99)
Wang et al.(20)
Sze et al.(100)
Ulas et al.(96)
Yeung et al.(66)
Berchtold et al.(97)
Bi et al.(99)
Wang et al.(20)
Sze et al.(100)

Wakabayashi et al.(85)

Yeung et al.(66)

CN

10

N O o o1 © N oo 00 o O

=
o

o N o o1 ©

AD

12

g o

IS(DG)U‘I(D@(D(D\I

o N o1 o ©

Bias
score

10

14
11

14
11
11

11

SMD

-0.77
0.40
-2.27
-0.24
-1.04
-0.88
1.78
0.18
-1.23
-0.64
-0.25
1.20
-0.63
0.13
-1.62
-1.55
-0.25
0.05

ci_low

-1.65
-0.17
-3.93
-1.43
-2.14
-1.30
1.06

0.01

-2.57
-1.01
-0.50
0.69

-1.53
-0.80
-3.06
-2.98
-1.31
-1.09

ci_high

0.10
0.97
-0.60
0.95
0.06
-0.46
2.50
0.34
0.12
-0.27
0.00
1.70
0.28
1.05
-0.17
-0.12
0.80

1.18
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Outcome

NMDAR - GIuN2A
NMDAR - GIuN2A
NMDAR - GIuN2A
NMDAR - GIuN2A
NMDAR - GIuN2A
NMDAR - GIuN2A
NMDAR - GIuN2A
NMDAR - GIuN2A
NMDAR - GIuN2A
NMDAR - GIuN2A
NMDAR - GIuN2B
NMDAR - GIuN2B
NMDAR - GIuN2B
NMDAR - GIuN2B
NMDAR - GIuN2B
NMDAR - GIuN2B
NMDAR - GIuN2B

Open-NMDAR

Region

Cortex

Cortex
Entorhinal cortex
Entorhinal cortex
Entorhinal cortex
Entorhinal cortex
Hippocampus
Hippocampus
Hippocampus
Hippocampus
Entorhinal cortex
Entorhinal cortex
Entorhinal cortex
Hippocampus
Hippocampus
Hippocampus
Hippocampus

Cortex

Study (reference n.

from main text)
Wang et al.(20)
Sze et al.(100)
Yeung et al.(66)
Bi et al.(99)
Wang et al.(20)
Sze et al.(100)
Yeung et al.(66)
Bi et al.(99)
Wang et al.(20)
Sze et al.(100)
Bi et al.(99)
Wang et al.(20)
Sze et al.(100)
Marshal et al.(101)
Bi et al.(99)
Wang et al.(20)
Sze et al.(100)

Tsang et al.(89)

o 01 © W o U1 ©o o U © o o U1 ©o Ou o u @)
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N
N

Bias
score

O‘)CDOOLOCDG)OOCT)CDCOI':

=
N

SMD

-1.40
-0.55
1.09

-1.32
-0.44
-1.37
0.89

-1.09
-0.76
0.40

-2.39
-0.61
-1.50
-0.15
-0.91
-1.37
-1.43
-0.79

ci_low

-2.79
-1.77
-0.29
-2.37
-1.65
-2.75
0.41

-2.09
-2.00
-0.81
-3.67
-1.84
-2.91
-1.48
-1.90
-2.75
-2.83

-1.54

ci_high

-0.01
0.67
2.47
-0.28
0.77
0.01
1.38
-0.08
0.49
1.60
-1.12
0.62
-0.08
1.18
0.07
0.01
-0.03
-0.04
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Outcome

Open-NMDAR
Open-NMDAR
Open-NMDAR
Open-NMDAR
Open-NMDAR
Open-NMDAR
Open-NMDAR
Open-NMDAR
Open-NMDAR
Open-NMDAR

VGIuT1

VGIuT1
VGIuT1
VGIuT1
VGIuT1
VGIuT1
VGIuT2

VGIuT2

Region

Cortex
Cortex
Cortex
Cortex
Cortex
Cortex
Hippocampus
Hippocampus
Hippocampus
Hippocampus

Cortex

Cortex
Cortex
Cortex
Cortex
Cortex
Cortex

Cortex

Study (reference n.

from main text)

Scheuer et al.(92)
Ninomiya et al.(91)
Simpson et al.(65)
Palmer et al.(93)
Mouradian et al.(95)

Shimohama et al.(94)

Ulas et al.(90)

Jansen et al.(80)
Simpson et al.(65)
Mouradian et al.(95)

Garcia-Esparcia et

al.(71)

Sokolow et al.(35)

Kashani et al.(72)

Mitew et al.(33)
Kirvell et al.(32)

Poirel et al.(31)

Sokolow et al.(35)

Kirvell et al.(32)

CN

20

(o]

>
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\lU‘I@CDU‘ICO@(DCDD‘)

N
o

12

64

11

Bias
score

o 0 o

ol

o U1 00
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SMD

-0.54
-2.87
-0.75
0.25

-0.16
-4.82
-0.58
-1.19
0.48

-0.13

0.91

1.09

-2.52
-3.91
-0.83
-0.28
-0.26

-0.15

ci_low

-0.67
-4.27
-1.09
0.05

-0.31
-7.76
-0.83
-1.62
-0.64
-1.12

0.34

-0.31
-4.54
-6.24
-1.11
-0.63
-1.53

-0.28
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ci_high

-0.40
-1.46
-0.41
0.44

-0.01
-1.88
-0.34
-0.76
1.59

0.86

1.47

2.49
-0.51
-1.58
-0.54
0.07
1.01

-0.01



Outcome

VGIuT2
Aspartate
Aspartate
Aspartate
Aspartate
Aspartate
Aspartate
Aspartate
Aspartate
Glutamate
Glutamate
Glutamate
Glutamate
Glutamate
Glutamine
Glutamine
Glutamine

Glutamine

Region

Cortex
Cortex
Cortex
Cortex
Cortex
Cortex
Hippocampus
Hippocampus
Hippocampus
Cortex
Cortex
Cortex
Cortex
Cortex
Cortex
Cortex
Cortex

Cortex

Study (reference n.
from main text)

Poirel et al.(31)

Sasaki et al.(74)

Gueli et al.(17)

D Aniello et al.(101)
Seidl et al.(23)
Gramsbergen et al.(76)
Sasaki et al.(74)

D Aniello et al.(101)
Gramsbergen et al.(76)
Tommaso et al.(22)
Gueli et al.(17)

Sasaki et al.(74)

Seidl et al.(23)
Gramsbergen et al.(76)
Tommaso et al.(22)
Gueli et al.(17)

Seidl et al.(23)

Gramsbergen et al.(76)

CN

63
10
13

12
10

12
10
13
10

12

10

13

12

AD

64

13

12
10
13

12
10
13

12

Bias
score

12
12
10
10

12
10

13
12
12
10

13
12

10

SMD

0.12

-0.82
-1.48
-0.90
-0.21
0.45

-1.08
-1.14
-0.61
-1.17
-1.23
-1.31
-0.22
0.01

-0.51
0.92

-0.14

-0.11

ci_low

-0.22
-1.12
-2.36
-1.38
-0.40
-0.36
-2.09
-2.53
-1.44
-2.14
-2.08
-1.75
-0.40
-0.79
-1.40
0.11

-0.32
-0.91
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ci_high

0.47
-0.52
-0.60
-0.42
-0.02
1.27
-0.07
0.25
0.21
-0.21
-0.38
-0.87
-0.03
0.81
0.39
1.74
0.04
0.69
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Outcome Region Study (reference n. CN AD Bias SMD ci_low ci_high
from main text) score
AMPAR - GluAl1 Entorhinal cortex Wang et al.(20) 5 6 6 -0.65 -1.89 0.58
AMPAR - GluA1 Entorhinal cortex Wakabayashi et al.(85) 7 7 6 -1.57 -2.82 -0.32
AMPAR - GluAl1 Entorhinal cortex Yasuda et al.(84) 6 8 3 -1.03 -2.18 0.12
AMPAR - GIuAl Hippocampus Pellegrini-Giampietro 10 9 10 -0.88 -1.83 0.08
et al.(82)
AMPAR - GluAl1 Hippocampus Wang et al.(20) 5 6 6 -1.03 -2.34 0.27
AMPAR - GluAl Hippocampus Wakabayashi et al.(85) @ 7 7 6 -1.81 -3.12 -0.50
AMPAR - GluAl Hippocampus Gonzélez et al.(83) 8 5 5 -1.34 -2.61 -0.07
AMPAR - GluA2/3  Cortex Yeung et al.(66) 7 6 11 -0.55 -1.67 0.57
AMPAR - GluA2/3 Cortex Gong et al.(87) 10 12 10 -3.46 -4.86 -2.06
AMPAR - GluA2/3  Cortex Falsafi et al.(19) 24 24 9 0.42 0.32 0.52
AMPAR - GIuA2/3 Cortex Wang et al.(20) 5 6 6 -1.19 -2.52 0.15
AMPAR - GluA2/3  Entorhinal cortex Yeung et al.(66) 7 6 11 -0.51 -1.63 0.60
AMPAR - GluA2/3  Entorhinal cortex Wang et al.(20) 5 6 6 -0.71 -1.95 0.53

Abbreviations: AMPAR (a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor); AMPAR-GIUA (AMPAR-subunit); EAAT (excitatory amino acid transporter); GS
(glutamine synthetase); GIuK (kainate receptor); mGlu (metabotropic glutamate receptor); open-NMDAR (N-methyl-D-aspartate receptor). NMDAR-GIUN (NMDAR-subunit). VGIUT

(vesicular glutamate transporter). SMD (standard mean difference). Cl (confidence interval). CN (cognitively normal). AD (Alzheimer's disease).



Supplementary Table S4. Results from the Jackknife method

Outcome_region

AMPAR - GluAl_Entorhinal
cortex

AMPAR - GluAl_Entorhinal
cortex

AMPAR - GluA1l_Entorhinal
cortex

AMPAR -
GluAl_Hippocampus
AMPAR -
GluAl_Hippocampus

AMPAR -
GluA1l_Hippocampus
AMPAR -
GluA1l_Hippocampus
AMPAR - GluA1l_Whole
brain

AMPAR - GIuA1_Whole
brain

AMPAR - GluA1_Whole
brain

AMPAR - GluA1l_Whole
brain

Study
(reference n.
from main text)

Wakabayashi
et al.(85)
Wang et
al.(20)
Yasuda et
al.(84)
Gonzalez et
al.(87)
Pellegrini-
Giampietro et
al.(83)
Wakabayashi
et al.(85)
Wang et
al.(20)

Falsafi et
al.(21)
Gonzalez et
al.(87)
Pellegrini-
Giampietro et
al.(83)
Wakabayashi
et al.(85)

Estimate

-0.86

-1.28

-1.11

-1.16

-1.39

-1.04

-1.24

-1.12

-0.46

-0.54

-0.37

SE

0.43

0.43

0.46

0.34

0.38

0.34

0.34

0.18

0.67

0.70

0.69

Zval

-1.99

-2.96

-2.42

-3.42

-3.65

-3.10

-3.68

-6.19

-0.69

-0.77

-0.53

Pval

0.046

0.003

0.016

0.001

0.000

0.002

0.000

0.000

0.491

0.441

0.595

Cl_low

-1.70

-2.12

-2.01

-1.82

-2.14

-1.70

-1.90

-1.47

-1.78

-1.92

-1.72

Cl_high

-0.02

-0.43

-0.21

-0.49

-0.65

-0.38

-0.58

-0.76

0.85

0.84

0.99

Tau?

0.00

0.00

0.02

0.00

0.00

0.00

0.00

0.02

2.08

2.27

2.16

|2

0.00

0.00

4.51

0.00

0.00

0.00

0.00

11.41

94.07

94.16

92.76

Padj

0.046

0.009

0.023

0.001

0.001

0.002

0.001

0.000

0.595

0.595

0.595
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Outcome_region

AMPAR - GluA1_Whole
brain

AMPAR - GIuA1_Whole
brain

AMPAR - GluA2/3_Cortex

AMPAR - GluA2/3_Cortex
AMPAR - GluA2/3_Cortex

AMPAR - GIuA2/3_Cortex

AMPAR -
GluA2/3_Entorhinal cortex
AMPAR -
GluA2/3_Entorhinal cortex
AMPAR -
GluA2/3_Entorhinal cortex
AMPAR -
GluA2/3_Entorhinal cortex
AMPAR -
GluA2/3_Hippocampus
AMPAR -
GluA2/3_Hippocampus
AMPAR -
GluA2/3_Hippocampus

Study
(reference n.
from main text)

Wang et
al.(20)
Yasuda et
al.(84)
Falsafi et
al.(21)
Gong et al.(88)
Wang et
al.(20)
Yeung et
al.(21)
Thorns et
al.(87)
Wang et
al.(20)
Yasuda et
al.(84)
Yeung et
al.(21)
Thorns et
al.(87)
Wang et
al.(20)
Yeung et
al.(21)

Estimate

-0.55

-0.51

-1.70

-0.28
-1.10

-1.33

-0.90

-0.86

-0.68

-0.93

-0.57

-0.20

-0.65

SE

0.83

0.68

0.86

0.53
1.05

1.20

0.35

0.30

0.30

0.31

0.67

0.11

0.54

Zval

-0.66

-0.75

-1.96

-0.53
-1.05

-1.11

-2.53

-2.90

-2.29

-3.04

-0.86

-1.80

-1.20

Pval

0.510

0.451

0.050

0.597
0.293

0.266

0.011

0.004

0.022

0.002

0.392

0.071

0.228

Cl_low

-2.17

-1.85

-3.39

-1.31
-3.15

-3.68

-1.59

-1.45

-1.26

-1.53

-1.88

-0.41

-1.70

Cl_high

1.08

0.82

0.00

0.75
0.95

1.02

-0.20

-0.28

-0.10

-0.33

0.74

0.02

0.40

Tau?

3.18

2.15

1.81

0.61
3.02

4.00

0.00

0.00

0.00

0.00

0.69

0.01

0.41

|2

93.94

94.15

80.90

76.05
93.76

94.23

0.00

0.00

0.00

0.00

72.48

57.74

61.56

Padj

0.595

0.595

0.198

0.597
0.390

0.390

0.015

0.007

0.022

0.007

0.392

0.214

0.343
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Outcome_region

AMPAR - GluA2/3_Whole
brain

AMPAR - GluA2/3_Whole
brain

AMPAR - GluA2/3_Whole
brain

AMPAR - GluA2/3_Whole
brain

AMPAR - GluA2/3_Whole
brain

AMPAR - GluA2/3_Whole
brain

AMPAR - GluA2/3_Whole
brain
AMPAR_Hippocampus

AMPAR_Hippocampus
AMPAR_Hippocampus
AMPAR_Whole brain
AMPAR_Whole brain

AMPAR_Whole brain

Study
(reference n.

from main text)

Falsafi et
al.(21)

Gong et al.(88)

Thorns et
al.(87)
Tsamis et
al.(88)
Wang et
al.(20)
Yasuda et
al.(84)
Yeung et
al.(21)
Dewar et
al.(83)
Geddes et
al.(43)
Jansen et
al.(80)
Chalmers et
al.(45)
Dewar et
al.(83)
Geddes et
al.(43)

Estimate

-0.80

-0.36

-0.73

-0.73

-0.53

-0.53

-0.77

-0.64

-0.89

-0.37

-0.68

-0.28

-0.51

SE

0.25

0.27

0.35

0.30

0.29

0.29

0.34

0.52

0.26

0.25

0.32

0.33

0.50

Zval

-3.21

-1.36

-2.07

-2.46

-1.81

-1.85

-2.27

-1.23

-3.38

-1.46

-2.12

-0.85

-1.02

Pval

0.001

0.174

0.038

0.014

0.070

0.065

0.023

0.219

0.001

0.145

0.034

0.397

0.307

Cl_low

-1.30

-0.89

-1.43

-1.31

-1.10

-1.09

-1.43

-1.65

-1.41

-0.86

-1.30

-0.93

-1.48

Cl_high

-0.31

0.16

-0.04

-0.15

0.04

0.03

-0.10

0.38

-0.38

0.13

-0.05

0.37

0.47

Tau?

0.24

0.33

0.58

0.42

0.37

0.39

0.52

0.51

0.10

0.11

0.27

0.31

0.70

84.10

95.46

93.85

96.29

95.63

96.10

96.15

94.94

72.00

85.18

91.33

94.32

95.50

Padj

0.009

0.174

0.067

0.048

0.082

0.082

0.054

0.219

0.002

0.217

0.134

0.500

0.500
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Outcome_region

AMPAR_Whole brain
Aspartate_Cortex
Aspartate_Cortex
Aspartate_Cortex
Aspartate_Cortex
Aspartate_Cortex
Aspartate_Hippocampus
Aspartate_Hippocampus
Aspartate_Hippocampus
Aspartate_Whole brain
Aspartate_Whole brain
Aspartate_Whole brain
Aspartate_Whole brain

Aspartate_Whole brain
EAAT2_Cortex

Study
(reference n.
from main text)

Jansen et
al.(80)

Sasaki et
al.(71)
D’Aniello et
al.(103)
Gramsbergen
et al.(22)
Gueli et al.(10)
Seidl et al.(23)
Sasaki et
al.(71)
D’Aniello et
al.(103)
Gramsbergen
et al.(22)
Sasaki et
al.(71)
D’Aniello et
al.(103)
Gramsbergen
et al.(22)
Gueli et al.(10)
Seidl et al.(23)
Beckstrgm et
al.(66)

Estimate

-0.19

-0.51

-0.50

-0.76

-0.44

-0.71

-0.75

-0.80

-1.10

-0.62

-0.56

-0.74

-0.52

-0.70
-0.21

SE

0.28

0.31

0.28

0.25

0.24

0.28

0.36

0.33

0.42

0.24

0.22

0.14

0.20

0.28
0.37

Zval

-0.67

-1.62

-1.75

-3.02

-1.82

-2.52

-2.07

-2.45

-2.63

-2.59

-2.58

-5.41

-2.59

-2.53
-0.56

Pval

0.500

0.106

0.080

0.003

0.069

0.012

0.038

0.014

0.008

0.010

0.010

0.000

0.010

0.012
0.573

Cl_low

-0.72
-1.12
-1.05
-1.25
-0.92
-1.26
-1.46
-1.44
-1.91
-1.10
-0.99
-1.01
-0.92

-1.25
-0.94

Cl_high

0.35
0.11
0.06
-0.27
0.03
-0.16
-0.04
-0.16
-0.28
-0.15
-0.13
-0.47
-0.13

-0.16
0.52

Tau?

0.21

0.30

0.24

0.19

0.18

0.22

0.00

0.00

0.00

0.18

0.15

0.03

0.14

0.25
0.78

|2

91.79

82.38

86.15

85.66

85.07

74.11

0.00

0.00

0.00

89.02

90.50

48.85

90.50

91.29
87.59

Padj

0.500
0.106
0.099
0.013
0.099
0.029
0.038
0.021
0.021
0.012
0.012
0.000
0.012

0.012
0.727
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Outcome_region

EAAT2_Cortex

EAAT2_ Cortex

EAAT2_Cortex
EAAT2_Cortex

EAAT2_Cortex
EAAT2_Cortex

EAAT2_Cortex
EAAT2_Whole brain

EAAT2_Whole brain

EAAT2_Whole brain
EAAT2_Whole brain

EAAT2_Whole brain
EAAT2_Whole brain

EAAT2_Whole brain

Study
(reference n.
from main text)

Garcia-
Esparcia et
al.(73)

Hoshi et
al.(72)

Lee et al.(102)
Poirel et
al.(34)

Tian et al.(69)
Woltjer et
al.(67)

Yeung et
al.(66)
Beckstrgm et
al.(66)
Garcia-
Esparcia et
al.(73)

Hoshi et
al.(72)
Kobayash et
al.(68)

Lee et al.(102)
Poirel et
al.(34)

Tian et al.(69)

Estimate

-0.52

-0.01

-0.35
-0.29

-0.17
-0.25

-0.23

-0.19

-0.43

-0.09

-0.20

-0.29
-0.27

-0.20

SE

0.27

0.29

0.36
0.44

0.36
0.41

0.37

0.23

0.17

0.19

0.22

0.19
0.21

0.20

Zval

-1.95

-0.04

-0.98
-0.65

-0.47
-0.62

-0.63

-0.83

-2.56

-0.50

-0.92

-1.52
-1.29

-1.01

Pval

0.051

0.966

0.328
0.518

0.636
0.537

0.528

0.404

0.010

0.620

0.359

0.128
0.196

0.311

Cl_low

-1.04

-0.58

-1.05
-1.16

-0.88
-1.06

-0.95

-0.64

-0.76

-0.46

-0.62

-0.67
-0.69

-0.58

Cl_high

0.00

0.56

0.35
0.58

0.54
0.55

0.49

0.26

-0.10

0.27

0.22

0.08
0.14

0.19

Tau?

0.32

0.42

0.74
1.16

0.74
0.97

0.77

0.33

0.16

0.21

0.28

0.24
0.27

0.25

|2

71.56

77.96

87.51
87.79

87.28
87.77

87.77

92.42

88.62

91.41

92.59

92.50
92.39

92.61

Padj

0.406

0.966

0.727
0.727

0.727
0.727

0.727

0.475

0.094

0.620

0.475

0.383
0.440

0.475
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Outcome_region

EAAT2_Whole brain

EAAT2_Whole brain

Glutamate
reuptake_Cortex
Glutamate
reuptake_Cortex
Glutamate
reuptake_Cortex
Glutamate
reuptake_Cortex
Glutamate
reuptake_Cortex
Glutamate
reuptake_Cortex
Glutamate
reuptake_Cortex
Glutamate
reuptake_Cortex
Glutamate
reuptake_Cortex
Glutamate
reuptake_Cortex
Glutamate

reuptake_Hippocampus

Study
(reference n.
from main text)

Woltjer et
al.(67)

Yeung et
al.(66)
Beckstrgm et
al.(66)
Chalmers et
al.(45)
Cowburn et
al.(100)
Cowburn et
al.(65)

Cross et al.(67)

Hardy et
al.(67)
Lee et al.(102)

Masliah et
al.(56)
Rothstein et
al.(64)
Simpson et
al.(67)
Cowburn et
al.(65)

Estimate

-0.21

-0.34

-1.15

-0.83

-0.93

-1.17

-1.02

-0.88

-0.95

-0.99

-1.03

-0.99

-0.63

SE

0.26

0.19

0.31

0.20

0.22

0.26

0.23

0.22

0.23

0.23

0.23

0.24

0.35

Zval

-0.80

-1.85

-3.73

-4.07

-4.20

-4.59

-4.45

-4.08

-4.22

-4.26

-4.41

-4.12

-1.81

Pval

0.422

0.064

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.071

Cl_low

-0.72

-0.71

-1.75

-1.23

-1.36

-1.68

-1.47

-1.31

-1.39

-1.44

-1.48

-1.47

-1.31

Cl_high

0.30

0.02

-0.54

-0.43

-0.49

-0.67

-0.57

-0.46

-0.51

-0.53

-0.57

-0.52

0.05

Tau?

0.44

0.19

0.61

0.21

0.28

0.37

0.31

0.24

0.29

0.31

0.31

0.32

0.00

91.56

88.20

83.80

78.40

83.12

77.97

84.47

80.15

83.66

84.04

84.45

82.11

0.00

Padj

0.475

0.289

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.071
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Outcome_region

Glutamate

reuptake_Hippocampus

Glutamate

reuptake_Hippocampus

Glutamate

reuptake_Hippocampus

Glutamate
reuptake_Whole brain
Glutamate
reuptake_Whole brain
Glutamate
reuptake_Whole brain
Glutamate
reuptake_Whole brain
Glutamate
reuptake_Whole brain
Glutamate
reuptake_Whole brain
Glutamate
reuptake_Whole brain
Glutamate
reuptake_Whole brain
Glutamate
reuptake_Whole brain
Glutamate
reuptake_Whole brain

Study
(reference n.
from main text)

Hardy et
al.(67)
Rothstein et
al.(64)
Simpson et
al.(67)
Beckstrgm et
al.(66)
Chalmers et
al.(45)
Cowburn et
al.(100)
Cowburn et
al.(65)

Cross et al.(67)

Hardy et
al.(67)
Lee et al.(102)

Masliah et
al.(56)
Rothstein et
al.(64)
Simpson et
al.(67)

Estimate

-0.76

-0.95

-0.69

-0.85

-0.60

-0.69

-0.80

-0.76

-0.69

-0.70

-0.73

-0.82

-0.75

SE

0.38

0.35

0.36

0.23

0.17

0.18

0.21

0.19

0.19

0.18

0.19

0.20

0.20

Zval

-1.99

-2.74

-1.88

-3.67

-3.64

-3.82

-3.84

-4.05

-3.70

-3.84

-3.86

-3.99

-3.75

Pval

0.046

0.006

0.060

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

Cl_low

-1.50

-1.63

-1.40

-1.31

-0.93

-1.04

-1.22

-1.12

-1.06

-1.06

-1.09

-1.22

-1.15

Cl_high

-0.01

-0.27

0.03

-0.40

-0.28

-0.34

-0.39

-0.39

-0.32

-0.34

-0.36

-0.42

-0.36

Tau?

0.00

0.00

0.00

0.38

0.17

0.22

0.29

0.24

0.22

0.23

0.24

0.28

0.26

|2

0.00

0.00

0.00

84.54

79.54

83.54

84.68

84.73

82.44

84.00

84.32

84.69

83.54

Padj

0.071

0.025

0.071

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000
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Outcome_region

Glutamate
reuptake_Whole brain
Glutamate_Cortex
Glutamate_Cortex
Glutamate_Cortex
Glutamate_Cortex
Glutamate_Cortex
Glutamate_Whole brain
Glutamate_Whole brain
Glutamate_Whole brain
Glutamate_Whole brain

Glutamate_Whole brain

Glutamate_Whole brain
Glutamine_Cortex

Glutamine_Cortex
Glutamine_Cortex

Glutamine_Cortex

Study
(reference n.
from main text)

Xuereb et
al.(64)

Gueli et al.(10)
Sasaki et
al.(71)
Gramsbergen
et al.(22)
Tommaso et
al.(73)

Seidl et al.(23)
Gueli et al.(10)
Sasaki et
al.(71)

Hyman et
al.(72)
Gramsbergen
et al.(22)
Tommaso et
al.(73)

Seidl et al.(23)
Gramsbergen
et al.(22)
Gueli et al.(10)
Tommaso et
al.(73)

Seidl et al.(23)

Estimate

-0.85

-0.66
-0.56

-0.94

-0.68

-0.95

-0.77

-0.66

-0.74

-1.05

-0.79

-1.05
0.06

-0.16
0.14

0.11

SE

0.16

0.36
0.29

0.38

0.36

0.31

0.19

0.16

0.16

0.28

0.19

0.28
0.35

0.09
0.31

0.42

Zval

-5.34

-1.84
-1.92

-2.47

-1.90

-3.04

-4.13

-4.03

-4.57

-3.73

-4.19

-3.79
0.18

-1.77
0.46

0.27

Pval

0.000

0.065
0.055

0.014

0.057

0.002

0.000

0.000

0.000

0.000

0.000

0.000
0.858

0.077
0.642

0.788

Cl_low

-1.16

-1.36
-1.13

-1.68
-1.38
-1.56
-1.13
-0.97
-1.06
-1.60

-1.15

-1.60
-0.62

-0.33
-0.46

-0.72

Cl_high

-0.54

0.04
0.01

-0.19
0.02

-0.34
-0.40
-0.34
-0.43
-0.50

-0.42

-0.51
0.74

0.02
0.75

0.94

Tau?

0.14

0.41
0.21

0.47

0.42

0.24

0.10

0.06

0.08

0.24

0.10

0.24
0.25

0.00
0.19

0.36

71.31

87.21
66.75

88.41

87.83

63.78

76.82

60.62

73.20

76.14

77.90

77.49
71.65

0.00
68.07

66.25

Padj

0.000

0.065
0.065

0.034
0.065
0.012
0.000
0.000
0.000
0.000

0.000

0.000
0.858

0.309
0.858

0.858
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Outcome_region

Glutamine_Whole brain

Glutamine_Whole brain
Glutamine_Whole brain

Glutamine_Whole brain
GS_Whole brain

GS_Whole brain
GS_Whole brain
GluK_Hippocampus
GluK_Hippocampus
GluK_Hippocampus
GluK_Hippocampus
GluK_Hippocampus
GluK_Whole brain

GluK_Whole brain

Study
(reference n.

from main text)

Gramsbergen
et al.(22)

Gueli et al.(10)

Tommaso et
al.(73)

Seidl et al.(23)

Burbaeva et
al.(78)
Hensley et
al.(78)
Jgrgensen et
al.(83)
Cowburn et
al.(44)
Dewar et
al.(83)
Geddes et
al.(46)
Geddes et
al.(43)
Jansen et
al.(80)
Chalmers et
al.(45)
Cowburn et
al.(44)

Estimate

0.07

-0.21
-0.09

0.02
-0.19

0.93

0.16

-0.23

-0.14

-0.17

-0.21

-0.30

-0.15

-0.07

SE

0.35

0.05
0.14

0.37
0.77

0.34

1.12

0.10

0.10

0.12

0.17

0.11

0.11

0.16

Zval

0.19

-3.79
-0.61

0.06
-0.24

2.72

0.14

-2.21

-1.37

-1.43

-1.25

-2.70

-1.38

-0.45

Pval

0.850

0.000
0.544

0.951
0.807

0.007

0.890

0.027

0.171

0.154

0.212

0.007

0.167

0.650

Cl_low

-0.61

-0.31
-0.36

-0.69
-1.71

0.26

-2.04

-0.44

-0.34

-0.41

-0.55

-0.52

-0.37

-0.39

Cl_high

0.74

-0.10
0.19

0.74
1.33

1.60

2.35

-0.03

0.06

0.06

0.12

-0.08

0.06

0.24

Tau?

0.25

0.00
0.04

0.29
1.11

0.02

2.39

0.03

0.02

0.03

0.07

0.02

0.04

0.11

|2

71.39

0.00
74.96

75.02
91.89

9.47

94.56

69.03

54.06

69.32

73.08

42.08

77.28

87.57

Padj

0.951

0.001
0.951

0.951
0.890

0.020

0.890

0.067

0.212

0.212

0.212

0.035

0.961

0.961
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Outcome_region

GluK_Whole brain
GluK_Whole brain
GluK_Whole brain
GluK_Whole brain
mGlu_Whole brain
mGlu_Whole brain
mGlu_Whole brain
mGlu_Whole brain
mGlu_Whole brain
NMDAR - GluN1_Cortex

NMDAR - GluN1_Cortex

NMDAR - GluN1_Cortex
NMDAR - GIuN1_Cortex
NMDAR - GluN1_Cortex

NMDAR - GluN1_Cortex

Study
(reference n.
from main text)

Dewar et
al.(83)
Geddes et
al.(46)
Geddes et
al.(43)

Jansen et
al.(80)
Albasanz et
al.(38)

Dewar et
al.(83)

Gong et al.(88)
Lee et al.(102)
Tsamis et
al.(88)
Elnagar et
al.(99)

Falsafi et
al.(21)

Gong et al.(88)
Sze et al.(100)
Wang et
al.(20)

Yeung et
al.(21)

Estimate

0.08

0.04

-0.02

-0.01

0.29

0.02

-0.17

-0.55

-0.37

-0.31

-0.66

-0.37

-0.49

-0.18

-0.62

SE

0.13

0.15

0.19

0.19

0.57

0.71

0.73

0.46

0.63

0.41

0.39

0.45

0.45

0.33

0.42

Zval

0.57

0.25

-0.10

-0.05

0.50

0.03

-0.23

-1.19

-0.59

-0.75

-1.68

-0.83

-1.09

-0.56

-1.47

Pval

0.572

0.805

0.918

0.961

0.617

0.972

0.821

0.236

0.556

0.451

0.093

0.409

0.276

0.574

0.141

Cl_low

-0.19
-0.26
-0.40
-0.38
-0.84
-1.37
-1.60
-1.46
-1.60
-1.12
-1.43
-1.24
-1.36

-0.82

-1.46

Cl_high

0.34

0.33

0.36

0.36

1.41

1.42

1.27
0.36
0.86

0.50
0.11
0.51
0.39

0.45

0.21

Tau?

0.07

0.10

0.16

0.15

1.13

1.73

1.89

0.63

1.38

0.56

0.41

0.66

0.70

0.29

0.61

83.77

87.77

89.05

88.91

88.89

86.68

91.31

77.08

90.29

69.10

54.43

70.26

74.41

56.64

71.30

Padj

0.961
0.961
0.961
0.961
0.972
0.972
0.972
0.972
0.972
0.542
0.424
0.542
0.542

0.574

0.424
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Outcome_region

NMDAR -
GluN1_Entorhinal cortex
NMDAR -
GluN1_Entorhinal cortex
NMDAR -
GluN1_Entorhinal cortex
NMDAR -
GluN1_Entorhinal cortex
NMDAR -
GluN1_Entorhinal cortex
NMDAR -
GluN1_Hippocampus
NMDAR -
GluN1_Hippocampus
NMDAR -
GluN1_Hippocampus
NMDAR -
GluN1_Hippocampus
NMDAR -
GluN1_Hippocampus
NMDAR -
GluN1_Hippocampus
NMDAR -
GluN1_Hippocampus
NMDAR - GIuN1_Whole
brain

Study
(reference n.
from main text)

Bi et al.(100)
Sze et al.(100)
Ulas et al.(96)

Wang et
al.(20)
Yeung et
al.(21)
Berchtold et
al.(98)

Bi et al.(100)

Sze et al.(100)
Ulas et al.(96)

Wakabayashi
et al.(85)
Wang et
al.(20)
Yeung et
al.(21)
Berchtold et
al.(98)

Estimate

-0.21

0.03

0.10

0.05

-0.54

-0.23

-0.36

-0.12

-0.34

-0.29

-0.11

-0.45

-0.25

SE

0.56

0.49

0.43

0.40

0.34

0.40

0.40

0.36

0.49

0.39

0.36

0.21

0.22

Zval

-0.38

0.05

0.23

0.14

-1.58

-0.58

-0.90

-0.33

-0.71

-0.74

-0.32

-2.09

-1.13

Pval

0.705

0.957

0.814

0.892

0.115

0.562

0.368

0.738

0.481

0.457

0.749

0.037

0.259

Cl_low

-1.30

-0.93

-0.74

-0.73

-1.21

-1.01

-1.15

-0.83

-1.30

-1.07

-0.82

-0.87

-0.67

Cl_high

0.88

0.98

0.94

0.84

0.13

0.55

0.43

0.58

0.61

0.48

0.59

-0.03

0.18

Tau?

1.09

0.81

0.61

0.58

0.38

0.70

0.73

0.58

1.14

0.71

0.58

0.09

0.35

|2

93.11

93.55

92.72

94.69

91.40

85.57

86.11

84.36

83.56

86.13

84.23

34.05

87.49

Padj

0.957

0.957

0.957

0.957

0.575

0.749

0.749

0.749

0.749

0.749

0.749

0.259

0.346
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Outcome_region

NMDAR - GIuN1_Whole
brain

NMDAR - GIuN1_Whole
brain

NMDAR - GIuN1_Whole
brain

NMDAR - GIuN1_Whole
brain

NMDAR - GIuN1_Whole
brain

NMDAR - GIuN1_Whole
brain

NMDAR - GluN1_Whole
brain

NMDAR - GluN1_Whole
brain

NMDAR - GIuN1_Whole
brain

NMDAR - GIuN1_Whole
brain

NMDAR - GIuN2A_Cortex
NMDAR - GIluN2A_Cortex

NMDAR - GIluN2A_Cortex

Study
(reference n.
from main text)

Bi et al.(100)

Elnagar et
al.(99)

Falsafi et
al.(21)

Gong et al.(88)

Sze et al.(100)

Tsamis et
al.(88)
Ulas et al.(96)

Wakabayashi
et al.(85)
Wang et
al.(20)
Yeung et
al.(21)

Sze et al.(100)
Wang et
al.(20)

Yeung et
al.(21)

Estimate

-0.34

-0.22

-0.35

-0.23

-0.22

-0.31

-0.27

-0.28

-0.13

-0.43

-0.62
-0.23

-0.92

SE

0.26

0.21

0.22

0.22

0.22

0.22

0.24

0.22

0.20

0.19

0.72
0.42

0.47

Zval

-1.34

-1.03

-1.57

-1.07

-1.01

-1.41

-1.10

-1.27

-0.67

-2.24

-0.86
-0.54

-1.97

Pval

0.181

0.301

0.116

0.284

0.314

0.159

0.271

0.203

0.500

0.025

0.391
0.586

0.048

Cl_low

-0.85

-0.64

-0.79

-0.66

-0.65

-0.73

-0.75

-0.70

-0.52

-0.81

-2.04
-1.06

-1.84

Cl_high

0.16

0.20

0.09

0.19

0.21

0.12

0.21

0.15

0.25

-0.05

0.80
0.60

-0.01

Tau?

0.51

0.34

0.37

0.35

0.35

0.36

0.45

0.36

0.26

0.24

0.63
0.00

0.00

|2

85.13

87.21

87.33

87.30

85.44

87.74

86.47

87.74

83.62

81.66

60.25
0.00

0.00

Padj

0.346

0.346

0.346

0.346

0.346

0.346

0.346

0.346

0.500

0.278

0.586
0.586

0.145
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Outcome_region

NMDAR -
GIluN2A_Entorhinal cortex
NMDAR -
GIluN2A_Entorhinal cortex
NMDAR -
GluN2A_Entorhinal cortex
NMDAR -
GIuN2A_Entorhinal cortex
NMDAR -
GluN2A_Hippocampus
NMDAR -
GIuN2A_Hippocampus
NMDAR -
GluN2A_Hippocampus
NMDAR -
GluN2A_Hippocampus
NMDAR - GIuN2A_Whole
brain

NMDAR - GIuN2A_Whole
brain

NMDAR - GIuN2A_Whole
brain

NMDAR - GIuN2A_Whole
brain

NMDAR -
GluN2B_Entorhinal cortex

Study
(reference n.
from main text)

Bi et al.(100)
Sze et al.(100)

Wang et
al.(20)
Yeung et
al.(21)

Bi et al.(100)

Sze et al.(100)

Wang et
al.(20)
Yeung et
al.(21)

Bi et al.(100)

Sze et al.(100)

Wang et
al.(20)
Yeung et
al.(21)

Bi et al.(100)

Estimate

-0.24

-0.28

-0.57

-1.05

0.31

-0.25

0.11

-0.52

-0.15

-0.40

-0.27

-0.80

-0.99

SE

0.69

0.69

0.78

0.35

0.49

0.73

0.64

0.45

0.45

0.61

0.53

0.23

0.47

Zval

-0.36

-0.41

-0.73

-3.01

0.62

-0.34

0.17

-1.15

-0.33

-0.66

-0.52

-3.43

-2.10

Pval

0.722

0.679

0.467

0.003

0.533

0.734

0.862

0.252

0.739

0.510

0.604

0.001

0.036

Cl_low

-1.59

-1.63

-2.09

-1.74

-0.66

-1.69

-1.14

-1.41

-1.02

-1.59

-1.31

-1.26

-1.92

Cl_high

1.10

1.06

0.96

-0.37

1.27

1.19

1.36

0.37

0.73

0.79

0.76

-0.34

-0.07

Tau?

0.97

1.04

1.40

0.00

0.48

1.39

1.00

0.27

0.56

1.06

0.79

0.12

0.00

|2

68.06

73.34

77.19

0.00

66.79

87.26

83.52

44.11

93.18

95.53

95.14

76.45

0.00

Padj

0.722

0.722

0.722

0.011

0.862

0.862

0.862

0.862

0.739

0.739

0.739

0.002

0.054
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Outcome_region

NMDAR -
GluN2B_Entorhinal cortex
NMDAR -
GluN2B_Entorhinal cortex
NMDAR -
GluN2B_Hippocampus
NMDAR -
GIuN2B_Hippocampus
NMDAR -
GluN2B_Hippocampus
NMDAR -
GIuN2B_Hippocampus
NMDAR - GIuN2B_Whole
brain

NMDAR - GIuN2B_Whole
brain

NMDAR - GIuN2B_Whole
brain

NMDAR - GIuN2B_Whole
brain
open-NMDAR_Cortex

open-NMDAR_Cortex

open-NMDAR_Cortex

Study
(reference n.
from main text)

Sze et al.(100)

Wang et
al.(20)
Bi et al.(100)

Marshal et
al.(101)
Sze et al.(100)

Wang et
al.(20)
Bi et al.(100)

Marshal et
al.(101)
Sze et al.(100)

Wang et
al.(20)
Mouradian et
al.(95)
Ninomiya et
al.(92)
Palmer et
al.(94)

Estimate

-1.49

-1.99

-0.96

-1.16

-0.82

-0.83

-0.92

-1.14

-1.16

-1.00

-0.80

-0.42

-0.73

SE

0.89

0.48

0.42

0.35

0.35

0.35

0.17

0.18

0.26

0.30

0.29

0.19

0.20

Zval

-1.68

-4.12

-2.27

-3.27

-2.35

-2.38

-5.46

-6.25

-4.42

-3.35

-2.80

-2.17

-3.67

Pval

0.093

0.000

0.023

0.001

0.019

0.017

0.000

0.000

0.000

0.001

0.005

0.030

0.000

Cl_low

-3.24

-2.94

-1.79

-1.85

-1.51

-1.52

-1.25

-1.50

-1.68

-1.59

-1.37

-0.80

-1.12

Cl_high

0.25

-1.04

-0.13

-0.46

-0.14

-0.15

-0.59

-0.78

-0.65

-0.42

-0.24

-0.04

-0.34

Tau?

1.18

0.00

0.05

0.00

0.00

0.00

0.00

0.04

0.09

0.15

0.34

0.16

0.14

|2

74.29

0.00

9.71

0.00

0.00

0.00

0.17

36.74

42.81

60.80

93.06

92.13

87.44

Padj

0.093

0.000

0.023

0.004

0.023

0.023

0.000

0.000

0.000

0.001

0.016

0.030

0.002
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Outcome_region

open-NMDAR_Cortex
open-NMDAR_Cortex
open-NMDAR_Cortex
open-NMDAR_Cortex

open-
NMDAR_Hippocampus
open-
NMDAR_Hippocampus
open-
NMDAR_Hippocampus
open-
NMDAR_Hippocampus
open-NMDAR_Whole
brain
open-NMDAR_Whole
brain
open-NMDAR_Whole
brain
open-NMDAR_Whole
brain
open-NMDAR_Whole
brain

Study
(reference n.
from main text)

Scheuer et
al.(92)
Shimohama et
al.(94)
Simpson et
al.(67)

Tsang et
al.(89)

Jansen et
al.(80)
Mouradian et
al.(95)
Simpson et
al.(67)

Ulas et al.(90)

Jansen et
al.(80)
Mouradian et
al.(95)
Ninomiya et
al.(92)
Palmer et
al.(94)
Scheuer et
al.(92)

Estimate

-0.66

-0.49

-0.54

-0.55

-0.27

-0.61

-0.73

-0.38

-0.49

-0.72

-0.50

-0.70

-0.65

SE

0.26

0.19

0.23

0.22

0.30

0.32

0.26

0.54

0.16

0.20

0.16

0.15

0.20

Zval

-2.53

-2.53

-2.39

-2.53

-0.88

-1.90

-2.77

-0.69

-3.03

-3.60

-3.19

-4.67

-3.28

Pval

0.012

0.012

0.017

0.011

0.378

0.058

0.006

0.489

0.002

0.000

0.001

0.000

0.001

Cl_low

-1.17

-0.87

-0.98

-0.98

-0.86

-1.24

-1.24

-1.44

-0.81

-1.11

-0.80

-0.99

-1.04

Cl_high

-0.15

-0.11

-0.10

-0.12

0.33

0.02

-0.21

0.69

-0.17

-0.33

-0.19

-0.41

-0.26

Tau?

0.27

0.17

0.20

0.19

0.15

0.23

0.14

0.69

0.14

0.23

0.14

0.11

0.22

|2

90.87

92.58

92.77

93.32

48.77

80.25

71.88

79.72

90.99

91.84

91.38

86.62

91.36

Padj

0.016

0.016

0.020

0.016

0.489

0.116

0.022

0.489

0.002

0.001

0.002

0.000

0.001
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Outcome_region

open-NMDAR_Whole
brain
open-NMDAR_Whole
brain
open-NMDAR_Whole
brain

Study
(reference n.
from main text)

Shimohama et
al.(94)
Simpson et
al.(67)

Tsang et
al.(89)

Estimate

-0.54

-0.67

-0.58

0.16

0.19

0.17

Zval Pval

-3.47 0.001
-3.46 0.001
-3.42 0.001

Cl_low

-0.85

-1.04

-0.92

Cl_high

-0.24

-0.29

-0.25

Tau?

0.15

0.21

0.17

|2

91.75

92.52

92.42

116

Padj

0.001

0.001

0.001

The contribution of each study to the result was evaluated using a leave-one-out method (Jackknife’ test) and the p-values were adjusted (Padj) by false discovery rate

considering other synthesis with same outcome in different regions. Abbreviations: AMPAR (a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor); AMPAR-GIUA (AMPAR-

subunit); EAAT (excitatory amino acid transporter); GS (glutamine synthetase); GluK (kainate receptor); mGlu (metabotropic glutamate receptor); open-NMDAR (N-methyl-D-aspartate

receptor). NMDAR-GIuN (NMDAR-subunit). VGIUT (vesicular glutamate transporter). SE (Standard error). Cl (Confidence interval). P-values adjusted by false discovery rate.



Supplementary Table S5. Results from the Egger’s regression test

Outcome_region

GS_Whole brain

NMDAR - GIluN2B_Whole brain
AMPAR_Hippocampus
open-NMDAR_Hippocampus
Glutamate_Whole brain
GluK_Hippocampus
Glutamine_Whole brain
NMDAR - GIluN2A_Cortex
NMDAR - GluN1_Cortex
NMDAR - GIuN2A_Hippocampus
NMDAR - GluN1_Hippocampus
NMDAR - GIuN2A_Entorhinal
cortex

Aspartate_Cortex

Glutamate reuptake_Cortex
EAAT2_Whole brain
AMPAR_Whole brain
VGIluT1_Cortex

AMPAR - GluA2_3_Cortex
Glutamate
reuptake_Hippocampus
VGIuT1l_Whole brain

NMDAR - GIuN2A_Whole brain
Glutamate_Cortex

Coefficien
t

-1.68
-1.63
0.43
-1.24
-0.26
-0.32
-0.28
6.36
1.36
1.54
1.02
-4.76

-0.47
-0.26
-0.29
0.84
0.54
0.80
-1.78

0.35
-1.96
-0.40

SE

0.23
0.53
0.17
0.61
0.14
0.19
0.17
4.38
1.03
1.40
0.95
5.09

0.53
0.30
0.35
1.05
0.68
1.16
2.85

0.65
3.67
0.75

Zvalue

-7.34
-3.11
2.46
-2.04
-1.85
-1.63
-1.59
1.45
1.32
1.10
1.08
-0.94

-0.90
-0.85
-0.84
0.80
0.79
0.69
-0.63

0.54
-0.54
-0.53

Pvalue

0.000
0.002
0.014
0.042
0.065
0.103
0.113
0.146
0.187
0.273
0.279
0.350

0.369
0.397
0.399
0.422
0.431
0.491
0.531

0.586
0.593
0.596

Cl_low

-2.13
-2.67
0.09
-2.44
-0.53
-0.70
-0.62
-2.22
-0.66
-1.21
-0.83
-14.75

-1.50
-0.85
-0.97
-1.22
-0.80
-1.48
-7.36

-0.91
-9.15
-1.86

Cl_high

-1.23
-0.60
0.76
-0.05
0.02
0.06
0.07
14.95
3.37
4.28
2.88
5.22

0.56
0.34
0.39
291
1.88
3.08
3.79

1.62
5.22
1.07
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Outcome_region Coefficien SE Zvalue Pvalue CI_low Cl_high
t
AMPAR - GluA2_3_Whole brain 0.17 0.33 0.52 0.605 -0.48 0.82
GluK_Whole brain -0.21 0.46 -0.47 0.638 -1.11 0.68
VGIuT2_Cortex -0.08 0.19 -0.44 0.662 -0.46 0.30
Aspartate_Whole brain 0.06 0.15 0.39 0.699 -0.24 0.36
open-NMDAR_Cortex 0.09 0.24 0.37 0.712 -0.38 0.55
NMDAR - GIuN1_Whole brain 0.15 0.47 0.31 0.757 -0.78 1.07
mGlu_Whole brain 0.54 1.88 0.29 0.774 -3.15 4.23
AMPAR - GluA1_Hippocampus 0.60 2.13 0.28 0.779 -3.57 4.76
Glutamate reuptake_Whole -0.07 0.28 -0.24 0.807 -0.61 0.47
brain
NMDAR - GIuN2B_Hippocampus  -0.43 2.18 -0.20 0.845 -4.70 3.84
Glutamine_Cortex -0.15 0.79 -0.19 0.851 -1.70 1.40
NMDAR - GIuN2B_Entorhinal 1.56 11.87 0.13 0.896 -21.71 24.82
cortex
AMPAR - GluA1_Entorhinal 1.21 9.52 0.13 0.898 -17.45 19.88
cortex
AMPAR - GluA1_Whole brain 0.22 2.14 0.10 0.917 -3.97 4.41
NMDAR - GluN1_Entorhinal 0.07 0.78 0.10 0.924 -1.45 1.60
cortex
AMPAR - GluA2_3_Entorhinal -0.14 1.47 -0.09 0.926 -3.01 2.74
cortex
AMPAR - GIluA2_3_Hippocampus -0.02 0.23 -0.09 0.928 -0.46 0.42

Egger’s regression test was used to assess small-study effect as a method to examine publication bias. Abbreviations: AMPAR (a-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid receptor); AMPAR-GIUA (AMPAR-subunit); EAAT (excitatory amino acid transporter); GS (glutamine synthetase);
GluK (kainate receptor); mGlu (metabotropic glutamate receptor); open-NMDAR (N-methyl-D-aspartate receptor). NMDAR-GIuN (NMDAR-subunit).

VGIuT (vesicular glutamate transporter). SE (standard error). Cl (confidence interval).
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Supplementary Table S6. Results from the sensitivity analysis

Outcome

AMPAR
AMPAR
AMPAR
AMPAR
AMPAR

AMPAR -
GluA2/3
AMPAR -
GluA2/3
Aspartat
e
Aspartat
e
Aspartat
e

EAAT2
EAAT2
Glutamat
e
Glutamat
e

Region

CAl

CA3

DG
Hippocamp
us

Whole brain
Cortex
Whole brain
Cortex
Hippocamp
us

Whole brain
Cortex
Whole brain

Cortex

Whole brain

SM
D

0.78

0.31

0.38

0.63

0.68

1.32

1.07

0.58

0.86

0.64

0.25

0.10

0.76

0.74

Cl_lowe
r

-1.34
-1.08
-0.99
-1.23
-1.30
-3.03
-2.78
-1.05
-1.44
-1.04
-0.96
-0.51

-1.38

-1.06

Cl_uppe
r

-0.22

0.45

0.22

-0.03

-0.05

0.40

0.64

-0.11

-0.28

-0.23

1.47

0.72

-0.13

-0.43

Pvalu
e

0.006

0.418

0.216

0.041

0.034

0.133

0.221

0.016

0.004

0.002

0.685

0.746

0.018

0.000

Padj.al
I

0.023
0.523
0.355
0.103
0.090
0.259
0.355
0.051
0.018
0.011
0.802
0.824

0.051

0.000

Padj_withi
n
0.030

0.418
0.270
0.068
0.068
0.177
0.221
0.016
0.006
0.006
0.746
0.746

0.018

0.000

Zvalu
e

-2.72

-0.81

-1.24

-2.05

-2.13

-1.50

-1.22

-2.41

-2.90

-3.11

0.41

0.32

-2.37

-4.57

|2

37.8

65.1

49.3

91.5

91.3

88.7

90.3

84.4

0.0

89.7

89.3

95.8

85.2

73.2

Tau

0.1

0.3

0.2

0.3

0.3

2.0

2.0

0.2

0.0

0.2

1.0

0.4

0.4

0.1

Deviance

4.52

6.76

5.72

9.63

9.26

9.42

11.51

14.50

0.68

14.75

8.39

18.35

12.37

10.81
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Outcome

Glutamat
e
reuptake
Glutamat
e
reuptake
Glutamat
e
reuptake
Glutamin
e
Glutamin
e

GluK

GluK
mGlu

NMDAR -

GIluN1
VGIuT1

VGIuT1
VGIuT2
GS

AMPAR -
GluAl

Region

Cortex

Hippocamp
us

Whole brain

Cortex
Whole brain

Hippocamp
us
Whole brain

Whole brain

Entorhinal

cortex
Cortex

Whole brain
Cortex
Whole brain

Entorhinal
cortex

SM

0.77

0.76

0.67

0.01

0.12

0.17

0.11

0.55
0.31

Cl_lowe
r

-1.35

-1.50

-0.93

-0.47

-0.37

-0.41

-0.34

-1.46

-0.75

Cl_uppe
r
-0.19

-0.01

-0.40

0.49

0.13

0.06

0.13

0.36

1.37

Pvalu
e

0.010

0.046

0.000

0.971

0.343

0.154

0.363

0.236

0.565

Padj.al

0.035

0.109

0.000

0.993

0.454

0.277

0.467

0.366

0.687

Padj_withi
n
0.015

0.046

0.000

0.971

0.686

0.308

0.363

0.993

Zvalu
e

-2.59

-1.99

-4.91

0.04

-0.95

-1.43

-0.91

-1.19

0.58

|2

78.6

0.0

33.2

57.5

64.7

69.3

79.7

77.1

95.3

Tau

0.4

0.0

0.0

0.1

0.0

0.0

0.0

0.6

0.8

Deviance

11.08

1.88

7.71

8.19

10.27

8.49

11.42

10.97

13.60
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Outcome

AMPAR -
GluAl
AMPAR -
GluAl
AMPAR -
GluA2/3
AMPAR -
GluA2/3
NMDAR -
GluN2B
NMDAR -
GluN2B
NMDAR -
GluN2B
NMDAR -
GIluN2A
NMDAR -
GIuN2A
NMDAR -
GIuN2A
NMDAR -
GluN1

Region

Hippocampu
s
Whole brain

Entorhinal
cortex
Hippocampu
s

Entorhinal
cortex
Hippocampu
s

Whole brain

Cortex

Entorhinal
cortex
Hippocampu
S

Cortex

SM
D

NA

NA

NA

NA

N

NA

NA

NA

NA

NA

NA

Cl_lowe
r

Cl_uppe
r

Pvalu
e

Padj.al
|

Padj_withi
n

Zvalu
e

|2

Tau
2

Deviance
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Studies assigned as “high-risk” of bias were removed from each synthesis to evaluate their contribution to the results. The p-values were adjusted by false discovery rate considering all synthesis
(padj_all) or only considering the same outcome in different regions (padj_within). NA = If less than three studies remained after removal of high-risk studies, the sensitivity analysis was not performed.
Abbreviations: AMPAR (a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor); AMPAR-GIUA (AMPAR-subunit); EAAT (excitatory amino acid transporter); GS (glutamine synthetase);
GluK (kainate receptor); mGlu (metabotropic glutamate receptor); Not available (NA). open-NMDAR (N-methyl-D-aspartate receptor). NMDAR-GIuN (NMDAR-subunit). VGIUT (vesicular glutamate
transporter). Standard mean difference (SMD). Confidence interval (Cl). Correction by FDR was performed within same outcome when at least two regions were available. Otherwise, outcomes
were adjusted considering all outcomes.
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CAPITULO 2

ESTUDO CLINICO DE BIOMARCADORES SINAPTICOS NA DOENCA DE
ALZHEIMER

(A ser submetido no peridodico Alzheimer’s & Dementia)

Este capitulo investiga a hipotese de que tau-total (t-tau) no liquido cefalorraquidiano (LCR)
esta mais associado a biomarcadores de degeneracdo sinaptica do que de degeneracao neuronal.
Analisamos dados de 1.825 individuos de trés coortes independentes (TRIAD, ADNI, WRAP),
utilizando biomarcadores de t-tau no LCR, volume hipocampal (HCV), proteina
neurofilamentar de cadeia leve (NfL), neurogranina (Ng) e SNAP25. Observamos uma
correlacdo mais forte entre t-tau no LCR e os biomarcadores sinapticos Ng e SNAP25 em
comparacdo com os biomarcadores de neurodegeneracdo HCV e NfL. A andlise revelou que 0s
biomarcadores de degeneracdo sinaptica explicam uma maior proporcdo da variancia de t-tau
do que os biomarcadores de degeneracdo neuronal. Ademais, niveis elevados de t-tau foram
observados em individuos positivos para degeneracdo sinaptica, independentemente do status

de degeneracgéo neuronal.

Este estudo demonstra que t-tau estd mais relacionado a disfuncdo sinéptica do que a
degeneracdo neuronal, oferecendo implicacdes para estudos de biomarcadores e potencial

refinamento na compreensdo e uso clinico de t-tau no monitoramento da progresséo da DA.
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CAPITULO 3

ESTUDO PRE-CLINICO DE DENSIDADE SINAPTICA EM MODELO ANIMAL DA
DOENCA DE ALZHEIMER

(Manuscrito em preparagdo para submissao no periddico PNAS como um “brief report”)

Neste capitulo, investigamos a densidade sinaptica cerebral em ratos TgF344-AD envelhecidos
utilizando PET-SV2A com o marcador [*®F]SDMS8. Curvas tempo-atividade ao longo do
escaneamento foram geradas a partir de regifes cerebrais de interesse e valores de captacédo
padronizados (SUVs) foram analisados. Analises voxel-a-voxel foram conduzidas para
comparar a expressao de SV2A entre 0s grupos transgénico e controle. Observamos que 0s
SUVs atingiram o pico logo apds a injecdo do tracador e em seguida se estabilizaram. A analise
voxel-a-voxel revelou reducdes significativas no SUVr (ponte) de [*®F]SDM8 em ratos
transgénicos, particularmente no cOrtex e hipocampo, consistentes com a perda sinaptica

observada na DA humana.

Em conclusdo, nossos achados demonstram uma reducdo na densidade sinaptica em regides
cerebrais chave de ratos TgF344-AD envelhecidos utilizando imagens de PET-SV2A. Este
estudo apoia a utilidade do modelo TgF344-AD para pesquisas pré-clinicas sobre mudancas
sinapticas na DA e destaca o potencial de biomarcadores sinapticos utilizando plataformas de

imagem para monitoramento da progressdo da doenca e eficacia de tratamentos.
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3. CONCLUSOES

Esta tese de doutorado foi focada em alteracGes sindpticas que ocorrem na DA.
Primeiramente, apresentamos uma revisao sistematica com metanalise de diversos
componentes do sistema de neurotransmissdo glutamatérgico em tecido post-mortem de
individuos com DA. Depois, investigamos a relacdo do biomarcador tau-total com
biomarcadores de degeneracdo sinaptica e neurodegeneracdo. Finalmente, estudamos
densidade sinaptica em modelo animal de DA.

No Capitulo 1, integramos décadas de dados da literatura sobre a
expressdo/niveis/funcdo de glutamato, aspartato, glutamina, receptores e transportadores
glutamatérgicos, e proteinas de reciclagem de glutamato. Nossos achados evidenciam uma
disfuncdo generalizada nesse sistema de neurotransmissdo, sustentando a necessidade de
estudos posteriores focados em medicamentos existentes e novos que possam modular essa via
na DA.

Especificamente, nossa analise evidenciou uma reducdo na captacdo de glutamato em
diversas regides cerebrais, sugerindo um possivel acimulo desse neurotransmissor na fenda
sinaptica, contribuindo para a excitotoxicidade e a morte neuronal. Observamos também uma
diminuicdo nos niveis de glutamato e aspartato no tecido cerebral de pacientes com DA,
indicando uma perda geral, possivelmente por morte neuronal. No entanto, estudos revelaram
niveis inalterados de glutamato no LCR de individuos com DA. Portanto, nosso estudo ressalta
uma variabilidade regional que néo pode ser negligenciada, ainda mais no atual cenario de largo
uso de biomarcadores de fluidos.

Quanto aos marcadores pré-sinapticos VGIuT1 e VGIuT2, embora existam evidéncias
consistentes de perda de sinapses na DA (CAMPORESI et al., 2020), detectamos niveis normais
de ambos. Além disso, nossos achados sugerem que esses marcadores podem ndo estar
diretamente envolvidos na disfuncdo vesicular na DA.

Notoriamente, encontramos uma hipoativacdo generalizada de NMDAR sugerindo que
os individuos ja se encontravam em uma fase tardia e mais severa da doenca, quando ha
evidéncias de excitotoxicidade. Também observamos uma diminuicéo seletiva da subunidade
GIuN2B, sugerindo uma montagem compensatdria. Juntos, esses resultados reforcam o papel
no NMDAR na DA e sugerem uma barreira para a acdo da memantina, destacando a
necessidade de compreender melhor a dindmica da excitotoxicidade na doenca.

Os pontos fortes do nosso estudo incluem a sintese de uma grande diversidade de

componentes do sistema glutamatérgico, possibilitando uma visao geral do sistema, utilizando
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a mesma metodologia. Para fortalecer a metanalise nds utilizamos critérios rigorosos e
adotamos um limiar conservador para analises de risco de viés. Devido a falta de dados para
regides cerebrais especificas, agrupamos regides corticais e subcorticais, realizando metanalises
individuais quando possivel. Assim, os resultados gerais podem ocultar diferencas sutis, mas
servem para examinar alteragdes glutamatérgicas robustas que ocorrem no cérebro como um
todo. Contudo, a baixa quantidade de estudos e a alta heterogeneidade afetam o poder
estatistico, consistindo em limitagOes da nossa pesquisa.

No Capitulo 2, demonstramos que o biomarcador t-tau quantificado no LCR reflete
melhor a degeneracdo sinéptica do que a degeneracdo axonal no espectro da DA, ao comparar
as relacOes entre os niveis de t-tau e HCV, NfL, Ng e SNAP25, advindos de trés coortes.

No contexto da abordagem conceitual ATN, o t-tau tem sido tradicionalmente
interpretado como biomarcador de neurodegeneragdo, na mesma categoria de atrofia cerebral
medida por ressonancia magnética e niveis de NfL medidos no LCR. No entanto, nossos
achados indicam que este biomarcador esta mais intimamente ligado a disfuncdo sinaptica do
que a degeneracdo neuronal pronunciada. Ainda, observamos essa relacdo em individuos com
e sem comprometimento cognitivo. Consequentemente, aumento dos niveis de t-tau pode ser
interpretado como um evento precoce e sugere que esta presente antes do comprometimento
cognitivo. Nesse sentido, no contexto da busca por biomarcadores que possam detectar a
patologia antes do aparecimento dos sintomas, a t-tau demonstra potencial relevante.

Embora estudos anteriores tenham observado uma associacdo robusta entre t-tau e
marcadores sinapticos, nosso estudo é o primeiro, para nosso conhecimento, a demonstrar que
a t-tau estd mais fortemente associada a degeneracdo sinaptica do que a neurodegeneracgéo, ou
degeneracéo axonal. O fato de que individuos com comprometimento cognitivo mostraram duas
vezes maior contribuicdo da neurodegeneracdo para a variancia de t-tau sugere que o dano
cognitivo pode estar mais fortemente associado com o prejuizo axonal do que sindptico. Nesse
sentido, nossos resultados reforcam as evidéncias de que a sinaptopatia ocorre antes da
neurodegeneracdo (DAVIES et al., 1987; HOOVER et al., 2010; JACKSON et al., 2017; QIANG et
al., 2022; TERRY et al., 1991).

Além disso, nosso estudo utilizou a estrutura conceitual ATN para classificar os
participantes em N+ e S+, revelando uma distribuicdo que reflete a severidade da doenca.
Individuos com degeneracdo sinaptica anormal exibiram niveis mais elevados de t-tau,
independentemente de apresentarem ou ndo degeneragdo neuronal concomitante.

O fato de nossos resultados corroborarem com estudos anteriores demonstrando baixa

correlacdo entre biomarcadores de neurodegeneracdo e alta correlacdo entre os de perda
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sinaptica sugere que a degenera¢do sinaptica engloba um processo mais consistente do que 0s
mecanismos subjacentes a atrofia e lesdo neuronal na DA. Assim, nossos achados adicionam
evidéncias que destacam a concordancia limitada entre biomarcadores de neurodegeneracao
para a classificacdo ATN e monitoramento da doenca. 1sso enfatiza ainda mais a importancia
da exploracao de biomarcadores sinépticos, incluindo t-tau, como ferramentas potencialmente
mais robustas para o estadiamento da DA.

Um ponto forte do nosso estudo clinico inclui a replicagdo geral dos resultados em trés
coortes independentes e um grande tamanho amostral ao todo. As limitagdes consistem nas
diferencas metodoldgicas e de ensaios para quantificacdo dos biomarcadores entre as coortes,
bem como a indisponibilidade de todos os biomarcadores para todos os participantes. Essas
limitagBes restringem algumas das anélises de correlacdo. Além disso, o uso de pontos de corte
para classificacdo binaria consiste em uma ferramenta valiosa para a pesquisa e comumente
utilizada na pesquisa clinica. Entretanto, eles sdo influenciados inerentemente pelo método
utilizado.

No Capitulo 3, nossas analises demonstram robusta perda de densidade sinaptica
cerebral no modelo TgF344-AD. O uso do PET['F]SDM8 permitiu uma visualizagdo global,
in vivo, de perda da proteina SV2A nos ratos transgénicos envelhecidos. As curvas de atividade
mostraram uma rapida captacdo e transferéncia do tracador para o tecido, consistente com dados
de estudos clinicos e em primatas ndo-humanos.

Além disso, nossas observacdes refletem a reducdo de PET-SV2A em pacientes com
DA bem como as regides tipicamente afetadas na doenca, como o cortex frontal e o hipocampo,
consistentes com os primeiros e 0s mais recentes relatos de reducdo de densidade sinéptica na
DA. Dessa forma, nossa pesquisa confirma o potencial translacional do modelo TgF344-AD
para estudo de sinaptopatia.

Dado que as evidéncias de perda sindptica nesse modelo ainda séo escar¢as, nosso
estudo pode ser considerado bastante relevante. Ainda, o uso de PET que possibilita a
visualizacdo do cérebro inteiro oferece uma excelente oportunidade para a melhor compreenséo
das alteracOes sindpticas sem o viés do uso de tecido post-mortem. Assim, nossos dados
experimentais reforcam a centralidade da sinaptopatia na DA e destacam o0 modelo como uma
ferramenta valiosa para o estudo dos mecanismos subjacentes a patologia.

Em concluséo, nossos estudos oferecem evidéncias relevantes para o entendimento da
sinaptopatia na DA. Primeiramente, nossa revisao sisteméatica com metandlise concluiu que
individuos com DA exibem uma deplecdo abrangente do sistema glutamatérgico no cérebro,

além de revelar diferencas regionais ndo detectaveis no LCR. Além disso, em nosso estudo
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clinico descobrimos que t-tau quantificado no LCR reflete melhor a degeneracdo sinaptica do
que a degeneracao axonal em individuos no espectro da DA, sugerindo uma nova interpretacao
e uso mais precoce desse biomarcador. Finalmente, nossos resultados experimentais apontam
para uma reducdo na densidade sinaptica no modelo TgF344-AD, incentivando o uso do mesmo

para o estudo da sinaptopatia na DA.
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