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1. RESUMO

Nos ultimos 20 anos, muito se tem debatido acerca da contribuicdo das
células gliais, especialmente dos astrocitos, ao metabolismo de glicose no encéfalo.
Dentre as controvérsias envolvendo o metabolismo cerebral, a influéncia da glia na
captacdo da [*®F]Fluorodeoxiglicose ([*®F]JFDG), detectada pelo exame de
Tomografia por Emissdo de Positrons (PET), € uma importante questdo que
permanece nado esclarecida. Até o momento, mesmo sem comprovacao para tal,
esta captacdo tem sido, majoritariamente, interpretada como apenas resultado de
atividade neuronal. Dessa forma, com o intuito de investigar a participacao
astrocitaria no metabolismo cerebral e nos resultados do [**F]FDG-PET, este
trabalho utilizou-se do farmaco clozapina para reduzir a densidade do transportador
de glutamato GLT-1, encontrado nestas células. A reducdo na expressao de GLT-1
foi escolhida como estratégia pois fortes evidéncias apontam a atividade deste
transportador como um importante gatilho para captacéo de glicose nos astrécitos.

Nosso trabalho focou nas duas regides onde GLT-1 é mais abundante, cortex
e hipocampo. Um tratamento de seis semanas com clozapina reduziu
significativamente a captacdo [**F]JFDG no cértex de ratos adultos mas ndo no
hipocampo. Concomitantemente, a densidade e expressdo de GLT-1 sO foi
significativamente reduzida no cértex, mas ndo no hipocampo. Um desfecho
semelhante foi observado na cultura primaria de astrocitos de ratos adultos. A
cultura cortical apresentou uma tendéncia de reducdo na densidade de GLT-1, na
captacdo de D-asparto e na captacao de 2-Desoxiglucose. A cultura hipocampal ndo
demonstrou alteracfes aparentes.

Este trabalho fornece a primeira evidéncia com o uso de [**FJFDG PET
sugerindo que a reducdo na densidade do transportador astrocitario GLT-1 reduz a
captacdo de glicose na regido cortical do cérebro de roedores. Estes resultados
despertam a necessidade de uma reavaliacdo na forma como os dados de
investigacdo cerebral com [**F]FDG-PET s&o interpretados, com especial atencéo

para a importante contribuicdo de outras células que ndo apenas 0s neurdnios.
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2. INTRODUCAO

2.1 Fluorodeoxiglicose e seu uso na Tomografia por Emisséo de Positrons

O tomédgrafo por emissdo de positrons (PET) opera com base em dois
principios basicos: a deteccdo/quantificacdo da radiacdo a partir da emissao de
radiacdo y (gama) proveniente da aniquilacdo de B+ (pdsitrons) e elétrons, e o
subsequente processamento para a localizacdo espacial da origem desta radiacao.
Consequentemente, atomos ou moléculas contendo essa radiacdo podem ser
mensurados e ter sua localizacdo espacial determinada dentro de estruturas, como o
corpo humano. Desta forma, utilizando substancias especificas marcadas com
emissores de pasitrons — chamadas radiofarmacos — , esta técnica oferece a
possibilidade da visualizacdo, caracterizacdo e quantificacdo de estruturas,
moléculas e processos biolégicos ocorrendo em niveis celulares e sub-celulares de
organismos biolégicos vivos, sem a necessidade de processos invasivos (Portnow et
al., 2013). Portanto, o PET gera uma imagem funcional, e em combinacdo com
outras técnicas como a Tomografia Computadorizada ou a Ressonancia Magnética,
permite a co-localizacéo topogréfica e funcional (Berger, 2003).

Dentro os radiofarmacos emissores de poésitrons desenvolvidos desde a
concepcdo do PET em 1974 (Phelps et al., 1975), o [**F]JFDG é, de longe, o mais
renomado, sendo, inclusive, reconhecido como “A moélecula do século” (Wagner,
2008). Este radiofarmaco surgiu com o propdésito inicial de ser utilizado na avaliacao
cerebral e posteriormente se descobriu também sua importancia na identificacédo e
manejo do cancer, gracas ao Efeito Warburg encontrado nas células cancerigenas
(Kelloff et al., 2005). Esta importante contribuicdo do [**F]FDG na investigacdo
tumoral estimulou a disseminacdo desta molécula e do préprio PET ao redor do
globo. Dessa forma, o [**F]FDG é hoje o radiofarmaco emissor de pésitrons mais
utilizado no mundo e é encontrado em uso na clinica em praticamente todas as
cidades de médio e grande porte do mundo desenvolvido. A extensa disponibilidade
desse radiofarmaco, em comparacdo a outros radiofarmacos para avaliacéo

cerebral, torna viavel a sua utilizacdo em escala global nas neurociéncias e
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determina grande relevancia na correta interpretacdo dos dados gerados com sua
utilizacao.

O [*®F]FDG é um analogo da glicose e consiste, basicamente, em uma
molécula de glicose que apresenta um radiois6topo Fluor-18 substituindo um grupo
hidroxila na posigdo C-2 (Figura la). Sendo assim, em um primeiro momento, 0
FDG se comporta exatamente como uma molécula de glicose, apresentando
distribuicdo e captacao equivalentes, e recebendo, assim como a glicose, um fosfato
— pela acéo de hexoquinases - ao entrar nas células. A fosforilagéo do [**F]FDG em
[*F]FDG-6-fosfato impede a saida desta molécula da célula, da mesma forma como
ocorre com a Glicose-6-fosfato (Suolinna et al., 1986). No entanto, diferentemente
da glicose, a molécula de FDG nao pode seguir as rotas metabdlicas e fica
efetivamente retida na célula na forma de FDG-6-fosfato, ndo podendo sair ou ser
metabolizada até que ocorra o decaimento do radioisétopo Fluor-18 para Oxigénio-
18, que permite a entrada da molécula em rotas metabdlicas (Figure 1b-c) (Reivich

et al., 1979).

a) Glicose 18F-Fluorodeoxiglicose
OH OH
0]
HO HO 0
— ),
OH
b)

OH OH

8 HO H,0* HO
HO —> HO
Tiz = 110 min 180- 180H

=<' OH OH OH

Figura 1. A molécula de [*®*F]Fluorodeoxiglicose. a) Representacdo da molécula de [**F]JFDG em
comparacao a molécula de glicose. b) Equacao do decaimento B+ do Fluor-18. ¢) Decaimento B+ do
radiois6topo na molécula [**FJFDG e transformacdo em molécula de glicose (contendo um 20 na
posicédo C-2).
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O [*®F]FDG entra nas células como se fosse uma molécula de glicose e se
acumula, dessa forma, células usando mais glicose apresentardo um maior acumulo
de [*®F]JFDG e células com metabolismo mais lento acumulardo menos FDG. A
concentracdo intracelular de [®F]JFDG é, portanto, representativa da taxa de
captacéo de glicose da célula, e portanto, a quantificacdo de [**F]FDG em um tecido
ao longo de um periodo de tempo especifico, em conjunto com alguns outros fatores
de correcdo, permite o célculo da taxa de absorcdo de glicose e da taxa metabdlica
do tecido (Wienhard, 2002).

A utilidade do [*®F]FDG encontra-se no fato de que diferentes tipos celulares
captam mais glicose do que outros, criando contraste na imagem. Os tecidos
absorvem a glicose a taxas diferentes devido as suas diferentes necessidades
metabdlicas. Por exemplo, o tecido cerebral tem elevada atividade e requer um
influxo constante de glicose. No entanto, a taxa de captacao de glicose pode mudar
dependendo das necessidades metabdlicas das células em diferentes situacdes. Por
exemplo, as células musculares aumentam sua absorcdo de glicose durante o
exercicio para sustentar o aumento das contragcdes musculares. Estas alteracfes
subjacentes no metabolismo da glicose aumentam a intensidade da imagem. O
[*®F]JFDG-PET &, portanto, sensivel & alteracdes no metabolismo e permite sua
deteccao e localizacao espacial.

No encéfalo, este radiofarmaco € utilizado para identificar regibes cerebrais
gue estdo mais ou menos ativas no estado basal e em resposta a diferentes
estimulos, alteracdes ou danos. O [®*F]FDG é utilizado para realizar estudos
fisiologicos de memoria, cognicdo, entre outros (Greenberg et al., 1981), bem como,
para detectar e diagnosticar varios tipos de tumores e outras patologias do cérebro
humano.

Nos Ultimos anos, o [**F]FDG-PET se tornou uma das mais importantes
ferramentas na investigacdo do encéfalo, com aplicagdo tanto na pesquisa, quanto
no diagndstico e no acompanhamento de diversos disturbios cerebrais e
psiquiatricos como Epilepsia (Sarikaya, 2015), deméncias (Smailagic et al., 2015),

Doenga de Huntington (Feigin et al., 2001), Doen¢a de Parkinson (Poston e
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Eidelberg, 2010), Trauma (Alavi, 1989), Esclerose Multipla (Blinkenberg et al., 1999),
Lesdes isquémicas (Heiss et al., 1993), Esquizofrenia (Seethalakshmi et al., 2006),
Transtorno Bipolar (Altamura et al., 2013), Depresséo (Su et al., 2014) e Transtorno
do Déficit de Atencéao e Hiperatividade (Zametkin et al., 1990) e etc.

Por exemplo, com relacdo as deméncias, o [*®F]FDG PET tem se destacado
pela extensa aplicabilidade, sendo ja utlizado na clinica em ampla escala. Os
estudos usando o [*®F]JFDG propiciam ndo s6 a constatacdo do processo de
deméncia se manifestando no encéfalo, mas permitem também a diferenciacédo dos
tipos de deméncia e seu estadiamento, ja que estas patologias apresentam distintos
padrées metabdlicos (Brown et al., 2014). A imagem abaixo (Figura 2) demonstra 0s
diferentes padrées de hipometabolismo encontrados nas deméncias que, em

conjunto com alguns outros fatores, permite identificad-las e diferencia-las.

G®®OHAD

B DO

® & 650

L - Lele

6L DE

Figura 2. Padrdes de hipometabolismo na diferentes deméncias. AD, Doenca de Alzheimer; DLB,
Demeéncia com corpos de Lewis; FTD, Deméncia Frontotemporal; CBD, Degeneracdo Corticobasal,
PCA, Atrofia cortical posterior. Fonte: Brown et al, 2014
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Em relacdo a interpretagdo a nivel celular desta técnica no encéfalo,
considera-se geralmente que os neurdnios apresentam o maior consumo de energia
durante a ativacdo cerebral e, em consequéncia, assume-se que a determinacdo
das taxas metabdlicas a partir dos sinais do [**F]JFDG PET reflete diretamente o uso
neuronal de glicose e baseia-se no uso desta molécula sobretudo por processos
oxidativos (Sokoloff et al., 1977). Podemos tomar como exemplo novamente as
deméncias, nestas patologias a reducéo na captacdo de [**F]FDG vista em certas
regides é geralmente interpretada como disfuncdo e morte neuronal. A contribuicéo
glial para o sinal do [*®F]FDG PET ainda é essencialmente negligenciada, embora
fortes evidéncias apontem uma importante contribuicAo dos astrécitos no

metabolismo de glicose cerebral (Pellerin e Magistretti, 2012).

2.2 Astrécitos e o Metabolismo de Glicose

Os astrécitos sdo as células gliais mais abundantes do encéfalo e participam
de uma série de funcdes importantissimas para o bom funcionamento cerebral. Os
astrocitos contribuem para a formacdo da barreira hematoencefalica e da matriz
extracelular que rodeia as células cerebrais, participam na manutencdo da
homeostase quimica e i6nica extracelular, estdo envolvidos na resposta a leséo e
afetam o desenvolvimento neuronal, a sinalizacdo sindptica e a plasticidade
(Montgomery, 1994; Markiewicz e Lukomska, 2006). O importante papel da glia tem
sido crescentemente reconhecido e novas interacdes e funcdes dessas células sdo
identificadas a cada ano.

Em meados dos anos 90, Pellerin e Magistretti foram responsaveis pela
constatacdo de uma nova e notavel contribuicdo astrocitaria em termos energéticos.
Estes pesquisadores observaram, em culturas primarias de astrocitos, que a
presenca do neurotransmissor glutamato estimula a captacdo de glicose e a
liberacdo de lactato por estas células (Pellerin e Magistretti, 1994). Em outras
palavras, estes pesquisadores identificaram que o glutamato estimula a realizac&o

de glicdlise aerdbica pelos astrocitos e sugeriram, ainda, que o lactato liberado é
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encaminhado para os neurdnios, onde sera utilizado por vias oxidativas para gerar
energia. E importante também destacar que o efeito do glutamato na captacéo e
utilizacdo da glicose nos astrécitos nao foi inibido por antagonistas dos receptores
de glutamato, mas sim por inibidores especificos dos transportadores de glutamato,
indicando que o gatilho para o aumento na captacdo de glicose € o transporte de
glutamato.

A teoria baseada inicialmente nestes resultados recebeu o nome de
lancadeira de lactato astrocito-neurénio (ANLS, do inglés Astrocyte Neuron Lactate
Shuttle) (Pellerin et al., 1998) e nos ultimos 22 anos acumulou um grande numero de
novas evidéncias. A figura abaixo (Figura 3) apresenta um esquema simplificado da

ANLS.

Neurénio Astrécito Capilar

@ Glicose

Piruvato <—— Lactato Lactato «—— Piruvato

(a N

‘ A A
ATP §
@
CO‘:\
Glutamato m
" GLUTY
S\ EAATs Glutamato
Glutama A Glicose
8.8 5
GluR 3Na*
ADP ~

ATP

2K*

Figura 3. A teoria da langcadeira de lactato astrécito-neurdnio. Esquema representativo da
ANLS demonstrado em uma sinapse tripartite. O glutamato liberado na fenda pelo neurdnio pré-
sinaptico pode agir nos receptores de glutamato (GIuR) e/ou ser captado pelo astrécito através
dos transportadores de glutamato (EAATS). O transporte de glutamato pelos EAATs é acoplado ao
transporte dos fons Na“, H" e K. A manutencéo do gradiente destes ions é realizada por uma
bomba Na'/K* com o gasto de ATP. O astrécito, localizado mais proximo ao vaso, capta glicose
(transportador GLUT1) e utiliza esta molécula para gerar ATP através de um processo de glicélise
aerObica, gerando lactato. O lactato € liberado para o meio extracelular pelos transportadores de
monocarboxilato (MCTs). O lactato no meio extracelular pode ser captado pelo neurénio também
através dos MCTs. Uma vez dentro do neurdnio, o lactato pode ser convertido em piruvato e ser
oxidado para gerar energia. O neurdnio pode também captar a glicose (transportador GLUT3)
diretamente e realizar a glicolise e oxidagdo desta molécula para gerar energia. Fonte: Modificado
de (Belanger et al., 2011)
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O papel dos transportadores de glutamato como gatilho para ativar a glicélise
aerObica em astrocitos ja foi demonstrado diversas vezes tanto in vivo, quanto in
vitro. Por exemplo, o uso de roedores que ndo expressam (knockout) os
transportadores GLAST e GLT-1 evidenciou a necessidade desses receptores para
a ativacdo da resposta glicolitica nos astrécitos (Voutsinos-Porche, Bonvento, et al.,
2003). O efeito de alteragdes no gradiente eletroquimico astrocitario necessario para
o funcionamento dos transportadores de glutamato também foi verificado e os
resultados foram semelhantes (Takahashi et al., 1995).

Itoh e co-autores investigaram a utilizacdo de glicose e lactato marcados em
culturas de astrocitos e neurbnios. As culturas neuronais oxidaram prontamente
tanto a glicose quanto o lactato, enquanto as culturas astrocitarias oxidaram ambos
0s substratos com moderagédo e metabolizaram a glicose predominantemente para
lactato. Ademais, um grande aumento na concentracao de glicose no meio inibiu a
oxidacdo de lactato pelos astrécitos mas nao nos neurdnios, indicando uma
preferéncia pela oxidacdo de lactato nos neurdnios (Itoh et al.,, 2003). Outros
trabalhos demonstrando a utilizacdo de lactato pelos neurénios também foram
realizados (Bouzier-Sore et al., 2003; Ivanov et al., 2011).

Outra importante evidéncia, € a de que camundongos knockout para GLT-1 e
GLAST apresentam captacdo reduzida de [*C]-2-deoxiglicose no cortex
somatossensorial em resposta ao estimulo das vibrissas (Voutsinos-Porche,
Bonvento, et al., 2003; Voutsinos-Porche, Knott, et al., 2003). Ainda, outro estudo
utilizando estimulo das vibrissas do roedor, verificou que, em resposta a este
estimulo, a captacdo de um anélogo de glicose é elevada no astrocitos mas
mantém-se no nivel basal nos neurdnios (Chuquet et al., 2010).

Além de todas as observacdes funcionais corroborando a ANLS, existem também
evidéncias estruturais. Os astrécitos apresentam prolongamentos que se estendem
até os vasos e 0s envolvem, na extremidade destes prolongamentos (pés
vasculares) uma grande concentracdo de transportadores de glicose € encontrada.
Dessa forma, a captacdo de glicose parece ser favorecida nessas ceélulas. Ao

mencionar a proximidade e disposicéo astrocitaria ao redor dos vasos, é importante
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comentar que os astrécitos parecem tem uma relevante participacdo na regulacao
do fluxo sanguineo cerebral e do acoplamento neurovascular(Macvicar e Newman,
2015).

Essas e muitas outras evidéncias apontam um importante papel astrocitario
no metabolismo energético cerebral e corroboram a teoria da lancadeira de lactato

astrocito-neuronio.

2.3 Sistema Glutamatérgico

O aminoécido glutamato, ou acido glutamico, é hoje considerado o principal
neurotransmissor excitatério no sistema nervoso central dos vertebrados (Orrego e
Villanueva, 1993) e a sua importancia na sinalizacdo cerebral é tdo extensa que
muitas vezes o encéfalo é referido como uma maquina Glutamato/GABA (Sanacora
et al., 2012), sendo GABA o principal neurotransmissor inibitério. O Glutamato, além
de responséavel por grande parte da neurotransmissdo excitatéria rapida, parece
também ser o principal mediador de informa¢des sensoriais, cognitivas, motoras e
emocionais (Bliss e Collingridge, 1993; Ozawa et al., 1998; Dingledine et al., 1999).
Estima-se que cerca de 60-70% das sinapses no encéfalo em mamiferos sejam
glutamatérgicas (Watkins e Evans, 1981; Fairman e Amara, 1999).

O glutamato é basicamente sintetizado utilizando indiretamente o esqueleto
carbbnico derivado da glicose em conjunto com doadores do grupo amino, como
outros aminoacidos, amonia ou nucleotideos. A principal rota de sintese para o
glutamato no encéfalo parece ser partindo da glutamina pela acdo da glutaminase
ativada por fosfato (Torgner e Kvamme, 1990). O glutamato produzido € entado
acumulado em vesiculas sinapticas pelo intermédio de vGLUTs - transportadores
vesiculares de glutamato - e pode ser entéo liberado nos terminais pré-sinapticos
através de um mecanismo dependente de ions calcio (Birnbaumer et al., 1994;
Anderson e Swanson, 2000).

Apbs sua liberacdo na fenda sinaptica, o glutamato pode se ligar a receptores
pré e poés-sinapticos ou ser captado por transportadores de glutamato gliais ou

neuronais. O acido glutamico exerce sua acdo em basicamente duas classes de
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receptores: ionotrépicos, isto €, canais idnicos; e metabotropicos, isto €, acoplados a
proteina G. A classe de receptores ionotropicos, por sua vez, divide-se em trés tipos:
receptores N-metil-D-aspartato (NMDA), receptores alfa-amino-3-hidroxi-metil-5-4-
isoxazolpropidénico (AMPA) e receptores de cainato. Enquanto isso, 0s oito
receptores metabotropicos até entdo identificados também se subdividem em trés
tipos, com base na homologia de suas sequéncias, no segundo mensageiro e na
farmacologia (Kew e Kemp, 2005).

As concentracdes de glutamato no meio extracelular sdo baixas e fortemente
controladas. Enzimas para degradacdo do glutamato extracelular ainda ndo foram
encontradas, sendo assim, um fenbmeno de extrema importancia no sistema
glutamatérgico é a captacdo do glutamato no espaco extracelular pela glia ou
neurdnios. Desequilibrios deste sistema regulador podem ter efeitos deletérios
induzindo hiperexcitabilidade e citoxicidade em neurdnios pdés-sinapticos (Choi,
1994; Doble, 1999) ou perturbando a sinalizacdo glutamatérgica, por alterar a baixa
relacdo sinal-ruido necessaria. Outro ponto importante na recaptacao glutamatérgica
€ a economia, pois o glutamato captado €, em sua grande parte, reciclado através
do clico glutamina-glutamato (Danbolt et al., 2016).

A recaptacao do glutamato é realizada pelos chamados Transportadores de
Aminoé&cidos Excitatorios (EAATS, do inglés Excitatory Amino Acid Transporters) e é
acoplada ao transporte de ions (como H', Na' e K") e a manutencdo de um
gradiente eletroguimico, constituindo, portanto, uma importante fonte de gasto
energético (Silver e Erecinska, 1997). Até o momento, cinco tipos distintos de EAATS
foram identificados em mamiferos: GLT-1, GLAST, EAAC1l, EAAT4 e EAATS
(Tanaka, 2000).

Os cinco tipos de transportador de glutamato séo diferencialmente expressos
em regides distintas do cérebro e também em diferentes tipos celulares (Figura 4).
Quanto a expressao celular destes transportadores, o GLT-1 é encontrado quase
exclusivamente em astrécitos — com rara expressdo neuronal em regibes
especificas, como nas células piramidais da regido CA3 no hipocampo -; o0 GLAST

esta presente apenas em astrécitos; e o EAAC1 (EAAT3), o EAAT4 e o0 EAATS sédo
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encontrados apenas em células neuronais, com EAAT3 sendo expresso apenas no

soma e dendritos, mas nao nos axoénios (Danbolt et al., 2016).
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Figura 4. Distribuicdo celular dos transportadores de glutamato. Diagrama esquemético
demonstrando as localizagbes predominantes dos diferentes tipos de EAATs no encéfalo, a nivel
celular. a) Distribuicdo do EAATs na maioria das sinapses do encéfalo. b) Distribuicdo de EAATs em
sinapses especificas do hipocampo. c¢) Distribuicdo de EAATs em sinapses especificas do cerebelo.
Fonte: Modificado de Vandenberg e Ryan, 2013.

Em relacdo a distribuicdo em regides do sistema nervoso central, o

transportador

EAATS

7

é encontrado exclusivamente em células da

retina

(fotoreceptores e neurdnios bipolares), ja EAAT4 é expresso predominantemente no

cerebelo (nas células de Purkinje), embora esteja presente em alguns neurénios do

prosencéfalo. Diferentemente, EAAT3 € mais disperso, sendo encontrado na maioria

dos neurénios no sistema nervoso central (Zhou e Danbolt, 2013).

7

Acerca dos transportadores astrocitarios, GLT-1 €& encontrado em todo

encéfalo, mas € significativamente mais abundante no cortex e hipocampo,

enguanto isso, GLAST é o principal transportador no cerebelo, no ouvido interno, na

retina, e algumas outras regides. No cerebelo, onde é mais concentrado, a

expressdo de GLAST é cerca de seis vezes maior que a de GLT-1. Em comparacéao,

no hipocampo GLT-1 € quatro vezes mais abundante que o GLAST (Lehre et al.,

1995; Danbolt, 2001; Vandenberg e Ryan, 2013; Zhou e Danbolt, 2013). Uma

representacéo da distribuicdo destes transportadores no encéfalo de roedores pode

ser vista abaixo (Figura 5).
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Além de ser o mais abundante em praticamente todo cérebro - representa 1%
da proteina prosencefalica total -, o Transportador de Glutamato 1 (GLT-1), também
chamado EAAT2, é, de longe, 0 mais importante na recaptacdo de glutamato, sendo
responsavel por mais de 90% da captacdo deste neurotransmissor no encéfalo

(Holmseth et al., 2009).

c GLT-1 d GLAST

PTH XSCB PTH XSCB
200- 200-
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Figura 5. Distribuicao encefélica dos transportadores astrocitarios de glutamato GLT-1 e GLAST
em roedores. Mapa cerebral representativo da expressdo do mRNA de GLT-1 em camundongos, a)
visdo latero-superior do mapa cerebral total e (b) corte sagital na regido medial do encéfalo. Imagem
representativa do resultado de uma analise por Western Blot para (c) GLT-1 e (d) GLAST mostrando a
densidade destes transportadores em diferentes regides do encéfalo de ratos. Regides: P, Ponte e
Bulbo; T, Talamos e Hipotalamo; H, Hipoccampo; X, Cortéx; S, Estriado; C, cerebelo; B, Bulbo Olfatorio.
Fonte: Modificado de Allen Mouse Brain Connectivity Atlas (http://mouse.brain-map.org) e Lehre et al.,
1995.
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Abstract

Objective

In the past two decades, the role of glial cells on brain energetics has been an
intense focus of discussion. It is hypothesized that glutamate transport acts as a
trigger signaling for glucose uptake in astrocytes. Interestingly, on in vivo methods for
analyzing glucose metabolism, such as [**F]JFDG positron emission tomography
(PET), the participation of these cells is clearly neglected. In this way, we
pharmacologically down-regulate GLT-1, the main astrocytic glutamate transporter, to
investigate whether these cells impact glucose brain metabolism in vivo indexed by
[**F]FDG-PET.

Methods

Adult male Wistar rats received clozapine in the drinking water for six weeks as a
strategy for reducing GLT-1. Glucose brain metabolism was longitudinally accessed
using [*®FJFDG microPET before and after the treatment. Cortical and hippocampal
immunocontent and expression of the astrocytic glutamate transporters were also
assessed. Moreover, the same regions were used for cultivating adult astrocytes,
which were then analyzed for [3H]D-Aspartate uptake and [3H]2-deoxyglucose
uptake.

Results

Clozapine treatment reduced [**F]FDG metabolism specifically in the cortex of adult
rats. As expected, the same animals presented reduced immunocontent and
expression of the glutamate transporter GLT-1 in the cortex. A similar trend was seen
in the cortical primary astrocytic culture, with a reduction tendency of GLT-1 density,
D-aspartate uptake and 2-Deoxyglucose uptake. On the hippocampus none of the
parameters analyzed was significantly changed.

Conclusion

This work provides the first PET evidence that down-regulation of the astrocytic
glutamate transporter GLT-1 reduces [**F]FDG signal in cortical layers. These early
results suggest that astrocytes need to be integrated in the [**F]JFDG data

interpretation.

Keywords: [*®F]FDG, astrocytes, GLT-1, glucose, glutamate, PET.



68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

25

1. Introduction

The brain metabolism relies on glucose as its major and primary source of energy for
proper functioning, with glucose utilization associated to neuronal activity (Sokoloff,
1993; Gobel et al., 2013; Mergenthaler et al., 2013; Lundgaard et al., 2015). This
notion is currently used as a rational for interpreting the accumulation of the
radiofluorinated glucose analog 2-deoxy-2-[*®F]fluoro-D-glucose ([*®F]JFDG) (Reivich
et al., 1979; Mazzilotta et al., 1981) detected on brain tissue using positron emission
tomography (PET) as a consequence of neuronal activity.

The [*®F]FDG is the most used radiopharmaceutical on PET imaging (Hofman e
Hicks, 2016) and has been widely used to evaluate the brain metabolism in research
and clinical settings over the last three decades (Sokoloff, 1981; Alavi et al., 1986;
Henry e Votaw, 2004; Mosconi et al., 2008; Berti et al., 2014; Kato et al., 2016).
However, the traditionally used perception that the [*®F]FDG signal is due to neuronal
uptake or directly reflects neuronal activity is currently under debate. In fact, the
contribution of other brain cell type(s) to PET [**|FDG signal remains highly
controversial (Sestini, 2007; Figley e Stroman, 2011).

In this regard, astrocytes are the most abundant glial cells in the central nervous
system and account for approximately half of the mammalian brain cells (Herculano-
Houzel, 2014). Analyzing the human brain, glia accounts for nearly 80% of the
cortical cells, 60% of gray matter cells, while only 20% of the cerebellar cells
(Azevedo et al., 2009). Evidences indicate that these cells participate in several
dynamic mechanisms involving synaptic transmission and plasticity, including a
critical role in terms of glucose utilization (Volterra e Meldolesi, 2005). As a matter of
fact, there are growing evidences suggesting that astrocytes fulfill the energy needs

for glutamate recycling by aerobic glycolysis, converting glucose into lactate, which is
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then shuttled into neurons for further metabolism (Pellerin e Magistretti, 2012). In
particular, the glutamate transport through GLT-1 or GLAST on astrocytes has been
shown to act as a trigger, stimulating glucose uptake by these cells (Pellerin e
Magistretti, 1994). Another important evidence is that GLT-1 and GLAST knockout
mice have reduced [*C]-2-deoxyglucose in the somatosensory cortex after whisker
stimulation (Voutsinos-Porche, Bonvento, et al., 2003; Voutsinos-Porche, Knott, et
al., 2003). Also, a study using two-photon microscopy and the glucose analog 6-deoxy-
N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-aminoglucose on rats showed that glucose uptake
on astrocytes is increased in response to whiskers stimulation while the neuronal
glucose uptake remains unchanged (Chuquet et al.,, 2010). Based on these
observations, it seems very likely that [**F]FDG-PET signal may in part reflect
glucose consumption in astrocytes (Magistretti e Pellerin, 1996), although no PET
evidence exists so far to support this claim. To further test this hypothesis, we
conducted a microPET study using [*®F]JFDG to assess whether clozapine-induced
GLT-1 down-regulation (Melone et al., 2001; Melone et al., 2003; Vallejo-lllarramendi
et al., 2005; Bragina et al., 2006) was capable of modulating cerebral [**F]FDG

consumption in awake adult rats.

2. Methods and Materials

2.1 Animals

Sixteen adult male Wistar rats (200—-300g) were maintained two per cage under a
12h light-dark cycle (lights on at 7 A.M.), at a constant room temperature (22+1-C)
and with free access to food and water. The animals weight and volume of liquid
ingestion was recorded once a week and three times a week, respectively. The

behavioral tests were performed between 8A.M. and 13P.M. All the experimental
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procedures were designed to minimize the number of animals used and their
suffering, and were approved by the Committee on the Ethics of Animal Experiments

of the Federal University of Rio Grande do Sul under the protocol number 30124.

2.2 Clozapine treatment

Adult male Wistar rats were randomly divided in two groups, a control group and a
experimental (clozapine) group. Experimental rats (n=8) received clozapine in their
drinking water (25/35mg kg 'day™) starting at 75 postnatal day (PND75) and
continuing for 6 weeks. The clozapine solution was prepared as previously described
by Terry et al. (Terry et al., 2003), dissolving the drug in a 0.1 N solution of acetic
acid and subsequently diluting (1:100) to achieve the final daily dose of drug. Control
rats (n=8) received water with the same acetic acid concentration and pH of the drug
solution. The solutions were replaced with fresh ones every 2-3 days and protected
from light if containing clozapine.

Treatment regimen, dose and length of treatment followed Meloni et al (Melone et al.,
2001), and were based on previous dosing strategies in rats that have been
extrapolated from human clinical dosages (See e Ellison, 1990). An oral
administration of clozapine was chosen because of its reported rapid elimination and
its inability to accumulate in the brain on a chronic intermittent dosing regimen
(Baldessarini et al., 1993). Animals were maintained two per cage for monitoring

liquid intake.

2.3 [*®F]FDG microPET scanning
The rats were scanned longitudinally before the treatment (baseline) at PND75, and

after 6 weeks of treatment (follow-up), at PND118. The scanning was made between
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9:30A.M. - 18:30P.M, in a randomized order. Animals received an intravenous bolus
injection (0.2 mL) of [*®F]FDG (mean # s.d.: 1.05 + 0.072 mCi) into the tail vein. Then,
rats were allowed to freely move in their cages (awake) during a 40 minutes of
[*®F]FDG uptake phase, which was followed by a 10 minutes static acquisition under
anesthesia. PET measurements were performed on a Triumph® Il microPET/CT
LabPET-4® scanner (GE Healthcare, Chicago/USA). Rats lay in prone position with
the head immobilized by both a body holder and a nose cone of the anesthesia
system (2% isoflurane at 0.5 L/min oxygen flow). The brain was positioned in the
center of the field of view. The body temperature was maintained at 36.5 £+ 1°C.
Images were reconstructed by fully-3D ordered subset expectation maximization (3D-
OSEM) algorithm, normalized and corrected for scatter, dead time and decay.
Imaging analysis was  conducted using PMOD and minc-tools
(http://www.bic.mni.mcgill.ca/ServicesSoftware/HomePage). MicroPET images were
manually co-registered to a standard rat histological template. Standardized uptake

value reference (SUVr) was calculated using pons as the reference region.

2.4 Primary astrocytes culture from adult rats

The adult astrocytes culture was done as described by our group (Souza et al., 2013)
with some modifications. Whole cortex and hippocampus were aseptically dissected
out from 121-124 days old rats and kept in HBSS (except for some fractions used to
Western Blot and PCR) containing 0,05% trypsin (Gibco, Thermo Fischer Scientific,
Waltham/USA) and 0,003% DNase (Sigma Aldrich, Saint Louis/USA). Next, this
solution was kept at 37°C for 15min. After, tissue was mechanically dissociated with
Pasteur Pipette for more 15min, and centrifuged at 1000 RPM for 5 min. The pellet

was ressuspended in a solution of HBSS containing 40 U papain/ml (Merck Millipore,
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Billerica/USA), 0,02% cysteine and 0,003% DNase and again mechanically
dissociated for 15min, gently, with a Pasteur Pipette. After another centrifugation
(1000 RPM, 5min), cells were ressuspended in HBSS containing only DNase 0,003%
and left for decantation during 40 min. Supernatant was collected and centrifuged for
7 min, 1000 RPM. Cells were ressuspended in DMEM/F12 (Gibco, Thermo Fischer
Scientific, Waltham/USA) containing 10% fetal bovine serum (FBS), 15 mM HEPES,
14.3 mM NaHCOg3, 1% fungizone and 0,04% gentamicyn, plated in 24-well plates
pre-coated with poli-L-lisine and cultured at 37°C in a 95% air/5% CO, incubator.
Were seeded 3 — 5 x 10° cells/cm?.

For cells culture maintenance the first medium exchange occurred 24h after
obtaining the culture. After that, the medium change occurred once every three days.
From the third week on, cells received medium supplemented with 20% FBS. Around

4™ to 5™ week, cells were used for experiments.

2.5 2-Deoxy-D-[1,2-3H]glucose ([3H]2DG) uptake

After cells reached confluence, glucose uptake was assessed as previously
described (Pellerin e Magistretti, 1994). Briefly, the cells were rinsed once with HBSS
and incubated with DMEM/F12 1%FBS containing 1uCi/ml [°*H]2DG in the presence
of 500uM glutamate for 20min at 37-C. After incubation, the cells were rinsed with
HBSS and lysed overnight with NaOH 0.5M. Incorporated radioactivity was measured
in a scintillation counter. Cytochalasin B (10uM) was used as a specific glucose
transporter inhibitor. The samples protein content was determined using the
bicinchoninic acid assay (Pierce, Sao Paulo/Brazil). Glucose real uptake was
determined by subtracting uptake with cytochalasin B from total uptake. The

experiments were performed in triplicate.
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2.6 D-Aspartate uptake

After the cells reached confluence, the D-aspartate uptake was performed. Briefly,
the astrocytes were rinsed once with HBSS and incubated with DMEM/F12 1%FBS
containing 0.33mCi/ml [°H]D-Aspartate in the presence of 10uM glutamate for 5min
at 37-C. After incubation, the cells were rinsed with HBSS and lysed overnight in a
solution containing 0.5M NaOH. Incorporated radioactivity was measured in a
scintillation counter. To determinate the unspecific uptake, the same procedure was
repeated with the cells incubated on ice and using all solutions cold. The samples
protein content was determined using the bicinchoninic acid assay (Pierce, Sao
Paulo/Brazil). The real uptake was then obtained by subtracting the unspecific uptake

from the total uptake. The experiments were performed in quadruplicate.

2.7 Western Blot

The Western Blot technique was performed as previously described (Espinosa et al.,
2013). This analysis was done both for dissected tissue and for astrocytes culture. In
the tissue SDS-PAGE, whole cortex and hippocampus were dissected out from 121-
124 days old rats and well distributed representative portions of these regions were
immediately homogenized in a lysis buffer (2% SDS, 5mM Tris, 2mM EDTA, pH 7,4)
containing a protease inhibitor cocktail (Sigma, Sao Paulo/SP, Brazil) and frozen at
-20-C. In the Western Blot of adult astrocytes culture, a lysis buffer (0,1% SDS,
5mM Tris, 1mM EDTA, pH 7,4) was add to cell cultures of 4™ to 5™ weeks (after
reached confluence) and after 18/20hs on the lysis buffer the samples were frozen at
-20-C. After defrost, the protein content was determined using the bicinchoninic acid
assay (Pierce, Sao Paulo/Brazil). Sample extracts were diluted to a final protein

concentration of 1 pug/uL or 0,5ug/ul in SDS-PAGE buffer and SDS-PAGE analysis
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was carried out with 10ug together with pre-stained molecular weight standards (Bio-
Rad, Sao Paulo/Brazil) using a 10% gel with a 4% concentrating gel. After
electrotransfer, the membranes were blocked with Tris-buffered saline containing
0.1% Tween-20 and 3% bovine serum albumin for 1h at room temperature (RT) or
overnight at 4-C. The nitrocellulose membranes (Amersham, Sao Paulo/Brazil) were
then incubated overnight at 4-C with the following antibodies: rabbit anti-GLT1
antibody (1:2000; Alpha Diagnostic, Texas/USA) or rabbit anti-GLAST antibody
(1:2000; Alpha Diagnostic, Texas/lUSA). The membranes were washed and
incubated with horseradish peroxidase-conjugated secondary antibodies for 1h at
room temperature. Finally, using a chemiluminescence ECL kit (Amersham, Sao
Paulo/Brazil), the membranes were scanned by an Image Quant system (GE
Healthcare, Chicago/USA). Densitometric analyses were performed using NIH
ImageJ software. The proteins B-Tubulin or Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) were used as a loading control and were quantified using a
mouse anti-tubulin antibody (1:10000; from Santa Cruz Biotechnologies, Sao
Paulo/Brazil) and a rabbit anti-GAPDH (1: 8000; Alpha Diagnostic, Texas/USA), as

described above.

2.8 RNA extraction and quantitative RT-PCR

The whole cortex and hippocampus were dissected out from 121-124 days old rats
and well distributed representative portions of these regions were immediately
homogenized to PCR. Total RNA was extracted using TRIzol Reagent according to
manufacturer's instructions (Invitrogen, Carlsbad/USA). The concentration and purity
of the RNA were spectrophotometrically determined at a ratio of 260/280.

Subsequently, 1ug of total RNA was reverse transcribed using the Applied
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Biosystems ™High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems,
Foster City, CA) in a 20 uL reaction, according to the manufacturer's instructions. The
MRNAs of glutamate transporter-1 (GLT-1) and glutamate-aspartate transporter
(GLAST) were quantified using the TagMan real-time RT-PCR system with inventory
primers and probes purchased from Applied Biosystems (Foster City/USA). B-actin
MRNA levels (primers 5-CAACGAGCGGTTCCGAT-3' 5'-
GCCACAGGATTCCATACCCA-3') was also quantified using the TagMan real-time
RT-PCR system. Target mMRNA levels were normalized to B-actin levels using the 2-
AACt method (Livak e Schmittgen, 2001). The experiments were performed in

triplicates.

2.9 Imunocytochemistry

An imunocytochemistry procedure was performed on the astrocytes cell culture for
demonstrative purposes and carried out as previously described by our group
(Quincozes-Santos et al., 2009). Briefly, cells cultured were fixed with 4%
paraformaldehyde for 20 min and permeabilized with 0.1% Triton X-100 in PBS for 5
min at room temperature. After blocking overnight with 4% albumin, cells were
incubated overnight with anti-GFAP (1:400) at 4°C, followed by PBS washes and
incubation with specific secondary antibody conjugated with Alexa Fluor® 488 for 1 h
at room temperature. Nucleus of cells were stained with 0.2 pg/ml of 4’,6’-diamidino-
2-phenylindole (DAPI). Cells were viewed with a Nikon inverted microscope and

images transferred to a computer with a digital camera (Sound Vision Inc., USA).
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2.10 Open Field

At the end of six weeks of treatment, two days before the final imaging procedure
(PND116), rats were submitted to an open field (OF) test to evaluate locomotion. The
apparatus was made of black-painted Plexiglas measuring 50x50cm and was
surrounded by 50cm high walls. Each rat was placed in the center of the arena and
allowed to walk and explore it for 5min. The experiments were conducted in a sound-
attenuated room under low-intensity light. Rats activity was recorded with a video
camera positioned above the arena. Locomotion was measured as the total distance
traveled in meters calculated using a computer-operated tracking system (Any-maze,
Stoelting, Woods Dale, IL). Procedure done as described previously (Espinosa et al.,

2013).

2.11 Novel Object Recognition Task

The object recognition test (ORT) was carried out 24hs after the open field test. Rats
first underwent a training session in which two identical objects were placed in
parallel in one side of the arena. Rats were placed individually into the open field
facing the center of the opposite wall and allowed to explore the objects for 5
minutes. The test session was performed 90min after training and two dissimilar
objects were presented, a familiar one and a novel one. Rats activity was recorded
with a video camera positioned above the arena and analyzed by an observer blind
to the treatment of the animals. Exploration was defined by directing the nose to the
object at a distance of at least 2 cm and/or touching the object with the nose or
forepaws. Rearing on to object was not considered exploratory behavior. Animals

that exhibited a total exploration time of less than 10sec or showed an evident
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preference for an object in the training session were excluded from the analysis.

Procedure done as described previously (Espinosa et al., 2013).

2.12 HPLC

Due to the low solubility of clozapine in water, a high performance liquid
chromatography procedure was performed to verify its presence in the drinking
solution. The chromatographic separation was performed with C18 column (5um,
250mm x 4.6mm, Sigma Aldrich, Saint Louis/lUSA). Chromatographic parameters
were as follows: mobile phase consisting of methanol and water (800:200); UV

detection at 257nm, flow 1 mL per minute; oven temperature 25 °C.

2.13 Statistical Analysis

Data distribution was first tested for normality using Kolmogorov-Smirnov test. A two-
tailed unpaired Student’s t-test was used for statistical analysis of tissue Western
Blot, PCR and open Field data. One-sample t-test (hypothetical value=50%) was
used to evaluate the novel object recognition test. Mann—Whitney U test was used
analysis of astrocytes culture Western Blot, 2DG uptake and D-aspartate uptake
data. Two-way ANOVA with repeated measures was used for the weight and liquid
intake data analysis. Data were expressed as means + SEM and differences were

considered statistically significant at p< 0.05.

3. Results
3.1 Sub-Chronic clozapine treatment causes hypometabolism in the cortical

region of adult rats.
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To assure that we had an homogeneous group of subjects concerning the brain
metabolism, all the rats had its brain glucose uptake assessed using [**F]FDG
microPET at the baseline, before starting the clozapine treatment. The results
showed no differences in the whole brain SUVr of the animals, representing that both
groups of animals had a similar glucose uptake (p= 0.6488; Figure la-b) at baseline.
The [*®F]JFDG uptake analysis after the clozapine intervention showed a clear
reduction in the SUVr in cortical regions in the group clozapine, but not in the group
control (Figures 2a-b). The group clozapine presented a significant reduction in
[*®F]JFDG uptake widespread in the cortical layers. More specifically, GLT-1
donwregulation induced a reduction of more than 20% in some cortical clusters. By
contrast, the group control presented only a few small significant clusters when
comparing baseline and follow-up scans, with a maximum reduction inferior to 8%
(Figure 2c). A voxel-wise t-statistical analysis showed a significant glucose
hypometabolism almost exclusively in the cortical region of the group clozapine, with
a peak effect in the parietal cortex (peak t7=7.62, p = 0.0001; Figure 2d, 2f). On the
other side, the t-statistical analysis showed almost no reduction on the group control,
presenting just few minimal punctual reductions that could be easily attributed to a
limitation on the spatial resolution of the microPET scanner (Moses, 2011), namely
artefacts, or due to an age-dependent process. The peak effect on the control group

was in the superior colliculus (peak t=3.02, p=0.039; Figure 2d-e).

3.2 Clozapine treatment effects on cortex: tissue and primary astrocytes
culture
The astrocytic glutamate transporters immunocontent analysis on the cortical tissue

revealed a significant reduction for the glutamate transporter GLT-1 (p=0.040; Figure
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3a) at the clozapine group in comparison to controls, but no differences for GLAST
(p=0.920; Figure 3b). Consistent results were found on the mRNA expression
evaluation, with a reduction on GLT-1 expression (p=0.047; Figure 3c) at the
clozapine group and no differences on GLAST expression (p=0.184; Figure 3d). To
assess clozapine sub-chronic treatment effects on astrocytes individually, we used
an adult cortical astrocytes primary culture approach (Figure 4a). We found no
significant differences for GLT-1 (p=0.098; Figure 4b) and GLAST (p=0.593; Figure
4c) immunocontent on the cultured astrocytes. As well, no statistically significant
differences were seen on the astrocytes [°H]D-aspartate (p=0.271; Figure 4d) and
[*H]2DG uptake (p=0.258; Figure 4e). However, a reduction tendency can be noticed
for D-aspartate and 2DG uptake, and also GLT-1 density at the clozapine group.
Thus, it is important to emphasize that these findings are related to a sample size of
3/4 animals per group, which is substantially low. A Cohen’s D analyses
demonstrated a large effect size in all three analysis (GLT-1 immunoconten t,

Cohen's d=1.549; D-Aspartate uptake, Cohen's d=0.99; 2DG uptake, Cohen's=0.97).

3.3 Clozapine treatment outcome on the hippocampus: tissue and primary
astrocytes culture

At the hippocampal tissue no differences were found on the GLT-1 immunocontent
(p=0.943; Figure 5a) and mRNA expression (p=0.184; Figure 5b). As at the cortical
region, a hippocampal astrocytes culture (Figure 6a) was also performed. The D-
aspartate and 2DG uptake evaluation exhibited no differences (p=0.665 and
p=0.400, respectively; Figure 6b-c). The results using the astrocytic culture here are
also preliminary, in consequence of the small sample size (n=3/4 animals per group;

D-Aspartate uptake, Cohen’s d=-0.88; 2DG uptake, Cohen’s d=-0.42).
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3.4 Behavioral effects and treatment measures

Total distance traveled during the open field test was not significantly different
between groups, indicating that the spontaneous locomotor activity of control or
clozapine groups was not affected by the pharmacological approach (Supplemental
Figure la-b). Analysis of the time spent exploring objects during novel object
recognition training revealed that animals on both groups explored equally the two
identical objects presented (Supplemental Figure 1c). On the other side, during the
novel object test session the rats explored significantly more the novel object on
groups control (p<0.0001) and clozapine (p=0.0006), indicating no impairment on the
short-term recognition memory (Supplemental Figure 1d). Animals had its body
weight measured once a week trough the experiment, the results showed only
significant effect of time (p<0.0001) but not of groups (p=0.709). On the other side,
the liquid intake measurement demonstrated a lower volume intake on the group
clozapine in comparison to controls at second and fourth days of treatment (group
effect, p=0.036), but normalized from treatment day 9 onwards. Finally, a high
performance liquid chromatography confirmed the clozapine presence on the

experimental solution (Supplemental Figure 3).

4. Discussion

The present study shows an important in vivo reduction on [**F]FDG uptake,
reflecting a glucose hypometabolism, at the cortex when the astrocytic glutamate
transporter GLT-1 is pharmacologically down-regulated. This evidence supports the

hypothesis of a significant astrocytic participation on the [*®F]FDG PET signal.
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The Glutamate Transporter 1 (GLT-1), also known as Excitatory Amino-acid
Transporter 2 (EAAT?2), is responsible for over 90% of glutamate reuptake within the
brain (Holmseth et al., 2009) and it is found, almost exclusively in astrocytes (Zhou e
Danbolt, 2013). Astrocytic GLT-1 has dominant role on glutamate reuptake and it is
considered a signaling trigger for glucose uptake by astrocytes(Pellerin e Magistretti,
2012). Based on aforementioned, GLT-1 seems to be a reliable targeting for testing
our hypothesis. Within the goal to manipulate GLT-1, the drug clozapine was chosen
because it provokes an important down-regulation of GLT-1 both in vitro (Vallejo-
lllarramendi et al., 2005) and in vivo (Bragina et al., 2006). Meloni and coworkers
describe the effect as being stronger in the cortical region but also mention
hippocampus, caudate-putamen, and thalamus as being slightly affected (Melone et
al., 2001). Consequently, our analysis focused on the cortex and hippocampus, since
those are the regions where GLT-1 is substantially more abundant, and therefore,
are the areas where we would expect its density reduction would have an, bigger
and, thus most likely to be observed, effect.

The cortical region results corroborate our hypothesis, exhibiting a significant
widespread reduction on FDG signal of about 20%. In agreement, GLT-1
immunocontent and expression reduction confirmed the clozapine’s effect previously
described by Meloni (Bragina et al., 2006). However, it is important to point out that
the degree of GLT-1 density reduction was lower than we expected for a six weeks
treatment, since previous works showed a reduction of about 50%-30% on its cortical
content in a nine weeks treatment (Melone et al., 2001), in comparison with the
approximate 20% we observed.

By contrast, hippocampal data were not correspondent to what we have predicted.

The hippocampus showed no apparent difference on the [**F]FDG signal followed by
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no differences on GLT-1 density and expression. In fact, the clozapine effect on
cortical GLT-1 was replicated several times (Melone et al., 2001; Melone et al.,
2003; Bragina et al., 2006), and the resulting effect of clozapine on GLT-1 expression
in the hippocampus was not that well established. Additionally, the hippocampus is a
highly plastic region (Mcewen, 1999) (Cameron e Gould, 1996) (Mcewen e Alves,
1999), being likely capable to adapt and compensate the effects in a sub-chronic
regimen treatment.

We asked ourselves if the down regulation of the most important glutamate
transporter in the brain, as seen on the assessment of the cortex, could have
generated on this region a compensatory up-regulation of GLAST, the only other
astrocytic glutamate transporter. Even though, being considerable less abundant and
significant to glutamate uptake on the analyzed regions (Danbolt, 2001), a robust up
regulation of GLAST could result in a counterbalance on the astrocytic glucose
uptake, confusing our analysis. However, the evaluation of GLAST density and
expression showed no differences, which ruled out this compensatory effect.
Following the in vivo analysis, we isolated adult astrocytes in cultures. Using these
adult cultures of astrocytes, we performed an ex-vivo evaluation of the same brain
regions derived from the group of animals receiving clozapine or control solution. It is
relevant to raise the fact that clozapine was not added to the culture and that our
investigation relies on the continuity of clozapine effects through the culture process,
in the absence of the drug. A difference on GLT-1 or GLAST density was not found in
the cortical astrocytic culture, as well, no significant differences were found on the D-
aspartate uptake - carried out by this glutamate transporters - or in the 2DG uptake,
in cultured astrocytes from both cortex and hippocampus. Although, a reduction

tendency on GLT-1, 2DG and, especially, D-aspartate can be observed on the
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cortical astrocytes. But unfortunately, the sample size on the culture analysis is too
small for a proper statistical evaluation, and further studies need to be conducted to
delineate a profitable result.

It is also important to notice the valuable information that open field test brought to
us, presenting no differences in the spontaneous activity and implying that no
sedative effect (Prut e Belzung, 2003) it is associated to our pharmacological
manipulation and to the resulting cortical hypometabolism, as could be suggested
(Berti et al., 2014). In addition, it would be expected whole brain hypometabolism if
associated to a sedative effect. The results in the ORT also demonstrated no
alterations in performance between groups in this hippocampal-dependent task
(Cohen e Stackman, 2015).

PET, and the use of [*®F]FDG as a radiotracer for this technique were introduced
sequentially in 1974 (Phelps et al., 1975) and 1978 (Reivich et al., 1979). Since then,
[*®FJFDG PET has became one of the most important tools to brain examination,
establishing applicability on several brain disorders as Epilepsy (Sarikaya, 2015),
Alzheimer's Disease and other types of dementia (Smailagic et al., 2015),
Parkinson’s Disease (Poston e Eidelberg, 2010), Schizophrenia (Seethalakshmi et
al., 2006), Bipolar Disorder (Altamura et al., 2013), Depression (Su et al., 2014) and
Attention Deficit Hyperactivity Disorders (Zametkin et al., 1990). Through the years,
the role of astrocytes on the [*®*F]JFDG PET signal was questioned a few times
(Magistretti e Pellerin, 1999; Magistretti, 2000; Sestini, 2007; Figley e Stroman,
2011), however, at the best of our knowledge, our group is the first to try directly
address this question using the technique itself. As a result of our investigation, we
show that the [*®F]JFDG PET signal being substantially affected by the down-

regulation of the main astroglial glutamate transporter.
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Then, based on previous works supporting the marked contribution of astrocytes on
glucose uptake and on the results found at the present study, it seems that a
modified interpretation of [1L8FJFDG PET data is needed, which requires going
beyond the conventional view that these signals are exclusively based on neuronal
activity (Welberg, 2009).

Finally, an outstanding information is that a similar outcome - a cortical glucose
hypometabolism (Janowsky et al.,, 1992) — was also found in humans under
clozapine treatment. But, it is pertinent to mention that clozapine has other effects
and interacts with other molecules and receptors (Lappalainen et al., 1990; Janowsky
et al.,, 1992; Homayoun e Moghaddam, 2007; Lieberman et al., 2008; Kim et al.,
2012). Therefore, based only on the results seen in the present study, we cannot rule
out the possibility that the reduction on the glucose metabolism seen can result of
other pharmacological interactions that not the observed cortical GLT-1 1
downregulation. Further studies need to be conducted to acknowledge this

conjecture.

5. Conclusion

Our results suggest that the down-regulation of GLT-1 induces [“*F]FDG
hypometabolism in the cortical layer. This outcome corroborates the notion that
[*®F]JFDG PET signal reflects not only neuronal activity, but also astrocytic. With this
in mind, a reconceptualization in the way we interpret imaging of brain disorders
using [*®F]JFDG PET seems to be imperative. Nevertheless, we recognize that further
studies are needed to provide a more reliable conclusion about the role of astrocytes

on glucose uptake.
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Figure Legends:

Figure 1: Assessment of brain glucose metabolism by [**F]FDG PET before starting
the clozapine treatment. (a) Mean whole brain SUVr of animals assigned to the groups
control and clozapine at the baseline. Data represented as groups mean = S.E.M. (b)
Representative images showing the mean SUVr of animals assigned to the groups control
and clozapine at the baseline, projected into a standard magnetic resonance imaging (mMRI)
image in the axial, sagittal and coronal planes. Standardized uptake value reference (SUVr)

was calculated using pons as reference region. (n= 7-8 animals per group).

Figure 2: Effects of clozapine treatment on the brain glucose metabolism assessed by
[*®F]FDG (a) Brain metabolic maps showing the mean SUVr of the control group at the
baseline and after the treatment period. (b) Brain metabolic maps showing the mean SUVTr of
the clozapine group at the baseline and after the clozapine treatment period. (c) Images

representing percentage of change between baseline and follow-up at control and clozapine
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groups. (d) t-statistical map showing the statistically significant hypometabolism at the groups
control and clozapine after the treatment period in relation to the baseline. (e) Representative
image of the control group t-statistical in a three dimensional object. (f) Representative image
of the clozapine group t-statistical in a three dimensional object. Images are projected into a
standard magnetic resonance imaging (mMRI) image in axial, sagittal and coronal planes.
(n= 6/8 animals per group)

Figure 3: Density and expression of GLT-1 and GLAST on the cortex following
clozapine treatment. Cortical immunocontent of the glutamate transporters (a) GLT-1
(normalized by the B -tubulin immunoreactivity), (b) and GLAST (normalized by the GAPDH
immunoreactivity) of the groups control and clozapine after the six weeks treatment period.
Cortical mRNA expression of (¢) GLT-1 (d) and GLAST on the groups control and clozapine
after the six weeks treatment period. PCR results are expressed as fold change in relation to
the group control. Data represented as mean = S.E.M. (n= 7/8 animals per group). *p<0.05

(student’s t test)

Figure 4: Adult cortical astrocytes culture and ex-vivo evaluation of clozapine
treatment effects on glutamate and glucose uptake.

(a) Representative confocal images of control and clozapine groups’ primary cortical
astrocytes culture stained with GFAP (green) and DAPI (blue). Immunocontent of the
glutamate transporters (b) GLT-1 (c) and GLAST on the primary cortical astrocytes culture of
control and clozapine groups (normalized by GAPDH immunoreactivity). (d) D-aspartate
uptake and (e) 2-Deoxy-D-glucose uptake of groups control and clozapine primary cortical
astrocytes culture. Uptake values expressed as percentage of control. Data represented as

mean = S.E.M. (n= 3/4 animals per group). 20xmagnification and scale bar=50 pm.

Figure 5: GLT-1 Density and expression on the hippocampus following clozapine
treatment. Glutamate transporter GLT-1 (a) immunocontent (normalized by the B -tubulin
immunoreactivity) and (b) mRNA expression on hippocampus of the groups control and
clozapine after the six weeks treatment period. PCR results expressed as fold change in

relation to the group control. Data represented as mean + S.E.M. (n= 7/8 animals per group).

Figure 6: Adult hippocampal astrocytes culture and ex-vivo evaluation of clozapine
treatment effects on glutamate and glucose uptake. (a) Representative confocal images
of control and clozapine groups’ primary hippocampal astrocytes culture stained with GFAP
(green) and DAPI (blue). (b) D-aspartate uptake and (c) 2-Deoxy-D-glucose uptake of groups

control and clozapine primary hippocampal astrocytes culture. Uptake values expressed as
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percentage of control. Data represented as mean + S.E.M. (n= 3 animals per group).
20xmagnification and scale bar=50 pm.

Supplemental Figure 1: Behavioral analysis following clozapine treatment. (a) Groups
control and clozapine representative occupancy plot on the Open Field task after the six
weeks treatment period. (b) Total distance traveled in the Open Field task. (c) Objects
exploration time percentage on the training session of the Novel Object Recognition Task. (d)
Objects exploration time percentage in the test session of the Novel Object Recognition

Task. Data displayed as mean = S.E.M. (n= 8 animals per group) **p<0.01, ***p<0.001,

Supplemental Figure 2: Rats body weight and liquid intake across the treatment
period. (a) Control and experimental rats body weight across the treatment period. (b)
Control and experimental rats liquid intake across the treatment period. Data displayed as
mean + S.E.M (n= 8 animals per group)

Supplemental Figure 3: Confirmation of clozapine presence in the experimental
solution. (a) Chromatogram (HPLC) showing clozapine presence on the experimental

solution and absence in the control solution



Figure 1

['®FJFDG PET (SUVr)

Control
Baseline

Clozapine
Baseline

SUVr (IF18JFDG)

49



Figure 2

@

Control Control
Baseline Follow up

SUVr ([F18JFDG) §

Control Clozapine

e p—
1% 10 20%

f

Clozapine
Baseline

Control

Clozapine
Follow up

SUVr ([F18JFDG) §

Clozapine

Statistical map
] e
-6 t-stat

Clozapine

Statistical map
p— o=,
6 tstat -1

Statistical map
[ =,
6 tstat -1

50



51

1] 1]
O [m]
o o
L) w
L) [ap]
i
TI@Q . - Tla@o.
\vadv 04,0
% %
H 2, . H %
. %,
4 O @ @ = o~ o X T
— -— [} [} = o = A o -— — = [} = (e} =
o (seul| Ayun Aysusp) 3 & = ebueydplod-18v19
JUBIL000UNWII HAAYS/ 1S9
1] (1]
[ [m]
o s
I~ Q
w L0
. TIQQ ’ ) ,TI@Q
%, %,
) )
! <, ) ! e,
% %,
T T T (> T T (»

N O @ O T o O
— — o [} = o = :
© (sau Ajun Ajsusp) 5
Jusjuodounu LNgni-g/L- 119 ©

13 ebueyd plo4 - 1-119

B-tubulin

Figure 3



52

Figure 4

© o
Qo Qo
R =
Lo ((o]
Lo [sp]
3 . | ) 7
)
o)) < %
© %, Q@@
p % O
H 4, — - H %,
% o
' T T - T T O T T T T T T
N O ®m o 3 o O ol 8 8 8 88 R °
- - 0O o o o o < o - =
(seul| Ayun Aysusp) o % (1043u09 J0 %)
usjuooouUNWl HAdV9/1Sv19 ave1dn ssoon|B-q-Axo8q-Z
& o o
(m)
© ©
o Qo
- -
N~ ©
[(s] [sp]
S,
S <
% — - %
2 b 7
[T | e
G T \ﬁ..\\Q - - Ou\\A\O
va T T T T T T T o
H & & & & o T S RE88BER°
— — o o o o _H a - g
o (seul Ayun Aysusp) & 5 (1043u00 JO %)
° K= jusjuodounul HAdv9/L-119 ae1dn sleuedsy-q
= o
@ 5 3 o e
) o
(@]



53

o~ ©
- o
ebuByD pIod - 1-119

r I
o) o
- o

T
ot
o

0
- 4,
T T 1 T T Q
W N @ @ @ o
— — = = = = A_|
(saul Ayun Ajsusp) 5
O

@ UBOOoUNUI UINGNF-Y/1-1719

Figure 5

- e 50kDA

B-tubulin



54

Figure 6
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Supplemental Figure 1
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Supplemental Figure 2
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Supplemental Figure 3
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Highlights:

1. Clozapine induced GLT-1 downregulation on cortex reduces [**F]FDG uptake.

2. GLT-1 downregulation might reduce D-Aspartate and 2DG uptake in adult cultured
astrocytes.

3. [*®F]JFDG-PET signal interpretation needs to be reevaluated to include astrocytes

contribuition.
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4. CONCLUSOES E PERSPECTIVAS

A técnica de [*®F]JFDG-PET é utilizada para verificar o metabolismo energético
em diferentes regides do encéfalo. Neste trabalho, nés observamos a redugéo na
captacdo de [®F]JFDG no cértex simultaneamente & reducdo do transportador
astrocitario de glutamato GLT-1 nessa regido. A atividade dos transportadores de
glutamato astrocitarios tem sido reconhecida como um dos gatilhos para captacao
de glicose por estas células. Portanto, uma reducdo no sinal de [*®F]FDG-PET em
resposta a reducao nesse transportador sugere que ha uma importante contribuicéo
astrocitaria nos resultados vistos através dessa ferramenta de imageamento
cerebral. Com base em nossas observacdes e outras evidéncias prévias da literatura
demonstrando a participacdo astrocitaria no metabolismo de glicose cerebral,
podemos sugerir que a interpretacao tradicional dos sinais da técnica de imagem
[**F]JFDG-PET como produto direto do funcionamento neuronal deva ser reavaliada.

No entanto, para validar e corroborar nossos resultados neste trabalho, mais
investigacdes devem ser realizadas. Neste projeto, ainda pretendemos repetir 0os
experimentos para verificar a replicabilidade destes em estudos independentes
adicionais. Em especial, os nossos estudos com cultura primaria de astrocitos
devem ser executados novamente, com um maior numero de individuos. Analises da
captacdo de glicose e glutamato ainda podem ser realizadas através de outras
técnicas, como, por exemplo, captacdes em fatias de encéfalo, que eliminariam o
viés de possiveis efeitos do procedimento de cultura.

Amostras de liquor destes animais foram também colhidas para verificar se existem
alteracbes nas concentracdes de glutamato e lactato. Gostariamos também de
investigar o motivo pelo qual a nossa reducao na densidade de GLT-1 em resposta
ao tratamento farmacolégico nao foi tdo significativa quanta a reportada previamente
na literatura. Assim, continuaremos nossas investigagbes, com o uso do HPLC, na
solucdo de clozapina dada aos animais. No entanto, amostras de soro foram
também colhidas dos animais, com o intuito de verificar a concentragcdo sérica do

farmaco e se houveram problemas na administracdo da dose deseja da droga por
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via oral. Por fim, eventuais mortes neuronais ou redugcao na arborizacdo neuronal
precisam ser investigadas como possiveis causas na reducdo do metabolismo de
glicose. Com este fim, estudos histologicos seréo realizados.

Para corroborar nossa teoria, além da finalizacdo das investigacbes neste
trabalho, nosso grupo estd realizando um estudo com ativadores dos
transportadores astrocitarios de glutamato. Até o momento, os resultados deste
estudo demonstraram que o efeito contrario também existe, ou seja, que ha aumento
na captacao de FDG quando ha ativacéo destes transportadores.

A nossa proposta final é de que estudos futuros com o uso de silenciamento
genético parcial destes transportadores sejam realizados. Desta forma, eliminando
as outras inconvenientes interacdes que as intervencdes farmacologicas exibem.

Por fim, é importante ressaltar que as nossas observacdes ndo questionam a
validade da técnica de [**F]FDG-PET e outras técnicas baseadas na captacdo de
analogos da glicose in vivo no cérebro. A nossa investigacdo, na verdade, busca
esclarecer as bases celulares para estes procedimentos e permitir um melhor

entendimento dos fascinantes resultados que estas técnicas oferecem.
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Results
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e Number the illustrations according to their sequence in the text.

e Use a logical naming convention for your artwork files.

e Provide captions to illustrations separately.

e Size the illustrations close to the desired dimensions of the published version.
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Tables
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Number tables consecutively in accordance with their appearance in the text and
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Unpublished results and personal communications are not recommended in the
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actual authors can be referred to, but the reference number(s) must always be
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which they appear in the text.
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Abbreviations.

Supplementary material

Supplementary material can support and enhance your scientific research.
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applications, high-resolution images, background datasets, sound clips and more.
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